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Abstract 

P rokary otic CRISPR-Cas immune systems detect and cleave foreign nucleic acids. In type III CRISPR-Cas systems, the Cas10 subunit of the ac- 
tiv ated recognition comple x synthesiz es cy clic oligoaden ylates (cOAs), second messengers that activ ate do wnstream ancillary effector proteins. 
Once the viral at tac k has been weathered, elimination of extant cOA is essential to limit the antiviral response and to allow cellular reco v ery. 
Various families of ring nucleases have been identified, specializing in the degradation of cOAs either as standalone enzymes or as domains of 
effector proteins. Here we describe the ring nuclease activity inherent in the SAVED domain of the cA 4 -activ ated CRISPR L on protease CalpL. 
We characterize the kinetics of cA 4 cleavage and identify key catalytic residues. We demonstrate that cA 4 -induced oligomerization of CalpL is 
essential not only f or activ ation of the protease, but is also required for nuclease activity . Further , the nuclease activity of CalpL poses a limitation 
to the protease reaction, indicating a mechanism for regulation of the CalpL / T / S signaling cascade. This work is the first demonstration of a 
catalytic SAVED domain and gives new insights into the dynamics of transcriptional adaption in CRISPR defense systems. 
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Introduction

Bacteria are constantly threatened by the attack of foreign
genetic elements, such as phages, and have evolved immune
systems of varying complexity, such as restriction enzymes,
toxin-antitoxin systems, CBASS, CRISPR and many others as
a countermeasure ( 1 ,2 ). In CRISPR systems ( 3 ), a memory of
previous phage attacks is stored in the form of short snippets
of phage DNA in the CRISPR array of the bacterial chromo-
some ( 4 ). Those snippets are transcribed into short RNAs that
are incorporated into recognition complexes sensing the pres-
ence of complementary foreign DNA or viral transcripts in the
cell ( 5 ). If an attack is detected, the response can range from
simple cleavage of the foreign DNA in the well-known Type II
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CRISPR systems (Cas9) to complex multi-pronged responses 
in Type III CRISPR systems ( 6–13 ). In the latter, the Cas10 

subunit of the recognition complex leads to the synthesis of 
cyclic oligoadenylates (cOAs), which are recognized by the 
CARF- or SAVED domains of effector proteins ( 14–16 ). These 
can have a variety of biological functions such as DNAses,
RNAses, nickases, transcription factors ( 13 ), or proteases as 
shown for CalpL (CRISPR-associated Lon protease), Craspase 
(CRISPR RNA-guided Caspase), the TPR-CHAT protease or 
the recently discovered SAVED-CHAT protein ( 16–19 ). 

CalpL is part of the tripartite CalpL / T / S complex found 

in the thermophilic bacterium Sulfurihydrogenibium sp.
YO3AOP1. The complex is formed by the protease CalpL, the 
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c Acids Research. 
ons Attribution License (https: // creativecommons.org / licenses / by / 4.0 / ), 
provided the original work is properly cited. 

https://doi.org/10.1093/nar/gkae676
https://orcid.org/0009-0004-5573-1131
https://orcid.org/0000-0002-4703-5425
https://orcid.org/0009-0002-6078-6503
https://orcid.org/0000-0001-6987-4126
https://orcid.org/0000-0002-7718-5002
https://orcid.org/0000-0003-4038-315X
https://orcid.org/0000-0001-8781-5664


Nucleic Acids Research , 2024, Vol. 52, No. 17 10521 

a  

σ  

h  

C  

g
C
w  

l
C
d  

l
a

 

t  

c  

c  

a  

a  

s  

(
 

t  

g  

r  

H  

t

M

G

A  

m  

t  

i  

m  

s  

g  

m

E

R  

B  

m  

(  

w  

t
a  

d  

w  

c  

f  

i

H  

d  

4  

b  

c
 

b  

4  

g  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nti- σ-factor CalpT and the extracytoplasmic function (ECF)
-factor CalpS. Under normal conditions, the σ-factor is in-
ibited by CalpT. Under viral attack, cA 4 is produced and the
-terminal SAVED domain of CalpL binds the second messen-
er with nanomolar affinity. This leads to oligomerization of
alpL and activation of the N-terminal Lon protease domain,
hich cleaves the 33 kDa anti- σ-factor CalpT, resulting in re-

ease of the 23 kDa CalpT 23 fragment bound to the σ-factor
alpS. In analogy to other anti- σ-factor / σ-factor complexes,
egradation by the ClpX / P-degron system is thought to re-

ease the sigma factor and allow the cell to adapt to a viral
ttack ( 16 ,20 ).

Both bacteria and viruses have evolved mechanisms to ei-
her regulate or inhibit the antiviral response by degrading the
OA second messengers. This reaction is catalyzed by ring nu-
leases, which can be found as dedicated enzymes such as the
rchaeal host protein Sso 2081 and the viral AcrIII-1 protein or
s an intrinsic activity of the CARF domain effector proteins
uch as Sis 0811, Sis 0455 or the HEPN ribonuclease TTHB144
 13 ,21–25 ). 

Here, we show that the SAVED domain of the CalpL pro-
ease (Figure 1 A) has ring nuclease activity and that the 2 

′ -OH
roup of cA 4 is very likely the nucleophile in the ring nuclease
eaction (Figure 1 B). We analyze the reaction by time-resolved
PLC / MS and study the influence of the nuclease activity on

he oligomerization of CalpL and on its protease activity. 

aterials and methods

eneration of CalpL expression vectors

ll CalpL constructs were expressed from a pET11a plas-
id containing the codon-optimized sequence with an N-

erminal 10xHis-TEV tag. Point mutations were introduced
nto plasmids by primer-directed mutagenesis. The non-
utated parental plasmid was digested by the methylation-

ensitive restriction endonuclease Dpn I. After restriction di-
estion, 10 μl of the reaction mixture was used for transfor-
ation of NEB DH5 α cells. 

xpression and purification of CalpL

ecombinant His10-CalpL was expressed in Esc heric hia coli
L21 (DE3) bacterial cells. E. coli cells were grown in LB
edium containing the appropriate antibiotic at 37 

◦C for 16 h
pre-culture). The following day, larger volumes of LB medium
ere inoculated with the pre-culture and adjusted to an op-

ical density (OD 600 ) of 0.1. Cultures were grown at 37 

◦C to
n OD 600 of 0.8 and protein expression was induced by ad-
ition of IPTG to a final concentration of 0.4 mM. Proteins
ere expressed at 20 

◦C for 16h. Bacteria were harvested by
entrifugation at 4 000 × g for 25 min. Cell pellets were snap-
rozen in liquid nitrogen and stored at –20 

◦C or subjected to
mmediate cell lysis. 

Cell pellets were resuspended in lysis buffer (20 mM Tris–
Cl pH 8.0, 50 mM NaCl) and lysed by sonication. Cell
ebris was sedimented by centrifugation at 25 000 × g for
5 min at 10 

◦C. The lysate was filtered through a mem-
rane filter with a 0.8 μm pore size and subjected to affinity
hromatography. 

For affinity chromatography, Ni 2+ -NTA resin was equili-
rated with lysis buffer and incubated with lysate for 2 h at
 

◦C on a rolling incubator. The resin was then transferred to a
ravity column and washed extensively with wash buffer (20
mM Tris–HCl pH 8.0, 50 mM NaCl, 20 mM imidazole) and
eluted with elution buffer (20 mM Tris–HCl pH 8.0, 50 mM
NaCl, 500 mM imidazole). The elution fraction was dialyzed
against lysis buffer for 16 h at 4 

◦C and subjected to further
purification by anion exchange chromatography. 

Anion exchange chromatography was performed using a
HiTrap Q High Performance quaternary ammonium anion
exchange column (5 ml, Cytiva) equilibrated in binding buffer
(20 mM Tris–HCl pH 8.0) using an ÄKTA FPLC system (Cy-
tiva). The column was washed extensively with binding buffer
and proteins were eluted by increasing the concentration of
NaCl from 0 mM to 1 M over 12.5 column volumes (CV).
Fractions containing large amounts of CalpL were pooled and
digested with TEV protease (1:25 w / w) for 16 h at 4 

◦C for re-
moval of the 10xHis-tag. 

Following protease digest, CalpL was further purified by
size exclusion chromatography (SEC) on a HiLoad 16 / 600
Superdex 200 pg column (Cytiva) equilibrated with lysis
buffer and reverse Ni 2+ -NTA purification for removal of resid-
ual tag, non-cleaved protein and TEV protease. 

Expression and purification of CalpT

CalpT was expressed from a pBAD plasmid containing the
codon-optimized sequence with an N-terminal 6xHis-TEV
tag. Recombinant 6xHis-CalpT was expressed in Esc heric hia
coli BL21 (DE3) bacterial cells. E. coli cells were grown in LB
medium containing the appropriate antibiotic at 37 

◦C for 16 h
(pre-culture). The following day, larger volumes of LB medium
were inoculated with the pre-culture and adjusted to an opti-
cal density (OD 600 ) of 0.1. Cultures were grown at 37 

◦C to an
OD 600 of 0.8 and protein expression was induced by addition
of 0.5 g / l l (+)-arabinose. Proteins were expressed at 30 

◦C for
5 h. Bacteria were harvested by centrifugation at 4 000 × g
for 25 min. Cell pellets were snap-frozen in liquid nitrogen
and stored at –20 

◦C or subjected to immediate cell lysis. 
Cell pellets were resuspended in lysis buffer (25 mM Tris–

HCl pH 8.0, 500 mM NaCl, 1 mM DTT, 10% glycerol) and
lysed by sonication. Cell debris was sedimented by centrifuga-
tion at 25 000 × g for 45 min at 20 

◦C. The lysate was filtered
through a membrane filter with a 0.8 μm pore size and sub-
jected to affinity chromatography. 

For affinity chromatography, Ni 2+ -NTA resin was equili-
brated with lysis buffer and incubated with lysate for 2 h at
room temperature on a rolling incubator. The resin was then
transferred to a gravity column and washed extensively with
wash buffer (25 mM Tris–HCl pH 8.0, 500 mM NaCl, 1 mM
DTT, 10% glycerol, 40 mM imidazole) and eluted with elu-
tion buffer (25 mM Tris–HCl pH 8.0, 500 mM NaCl, 1 mM
DTT, 10% glycerol, 1 M imidazole). The elution fraction was
dialyzed against binding buffer (25 mM Tris–HCl pH 8.0, 1
mM DTT, 10% glycerol) for 16 h at room temperature and
subjected to further purification by Heparin chromatography.

Heparin chromatography was performed on a HiPrep Hep-
arin Fast Flow 16 / 60 column (Cytiva) equilibrated in bind-
ing buffer using an ÄKTA FPLC system (Cytiva). The col-
umn was washed extensively with binding buffer and proteins
were eluted by increasing the concentration of NaCl from 0 to
500 mM over 3.6 CVs. Fractions containing large amounts
of 6xHis-CalpT were pooled and further purified by SEC
on a HiLoad 16 / 600 Superdex75 pg column (Cytiva) equi-
librated with 25 mM Tris–HCl, 500 mM NaCl, 1 mM DTT,
10% glycerol. 
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Figure 1. CalpL is a ring nuclease. ( A ) A surface representation of a CalpL monomer with the electrostatic surface potential mapped onto the str uct ure 
(red negative, blue positive). The cA 4 molecule bound to the SAVED domain is shown in ball-and-sticks representation (PDB-ID: 8b0r, ( 16 )). ( B ) Str uct ural 
formula of cA 4 . The numbering of selected atoms is given in green. ( C , D ) HPLC traces recorded at 259 nm showing the result of incubating 30 μM of 
different cOAs with (blue lines) and without (black lines) 3 μM CalpL for 120 min at 60 ◦C. The vertical lines mark reaction intermediates and products 
that were identified by comparison with standard runs and / or mass spectrometry. HPLC traces are representative of at least three replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nuclease assay and RP-HPLC analyses

For testing the nuclease activity, CalpL was incubated with
10-fold molar excess of the respective cOA (Biolog) in 20
mM Tris–HCl, 50 mM NaCl at either 37 

◦C (time-course
measurement) or 60 

◦C (endpoint measurement) and analyzed
by reversed-phase high-performance liquid chromatography
(RP-HPLC) using the Infinity II HPLC system (Agilent). Nu-
clease reaction products were separated at a flow-rate of 1 ml
min 

−1 on a Chromolith Performance RP-18e 100 × 46 mm
column (Merck) equipped with a guard cartridge. The eluent
was composed of 30 mM K 2 HPO 4 , 70 mM KH 2 PO 4 , 10 mM
tetrabutylammonium bromide, 13% acetonitrile ( w / w ). RNA
species were collected manually and subjected to mass spec-
trometry for identification.

For calculation of rate constants k , the fraction of cA 4 cut
was determined by integrating the peak area at 259 nm for the
intervals of t = 5 s to t = 600 s. Values were normalized to
t = 5 s. For the CalpL variants H345A, H474A and wildtype,
inversed values were fitted by a one phase decay model ( Y =
( Y 0 – Plateau) × exp(–K ×X ) + Plateau) to the time points
intervals of t = 5 s to t = 600 s using DataGraph 5.3. Due to
the slow progression of the nuclease reaction catalyzed by the
CalpL variants H392A, R361A and R361E, no adequate fit
was applicable. 
Generation of HPLC standards

For generation of A 4 > P, A 3 > P and A 2 > P as HPLC stan-
dards similar to ( 26 ), 30 μM of MazF substrate (for A 4 > P: 
5 

′ - aaaa acacugaaccug-3 

′ ; for A 3 > P: 5 

′ - aaa acacugaaccug-3 

′ for
A 2 > P: 5 

′ - aa acacugaaccug-3 

′ ) were incubated with 10 U re- 
combinant MazF (Takara Bio) in 20 mM Tris pH 8.0, 50 

mM NaCl and incubated for 60 min @ 37 

◦C. Linear adeny- 
late standards were ordered containing a 3 

′ phosphate modifi- 
cation. MazF substrates and linear oligoadenylates were sup- 
plied by Metabion (Germany). 

Mass spectrometry analyses

Samples manually collected after HPLC separation were sub- 
jected to HPLC–MS analysis with a Q / TOF mass spectrome- 
ter (Bruker micrO T OF-Q) equipped with an electrospray ion 

source and a HPLC system (Agilent 1200 series) using a RP 

150 × 2 mm C18 column (Knauer Eurospher II 100–5C18).
The flow rate was set to 0.25 ml min 

−1 with a linear gradient 
starting from a 95:5 mixture of 25 mM aqueous ammonium 

acetate and acetonitrile ramping to a 30:70 ratio after 15 min- 
utes. The column was rinsed with 5:95 NH 4 OAc:acetonitrile 
after every run. RNA samples were detected via UV absorp- 
tion at 254 nm and ESI spectra measured in negative mode. 
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rotease assay

o monitor protease activity over time, CalpL and 6xHis-
alpT were combined at 3 μM each in 20 mM Tris–HCl pH
.0, 50 mM NaCl, and incubated at 37 

◦C for 30 min. For acti-
ation of the protease, cA 4 was added to a final concentration
f 3 μM, and the reaction proceeded at 37 

◦C for the indicated
ime periods. For endpoint analysis of protease reactions, the
ame protocol was followed but with a 30-min incubation
t 60 

◦C. After addition of cyclic or linear adenylate species,
he reactions were incubated for further 60 minutes at 60 

◦C.
eactions were stopped by addition of reducing SDS load-

ng buffer and heating for 10 min at 94 

◦C. The samples were
oaded on a 15% SDS polyacrylamide gel, run at 40 mA / gel
or 60 min and analyzed by Coomassie staining. 

Cleavage of 6xHis-CalpT was assessed by quantifying
alpT bands on Coomassie-stained SDS-PAGE gels and nor-
alizing to a non-cleaved 6xHis-CalpT control sample using

he Image Lab 6.1 Software (BioRad). Inverse values were cal-
ulated for plotting. Fits were calculated from all data points
anging from 5 sec to 720 min (5 s, 15 s, 30 s, 90 s, 5 min,
0 min, 30 min, 60 min, 120 min, 240 min, 720 min). Due
o an inadequate integration of CalpT band intensities for the
alpL R361E variant, quantification was done by integrating
and intensities of CalpT 23 and normalization to the amount
f CalpT 23 at t = 240 min. Rate constants k were calculated by
tting a one phase decay model ( Y = ( Y 0 – Plateau) × exp(–
 × X ) + Plateau) to the time points intervals of t = 5 s to

 = 720 min using DataGraph 5.3. 

ynamic light scattering

o investigate cA 4 induced oligomerization, the hydrody-
amic radii of CalpL in the presence or absence of cA 4 or
 

′ F-cA 4 were measured by dynamic light scattering using the
ynaPro NanoStar system (Wyatt Technology). The experi-
ents were performed at 20 

◦C. Samples containing CalpL at a
nal concentration of 86.6 μM (5 mg / ml) were prepared in 20
M Tris–HCl pH 8.0, 50 mM NaCl, mixed with an equimolar

mount of 2 

′ F-cA 4 or cA 4 and centrifuged at 15 000 × g for
5 min to remove aggregates before each measurement. For
ach condition, three measurement cycles including each 20
ingle data acquisitions were performed. The acquisition time
as set to 3 s. All experiments were performed in triplicates.
o determine the significance of the radii difference between
amples, a two-tailed unpaired t-test was performed ( P values
re included in the corresponding figures). 

ative PAGE

ative PAGE was performed to visualize oligomerization
cross the different CalpL mutants. For the assay, 15 μM
f the CalpL variant was incubated with 5-fold molar ex-
ess of 2 

′ F-cA 4 or cA 4 in the presence of 0.5 mM of the
mine-reactive crosslinking agent bissulfosuccinimidyl suber-
te (BS3). The reactions were incubated for 30 min at 37 

◦C,
ixed with native PAGE sample loading buffer, loaded on a
0% Tris-glycine native PAGE gel and run at 40 mA / gel for
0 min. Gels were analyzed by Coomassie staining. 

tructural modelling

o construct a simple model of a cA 4 induced oligomer of
alpL, two individual cA 4 bound CalpL monomers (PDB-ID:
b0r) were superimposed on the dimeric SAVED-CHAT struc-
ture (PDB-ID: 8tl0) with PyMOL ( www.pymol.org ). This led
to a model with some clashes between the two protomers. The
CHARMM-GUI ( 27 ) and GROMACS ( 28 ) were then used
to perform an energy minimization of the stacked SAVED
domains, including the sandwiched cA 4 molecule. The re-
sulting model was very similar to a model produced by Al-
phaFold3 ( 29 ) including 2 copies of CalpL and 12 AMP lig-
ands ( Supplementary Figure S5 ). 

SPR measurements

SPR measurements were performed on a Series S CM5
sensor chip using the Biacor™ 8K instrument (Cytiva).
The chip was pre-equilibrated with running buffer (20
mM Tris pH 8, 50 mM NaCl, 0.05% ( v / v ) Tween20) at
25 

◦C. CalpL was immobilized by amine-coupling using 50
mM NaOH for conditioning, and a 1:1 ( v / v ) mixture of
0.1 M N-hydroxysuccinimide (NHS) and 0.1 M 3-( N ,N -
dimethylamino)propyl- N -ethylcarbodimide (EDC) for sur-
face activation. Subsequently, the flow system was washed
with 1 M ethanolamine (pH 8). For immobilization, protein
solutions were diluted in acetate buffer (pH 5) to a final con-
centration of 1 μM. To analyze the effect of protein immobi-
lization density on the cA 4 binding affinity, final protein con-
centrations of 1 μM, 500 nM, 250 nM, 125 nM, 62.5 nM and
31.25 nM were used for the immobilization process. Immo-
bilization was performed in running buffer on the surface of
the second flow cell for 160 s, or 100 s at a flow rate of 10
μl / min and afterwards, free binding sites on the surface were
saturated with 1 M ethanolamine (pH 8) for 7 min at a flow
rate of 10 μl / min. Single-cycle kinetics were used as analysis
method mode with injections of increasing concentrations of
the analyte over both flow cells, the association time was set to
120 s and a the dissociation time to 600 s at a flow rate of 30
μl / min. For A 2 and A 4 , a concentration series of 0.26, 0.78,
2.33, 7, 21, 63, 189 and 567 nM was used. For cA 4 and 2 

′ F-
cA 4 , a concentration series of 0.086, 0.26, 0.78, 2.33, 7, 21,
63 and 189 nM was used. Data were collected at a rate of 10
Hz, and double-referenced by blank cycles and reference flow
cell subtraction. Binding parameters were obtained from the
kinetic binding measurements using a 1:1 interaction model,
using the Biacore ™ Insight Evaluation Software (Cytiva). 

Results

CalpL is a ring nuclease that degrades cA 4 into two
A 2 units

To detect a possible ring nuclease activity of CalpL, we incu-
bated CalpL with a 10-fold molar excess of cA 4 and incubated
the sample for 120 min at 60 

◦C, corresponding to the growth
temperature of Sulfurihydrogenibium spp. An HPLC analysis
of the sample clearly showed that the substrate peak had dis-
appeared and a new peak with approximately 2-fold stronger
intensity eluting at earlier retention times was observed (Fig-
ure 1 C). This product peak was identified as linear di-AMP
(A 2 ) by comparison with HPLC standards and mass spectrom-
etry ( Supplementary Figure S1 , Supplementary Table S1 ). 

In previous experiments, we identified cA 4 as the activa-
tor of the Lon protease CalpL. SPR experiments revealed that
CalpL binds cA 4 with much higher affinity than other cOAs
( 16 ). Nevertheless, to a small extent, the protease activity of
CalpL was also stimulated by other cOAs (cA 3 , cA 5 , cA 6 ).
While this activation by other cOAs is very likely not of any

http://www.pymol.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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physiological relevance, it is interesting from a mechanistic
point of view, because the activation mechanism appears to
be ‘flexible’ enough to accommodate the different sizes of the
cOAs. We thus wondered whether the CalpL ring nuclease ac-
tivity is specific towards cA 4 and performed nuclease assays
using different cOAs (cA 3 , cA 5 , cA 6 ) as substrates (Figure 1 C,
Supplementary Figure S1 b–d). Interestingly, we observed sig-
nificant cleavage of cA 3 and cA 5 within 120 min at 60 

◦C,
whereas cA 6 was degraded only to a minor extent. For cA 3 ,
we observed an almost complete conversion into two cleavage
products, which were identified as 2 

′ ,3 

′ -cAMP (A 1 > P) and A 2

by comparison with HPLC standards. For cA 5 , we observed
an incomplete cleavage of cA 5 to A 2 > P (5 

′ -ApAp with a cyclic
2 

′ ,3 

′ phosphate), A 2 and 2 

′ ,3 

′ -cAMP. For cA 6 , we observed
traces of A 2 > P, A 2 and 2 

′ ,3 

′ -cAMP, however most of the sub-
strate remained uncleaved. 

By analogy with Sis 0455 ( 24 ), a member of the small stan-
dalone ring nuclease family, we wondered, whether the 2 

′ -OH
group of the cOA might be the nucleophile of the reaction.
To test this, we performed the same experiment with the cA 4

derivative 2 

′ F-cA 4 containing fluoro modifications in all ri-
bose 2 

′ positions (Figure 1 D). In this case, no substrate cleav-
age was observed within 120 min at 60 

◦C, suggesting that the
nuclease reaction indeed proceeds via positioning of the 2 

′ -
OH of the ribose for the nucleophilic attack. 

To assess the impact of CalpL nuclease activity on the
CalpL / T / S cascade, we tested the cA 4 degradation products
for activation of the CalpL protease activity. As expected, we
observed a strong proteolytic cleavage of CalpT in the pres-
ence of cA 4 within 120 min at 60 

◦C (Figure 2 A). Whereas
minor traces of uncleaved CalpT remained upon incubation
with cA 4 , addition of the non-hydrolysable 2 

′ F-cA 4 resulted
in a complete substrate cleavage. Substitution of cA 4 with
A 4 (with a 3 

′ phosphate) led to a strongly decreased but de-
tectable amount of CalpT cleavage as judged by Coomassie-
stained SDS-PAGE. For A 2 (with a 3 

′ phosphate), we did not
observe CalpT cleavage, demonstrating that cA 4 degradation
by CalpL limits the protease activity. This observation aligns
with a decrease in affinity of CalpL towards A 4 and A 2 com-
pared to cA 4 , as observed in SPR spectroscopy experiments
(Figure 2 B). 

We were puzzled that the K D 

value for cA 4 (50 nM) was
much lower than both, the K D 

values determined for 2 

′ F-cA 4

(1 nM) and the K D 

for cA 4 of ∼1 nM that had been deter-
mined in our previous study ( 16 ). We analyzed this in de-
tail and found that the difference was caused by the different
CalpL immobilization strategies used in the two studies. In
our previous study, we used streptavidin coated SPR chips to
immobilize CalpL via a biotin-labelled cysteine at the bottom
side of the SAVED domain, i.e. opposite of the cA 4 binding
site. In the present study, due to a very large set of single mu-
tants, we used stochastic immobilization via amine-coupling
to CM5 chips. We suspected that the biotin anchor in our pre-
vious study had blocked any oligomerization of CalpL on the
chip and that this might also have inhibited the nuclease ac-
tivity. To test this, we performed an experiment, in which we
immobilized a dilution series of CalpL on different flow cells
of a CM5 chip and measured the affinity for cA 4 and 2 

′ F-cA 4 .
Since the chances of oligomer formation would be lower when
less CalpL was present on the chip, we hypothesized that the
apparent affinity for cA 4 would increase. In contrast, the affin-
ity for the non-hydrolysable 2 

′ F-cA 4 would remain constant.
Indeed, the SPR titration experiment confirmed a strong corre-
lation between the quantity of immobilized CalpL and the re- 
sultant K D 

values for cA 4 binding ( Supplementary Figure S2 a–
f). With decreasing amounts of immobilized CalpL, the appar- 
ent affinity towards cA 4 asymptotically reached the value of 
∼1 nM, matching the value determined previously using the
biotin-coupling approach. As expected, the affinity towards
2 

′ F-cA 4 remained unaffected by the immobilization rate. From
these observations, we concluded that the affinities for cA 4

and most likely also for A 4 that were measured with a CM5
SPR chip are ‘apparent’ K D 

values and that the measurements
with 2 

′ F-cA 4 can be seen as a surrogate for the first contact of
cA 4 with CalpL, i.e. before the nuclease reaction occurs. Also,
these experiments strongly indicated that the oligomerization
of CalpL plays an important role in the nuclease activity.

Based on the observation that the protease activity of CalpL 

is strongly reduced upon linearization of cA 4 , we speculated,
whether 2 

′ F-cA 4 might further enhance the proteolytic activ- 
ity of CalpL. To test this, we performed protease reaction 

time courses by incubating equimolar concentrations of CalpL 

and CalpT in the presence of either cA 4 or 2 

′ F-cA 4 (Figure
2 C, D). Further, we studied the oligomerization of CalpL in 

the presence of cA 4 or 2 

′ F-cA 4 by determining the hydrody- 
namic radii using dynamic light scattering (DLS) (Figure 2 E) 
and by bissulfosuccinimidyl suberate (BS3) crosslinking com- 
bined with native PAGE experiments (Figure 2 F). Indeed, DLS 
analysis revealed a slightly increased hydrodynamic radius for 
CalpL of 4.9 ± 0.21 nm upon binding of 2 

′ F-cA 4 , compared
to 4.5 ± 0.35 nm upon addition of cA 4 . We interpret the dif- 
ferences in hydrodynamic radius as a change in the propensity 
of CalpL to form oligomers, depending on the cofactor. In the 
native PAGE experiments, this increase in hydrodynamic ra- 
dius was matched by a strong increase in intensity of a band 

running at approx. 120–130 kDa, corresponding to a CalpL 

dimer . Further , despite a slower initial velocity (v 0 ) of the pro- 
tease reaction in the presence of 2 

′ F-cA 4 , we observed com- 
plete consumption of CalpT after 5 min of incubation with 

2 

′ F-cA 4 at 37 

◦C, whereas activation with cA 4 failed to induce
full cleavage of CalpT even after overnight incubation (Figure 
2 C, D). 

Nuclease reaction time courses and identification
of intermediates

To follow the reaction resulting in the conversion of cA 4 to A 2 ,
we performed time course experiments and analyzed the reac- 
tion products by HPLC / MS (Figure 3 , Supplementary Figure 
S3 , Supplementary Table S1 ). Due to the high speed of the ring 
nuclease reaction, we lowered the reaction temperature from 

60 

◦C to 37 

◦C, resulting in a reduced activity of CalpL. The re- 
actions were stopped by flash freezing in liquid nitrogen and 

thawed immediately before injection onto the column. Five 
seconds after the start of the reaction, two additional peaks 
with higher retention times appeared. Using MS, these were 
identified as A 4 (larger peak, 4.4 min) and A 4 > P (smaller peak,
4.1 min). Within 30 seconds of incubation, a large fraction of 
cA 4 was consumed and converted into A 4 , with only a minor 
A 4 > P fraction being present at all time points tested. In ad- 
dition, two smaller peaks at much earlier retention times had 

appeared. MS analysis revealed that the peaks had the mass 
of linear A 2 (2.4 min) and of A 2 > P (2.2 min). Over the next 
minutes, the A 2 > P intermediate was almost completely con- 
verted to A 2 . Note that we observed very small amounts of 
A 1 > P (1.9 min), but no A 3 > P, being formed after extended 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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Figure 2. Degradation of cA 4 limits the protease activity. ( A ) Coomassie-stained 15% SDS-PAGE analysis of CalpL protease activity assay showing the 
amount of CalpT clea v age upon addition of cA 4 , 2 ′ F-cA 4 , A 2 or A 4 . For the assay, 3 μM of CalpL and CalpT were mixed with 3 μM of the respective 
adenylate compound and incubated for 120 min at 60 ◦C. ( B ) Single-cycle kinetics SPR measurements of 2 ′ F-cA 4 , cA 4 , A 4 and A 2 binding to immobilized 
CalpL. The asterisk symbol (*) indicates the apparent K D value determined for cA 4 and A 4 using the CM5 SPR setup. ( C ) Quantification of CalpT clea v age 
at 37 ◦C for the indicated time periods of incubation of CalpL and CalpT with cA 4 as described for (A). Values of all time points ranging from 5 s to 720 
min were used for fit calculation. Right: Example of Coomassie-stained 15 % SDS-PAGE gel used for quantification. ( D ) same as in (B) but in the 
presence of 2 ′ F-cA 4 . Experiments were performed in triplicates and error bars represent mean ± SD. ( E ) Hydrodynamic radii of CalpL determined at a 
sample concentration of 86 μM (5 mg / ml) in the presence or absence of 86 μM cA 4 or 2 ′ F-cA 4 . All DLS experiments were performed in triplicates. Bars 
display median and interquartile range; p -values for t wo-t ailed t-tests are indicated. ( F ) Coomassie-stained 10% native PAGE analysis of CalpL 
oligomerization experiments. For the assay, 15 μM of CalpL was incubated with (+) or without (–) 75 μM cA 4 or 2 ′ F-cA 4 for 30 min at 37 ◦C in the 
presence of 0.5 mM bissulfosuccinimidyl suberate (BS3). 
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ncubation periods. All assignments were confirmed by com-
arison with HPLC standards ( Supplementary Figure S3 ). In
ummary, the CalpL ring nuclease reaction proceeds from cA 4 

ia A 4 > P, A 4 , A 2 > P to A 2 . 

esidues at both the top- and bottom sides of the
AVED domain are involved in ring nuclease
ctivity

onsidering the fact that cA 4 is split into two A 2 molecules,
e hypothesized that the cleavage occurs at two opposing sites
ithin the active site. Based on structural data obtained from

he CalpL-cA 4 complex (Figure 1 A) combined with sequence
lignments of CalpL homologs, we identified conserved side
hains, which are located in the cA 4 binding site and might be
nvolved in the nuclease reaction: H345, H392, H474, S325,
391, S451 (Figure 4 A). 

To assess their contribution to the ring nuclease reaction, we
utated the conserved residues to alanine, either individually
r in combination, and examined the cA 4 cleavage reaction at
0 

◦C by HPLC analysis (Figure 4 B). 
The strongest effect of nuclease attenuation was observed
for mutants H392A and H392E. Here, we observed a slow
conversion of cA 4 to A 4 > P and A 4 , but we did not observe
any production of di-adenylates after incubation for 120 min.
Whereas mutation of either S325 or H474 to alanine did not
affect the nuclease activity, H345A and S391A variants of
CalpL showed a reduced ability to convert A 2 > P to A 2 within
the observed time frame. We suspected a potential cooperation
of H345 and H392, however surprisingly, a combined muta-
tion to alanine resulted in an enhanced nuclease activity com-
pared to mutation of H392 alone ( Supplementary Figure S4 ).
Here, we observed production of A 2 > P and A 2 , with only a
minor fraction of A 4 present after incubation at 60 

◦C for 120
min. Interestingly, we further observed production of a novel
reaction product which was identified as A 3 > P by comparison
with HPLC standards ( Supplementary Figure S4 ). 

Although not conserved, we considered K234, located di-
rectly opposed to H392, as a possible candidate for be-
ing involved in a coordinated cA 4 cleavage. As judged by
the reaction endpoint analysis, mutation of K234 to alanine
did not influence the nuclease activity of CalpL. Similar to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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Figure 3. Time course of CalpL-mediated cA 4 clea v age. L eft: HPLC traces of nuclease reactions incubating 1.5 μM CalpL with 15 μM cA 4 at 37 ◦C for the 
indicated time periods. The vertical lines mark reaction intermediates and products that were identified by comparison with standard runs and / or mass 
spectrometry. Right: Str uct ural formulas of the observed reaction intermediates. The adenosine base is represented by A 1 –A 4 in ellipsoids. All HPLC 

traces are representative of at least three replicates. The asterisk symbol (*) indicates that hydrolysis of the cyclic 2 ′ ,3 ′ -phosphate could yield products 
having the phosphate group at either the 2 ′ or 3 ′ position. 

 

 

 

 

 

 

 

 

 

 

the H345A / H392A double mutant, a combined mutation of
K234 and H392 to alanine enhanced the nuclease activity
compared to the H392 single alanine mutant, and further re-
sulted in the production of minor traces of A 3 > P. A combined
alanine mutation of H345 and K234 did not enhance the nu-
clease attenuating effect observed for H345A alone and did
not show production of tri-adenylate species. 

In summary, of all residues inside the cA 4 binding site, only
residues in the vicinity of H392 showed a strong impact on
the ring nuclease activity, suggesting that at least one cleavage
reaction occurs at this position. 
Puzzled by the persistence of nuclease activity despite sys- 
tematic mutation of residues within the cA 4 binding pocket,
our attention was drawn to the high conservation of a posi- 
tively charged patch on the bottom side of the SAVED domain 

(Figure 4 C). Recent reports on CARF domain-containing 
ring nucleases and oligomerizing SAVED domains ( 17 ,30–
33 ) prompted us to investigate whether conserved bottom 

side residues might be involved in the ring nuclease reaction 

when CalpL forms oligomers. We mutated the corresponding 
residues, either to alanine or glutamate, and assessed the re- 
action products via HPLC (Figure 4 D). Strikingly, all bottom 
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Figure 4. CalpL mutants in the cA 4 binding site and on the bottom of the SAVED domain show impaired ring nuclease activity. ( A ) A cartoon model of 
the SAVED domain of CalpL (viewing direction with respect to the complete structure is indicated). The conservation of residues is mapped onto the 
str uct ure (red: high conservation score, white low conservation score; The underlying alignment is provided as Supplementary Material ). The cA 4 

molecule is shown in cyan sticks. Residues that were mutated are marked by a sphere at their C α position. ( B ) HPLC analysis of ring nuclease reactions 
incubating 1.5 μM of the respective SAVED topside variant indicated in a) with 15 μM cA 4 at 60 ◦C for 120 min. ( C ) As in (A) but the bottom side of the 
SAVED domain is shown. ( D ) HPLC analysis of ring nuclease reactions performed as in (B) but of SAVED bottom side indicated in c). All HPLC traces are 
representatives of at least three replicates. 
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ide mutants showed a significantly impaired nuclease activ-
ty, with none achieving a complete conversion of cA 4 to A 2

ithin 120 min at 60 

◦C. While K364E and K366E variants
howed a minimal production of A 4 > P and A 4 within the ob-
erved time frame, mutation of R361 to glutamate resulted in
 complete disruption of the nuclease activity . Interestingly , an
361A variant retained basal levels of nuclease activity and

howed production of A 4 > P and A 4 . 
As suspected from the SPR results described above, these

bservations indicated a strong link between oligomerization
nd nuclease activity; however, the exact allocation of active

ite residues is not trivial. 

 

Interdependence of the nuclease and protease
activities of CalpL

To understand how oligomerization could trigger the enzy-
matic activities of CalpL, we generated a simple model of
a CalpL oligomer based on the stacked SAVED domains of
the recently published SAVED-CHAT structure (Figure 5 A)
( 17 ). Although the model cannot be used for a detailed struc-
tural analysis, it nicely illustrates that conserved residues
of both, the CalpL bottom- and top sides, including R338,
R361, K364 and K366 can potentially contact the sandwiched
cA 4 molecule, rationalizing their influence on the ring nucle-
ase activity. A very similar model of a CalpL oligomer was

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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Figure 5. Interdependence of ring nuclease and protease activities of CalpL. ( A ) An energy -minimiz ed model for cA 4 -mediated oligomerization of CalpL 
based on the S AVED-CHAT str uct ure (PDB-ID: 8tl0, ( 17 )) generated with GR OMACS ( 28 ). T he cA 4 molecule is shown as cyan sticks. ( B –D ) Upper panels: 
Quantification of CalpT clea v age b y incubating 3 μM of the respectiv e CalpL mutant with 3 μM CalpT at 37 ◦C f or the indicated time points. Values of all 
time points ranging from 5 s to 720 min were used for fit calculation. For mutant R361E, the fit was not of high quality for the early reaction timepoints 
but of good quality for the complete experiment. Therefore, a graph covering the complete experiment is shown in Supplementary Figure S7 a). A 

Coomassie-stained 15% SDS-PAGE gel used for quantification is included for reference. Left lower panels: Quantification of nuclease reaction 
intermediates and products generated upon incubation of 1.5 μM CalpL and 15 μM cA 4 at 37 ◦C for the indicated time points. HPLC traces used for 
quantification by peak area integration at 259 nm are shown exemplary. Right lower panels: Hydrodynamic radii of CalpL determined at a sample 
concentration of 86 μM (5 mg / ml) in the presence or absence of 86 μM cA 4 . Dashed lines mark the h y drodynamic radii of wildtype CalpL with 
(4.5 ± 0.35 nm) and without (3.5 ± 0.12 nm) cA 4 . All experiments were performed in triplicates. Bars of DLS data display median and interquartile range; 
P -v alues f or tw o-tailed t -tests are indicated. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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roduced with the recently released AlphaFold3 server in the
resence of AMP ligands that were used as a surrogate for cA 4

 Supplementary Figure S5 ). Note that our model also resem-
les a very recent cryo-EM structure of the CalpL homolog
CaCalpL ( 20 ). 
Activation of the ring nuclease upon oligomer formation

nd protease activation constitutes an elegant mechanism to
imit the protease activity . Consequently , we wondered if and
ow a reduced nuclease activity, such as observed for top side
esidue H392A or bottom side residues R361A / E, K364E and
366E might influence the protease activity of CalpL. To

tudy this, we performed protease time course experiments
ncubating the different CalpL variants and the protease
ubstrate CalpT and quantified the protease activities using
oomassie-stained SDS-PAGE (Figure 5 B–D, Supplementary 
igure S6 , Supplementary Figure S7 , Supplementary Table S2 ).
or each mutant, we assessed its propensity to form CalpL
ligomers by dynamic light scattering (DLS) (Figure 5 B–D,
upplementary Figure S8 ) and by performing native PAGE
xperiments ( Supplementary Figure S9 ). Further, we con-
rmed the cA 4 -, A 4 - and A 2 - binding capacities of all mutants
y performing SPR experiments ( Supplementary Figure S10 ,
upplementary Table S3 ). 

DLS analysis revealed a strongly enhanced propensity
or cA 4 -induced oligomerization for the nuclease-deficient
392A topside mutant as judged by a hydrodynamic radius
f 5.1 ± 0.28 nm, similar to the hydrodynamic radius of
.9 ± 0.21 nm observed upon 2 

′ F-cA 4 -induced oligomeriza-
ion of the wildtype protein shown in Figure 2 . Analogous
o the activation of wildtype CalpL with 2 

′ F-cA 4 , the pro-
ease reaction of the H392A variant showed a reduced ini-
ial velocity v 0 but achieved full cleavage of CalpT within
0 min (Figure 5 B, Supplementary Table S2 ). Interestingly,
he SPR experiments revealed that H392A has a very high
ffinity for A 4 , explaining that the mutant behaves similar
s the wildtype in the presence of the nuclease-inert 2 

′ F-cA 4

 Supplementary Figure S10 , Supplementary Table S3 ). 
The CalpL H345A variant, which had an impaired ca-

acity to convert A 2 > P to A 2 in the reaction endpoint ex-
eriment, showed wild-type like cA 4 cleavage in the time-
ourse experiment (Figure 5 C, Supplementary Table S2 ).
owever, the H345A mutant had a decreased protease activity

 Supplementary Table S2 ) with a minor fraction of CalpT re-
aining uncleaved after overnight incubation. Further, we did
ot observe cA 4 -induced oligomerization of mutant H345A
y DLS, as evident from a similar hydrodynamic radius in the
resence (3.6 ± 0.11 nm) and absence (3.6 ± 0.13 nm) of
A 4 . The SPR data showed that nuclease-inert 2 

′ F-cA 4 (and
hus cA 4 ) binds much weaker to this mutant and we observed
 very fast dissociation compared to wildtype CalpL, pre-
umably destabilizing any oligomers that are formed. To test
hether sporadic oligomerization events took place that could

xplain the remaining protease activity, we performed BS3
rosslinking experiments in combination with native PAGE.
he rational was that the crosslinking reagent would imme-
iately trap any oligomers that were formed. As shown in
upplementary Figure S9 , this was indeed the case, as the
ddition of cA 4 and 2 

′ F-cA 4 resulted in a strong increase in
imeric species compared to a control reaction containing
o cA 4 . 
Intriguingly, for the H474A mutant, we observed a

trong ring nuclease activity ( Supplementary Figure S6 d,
upplementary Table S2 ) ( Supplementary Figure S6 ), which,
in contrast to that of the wildtype protein, did not correlate
with an early termination of the protease reaction. Here, we
observed a complete substrate cleavage within 10 min de-
spite an almost complete consumption of A 4 after 5 min.
The oligomerization behavior , however , remained unaltered
( Supplementary Figure S6 ). Also here, the SPR data provided a
potential explanation for the observed effects. We found that
the affinity of mutant H474A for 2 

′ F-cA 4 (and therefore, as
explained above, presumably for uncleaved cA 4 ) was approx.
4-times higher than the affinity of wildtype CalpL for 2 

′ F-cA 4

( Supplementary Figure S10 , Supplementary Table S3 ).
In the case of the nuclease-dead mutant R361E, we ob-

served a strong decrease in protease activity (Figure 5 d), cor-
relating with the absence of cA 4 -induced oligomerization as
judged by DLS. Conversely, mutant R361A, which showed
basal levels of nuclease activity, exhibited an only slightly
reduced proteolytic activity, while showing marginal cA 4 -
induced oligomerization ( Supplementary Figure S6 f). We an-
alyzed both mutants via crosslinked native PAGE, which con-
firmed the weak propensity of these mutants to oligomerize,
explaining the remaining protease activity ( Supplementary 
Figure S9 ). We speculate that the geometry of the oligomers
is influenced by the type of amino acid that is introduced at
position R361, explaining the differences in protease activity.

For mutants K364E and K366E, which showed only
marginal cA 4 to A 4 conversion upon incubation at 60 

◦C for
120 min, we observed no cA 4 cleavage upon incubation at
37 

◦C for 240 min. In the protease time course experiments,
both mutants showed a significant reduction in proteolytic ac-
tivity, which was more pronounced for K366E than for K364E
( Supplementary Table S2 , Supplementary Figure S6 g, h). Fur-
ther, the K364E variant showed wildtype-like oligomerization
as judged by a hydrodynamic radius of 4.64 ± 0.142 nm
in the presence of cA 4 , compared to mutant K366E which
did not show a response to cA 4 as judged by a hydrody-
namic radius of 3.66 ± 0.073 nm in the presence of cA 4

( Supplementary Figure S8 ). Again, these observations were
also reflected in our crosslinked native PAGE experiments,
where only very faint oligomerization was observed for CalpL
K366E ( Supplementary Figure S9 ). 

Cooperation of SAVED domains during ring
nuclease and protease reactions

Having identified key residues on both the SAVED top side
and bottom side which lead to the disruption of ring nucle-
ase and protease activities upon mutation, we sought to in-
vestigate a potential synergistic action of these residues dur-
ing cA 4 cleavage. Similar to Smalakyte et al. ( 20 ), we com-
bined the nuclease-dead SAVED topside mutant H392E and
the SAVED bottom side mutant R361E to test for recon-
stitution of an active heterodimer from two inactive CalpL
monomers (Figure 6 A). To evaluate the ring nuclease activ-
ity of the H392E / R361E heterodimer, we performed ring nu-
clease endpoint experiments and analyzed the reactions using
RP-HPLC (Figure 6 B). Whereas the individual mutants did
not show any nuclease activity upon incubation with cA 4 for
120 min at 60 

◦C, we observed a complete conversion of cA 4

to the final reaction product A 2 upon co-incubation with an
equimolar mixture of CalpL R361E and H392E. We further
performed time-course assays to compare the nuclease activ-
ity of the R361E / H392E heterodimer to the wildtype variant
and observed that the heterodimer showed an only slightly

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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Figure 6. SAVED domains cooperate during ring nuclease and protease reactions. ( A ) Schematic representation of the CalpL activity reconstitution 
assay. ( B ) HPLC analysis of ring nuclease endpoint reactions incubating 1.5 μM of the respective CalpL mutant or an equimolar mixture of both mutants 
(heterodimer) with 15 μM cA 4 for 120 min at 60 ◦C. ( C ) Same as in (b) but performed as a time course experiment incubating the reactions at 37 ◦C for 
the indicates time points. The traces for the heterodimer are mirrored across the time axis for illustration purposes. ( D ) Representative 15% 

Coomassie-stained SDS-PAGE gels of protease time course assa y s incubating 3 μM of the indicated mutant or 3 μM of the R361E / H392E heterodimer 
with equimolar amounts of CalpT and cA 4 at 37 ◦C for the indicated time points. ( E ) Quantification of protease time courses shown exemplary in (D). 
Values of all time points ranging from 5 s to 720 min were used for fit calculation. For the individual mutants, the fit was not of high quality for the early 
reaction timepoint but of good quality for the complete experiment. Therefore, a graph covering the complete experiment is shown in 
Supplementary Figure S7 a, b). All experiments were performed in triplicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

decreased di-adenylate production compared to the wildtype
protein (Figure 6 C). 

Interestingly, the rescue of enzymatic function upon recon-
stitution of the active heterodimer was not only observed for
the ring nuclease activity, but was similarly detected for the
proteolytic activity of CalpL (Figure 6 D). Whereas the indi-
vidual mutants R361E and H392E induced only minor cleav-
age of CalpT within 10 min, an equimolar mixture of both
mutants achieved almost full substrate cleavage within the
same time frame. As mutant H392E exhibited a wildtype-like
oligomerization behavior in response to cA 4 , we speculate that
charge-reversion of residues within the ring nuclease active
site and thus oligomerization interface affects the precision of
oligomer assembly, a phenomenon which does not necessarily
correlate with the overall propensity to oligomerize. Recon-
stituting the minimal wildtype-like active site alleviated the
loss of protease activity, indicating that a native CalpL active
site is crucial for both protease and ring nuclease activities of
CalpL. 

Discussion

Here, we have characterized the ring nuclease reaction of the
CalpL SAVED domain. The protein rapidly degrades its acti-
vator, the cyclic oligonucleotide cA 4 to linear A 2 via several in- 
termediates with cyclic phosphate groups. We did not observe 
any indications of a metal dependency of the reaction and the 
fact that the chemical analog 2 

′ F-cA 4 was not degraded, to- 
gether with the observation of cyclic phosphate intermediates 
are strong indicators of the 2 

′ -OH group of the cA 4 molecule
being the nucleophile of the reaction. 

Our previously determined structure of CalpL in complex 

with cA 4 allows us to speculate about the location of the scis- 
sile bonds in the cA 4 molecule with respect to the surround- 
ing protein surface. We found a strong effect on the rate of 
the A 2 > P to A 2 reaction when residues near H392 were mu- 
tated. This indicates that at least one cleavage reaction takes 
place at this site. Since the final product is linear A 2 , a second 

cleavage must occur and the logical position for this reaction 

would be exactly opposite of H392. However, we did not ob- 
serve strong effects on the nuclease reaction when residues at 
this position in the cA 4 binding site were mutated, such as 
K234A. The reconstitution of an active CalpL heterodimer 
from the two nuclease-dead variants H392E and R361E in- 
dicates that residues from the bottom side of CalpL oligomers 
are involved in the formation of a composite ring nuclease ac- 
tive site. However, our data do not allow us to distinguish,
whether they play a catalytic or merely a structural role. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae676#supplementary-data
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Due to the extensive accumulation of A 4 during the nucle-
se reaction time courses (an excess of cA 4 was used in the
xperiments), we can conclude that A 4 is released from the
A 4 binding site and reenters the active site for the second
leavage. While this seems ineffective, the surprisingly high
ffinity of CalpL for A 4 ( Supplementary Figure S10 ) explains
hy the reaction still progresses very fast. The fact that only
ery small amounts of A 1 > P were observed indicates that the
 4 molecule is aligned in the active site such that the second
leavage takes place opposite of the first one. 

We found that the ring nuclease activity of CalpL is severely
ecreased for mutants that also show a decreased capability to
orm stable CalpL oligomers, such as R361A / E, and K366E.
his would ensure that the ring nuclease activity is only fully
ctivated when the cA 4 concentration is high enough to allow
he formation of oligomers and would thereby avoid a de-
rease in sensitivity by premature hydrolysis of cA 4 molecules.
s our data suggests that these mutants undergo sporadic
ligomerization, we conclude that the remaining nuclease ac-
ivity of these mutants is due to such rare events. A high-
esolution structure of a stacked SAVED domains of CalpL
ould certainly be helpful to further unravel the mechanism
f the ring nuclease reaction. In previous SAXS experiments
 16 ), we observed indications of a staggered arrangement of
alpL monomers in solution, though at low resolution. This is
uite different to the non-staggered arrangement found in the
AVED-CHAT- and CCaCalpL structures and from the non-
taggered AF3 model ( 17 ,20 ) ( Supplementary Figure S5 ). Our
odel based on the latter structures can rationalize the effects
f bottom side mutants analyzed in this study very well. How-
ver, since the cA 4 binding site is pseudo C2 symmetric and
he SAXS data were of high quality, it might be that both ar-
angements can occur in solution, especially considering the
act that CalpL is normally tightly bound to the CalpT and
alpS proteins. 
Studies exploring the molecular mechanisms of type III

RISPR associated ring nucleases have described a diverse ar-
ay of nuclease activation processes. These mechanisms en-
ompass intricate conformational changes within the cOA
inding site, leading to an alignment of the active site ( 25 ,34 ),
s well as global structural rearrangements including multi-
erization, where individual nucleases assemble to form a

omposite active site from previously isolated regions of the
rotein ( 35 ). CalpL is the first protein with a SAVED domain
o show a ring nuclease activity and appears to be a mix of
eatures observed in other ring nucleases. 

Most likely, the CalpL nuclease activity will lead to a
elf-quenching effect of the antiviral response, as observed
or other type III CRISPR systems. This indicates that the
alpL / T / S pathway is not aimed at an abortive infection but

ather at a reversible adjustment of the organism to a phage
ttack where even a small amount of released CalpS might be
nough to appropriately fine tune the transcriptional levels of
he cell. Alternatively, the ring nuclease activity might also play
 role in setting up an activation threshold such that basal lev-
ls of cA 4 are quickly degraded. However, since the nuclease
ctivity appears to go hand-in-hand with oligomer formation
nd thereby the activation of the protease activity of CalpL
he self-quenching effect appears to be the more likely expla-
ation for its ring nuclease activity. 
The CalpL protein combines a staggering number of func-

ionalities in a relatively small protein. The inducible protease
ctivity makes it a potent tool for biotechnological applica-
tions, such as for instance for CRISPR-based sensing assays,
where the protease activates a response mechanism. Due to its
negative impact on the protease activity, the ring nuclease ac-
tivity is a disadvantage for such applications. Therefore, our
discovery that it can be deactivated while maintaining the pro-
tease activity is of high interest for such efforts. 

Data availability

The model in Figure 5 is available as a Supplementary File. 
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Supplementary Data are available at NAR Online. 
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