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Abstract 

The type III CRISPR-Cas effector complex Csm functions as a molecular Swiss army knife that provides multilevel defense against foreign 
nucleic acids. The coordinated action of three catalytic activities of the Csm complex enables simultaneous degradation of the in v ader’s RNA 

transcripts, destruction of the template DNA and synthesis of signaling molecules (cyclic oligoadenylates cA n ) that activate auxiliary proteins to 
reinforce CRISPR-Cas defense. Here, we employed single-molecule techniques to connect the kinetics of RNA binding, dissociation, and DNA 

h y droly sis b y the Csm comple x from Streptococcus thermophilus . Although single-stranded RNA is clea v ed rapidly (within seconds), dual-color 
FCS experiments and single-molecule TIRF microscopy revealed that Csm remains bound to terminal RNA clea v age products with a half-life 
of o v er 1 hour while releasing the internal RNA fragments quickly. Using a continuous fluorescent DNA degradation assa y, w e observ ed that 
RNA-regulated single-stranded DNase activity decreases on a similar timescale. These findings suggest that after fast target RNA clea v age the 
terminal RNA clea v age products sta y bound within the Csm comple x, k eeping the Cas10 subunit activ ated f or DNA destruction. A dditionally, w e 
demonstrate that during Cas10 activation, the complex remains capable of RNA turnover, i.e. of ongoing degradation of target RNA. 
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Introduction 

CRISPR (clustered regularly interspaced short palindromic re-
peats), together with CRISPR-associated genes ( cas ) consti-
tute an adaptive microbial immune system which provides ac-
quired resistance against viruses and plasmids ( 1 ). This im-
munity is obtained by integrating short DNA sequences (pro-
tospacers) derived from the invader genome into the host
CRISPR locus. The CRISPR loci are transcribed and processed
into CRISPR RNAs (crRNA) that contain a spacer flanked
by parts of the repeat sequences on either side. The crRNA
assembles with Cas proteins to form interference complexes
that degrade foreign nucleic acids in a crRNA-guided fashion.
Based on the effector complex composition, CRISPR-Cas sys-
tems are divided in two classes ( 2 ). The class 1 systems (types I,
III, and IV) consist of multi-subunit effector complexes, while
class 2 systems (types II, V and VI) comprise single-subunit
effectors. Type I, II, V CRISPR-Cas generally target double-
stranded DNA, type VI systems target RNA ( 1 ,2 ) and type IV
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systems participate in plasmid competition by recruiting the 
DNA helicase DinG ( 3 ). 

Type III CRISPR-Cas systems are of particular interest as 
they degrade both RNA and DNA of the invaders ( 2 ). They 
are divided into six subtypes (III-A to III-F), with different 
subunits and architectures ( 4 ). Type III CRISPR-Cas systems 
comprise a multi-subunit ribonucleoprotein effector complex 

and auxiliary effector proteins, which are recruited for de- 
fense by antiviral signaling. Type III effectors (Csm for type 
III-A / D / E / F, and Cmr for type III-B / C) are composed of sev-
eral different Cas proteins bound to a crRNA molecule (see 
Figure 1 A) to recognize and to target nucleic acids ( 5 ). The 
largest subunit of the complex, Cas10, typically contains an 

HD nuclease domain and two Palm (polymerase / nucleotide 
cyclase-like) domains. The type III CRISPR-Cas immune re- 
sponse is initiated by transcription of a target DNA sequence 
( 6 ,7 ). As the RNA polymerase transcribes the foreign DNA,
the nascent mRNA is recognized by base pairing with the 
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Figure 1. Str uct ural scheme and RNA target-dependent ssDNA clea v age of the Csm comple x. ( A ) Schematic representation depicting the subunits of 
the Csm complex in conjunction with the crRNA, resulting in the formation of a binary complex. ( B ) RNA target recognition by Csm leads to formation of 
a ternary complex that cleaves single-stranded DNA via the HD domain of the Cas10 subunit. Although rapid RNA cleavage and target recognition are 
observed, the DNase activity persists over an extended period. The dynamic interplay between RNA fragment release and the extent of ssDNA 

clea v age activity, so far, remained unresolved. 
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omplementary crRNA and is cleaved into single-stranded
NA (ssRNA) fragments at 6 nt intervals by the Csm3 or
mr4 ribonucleolytic subunits ( 8–11 ). Recognition of RNA
llosterically activates the Cas10 subunit. Invader-derived
ranscripts are distinguished from self-transcripts by testing
omplementarity between an 8 nt repeat-derived sequence of
he crRNA 5 

′ -tag (also termed the 5 

′ -handle), and the cor-
esponding 8 nt of the target RNA 3 

′ -anti-tag (also termed
he 3 

′ -flanking sequence). Complementarity between the 5 

′ -
ag and 3 

′ -anti-tag of an endogenous transcript blocks Cas10
ctivation avoiding autoimmunity. In contrast, mismatches
etween the 5 

′ -tag and the 3 

′ -anti-tag of invader transcript
rigger the Cas10 activity, resulting in random single-stranded
NA (ssDNA) degradation in proximal transcription and

eplication bubbles by the Cas10 HD domain ( 6 , 7 , 12–19 ) and
onversion of ATP into cyclic oligoadenylates (cA n , n = 3–
) by the Cas10 Palm domains ( 20–27 ). Both ssDNA cleav-
ge ( 7 , 12 , 13 , 15 ) and cA n synthesis ( 20 , 21 , 23 , 25 ) require tar-
et RNA binding but not target RNA cleavage by the ef-
ector complex. cA n further act as secondary messengers to
llosterically activate type III CRISPR-Cas-associated RNA
ucleases (Csm6, Csx1) ( 20–24 ,27 ), DNA nucleases (Can1,
an2, Card1) ( 28–30 ), proteases ( 31 ), transcriptional regula-

ors ( 32 ) or translational inhibitors ( 33 ) that might lead cell
o dormancy or death ( 26 ,34–36 ). 

To coordinate type III complex RNA cleavage, DNA cleav-
ge and cA n synthesis activities for the destruction of for-
ign genetic elements and for the prevention of autoimmu-
ity, a spatiotemporal regulation mechanism was suggested
 7 , 20 , 23 ). According to this, the target RNA cleavage by
sm3 / Cmr4 RNase suppresses the Cas10 DNase and cA n 

ynthase activities, ensuring temporal control of DNA degra-
ation and cA n signaling. However, the details of how Cas10
s activated to bind and cleave ssDNA are still not clear, as
sDNA could not be visualized in structures of Csm and Cmr
omplex, and few conformational changes were observed in
he HD domain upon RNA binding ( 37–39 ). Furthermore, it
emains unclear how the activation of the type III complex by
NA binding is temporarily regulated. Previous research in-
icated that complex activation stops at the moment of RNA
leavage because the bound target RNA fragments dissociate
 23 ). In contrast, it has been found that RNA cleavage occurs
n a sub-minute timescale while the activation of both the
Nase and the cA n production persist over tens of minutes

 7 ,20 ) (Figure 1 B). 
The usage of single-molecule techniques has been previ-
ously a powerful approach for resolving the recognition and
the interaction dynamics of types I, II and V CRISPR-Cas
effector complexes with their DNA targets ( 40–48 ). Recent
single-molecule fluorescence investigations of the Csm com-
plex from Staphylococcus epidermidis revealed that Cas10
is highly flexible when bound to non-self RNA target but
not when bound to self-transcript ( 49 ). In this study, we ap-
plied single-molecule fluorescence experiments and bulk so-
lution experiments to investigate the temporal regulation of
RNA-activated DNA cleavage of a type III-A Csm complex
from Streptococcus thermophilus . Using dual-color fluores-
cence correlation spectroscopy (FCS) as well as total internal
reflection fluorescence (TIRF) microscopy, we show that after
fast RNA cleavage the Csm complex rapidly releases internal
RNA fragments while it retains both the 3 

′ - and the 5 

′ -ends of
the RNA over a timescale of approximately 80 minutes. Using
a continuous fluorescent DNA degradation assay, we observed
that the RNA-activated ssDNase activity ceases at the long
timescale. This implies that after fast activator RNA cleavage,
the bound RNA ends provide a molecular memory to keep
the Csm complex in the activated state. We further show that
upon Csm activation the complex remains capable of RNA
turnover, i.e. of ongoing degradation of target RNA. This pro-
vides a rather fixed time window for the complex activation
independent of the number of available target molecules. Fi-
nally, careful modelling of the DNA degradation kinetics al-
lowed developing a quantitative kinetic scheme revealing how
the Csm DNase and the RNase activities are coupled. 

Materials and methods 

Construction of expression and substrate plasmids 

A TEV protease recognition site was inserted into pCsm2-
Tag plasmid ( 10 ) between Streptococcus thermophilus
DGCC8004 csm2 gene and fused N-terminal StrepII-tag to
yield pCsm2-TEV-Tag. For this pCsm2-Tag was PCR am-
plified, mixed with a splint oligo carrying TEV recognition
site insertion and recircularized by Gibson assembly using
NEBuilder HiFi DNA Assembly Master Mix (New England
Biolabs). 

For the production of RNase-dead Csm we substituted
wt csm3 gene in pCas / Csm_ �Csm6’ �Csm6 plasmid
( 50 ), carrying S. thermophilus DGCC8004 cas6 , cas10 ,
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csm2 , csm3 , csm4 and csm5 genes, with D33A csm3
mutant from pCas / Csm_D33A ( 10 ). For this we double-
cut pCas / Csm_ �Csm6’ �Csm6 with REase Mva1269I
and gel-purified the linear fragment. The correspond-
ing insert fragment with csm3 D33A mutations was
PCR amplified from pCas / Csm_D33A. Both DNA frag-
ments were subjected to Gibson assembly to reconstitute
pCas / Csm_ �Csm6’ �Csm6_Csm3D33A. 

To obtain plasmids encoding mismatched RNA substrates
we used the pUC18_S3 / 1 plasmid ( 10 ). Using this plas-
mid as a PCR template, a linear DNA fragment exclud-
ing crRNA-complementary S3 / 1 target region was ampli-
fied. Linear DNA was assembled into a plasmid by Gib-
son assembly using annealed oligos containing 9 nt mis-
matches to 5 

′ - or 3 

′ -parts of S3 spacer sequence or invert-
ing the whole S3 / 1 target sequence yielding, respectively,
pUC_S3 / 1_5 

′ mm, pUC_S3 / 1_3 

′ mm and pUC_S3 / 1_NS. All
mutations and DNA substitutions were confirmed by Sanger
sequencing. 

Preparation of Csm complexes 

The pCas / Csm_ �Csm6’ �Csm6 or pCas / Csm_ �Csm6’
�Csm6_Csm3D33A plasmid were transformed to Es-
c heric hia coli BL21(DE3) with pCRISPR_S3, containing
five repeats interspaced by four identical spacers S3 ( 10 ),
and pCsm2N-TEV-Tag for wt or RNase-dead Csm complex
production. The expression of Csm complex components
was induced by 1 mM IPTG for 3 h at 37 

◦C. Cells were
harvested by centrifugation and disrupted by sonication in
purification buffer (20 mM Tris–HCl (pH 8.5 at 25 

◦C),
500 mM NaCl, 1 mM EDTA, 7 mM 2-mercaptoethanol)
supplemented with 2 mM PMSF. The suspension was cleared
by centrifugation and complexes from soluble fraction were
captured by StrepII-affinity chromatography using StrepTrap
HP (GE Healthcare) columns and eluted using purification
buffer with 2.5 mM desthiobiotin. Complexes were subjected
to size exclusion chromatography and fractionated according
to complex size, which is dependent on crRNA maturation
level ( 10 ). crRNA from different fractions were extracted by
phenol / chloroform and analyzed by electrophoresis under
denaturing conditions. Fractions in which fully matured 40
nt crRNA species was dominant were merged and incubated
with TEV protease overnight. To discard His-tagged TEV
protease and uncleaved StrepII-tagged complexes the mixture
was subjected to HisTrap (GE Healthcare) and StrepTrap
columns. The flow-through was collected, dialyzed against
storage buffer (10 mM Tris–HCl (pH 8.5), 300 mM NaCl, 1
mM DTT, 0.1 mM EDTA, 50% (v / v) glycerol), and stored at
–20 

◦C. 

RNA substrates 

RNA substrates ( Supplementary Table S1 ) were produced by
in vitro transcription. For this DNA matrices were amplified
from pUC18_S3 / 1, pUC_S3 / 1_5 

′ mm, pUC_S3 / 1_3 

′ mm and
pUC_S3 / 1_NS using appropriate DNA primers encoding a
flanking T7 RNA polymerase promoter sequence at 5 

′ -end
of desired RNA coding region. Purified PCR products were
used in the in vitro transcription reaction to obtain RNA
substrates using TranscriptAid T7 High Yield Transcription
Kit (Thermo Scientific) according to manufacturer recom-
mendations. RNAs were purified and concentrated using
spin columns. For RNA binding experiments the substrates
were 5 

′ -labeled with [ γ32 P]-ATP (PerkinElmer) and T4 PNK 

(Thermo Scientific) and gel purified. 
The internally ATTO647N-labeled RNA substrate was pur- 

chased from Eurofins Genomics. 

Electrophoretic mobility shift assay 

Substrate binding assays were performed as described earlier 
( 10 ) with minor modifications. 50 pM of radiolabeled sub- 
strate was incubated with 0.1–100 nM of wt Csm complex 

in a binding buffer (1 × TAE, 10% (v / v) glycerol, 0.1 mg / ml 
BSA) for 10 min at room temperature. Reaction mixtures were 
analyzed by electrophoresis on native PAGE and depicted us- 
ing a phosphorimager. Each assay was performed in duplicate.

DNA oligonucleotides 

Single-stranded DNAs ( Supplementary Table S2 ) were pur- 
chased HPLC purified and lyophilized from Eurofins Ge- 
nomics. Pre-hybridized RNA and DNA strands were annealed 

by slow cooling from 95 to 4 

◦C at 1 K / min in 16 mM Tris-
acetate, 33 mM K-acetate and 5 mM EDTA. 

FCS measurements 

Time-resolved fluorescence correlation spectroscopy (FCS) 
measurements were carried out on a Microtime 200 setup 

(PicoQuant) in time-correlated single photon counting (TC- 
SPC) mode. Samples were excited in a confocal volume by two 

lasers at 532 nm and 638 nm with a power after all optical 
filters of 12.9 and 13.4 μW, respectively. The lasers were op- 
erated in pulsed interleaved excitation (PIE) mode with pulse 
widths of 50 ps at a repetition rate of 20 MHz. Reactions were 
performed in a droplet of 36 μl volume that was restrained by 
parafilm on cleaned cover slides. Cover slides were sonicated 

for 10 min in acetone, 10 min in isopropanol and 20 min in 5 

M KOH and afterwards thoroughly washed with milli-Q wa- 
ter and blown dry with nitrogen. Reactions were started by 
adding 3 μl of solution containing the divalent ions to 33 μl of 
solution containing all other reagents. All FCS measurements 
were performed in 33 mM Tris-acetate, 66 mM K-acetate, 0.1 

mg / ml BSA, 0.25 U / μl Thermo Scientific™ RiboLock RNase 
Inhibitor and 0.5 mM MnCl 2 at 25 

◦C. 

Correlation trace fitting 

All FCS measurements were analyzed using PAM (PIE anal- 
ysis with MATLAB), which is a software package that al- 
lows quantitative analysis of fluorescence microscopy data 
obtained using pulsed interleaved excitation ( 51 ). Within the 
software, the correlation function G i j (τ ) is calculated accord- 
ing to: 

G i j ( τ ) = 

〈
F i ( t ) F j ( t + τ ) 

〉

〈 F i ( t ) 〉 
〈
F j ( t ) 

〉 , (1) 

where 〈 F i (t ) 〉 and 〈 F j (t ) 〉 are the time averaged fluorescence 
signals of the two fluorescent channels i and j, and F i (t ) and 

F j ( t + τ ) are the fluorescence intensities at a given time-point 
( t) and the time-point shifted by the lag time ( t + τ ). By set-
ting i = j (i.e. single-color FCS), one obtains the autocor- 
relation function, while for i � = j (i.e. dual-color FCS), one 
obtains the cross-correlation function. Exported correlation 

curves were then plotted and analyzed using self-developed 

Python (version 3.8) scripts and fitted by diffusion models 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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see Supplementary Note S1 ) using a nonlinear least-squares
ethod (‘curve_fit’), which is part of the SciPy package ( 52 ). 

IRF experiments 

he total internal reflection (TIRF) microscopy experiments
ere conducted using a custom-built prism-based TIRF setup.
he setup employs a Nikon TI2 eclipse microscope equipped
ith a Plan Apo 60x water immersion objective. The TIRF
eld was generated above a glass surface within a self-
onstructed microfluidic flow cell using a 640 nm laser. 

The flow cell was assembled using parafilm sandwiched be-
ween a cleaned and a functionalized glass coverslide (Men-
el). To prepare the clean coverslide, the glass slide was son-
cated in acetone and isopropanol, followed by rinsing with

illi-Q water and nitrogen drying. To prepare the functional-
zed coverslide, the glass slide was passivated through silaniza-
ion and functionalized with biotin. To this end, the glass slides
ere first cleaned by sonication in acetone. Following a fur-

her sonication step in KOH (5 M), the slides were rinsed with
eionized water and MeOH before blowing them dry with
itrogen. For passivation, the slides were first incubated in
50 ml MeOH, 7.5 ml acetic acid and 1.5 ml aminopropy-
silane. The glass slides were then coated with a mixture of
PEG (Rapp Polymere) and biotinylated mPEG (50:1) dis-

olved in 100 mM sodium bicarbonate at pH 8.5 and incu-
ated overnight. The slides were stored under vacuum condi-
ions at − 20 

◦C. 
To immobilize the molecules on the surface, we sequentially

ntroduced into the flow cell 100 nM streptavidin, 100 nM
iotinylated single-stranded DNA, 2 nM RNA hybridized to
n equal amount of AlexaFluor647-double-labeled DNA, and
0 nM Csm. To start the reaction, we introduced the imaging
uffer (2 mM Trolox, 5 mM PCA, 75 nM PCD, 33 mM Tris-
cetate, 66 mM K-acetate, 0.1 mg / ml BSA, 0.25 U / μl Thermo
cientific™ RiboLock) together with 0.5 mM MnCl 2 , at 25 

◦C.
fterward, we recorded images in 20-second intervals with an
xposure time of 100 ms. 

Image analysis was performed using Fiji 2.14.0 imageJ
.54f, which involved initial image smoothing, drift correc-
ion using the Fast4DReg plugin ( 53 ), and spot detection and
racking with the spot intensity analysis plugin. The obtained
rajectories were analyzed using custom python (version 3.8)
cripts. We first applied a 3-point moving average, followed
y normalizing the trajectory against the first 10 data points.
fterward, we recorded the time when the signal dropped
elow 10% of the initial intensity to generate the survival
robability. 

ulk fluorescence measurements 

ll bulk fluorescence measurements were performed in a
emperature-controlled Cary Eclipse fluorescence spectrome-
er (Agilent) in 150 μl cuvettes (Hellma Analytics), in buffer
ontaining 33 mM Tris-acetate, 66 mM K-acetate, 0.1 mg / ml
SA, 0.25 U / μl Thermo Scientific™ RiboLock RNase In-
ibitor and 0.5 mM MnCl 2 at 25 

◦C. The excitation wave-
ength was set to 495 nm and the emission wavelength was
ecorded at 518 nm, both with a slit width of 10 nm. The
hotomultiplier tube voltage was set to 550 V. 100 μl of RNA
nd DNA solution were always added first and pre-incubated
or 300 s. Afterwards 100 μl of solution containing the Csm
omplex was quickly pipetted to start the reaction. Datapoints
ere recorded approximately 10 s after reaction start in 1-
second intervals. The fluorescence signal was transformed to
cleaved DNA using a linear scaling factor, which was obtained
by measuring the saturated signal of known amounts of DNA
being fully cleaved by micrococcal nuclease (New England
Biolabs). 

Time trace fitting 

Fluorescence time traces were analyzed using self-developed
Python (version 3.8) scripts. All fits were performed using a
nonlinear least-squares method (‘curve_fit’), which is part of
the SciPy package ( 52 ). 

To fit the rate equation model, a set of ordinary differential
equations was solved using the ‘odeint’ function (which is also
part of the SciPy package) and the solution was then used in
the ‘curve_fit’ routine. 

Results 

Dual-color FCS reveals long-lasting retention of the 

RNA ends 

Previously it has been shown ( 7 ), that despite rapid target-
specific RNA cleavage by the Csm complex, the downstream
single-stranded DNase activity persists over a considerably
longer duration. Notably, target RNA cleavage yields short
(6 nt long) internal fragments and longer terminal fragments
located at both ends of the complex ( 10 ) (see Figure 1 B). To
comprehend the spatiotemporal control of the ssDNA cleav-
age activity by Csm, we systematically investigated the re-
lease of the different RNA fragments from the Csm complex.
Therefore, we utilized a dual-color FCS setup in pulsed in-
terleaved excitation (PIE) mode ( 54 ), which allows monitor-
ing the diffusion properties of multiple biomolecules simul-
taneously. Within the setup, freely diffusing and fluorescently
labeled RNA molecules were alternatingly illuminated with
green and red laser pulses within the diffraction limited spot
of the laser focus and the resulting fluorescence emission was
measured in separate channels. Using low substrate concentra-
tions (pico to nanomolar) ensured that only a small number
of fluorophores were excited simultaneously in the confocal
volume (a few femtoliters). By recording the fluorescence sig-
nal at high temporal resolution and processing the resulting
fluctuation trajectories using correlation analysis, the propor-
tion of released RNA fragments can be monitored in real-time
( 55 ,56 ). 

First, we aimed to determine the duration at which the
cleaved RNA end fragments remain bound to the Csm com-
plex. To achieve this, we designed 180 nt long RNA sub-
strates ( Supplementary Figure S1 , Supplementary Table S1 ) to
be used for fluorescent labeling and assessed their binding to
Csm ( Supplementary Figure S2 ). For labeling, we annealed 5 

′ -
ATTO647N-labeled and 3 

′ -ATTO532-labeled DNA oligonu-
cleotides, each 30 nt in length, to the 3 

′ - and 5 

′ -ends of the
RNA substrates, respectively (see Supplementary Figure S1 ,
Supplementary Table S2 ). By probing the probability that the
two labels diffuse together through the confocal volume, the
integrity of the RNA substrate was monitored. Before each
experiment, Csm complexes were pre-bound to the RNA sub-
strates in the absence of divalent ions, such that no RNA cleav-
age occurred. Then, the reaction was initiated by the addition
of divalent ions. We first measured the RNA cleavage prod-
uct release kinetics for the activating target RNA S3 / a sub-
strate. As long as the complexes were bound to the RNA,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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they diffused together with both labels through the confocal
volume, such that the fluorescence fluctuations in both chan-
nels were similar (i.e. correlated). Upon RNA cleavage and
release by the Csm complex, the fluorophores became sepa-
rated such that they travelled independently through the laser
focus and the fluorescent signals became uncorrelated (Fig-
ure 2 A). To quantify the extent of joint vs. independent dif-
fusion of the RNA ends through the laser focus, we calcu-
lated cross-correlation functions (see Methods) between the
two fluorescence signals as function of the lag time (solid lines
in Figure 2 B). The measured cross-correlation functions were
well fitted by a 3-dimensional diffusion model (dashed lines
in Figure 2 B, see Supplementary Note S1 ). This yielded the
mean diffusion time τD 

of the intact RNA through the confo-
cal volume as well as the amplitude of the cross correlation at
zero lag time. Notably, τD 

stayed rather constant throughout
the time course of the reaction, indicating that the diffusive
properties of the observed species did not change. The am-
plitude of the cross-correlation curve is proportional to the
concentration of joint diffusion of the RNA ends through the
focus, i.e. the amount of Csm with both RNA ends bound.
Plotting the cross-correlation amplitude as function of the re-
action time, revealed an exponential decay of the signal on the
time-scale of an hour (blue curve in Figure 2 C). Notably, the
correlation amplitude approached zero over time, indicating
full RNA cleavage and release of almost all RNA ends. As a
control, we measured the same RNA substrate in the absence
of Csm. The obtained trajectory showed only a small decrease
during the observed time-scale (orange in Figure 2 C), which
we attributed to evaporation effects, spontaneous RNA degra-
dation and photobleaching. 

To extract quantitative parameters, we normalized the
cross-correlation amplitude in the presence of Csm by the am-
plitude measured in absence of Csm, which could be described
by a single exponential decay (see Supplementary Figure S3 ): 

R ( t ) = ( 1 − R 0 ) e −t / 〈 t 〉 + R 0 , (2)

with R 0 being the remaining amplitude at infinite time, re-
flecting uncleaved / unreleased RNA, and 〈 t〉 being the char-
acteristic time-scale of the RNA end release. This yielded a
mean release time of 〈 t〉 = ( 84 ± 1 ) min for the release of the
RNA ends and a residual amplitude of R 0 = ( 8 . 7 ± 0 . 2 ) %.
Notably, the single exponential character indicates that the
observed reaction is of first order and does not involve sec-
ond order binding steps. Overall, we conclude from the agree-
ment between the experimental data and the intuitive mod-
eling, that the established assay correctly probes the reaction
kinetics of the RNA end release. 

To gain a deeper understanding of the RNA end release pro-
cess and to further validate the established method, we con-
ducted a series of control experiments with modified condi-
tions (colored traces in Supplementary Figure S4 ) in compar-
ison to the standard reaction using the activating RNA tar-
get S3 / a, Csm, and MnCl 2 (black traces in Supplementary 
Figure S4 ). 

First, we omitted the addition of MnCl 2 , for which the
cross-correlation amplitude stayed rather constant through-
out the time course of the reaction (purple trace in
Supplementary Figure S4 ) demonstrating that MnCl 2 addi-
tion indeed triggers the RNA degradation. Furthermore, we
performed measurements employing a Csm RNase-dead mu-
tant (D33A) ( 10 ), as an additional control for the require-
ment of RNA cleavage for the separation of the dye pair.
As expected, the cross-correlation amplitude (orange trace in 

Supplementary Figure S4 ) stayed rather constant throughout 
the time course of the reaction. 

Next, we investigated the sequence specificity of the RNA 

cleavage by the Csm complex. To this end, we tested a non- 
specific RNA substrate NS with only few and separated 

matches with the crRNA. The cross-correlation amplitude for 
this non-specific RNA substrate only decreased slightly over 
the time-course of the reaction (green trace in Supplementary 
Figure S4 ), indicating that RNA cleavage requires base pair- 
ing of the target RNA with the crRNA, in agreement with a 
previous studies ( 10 ). Additionally, we tested a non-activating 
target RNA substrate S3 / n, which forms eight additional base 
pairs with the 5 

′ -end of the crRNA and is cleaved by Csm,
but does not lead to activation of single-stranded DNA cleav- 
age. Interestingly, the cross-correlation amplitude decreased 

on the same timescale as the activating target RNA S3 / a (cyan 

trace in Supplementary Figure S4 ), which suggests a loss of the 
cross-correlation due to the release of the fragment at the 3 

′ - 
end and / or a hybridization independent release mechanism of 
the 5 

′ -end. 
Finally, we examined the impact of the cofactors required 

downstream after Csm activation by RNA binding. First, we 
performed measurements in the presence of ATP, to investigate 
whether activation of the cA n synthesis by the Cas10 subunit 
affects the mechanics of the RNA end release. The obtained 

trajectory (red trace in Supplementary Figure S4 ) decayed on 

the same timescale as in the absence of ATP. Additionally, we 
investigated whether activated single-stranded DNA cleavage 
by the Cas10 subunit affects the RNA end release. The ob- 
tained trajectory (yellow trace in Supplementary Figure S4 ) 
decayed again on a similar timescale as in the absence of ss- 
DNA. These observations suggest that the RNA end release 
mechanism by the Csm complex operates independently of its 
downstream activities. 

Additionally, we utilized Total Internal Reflection Fluores- 
cence (TIRF) microscopy as an alternative to probe the re- 
lease of the RNA ends from the Csm complex. To this end,
we immobilized the activating target RNA substrate S3 / a 
on its 5 

′ end onto a glass surface using a biotinylated DNA 

oligonucleotide that binds to streptavidin on the surface (see 
Supplementary Figure S5 A). Furthermore, the 3 

′ -end of the 
substrate was labeled by hybridizing an Alexa647-labeled 

DNA oligonucleotide, enabling its detection by imaging in a 
TIRF microscope. Similar to the dual-color FCS experiments,
we pre-incubated the Csm complex with the RNA substrate,
initiated the reaction by the addition of divalent ions and 

recorded fluorescence images every 20 s over the duration of 
60 min. Over time, part of the fluorescent spots, each repre- 
senting a RNA 3 

′ -end, disappeared ( Supplementary Figure 
S5 A). We then utilized a spot tracking algorithm to determine 
the time courses of the intensities of each spot. While some 
spots retained their intensities over the full duration, some 
went dark in a sudden intensity drop, representing the release 
of the RNA ends (see Supplementary Figure S5 B) or photo- 
bleaching. To separate end release and photobleaching, we re- 
peated the same measurement in absence of Csm, where an 

end release does not occur. While in the absence of Csm, only 
25% of the fluorescence spots disappeared over 60 min (blue 
line in Supplementary Figure S5 C), in the presence of Csm 

65% of the spots vanished (orange line in Supplementary 
Figure S5 C) indicating significant end release. To obtain a ki- 
netics for the end release only, we corrected the measured ki- 
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Figure 2. Fluorescence cross-correlation spectroscopy reveals retention time of the RNA ends. ( A ) Scheme of the Csm complex diffusing through the 
conf ocal e x citation v olume. For int act t arget RNA, the ends diffuse jointly through the focus yielding a significant cross-correlation bet ween green 
(ATTO-532) and red (ATTO-647N) fluorophore emission. Reaction initiation leads to RNA clea v age and consecutive release of the target RNA, resulting in 
a spatial separation of the dyes and a drop in cross-correlation. ( B ) R epresentativ e fluorescence cross-correlation curves as function of lag time measured 
for the activating target RNA S3 / a at different time points of the reaction (colored solid lines). Each correlation curve was calculated from a one-minute 
time interval of the fluorescence signal. Fits of the data to a simple 3D diffusion model are shown as dashed lines. Absolute cross-correlation values are 
giv en b y the left axis and normaliz ed v alues b y the right axis. ( C ) Normaliz ed time-dependent cross-correlation amplitudes f or activ ating RNA target S3 / a 
in absence (orange) and presence (blue) of Csm complex. The kinetics were obtained from the amplitude of cross-correlation curves calculated from 

consecutive 1-min intervals of the fluorescence signal. Solid lines indicate the mean of the signal for three repeated measurements, while colored areas 
indicate the range between measured minimum and maximum value. All curves were normalized to 1 at zero time before averaging. The approximate 
timescale of 84 minutes for RNA end release was obtained from an exponential fit to the fraction of retained RNA ends (see Supplementary Figure S3 ). 
R eactions w ere initiated b y adding 0.5 mM MnCl 2 to the solution containing 2 nM activ ating target RNA S3 / a and 10 nM Csm. 
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etics in presence of Csm using the kinetics measured in its
bsence by simply dividing the corresponding survival proba-
ilities. The kinetics of RNA end release measured with TIRF
icroscopy was in good agreement with the kinetics from the
ual-color FCS measurements ( Supplementary Figure S5 D),
roviding independent and robust support for our findings. 
Altogether, we established an assay that correctly probes the

NA end retention by the Csm complex. Our results demon-
trate that despite RNA cleavage occurring on the timescale of
econds, the RNA ends are retained on a timescale of an hour.
urthermore, we showed that RNA cleavage is sequence spe-
ific and that possible downstream activities do not alter the
etention timescale. 

ingle-color FCS measurements reveal fast internal 
ragment release 

e next aimed to further explore the RNA fragment release
nd to investigate whether the loss in the cross-correlation am-
litude can be attributed to the release of just a single RNA
nd at one side. To accomplish this, we calculated separate
utocorrelation functions (see methods) for either the green
Figure 3 A) or the red (Figure 3 C) detection channel. The au-
ocorrelation amplitude stayed rather constant in this case.
owever, a shift of the mean diffusion time of the individ-

al RNA ends through the confocal volume towards lower
imes was observed. This is consistent with the progressive re-
ease of RNA ends from the Csm complexes, since the free
NA ends diffuse faster. For a quantitative description of the
utocorrelation curves, we expanded the previous model by
ncluding two diffusing species as well as a triplet decay for
he green fluorophore (see Supplementary Note S1 ). We ac-
ounted the first species to be the corresponding RNA end
ound to Csm, and the second species to be the free RNA end.
he model showed excellent agreement with the experimen-

ally determined autocorrelation curves over the full range of
ag times (see dashed lines in Figures 3 A, C). From the best-
t parameters, we calculated a mean diffusion time of both
species as function of the reaction time as a measure for the
release of the respective RNA end (Figures 3 B, D). The mean
diffusion time again showed an exponential decay with time in
the presence of Csm, while in its absence only an insignificant
change could be observed. We fitted a single exponential de-
cay (Equation ( 1 )) to the obtained time courses and obtained
a mean release time of ( 84 ± 2 ) min and ( 119 ± 3 ) min for
the Cas10-proximal and Cas10-distal RNA end, respectively.
Remarkably, the timescales observed for the release of the in-
dividual RNA ends roughly agree with the timescale obtained
by analyzing the cross-correlation signal, which represents the
combined release of both ends. Notably, if we were to assume
independent releases of both RNA ends, the expected mean
time for the loss in cross-correlation would be around 50 min.
The observed longer time thus suggests that the release of both
RNA ends occurs with a certain degree of cooperativity. This
corresponds to a coordinated mechanism for the RNA frag-
ment release, where the liberation of one end is facilitated by
the release of the other end. 

Next, we were interested whether the short (6 nt) inter-
nal fragments that are produced during RNA cleavage are re-
leased on the same long timescale. To probe this, we employed
a 68 nt long target strand (see Supplementary Figure S6 ), that
carried an internal ATTO647N fluorophore. The label is lo-
cated such that it lies within the binding region of Csm3.3 in
the ternary Csm complex. Upon target RNA cleavage, short
ATTO647N-fragments are produced. After release (see Fig-
ure 3 E), these fragments will diffuse significantly faster than
when bound to the complex. Similar to before, we measured
the fluorescence signal after the addition of divalent ions. Cal-
culating autocorrelation functions revealed that the ternary
complex with the internally labeled RNA, initially exhibits a
comparable diffusion behavior as the ternary complex with
the end labeled target RNA (see yellow curve in Figure 3 E).
During the reaction, the characteristic diffusion time of the in-
ternal label decreased significantly faster than that of the end
labels (see blue curve in Figure 3 E). To quantify our observa-
tions, we again fitted a model function incorporating diffusion

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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in three dimensions through a Gaussian-shaped detection vol-
ume as well as two RNA species (see Supplementary Note S1 ).
The resulting fits reproduced the obtained autocorrelation
curves well (see dashed lines in Figure 3 E). Plotting the result-
ing mean diffusion times versus time showed a bi-phasic decay
(see blue trace in Figure 3 F) being considerably faster than
the RNA end release. As a control, we performed the same
experiment employing the RNase-dead mutant. As expected,
the autocorrelation amplitude stayed constant throughout the
time course of this reaction (see gray trace in Figure 3 F) since
short internal RNA fragments were not produced. We fitted a
bi-phasic decay of the diffusion time, by using a sum of two
exponential decays: 

τ ( t ) = A 1 e −t / 〈 t 〉 1 + A 2 e −t / 〈 t 〉 2 + τ0 , (3)

with τ0 being the diffusion time of the short fragments and
A 1 = 1 − A 2 − τ0 and A 2 being the amplitudes of the species
exhibiting the mean decay times 〈 t〉 1 and 〈 t〉 2 , respectively. The
resulting fit described the data (see dashed line in Figure 3 F)
and provided the mean decay times 〈 t〉 1 = ( 1 . 0 ± 0 . 1 ) min and
〈 t〉 2 = ( 25 ± 4 ) min. We attribute the fast phase to full target
RNA cleavage and the slow phase to intermediate cleavage 
products, which remain slightly longer. 

Overall, evaluation of the diffusion times of the labeled 

RNA fragments confirmed that the RNA ends are retained 

for an elongated period of time (hours) while it revealed that 
the short internal fragments are released on a much faster 
timescale (minutes). 

Single-stranded DNA cleavage activity correlates 

with retention of the RNA ends 

Having resolved the timescales of the RNA fragment release,
we next aimed to investigate the RNA-dependent temporal 
control of the ssDNA cleavage by the HD domain of the 
Cas10 subunit. To this end, we employed a short (6 nt long) 
single-stranded DNA oligonucleotide (see Supplementary 
Table S2 ), labeled at the 5 

′ -end with a fluorophore (6-FAM) 
and at the 3 

′ -end with a fluorescence quencher (BHQ-1). Due 
to the proximity of the labels, the fluorescence emission is 
quenched. However, upon DNA cleavage induced by the Csm 

complex, the quencher becomes spatially separated from the 
fluorophore, resulting in an observable increase in fluores- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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fragments (orange line, C3) are shown. An exponential fit to the time trace of the Csm complex with the activating target (black dashed line) yielded a 
decay time of 〈 t 〉 = ( 68 ± 1 ) min. Shown traces represent the mean of three repeated measurements. Reactions were initiated by adding 2 nM Csm (or 
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ence emission (Figure 4 A). To track the ssDNA cleavage ac-
ivity of the Csm complex, we monitored the time-dependent
uorescence signal after the addition of unlabeled RNA target
trands, utilizing a fluorescence spectrometer. 

We first measured the DNA cleavage activity for the activat-
ng target RNA S3 / a (green trace in Figure 4 B). The resulting
ime trajectory exhibited a fluorescence increase, indicating ss-
NA cleavage activity, which decayed over the course of an
our. To relate the measured fluorescence signal to the amount
f cleaved DNA, we incubated known amounts of ssDNA
ith a highly efficient nuclease and mapped the fluorescence

ignal after completion of the reaction (see Supplementary 
igure S7 ). This provided a linear scaling factor between the
wo quantities. The quantification revealed that there was only
 moderate ssDNA turnover per Csm complex at the applied
oncentrations. The acquired ssDNA cleavage kinetics F (t )
as well described by a single exponential fit: 

F ( t ) = A 

(
1 − e −t / 〈 t 〉 ) , (4)

ith A being the total cleaved ssDNA and 〈 t〉 being the mean
ime of the reaction. It provided a mean reaction time of 〈 t〉 =

( 68 ± 1 ) min, which agrees with the timescale observed for the
NA end release. 
To further validate our ssDNA cleavage assay, we per-

ormed a number of different control experiments. Measure-
ents in the absence of target RNA (red trace in Figure 4 B),

he presence of the non-activating target RNA S3 / n (purple
race in Figure 4 B) as well as the activating target RNA split
nto two fragments (orange trace in Figure 4 B) revealed only
 minor ssDNA cleavage activity in the background. Thus,
ecognition of the activating target RNA as a full piece is re-
uired to activate ssDNA cleavage by the Cas10 subunit. Fur-
hermore, we performed ssDNA cleavage measurements using
Nase-dead Csm and activating target RNA S3 / a (blue trace

n Figure 4 B). Pronounced ssDNA cleavage activity was ob-
erved that in contrast to wt Csm continued almost unchanged
uring the full measurement period. Considering that the ac-
ivity of the Csm complex decayed on the same timescale as
he release of RNA ends (84 min), this suggests that RNA
cleavage and the subsequent end release establish the temporal
control of the DNase activity. 

In order to probe whether the RNA release is also em-
ployed to discriminate mutated RNA targets, we conducted
experiments using two target RNA substrates containing 9
base pair mismatches with the crRNA at either the 5 

′ -end
or the 3 

′ -end of the crRNA (see Supplementary Figure S1
and Supplementary Table S1 ). The fluorescence measurements
showed that neither of these mismatched substrates led to
the activation of the DNase activity of the wt Csm complex
( Supplementary Figure S8 B) or the Csm RNase-dead mutant
( Supplementary Figure S8 C), in agreement with previous re-
ports ( 7 ,37 ). In addition, we performed dual-color FCS ex-
periments to measure the release of the RNA ends during the
reaction ( Supplementary Figure S8 D). Surprisingly, for mis-
matches at the 3 

′ -end of the crRNA the release was slightly
slower ( 〈 t〉 = ( 112 ± 1 ) min), while for mismatches at the 5 

′ -
end the release was much faster ( 〈 t〉 = ( 34 ± 1 ) min), as com-
pared to the activating target ( 〈 t〉 = ( 84 ± 1 ) min). However,
the release for both mismatched substrates was still occurring
on a rather long timescale of 10s of min. As the target RNA is
still much more rapidly cleaved for both types of mismatches
( 10 ), the Cas10 subunit activation can thus not be solely at-
tributed to the retention of the RNA ends, but has to involve
further steps following full substrate binding (see Discussion).

After establishing a coupling between single-stranded
DNase activity and RNA end binding, we were interested
whether the DNase activity could be reinitiated through
the reintroduction of intact target RNA. Therefore, we first
determined that the active enzyme concentration matches
the employed RNA concentration, by evaluating the steady
state kinetics for increasing enzyme concentrations (see
Supplementary Figure S9 ). Afterwards, we performed exper-
iments of adding RNA and Csm complex at different time
points (see Figure 4 C). First, we initiated ssDNA cleavage ac-
tivity by adding RNA and Csm at the same time, which repro-
duced the previous observations (green trace in Figure 4 C).
After the ssDNA cleavage slowed down significantly ( t = 180
min), we added again the same amount of RNA. The ssDNA
cleavage became again faster and saturated after a similar

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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timescale as before. This observation demonstrates a reacti-
vation of the DNase activity of the Csm complex upon the
introduction of intact target RNA. Notably, the reactivation
of the ssDNA activity was markedly reduced compared to the
initial activation. To explore whether this decline in DNase
activity results from RNA-unrelated complex deactivation in
solution, we conducted measurements where we introduced
the Csm complex first, followed by RNA addition after 180
min (blue trace in Figure 4 C). The resulting ssDNA activity
appeared to be reduced as for the reactivation. As a further
control, we added the RNA first, followed by the addition
of the Csm complex after a 180 min interval (orange trace
in Figure 4 C). The resulting ssDNA activity was similar to
the activity for simultaneous addition of Csm complex and
RNA. This indicates that the RNA remains structurally intact
and does not suffer from non-specific degradation through-
out the observed timescale. Consequently, we attributed the
reduced ssDNA cleavage activity during the second activation
to a non-specific Csm deactivation, such as complex aggrega-
tion or denaturation. This may also explain the slightly lower
duration for the DNase activity compared to the timescale of
the RNA end release as shown before (68 min versus 84 min).

In summary, we have disclosed a correlation between the
timescale of the single-stranded DNase activity (as observed
through bulk fluorescence measurements) and the timescale
of RNA end release (quantified via fluorescence correlation 

spectroscopy). Furthermore, we have demonstrated the impor- 
tant role of RNA cleavage and release in governing the tem- 
poral control of the DNase activity . Additionally , our findings 
show that the Csm complex is capable to undergo multiple 
turnovers of ssDNA degradation, which can be reactivated 

upon the addition of intact RNA. 

Csm executes rapid turnover on RNA without 
altering the duration of the DNase activity 

Having shown that the ssDNase activity of the Csm com- 
plex can be reactivated by additional target RNA, thus en- 
abling RNA turnover, we were next interested whether the 
ssDNase activity can be extended by providing an excess of 
RNA. To this end, we performed bulk fluorescence measure- 
ments as previously, but kept the Csm and ssDNA concentra- 
tions constant, while varying the activating target RNA S3 / a 
(see Figure 5 A). For substoichiometric amounts of RNA com- 
pared to Csm, the total degraded ssDNA increased as we in- 
creased the RNA concentration in agreement with an increas- 
ing saturation of the available complexes. Interestingly, when 

the amount of RNA exceeded the Csm complexes the total 
amount of cleaved ssDNA increased only slightly. To quantify 
these observations, we fitted the ssDNA cleavage kinetics with 
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n exponential and an additional background with constant
ate: 

F ( t ) = A 

(
1 − e −t / 〈 t 〉 ) + ct, (5)

ith A being the cleaved ssDNA during activation, 〈 t〉 being
he mean time of the reaction and c being the background
ate. The fit described the cleavage kinetics for all tested RNA
oncentrations (see Supplementary Figure S10 ). Importantly,
t provided the total cleaved ssDNA and the mean activation
ime (Figure 5 C). Interestingly it revealed that the duration
f the DNase activity remained rather constant over all tested
NA concentrations and that the total cleaved ssDNA started

o become saturated when exceeding the equimolar RNA:Csm
atio. These observations suggest that the complex is capa-
le of performing a fast turnover on RNA, while bound RNA
nds still determine the duration of the DNase activity. 

As an additional test of this idea, we investigated whether
ctivated Csm complexes can be deactivated by non-activating
arget RNA after it has been activated. To this end, we pre-
ncubated Csm complexes with activating target RNA S3 / a,
dded upon the reaction initiation with MnCl 2 an excess of
on-activating target RNA S3 / n and probed the ssDNase
ctivity ( Supplementary Figure S11 ). The obtained fluores-
ence trajectories exhibited a significantly reduced mean time
32 ± 1 min) as well as amplitude of the ssDNase activity
ompared to the absence of non-activating target RNA. This
uggests that the exchange of the RNA during the turnover
ven includes the RNA ends, thus leading to a deactivation of
he complex. 

To probe the suggested rapid turnover directly on the RNA
evel, we performed dual-color FCS measurements. We pre-
ncubated Csm with activating target RNA S3 / a, added addi-
ional RNA substrates upon reaction initiation with MnCl 2 
nd probed the separation of the ends of a labeled RNA
ubstrate. To reveal a sequence-specific RNA turnover, we
reloaded the complex with unlabeled activating target RNA
3 / a, and added a double-labeled RNA with either a non-
pecific ((i) in Figure 5 D) or an activating target sequence ((ii)
n Figure 5 D). For the non-specific RNA, the cross-correlation
mplitude decreased only slightly during the duration of the
eaction (green trace in Figure 5 D). In contrast, the addition-
lly added double labeled activating target RNA was cleaved
nd released on the same timescale ( 〈 t〉 = ( 97 ± 1 ) min) as the
re-bound RNA before (compare blue and black traces in Fig-
re 5 D), indicating a specific and quick turnover of the RNA,
ith subsequent retention of the RNA ends. To show that the
re-bound RNA was indeed quickly replaced, we additionally
erformed measurements in which Csm was pre-incubated
ith double-labeled activating target RNA S3 / a and an ex-

ess of unlabeled activating target RNA S3 / a was added upon
eaction initiation as a strong competitor ((iii) in Figure 5 D).
n this case, the cross-correlation amplitude of the pre-bound
NA decayed significantly faster ( 〈 t〉 = ( 21 ± 1 ) min) com-
ared to the absence of competing activating target (compare
ed and black trace in Figure 5 D) confirming again a fast RNA
urnover. Of note, this time scale consistently agrees with the
ean time of the ssDNase activity after adding non-activating

arget RNA ( Supplementary Figure S11 ). 
Using bulk fluorescence and dual-color FCS measurements,

e could thus show that the Csm complex is capable of per-
orming a rapid turnover of specific target RNA, while main-
aining its DNase activity . Mechanistically , this can be ex-
lained by a simple reaction scheme for the RNase activity
of the Csm complex (see Figure 5 E). Herein, target RNA is
quickly cleaved and the short fragments are rapidly released,
while the long RNA end fragments are retained. The region
of unpaired crRNA can base-pair with a new target RNA re-
sulting in the release of the bound RNA ends, without inter-
fering with the DNase activity . Finally , after all available RNA
strands have been cleaved, the complex maintains its DNase
activity until the last RNA ends are released. 

A simplified kinetic model for the RNA-dependent 
ssDNA cleavage by the Csm complex 

Lastly, we aimed to characterize the kinetics of the DNase ac-
tivity of the Csm complex to understand the ssDNA binding
and the cleavage dynamics by the Cas10 subunit. For this pur-
pose, we conducted bulk fluorescence measurements, akin to
our previous approach, by varying the concentration of the
short double-labeled ssDNA oligonucleotide. 

Initially, we conducted measurements with Csm but in the
absence of RNA, to characterize the non-specific DNase back-
ground activity. The obtained fluorescence traces (see Figure
6 A) exhibited a rapid initial phase followed by an approx-
imately linear increase in time. Remarkably, the amplitude
of the fast initial phase and the slope of the linear rise in-
creased with increasing ssDNA concentration. Subsequently,
we performed measurements with Csm and an equimolar
amount of activating target RNA S3 / a, to characterize the
RNA-dependent temporal regulation of the DNase activity.
The obtained fluorescence trajectories (see Figure 6 B) demon-
strated a significantly elevated DNase activity compared to
the measurements in the absence of RNA. As before, the ac-
tivity increased with increasing DNA concentration. Remark-
ably, the ssDNase activity decayed on a similar timescale in-
dependent of the DNA concentration in agreement with the
idea that it is regulated by the RNA end release. Furthermore,
the amount of cleaved DNA indicated multiple turnovers of
ssDNA on the complex. Notably, the traces also showed a
fast initial increase, with a similar amplitude to the measure-
ments in the absence of RNA. We attribute this initial fluo-
rescence increase to the binding of the complex to DNA, re-
sulting in the separation of the dyes without the occurrence of
cleavage. 

For a quantitative understanding of the data, we devised a
simplified kinetic model that captures the main aspects of the
RNA-dependent DNase activity of the Csm complex (depicted
in Figure 6 C and elaborated in Supplementary Note S2 ). The
model incorporated a DNA binding step and a DNA cleavage
step at the complex. We assumed the non-activated complex
and the activated complex to share the same DNA binding
kinetics, while exhibiting different DNA cleavage rates. We
justified the equal binding kinetics, by the observation of a
similar initial fast fluorescence increase. The reaction kinet-
ics of the non-activated complex and the activated complex
were assumed to follow a simple Michaelis–Menten scheme.
Thus, the ssDNA substrate initially binds reversibly to Csm
(rate constants k 

+ 

bind and k 

−
bind ) , and is subsequently cleaved

and released in an irreversible step (rate constants k 

N 

cleave and
k 

A 

cleave , for both complexes, respectively) . Releasing the cleaved
DNA enables the complex to bind new DNA molecules. Fur-
thermore, we introduced a mechanism to allow for the release
of bound RNA by the activated complex, resulting in its deac-
tivation with rate constant k 

−
RNA 

. For simplicity, we assumed
the RNA binding to be much faster than all other reaction

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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differing in DNA clea v age activity. The single-stranded DNA initially binds to both complex entities in a reversible step and is subsequently cleaved and 
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steps in agreement with the previously observed rapid bind-
ing, cleavage, and turnover kinetics. 

We next fitted a numerical solution of the set of differential
rate equations (see Supplementary Note S2 ), that represent the
model to the experimentally obtained fluorescence trajecto-
ries (see dashed lines in Figures 6 A, B). The global fit success-
fully reproduced all aspects of the intricate time-dependent
DNase activity of the Csm complex. Specifically, it accurately
replicated the rapid initial increase, the DNA concentration-
dependent slope of the background activity, as well as the
amplitude and timescale of the decaying DNase activity in
the presence of activating target RNA. From the fit, we ob-
tained the rate constants of the simplified reaction scheme.
For the rate constants representing the association and dis-
sociation of the ssDNA to the Csm complex, we obtained val-
ues of k 

+ 

bind = ( 6 . 6 ± 0 . 1 ) · 10 

3 / Ms and k 

−
bind = ( 1 . 1 ± 0 . 1 ) ·

10 

−2 / s, respectively. Of note, this represents a dissociation
constant K d = k 

−
bind /k 

+ 

bind in the low micromolar range ( ≈
2 μM ) , which is higher than the highest ssDNA concentration
in the measurements and should thus be considered as a rough
estimate. Furthermore, for the rate constants describing the
cleavage and release for the non-activated and the activated
complex, we obtained values of k 

N 

cleave = ( 1 . 9 ± 0 . 1 ) · 10 

−4 / s
and k 

A 

cleave = ( 8 . 5 ± 0 . 1 ) · 10 

−3 / s, respectively. Most impor-
tantly, the fit provided for the deactivation a rate constant
k 

−
RNA 

= ( 1 . 9 ± 0 . 1 ) · 10 

−4 / s, corresponding to a mean time of 
〈 t〉 = ( 89 ± 1 ) min. The agreement of this value with the val- 
ues obtained before in this study additionally supports that 
this parameter can be attributed to the release of the RNA 

ends from the complex. Overall, we are confident that the 
model correctly captured the main steps of the DNase activ- 
ity of the Csm complex, despite small deviations between the 
theoretical model and experimental data. 

In conclusion, we thoroughly examined the kinetics of the 
Csm complex’s DNase activity and demonstrated its ability to 

undergo multiple turnovers on ssDNA. Moreover, our find- 
ings indicated that RNA target recognition activates the com- 
plex, enhancing its ssDNA cleavage activity without affecting 
its DNA binding affinity . Lastly , we introduced and success- 
fully parameterized a kinetic model that accurately captured 

these observations, enabling us to quantitatively describe the 
observed kinetics. 

Discussion and conclusion 

Type III CRISPR-Cas systems are of particular interest due to 

their multifaceted defense mechanism against invading entities 
that acts in parallel at different levels. This intricate mech- 
anism involves a coordinated orchestration of activities, en- 
compassing RNA cleavage, DNA cleavage, and cA n synthesis.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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o achieve orchestration, a spatiotemporal regulation mecha-
ism has been proposed ( 7 , 20 , 23 ), by which target RNA bind-

ng turns on the Cas10 DNase and cA n synthase activities
hich are subsequently switched off due to RNA cleavage by

he Csm3 RNase. This is thought to provide a tight temporal
ontrol over DNA degradation and cA n signaling. However,
NA cleavage can occur in seconds while the Csm complex
ctivation can last up to hours ( 7 ), such that the precise tem-
oral regulation of type III complex activation through RNA
inding still remained enigmatic. In this study, we employed
 combination of single-molecule and bulk-solution fluores-
ence experiments to carefully dissect the temporal regulation
f RNA-activated DNA cleavage by a type III-A Csm complex
rom Streptococcus thermophilus . 

First, we studied the duration at which RNA end frag-
ents remain bound together at the Csm complex using dual-

olor FCS (Figure 2 ) and single-molecule TIRF microscopy
 Supplementary Figure S5 ). This yielded a mean release time
f the ends of 〈 t〉 = ( 84 ± 1 ) min, which was in strong contrast
o previously observed rapid RNA cleavage ( 7 ). Overall, this
emonstrated that despite the RNA fragments were rapidly
roduced, the RNA ends remained bound to the complex for
 much longer duration. Control experiments validated the
pecificity of RNA cleavage, the necessity of RNA cleavage for
ragment release, and the independence of downstream activ-
ties of the RNA release ( Supplementary Figure S4 ). 

Evaluating the autocorrelation signal allowed us further-
ore to probe the release of individual labeled RNA parts

Figures 3 A–D). This provided similar release times for the
as10-proximal and the Cas10-distal RNA end of 〈 t〉 =

( 84 ± 2 ) min and 〈 t〉 = ( 119 ± 3 ) min, respectively. Remark-
bly, as they are similar to the combined release time from the
ross-correlation analysis, this suggests a coordinated release
n which the release of one RNA end influences the release of
he other. Given the shorter timescale of the Cas10-proximal
nd release, the release of the Cas10-proximal end may be ac-
ompanied by a conformational change within the complex, in
urn facilitating the release of the Cas10-distal end (see below).

In addition to the RNA ends, we also probed the release of
 short (6 nt) internal fragment that is produced upon RNA
leavage (Figures 3 E, F). We obtained a bi-phasic decay of the
ean diffusion time, wherein both phases decayed on a much

horter timescale ( 〈 t〉 1 = ( 1 . 0 ± 0 . 1 ) min and 〈 t 2 〉 = ( 25 ± 4 )
in) compared to the RNA end release. Overall, this poses
 mechanism in which the RNA ends remain tethered to
he complex on an hour timescale, while the short internal
ragments are promptly released following the rapid cleavage
rocess. 
To understand the temporal control of the single-stranded

NA cleavage by the Cas10 subunit, we measured the DNase
ctivity using continuous bulk-fluorescence experiments (Fig-
re 4 B). We confirmed that the DNase activity is triggered
n a highly RNA-sequence specific manner and decayed over
he timescale of several hours with a mean time of 〈 t〉 =

( 68 ± 1 ) min. The timescale of the DNase activity agrees with
he timescale of the RNA end binding, which provides evi-
ence that the retention of the RNA ends acts as a molecular
emory of the DNase activity. We speculate that the longer

etention of the Cas10-proximal RNA cleavage product al-
ows the complex to remain bound to the transcription bub-
le, ensuring close contact with the targeted ssDNA for ef-
cient cleavage ( 50 ). Furthermore, we speculate that the re-
ention of the RNA ends by the Csm complex will likely
maintain the cA n synthesis, too, as it decays on a similar
timescale ( 20 ). 

A requirement for bound RNA ends for the complex activa-
tion may also be exploited to discriminate between matching
and mutated target sequences. To test this, we performed bulk
fluorescence measurements employing substrates that form 9
base pair mismatches on either the 5 

′ -end or the 3 

′ -end of the
crRNA ( Supplementary Figure S8 ). No DNase activation be-
yond background level was detected which demonstrated that
almost full target RNA binding is required for the Cas10 acti-
vation. In contrast, dual-color FCS measurements on the same
substrates showed that despite the absence of DNase activity,
the RNA ends remained bound to the complex for an elon-
gated period. Thus, sole RNA end binding is not sufficient for
Cas10 activation. This suggests an additional sequence dis-
crimination mechanism, which e.g. communicates the pres-
ence of Cas10-distal mismatches to the Cas10 subunit despite
internal fragment release. From structural data, it is known
that inside Csm the crRNA lies deeply in a channel formed
by the Csm2, Csm3, Csm5 and Cas10 subunits. Upon target
RNA binding, the channel narrows and the protein subunits
tightly surround the RNA duplex ( 37 ). It may be that in pres-
ence of sufficient mismatches at either end, the channel clo-
sure is perturbed and Cas10 remains in a non-activated state.
Further investigations that allow probing the channel closure
could shed light into the role of the channel closure. Notably,
a major conformational change upon full target binding, acti-
vating downstream DNA cleavage, is known for the Cascade
surveillance complex of Type I CRISPR-Cas systems ( 43 ,57–
60 ). Beyond structural similarities ( 61 , 62 , 38 ), Cascade and
Csm / Cmr complexes may thus also share mechanistic simi-
larities, which however need to be investigated in more detail.

We also carefully investigated the turnover of target RNA
on the Csm complex (Figures 4 C and 5 ). We demonstrated
that the DNase activity could be reactivated upon reintro-
ducing target RNA at a later point. Consequently, we investi-
gated a potential prolongation of the DNase activity, by pro-
viding an excess of activating target RNA. Interestingly, we
found that higher RNA concentrations did not extend the du-
ration of the DNase activity beyond a certain threshold, sug-
gesting that the complex performs a rapid turnover of RNA
strands while maintaining the duration of the DNase activity.
This was supported by the observation that activated com-
plex could be deactivated using non-activating RNA targets
( Supplementary Figure S11 ), which can form 8 additional base
pairs with the Cas10-proximal side, ensuring efficient self- and
non-self-target discrimination during the timeframe of activ-
ity. A rapid RNA turnover could be directly observed on the
RNA level by dual-color FCS measurements, demonstrating
that excess RNA can displace bound targets. Based on our
findings, we proposed a reaction scheme in which the Csm
complex, upon RNA-target recognition and cleavage, initi-
ates DNase activity and releases the short RNA fragments.
The stretch of unpaired crRNA then facilitates a rapid binding
of new RNA substrates while maintaining the DNase activity
through bound RNA ends. This provides a rather constrained
duration of the DNase activity of the complex, while ensuring
efficient invader RNA degradation. 

Lastly, we systematically investigated the ssDNA binding
and cleavage dynamics of the Cas10 subunit by conducting
further DNase activity measurements (Figure 6 ). Our mea-
surements resolved an initial DNA binding step, followed by
DNase activity that decayed on the same timescale over all

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae080#supplementary-data
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tested ssDNA concentrations, suggesting that RNA end re-
lease provides an inherent decay mechanism independent of
the ssDNA. We then constructed and parameterized a sim-
plified kinetic model that successfully replicated all character-
istics of the experimental data. We obtained an estimate for
the dissociation constant K d of the binding of ssDNA to the
Csm complex in the low micromolar regime. This low affinity
may explain the challenges faced in obtaining crystal struc-
tures of the complex being bound to ssDNA. Remarkably, the
obtained time constant of 〈 t〉 = ( 89 ± 1 ) min for the deactiva-
tion of the complex agreed with the values obtained in other
parts of the study, reinforcing its association with the RNA
end release. 

In conclusion, our study provides a thorough and com-
prehensive characterization of the mechanisms governing the
RNA-dependent temporal control of the Csm DNase activ-
ity. We anticipate that our findings contribute significantly to
a deeper understanding of the interwoven and multifaceted
functions of the Csm complex, enhancing the general com-
prehension of its biological relevance and functions. More-
over, we expect our insights to provide valuable context for in-
terpreting structural studies, connecting mechanistic insights
with structural details. 
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