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Abstract

CRISPR-Cas systems store fragments of foreign DNA called spacers as immunological recordings 

used to combat future infections. Of the many spacers stored in a CRISPR array, the newest 

spacers are known to be prioritized for immune defense. However, the underlying mechanism 

remains unclear. Here we show that the leader region upstream of CRISPR arrays in CRISPR-

Cas9 systems enhances CRISPR RNA (crRNA) processing from the newest spacer, prioritizing 
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defense against the matching invader. Using the CRISPR-Cas9 system from Streptococcus 
pyogenes as a model, we found that the transcribed leader interacts with the conserved repeats 

bordering the newest spacer. The resulting interaction promotes tracrRNA hybridization with 

the second repeat, accelerating crRNA processing. Accordingly, disrupting this structure reduces 

the abundance of the associated crRNA and immune defense against targeted plasmids and 

bacteriophages. Beyond the S. pyogenes system, bioinformatics analyses revealed that leader-

repeat structures appear across CRISPR-Cas9 systems. CRISPR-Cas systems thus possess an 

RNA-based mechanism to prioritize defense against the most recently encountered invaders.

Adaptive immune systems possess the ability to remember prior invaders, allowing each 

system to specifically recognize and clear an invader if it appears in the future. As the only 

known adaptive immune systems in bacteria and archaea, CRISPR-Cas systems recognize 

and clear nucleic-acid sequences associated with invading plasmids and bacteriophages 1–3 . 

The immunological memory is stored as DNA spacers acquired from short segments of an 

invader’s genomic material 4–6 . Stored spacers fall between conserved repeats in a CRISPR 

array, where new spacers are sequentially added at one end of an array 7–9 . To recall the 

stored memories for immune defense, the array is transcribed as a precursor and processed 

into individual CRISPR RNAs (crRNAs) comprising portions of a spacer and flanking 

repeat 10,11 . The mature crRNA then guides Cas effector nucleases to spacer-complementary 

nucleic-acid sequences, resulting in a nuclease cleaving the target or enacting widespread 

collateral cleavage of RNA or DNA that induce cell dormancy 12–14 . Because the spacer is 

derived from an invader, the immune system is programmed to clear this invader in case it 

attempts to reinfect the cell at another point in the future.

Within the large set of acquired spacers, CRISPR-Cas systems appear to prioritize defense 

through the most recently acquired spacers. RNA-seq analysis of native CRISPR-Cas 

systems has repeatedly revealed that the most abundant crRNAs derive from the newest 

end of the CRISPR array 15–18 . Separately, defense against a high phage titer was enhanced 

when moving an anti-phage spacer from the fifth position to the first position of the system’s 

CRISPR array 19 . Spacer prioritization can be rationalized because increasingly large arrays 

can create competition within the available pool of crRNAs for the processing machinery 

and nuclease binding 20,21 . Spacer prioritization would also be particularly important by 

conferring protection against targeted invaders most likely to be encountered again by the 

cell, whether still present in the surrounding environment or as part of an active phage 

outbreak. What has remained elusive is the underlying mechanism. Here, we report a 

common mechanism for spacer prioritization within Type II CRISPR-Cas subtypes encoding 

the Cas9 nuclease that promotes preferential processing of the first crRNA.

A leader-repeat stem-loop interferes with ecrRNA generation

Our investigation of spacer prioritization began with the first repeat, the repeat immediately 

after the leader and copied as part of spacer acquisition, within CRISPR arrays of Type 

II CRISPR-Cas systems. Transcription of the CRISPR array as a precursor crRNA (pre-

crRNA) leads to pairing between each repeat and the anti-repeat portion of a trans-activating 

crRNA (tracrRNA) 18,22 . The hybridized repeat:anti-repeat duplex is processed by the host 
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endoribonuclease RNase III and bound by Cas9 (Fig. 1a) 18,23 . The upstream spacer then 

serves as the guide for DNA target recognition.

The first repeat presents a curiosity. On one hand, it normally matches any internal repeat 

in the array and thus should base-pair with the tracrRNA. On the other hand, the sequence 

upstream is the leader sequence rather than an acquired spacer, so the resulting “extraneous” 

crRNA (ecrRNA) would direct Cas9 with a sequence located outside of the array and 

thus not contribute to immune defense. For the CRISPR-Cas9 system from Streptococcus 
pyogenes, RNA-seq analysis did not indicate any stable products resembling an ecrRNA 18 . 

However, RNA-seq analysis of different lactobacilli revealed a stable “leader-derived” 

RNA 17 potentially representing an active ecrRNA. We therefore asked to what extent 

CRISPR-Cas9 systems form active ecrRNAs and whether any mechanisms exist to prevent 

their formation.

We focused on the CRISPR-Cas system from S. pyogenes because the tracrRNA was 

first identified in this bacterium, and the associated Cas9 is a mainstay of CRISPR 

technologies 24,25 (Extended Data Fig. 1a-b). To facilitate manipulation and testing, we 

transferred the system’s genetic locus into a low-copy plasmid propagated in Escherichia 
coli, paralleling its use in many bacterial applications 26–28 . DNA targeting through the 

ecrRNA or any of the crRNAs was measured by transforming a plasmid encoding the 

associated DNA target 24,29 . Transformed cells were either plated directly or subjected to 

non-selective outgrowth prior to plating (Fig. 1b). The outgrowth step grants more time 

before the antibiotics are administered, thereby allowing detection of plasmid clearance 

when none occurred under direct plating conditions 30–32 . The transformation assay 

revealed that the plasmid with the ecrRNA target was negligibly cleared with direct plating 

(1.6-fold) compared to a non-target control. In contrast, the same plasmid encoding the 

crRNA1 target (i.e. matching the first spacer S1) was efficiently cleared with direct plating 

(1,300-fold). The ecrRNA guide sequence was not the culprit, as replacing S1 with this 

sequence resulted in robust plasmid clearance with direct plating (30,000-fold) (Fig. 1b). 

The long 5′ end upstream of the ecrRNA was also not the culprit, as replacing R1 with the 

sgRNA handle to bypass crRNA processing exhibited enhanced plasmid clearance compared 

to the original ecrRNA (Fig. 1b). We instead posited that an active ecrRNA is poorly 

produced--albeit through an unknown mechanism.

While considering different mechanisms that might affect ecrRNA-mediated plasmid 

clearance, we noticed a stem-loop structure predicted to form between the first repeat (R1) 

and upstream leader (ldr) in the pre-crRNA (Fig. 1b and Extended Data Fig. 1c) supported 

by in vitro structure probing (Extended Data Fig. 1d-e). One potential consequence is that 

the stem-loop could block hybridization between the first repeat and the tracrRNA, thereby 

inhibiting ecrRNA biogenesis. In vitro binding measurements between the tracrRNA and 

an RNA spanning the leader through the first spacer (S1) confirmed that disrupting the stem-

loop through leader mutations increased the binding affinity by at least 10-fold (Figs. 1c-d 

and Extended Data Figs. 1c and 2a). Another potential consequence is that the stem-loop 

could serve as a substrate for RNase III 33 , which normally processes repeat:tracrRNA 

duplexes. Accordingly, the same native leader-repeat RNA underwent cleavage by RNase 

III in vitro, while the leader mutations diminished RNA cleavage (Fig. 1E). The principal 
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locations of RNase III cleavage overlapped with the site cleaved by RNase III within the 

standard repeat:tracrRNA duplex (Fig. 1e and Extended Data Fig. 1d-e) 18 . We concluded 

that the stem-loop formed between the pre-crRNA leader and first repeat can interfere with 

ecrRNA biogenesis by obstructing hybridization to the tracrRNA and driving tracrRNA-

independent processing by RNase III. RNase III cleavage would also replicate standard 

processing of a repeat:tracrRNA duplex, allowing the first spacer to be separated from its 

upstream repeat and trimmed to a mature crRNA similar to all other spacers in the array 18 .

Stem-loop disruption impairs defense by the newest spacers

We next asked how disrupting the formed stem-loop affects plasmid interference directed by 

the ecrRNA as well as the six encoded crRNAs. Repeating the plasmid clearance assay in 

E. coli (Fig. 2a), we found that mutating the leader did not affect clearance by the ecrRNA 

with direct plating but did enhance clearance from 40-fold to 1,800-fold with outgrowth 

(comparing ecr and ecr(mut), Fig. 2a). This enhancement is in line with restored access by 

the tracrRNA rather than the specific mutations to the ecrRNA guide (Extended Data Fig. 

3a). Mutating the leader also had a positional effect on crRNA-mediated plasmid clearance: 

clearance was heavily disabled through crRNA1 and crRNA2, partially disabled for crRNA3 

and crRNA4, and unperturbed for crRNA5 and crRNA6. This result was unexpected, as the 

leader RNA had only been implicated in spacer acquisition or initiating transcription of the 

CRISPR array 19,34–36 . The impact of mutating the leader could not be obviously explained 

by perturbed Cas9 levels, altered transcription of the array, or a transcriptional start site 

internal to the array (Extended Data Figs. 1b and 3b-d). Instead, our results indicate that the 

stem-loop formed between the transcribed leader and the first repeat is critical for immune 

defense through the adjacent spacers.

To further evaluate the role of the leader-repeat stem-loop in immune defense, we replaced 

the first spacer with one of two spacers targeting the genome of the filamentous E. coli 
phage M13. We then evaluated defense against M13 infection based on plaque formation on 

a lawn of E. coli cells (Fig. 2b). In line with our plasmid clearance results, the M13-targeting 

arrays with a mutated leader as well as the native array lacking an M13-targeting spacer 

yielded viral plaques, while M13-targeting arrays with the native leader prevented plaque 

formation. Both M13-targeting spacers exhibited leader-dependent phage defense, indicating 

that the effect of the leader does not depend on the sequence of the first spacer. These results 

connect the leader region to anti-plasmid and antiviral defense by Cas9 and implicate the 

leader-repeat stem-loop in promoting defense through the newest CRISPR spacers. Given 

the lacking mechanisms to explain spacer prioritization for immune defense 9 , we turned our 

focus from the ecrRNA to the role the stem-loop plays in immune defense.

We asked if mutating the leader disrupts production of the crRNAs encoded near the 

beginning of the array. We therefore evaluated the abundance of Cas9-bound RNAs with 

the native or mutated leader by immunoprecipitating Cas9 and sequencing bound RNAs 

using RIP-seq (RNA immunoprecipitation and sequencing) (Fig. 3a and Extended Data 

Fig. 4) 30,37 . RIP-seq enriched the expected ecrRNA and the six crRNAs at least 33-fold 

compared to the untagged control for both the native and mutated leader, in line with 

binding by Cas9. Strikingly, crRNA1 was the most abundant Cas9-bound crRNA with the 

Liao et al. Page 4

Nat Microbiol. Author manuscript; available in PMC 2022 September 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



native leader, while its abundance dropped by 14-fold with the mutated leader. Mutating the 

leader also reduced the abundance of Cas9-bound crRNA2 but to a lesser degree (2.1-fold) 

and increased the abundance of Cas9-bound ecrRNA (2.2-fold). Similar trends in crRNA 

abundance were observed by northern blotting analysis using total RNA (Extended Data 

Fig. 5a-b). The loss of plasmid clearance through crRNA1 therefore can be attributed to the 

marked reduction in crRNA abundance due to disrupting the leader-repeat stem-loop.

The stem-loop and second repeat promote tracrRNA hybridization

The ensuing question is how the leader-repeat stem-loop accounts for enhanced crRNA 

production from the first spacer. One important insight came from our RIP-seq and northern 

blotting analyses (Extended Data Figs. 4 and 5a). They revealed a stable RNA product 

of ~190 nts spanning the leader to the RNase III processing site in the second repeat, 

which was also present when probing for crRNAs in the native S. pyogenes strain 18 . 

This RNA product disappeared when mutating the leader or removing Cas9, the tracrRNA, 

or RNase III in an E. coli strain harboring the native leader (Fig. 3b and Extended Data 

Fig. 5b). The leader-repeat stem-loop therefore was important for processing of the second 

repeat, the exact repeat associated with crRNA1. Processing appeared to occur through 

the second repeat before the first repeat, as the ~190-nt stable RNA product contained an 

intact first repeat and processed second repeat. Another insight came from our attempts 

to restore formation of the central leader-repeat stem. Reforming the central stem through 

additional mutations did not restore plasmid clearance through the newest spacers (Fig. 3c 

and Extended Data Fig. 5c-d). However, inverting the central stem by mutating the leader 

and then the first repeat disrupted and then restored position-dependent plasmid clearance 

(Fig. 3d). The key difference between these sets of mutations was that inverting the central 

stem maintained the rest of the stem-loop structure, suggesting that the upper portion of the 

stem-loop was also important for enhanced crRNA production.

The importance of the upper portion of the leader-repeat stem-loop for efficient processing 

of the second repeat could reflect a direct interaction between these physically separate parts 

of the pre-crRNA. If co-transcriptional folding forms the leader-repeat stem-loop before 

the second repeat is transcribed and before tracrRNA can hybridize with the first repeat, 

then the protruding loops of the stem-loop would be most readily available to interact 

with the second repeat. Following this logic, in silico folding predicted that the two main 

protruding loops of the leader-repeat stem-loop can extensively base pair with the second 

repeat (Fig. 4a). To test these predictions, we created compensatory mutations in the loops 

and the second repeat to disrupt and then reform this interaction while preserving the 

predicted secondary structure of the leader-repeat stem-loop (Fig. 4a). When mutating the 

second repeat, the tracrRNA anti-repeat was also mutated to maintain the repeat:anti-repeat 

duplex for processing and utilization by Cas9 37 . Mutating the protruding loops disrupted 

plasmid clearance by crRNA1 130-fold under direct plating (Fig. 4b), although clearance 

was also high with outgrowth. Similarly, mutating the second repeat and the tracrRNA 

fully eliminated any measurable clearance, even with non-selective outgrowth (Fig. 4c). 

Importantly, reestablishing the predicted interactions by mutating the loops and the second 

repeat restored plasmid clearance partially with direct plating (10-fold) and fully with non-
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selective outgrowth (2,900-fold) (Fig. 4c). The leader-repeat stem-loop therefore appears to 

interact with the second repeat, which promotes immune defense through the newest spacer.

The interaction between the leader-repeat stem-loop and the second repeat raises the 

question: how could this interaction promote processing of the second repeat? If anything, 

the interaction would interfere with tracrRNA binding by sequestering at least a portion 

of the second repeat. However, we did notice that the repeat itself is predicted to form 

an imperfect stem-loop that could also interfere with tracrRNA hybridization (Fig. 4a). 

As the predicted interaction between the leader-repeat stem-loop and the second repeat 

and the predicted internal hairpin of the second repeat are mutually exclusive (Fig. 4a), 

the interaction could disrupt the internal hairpin and promote hybridization with the 

tracrRNA. To test the possible benefit of such an interaction, we performed in vitro binding 

measurements between the tracrRNA and a pre-crRNA spanning the leader through most of 

the second spacer (Fig. 4d and Extended Data Fig. 2b). The pre-crRNA was mutated within 

the leader-repeat stem to maintain its secondary structure and ensure that the tracrRNA 

hybridizes to the second repeat. Mutating the two protruding loops of the leader-repeat 

stem-loop reduced binding between the second repeat and tracrRNA by 4.2-fold. From 

these results, we conclude that the interaction between the leader-repeat and the second 

repeat promotes preferential hybridization of the tracrRNA to the second repeat, thereby 

prioritizing biogenesis of the crRNA derived from the newest spacer.

Leader-repeat stem-loops found across CRISPR-Cas9 systems

Given the role of the leader-repeat stem-loop in prioritizing immune defense for the S. 
pyogenes CRISPR-Cas9 system, we hypothesized that this mechanism would exist in many 

other CRISPR-Cas9 systems. The predicted interactions between the protruding loops of 

the leaderrepeat stem-loop and the second repeat for the S. pyogenes system are likely 

weaker, transient, and dependent on co-transcriptional folding 38 . However, the extensive 

stem formed between the leader RNA and first repeat offers a key feature that could be 

systematically predicted across CRISPR-Cas9 systems. We began with the II-A subtype of 

CRISPR-Cas9 systems that includes the system from S. pyogenes. Using publicly available 

genome sequences, we extracted 211 unique CRISPR array sequences from bacteria 

possessing only a II-A system and evaluated the predicted folding between the first repeat 

and the upstream 180 nts. We found numerous arrays with extensive predicted base pairing 

between the first repeat and its upstream sequence. Furthermore, by calculating the base-

pairing potential between the inferred leader and repeat for each native or 1,000 scrambled 

sequences, we found that helix formation occurred significantly more than expected by 

chance across the II-A subtype (p = 3×10-6, Fisher’s Method) (Fig. 5a). These findings 

support the broad prevalence of the leader-repeat stem-loop, at least for the II-A subtype.

Building on these predictions, we investigated two well-characterized II-A CRISPR-Cas9 

systems from Lactobacillus rhamnosus GG and Streptococcus thermophilus DGCC 7710 

as representative examples 12,16,17,39 (Extended Data Fig. 6). Both are predicted to form 

distinct stem-loops between the leader and first repeat, which was supported by in vitro 
structural probing (Extended Data Fig. 7). Furthermore, the stem-loop structures block 

tracrRNA binding and undergo tracrRNA-independent processing by RNase III (Extended 
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Data Fig. 8), paralleling our observations from the S. pyogenes system. As the CRISPR-

Cas9 system from L. rhamnosus was previously found to form a leader-derived RNA based 

on RNA-seq analyses 17 , we evaluated the formation and targeting activity of the ecrRNA 

in this strain. RIP-seq analysis using plasmid-expressed tagged and untagged L. rhamnosus 
(Lrh)Cas9 in the native strain revealed minimal bound ecrRNA (Extended Data Fig. 9a-c), 

suggesting that the previously reported leader-derived RNA was not bound by LrhCas9. 

In contrast, crRNA1 was one of the most abundant bound crRNAs. Finally, the ecrRNA 

and crRNA1 respectively yielded negligible and complete clearance of the target plasmid 

(Extended Data Fig. 9d). These examples support the common role of the leader RNA 

for promoting immune defense through the newest spacer, at least for II-A CRISPR-Cas 

systems.

Beyond II-A CRISPR-Cas9 systems, the more abundant II-C subtype offers a counter 

example. On top of inserting new spacers through the last repeat 40,41 , this subtype encodes 

a promoter within each repeat that initiates transcription within the downstream spacer 41,42 . 

This configuration obviates the need for a promoter upstream of the array, which would 

make prioritization of the first (and therefore oldest) spacer counterproductive. Accordingly, 

636 assessed II-C CRISPR arrays collectively did not exhibit helix formation between the 

first repeat and upstream region more than that expected by chance (p = 0.50, Fisher’s 

Method) (Fig. 5a). However, we did observe examples of II-C arrays with extensive base 

pairing predicted between the first repeat and the upstream sequence (Fig. 5b and Extended 

Data Fig. 10). A stem-loop between the first repeat and upstream sequence therefore can 

be found in II-C systems, potentially reflecting alternative modes of spacer acquisition and 

transcription initiation within the subtype.

As a final exploration, we performed a similar analysis with two subtypes (I-E, I-F) 

within the abundant Type I CRISPR-Cas systems (Fig. 5a). These systems also acquire 

spacers through the first repeat and initiate transcription near the beginning of the leader. 

However, the Cas6 endonuclease rather than a tracrRNA/RNase III is responsible for 

repeat processing, and the first repeat contributes the 5′ end of crRNA1 required for 

effector complex formation 10,43 . Therefore, a leader-repeat stem-loop would also be 

counterproductive to crRNA1 production and immune defense through the newest spacer. 

Accordingly, both subtypes were not predicted to exhibit helix formation between the leader 

region and first repeat more than expected by chance (p = 1.0, Fisher’s Method) (Fig. 5a). 

Other mechanisms thus may exist to prioritize the newest spacers for immune defense across 

CRISPR-Cas immune systems.

Discussion

Through this work, we discovered an RNA-based mechanism that allows some CRISPR-

Cas systems to prioritize immune defense against the most recently encountered invaders. 

As part of the proposed mechanism (Fig. 6), the leader RNA base pairs with the first 

repeat to form a stem-loop through co-transcriptional folding. The upper portion of the 

stem-loop then interacts with the second repeat, temporarily preventing formation of a 

predicted hairpin internal to the repeat that interferes with tracrRNA hybridization. Either 

by providing a less-structured repeat or adopting a structure that promotes seeding of base 
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pairing with the tracrRNA, the interaction allows the tracrRNA to more readily hybridize 

with the second repeat, leading to accelerated processing by RNase III and binding by Cas9. 

Because the crRNAs bound to Cas9 are shielded from RNase attack, the crRNAs appear 

much more abundant than other crRNAs in the array. After the second repeat undergoes 

processing, the leader-repeat stem-loop can undergo tracrRNA-independent processing by 

RNase III, although this step does not appear to be necessary for DNA targeting by 

Cas9. This proposed mechanism would be a particularly exquisite example of symmetry 

breaking in biology 44 , as it allows the preferential biogenesis of the crRNA adjacent to 

the leader despite the associated repeat harboring virtually the same sequence as every 

other repeat in the CRISPR array. We did find that the elucidated mechanism did not 

extend to most II-C systems as well as Type I systems, suggesting that other mechanisms 

underlying spacer prioritization await discovery. Elucidating these mechanisms will also 

create the opportunity to harness crRNA prioritization as part of multiplexing applications 

with CRISPR technologies 45 .

While our mutational analyses support the predicted interactions between the leader-repeat 

stem-loop and the second repeat, a more complex structure likely exists and should be 

the subject of future work. The structure would be expected to depend on the dynamics 

of transcriptional co-folding in the cellular cytoplasm, where observing such dynamic 

structures would be less amenable to approaches such as crystallography or cryo-EM. 

Instead, approaches such as time-resolved microscopy using integrated fluorescent probes, 

single-molecule studies with optical tweezers, or in-cell SHAPE-seq could help resolve 

dynamic structures 46,47 . Regardless of the exact structure though, the interactions between 

the leader-repeat stem-loop and the second repeat have multiple implications for spacer 

prioritization. One implication is that the leader-repeat stem-loop could also interact with 

repeats downstream of the second repeat--particularly after the tracrRNA hybridizes to 

this repeat. These longer-range interactions possibly help explain why the downstream 

crRNAs are also negatively impacted by disrupting the leader-repeat stem-loop. Another 

implication is that the interaction could prevent the newest spacer from base pairing with 

the second repeat, thereby removing potential secondary-structure issues that could render 

a less effective spacer more effective while it exists at the beginning of the array. A third 

implication is that base pairing between any spacer and an adjacent repeat could prevent the 

repeat from forming an internal stem-loop, thereby promoting tracrRNA hybridization. We 

posit that this mechanism could help explain why some internal spacers give rise to highly 

abundant crRNAs.

The discovery of spacer prioritization began by exploring the fate of the first repeat in 

CRISPR-Cas9 arrays and its potential to yield an ecrRNA. We showed that the leader-repeat 

stem-loop actively reduced ecrRNA formation for three different CRISPR-Cas9 systems. 

The primary role of the leader-repeat stem-loop appears to be spacer prioritization, where 

the central stem ensures presentation of the loops for pseudoknot formation. However, it 

is intriguing that the central stem also blocks ecrRNA formation. Beyond CRISPR-Cas9 

systems, many Type V-A CRISPR-Cas systems were shown to block ecrRNA formation 48 . 

For V-A systems, the last repeat would give rise to an ecrRNA, although many of these 

systems contain disruptive mutations in the last repeat that prevents ecrRNA processing. 

CRISPR-Cas9 systems of the II-A subtype are distinct because the putative ecrRNA derives 
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from the first repeat. Because new spacers are acquired through this repeat, mutations 

that would disrupt ecrRNA formation would also disrupt defense by any acquired spacers. 

Therefore, the stem-loop offers a simple mechanism to prevent ecrRNA formation while 

still ensuring the function of any acquired spacers. Future work can elucidate the fate of 

ecrRNAs across CRISPR-Cas systems and whether they provide a hindrance to immune 

defense or confer potential benefits to cells through alternative functions 49 .

Methods

Strains, plasmids and growth conditions

Supplementary Table 3 provides a list of the key resources used in this work. Supplementary 

Table 4 lists all strains, plasmids, oligonucleotides, and gBlocks.

E. coli cells were grown at 37°C in Luria Bertani (LB) broth (5 g/L NaCl, 5 g/L yeast 

extract, 10 g/L tryptone) with shaking at 250 rpm or on LB agar plates (LB broth, 18 g/L 

agar). The antibiotics ampicillin and/or kanamycin were added at 50 μg/mL to maintain 

any plasmids. L. plantarum and L. rhamnosus were grown at 37°C in De Man, Rogosa 

and Sharpe (MRS) broth (Becton Dickinson) without agitation or on MRS agar (Becton 

Dickinson). The antibiotics chloramphenicol and erythromycin were added at 10 μg/mL as 

necessary to maintain any plasmids.

The plasmid pCBS2225 expressing the tracrRNA, SpyCas9, and associated native CRISPR 

array was constructed by inserting the corresponding cassette amplified from the genomic 

DNA of S. pyogenes SF370 using Gibson assembly (New England Biolabs) into the 

backbone plasmid pCB902 following the manufacturer’s instructions. The mutations in the 

leader and/or first repeat were introduced through Q5 mutagenesis (New England Biolabs) 

following the manufacturer’s instructions (pCBS2226). The first repeat was replaced by a 

sgRNA scaffold using Q5 mutagenesis (New England Biolabs) following the manufacturer’s 

instructions (pCBS2247). For Western blotting and RIP-seq analyses, the 3xFLAG tag 

was inserted downstream of the stop codon of the gene encoding SpyCas9 through Q5 

mutagenesis (New England Biolabs) following the manufacturer’s instructions. The plasmid 

encoding the FLAG-tagged LrhCas9 was constructed by first PCR-amplifying the gene 

encoding LrhCas9 along with the upstream 437 bp containing the putative promoter 

from genomic DNA extracted from L. rhamnosus GG. The reverse primer included the 

FLAG tag. The resulting PCR product was inserted into the backbone plasmid pCB591 

by Gibson Assembly (New England Biolabs) following the manufacturer’s instructions. 

The targeted plasmids used in the plasmid clearance assay in E. coli and L. rhamnosus 
were constructed by performing Q5 mutagenesis (New England Biolabs) following the 

manufacturer’s instructions on plasmid pCB858 and pCB591 to insert the protospacer and 

PAM. E. coli TOP10 was used for the construction of plasmids used in E. coli. L. plantarum 
WCFS1 was used as the cloning strain for plasmids that can be propagated in L. rhamnosus 
but not in E. coli.

The plasmids used for interrogating if mutating leader affects transcription of array 

(pCBS2243 and pCBS2244) were constructed by first PCR-amplifying the fragments 

encoding the native promoter-native/mutated leader from plasmid pCBS2225 or pCBS2226. 
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The resulting PCR product was inserted into the backbone plasmid pCBS2242 by replacing 

the PJ23119 promoter using Gibson Assembly (New England Biolabs) following the 

manufacturer’s instructions.

The plasmids used for M13 phage assay (pCBS2253, pCBS2254, pCBS2255, and 

pCBS2256) were constructed by replacing the first spacer on plasmid pCBS2225 or 

pCBS2226 with the corresponding spacers targeting gene VIII in genome of M13 phage 

through Q5 mutagenesis (New England Biolabs) following the manufacturer’s instructions.

The plasmids encoding single-spacer arrays for the ecrRNA and mutated ecrRNA 

(pCBS2245 and pCBS2246) were constructed by replacing the CRISPR array in plasmid 

pCBS2225 with a PCR amplicon encoding the corresponding repeat-spacer-repeat through 

Gibson assembly (New England Biolabs) following the manufacturer’s instructions.

The plasmids with the stem-loop disrupted and restored by copying and flipping 

the sequences in the stem (pCBS2249 and pCBS2250) were constructed through Q5 

mutagenesis (New England Biolabs) following the manufacturer’s instructions. The stem-

loop is disrupted by replacing the portion of leader base-paring with the first repeat with the 

corresponding sequence of the first repeat using plasmid pCBS2225 as template for PCR. 

The resulting plasmid was used as a PCR template to restore the stem-loop by replacing the 

portion in the first repeat with the corresponding sequence of the leader.

Plasmids with mutated loops and/or the second repeat were constructed through Q5 

mutagenesis (New England Biolabs) following the manufacturer’s instructions. The 

resulting plasmids were used as templates for PCR and Q5 mutagenesis for mutating the 

corresponding region on the tracrRNA encoded on the same plasmid.

Plasmid extraction and transformation of Lactobacilli

Plasmids constructed in E. coli TOP10 and used in L. rhamnosus were propagated in EC135 

first before transfering into L. plantarum WCFS1. Plasmids used for transformation into L. 
rhamnosus were extracted from L. plantarum WCFS1. Cells were cultured in liquid MRS 

medium, pelleted by centrifugation, washed twice with water, and resuspended in 25 mg/mL 

lysozyme (Carl Roth) in lysozyme buffer (10mM Tris-HCl, pH 8.0 1mM EDTA, pH 8.0, 

0.1M NaCl, 5% Triton X-100). After incubating at 37°C with shaking at 250 rpm for 40 

min, the cells were pelleted by centrifugation and washed once with water. The washed cells 

were then used for plasmid extraction following the instructions for the ZymoPURE II™ 

Plasmid Midiprep Kit.

Electrocompetent cells were prepared and transformed for L. plantarum as described 

previously with modifications 50 . Briefly, L. plantarum cells grown to an ABS600 of ~0.8 

in MRS broth with 2% glycine were collected by centrifugation and washed with 10mM 

MgCl2 and 10% glycerol and resuspended in 10% glycerol for transformation. A total of 60 

μL of competent cells and at least 2.5 μg of DNA were added to a 1-mm gap cuvette and 

electroporated at 1.8 kV, 200 Ω resistance, and 25 μF capacitance. Electrocompetent cells for 

L. rhamnosus were prepared using the same method as L. plantarum, only ampicillin was 

added into the culture to a final concentration of 10 μg/mL when the ABS600 reached ~0.2, 
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then the cells were pelleted by centrifuging at 4°C at 5,000 x g for 15 min when the ABS600 

reached ~0.4 and washed once using 10-mM ice-cold MgCl2 solution and twice using ice 

cold 10% glycerol. Transformation for L. rhamnosus was performed by adding 100 μL of 

electrocompetent cells and at least 5 μg of plasmid (no more than 5 μL) to a 2-mm gap 

cuvette and electroporating at 2.5 kV, 200 Ω resistance, and 25 μF capacitance. Following 

electroporation, cells were recovered in 1 mL of MRS broth at 37°C without agitation for 3 

h, plated on MRS agar plates with or without antibiotics, and incubated at 37°C for 48 h in 

an anaerobic chamber (80% N2, 10% CO2, and 10% H2).

Transcription start site mapping

Total RNA was extracted from L. rhamnosus or from E. coli harboring the CRISPR 

cassette plasmid with the native leader (pCBS2225) as described above. Extracted RNA 

was then treated with Turbo DNase (Life Technologies) and cleaned using the RNA 

Clean & Concentrator (Zymo Research) following the manufacturer’s instructions. The 

resulting RNA was treated with 5′ terminator exonuclease (TEX) (Epicentre) to degrade 

processed RNAs following the manufacturer’s instructions, purified using the RNA Clean 

& Concentrator kit, and subjected to 5′ RACE using the Template Switching RT Enzyme 

Mix (New England Biolabs) following the manufacturer’s instructions. PCR was performed 

using the Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs) following 

the manufacturer’s instructions. The resulting PCR products were quality checked by 

electrophoresis on an agarose gel, purified using Zymo DNA Clean & Concentrator 

(Zymo Research) following the manufacturer’s instructions, and inserted into the supplied 

linearized vector pMiniT 2.0 using the NEB PCR Cloning Kit (New England Biolabs) 

following the manufacturer’s instructions. Transformed plasmids were then extracted from 

ten randomly-selected colonies using NucleoSpin Plasmid EasyPure (Macherey-Nagel) 

following the manufacturer’s instructions and submitted for Sanger sequencing.

Plasmid clearance assays

Plasmid clearance assays in E. coli BW25113 were conducted as described previously 48 . 

Briefly, 50 ng of plasmid encoding the PAM-flanked target was electroporated into E. coli 
cells harboring the plasmid encoding the tracrRNA, SpyCas9, and the array with the native 

or mutated leader. After recovering for 1 h in SOC (20 g/L tryptone, 5 g/L yeast extract, 3.6 

g/L glucose, 0.5 g/L NaCl, 0.186 g/L KCl, 0.952 g/L MgCl2, PH 7.0) at 37°C with shaking 

at 250 rpm, cells were serially diluted and 5-μL droplets were plated on LB agar plates with 

ampicillin and kanamycin. Colony numbers were recorded for analysis after 16 h of growth. 

To increase the sensitivity of the plasmid clearance assay, 3 μL of the recovered culture 

was added to 3 mL of LB broth with kanamycin and cultured at 37°C with shaking at 250 

rpm for 16 h. Cells were then serially diluted, and 5-μL droplets were plated on LB agar 

plates with ampicillin and kanamycin. Colony numbers were recorded for analysis after ~16 

h of growth. All experiments represent three independent replicates starting from separate 

colonies.

For plasmid clearance assays in L. rhamnosus, 5 μg of plasmids encoding the PAM-

flanked target was electroporated into L. rhamnosus. After recovering for 3 h in 1 mL 

of MRS at 37°C without agitation, cells were diluted and plated on MRS agar plates with 
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chloramphenicol. Colony numbers were recorded for analysis after 60 h of growth in an 

anaerobic chamber.

RNA folding predictions

Equilibrium folding of the leader-repeat RNAs and repeat:tracrRNA duplexes were predicted 

using the online NUPACK algorithm 55,56 (http://www.nupack.org/partition/new). Default 

parameters were used as well as the following for folding the individual RNAs: Nucleic acid 

type: RNA, Temperature: 37°C. In the case of predicting pairing between the repeat and 

tracrRNA, a concentration of 1 μM was specified for each RNA. NUPACK considers both 

intermolecular and intramolecular base pairing. Interactions between the two protruding 

loops of the stem-loop and the second repeat were predicted using the online RNAfold 

algorithm 51,52 by fusing the two loops and flanking two nucleotides with the repeat. As part 

of the predictions, between one and four nucleotides were added between each of the loops 

and the repeat, and the algorithm was instructed to leave these nucleotides unpaired.

Western blotting analysis

As a quality control of the coIP, a volume of cell culture equivalent to an ABS600 of 1.0 

were collected during different stages of the coIP (Lysate, Supernatant 1, Supernatant 2, 

Wash and coIP Eluate), boiled in protein loading buffer (62.5 mM Tris-HCl, pH 6.8, 100 

mM DTT, 10% glycerol, 2% SDS, 0.01% bromophenol blue) at 95°C for 8 min, and stored 

at – 20°C for Western blot analysis. Overnight culture of CB414 E. coli cells harboring 

plasmid pCBS2225, pCBS2226, pCBS2240, or pCBS2241 were back-diluted to an ABS600 

of ~0.05 in LB medium with kanamycin and shaken at 250 rpm at 37°C until the ABS600 

reaches ~0.8. Pelleted cells equivalent to 1.44 ABS600 were resuspended in 144 μL of 

protein loading buffer, boiled at 95°C for 8 min, and stored at -20°C for Western blot 

analysis. Western blot analyses were conducted as described previously 30 . Briefly, the 

resulting samples corresponding to about 0.2 ABS600 of cells were resolved on an 10% 

SDS-polyacrylamide gel, transferred to Nitrocellulose 0.45 μM NC membrane (Amersham 

Protan), blotted using semi-dry blotter (VWR), washed using Tris-buffered saline (20 mM 

Tris, 150 mM NaCl) with 0.1 % Tween 20, and visualized on ImageQuant LAS 4000 (GE 

healthcare). Monoclonal ANTI-FLAG M2 (Sigma) antibody, anti-GroEL (Sigma) primary 

antibody, horseradish peroxidase-coupled anti-mouse IgG secondary antibody (Thermo 

Fisher), and anti-rabbit IgG secondary antibody (GE-Healthcare) were used for detection.

In vitro transcription and purification of RNA

gBlocks encoding the T7 promoter and desired RNA were ordered from IDT Technologies 

for PCR amplification. For RNAs spanning the leader through most of the second spacer, 

DNA templates for T7 transcription were amplified from the corresponding plasmid using 

a forward primer with the T7 promoter appended to the 5′ end. Amplicons were purified 

and concentrated using DNA Clean & Concentrator (Zymo Research). RNA was transcribed 

using the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs) and treated 

with Turbo DNase (Life Technologies) according to the manufacturer’s instructions. The 

RNA was resolved on an 8% polyacrylamide gel (20 × 20 cm) containing 7 M urea at 300 V 

for 240 min, stained with SYBR Green II (Biozym), excised, and extracted using ZR small-

RNA PAGE Recovery kit (Zymo Research) according to the manufacturer’s instructions. 
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The extracted RNAs eluted in nuclease-free water were quality checked by electrophoresis 

on a PAA-urea gel and stored in -80°C.

In vitro assay for RNA-RNA binding affinity

Binding affinities of the RNA transcripts and the respective tracrRNAs were measured 

by Microscale thermophoresis (MST). TracrRNAs 3′-labeled with a Cy5 fluorophore 

were ordered from IDT Technologies. The leader-repeat-spacer transcripts were in vitro-

transcribed and purified as described above. After boiling at 90°C for 2 min and cooling 

down to room temperature by sitting on a bench for 10 min, RNAs were serially diluted 

2-fold for 16 rounds in MST buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM MgCl2 

and 0.05% (v/v) Tween-20, pH 7.8), each mixed with one volume of 10 nM Cy5-labeled 

tracrRNA, and incubated at 37°C for 10 min. The 16 samples were then loaded into 

Monolith NT.115 Premium capillaries (NanoTemper Technologies) and measured using a 

Monolith NT.115Pico instrument (NanoTemper Technologies) at an ambient temperature 

of 25°C with 5% LED power and medium MST power. Binding affinity data of three 

independently pipetted measurements was analyzed (MO.Affinity Analysis software version 

2.3, NanoTemper Technologies) using the signal from an MST-on time of 20 s for Sth1Cas9-

related RNA, 5 s for the LrhCas9-related and SpyCas9-related RNAs for testing the first 

repeat, and 1.5 s for SpyCas9 related RNA for testing the second repeat.

In vitro RNase III cleavage assay

In vitro-transcribed and purified RNAs were boiled in a thermocycler at 95°C for 10 min, 

cooled down to room temperature by sitting on a bench for 10 min, and kept on ice. 

Cleavage reactions were prepared by adding 40 ng of RNA; 1, 0.2, 0.04, 0.008, or 0 units 

of RNase III (Invitrogen); and water in the supplemented buffer to a total volume of 10 μL. 

After incubation for 5 min at 37°C, the reaction was stopped by adding an RNA loading 

buffer (0.025% bromophenol blue, 0.025% SDS, 0.025% xylene cyanol, 18 mM EDTA 

(pH 8.0), 93.64% formamide) on ice. The mixture then was boiled in a thermocycler at 

95°C for 10 min, resolved on an 8% polyacrylamide gel (20 × 20 cm) containing 7 M 

urea at 300 V for 210 min, stained with SYBR Green II (Biozym), and visualized on 

a Phosphorimager (Typhoon FLA 7000, GE Healthcare). The Low Range ssRNA Ladder 

(New England Biolabs) was used as a marker. For the assays with the leader-repeat-spacer 

RNA for LrhCas9, the RNA was truncated within the leader and the spacer to avoid cleavage 

of irrelevant secondary structures formed internally within either domain.

Northern blotting analysis

Overnight culture of CB414 or CL536 (RNase III-deficient) E. coli cells harboring plasmid 

pCBS2225, pCBS2226, pCBS3416, or pCBS3417 were back-diluted to an ABS600 of ~0.05 

in LB medium with kanamycin and shaken at 250 rpm at 37°C until the ABS600 reaches 

~0.8. Total RNAs were extracted from 4 ABS600 of pelleted cells using the hot-acid 

phenol chloroform as described previously 53 . Northern blotting analysis was carried out 

as described previously 48 . Oligodeoxyribonucleotides used for end labeling by γ-32P-ATP 

and probing can be found in Supplementary Table 4.
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RNA structural probing and RNase III cleavage site mapping

In vitro-transcribed and purified RNAs were dephosphorylated with Antarctic Phosphatase 

(New England Biolabs), 5′-end-labelled with γ32P) using T4 polynucleotide kinase 

(Thermo Fisher Scientific), and purified by gel extraction as previously described 54 . 

Sequences of the resulting T7 transcripts are listed in Supplementary Table 5. Inline probing 

assays for RNA secondary structure were performed as described previously with minor 

modifications 55 . End-labeled RNAs (0.2 pmol) in 5 μL of water were mixed with an equal 

volume of 2× Inline buffer (100 mM Tris-HCl, pH 8.3, 40 mM MgCl2, and 200 mM KCl) 

and incubated for 40 h at room temperature to allow spontaneous cleavage. Reactions were 

stopped with an equal volume of 2× Colorless loading buffer (10 M urea and 1.5 mM 

EDTA, pH 8.0). For RNase III cleavage assays, the same 5′ end-labeled in vitro transcripts 

were briefly denatured and snap-cooled on ice, followed by the addition of RNase III buffer 

to a final concentration of 1× and yeast tRNA (Ambion) to a final concentration of 0.1 

mg/ml. RNA samples were then incubated at 37°C for 10 min followed by the addition 

of 0, 0.0016, 0.008, 0.04, 0.2, or 1 U RNase III (Invitrogen) and further incubated at 

37°C for 5 min. Reactions were stopped by adding an equal volume of Gel-loading buffer 

II (95% (vol/vol) formamide, 18 mM EDTA, and 0.025% (wt/vol) SDS, 0.025% xylene 

cyanol, and 0.025% bromophenol blue). Inline probing and RNase III cleavage reactions 

were then separated on a 6-10% PAA-urea sequencing gel, which were dried and exposed 

to a PhosphorImager screen. RNA ladders were prepared using alkaline hydrolysis buffer 

(OH ladder) or Sequencing buffer (T1 ladder) (Ambion) according to the manufacturer’s 

instructions.

Flow cytometry analysis

Overnight cultures of CB414 cells harboring plasmid encoding GFP gene driven by 

the promoter of endogenous CRISPR array of SpyCas9 followed by the native leader 

(pCBS2243), mutated leader (pCBS2244) or empty vector (pCB908) were back-diluted to 

an ABS600 of ~0.05 in LB medium supplemented with kanamycin and shaken at 250 rpm 

at 37°C until reaching an ABS600 of ~0.8. The GFP fluorescence of single cells was then 

measured as described previously 48 . Briefly, cultures were diluted 1:100 in 1x phosphate-

buffered saline (PBS) and analyzed on an Accuri C6 Plus flow cytometer with BD CSampler 

Plus (Becton Dickinson), a 488-nm laser, and a 530/30-nm bandpass filter. Forward scatter 

(cut-off of 11,500) and side scatter (cut-off of 600) were used to eliminate non-cellular 

events. The mean FITC-A value of 30,000 events within a gate set for live E. coli cells were 

used for data analysis after subtracting autofluorescence of the cells.

Phage sensitivity assay

Overnight cultures of NEB Turbo cells harboring the CRISPR cassette plasmid with the 

native leader (pCBS2225) or mutated leader (pCBS2226) were back-diluted to an ABS600 

of ~0.05 in LB medium supplemented with kanamycin and shaken at 250 rpm at 37°C until 

the ABS600 reached ~0.5. The cells were then collected by centrifugation and resuspended 

in 1/10 volume of LB with kanamycin. Petri dishes (Ø 90 × 16.2 mm) with 24 mL of LB 

agar supplemented with kanamycin were overlaid with 4 mL of soft LB agar (7.5 g/L) with 

kanamycin containing 0.75 mL of the cell suspension. After solidifying for 10 min, 3 μL of 
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10-fold serial dilutions of phage lysates were spotted onto the surface of the soft agar. Plates 

were dried at room temperature under a flame until no liquid was visible on the surface of 

the agar and incubated at 37°C for 15 h. Plagues were visualized using an ImageQuant LAS 

4000 imaging system (GE Healthcare).

RNA immunoprecipitation for sequencing

Cas9-3xFLAG co-immunoprecipitation (coIP) combined with RNA-seq (RIP-seq) was 

performed in E. coli and L. rhamnosus as described previously with minor modifications 30 . 

Briefly, overnight cultures of CB414 harboring the plasmid pCBS2225, pCBS2226, 

pCBS2240, or pCBS2241 were back-diluted to an ABS600 of ~0.05 in LB medium with 

kanamycin and shaken at 250 rpm at 37°C until the ABS600 reaches ~0.8. Overnight cultures 

of L. rhamnosus with or without the plasmid encoding 3xFLAG-tagged LrhCas9 pCBS2227 

were back-diluted to an ABS600 of ~0.05 in MRS medium with or without chloramphenicol, 

incubated at 37°C without agitation until the ABS600 reaches ~0.5. The equivalent of 37-40 

ABS600 of cells were washed using Buffer A (20 mM Tris-HCl, pH 8.0, 150 mM KCl, 1 

mM MgCl2, 1 mM DTT) and subsequently pelleted at 4°C for 3 min at 11,000 x g.

The pellets were snap-frozen in liquid nitrogen and stored at −80°C until further use. Frozen 

pellets were thawed on ice and resuspended in 1.5 mL of lysis buffer (957 μL buffer A, 1 

μL 1 mM DTT, 10 μL 0.1 M PMSF, 2 μL triton X-100, 20 μL DNase I, 10 μL Superase-In 

RNase Inhibitor) and distributed onto two pre-cooled fast-prep tubes for lysis (750 μL each). 

Quick lysis was performed with FastPrep homogenizer twice (6.5 M/s; 1 min), and the 

resulting lysate from both tubes was centrifuged at 4°C for 10 min at 13,000 rpm. Following 

centrifugation, the supernatant (i.e. the lysate fraction) from both tubes was combined and 

transferred to a new tube. The lysate was incubated with 35 μL of anti-FLAG antibody 

(Monoclonal ANTI-FLAG M2, Sigma) for 90 min at 4°C on a rocker (supernatant 1). 

Next, 75 μL of Protein A-Sepharose (Sigma) prewashed with Buffer A was added and the 

mixture was rocked for another 90 min at 4°C (supernatant 2). After centrifugation, the 

supernatant was removed and the pelleted beads were washed five times with 0.5 mL of 

Buffer A (wash). Finally, 500 μL of Buffer A was added to the beads. RNA and proteins 

were separated using phenol-chloroform-isoamyl alcohol (P:C:I). For each coIP, RNA was 

recovered from the aqueous phase, precipitated overnight using a 30:1 mix of ethanol and 

3M sodium acetate at -20°C and eluted after centrifugation in 30 μL of RNase-free water. 

The resulting RNA was treated by DNase I. For protein samples in the organic phase, 1.4 

mL ice-cold acetone was added and incubated overnight at -20°C. Samples were centrifuged 

at 15,000 rpm for 1 h to precipitate the protein and washed twice with 1 mL acetone without 

disturbing the pellet. A total of 100 μL of 1x protein loading buffer (62.5 mM Tris-HCl, pH 

6.8, 100 mM DTT, 10% (v/v) glycerol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue) was 

then added to the pellet to obtain the final protein sample (eluate). To determine whether the 

coIP was successful, protein samples equivalent to 1.0 ABS600 of cells were collected during 

different stages of the coIP (lysate, supernatant 1, supernatant 2, wash and coIP eluate). 

A total of 100 μL of 1x protein loading buffer was added to each of the collected protein 

samples and boiled for 8 min. Protein samples corresponding to an ABS600 of 0.2 (lysate, 

supernatant 1, supernatant 2, and wash fraction) and 10 (for eluate fraction) were used for 

Western blotting analysis.
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cDNA library preparation and deep sequencing

The extracted RNA was treated with DNase I (Thermo Scientific, EN0525) following the 

manufacturer’s instructions. cDNA libraries for Illumina sequencing were constructed by 

Vertis Biotechnologie AG, Germany (http://www.vertis-biotech.com). Briefly, the resulting 

RNA was subjected to oligonucleotide adapter ligation on the 3′ end, first-strand cDNA 

synthesis using M-MLV reverse transcriptase (Agilent), and Illumina TruSeq sequencing 

adapter ligation on the 3′ end of the antisense cDNA. The resulting cDNA was PCR-

amplified using Herculase II Fusion DNA Polymerase (Agilent) with 13 amplification 

cycles following the manufacturer’s instructions, purified using Agencourt AMPure XP kit 

(Beckman Coulter Genomics) following the manufacturer’s instructions, and analyzed by 

capillary Electrophoresis. The resulting samples were then run on an Illumina NextSeq 500 

instrument with 76 cycles in single-read mode. Sequences of the oligonucleotide adapter, the 

5′ Illumina TruSeq sequencing adapter, and the oligonucleotides used for PCR can be found 

in Supplementary Table 4.

Bioinformatics analysis of RIP-seq

Illumina reads were quality and adapter trimmed with Cutadapt 56 version 2.5 

using a cutoff Phred score of 20 in NextSeq mode and reads without any 

remaining bases were discarded (command line parameters: --nextseq-trim=20 -m 1 

-a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC). Afterwards, we applied the 

pipeline READemption 57 version 0.4.5 to align all reads longer than 11 nt (-l 12) to the 

respective reference sequences using segemehl 58 version 0.2.0 with an accuracy cut-off of 

95% (-a 95). For E. coli K-12 BW25113, we applied RefSeq assembly GCF_000750555.1 

with plasmid pCBS2225 (NL-Tagged-SpCas9-Plasmid) for libraries with native leader 

and plasmid pCBS2226 (ML-Tagged-SpCas9-Plasmid) for libraries with mutated leader. 

For L. rhamnosus GG libraries, we utilized RefSeq assembly GCF_000026505.1 together 

with the sequence of plasmid pCBS2227 (Tagged-LrCas9-Plasmid) for mapping. We used 

READemption gene_quanti to quantify aligned reads overlapping genomic features by at 

least 10 nts (-o 10) on the sense strand (-a). For this, we supplemented annotations for the 

respective RefSeq assembly (antisense_RNA, CDS, ncRNA, riboswitch, Rnase_P_RNA, 

rRNA, SRP_RNA, tmRNA, tRNA; GCF_000026505.1: annotation date 06/07/2020, 

GCF_000750555.1: annotation date 02/10/2020) in GFF format with annotations for crRNA, 

ecrRNA, tracrRNA, and other genes located on the plasmids (e.g., 3xFLAG-tagged cas9). 

Links to plasmid sequences and annotations can be found under Supplementary Table 4. In 

addition, READemption was applied to generate coverage plots representing the numbers of 

mapped reads per nucleotide. Here, we used sequencing depth-normalized files from output 

folder coverage-tnoar_mil_normalized for visualization.

To generate coverage plots and read counts for the ecrRNA and mature crRNAs, we 

applied a filtering step to the READemption BAM files after mapping. Specifically, all 

read alignments with a reference length >50 nts overlapping the respective CRISPR region 

(E. coli K-12 BW25113: NL/ML-Tagged-SpCas9-Plasmid: 7346 - 8170, L. rhamnosus 
GG: NC_013198.1: 2265656 - 2267803) were removed utilizing pysam (https://github.com/

pysam-developers/pysam) 59 version 0.16.0.1. All subsequent steps were conducted as 

described above, and the total number of aligned reads before filtering was used to 
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normalize filtered as well as unfiltered read counts and coverage. The normalized filtered 

read counts were compared directly when evaluating relative (e)crRNA abundance between 

or within samples.

To visualize read coverage in CRISPR regions, we applied pyGenomeTracks 60 version 3.5 

after converting normalized coverage files to BigWig format 61 using wigToBigWig v4.

Bioinformatic identification of CRISPR-Cas systems

Complete and draft bacterial genomes were downloaded from NCBI. CRISPR-Cas systems 

were annotated using CRISPRcasIdentifier 62 and Casboundary 63 , and CRISPR arrays were 

extracted from genomes only containing I-E (4,991 arrays), I-F (2,632 arrays), II-A (211 

arrays), and II-C (636 arrays) systems using CRISPRidentify 64 . Array orientations were 

then detected using CRISPRstrand65 followed by manual curation. The most frequent repeat 

in each CRISPR array was assigned as the consensus repeat. See Supplementary Table 2 for 

all leader-repeat sequences.

Bioinformatic assessment of leader-repeat structure formation

To gain insight into potential mechanisms for the inactivation of the first repeat in 

Type II-A CRISPR arrays, we initially interrogated four CRISPR arrays in Streptococcus 

pyogenes M1 GAS, Lactobacillus rhamnosus GG, Streptococcus thermophilus CNRZ1066 

and Streptococcus thermophilus ND07. Based on these observations, we studied a larger set 

of CRISPR arrays. In this analysis, we assumed that leader sequences would extend 180 

nucleotides 5′ to the first repeat, since information on the correct transcription start site was 

generally unavailable. We split Type II-A examples into two groups whose inferred leader 

sequences were at least 50% different in pairwise alignments. We used cd-hit version 4.8.1 

to cluster sequences by percent identity 66 . Within these two groups, we removed sequences 

so that they were less than 70% similar to one another. We performed the same procedure 

for Type II-C examples. We then conducted our initial analysis on the first subset of 

CRISPR arrays, which comprised 38 Type II-A and 112 Type II-C examples. As a statistic 

to represent pairing potential, we first considered the average probability that a nucleotide 

in the repeat would bind a nucleotide in the leader. We also considered the probability of 

forming helices in the first repeat with different numbers of base pairs and different numbers 

of mismatches or bulges. Base-pairing probabilities were calculated using version 2.4.14 of 

the ViennaRNA library for Python. Since an efficient algorithm to determine the probability 

of helix formation has not been published, we used ViennaRNA to sample random structures 

from the Boltzmann probability distribution, which corresponds to the probability of 

different structures forming at thermodynamic equilibrium. This strategy has been used 

previously to estimate probabilities of complex events 67 . We used 1,000 random samples. 

In all cases, we performed our calculations such that base pairs fully contained within the 

repeats and base pairs fully contained within the leader did not contribute to base-pairing 

probabilities or to helix-formation probabilities. To estimate the statistical significance of the 

base-pairing or helix-formation probabilities, we generated random samples by permuting 

the nucleotides within the leader sequence randomly. Because dinucleotide frequencies can 

bias RNA folding energies, we permuted the sequences in such a way as to exactly preserve 

the dinucleotide frequencies, using Peter Clote’s implementation (available through the link 
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below) of a previously published method 68 . We used 1,000 random samples to estimate 

empirical p-values.

http://clavius.bc.edu/~clotelab/RNAdinucleotideShuffle/ShuffleCodeParts/

altschulEriksonDinuclShuffle.txt. For each of the 

II-A or II-C leader/repeat pairs, and for each statistic 

(e.g. helix-formation probability), we calculated a corresponding p-value. We combined the 

p-values for II-A examples and for II-C examples using Fisher’s Method, as implemented 

by the scipy.stats.combine_pvalues function in Python3 (using version 1.4.1 of the 

scipy library). We refer to these as aggregate p-values. We faced two technical issues in our 

use of Fisher’s Method. First, the method uses the sum of the logarithms of the individual p-

values. Because our empirical p-values are based on 1,000 samples, some estimated p-values 

will be zero (in cases of a very strong helix), leading to logarithms of negative infinity. 

To address this issue, we replaced empirical p-values of zero with the value 1/1,000. This 

value is slightly larger than 1/1,001, which would be the estimate according to Laplace’s 

Rule of Succession. We did not adjust other empirical p-values. Second, Fisher’s Method 

assumes that the p-values are independent, but our p-values are based on sequences that 

presumably are evolutionarily related. We hoped that elimination of sequences that are more 

than 70% identical will eliminate this problem. It was not practical to more aggressively 

eliminate similar sequences (e.g. at 50% identity), because of the relatively low number of 

II-A systems currently available. Based on our experiments with the first subset of CRISPR 

arrays, we found that one of the statistics that was most elevated in the II-A leader/repeat 

sequences was the probability of forming a helix containing at least eight uninterrupted 

base pairs, and we decided to use this statistic for further analysis. We considered 

the possibility of using only 80 or 100 nucleotides upstream of the first repeat as the 

leader. We also considered treating the last 15 nucleotides of the leader as part of the repeat, 

such that helices in this region would contribute towards the helix-formation probability. 

However, we ultimately decided that variant methods did not significantly change the overall 

statistics, and we continued to use the original formulation. We used the second subset of 

CRISPR arrays to test our method. This subset consisted of 30 Type II-A and 173 Type II-C 

leader/repeat pairs. We determined an aggregate p-value using Fisher’s Method of 3.19×10-6 

for the 30 type II-A examples and 0.495 for the 173 Type II-C examples. Although 

we decided not to treat the last 15 nucleotides of the leader as if it were part of the repeat, we 

noticed that we obtained significant aggregate p-values for Type II-C examples. Therefore, 

there might be pairing propensity in some of the Type II-C leaders. For the diagram 

in Fig. 5A, we used all 68 type II-A leader/repeat examples that are less than 70% identical 

to one another. To make the II-C examples a similar height, we clustered them at 51.1% 

identity, which also resulted in 68 examples. A similar evaluation was also performed with 

I-E and I-F CRISPR-Cas systems. Each subtype was split into two groups at 50% identity. 

We then removed systems that were more than 70% identical. We thus arrived at 379 

I-E systems and 151 I-F systems in the initial set. We used this set to analyze our results, and 

quickly found that our previously applied procedure did not lead to statistically significant 

aggregate p-values. We then analyzed the second, independent dataset, which consisted of 

123 I-E and 142 I-F systems. We also arrived at insignificant aggregate p-values in this case. 

The p-values for the I-E and I-F systems were both 1 because, in a high proportion of I-
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E and I-F CRISPR-Cas systems, the probability that eight consecutive base pairs would form 

was very low. This fact led to some high individual empirical p-values, and thus a very high 

aggregate p-value. For the diagram in Fig. 5A, we used the 67 I-E systems that clustered 

at 51.7% identity as well as the 70 I-F systems that clustered at 53% identity. Both of these 

numbers (67 and 70) were similar to the 68 systems used for the II-A and II-C depictions.

Statistical analyses

Statistical comparisons of experimental data were performed using a Student’s two-tailed 

t-test assuming unequal variance. Values were assumed to be normally distributed with the 

exception of transformation efficiencies, which were assumed to be normally distributed 

only after applying the logarithm. To analyze the folding predictions for the sets of 

leader-repeat RNAs, empirical p-values were calculated using randomly shuffled leader 

sequences and then combined into a single p-value using Fisher’s Method. The threshold of 

significance was set as 0.05 in all cases.
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Extended Data

Extended Data Fig. 1. The leader-repeat stemloop from the CRISPR-Cas9 system native to 
Streptococcus pyogenes SF370.
Accession #: NC_002737.2. a, Array sequence and context within the CRISPR-Cas system. 

Repeats are in gray, spacers match the corresponding color in the cartoon, and mutations 

to the consensus repeat are shown in red. The underlined sequence encodes the transcribed 

RNA leader as determined in S. pyogenes SF370 18 . The bold and italicized sequence is 

the putative -10 promoter element, while the lowercase letters designate the stop codon of 
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csn2. The red box indicates the mapped transcriptional start site in E. coli determined using 

5′ RACE. b, PCR product generated by 5′ RACE. Biological duplicates are shown. M: 

DNA marker. C, Predicted minimal free-energy structure of the native and mutated leader-

repeat RNA predicted by NUPACK. Left: nucleotide (nt) identities. Right: base-pairing 

probabilities. d, In vitro determination of the secondary structure and RNase III cleavage 

sites for the leader-repeat RNA associated with SpyCas9. The transcription start site was 

extended by 17 nts using the sequence from S. pyogenes to allow visualization of shorter 

RNAs. Vertical bars: unstructured regions. C: full-length (untreated) control. T1: Ladder 

of G’s generated by incubating the RNA with RNase T1. OH: single-nucleotide ladder 

generated by incubating the RNA under basic conditions. Dark and light red arrows indicate 

the most and second most preferred sites of RNase III cleavage, respectively. Results are 

representative of triplicate independent experiments. e, Corresponding secondary structure 

of the leader-repeat RNA. Circles indicate unstructured bases identified by in-line probing. 

The preferred site of RNase III cleavage lies within one nt of the equivalent site within the 

crRNA:tracrRNA duplex (see Figure 1c). R1: first repeat. S1: first spacer.
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Extended Data Fig. 2. Capillary scans and thermophoretic time-traces of microscale 
thermophoresis (MST) measurements of binding between the leader-repeat RNA and tracrRNA 
associated with different CRISPR-Cas9 systems.
a, Streptococcus pyogenes SF370 with an RNA spanning the leader to the first spacer. 

b, Streptococcus pyogenes SF370 with an RNA spanning the leader to the second spacer. 

c, Lactobacillus rhamnosus GG with an RNA spanning the leader to the first spacer. d, 

Streptococcus thermophilus DGCC 7710 with an RNA spanning the leader to the first 

spacer. In all cases, the tracrRNA was fluorescently labeled while unlabeled leader-repeat 

RNA was added at different concentrations. Capillary scans and traces of one of three 

independent experiments are shown. The gray boxes in the capillary scans mark 20% 

above and below the average peak fluorescence indicated in orange, the acceptable limit 

of deviations across the fluorescence scans. Blue and red boxes in the time-course traces 

represent the temperature jump and MST-on time, respectively. In all cases, there is no 

adsorption of the labeled tracrRNAs to the capillaries, and the time traces indicate no 

aggregation. See Figures 1d and 4d and Extended Data Figures 8b and 8e for the resulting 
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binding curves. Values in a-d represent the mean and standard deviation of triplicate 

independent measurements.

Extended Data Fig. 3. Data rejecting alternative explanations for the impact of mutating the 
leader region associated with SpyCas9.
a, Assessing targeting by the mutated ecrRNA guide by plasmid clearance in E. coli. The 

native and mutated ecrRNAs were encoded as single-spacer arrays with the native leader. 

There was no significant difference in plasmid clearance with (Student’s two-tailed t-test 

with unequal variance, p = 0.36, n = 3) or without (Student’s two-tailed t-test with unequal 

variance, p = 0.80, n = 3) outgrowth. b, Western blotting analysis of SpyCas9-3xFLAG 

Liao et al. Page 23

Nat Microbiol. Author manuscript; available in PMC 2022 September 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



levels with the native or mutated leader. Results are representative of two independent 

experiments. c, Plasmid clearance with SpyCas9-3xFLAG in E. coli. The SpyCas9-3xFLAG 

fusions were tested using an sgRNA with a guide derived from spacer 1 (S1) in the 

native array. The transformations were conducted without non-selective outgrowth. The 

results showed that the fusion did not compromise clearance activity by SpyCas9, and 

introducing the mutations into the CRISPR leader did not significantly affect SpyCas9 

activity (Student’s two-tailed t-test with unequal variance, p = 0.168, n = 3). d, Assessing 

transcription of the CRISPR array with the mutated leader. The native or mutated leader 

through the first spacer was cloned upstream of gfp in the pUA66 plasmid. E. coli cells 

harboring either plasmid were then subjected to flow cytometry analysis. There was no 

significant difference (Student’s two-tailed t-test with unequal variance, p = 0.103, n = 3) 

in the background-subtracted GFP fluorescence between the constructs. Values represent the 

mean and standard deviation of triplicate independent measurements starting from separate 

colonies. Values in a, c and d represent the geometric mean and standard deviation from 

independent experiments starting from three separate colonies. n.s.: not significant. n.s.: p 

> 0.05. Statistical tests were performed using a two-tailed Student’s t-test with unequal 

variance, n = 3.
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Extended Data Fig. 4. RIP-seq analysis using SpyCas9 combined with the native or mutated 
leader in E. coli.
The left and right sides of the figure represent the results from two independent experiments. 

RIP-seq was performed using E. coli BW25113 harboring the SpyCas9/tracrRNA/CRISPR 

or SpyCas9-3xFLAG/tracrRNA/CRISPR plasmid. a, Western blotting confirmed enrichment 

of SpyCas9-FLAG. Co-immunoprecipitated RNAs were isolated and subjected to next-

generation sequencing. b, Distribution of RNA classes based on total mapped reads.c, 

Mapped reads for the CRISPR locus with the native or mutated leader. The scale above the 
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plot indicates the location in the plasmid. Positional coverage for total aligned reads and 

reads aligning with a reference length ≤ 50 nts was normalized based on the total number of 

aligned reads in each sample. The reduction in reads upon applying the size filter indicates 

an excess of pre-crRNA and immature crRNAs, which parallels Northern blotting analysis 

for the ecrRNA and individual crRNAs (see Figure 3b and Extended Data Figure 5a-b). We 

also note that the reads begin ~12 nts upstream of the transcriptional start site mapped by 5’ 

RACE (see Extended Data Figure 1), suggesting that a slightly upstream transcriptional start 

site or processing site from a longer transcript also exists. d, Direct comparison of mapped 

reads with the native or mutated leader. The plot corresponds to that shown in Figure 3a. The 

read score for the first crRNA downstream of the native leader extends above the vertical 

limit of 1,500. The relative read scores for the ecrRNA and each crRNA are indicated below 

the plots. Values below one indicate a reduction in (e)crRNA abundance with the introduced 

mutations. See Supplementary Table 1 for statistics about the RIP-seq analyses.
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Extended Data Fig. 5. Impact of mutating the leader-repeat stem-loop from the CRISPR-Cas9 
system from Streptococcus pyogenes SF370.
a, Northern blotting analysis of the produced crRNAs with the native or mutated RNA 

leader. The system’s CRISPR array was expressed in E. coli with SpyCas9 and the 

tracrRNA, and the ecrRNA (probe #1), crRNA1 (probe #2), and crRNA5 (probe #3) 

were detected. The ecrRNA and mecrRNA were detected using an equimolar mixture of 

both probes. b, Northern blotting analysis of the produced crRNAs with different mutant 

backgrounds. See a for details. Experiments were conducted with the native or mutated 
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leader or with the tracrRNA, cas9, or rnc deleted. The results for probe #1 are those 

shown in Figure 3b. All probing was performed with the same blot. The indicated RNA 

spanning the leader through the processed crRNA1 corresponds to that observed by RIP-seq 

(see Extended Data Figure 4c) and is supported by the band’s absence when probing for 

crRNA2. Results in a and b are representative of duplicate independent experiments. c, 

Predicted secondary structures of three different restoring mutant sets. Disruptive mutations 

were made to the mutated leader depicted in Figure 1c. In each case, a stable stem was 

created by making restoring mutations, although the upper structure deviates from that 

found in the native leader-repeat. d, Impact of the mutations on plasmid clearance by 

SpyCas9 in E. coli. The clearance assays were conducted with or without a non-selective 

outgrowth, where the non-selective outgrowth improves the extent of plasmid clearance. 

Values represent the geometric mean and standard deviation from independent experiments 

starting from three separate colonies.
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Extended Data Fig. 6. CRISPR arrays from other CRISPR-Cas9 systems within the II-A subtype 
that appear to possess a leader-repeat stem-loop.
a, Array sequence and context within the CRISPR-Cas system native to Lactobacillus 
rhamnosus GG. Accession #: GCF_000026505.1. The sequence begins within csn2 
(annotated as LGG_02201) and ends after the terminal repeat. See Extended Data Figure 1a 

for details. The underlined sequence encodes the transcribed RNA leader as determined by 

5′ RACE in L. rhamnosus in this work. Lowercase letters designate the stop codon of csn2. 

The promoter(s) driving expression of the cas genes has not been mapped. b, PCR product 
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as part of 5′ RACE using total RNA from L. rhamnosus GG. See Extended Data Figure 

1b for details. Only one major product was visible in both replicates. Biological duplicates 

are shown. M: DNA marker. Results from duplicate independent experiments are shown. c, 

Secondary structure of the native and mutated leaderrepeat RNA predicted by NUPACK. 

See Extended Data Figure 1c for details. The 5′ of the leader was truncated to match the 

sequence used in the structural probing and RNase III cleavage assays (see Extended Data 

Figure 7b). Mutations were selected to disrupt the original secondary structure of the native 

leader-repeat RNA. d, Array sequence and context within the CRISPR-Cas system native 

to Streptococcus thermophilus DGCC 7710 (CRISPR1 locus). Accession #: CP025216.1. 

The sequence begins downstream of csn2 and ends after the terminal repeat. See Extended 

Data Figure 1a for details. The underlined sequence encodes the transcribed RNA leader 

as determined previously by RNA sequencing analysis of transcripts 16 . The promoter(s) 

driving expression of the cas genes has not been mapped. e, Secondary structure of the 

native and mutated leaderrepeat RNA predicted by NUPACK. See Extended Data Figure 1c 

for details.
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Extended Data Fig. 7. In vitro determination of the secondary structure and RNase III cleavage 
sites for the leader-repeat RNA associated with LrhCas9 and Sth1Cas9.
a, In vitro determination of the secondary structure and RNase III cleavage sites for 

the leader-repeat RNA associated with LrhCas9. The probed RNA was 5′ radiolabeled 

and resolved by denaturing PAGE. The 5′ end was truncated to focus on the predicted 

secondary structure involving the repeat. Vertical bars on the right indicate unstructured 

regions. C - full-length control. T1: Ladder of G’s generated by incubating the RNA with 

RNase T1. OH: single-nucleotide ladder generated by incubating the RNA under basic 
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conditions. RNase III: the RNA was incubated with the indicated units of E. coli RNase 

III (0, 0.0016, 0.008, 0.04, 0.2, 1) for 5 min at 37°C. Dark and light red arrows indicate 

the most preferred and second most preferred sites of RNase III cleavage, respectively. 

Results are representative of triplicate independent experiments. b, Corresponding secondary 

structure of the leader-repeat RNA. Circles indicate unstructured bases identified by in-line 

probing. The preferred site of RNase III cleavage lies below the equivalent site within the 

crRNA:tracrRNA duplex (see Extended Data Figure 8a). R1: first repeat. S1: first spacer. 

c, In vitro determination of the secondary structure and RNase III cleavage sites for the 

leaderrepeat RNA associated with Sth1Cas9. See a for details. The 5′ end was truncated to 

focus on the predicted secondary structure involving the repeat. Results are representative 

of triplicate independent experiments. d, Corresponding secondary structure of the leader-

repeat RNA. Circles indicate unstructured bases identified by inline probing. The preferred 

site of RNase III cleavage lies above the equivalent site within the crRNA:tracrRNA duplex 

(see Extended Data Figure 8d). R1: first repeat. S1: first spacer.
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Extended Data Fig. 8. II-A CRISPR-Cas9 systems form distinct leader-repeat stemloops.
a, The CRISPR-Cas system from L. rhamnosus GG and the secondary structure of the 

leader-repeat RNA. The structure was predicted by NUPACK and confirmed in vitro (see 

Extended Data Figures 6c and 7a-b). Mutations indicated in red were made to disrupt stems 

formed between the leader RNA and the first repeat. b, Measured equilibrium binding 

between the tracrRNA and native or mutated RNA leader-repeat RNA. See Extended Data 

Figure 2c for supporting data. Values represent the mean and standard deviation of triplicate 

independent measurements. c, RNase III cleavage of the native and mutated leader-repeat 
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RNA in vitro. See Extended Data Figure 7a-b for the mapped secondary structure and 

RNase III cleavage sites. Results are representative of duplicate independent experiments. 

d, The CRISPR-Cas system associated with the CRISPR1 locus of S. thermophilus and the 

secondary structure of the leader-repeat RNA. The structure was predicted by NUPACK 

and confirmed in vitro (see Extended Data Figures 6e and 7c-d). Indicated mutations in 

red were made to disrupt the stem formed between the leader RNA and first repeat. The 

three mutations in the loop were introduced to disrupt alternative structures formed by the 

other mutations. Pairing between the repeat and the tracrRNA is provided as a basis of 

comparison. Red arrows indicate the previously mapped site cleaved by RNase III 16 . R1: 

first repeat. R2: second repeat. S1: first spacer. S2: second spacer. e, Measured equilibrium 

binding affinity between the leader-repeat and the tracrRNA under in vitro conditions. See 

Extended Data Figure 2d for supporting data. Values represent the mean and standard 

deviation of triplicate independent measurements. f, RNase III cleavage of the native and 

mutated leader-repeat RNA in vitro. Results are representative of duplicate independent 

experiments.
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Extended Data Fig. 9. RIP-seq analysis of RNAs bound to Cas9 from Lactobacillus rhamnosus 
GG. LrhCas9 with or without a 3xFLAG affinity was expressed from a plasmid, and the lysate 
was subjected to RIP-seq analysis.
LrhCas9 with or without a 3xFLAG affinity was expressed from a plasmid, and the lysate 

was subjected to RIP-seq analysis. a, Western blotting analysis of samples for RIP-seq 

using LrhCas9 in Lactobacillus rhamnosus GG. Western blotting confirmed enrichment 

of LrhCas9-FLAG. Co-immunoprecipitated RNAs were isolated and subjected to next-

generation sequencing. Results from duplicate independent experiments are shown on the 

left and right. b, Distribution of RNA classes based on total mapped reads. hkRNAs: 
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house-keeping RNAs. ncRNAs: non-coding RNAs. c, Mapped reads for the CRISPR locus 

with the genome of L. rhamnosus GG (NC_013198.1). The scale above the plot indicates 

the location in the genome. The CRISPR locus is encoded on the negative strand. Positional 

coverage for total reads and reads aligning with a reference length ≤ 50 nts was normalized 

based on the total number of aligned reads in each sample. The maximum read length for 

the NGS run was 76 nts, explaining the drop in unfiltered read counts shortly downstream 

of the transcriptional start site. See Supplementary Table 1 for statistics from the RIP-seq 

analyses. Results in b and c are representative of duplicate independent experiments. d, 

Plasmid clearance by the CRISPR-Cas9 system in L. rhamnosus GG. The corresponding 

target of the ecrRNA or crRNA1 was encoded within the transformed plasmid. L.O.D.: limit 

of detection. There was no detectable ecrRNA-directed plasmid clearance. Values represent 

the geometric mean and standard deviation from three independent experiments starting 

from separate colonies. **: p < 0.01. n.s.: p > 0.05. Statistical tests were performed using a 

two-tailed Student’s t-test with unequal variance, n = 3.
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Extended Data Fig. 10. The CRISPR array from the CRISPR-Cas9 system native to 
Alkalihalobacillus pseudalcaliphilus DSM 8725.
The system falls within the II-C subtype. Accession #: LFJO01000002.1. a, Array sequence 

and context within the CRISPR-Cas9 system. The sequence begins immediately downstream 

of the AB990_04425 gene unrelated to the CRISPR-Cas9 system and ends after the last 

repeat of the CRISPR2 array. Repeats are in gray, spacers match the corresponding color 

in the cartoon, and mutations to the consensus repeat are shown in red. The underlined 

sequence denotes the upstream region used for the folding predictions for the CRISPR1 
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array. The transcriptional start sites for both arrays are unknown, although there is a clear 

Rho-independent terminator downstream of each array. The promoters driving expression of 

the cas genes, the CRISPR arrays, or the tracrRNA have not been mapped. The predicted 

direction of transcription for the tracrRNA and CRISPR array are indicated with black 

arrows. b, tracrRNA sequence and context within the CRISPR-Cas9 system. The sequence 

begins ~2.7 kb upstream of the AB990_04405 gene unrelated to the CRISPR-Cas9 system 

and ends immediately upstream of cas9. The sequence in orange corresponds to the putative 

tracrRNA used in the folding predictions. c, Predicted stem-loop between the first repeat and 

upstream region for the CRISPR1 array. The predicted stem-loop is part of the minimal-free 

energy structure and reflects base-pairing probabilities principally between 90% and 100%. 

Pairing between the second repeat and the tracrRNA is provided as a basis of comparison. 

The tracrRNA ends with a canonical Rho-independent terminator.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The pre-crRNA from the CRISPR-Cas system in S. pyogenes forms a stem-loop 
between the leader RNA and first repeat that interferes with extraneous crRNA function.
a, The CRISPR-Cas system from S. pyogenes and the process of generating crRNAs. The 

first repeat could give rise to an extraneous crRNA (ecrRNA) from the pre-crRNA. ldr: 

leader RNA. R: conserved repeat. S: invader-derived spacer. See Extended Data Figure 1a 

for the annotated sequence of the CRISPR array. b, Measured plasmid clearance by the 

leader-encoded ecrRNA in E. coli. Clearance can be improved by including an outgrowth 

lacking selection for the target plasmid prior to plating. WT: CRISPR array from S. 
pyogenes with the native leader. One tested construct encoded a single-spacer array with 

the native leader and the spacer derived from the ecrRNA (S(ecr)), effectively replacing the 

first spacer (S1) with this spacer. Another construct replaced the first repeat (R1) of the 

CRISPR array with a fused version of the processed repeat:tracrRNA (sgRNA scaffold), 

thereby creating an sgRNA with an elongated 5′ end comprising the leader RNA. The 

target (blue bar) is flanked by a recognized PAM (yellow circle). Values represent the 

geometric mean and standard deviation from independent experiments starting from three 
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separate colonies. c, Predicted secondary structure of the leader-repeat for the CRISPR-Cas9 

system from S. pyogenes. See Extended Data Figure Figure 1c for base-pairing probabilities. 

Mutations indicated in red were made to disrupt stems formed between the leader RNA and 

the first repeat. Pairing between the second repeat and the tracrRNA is provided as a basis 

of comparison. Red arrows indicate the established RNase III cleavage site. d, Measured 

equilibrium binding affinity between the leader-repeat RNA and the tracrRNA under in vitro 
conditions. See Extended Data Figure 2a for additional data. We consider the difference in 

binding affinities to be smaller than that in vivo due to co-transcriptional folding, RNase III 

processing, and standard RNA turnover. Values represent the mean and standard deviation 

of triplicate independent measurements. e, RNase III cleavage of the native and mutated 

leader-repeat RNA in vitro. RNAs were stained with SYBR Green II. Right: Preferred (red 

arrows) and less-preferred (light red arrows) sites of RNase III cleavage within the native 

leader-repeat RNA. See Extended Data Figure 1d-e for the mapped secondary structure and 

RNase III cleavage sites. Results are representative of duplicate independent experiments.
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Figure 2. Disrupting the leader-repeat stem-loop impairs immune defense through the newest 
CRISPR spacers.
a, Impact of disrupting the stem-loop in the S. pyogenes CRISPR-Cas9 system on plasmid 

clearance in E. coli. The clearance assays were conducted with or without non-selective 

outgrowth, where the outgrowth enhances clearance. ecr(mut): the DNA target of the 

ecrRNA mutated to match the sequence in the mutated leader RNA. The mutated leader 

is the same as shown in Figure 1c. Data for the native leader with the ecr and S1 targets 

are the same as those in Figure 1c. The guides for ecr and ecr(mut) yield the same plasmid 

clearance activity with their cognate target in the context of a single-spacer array (see 

Extended Data Figure 3a). Values represent the geometric mean and standard deviation from 

independent experiments starting from three separate colonies. b, Impact of mutating the 

leader on defense against M13 phage. The first spacer in the array was replaced with the SA 
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or SB spacer, each targeting the M13 genome. Visible plaques indicate successful infection 

by the phage. Results are representative of triplicate independent experiments.
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Figure 3. The leader-repeat stem-loop is important for the increased abundance and enhanced 
processing of the crRNA derived from the newest spacer.
a, RNA co-immunoprecipitation and sequencing (RIP-seq) analysis from the S. pyogenes 
CRISPR-Cas9 system expressed in E. coli. Adapter-trimmed reads representing processed 

products for the ecrRNA and crRNAs were mapped. The ratio of normalized read counts 

between the mutated leader and native leader for the ecrRNA and each crRNA are indicated 

below the plots. See Extended Data Figure 4 for additional analyses. Extended Data Figure 

4d is a rescaled version of the plot, while Extended Data Figure 4c plots the same data 
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without size filtering. Results are representative of duplicate independent experiments. b, 

Northern blotting analysis of the pre-crRNA from the S. pyogenes CRISPR-Cas9 system 

expressed in E. coli. All gene deletion mutants utilize the native leader. The RNA was 

probed through the first spacer. ldr-crRNA1: RNA corresponding to the leader through 

the processed second repeat. A similar RNA species was observed as part of RIP-seq 

analyses (see Extended Data Figure 4). Results are representative of duplicate independent 

experiments. c, Impact of mutations intended to restore the central stem of the leader-repeat 

stem-loop on plasmid clearance by SpyCas9 in E. coli. Top: predicted secondary structure 

of the mutated leader-repeat with additional mutations to restore the central stem of the 

leader-repeat stem-loop. Red letters correspond to the mutated nts in the mutated leader 

in Figure 1c. Yellow letters correspond to the nts that were mutated to restore the central 

stem. Bottom: impact of mutations on plasmid clearance. Mutations in red correspond to 

the mutated leader, while mutations in red and yellow correspond to the restored leader. 

ecr(mut): the DNA target of the ecrRNA mutated to match the sequence in the mutated 

leader RNA. Results for two additional sets of restoring mutations are located in Extended 

Data Figure 5c-d. d, Impact of inverting the central stem of the leader-repeat stem-loop. Top: 

Inversion of the central stem. mut1: inverting only the leader. mut2: inverting both the leader 

and repeat. Bottom: impact of inverting the central stem on plasmid clearance. Values in c 

and d represent the geometric mean and standard deviation from independent experiments 

starting from three separate colonies.
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Figure 4. An interaction between the leader-repeat stem-loop and the second repeat promotes 
tracrRNA hybridization to the second repeat.
a, Predicted interaction between the leader-repeat stem-loop and the second repeat in the 

pre-crRNA. The second repeat is predicted to fold into a hairpin, while the predicted 

interactions with the two loops disrupt this hairpin. Red base pairs indicate mutations made 

in b-d to mutate the loops, the second repeat, or both. b, Impact of mutating both loops 

of the stem-loop on plasmid clearance through the ecrRNA and crRNAs. Results for the 

native leader are the same as those in Figure 2a. See Figure 2a for more information. 

c, Impact of mutating the second repeat to restore the predicted interactions with the 

mutated loops on plasmid clearance through the first spacer. The tracrRNA was mutated 

to maintain the crRNA:tracrRNA duplex. The other crRNAs were not tested because the 

mutations in the anti-repeat portion of the tracrRNA would prevent efficient hybridization 

to the corresponding repeats. Values in c and d represent the geometric mean and standard 

deviation from independent experiments starting from three separate colonies. d, Measured 

equilibrium binding affinity between the tracrRNA and the RNA spanning the leader 

through the beginning of the second spacer under in vitro conditions. The leader-repeat 
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stem was mutated to prevent hybridization between the first repeat and the tracrRNA. 

See Extended Data Figure 2b for additional data. Results are representative of triplicate 

independent measurements.
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Figure 5. A stem-loop formed between the leader RNA and first repeat is found across CRISPR-
Cas9 systems.
a, Interactions predicted between the first repeat and upstream sequence within different 

CRISPR-Cas subtypes. Trees depict similarity between repeat sequences. Blue circles 

represent the extent of base pairing by the corresponding nucleotide in the first repeat 

with the leader RNA at thermodynamic equilibrium. Stated p-values reflect the statistical 

significance of a stem-loop formed between each first repeat and upstream sequence in 

a subset of CRISPR-Cas systems that we had not previously analyzed. The aggregate 

p-values for the I-E and I-F systems were both 1.0 because many I-E and I-F CRISPR-Cas 

systems exhibited weak stem-loops. Empirical p-values were calculated using randomly 

shuffled leader sequences (n = 1,000) and then combined into a single p-value using Fisher’s 

Method. b, Predicted structures of the leader-repeat stem-loop and the second repeat from 

representative II-A and II-C systems. The structures were predicted using NUPACK. In the 

case of L. rhamnosus GG and S. thermophilus DGCC 7710 (CRISPR1), the leader-repeat 
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structures were confirmed by in vitro structural probing and shown to block tracrRNA 

binding and undergo processing by RNase III (Extended Data Figure 8).
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Figure 6. Proposed model for the role of the leader region in prioritizing crRNA biogenesis 
associated with the newest spacer for CRISPR-Cas9 systems.
The transcribed leader RNA forms a stem-loop with the first repeat (R1) that interacts with 

the second repeat (R2). The transient structure promotes hybridization of the tracrRNA to 

the second repeat, potentially by disrupting a predicted hairpin formed by each repeat. The 

repeat:tracrRNA duplex then undergoes processing by RNase III and binding by Cas9. The 

stem-loop formed between the leader and first repeat later undergoes tracrRNA-independent 

processing by RNase III to yield a mature crRNA derived from the newest spacer (S1). The 
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tracrRNA eventually hybridizes with the other repeats, leading to mature crRNA derived 

from the other spacers.
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