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Widespread RNA-based cas regulation monitors
crRNA abundance and anti-CRISPR proteins
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Highlights
e Identification of a class of cas-regulating RNA (CreR) species
that resemble crBRNAs

e CreR mediates autorepression of type | and V-A Cas effectors
to reduce autoimmune risks

e CreR monitors the level of typical crBRNAs to proportionately
fine-tune cas expression

e CreR oversees the inhibition of Cas effectors by phage anti-
CRISPR proteins
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In brief

Liu et al. report a class of crRNA-
resembling RNAs that direct the
autoregulation of type | and V-A Cas
effectors. These cas-regulating RNA
(CreR) molecules not only reduce the risk
of CRISPR-Cas autoimmunity but also
monitor the cellular level of typical
crBRNAs and surveil Cas inhibition by
bacteriophage anti-CRISPR proteins.
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SUMMARY

CRISPR RNAs (crBRNAs) and Cas proteins work together to provide prokaryotes with adaptive immunity
against genetic invaders like bacteriophages and plasmids. However, the coordination of crRNA production
and cas expression remains poorly understood. Here, we demonstrate that widespread modulatory mini-
CRISPRs encode cas-regulating RNAs (CreRs) that mediate autorepression of type I-B, I-E, and V-A Cas pro-
teins, based on their limited complementarity to cas promoters. This autorepression not only reduces auto-
immune risks but also responds to changes in the abundance of canonical crRNAs that compete with CreR
for Cas proteins. Furthermore, the CreR-guided autorepression of Cas proteins can be alleviated or even sub-
verted by diverse bacteriophage anti-CRISPR (Acr) proteins that inhibit Cas effectors, which, in turn, pro-
motes the generation of new Cas proteins. Our findings reveal a general RNA-guided autorepression para-
digm for diverse Cas effectors, shedding light on the intricate self-coordination of CRISPR-Cas and its

transcriptional counterstrategy against Acr proteins.

INTRODUCTION

In prokaryotes, CRISPR-Cas systems constitute the adaptive de-
fense line against invading genetic elements, like viruses (phages)
and plasmids.” These systems are highly diversified and
currently classified into 2 classes, 6 types, and more than 30 sub-
types.® The CRISPR arrays contain invader-derived sequences
that are inserted between each two direct repeats, known as
spacers. These arrays are accompanied by the cas (CRISPR-
associated) genes that encode a multi-subunit effector complex
(class 1) or a single-protein effector (class 2). Mature CRISPR
RNAs (crRNAs) guide the Cas effector to precisely recognize
and cleave the foreign nucleic acids based on the perfect comple-
mentarity between their spacer portion and the target site (known
as protospacer), with a conserved protospacer adjacent motif
(PAM) playing a critical role during target recognition.”® Typically,
the CRISPR-Cas system also encodes Cas proteins (e.g., CasT,
Cas2, and Cas4) that mediate the acquisition of new spacers
from the genetic invaders.®'" This process, termed CRISPR
adaptation, is believed to occur in either of two modes: naive
adaptation or primed adaptation, depending on whether a priming
spacer that partially matches the invader DNA is required.
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The acquisition and loss of spacers in CRISPR arrays during
bacteria-phage conflicts result in a constantly evolving volume
of CRISPR memory."'*"® To ensure effective CRISPR immunity,
a sufficient supply of Cas proteins is necessary; however, con-
stant high-level Cas production may pose a higher risk of auto-
immunity and perhaps other negative effects on the host.'*'®
To achieve a balance between providing sufficient protein effec-
tors for crBNA guides and avoiding negative effects, the regula-
tion of cas expression and crRNA production requires precise
coordination, yet it remains poorly understood.

Recent studies have shed light on the secondary function of
the CRISPR immune effector, revealing its potential as a gene
regulator through limited spacer-protospacer complemen-
tarity. For instance, the type Il effector Cas9 has been found
to play a role in transcriptional repression of a virulence-related
regulon, a process directed by a noncanonical RNA guide
called small CRISPR-associated RNA (scaRNA)."® In type I
and some type V systems, the crRNA maturation process and
the interference process essentially involve a trans-activating
crRNA (tracRNA), which features an anti-repeat that forms a
duplex with the repeat portion of crRNA precursors.'’ '°
Recently, it has emerged that, in most II-A systems, a long
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Figure 1. H. hispanica CreA synchronously represses P,.7 and P.,sg

(A) Schematic depiction of the divergent P..r and P.,ss and their targeting by CreA. Red nucleotides within the Shine-Dalgarno (SD) sequence of creT were

mutated to generate the Tm mutant, and then red nucleotides within CreA were further mutated to construct TAdm.
(B) Validation of P_,sg Using a green fluorescent protein (gfp) gene. The TATA box (tata) and BRE (bre) elements were separately mutated.
(C) The relative RNA level of cas genes in Tm and TAdm. 7S RNA served as the internal control.

(D) Activity of Per and Pggsg in WT, Tm, and TAdm.

(E) Activity of Peer and Pgass in WT and Tm cells when the 5 (m5) or 10" (m10) seed nucleotide within the target site of CreA (labeled in A) was mutated.
Error bars, mean + SD (n = 3 or 4). p values below 0.01 were highlighted in red (two-tailed Student’s t test).

See also Figure S1.

isoform of tracrRNA (tracr-L) additionally contains a spacer-like
sequence that partially matches the cas9 promoter, thus
enabling the repurposing of Cas9 for autoregulation.?® Our
recent studies have also unraveled the regulatory role of type
I-B CRISPR effector complex.”'?* We found that a degener-
ated mini-CRISPR, called CRISPR-resembling antitoxin
(creA), can reprogram this effector complex to transcriptionally
repress a small toxic RNA, CRISPR-repressed toxin (CreT),
which acts by sequestering a rare tRNA species in the host
cell. This tiny two-RNA toxin-antitoxin (TA) element (considered
to represent type VIl TA%Y) makes host cells addicted to active
CRISPR effectors because disrupting these effectors would un-
leash CreT expression and trigger cell death/dormancy.
Notably, the spacer portion of CreA share limited complemen-
tarity to the promoter DNA of creT (P.7) (Figure 1A), which
causes gene regulation rather than DNA cleavage. Notably, a
very recent study has collectively termed these small RNA spe-
cies as crRNA-like RNAs (crlRNAs).?® This study not only unrav-
eled their wide presence in a broad variety of CRISPR-Cas loci
but also delineated their potential role in regulating cas genes
and other auxiliary genes.
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In this study, we showed that CreA not only directs the type I-B
Cas proteins to repress toxin expression but can also mediate
their autorepression. We also identified creA analogs (or
crIRNAs) from type I-E and V-A systems and experimentally vali-
dated their regulatory role in directing the autorepression circuit
of multi-subunit (I-E) or single-protein (V-A) Cas effector. It is
worth noting that these crlRNAs display different characteristics
in terms of molecular architecture and physiological function
when compared with tracrRNAs and short-complementarity un-
translated (scout) RNAs (functional analogs of tracrRNAs in type
V-C and V-D?%), which typically lack spacer-like sequences and
participate in crRNA maturation. Therefore, in this study, we pro-
pose the term “CreR” to refer specifically to such a cas-regu-
lating RNA element. Remarkably, we further showed that the
CreR-guided cas repression can be fine-tuned by altering the
cellular concentration of the canonical crRNAs, as these mole-
cules compete for Cas proteins with CreR RNAs. In addition,
we also demonstrated that this autorepression effect can be
relieved or even subverted by Acr proteins that inhibit Cas pro-
teins, which illuminates a distinct anti-anti-CRISPR (Acr) strategy
that acts on transcription level.
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RESULTS

H. hispanica CreA synchronously represses creT and
cas transcription
In our earlier study, we characterized the Cascade-regulated
toxin-antitoxin (CreTA) RNA pair that safeguards the type I-B
CRISPR-Cas in the archaeon Haloarcula hispanica
(H. hispanica).?" As this mini addiction module is situated within
the ~300 base pair (bp) intergenic sequence between cas6 and
cas8 (Figure 1A), we had created a ATA mutant by simply delet-
ing this intergenic sequence.”’ In a subsequent study, we
observed a significant reduction of 70%-90% of cas transcript
levels (except that of cas6) in the ATA mutant.?” This reduction
indicates the presence of an overlooked promoter preceding
cas8, which we have now identified as P.,sg. Through reanalyz-
ing the data of a small RNA sequencing assay that was originally
aimed to profile creTA transcription (Figure S1), we successfully
identified the transcription start site (TSS) of cas8. This TSS is
located 12 bp upstream of the open reading frame (ORF) (Fig-
ure 1A), allowing us to predict the corresponding archaeal pro-
moter elements, BRE (TF-IIB recognition element), and TATA
box (Figure 1A). To validate our predictions, we utilized the green
fluorescent protein (gfp) gene as a reporter and discovered that
the activity of P.,sg was nullified by mutating either BRE or TATA
box (Figure 1B). We further showed that, in ATA cells, P.,sg Was
remarkably efficient, exhibiting approximately 135 times the ac-
tivity of cas6 promoter (P.as6) (Figure S1C). And surprisingly, it
also outperformed the creT promoter (Pe7) by roughly 1.4 times
and a strong constitutive promoter we typically utilized for gene
overexpression in haloarchaea (Pynar) by approximately 2.0
times.?®

Notably, P.ass and Pgr run divergently and tightly flank the
target site of CreA (Figure 1A), suggesting their simultaneous
repression by CreA. Because simply mutating CreA would lead
to CreT de-repression and hence cell death, we first created a
CreT mutant (designated as Tm) by disrupting its Shine-Dalgarno
element and then mutated the seed sequence (essential for target
recognition) of CreA to generate a CreT/CreA double mutant
(TAdm) (Figure 1A). To our surprise, cas8 transcription was
observed to increase by as much as ~44-fold in TAdm when
compared with Tm. Additionally, all downstream cas genes were
observed to be markedly up-regulated, with increases ranging
from 15- to 54-fold. By contrast, the expression of cas6 showed
no significant change (p = 0.0512; Figure 1C). To confirm this ef-
fect, we examined the GFP fluorescence from wild type (WT),
Tm, or TAdm cells containing a Py 10r Pcasg-controlled gfp. As ex-
pected, fluorescence levels were not (P...7) or only slightly (Pcass)
increased by CreT mutation (possibly due to the translation-inhib-
iting effect of CreT toxin®"), while for both promoters, fluorescence
levels were greatly elevated (by over 10-fold) in TAdm where CreA
was further mutated (Figure 1D). We proceeded to introduce single
nucleotide substitutions into the target site of CreA. Consequently,
both P.,sg and P were de-repressed, as evidenced in both WT
and Tm cells (Figure 1E), which confirmed the synchronization of
their downregulation by CreA.

CreA-guided cas repression reduces autoimmune risks
The overexpression of cas genes in TAdm implies that this
mutant may be more proficient in CRISPR immunity. To test

¢ CellP’ress

this, we introduced into Tm and TAdm cells a synthetic mini-
CRISPR with a 34-bp spacer (namely v10) targeting the
H. hispanica pleomorphic virus 2 (HHPV-2) virus'%?° (Figure 2A).
Upon subjecting the cells to HHPV-2 infection, we observed
equivalent viral immunity levels in both hosts. This indicates
that the wild expression level of Cas proteins in Tm was sufficient
to provide robust immunity. Viruses can escape CRISPR immu-
nity by mutating the nucleotides within the target site, so we
introduced various mutations into the v10 spacer sequence to
test whether elevated cas expression can confer more efficient
immunity against imperfect targets (illustrated in Figure 2A).
Our data showed that, when the first, second, or third spacer
nucleotide of the seed region (proximal to PAM) was separately
mutated, TAdm did exhibit a higher immunity level than Tm
(p = 0.0020, 0.0059, and 0.0108, respectively; two-tailed Stu-
dent’s t test) (Figure 2A). Similarly, when a 3-bp mismatch was
introduced at the PAM-distal end, TAdm also exhibited
enhanced immunity (p = 0.0038). However, when a more exten-
sive mismatch (6, 9, or 12 bp) was introduced, neither mutant
showed virus immunity (Figure 2A). Therefore, TAdm does
have a superior CRISPR immunity against some escape mutants
of a target virus.

Because the cas genes involved in adaptation (cas71, cas2, and
cas4) were also up-regulated in TAdm, we inferred this mutant
would be more effective at acquiring new spacers. The
H. hispanica CRISPR array has 13 spacers, and the terminal
spacer (s13) shares ~70% sequence identity with HHPV-2, mak-
ing it a priming candidate for efficient spacer acquisition from this
virus.'© Although we did not detect a marked increase in crRNA
abundance in TAdm (Figure S2A), CRISPR array in this strain was
still possibly up-regulated. So, we introduced an artificial
CRISPR overexpressing the s13 crBRNA to ensure equivalent
amounts of priming molecules in WT, Tm, and TAdm cells (Fig-
ure 2B), which was further verified by northern blotting (Fig-
ure S2B). As expected, TAdm incorporated new spacers into
the chromosomal CRISPR array more frequently than WT and
Tm when infected at low or high multiplicity of infection (MOI,
0.1 or 40) (Figure 2B).

However, our lllumina sequencing data revealed that TAdm
mistakenly acquired self-derived spacers at a higher frequency
of around 1.69%, compared with Tm which showed a frequency
of only 0.08% (Figure 2C). We suspect that many, if not all, of
these self-derived spacers were acquired via the naive adapta-
tion, which does not rely on a priming step. Consistently, without
virus infections, TAdm cells showed very inefficient acquisition of
endogenous DNA as new spacers when incubated at room tem-
perature for approximately 1 month (Figure S3). Because the 13
pre-existing spacers within the chromosomal CRISPR array may
have a chance of partially matching endogenous DNA, we further
created the TAdm-ACRISPR mutant to eliminate the possibility
of primed adaptation and then monitored spacer acquisition us-
ing an “adaptation” plasmid that carries a CRISPR leader and a
single-repeat sequence. Remarkably, this plasmid did acquire
new spacers in TAdm-ACRISPR cells after they were incubated
at room temperature for a couple of days (Figure S3C). There-
fore, CRISPR adaptation does tone up in TAdm, but with a higher
risk of spawning self-targeting spacers via the naive pathway.

We predicted that the accumulation of self-targeting spacers
could potentially compromise the fithess of TAdm cells.

Cell Host & Microbe 37, 1481-1493, September 13, 2023 1483
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Figure 2. TAdm showed stronger viral immunity with the risk of autoimmunity

(A) The relative virus immunity of Tm and TAdm cells expressing a crRNA (v10) that fully or partially targets the HHPV-2 genome, compared with those carry empty
vectors (see method details). By mutating the spacer nucleotide(s) (highlighted in red), a 1-bp PAM-proximal mismatch (#1, #2, or #3) was introduced to modify
the spacer-protospacer complementarity, or a 3-, 6-, 9-, or 12-bp mismatch was introduced to the PAM-distal end. A constitutive promoter (Pqr) Was used to
express the artificial mini-CRISPR, and a string of eight thymines (Tg) was used as a terminator.

(B) CRISPR adaptation to HHPV-2 in Tm or TAdm cells overexpressing the s13-crRNA (partially complementary to the viral DNA). Primers specific to the
chromosomal CRISPR were used for PCR amplification, and the expanded PCR products indicated acquisition of new spacers. MOI, multiplicity of infection.
(C) The origin ratio (%) of new spacers. H. hispanica genome consists of two chromosomes (Chr1 and Chr2) and one mega-plasmid (pHH400).

(D) Co-cultivation of Tm and TAdm cells. Cell percent was analyzed by high-throughput DNA sequencing.

Error bars, mean + SD (n = 3). p values below 0.05 or 0.01 were denoted in blue or red, respectively (two-tailed Student’s t test).

See also Figures S2-54.

Consistently, in a long-term co-culture experiment with Tm and
TAdm cells, we observed that Tm cells outcompeted TAdm cells
over time, with the proportion of TAdm cells dropping to 3.05%
after 28 days (Figure 2D). We further repeated this assay using
CRISPR-minus strains (Tm-ACRISPR versus TAdm-ACRISPR)
to rule out the effects of autoimmunity. Intriguingly, we observed
a similar but slower decrease in the proportion of TAdm-
ACRISPR cells (Figure S4). This suggests that the growth disad-
vantage observed for TAdm cells is not solely attributed to higher
risks of autoimmunity but also to other unfavorable effects of cas
overexpression, which warrants further investigation.

CreA-guided gene repression can monitor crRNA levels

Presuming that crRNA and CreA RNA compete for Cas proteins to
form an immune or regulatory effector, we can infer that the CreA-
guided gene repression may respond to alterations in crRNA
abundance. Because Cascade-CreA possibly not only sup-
presses the activity of P.,sg but also attenuates the potential read-

1484 Cell Host & Microbe 31, 1481-1493, September 13, 2023

through transcripts that are driven by P..ss, We probed the tran-
scription level of cas8 relative to that of cas6 in H. hispanica WT
and ACRISPR cells. As expected, we observed a decrease of
about 20% in the relative RNA abundance of cas8 in ACRISPR
when compared with WT level (Figure 3A). A similar reduction in
cas8 transcription was observed for a CRISPR mutant encoding
only one spacer (Asp2-13 in Figure 3A). Then we introduced the
Pcass or Pore-controlled gfo into these cells and found that fluo-
rescence declined by 10%-20% in Asp2-13 and ACRISPR mu-
tants compared with WT (Figure 3B). This data more directly illus-
trates that P.,sg and P Were more tightly suppressed by CreAin
the case of fewer or no CRISPR spacers.

We then utilized the Tm-ACRISPR mutant and supplemented it
with a plasmid containing a leader-preceded or a Pp,sr-driven
CRISPR array. Cells expressing either CRISPR array produced
cas8 transcripts almost twice as much as cells with an empty
vector or those with a leader-less array (Figure 3C), and the north-
ern blotting assay also confirmed that the CRISPR-expressing
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Figure 3. P, and P.,sg can be fine-tuned by altering the number of CRISPR spacers
(A) Relative RNA abundance of cas8 in cells containing 13 (WT), 1 (Asp2-13), or 0 (ACRISPR) CRISPR spacers. RNA of cas6 served as the internal control. Error

bars, mean + SD (n = 3).

(B) Activity of Pgrer and Pgasg in WT, Asp2-13, or ACRISPR cells. Error bars, mean + SD (n = 6).

(C) Relative RNA abundance of cas8 in cells with a plasmid-born leader-less (leader—) or leader-preceded (leader+) CRISPR array, or an array that is driven by
Ponar- RNA of cas6 served as the internal control. Tm-ACRISPR, a CRISPR-minus mutant constructed based on Tm. Error bars, mean + SD (n = 3).

(D) Relative RNA abundance of cas8 in cells containing a Pyp.s-driven creA gene or the empty vector. RNA of cas6 served as the internal control. Error bars,

mean = SD (n = 3).
p values below 0.01 were highlighted in red (two-tailed Student’s t test).
See also Figure S2.

cells did produce significantly more crRNAs than the controls (Fig-
ure S2C) (note that the leader-less control produced a minimal
level of crRNAs possibly due to readthrough transcription events
driven by promoters on the plasmid backbone). Therefore, the
CreA-guided gene repression can be alleviated by expanding
the crRNA pool.

Then we asked whether an elevated level of CreA expression
could lead to tighter repression of P.ss. TO test this possibility,
we utilized the strong constitutive promoter P,z to overexpress
CreA and then probed cas8 transcription. As expected, the relative
abundance of cas8 transcripts decreased by 60% in cells overex-
pressing CreA in comparison with those with the empty vector
(p = 0.0005; two-tailed Student’s t test) (Figure 3D). Therefore,
Cas autorepression can be fine-tuned by altering the relative abun-
dance of the defensive (crRNA) and regulatory (CreA) RNA guides.

CreA-like CreRs in diverse type | and V-A systems
By revisiting the previously uncovered creTA analogs associating
with I-B CRISPR systems,21 we discovered several cases where

the target site of CreA locates within or beside the putative pro-
moter of the cas operon (see examples in Figure S5), which indi-
cates CreA guides Cas autoregulation in these instances. We
then conducted a manual search of the intergenic sequences of
more CRISPR-Cas systems to inspect the wider distribution of
CreA or CreA-like regulatory crRNAs. We discovered numerous
creA-like elements in various type | systems (including I-C, I-D,
I-E, I-F, and I-U subtypes) and, notably, in dozens of type V-A sys-
tems (listed in Table S1). In most cases, CreA targets the predicted
promoter of the cas genes that encode the multi-subunit type |
effector, or that of the cas72a gene, which encodes the V-A sin-
gle-protein effector,®® as exemplified in Figures S5 and S8,
respectively. Notably, many of these creA-like elements do not
appear to be co-located with a toxic gene, as shown in the
example of a Salmonella enterica (S. enterica) I-E CRISPR-Cas lo-
cus (Figure 4A) and a Moraxella bovoculi (M. bovoculi) V-A locus
(Figure 5A). To avoid confusion, we propose referring to these
“standalone” creA genes as creR (cas-regulating RNA) until their
coupling with toxin genes can be convincingly identified or
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Figure 4. The S. enterica I-E CRISPR-Cas employs CreR to regulate cas expression

(A) Schematic depiction of the CRISPR-Cas architecture and the location and sequence of creR. Promoter elements (—35 and —10) of casA were predicted.
Nucleotides in bold indicate the identical ones shared between the “spacer” (¥S) of CreR and its corresponding protospacer.

(B) Homology between the CRISPR repeat (R) and the CreR WR sequences. The CRISPR repeat of E. coli MG1655 is included for comparison.

(C) S. enterica CreR (SeCreR) reprogramed E. coli Cascade to repress its cognate casA promoter (Psecasa)- The Ahns mutant was used because the E. coli
MG1655 CRISPR-Cas system is repressed by H-NS in wild cells. Error bars, mean + SD (n = 4).

(D) The Pgecasa-repressing effect of SeCreR in different E. coli mutants. Note that, in the Ahns/cas®F mutant, cas3 was deleted and a J23119 promoter was
inserted upstream of casA for Cascade overexpression. The complementarity between SeCreR and Pgecas4a Was disrupted by mutating either of them but re-
mained when they were complementarily mutated. The crRNA-expressing plasmid (pET28a derivate) was used in (E) and (F). Error bars, mean + SD (n = 5).
(E) The repression effect of SeCreR was relieved by overexpressing crRNAs. The CRISPR array of E. coli DH5a. (containing 14 spacers) was amplified and
expressed using an IPTG-inducible Pacms or Py SeCreR was mutated to provide a control (creRm). Error bars, mean + SD (n = 5).

(F) The repression effect of SeCreR in cells containing a CRISPR array with varying numbers of spacers. Error bars, mean + SD (n = 3).

p values below 0.05 or 0.01 were denoted in blue or red, respectively (two-tailed Student’s t test).

See also Figure S5.
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Figure 5. The M. bovoculi V-A CRISPR-Cas employs CreR to regulate cas expression

(A) Schematic depiction of the CRISPR-Cas architecture and the location and sequence of creR. Promoter elements (—10 and —35) of cas12a were predicted.
Nucleotides in bold indicate the identical ones shared between the spacer (¥S) of CreR and its target site. The convergent black arrows indicate inverted repeats
within WR sequences.

(B) Homology between the CRISPR repeat (R) and the CreR WR sequences. Nucleotides corresponding to the 5 handle remaining on mature RNA are indicated.
(C) The stem-loop structure predicted for CRISPR repeat and WR sequences.

(D) Relative RNA abundance of Mbcas12a (driven by its own promoter) in the absence or presence of MbCreR. Error bars, mean + SD (n = 3).

(E) Schematic illustration of the experimental design in (F) and (G). RSF1010 is a broad host range replication origin. The crRNA-expressing plasmid (pUC57
derivate) was used only in (G). The M. bovoculi CRISPR array containing 17 spacers was synthesized.

(F) The P.as12o-repressing effect of MbCreR relies on their complementarity. Nucleotides 4-6 in MbcreR WS sequence (indicated in red in A) and their corre-
sponding nucleotides in the protospacer in P.,s72, Were separately or complementarily mutated (mt). WT, wild type. Error bars, mean + SD (n = 3).

(G) The effects of varying crRNA doses on MbCreR-guided gene repression. Error bars, mean + SD (n = 4).

p values below 0.05 or 0.01 were denoted in blue or red, respectively (two-tailed Student’s t test).
See also Figures S6 and S7.
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predicted. It appears that Cas autoregulation directed by CreA or
CreR is a general mechanism of both class 1 and class 2 CRISPR
systems, which consists with the recent study by Shmakov et al.*
Their study produced a more systematic prediction of diverse
crRNA-like RNAs (including tracrBNAs, scout RNAs, scaRNAs,
CreA/CreR RNAs, and perhaps RNAs of other functions) in all pub-
licly available CRISPR-Cas loci. In line with our findings, their
search revealed that putative cas-regulating crlRNAs are broadly
dispersed throughout type | and V-A systems.

Type I-E CreR fine-tunes cas expression to match crRNA
levels

Due to the high similarity (only differing by one nucleotide) of the
CRISPR repeat between the S. enterica ATCC 51960 and Es-
cherichia coli (E. coli)y MG1655 CRISPR-Cas systems (Figure 4B),
we opted to test the cas repression effect of S. enterica CreR
(SeCreR) in the Ahns mutant of MG1655 (cas genes are
repressed by heat-stable nucleoid structuring (H-NS) protein in
the wild strain). Similar to the case of creA,””*" WR1 of
S. enterica creR gene holds more conservation for the 8 nucleo-
tides that produce a 5’ handle on the mature RNA, while WR2
holds more conservation for those corresponding to a 3’ handle
(Figure 4B). The spacer-like WS sequence shares 15 consecu-
tive nucleotides with its target site, flanked by a 5'-AAG-3’ trinu-
cleotide (the canonical PAM of I-E systems), which is positioned
~140 bp upstream of S. enterica casA, the first gene of the
cascade operon (Figure 4A). Thus, we amplified a long promoter
sequence (206 bp) of S. enterica casA (referred to as Psecasa) tO
include this target site and placed gfp under its control. Our find-
ings revealed that fluorescence intensity declined by ~8.6-fold
when SeCreR was produced in trans (driven by the commonly
used tac promoter) from another plasmid (Figure 4C).

As expected, this repression effect was abolished when Se-
CreR was mutated to disrupt its complementarity t0 Pgsecasa
and then reoccurred by further mutating Pgecasa to restore their
complementarity (Figure 4D). To confirm that the E. coli Cascade
played an instrumental role during this repression circuit, we
constructed the AhnsAcasA mutant (casA is the first gene of
the E. coli cascade operon), where SeCreR no longer repressed
the activity of Psecasa (Figure 4D). According to an early study, we
had also created a cascade overexpressing mutant (named
Ahns/cas®F) where the cas3 gene not required for Cascade bind-
ing to target DNA was deleted and cascade genes were put un-
der the control of the highly active J23119 promoter. This mutant
exhibited a significantly heightened SeCreR-guided repression
of Pgsecasa, measuring approximately 7- to 8.6-fold more intense
than in Ahns cells (Figure 4D). This confirms that the Cas3 heli-
case-nuclease is not necessary for the repression effect and
also suggests that Cascade overexpression led to more strin-
gent repression. Hence, SeCreR utilized E. coli Cascade effec-
tively to repress its cognate P.asa, highlighting the ability of the
S. enterica Cas homologs to utilize SeCreR for autorepression.

We then conducted a comprehensive study utilizing the
advanced genetic tools of E. coli to investigate and characterize
the connection between the activity of SeCreR-repressed Pgecasa
and the concentration of crRNA molecules present in the cell (as
demonstrated in Figure 4D). We engineered the S. enterica creR
gene and the Pgecasa-controlled gfp into one plasmid and then ex-
pressed a 14-spacer CRISPR array (cloned from the E. coli DH5«
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strain) from another plasmid. An isopropyl B-d-1-thiogalactopyra-
noside (IPTG)-inducible promoter (containing the lacO operator)
was used to facilitate the induction of crRNA production. It is
worth noting that we initially employed a less active mutant of
tac promoter (tacm3)*? to control CRISPR to avoid excessive
basal expression. The exponential Ahns/cas®F cells containing
both plasmids underwent induction by various doses of IPTG.
We observed an increase in the fluorescence intensity by a factor
of 1.06, 1.31, 1.89, 2.64, and 2.96 when crRNA production was
induced by 10, 20, 50, 100, and 200 uM IPTG, respectively (Fig-
ure 4E), which illustrated their positive correlation. Nevertheless,
despite an increase of up to 10-fold being observed in a SeCreR
mutation control, no further increase in fluorescence was
observed with higher doses of IPTG (Figure 4E), indicating that
the cellular concentration of crRNA or its relieving effect on Se-
CreR repression had reached saturation. Notably, when we
changed P cm3 to Piac, fluorescence could be further increased
by 20%-60% at the same IPTG dose (with p values < 0.01), sug-
gesting that crRNA concentration (or its promoter activity), rather
than relieving effect, had reached saturation. We also varied the
spacer number of the CRISPR array and further observed a pos-
itive correlation between spacer number and GFP fluorescence
when a fixed dose of IPTG was used (Figure 4F). These data
demonstrate that the cellular concentration of crRNA molecules
is capable of fine-tuning the SeCreR-mediated Cas autorepres-
sion to meet their needs.

V-A CreR-guided autorepression of Cas12a also
monitors the crRNA pool
To validate the function of V-A CreR in E. coli cells, we selected
the creR gene associated with the well-studied M. bovoculi
cas12a (Mbcas12a) (see Figure 5A). This creR gene (referred to
as MbcreR) contains a sequence (¥R1) that is quite similar to
its cognate CRISPR repeat, along with another “repeat” (R2)
that is highly degenerated and exhibits very little nucleotide iden-
tity to them (Figure 5B). In addition, the RNA of ¥R1 and CRISPR
repeats form a similar stem-loop structure (Figure 5C) and share
20 consecutive nucleotides, giving rise to an identical 5’ handle
on their mature RNAs (Figure 5B). These findings strongly sug-
gest that mature MbCreR has a crRNA-like architecture. The
spacer portion of MbCreR partially complements to a target
site that is flanked by a 5’-TTTA-3' motif (a typical PAM of V-A
subtype) and positioned very close to the predicted —35 element
of the promoter of Mbcas12a (designated as P as725) (Figure 5A).
From a primer extension assay, we determined the TSS of
Pcas12a (Figure S7) and confirmed the prediction of —35 element.
We initially designed two plasmids: one carried the Mbcas12a
gene and its promoter, while the other additionally carried the
MbcreR gene (Figure 5D). In E. coli Ahns cells (to avoid potential
repression effects on P 5725 from H-NS), the presence of MbCreR
led to a significant reduction (by ~98.4%) in Mbcasi2a tran-
scripts, suggesting that MbCreR tightly repressed Pgas72.. TO
confirm this repression, we synthesized a 330-bp DNA construct
that included MbcreR (and its putative promoter) and P52, and
put gfo under its control (Figure 5E). In E. coli Ahns cells, the
plasmid carrying this DNA construct produced green fluores-
cence, which could be very effectively suppressed by ~99-fold
(p = 5.74e—06) by the addition of another plasmid that in trans-
provided MbCas12a (Figure 5F). This repression effect
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Figure 6. CreR-guided Cas autorepression can be disrupted by diverse Acr proteins
(A) Disrupting the autorepression circuit of I-E Cascade by expressing AcrlC6* (a dual CRISPR inhibitor that can inactivate the MG1655 Cascade). Error bars,

mean + SD (n = 3).

(B) Disrupting the autorepression circuit of MbCas12a by expressing diverse AcrVA proteins. An empty RSF1010-based vector was used for the MbCas12a (-)

assay. Error bars, mean + SD (n = 5).
p values were obtained through two-tailed Student’s t test.
See also Figures S5 and S6.

disappeared when we mutated the spacer portion (¥S) of MbcreR
or its target site within P.,s70, and, notably, persisted when
MbcreR and P_.s72, Were complementarily mutated at the same
time (Figure 5F). Therefore, MbCreR guides MbCas12a to repress
its cas promoter based on their limited complementarity.

Next, we introduced a third plasmid to express crRNAs to
assess their impacts on MbCreR-guided repression (see Fig-
ure 5E). The CRISPR array of M. bovoculi 237, which features
17 spacers, was synthesized and placed under the control of an
IPTG-inducible promoter (Psscms). We then assessed the impact
of varying concentrations of IPTG on the fluorescence in exponen-
tial E. coli Ahns cells containing all these three plasmids (Fig-
ure 5G). We observed a positive correlation between increased
IPTG concentrations and fluorescence, with saturation nearly be-
ing reached after 200 uM. Again, changing Piacmsz 10 Py further
elevated the fluorescence by a factor of 1.5-2.0 at the same
IPTG concentration (Figure 5G), illustrating that crRNA concentra-
tion, rather than the relieving effect, had reached saturation. Over-
all, we conclude that the MbCreR-guided autorepression of
MbCas12a has the ability to detect and respond to changes in
the cellular concentration of crRNA molecules.

Acr proteins can relieve or subvert CreR-guided Cas
autorepression

To protect themselves against the diverse CRISPR-Cas sys-
tems, phages have developed a range of Acr proteins that are
at least equally diverse.*>** We further investigated how the

Cas autorepression responds to the action of Acr proteins. A
dual inhibitor, AcrlC6*, which targets both I-E and I-C CRISPR ef-
fectors, has been reported for the I-E Cascade of MG1 655.°° So,
we synthesized the acr/C6* gene and expressed it using an
IPTG-inducible tacm3 promoter. The exponential E. coli Ahns
cells containing the plasmid expressing AcrlC6* and another
plasmid carrying the S. enterica creR gene and a gfp gene
controlled by Psecasa Were treated with different doses of IPTG,
and fluorescence intensity was measured (Figure 6A). The re-
sults showed that inducing AcrlC6* expression with 5-30 uM
IPTG increased fluorescence by a factor of 1.37-24.51, and
higher doses did not result in further increases. Notably, the ef-
fect of 30-100 uM IPTG induction was comparable to that of Se-
CreR mutation, which completely subverted the repression cir-
cuit (Figure 6A). This suggests that even low expression levels
of AcrlC6* can effectively relieve or even subvert the repression
effect on Pgecasa, indicating that the I-E Cas autorepression cir-
cuit can actively respond to the actions of Acr proteins to stimu-
late mass production of new Cas effectors.

At least five Acr proteins (named AcrVA1-5) have been identi-
fied that inhibit the V-A effector Cas12a,%%*” which allowed us to
explore the impact of different Acr proteins on the MbCas12a au-
toregulation circuit. Similar to the crRNA induction assay, we
employed three plasmids: one plasmid carried M. bovoculi
creR and P.,s7124-controlled gfp, the second plasmid encoded
the MbCas12a effector, and the third plasmid produced AcrVA
proteins under an inducible promoter (Figure 6B). In exponential
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Figure 7. The model of CreR-guided Cas autorepression

In cells with a low level of crRNA production, CreR (or CreA) guides Cas effectors to tightly repress the promoter of cas genes. When the cellular concentration of
crRNA elevates, possibly due to the growth or upregulation of CRISPR arrays, Cas proteins are titrated away from the regulatory circuit, and cas repression gets
relaxed to promote the recovery of the pool of Cas proteins (until a new equilibrium is achieved). When the Acr proteins from an infecting phage inhibit Cas
proteins, the Cas autorepression circuit will be subverted, leading to mass production of new immune effectors.

See also Figures S5 and S6.

E. coli Ahns cells containing all these three plasmids, we
observed that the MbCreR-repressed fluorescence was mark-
edly relieved by AcrVA1-5 proteins with varying effects (Fig-
ure 6B). Upon induction using 30 puM IPTG, AcrVA3 only
increased the fluorescence intensity by a factor of 1.84
(p = 0.0016), while AcrVA1, AcrVA2, and AcrVA4 increased by
a factor of 24.41, 21.48, and 10.77, respectively, with AcrVA5
showing the strongest effect (53.36-fold increase), which was
comparable to the effect of disrupting the MbCreR-Pcas724
complementarity (p = 0.5346). Hence, the autoregulation circuit
of MbCas12a responds differently to various AcrVA proteins,
implying distinct Acr mechanisms for each. In fact, it was re-
ported that these AcrVA proteins showed varying inhibiting ef-
fects on Cas12a proteins from different M. bovoculi strains.®”
To exercise caution, we further omitted the MbCas12a-express-
ing plasmid from this assay, and as anticipated, MbCreR no
longer suppressed the P.,s724-controlled gfp, and there was no
relieving effect on fluorescence for any AcrVA protein
(Figure 6B).

DISCUSSION

There are mounting evidence supporting that CRISPR-Cas ef-
fectors have a secondary physiological role in regulating host
genes, in addition to its canonical immune function. For instance,
recent studies have shown that the type Il effector Cas9 can be
reprogrammed by scaRNA to regulate a virulence-related gene
that encodes a lipoprotein.'® Similarly, the discovery of a long
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isoform of tracRNA (tracr-L) in Streptococcus pyogenes has
demonstrated its pivotal role in directing the autorepression of
Cas9.?° Our research group has also revealed the regulatory
function of Cascade, a type | effector that has been repurposed
by a crRNA-resembling antitoxic (CreA) RNA to repress the
expression of a toxic RNA (CreT).?"?>27:31 This CreTA acts as
an addiction module that can induce cell dormancy/death
when the genes encoding any Cascade subunits are destroyed,
thereby enhancing the persistence of CRISPR effectors within
bacterial populations. In this study, we further showed that
CreA and its CreR analogs (not cooccurring with a toxin gene)
widely distribute in type | and V systems (assigned to class 1
and class 2, respectively®) and provided experimental evidence
that these modulatory RNAs commonly direct the autorepres-
sion of both multi-subunit (I-B and I-E) and single-protein (V-A)
Cas effectors. The recent study by Shmakov et al. also observed
such a Cas autorepression circuit in a type I-F system,*® and
conducted a more comprehensive search for diverse crRNA-
like RNAs (discussed below). It appears that in type | and V-A
systems, CreR (or sometimes CreA) RNAs play a role akin to
that of tracr-L in type II-A systems.?° Therefore, it seems that re-
purposing Cas effectors by noncanonical RNA guides to achieve
their autoregulation is a general paradigm for both class 1 and
class 2 CRISPR-Cas systems.

Note that the genes of these regulatory RNA guides mentioned
above typically contain only one or two CRISPR repeats, which
are often markedly degenerated. In addition, they feature a
spacer-like sequence that only partially complements with the
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target promoter. These characteristics have posed challenges in
the systematic discovery of such regulatory mini-CRISPRs.
Nevertheless, Shmakov et al. recently conducted a comprehen-
sive search for such crRNA-like (crl) RNAs and revealed their
possible presence in approximately 15% of archaeal CRISPR-
Cas lociand 12% in bacteria.”® It is worth noting that the crlRNAs
surveyed in that study include not only the gene-regulating RNAs
but also encompass the tracrRNAs and scout RNAs, which do
not regulate gene expression but instead play vital roles in crRNA
maturation and target DNA interference. In addition, these two
types of crIRNAs lack a spacer-like sequence but contain an
anti-repeat that forms a duplex with the repeat portion of
crRNAs. Therefore, the widespread crIRNAs display a variety
of structural features and physiological functions that are mostly
related to the canonical defense mechanism.®®

We propose that the Cas autoregulation circuit has exqui-
sitely balanced the benefits and downsides of CRISPR-Cas.
In order to provide robust immunity, a sufficient level of Cas
proteins must be produced to meet the changing needs of
crRNA guides during the ongoing battle between bacteria and
phages. Furthermore, if phages encoding small Acr proteins
that inhibit Cas effectors infect the cell, a rapid increase in the
production of new Cas proteins is necessary to quickly restore
CRISPR immunity. However, maintaining a constant high
expression level of the multi-subunit (class 1) or high molecular
weight (class 2) Cas effector could lead to harmful autoimmune
events (as demonstrated in Figure 2 when Cas autorepression
was lost) and perhaps other negative effects that would
compromise the host cell’s fitness. The Cas autorepression cir-
cuit, which involves Cas proteins per se and a noncanonical
guide RNA (CreR or CreA in type | and V-A, while tracr-L in
type lI-A) that competes with crRNAs, enables cas expression
to be responsive to Acr elements that inhibit Cas proteins, as
well as to alterations in the concentration of crRNAs within
the cell (Figure 7). Note that, the repressed cas promoters
need to be highly effective to facilitate the mass production of
Cas proteins when needed. Consistently, in the absence of
CreA, the cas promoter (Poasg) in H. hispanica proved to be
the most effective promoter among the haloarchaeal promoters
we tested (Figure S1C). From the view of arms race, the Cas au-
torepression circuit may represent a distinct anti-Acr strategy
that acts on transcriptional level.

Interestingly, the recent study of Shmakov et al. also revealed
the occurrence of virus-encoded crlRNAs (likely CreR RNAs) that
have the potential to target the cas promoter from their putative
bacterial hosts.>®> The authors proposed that these cas-regu-
lating crlRNAs may have been explored by viruses to counteract
CRISPR immunity. Supporting this claim, we observed that over-
expressing CreA RNAs in H. hispanica led to a significant reduc-
tion (~60%) in cas expression (see Figure 3D).

In summary, our data provide substantial experimental evi-
dence for the Cas autoregulation circuit, which is intriguingly
directed by modulatory crRNA-like RNAs (specifically, CreR or
CreA). Remarkably, this circuit is able to adapt to the changing
requirements of the typical defensive crRNAs and is susceptible
to the influence of Acr proteins. We surmise that, in combination
with the diverse CreT, this circuit might have promoted the wide
distribution and stable persistence of CRISPR-Cas in
prokaryotes.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

E. coli DH5q. Tsingke Biological Technology, CAT# TSC-CO1
Beijing, China

E. coli MG1655 Jensen®® N/A

E. coli MG1655 Ahns Westra et al.*’ N/A

E. coli MG1655 Ahns/cas®® This study N/A

E. coli MG1655 4hns/AcasA This study N/A

H. hispanica ATCC 33960 American Type Culture ATCC 33960
Collection (ATCC)

H. hispanica DF60 (4pyrF) Liu et al.*' N/A

H. hispanica TAdm This study N/A

H. hispanica Tm This study N/A

H. hispanica ACRISPR Lietal'® N/A

H. hispanica Tm-ACRISPR This study N/A

H. hispanica TAdm-ACRISPR This study N/A

H. hispanica ATA Li et al.” N/A

H. hispanica ATAAcas6 Li et al.?! N/A

H. hispanica Asp2-13 Lietal. N/A

Haloarcula hispanica pleomorphic virus 2 Lietal™ N/A

Chemicals

Uracil Aladdin Biochemical Technology, Cat#U128370-5009g

5-fluoroorotic acid (5-FOA)

Isopropyl B-d-1-thiogalactopyranoside (IPTG)
Ampicillin

Apramycin sulfate
Kanamycin

Chloramphenicol

2 x Taq Master Mix (Dye Plus)
Phanta Super-Fidelity DNA Polymerase
T4 DNA ligase

Random Hexamer Primer
Century-Plus RNA ladder
Restriction Endonuclease
RNA loading dye

Biodyne B nylon membrane
DNase |, RNase-free, HC
TRIzol reagent

Agarose

Shanghai, China

Shanghai yuanye Bio-Technology,
Shanghai, China

Inalco, CA, USA

Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China

Sangon Biotech, Shanghai, China

Shanghai Acmec Biochemical,
Shanghai, China

Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China

Vazyme Biotech, Nanjing, China
Vazyme Biotech, Nanjing, China
New England Biolabs, MA, USA
Thermo Fisher Scientific, MA, USA
Thermo Fisher Scientific, MA, USA
New England Biolabs, MA, USA
Thermo Fisher Scientific, MA, USA
Pall, NY, USA

Thermo Fisher Scientific, MA, USA
Thermo Fisher Scientific, MA, USA
Sigma-Aldrich, MO, USA

Cat# Y30721-1g

Cat# 1758-1400
Cat# A830931-25g

Cat# A600090
Cat# K12100-5g

C804169-25g

Cat# P112-01
Cat# P505-d2
Cat#M0202M
Cat#S0142
Cat# AM7145
N/A
Cat#R0641
Cat#60208
Cat# EN0523
Cat#15596-026
V900510

Critical commercial assays

Gel Extraction Kit
GeneJET Plasmid Miniprep Kit

Omega BIO-TEK, GA, USA
Thermo Fisher Scientific, MA, USA

el Cell Host & Microbe 37, 1481-1493.e1-e6, September 13, 2023

Cat# D2500-02
Cat# K0503

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Century-Plus RNA ladder Thermo Fisher Scientific, MA, USA Cat# AM7145
Chemiluminescent Nucleic Thermo Fisher Scientific, MA, USA Cat#89880
Acid Detection Module Kit

KAPA SYBR® FAST gPCR Kit Kapa Biosystems, MA, USA Cat#KK4600
Moloney Murine Leukemia Virus Promega, WI, USA Cat#M1701
reverse transcriptase kit (M-MLV RT)

Trelief® Seamless Cloning Kit Tsingke Biological Technology, Cat# TSV-S3

Beijing, China

Deposited data

Raw lllumina data of Tm-TAdm competition This study SRA: PRJNA984824
Raw lllumina data of new spacers This study SRA: PRUNA984824
Oligonucleotides

See “Oligonucleotides” in Table S2 This study N/A

Synthetic gene

See “Gene synthesis” in Table S2 This study N/A

Recombinant DNA

See “Plasmids” in Table S2 This study N/A

Software and Algorithms

GraphPad Prism 9

Quantity One software
Peak Scanner Software v1.0
RNAfold

BPROM

Insightful Science

Bio-Rad, CA, USA
Applied Biosystems™, CA, USA

Softberry

https://www.graphpad.com/
scientific-software/prism/

N/A

N/A

http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi
http://www.softberry.com/berry.phtml?topic=
bprom&group=programs&subgroup=gfindb

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ming Li

(lim_im@im.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o Raw lllumina FASTQ data have been deposited at the Sequence Read Archive (SRA) database (BioProject ID PRINA984824)
and are publicly available as of the date of publication. Accession number is also listed in the key resources table.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains and growth conditions

Haloarcula hispanica DF60 (an uracil auxotroph mutant of H. hispanica ATCC 33960)*" and its derivatives were cultivated at 37°C in
nutrient-rich AS-168 medium, supplemented with uracil at a final concentration of 50 mg/liter. The AS-168 medium contained per
liter: 200 g NaCl, 20 g MgS0O,4-7H,0, 2 g KCI, 3 g trisodium citrate, 1 g sodium glutamate, 50 mg FeSO,-7H,0O, 0.36 mg
MnCl,-4H,0, 5 g Bacto Casamino Acids, and 5 g yeast extract; pH was adjusted to be around neutral (pH=7.2). For the strains car-
rying the expression plasmid pWL502 or its derivatives, AS-168 medium without yeast extract was utilized for cultivation. All strains
were cultured either on solid agar plates (1.2% agar) or in liquid cultures.
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E. coli DH5a. was utilized for plasmid construction, while E. coli MG1655 and its mutants were employed as hosts to investigate the
I-E CreR from S. enterica ATCC 51960 or the V-A CreR from M. bovoculi 237. All bacterial strains were cultured at 37°C in Luria-
Bertani (LB) medium, which contained 10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter. Solid plates were prepared with
agar at a concentration of 12 g/L. Liquid cultures were agitated at a rate of 200 rpm. When necessary, antibiotics were added at
the following final concentrations: apramycin sulfate (50 pg/mL), ampicillin (100 pg/mL), kanamycin (50 ug/mL), or chloramphenicol
(25 pg/mL).

Purification and concentration of the virus

The top agar from a single plaque containing HHPV-2 virions was transferred into an early exponential culture of H. hispanica for virus
enrichment. The culture was cultivated for 5 days at 37°C with agitation at 200 rpm. After cultivation, the culture was collected and the
cells were removed through centrifugation at 9,000 rpm for 15 min at 4°C. The supernatant was purified using the VIVAFLOW 50 sys-
tem (Sartorius, 50,000 MWCO) for pre-purification and subsequently filtered through 0.22 pm PES filters.

METHOD DETAILS

Plasmid construction

The plasmids, oligonucleotides, and synthetic genes used in this study are listed in Table S2. The double-stranded DNA fragments
were amplified using Phanta Super-Fidelity DNA polymerase (Vazyme Biotech, Nanjing, China), digested with restriction enzymes
(New England Biolabs, MA, USA), and then ligated into the pre-digested vector using T4 DNA ligase (New England Biolabs, MA,
USA). Alternatively, they were directly assembled into predigested plasmids through the Gibson assembly strategy using Trelief®
Seamless Cloning Kit (Tsingke, Beijing, China). The overlap extension PCR strategy was employed for mutant construction, and
the engineered plasmids were confirmed by DNA sequencing.

Transformation

The transformation of haloarchaeal cells was conducted using the polyethylene glycol-mediated method according to the online Hal-
ohandbook (https://haloarchaea.com/wp-content/uploads/2018/10/Halohandbook_2009_v7.3mds.pdf). Transformants were
screened on yeast extract-subtracted AS-168 plates and transformation efficiency (colony forming unit per pg plasmid DNA,
CFU/ug) was calculated. The results were then log-transformed to obtain the average and standard deviation.

To introduce plasmids into E. coli cells, the electro-transformation method was utilized. Bacterial cells were cultured in 3 mL LB
broth at 37°C overnight with 200 rpm shaking, and then sub-inoculated into 200 mL fresh medium (1:100 dilution). After the optical
density at 600 nm (OD600) reached approximately 0.6, cells were collected by centrifugation at 4°C, washed twice using cold double-
distilled water, and finally resuspended in ice-cold 10% glycerol. A total of 50 uL of cells were mixed with plasmid DNA and subjected
to electroporation using a Bio-Rad electroporator at 2.5 kV. The shocked cells were subsequently recovered in 1 mL LB medium at
37°C for one hour before being plated on LB agar plates containing appropriate antibiotics. This procedure was repeated to introduce
multiple plasmids into E. coli cells.

Mutant construction and gene knockout

Plasmids and oligonucleotides are listed in Table S2. The construction of haloarchaeal mutants followed the method described pre-
viously.”" For instance, to create the TAdm mutant, we initially amplified the creTA sequence (NC_015943.1: 145387-145697) and
then employed overlap extension PCR to mutate the Shine-Dalgarno (SD) motif of creT and the first two nucleotides of the creA
seed sequence. Subsequently, we separately amplified the upstream ~500 bps and downstream ~500 bps and connected these
three fragments using overlap extension PCR. The final DNA products was digested and inserted into the suicide plasmid
pHAR,*' followed by validation through DNA sequencing before introducing the recombinant plasmid into H. hispanica ATA cells.
After screening for single and double cross-over mutants, the TAdm mutant cells were confirmed by colony PCR and subsequent
Sanger sequencing.

E. coli mutants were constructed based on the Ahns mutant of MG1655 using the A-Red and FLP/FRT systems, as previously
described.*?** For example, to create the Ahns/cas®F mutant (where the cas3 gene was replaced with P_»377¢ to overexpress the
downstream cascade genes), a DNA construct was synthesized that contained the 40 bp upstream of cas3, a kanamycin resistance
gene (kan") flanked by two FRT sequences, a P_,3719 Sequence, and the 40 bp downstream of P,s4, according to an earlier study.*®
This construct was then electroporated into Ahns cells that contained pKD46 (which had been pretreated with 1% L-arabinose to
induce the expression of the A-Red system). The kanamycin-resistant colonies were screened and verified using colony PCR. Sub-
sequently, kan” was eliminated by using pCP20, which encodes the flippase, and pCP20 (temperature sensitive) was then cured by
growing at 42°C. The resulting mutants were further validated through colony PCR and subsequent Sanger sequencing.

Fluorescence measurement

To evaluate the activity of haloarchaeal promoters, we employed a modified gfp gene that encodes a soluble red-shifted variant of
green fluorescence protein.** Subsequently, we constructed a DNA sequence comprising the promoter being tested and the modi-
fied gfp gene, which was then incorporated into the expression vector pWL502. The resulting recombinant plasmid was subsequently
introduced into H. hispanica cells through transformation for measuring fluorescence intensity.
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To evaluate the activity of Psecasa, We chose the E. coli MG1655 Ahns strain or its derivates to avoid potential inhibitory effects of
H-NS on the promoter being investigated. The 293-bp DNA segment upstream of the S. enterica casA (including SecreR) and the gfp
gene were separately amplified and then assembled into pACYC. Subsequently, the constructed GFP reporter plasmid, or its der-
ivates with mutations in SecreR and/or Pgecas4, Were introduced into E. coli cells for fluorescence measurement.

To evaluate the activity of P.as724, the 330-bp DNA sequence preceding the M. bovoculi cas12a (containing its own promoter
Pcas122 and the MbcreR gene) and the gfp gene were separately amplified and assembled into the pACYC vector. Then, this plasmid,
along with a second plasmid expressing MbCas12a (driven by P .3777), was introduced into the E. coli Ahns cells for measuring fluo-
rescence intensity.

To assess the impact of crRNA or Acr on the CreR-repressed promoters, we synthesized the DNA fragment containing P, or
P:2cm3 and the lac operator, and another fragment containing a CRISPR array (or an acr gene). These two DNA fragments were
then assembled into pET28a or pUC57. The constructed plasmids were introduced into E. coli cells containing the GFP reporter
plasmid for fluorescence measurement.

For each experimental setting, we randomly selected at least three individual colonies and cultured them in LB medium with appro-
priate antibiotics (for E. coli) or in yeast extract-subtracted AS-168 medium (for H. hispanica) until the exponential phase. If necessary,
the culture was sub-inoculated into fresh medium (at a 1:100 ratio) with different concentrations of IPTG. When OD600 reached
approximately 0.8 (for E. coli) or 0.4 (for H. hispanica), fluorescence intensity and OD600 were measured simultaneously using the
Synergy H4 Hybrid multimode microplate reader (BioTeck, VT, USA). The fluorescence/OD600 ratio was calculated for each biolog-
ical replicate, and the average and standard deviation were calculated accordingly. For statistical analysis, a two-tailed Student’s
t-test was performed to determine the P values.

RNA extraction

To extract total RNA from H. hispanica cells, three independent colonies were randomly selected for each experimental setting.
These colonies were then inoculated into 10 mL of AS-168 or yeast extract-subtracted AS-168 medium. When the cultures reached
the stationary phase, 100 pL of each culture was sub-inoculated into 10 mL of fresh medium and cultivated for an additional two days.
For the extraction of E. coli RNA, 30 pL of the late exponential culture was transferred to a 3 mL fresh LB culture containing the appro-
priate antibiotics. After cultivation for 5 hours, the cells were harvested by centrifugation. Total RNA was then extracted from
H. hispanica or E. coli cells using the TRIzol reagent (Invitrogen, MA, USA), following the standard guidelines. The concentration
of RNA was determined using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, MA, USA).

RT-qPCR

To assess the transcriptional levels of cas genes, a total of 20 ng of RNA was treated with 20 U of RNase-free DNase | (Thermo Fisher
Scientific, MA, USA) to eliminate any DNA contamination in the samples as instructed by the manufacturer. Subsequently, 3 ug of the
pretreated RNA was reverse transcribed into cDNA using the Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT)
(Promega, USA). Then, 5 uL of the ten-fold diluted cDNA was utilized as input in a 20 pL reaction volume. The gPCR reaction was
carried out using the KAPA SYBR® FAST gPCR Kit (Kapa Biosystems, MA, USA) on an Applied Biosystems ViiA™ 7 Real-Time
PCR System. The triplicates were analyzed for each assay based on three independent samples. The primer sequences used for
gPCR can be found in Table S2.

Northern blot analysis

A total of 3 ug of RNA was denatured at 65°C for 10 min with an equal volume of RNA loading dye (New England Biolabs, MA, USA),
and then rapidly cooled on ice for 2 min. The RNA samples, the Century-Plus RNA ladder (Thermo Fisher Scientific, MA, USA), and a
biotin-labeled 64-nt single-stranded DNA (ssDNA) were loaded onto an 8% polyacrylamide gel (7.6 M urea) and electrophoresed in
1x TBE buffer at 180 V for 45 min. The lane containing the Century-Plus RNA ladder was excised, stained with Ultra GelRed and then
imaged using the GenoSens 2000 system (CLiNX, Shanghai, China). Next, the separated RNA samples and the biotin-labeled 64-nt
ssDNA were transferred onto a Biodyne B nylon membrane (Pall, NY, USA) using a Mini-Protean Tetra system (Bio-Rad, CA, USA),
and then cross-linked with Ultraviolet (UV) light. After pre-hybridization at 42°C, hybridization was performed using biotin-labeled
probes (listed in Table S2), and the signal was detected using the Chemiluminescent Nucleic Acid Detection Module Kit (Thermo
Fisher Scientific, MA, USA) following the manufacturer’s instructions. The membrane was imaged using the Tanon 5200 Multi chemi-
luminescent imaging system (Tanon Science & Technology, Shanghai, China). 7S RNA was used as an internal control.

Primer extension analysis

The 5'-FAM (6-carboxyfluorescein)-labeled gfp-specific primer (refer to Table S2) was ordered from Sangon Biotech Co., Ltd
(Shanghai, China). 30 ng of total RNA was digested with 30 U of the DNase | (Thermo Fisher Scientific, MA, USA) for 1h, and re-pu-
rified following the phenol: chloroform method. Approximately 5 ng of the total RNA was mixed with 2.5 ug of the labeled primer, and
reverse transcription was performed using 200 U of the M-MLYV reverse transcriptase (Promega, WI, USA). The extension products
were screened using the ABI 3730xI DNA Analyzer (Thermo Fisher Scientific, MA, USA), and the results were visualized using Peak
Scanner Software v1.0.
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Competition assay

For each H. hispanica mutant (Tm or TAdm), three individual colonies were randomly selected and separately inoculated into fresh
AS-168 medium (note that Tm-ACRISPR and TAdm-ACRISPR mutants were used for the competition assay without CRISPR immu-
nity). Once cultivated to the exponential phase, the cultures were sub-inoculated into fresh medium and allowed to grow until the
OD600 reached approximately 1.0. After adjusting the cell concentrations to a similar level, the three Tm and three TAdm cultures
were randomly paired and mixed in equal volumes (150 pL each). The resulting three batches of Tm-TAdm mixture were then inoc-
ulated into 3 mL of fresh AS-168 medium, cultivated at 37 °C, and passaged every 3 or 7 days at a 1:20 ratio. At various time points,
1 mL of the Tm-TAdm co-culture was sampled from each biological replicate. Cells were collected by centrifugation, stored at -80°C,
and genomic DNA was extracted using the phenol: chloroform: isoamyl alcohol (25:24:1, pH=8.0) method. The DNA was quantified
using the NanoDrop One spectrophotometer (Thermo Fisher Scientific, MA, USA). To determine the ratio of Tm and TAdm cells, either
lllumina sequencing or gPCR assay was then employed.

For lllumina sequencing, the genomic DNA was fragmented by sonication to a size of 350 bp. The fragmented DNA was then used
for DNA library construction using the NEB Next® Ultra TM DNA Library Prep Kit (NEB, USA, Catalog#: E7370L), following the man-
ufacturer’s instructions. The DNA library was analyzed using the lllumina platforms with the PE150 strategy at Novogene Bioinfor-
matics Technology Co., Ltd (Beijing, China). After removing adapter sequences and low-quality reads, the reads containing the
wild sequence (Tm) or the mutated sequence (TAdm) of creA were separately retrieved and counted to determine their ratio.

To determine the ratio of Tm and TAdm cells using the gPCR assay, we first generated a standard curve by mixing pure cultures of
Tm and TAdm at different ratios (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, and 0:10). Each mixed sample was analyzed in triplicate, and 2.5 ng
of genomic DNA was used for each reaction. For the gPCR assay, we used the KAPA SYBR® FAST gPCR Kit (Kapa Biosystems, MA,
USA) and ran the reactions on an Applied Biosystems ViiA™ 7 Real-Time PCR System following the manufacturer’s instruction. We
simultaneously probed the DNA sequences of creA and cas8 (used as the internal control) using gene-specific primers (listed in
Table S2). It is important to note that, to distinguish the mutated creA in TAdm cells and the wide-type creA gene in Tm cells, we
designed the two 3’-terminal nucleotides of the reverse primer (Ra) to specifically match the mutated sequence in TAdm (see Fig-
ure S4A). The 27(-ACt) value (creA vs cas8) was calculated for each sample, and then plotted against the predetermined percentages
of TAdm cells to generate the standard curve. Subsequently, we analyzed the genomic DNA samples from the Tm-TAdm co-cultures
using gPCR, along with the DNA sample from pure TAdm culture (the 2/(-ACt) value of which was used for normalization). Based on
the standard curve, we calculated the percentage of TAdm cells for each sample, using their normalized 2/(-ACt) values.

Virus interference assay

For each mutant of haloarchaea, three individual colonies were randomly selected and separately inoculated into yeast extract-sub-
tracted AS-168 medium. After sub-inoculation and culturing for an additional 2 days, 200 uL of the culture were mixed with 100 pL of
HHPV-2 virus at 10-fold serial dilutions and incubated at room temperature for 30 min. The mixture was then mixed with molten 0.7%
agar medium that had been pre-incubated at 55°C, and immediately poured onto plates containing 1.2% agar. Once dried, the plates
were incubated at 37°C for three days to allow plaque formation. The number of plaque-forming units (PFU) was counted and the ratio
of PFUs formed on strain carrying the empty plasmid versus those formed on the strain expressing crRNAs was used to represent the
relative virus immunity (RVI). The average RVI values with standard deviations were calculated from three biological replicates.

Spacer acquisition assay
To monitor the acquisition of spacers from the viral HHPV-2 DNA, the crRNA of spacer13 (which shares approximately 70%
sequence identity with HHPV-2 and is a promising candidate for efficient spacer acquisition from this virus) was overexpressed using
the strong promoter Py,.z. This plasmid was then introduced into the WT, Tm, or TAdm mutant of H. hispanica. Three individual col-
onies were randomly selected and separately inoculated into 3 mL of fresh yeast extract-subtracted AS-168 medium, and the cul-
tures were allowed to reach the stationary stage at 37°C. Sub-inoculation was performed at a ratio of 1:100 when OD600 reached
approximately 1.0. Then, 100 puL of the exponential cultures were mixed with an equal volume of the virus HHPV-2 at either a low or
high MOI (0.1 or 40), and the mixture was inoculated into 3 mL of fresh yeast extract-subtracted AS-168 medium. After 24 hours of
culturing, colony PCR was performed for each inoculation. Briefly, 200 pL of the cell culture was centrifuged at 12,000 rpm for 1 min,
then the sediment was lysed with 200 pL of distilled water, and 0.5 pL of the lysate was used as the template for PCR reactions. Quan-
titative analysis of CRISPR expansion was performed using the Quantity One software (Bio-Rad, CA, USA). For each gel lane, appro-
priate sensitivity was applied to detect parental and amplified bands after background subtraction. Gaussian modelling was then
conducted on these bands to determine the number of parental or expanded band(s) present under the fitted curve. For each
lane, the intensity of expanded band(s) was divided by that of all band(s) to calculate the percentage of expanded products. At least
three biological replicates were examined for each mutant, and the average percentage and standard deviation were calculated.
To facilitate detecting naive adaptation without virus infections, the empty pWL502 vector was introduced into the WT, Tm, and
TAdm cells of H. hispanica. After transformation, the colonies were incubated at room temperature for approximately one month prior
to colony PCR. The adapt-test_F and adapt-test_R primers (against the CRISPR leader and the first spacer, respectively; listed in
Table S2) were used to analyze the expansion of the chromosomal CRISPR array due to new spacer acquisition. The PCR products
were then electrophoresed using a 1.5% agarose gel, and the gel was imaged. At least three colonies were tested for each strain, and
only representative gel images are presented.
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Additionally, we further used the ACRISPR, Tm-ACRISPR and TAdm-ACRISPR mutants to exclude primed adaptation, and, by
transformation, introduced an adaptation plasmid carrying the CRISPR leader and one CRISPR repeat sequence to monitor spacer
acquisition. After approximately 6 days of incubation until clones formed, the plates were left at room temperature for 2-5 days prior
to colony PCR. Three individual colonies were randomly selected for each CRISPR mutant, and the primers adapt-test_F and adapt-
test_R’ (listed in Table S2) were used. It is worth noting that the terminal nucleotide of the reverse primer adapt-test_R’ (refer to
Table S2) was specifically designed to mismatch the CRISPR leader sequence in order to enhance the detection efficiency of spacer
acquisition events.*®

Origin analysis of new spacers

For each mutant, at least three individual colonies were selected for the spacer acquisition assay. The PCR products of three rep-
licates were pooled and electrophoresed on agarose gels. Subsequently, the PCR band(s) corresponding to the ‘expanded’
CRISPR were purified using the E.Z.N.A.™ Gel Extraction kit (Omega Bio-tek, GA, US), following the manufacturer’s instructions.
The purified DNA fragments were directly used for DNA library construction using the NEB Next Ultra TM DNA Library Prep Kit
(NEB, USA, Catalog#: E7370L), according to the manufacturer’s instructions. The DNA library was then analyzed using the lllumina
platforms with the PE150 strategy at Novogene Bioinformatics Technology Co., Ltd (Beijing, China). After removing adapter se-
quences and low-quality reads, the acquired spacers were determined by analyzing the sequence between each two repeats for
each read. The acquired spacers were then aligned to the H. hispanica genome, the plasmid DNA, or the HHPV-2 genome, to deter-
mine the percentage of spacers acquired from each source.

Bioinformatic analysis
RNA secondary structure was predicted using the RNAfold webserver. Promoter elements were predicted using the BPROM pro-
gram (Softberry tool).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microsoft Excel was used to analyze the data, and GraphPad Prism was used to generate the plots. The graphs were then modified in
Adobe photoshop to construct the final figures. Quantitative analysis of CRISPR expansion was performed using the Quantity One
software. The number of replicates is specified in the associated figure legends. Each replicate represents a biological replicate of the
specified experiment. Two-tailed t test was performed for statistical analyses. P-values above 0.05 were considered non-significant.
Statistical comparisons for the transformation assays relied on log values, which assumes the samples are normally distributed on a
log scale.
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