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CRISPRe: An innate transcriptional enhancer
for endogenous genes in CRISPR-Cas immunity

Dan Li,"? Yihong Chen,' Fei Huang,' Jianmei Wang,' Xufeng Li,"** and Yi Yang'34*

SUMMARY

CRISPR-Cas system has been repurposed to the promising strategy of CRISPR-based transcriptional inter-
ference/activation (CRISPRi/CRISPRa) without eliciting DNA breaks that enables Cas complex a block for
transcription initiation or elongation, which greatly expands its application fields and values. However,
loss of Cas nuclease ability, especially the endogenous nuclease, may affect genome stability seriously.
Here, we found a transcriptional enhancer for genes (CRISPRe) in type I-C system of industrial strain Ke-
togulonicigenium vulgare by maintaining the natural activity of Cas3 nuclease and introducing the specific
motifs that do not trigger immunity. CRISPRe greatly improved the expression of heterologous and
endogenous genes and the biosynthesis of products by facilitating transcriptional elongation. Besides,
the mechanism for pyrroloquinoline quinone (PQQ) biosynthesis regulated by coupling transcriptional-
translational elongation in operon was elucidated. Hence, we enrich the toolbox for CRISPR-Cas system
and provide a new framework for gene regulation at transcription.

INTRODUCTION

CRISPR-Cas systems provide adaptive immunity against invaders in prokaryotes' and are classified to six distinct types (from | to VI) based on
cas genes.” In the most familiar type Il system, the nuclease Cas? inactivates foreign genetic elements and involves in RNA-guided targeting
as a single-subunit effector.” However, for the most prevalent system in nature - type |, Cas3 nuclease and a multi-subunit effector are the main
components.® Despite different types contain various functional members, they share immunity pathway. In adaptation, spacers with specific
lengths from invaders are captured and integrated into CRISPR loci for memory.” In expression, CRISPR loci are transcribed and processed to
mature RNAs (crRNAs) for target recognition upon the invaders’ second irruption.” At last stage, crRNAs guide Cas complex to interfere with
“protospacer adjacent motifs” (PAMs)-flanking cognate DNA.%7 Presence of PAMs implies the accurate cleavage of Cas nuclease at corre-
sponding positions.” CRISPR-Cas systems together with PAMs have been repurposed for chromosomal targeting and genomic editing in
eukaryotes and prokaryotes.'” However, to avoid DNA breaks and allow the Cas complex to act as the transcriptional barrier in CRISPR inter-
ference (CRISPRi), Cas nuclease has to be artificially deficient.”' CRISPRi was reported to repress the expression of operons (i.g. araBAD, lac-
ZYA, xylAB, and rhaBAD) in the catabolism of sugars.12 By contrast, fusing an activation domain to “dead” Cas? nuclease (dCas9) directionally
activated o-dependent promoters to initiate transcription.'® CRISPRi and CRISPR activation (CRISPRa) have become powerful tools for gene
regulation, but the applications are limited due to the severe damage to immunity.'"'* Apart from direct loss of nuclease activity, we were
wondering whether it was feasible to evade nucleases by introducing motifs that do not trigger immunity, not PAMs, in these tools. Recently,
crRNAs-guided Cascade complex (CRISPR-associated complex for antiviral defense) has been proved to be capable of binding DNA in PAM-
dependent and PAM-independent pathways by three-dimensional diffusion and Watson-Crick pairing,'® which inspired us to make some
nontraditional attempts in CRISPR-derived tools.

Heterologous expression of Cas nuclease in hosts led to off-target mutations, large deletions, and lethal damage, although it enabled
programmable genomic editing.”""'® To develop more effective ways, endogenous type | systems, including I-B, I-E, and I-F, have been har-
nessed as an alternative strategy to study prokaryotic engineering.'’~"” Type | systems are present in more than 90% of the sequenced bac-
teria and archaea.'” Here, we performed the study by industrial strain Ketogulonicigenium vulgare,”®~?* which not only has wide applications
in L-ascorbic acid synthesis but also harbors a type |-C system, to explore the motifs that do not elicit immunity and addressed the previously
described issue. In addition, a constitutively expressed promoter was optimized to detect the consequences of crRNAs-guided Cascade com-
plexin time by the expression of gfp gene (green fluorescent protein gene). Surprisingly, we discovered an innate transcriptional enhancer for
genes in immunity and defined it as CRISPRe, which improved the expression of GFP protein drastically. Pyrroloquinoline quinone (PQQ), the
co-enzyme for several dehydrogenases in K. vulgare, is important for strains and mammals as a novel redox cofactor after flavin and
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Figure 1. Identification of I-C CRISPR-Cas system in K. vulgare

(A) Distribution of cas genes and CRISPR array. Leader: promoter of CRISPR array; R: Repeat; S: Spacer. The positions of cas genes and CRISPR array on genome
were identified. See also Figure S1.

(B) Spacers and repeats in CRISPR loci. The distinctive repeat is highlighted in bold.

(C) Repeat structure. Left: most of the repeats; Right: the unique repeat. Pre-crRNA is cleaved by Cas5d™ at the arrow.

(D) Sequence alignment. The sequences of protospacers from different sources were compared and analyzed. 5'-NTN represents the adjacent conserved motifs
immediately upstream the protospacers. Spacer5 indicates “protospacer5” here.

(E) CRISPR interference assay. The conditions that do or do not trigger immunity were determined. Plasmids carrying the potential motifs and protospacer were
transformed into K. vulgare to observe CRISPR interference.5'-NNN represents the potential motifs. Spacer5 stands for “protospacer” here. pPBBRTMCS-5 was
used as the control plasmid (CK). Values are means + s.d, (n = 2 biological replicates). **P<0.01, ***P < 0.001, ****P < 0.0001. One-way ANOVA test. ns = non-
significant.

nicotinamide.”*?° Six function-related genes participate in the synthetic pathway and constitute an operon.”® Due to the differential expres-
sion of internal genes within operon (~1,000-fold), the biosynthesis mechanism is still unknown. We applied CRISPRe to the pathway and
found that the synthesis of PQQ is regulated by coupling transcriptional-translational elongation in operon. CRISPRe promoted the expres-
sion of genes and the generation of products by facilitating transcriptional elongation in the process. The findings of coupling transcriptional-
translational elongation regulation for operons may be helpful to improve Jacob operon theory” regulated by co-transcriptional initiation
and applicable to a large class of products with significant biological roles. Altogether, we provide a new tool for gene regulation and expand
the applications of CRISPR-Cas immunity.

RESULTS

Identification of I-C CRISPR-Cas system in K. vulgare

To adapt to highly dynamic viral populations,”’ the industrial strain K. vulgare WSH-001° has evolved its immunity equipped with CRISPR loci and
cas genes (Figure 1A). CRISPR1 with 10 spacers was a typical CRISPR array and was immediately downstream of cas genes in the same direction.
The cas3and the other cas genes were presumed to be expressed by two different promoters. Similarly, CRISPR1 had its own leader sequence as
a promoter. Spacers of CRISPR1, half of which being in the same size (34 bp), were in lengths of 33-36 bp interrupted by substantially identical
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repeats (Figure 1B). The sequence of most repeats was 5'-GTCGCTCCCCCCACGGGAGCGTGGATAGAAAC-3', whereas the distinctive repeat
was 5-GGTCGCTCCCCCACGGGAGCGTGGATAGAAAC-3'. These repeats were analogous to that of the well-studied type I-C system in Ba-
cillus halodurans,® but differed in three nucleotides on the loop of stem-loop structure predicted by RNAfold WebServer” (Figures 1C and S1A).
The stem-loop structure here was composed of a 7-bp stem and a 4- or 5-ntloop (Figure 1C). The previous study in B. halodurans indicated that
pre-crRNAs are processed by Cas5d between G21 and U22 to produce crRNAs.*® With the roles of Cas5d, the crRNAs in K. vulgare were pre-
dicted to have the identical 11-nt handle in 5’ terminal, although their repeats folded into structure with different loops. Compared with the loop
in crRNA, the 5 terminal handle may play an essential role in defining an invading DNA as an attacker.'® Thus, crRNA-guided Cas complex in
K. vulgare may provide similar defense mechanism. The cas genes were organized as cas3-csd5d-csd1-csd2-cas1-cas2 on genome, being archi-
tecturally in accord with the reported type I-C system.”' However, the cas genes did not contain cas4 that is present in B. halodurans (Figure S1B),
implying a compact composition in K. vulgare. Cas5d, Csd1, and Csd2 proteins have been shown to function as Cascade complex in target iden-
tification.'®?? Conserved Cas1-Cas2 integrase catalyzes new spacer acquisition at the AT-rich leader end of CRISPR loci.* And Cas3 is responsible
for target cleavage owning to its similar HD nuclease and DEXH/Q-box helicase domains (Figure S1C), even though the amino acid residues
among proteins are different.*>> Therefore, the type I-C system in K. vulgare has typical features in immunity.

Determination of the motifs that do not trigger immunity

We then attempted to determine the conditions that do not trigger immunity in K. vulgare. A 3-bp short sequence flanking protospacer has been
verified to the crucial factor in type I-C immunity.** 5-NNN (including NTN) combined with the downstream “protospacer” was regarded as the
invading DNA in CRISPR interference assay and spacer5 in CRISPR1 acted as the protospacer (Figures 1D and 1E). Besides "“protospacer5,” it was
not easy to trace the origin of all the highly variable protospacers. 5'-NTN was derived from protospacer5 comparison in GenBank (Figure 1D).
CRISPR interference was assessed by transformation efficiency (Figure 1E). The results showed that plasmids carrying the motifs of 5-TTC/TTG/
CTT/TTA/TTT/CGA suffered from CRISPR interference, implying that these motifs are exactly the PAM motifs and cause the neighboring down-
stream fragments to be targets for attack. PAM was basically represented by 5'-YTN (Y = T/C) and covered 5'-TTC in B. halodurans.® By contrast,
the motifs of 5-AAC/ACC/GTT/ATT/CTG/GCC/AAG helped the downstream fragments escape from the immunity. Obviously, they were the
motifs that we were looking for. To further distinguish from PAM motifs, the motifs that were independent on PAMs and did not trigger CRISPR
immunity were referred to as the “iPAM motifs” in this work. Unlike PAMs, we had found no commonalities among iPAMs. However, prior findings
revealed that complementarity between CRISPR DNA and crRNA determined CRISPR interference.* Although some iPAM motifs enabled base
pairing at the indicated positions (—1, —2, and —3), not all iPAM motifs (e.g., 5-GTT and 5'-CTG) followed the rules (Figure 2A). Similarly, for-
mation of base pairs in PAMs (5'-TTC) did not help escape the fate of being interfered (Figure 2A). Hence, we argued that CRISPR interference
might be related to Cas3 nuclease. Precise recognition led to inevitable interference that would otherwise prevent immunity. In addition, we
found that 5-ACC and 5'-AAC happened to be the native motifs located upstream of the spacers in CRISPR loci and formed a part of crRNA
in 5’ terminal (Figures 1B and 1C), reconfirming the irreplaceable roles of iPAMs in protecting genomic fragments from autoimmunity.

The new findings of CRISPRe in immunity

Next, we explored whether targets successfully avoided the cleavage of Cas3 nuclease by introducing iPAM motifs into CRISPR-Cas-derived
tool in K. vulgare. Based on the host's endogenous type I-C system, artificial CRISPR loci were recombined to generate specific crRNAs-
guided Cascade complex targeting iPAM-flanking targets (Figure 2B). The fragments were placed into a heterologous expressed gene
(gfp) driven by a constitutive promoter (Pconst) to record the consequences of directional targeting in time through gene expression
(Figures 2B and 2C). KVU_PAO126p was used as the promoter here (Figure 2C). Tn/NTn indicated targeting to different regions of tem-
plate/non-template strand of DNA, respectively. The iPAM motifs and seed sequence in cRNA were marked in Figure 2D.

As expected, none of iPAM-mediated targeting was subjected to CRISPR interference. However, we also did not observe the inhibition of
CRISPR-based system on targets that was originally imagined. More intriguingly, a completely different scene emerged. 5'-ACC-mediated
targeting (T1/T2) increased the expression of gfp by 6-8 times (Figures 2E, 2, and 2K). Similarly, 5-AAC and 5'-GTT showed a 4- to 7-fold
enhancement (Figures 2F, 2|, and 2K). Moreover, targeting the non-template strand of DNA exhibited identical results (Figures 2G, 2J,
and 2L). The previously described results suggested that both strands of DNA can be targeted to improve expression effectively. Notably,
simultaneous targeting led to a more pronounced enhancement on transcriptional level (Figure 2H), which indicated that CRISPR-Cas immu-
nity together with iPAMs plays a role on transcriptional regulation. Collectively, iPAM-mediated targeting was not merely a way to escape
CRISPR interference, but a tool to enhance gene expression. The enhancement was found to be governed by the seed sequences in crRNAs
(Figure 2M), conforming to the rules that the invaders are interfered with.*’*® When the seed sequences started with 5-GGG/CCG and
showed a relatively high affinity (T2/T3) (Figure 2M), the effects were particularly prominent (Figure 2I). Furthermore, the enhanced expression
was possible by targeting either promoters or coding regions, implying that it may be achieved by promoting transcriptional elongation
rather than transcriptional initiation. In addition, the type I-C system in K. vulgare remained intact and uncompromised in the process, which
suggested that the immunity itself is a natural transcriptional enhancer for genes in the presence of iPAM motifs. To further explore the roles,
we defined the transcriptional enhancement in immunity as “CRISPRe" in this study.

CRISPRe is achieved by facilitating transcriptional elongation

PQQ offers an essential redox cofactor for quinoprotein dehydrogenases that catalyze the oxidation of alcohols and aldose sugars and is
beneficial to the growth of strains.”*** Besides, PQQ is necessary for the long-term health of mammals as a new redox cofactor after flavin
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Figure 2. The new findings of CRISPRe in immunity

(A) Base pairing between crRNA and target DNA. Base pairing was analyzed at the indicated positions.

(B) Schematic of targeting to the iPAM-flanking fragments on constitutively expressed gene. Artificial CRISPR loci were recombined to produce the
corresponding crRNAs. The cas genes in CRISPR-based tools were from genome. Different iPAM motifs were attempted. Tn/NTn represents targeting to
different regions of template/non-template strand, respectively.

(C) Promoter screening. The constitutively expressed promoters from genes in K. vulgare were identified. The primary screened genes come from mass
spectrometry analysis and are represented by their loci on genome. KVU_PAQ126p drives the stable and efficient expression of gfp at transcription and
protein (Lane 6) levels and is used as the constitutive promoter (Peonst), Which is derived from the gene of amine oxidase flavin-containing protein (gene
locus: KVU_PAQ126).

(D) iPAM-mediated targeting. The iPAM motifs are marked with red bold. Seed sequence in cRNA is marked with black bold.
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Figure 2. Continued

(E-J) The expression of GFP was measured at different time in strains. WT: wild-type K. vulgare, blank control; CK: WT expressed GFP, control; T1/T2/T3/T4/NT1/
NT2/T2+T3: CK with the corresponding crRNAs. Values are means =+ s.d, (n = 3 biological replicates); *p value <0.05, **P<0.01, ***P <0.001, ****P < 0.0001.
Student's t test. ns = non-significant.

(K-L) Protein abundance. The protein in (I) and (J) was quantitatively analyzed by Image Lab.

(M) Affinity of seed sequences. The affinity of different seed sequences in crRNAs was analyzed.

and nicotinamide.”” The gene cluster responsible for PQQ synthesis in K. vulgare involves six genes organized as pqgA-pgqB-pgqC-pgqD-
pPgqE-pgqgF (pgqgABCDEF) on genome (Figure 3A). A 159-bp intergenic region between pggA and pggB divides the cluster into upstream
(pggA) and downstream (pggqB/C/D/E/F) genes (Figure 3A). Short peptide PqgA was catalyzed and modified to PQQ by proteins encoded
by downstream genes.””"" RT-PCR, gene deletion, and gene replacement experiments confirmed that the cluster was regulated as an
operon“'43 due to the co-transcription feature even with huge differential expression (~1,000-fold) (Figures S2A-S2D). In addition, increasing
the expression of pggA had no apparent contribution to product synthesis (Figures S3A-S3C), while overexpressing of downstream genes
significantly improved the situation (Figure S3D). Hence, we inferred that RNA polymerase (RNAP) might have encountered roadblocks in
the operon during the traveling of transcription, thereby limiting the expression of downstream genes and the generation of end products.
To assess this point, we applied the newly found transcriptional enhancement tool, CRISPRe, to study the operon.

CRISPRe targeted different locations (including the sharing promoter, the gene body of pggA, and the intergenic sequence) in the operon
and the motifs used were native iPAM motifs (Figures 3B and S4). Under normal condition, the expression of pggA at any time was ~1,000-fold
that of downstream genes (Figure 3C). When CRISPRe targeted upstream of the operon (T1/T2/T3/T4), the transcriptional difference between
PggA and downstream genes was further expanded (Figures 3C and S5A-S5C) and the final yield of PQQ products was only increased by
20%-30% (~65 pg/L) (Figure 3D). It indicated that the targeting locations did not obviously prevent the elongation of RNAP. Interestingly,
when single-site targeting by CRISPRe appeared at intergenic region, the transcriptional difference between pggA and downstream genes
was drastically reduced (Figure 3G) and the generation of products was significantly improved (Figures 3H and 3), though the seed sequence
in crRNA (T5) showed an extremely lower affinity compared with other crRNAs (Figure 3J). The final yield of products was twice that of wild-
type strains and was maintained at ~100 pg/L. Moreover, simultaneously targeting this region (T5+T6) further improved the synthesis effi-
ciency (Figure 3H). The results suggested that the intergenic region acted as the barriers to hinder the transcription of downstream genes
and prevent the elongation of RNAP, while CRISPRe promoted the expression of genes by facilitating transcriptional elongation. Besides,
targeting two locations upstream of the operon (T1+T3) by CRISPRe with higher affinity crRNAs also achieved remarkable results
(Figures 3C, 3E, and 3F). Based on the previously described data, the applications of CRISPRe (without negative effects to hosts) (Figure S5D)
were helpful to find the positive correlation between the expression of downstream genes and the synthesis of products (Figure 3K), further
supporting the idea that the pqg operon limits the generation of end products by regulating the elongation of RNAP.

Additionally, reducing the barriers on intergenic region also promoted transcriptional elongation (Figures 4A-4G). However, the lower
synthesis of PQQ in artificial operon pgqgA(18NNN)BCDEF than that of pggA(24NNN)BCDEF implied that the operon had evolved complex
regulatory means at translational level (Figures 4H and 4l). To prove this point, we generated the artificial units “p/sp+gfp” and “p/sp+
pPggANNNN)gfp"” by replacing the genes in pgg operon with gfp (Figure 5A). The results showed that the intergenic region further diminished
the expression of downstream genes by tens of fold at translational level without great alteration in transcription (Figures 5B and 5C). How-
ever, the identical transcription of gfp (Figure 5B) indicated that pggA provides a pleasant journey for RNAP due to its enrichment in AT nu-
cleotides (Figures S6A and S6B). Subsequently, we found that multiple Shine-Dalgarno (SD)-like sequences, 5-GCYGCYG (Y=C/T) and
5-GMCGMCG (M = C/A), were present in intergenic region (Figures 5D-5J, S6C and S6D). Identical gene transcription and similar RNA struc-
ture (Figures 5E and 5F) revealed that they were not the factors to inhibit gene translation. Smooth translation of GFP protein in pggA(-1NNN)
gfp (Figure 5G) showed that the terminated but not released ribosomes did not separate from transcription products after completing the
synthesis of PqgA peptide, but slid forward to reach an adjacent initiation codon and began the translational re-initiation. Hence, the SD-like
sequences in intergenic region may delay the translational re-initiation by their high-affinity with ribosomes, thus decreasing the translation of
downstream genes. Taken together, the pgq operon regulates the expression of internal genes by coupling transcriptional-translational elon-
gation rather than only by co-transcriptional initiation to strictly limit the synthesis of end products (Figure 6A). The regulatory mechanism may
be applicable to the natural products of ribosomally synthesized and posttranslationally modified peptides that play significant biological
roles.*” Also, the findings of coupling transcriptional-translational elongation regulation may be helpful to improve Jacob operon theory
that a single polycistronic mRNA molecule is produced by co-transcription.”**

CRISPRe is dependent on both iPAMs and active Cas3

We found the transcriptional enhancement tool by introducing iPAM motifs and maintaining complete Cas members (including Cas3) in im-
munity. In addition to Cas3 nuclease, Cas5d, Csd1, and Csd2 in type I-C system have been found to constitute Cascade complex that is
involved in target recognition under the guidance of crRNA.'® Cas3 is recruited to perform nuclease activity in the presence of PAM motifs.'®
In K. vulgare, 5-YTN (Y = T/C) was used to elicit the cleavage of Cas3 at targeted positions to obtain mutants required for this study. However,
introduction of iPAM moitifs flanking targets disrupted the phenomenon, making Cas3 fail to cleave at the predicted positions. Instead, Cas3
may translocate along iPAM-flanking targets to unwind double-stranded DNA under another domain - helicase, thereby facilitating the pro-
ceeding for working RNAP (Figure 6B). This is the proposed model for CRISPRe. Targeting any strand of DNA leading to efficient
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Figure 3. CRISPRe promotes the synthesis of PQQ by enhancing the expression of downstream genes in operon

(A) Schematic of the roles of PQQ in K. vulgare. The uncharacterized gene (locus: KVU_2026) adjacent to pgqE was named as pgqgF. The long intergenic region
divides the operon to up (pggA) and downstream (pqqB/pqqC/paqD/pqqE/pqqF) genes. The number of amino acids encoded by each gene is shown. PQQ
provides an essential redox cofactor for dehydrogenases and is ultimately converted into energy through the oxidative pathway in K. vulgare®**’.

(B) The targets and partial sequences in pgq operon. Tn represents the iPAM-flanking targets in operon. The sequences of pggA and long intergenic region in
operon are indicated. The targeted fragments located within pgqgA gene body and intergenic sequence are underlined. The iPAM motifs are in red box.
Termination and initiation codons are marked in black bold. Numbers show the distance between the stop and the restart site (in nucleotides). Orange
marked amino acid residues are the backbone sources of PQQ products.”” '’ See also Figure S4.

(C-F) Gene expression and product synthesis at different time in strains. The transcriptional differences between upstream and downstream genes in operon are
analyzed and shown (C). PQQ synthesis in strains is shown in (D), (E), (F). T1/T2/T3/T4/T1+T3: WT with the corresponding crRNAs. WT was the control. Values are
means =+ s.d, (n = 3 biological replicates); **P<0.01, ***P<0.001, ****P <0.0001. Student's t test. ns = non-significant. See also Figures S5A-S5C.

(G-1) Gene expression and product synthesis in strains carrying crRNA (T5/T5+T6). The data analysis was consistent with (C-F).

(J) Affinity of seed sequences.

(K) Correlation between gene expression and product synthesis. The correlation between gene expression (relative expression of pggA in downstream genes)
and PQQ synthesis in different strains was analyzed under the influence of CRISPRe.

transcriptional enhancement also implies that Cas3 moves in either direction. The proposal is supported by the study of surveillance and pro-
cessing of foreign DNA in E. coli with type I-E system, which has demonstrated that Cas3 is recruited to target DNA in PAM-dependent and
PAM-independent pathways and that Cas3 attenuates its nuclease activity and travels along DNA in PAM-independent processing.'>** Be-
sides, it is also in accordance with the conclusion that GC-rich sequences are more likely to be the obstacles for RNAP due to the difficulty in
unwinding DNA strands (Figures S6A and S6B). It is critical to keep Cas3 nuclease domain intact in CRISPRe. Premature termination of Cas3 in
Gluconobacter oxydans repurposed the endogenous type I-E system to be a tool for gene repression.”” Deletion/absence of Cas3 in E. coli
also led to gene repression.’""'?** Here, CRISPRe does no damage to Cas3 in K. vulgare and modulates gene expression in an entirely new
pathway. Targeting promoters, open reading frames, or intergenic regions in operon can enhance gene expression by promoting RNAP elon-
gation. Therefore, we discover a tool for gene regulation in this study.

DISCUSSION

In this work, we tried to make some different attempts in CRISPR-Cas-derived tools. Amazingly, we discovered a transcriptional elongation
tool based on the endogenous type I-C immunity in K. vulgare, which is of great significance for gene regulation. For years, transcriptional
initiation was regarded as the main step of gene regulation, followed by monotonous and uneventful transcriptional elongation. CRISPRa
aims to activate promoters to initiate transcription.'* For the lac operon in E. coli, complex regulation is also focused on transcriptional initi-
ation to control the synthesis of a single polycistronic MRNA product.”*** However, for the pgq operon in K. vulgare, no complex transcrip-
tional initiation switch has yet been found* (Figure 3C), which may be due to the positive effects of PQQ products on strain growth (Figures S5
and S7). The transcriptional elongation in this operon is uneven and perturbed by intrinsic regulatory barriers (GC-rich intergenic region) to
synthesize the desired products by restricting the expression of downstream genes (Figure 6A). Thus, gene regulation is far complicated than
we have expected. Surprisingly, in addition to activating transcriptional initiation, gene expression can be raised from promoting transcrip-
tional elongation. When employed for gfp expression, CRISPRe achieved 2- to 8-fold enhancement (Figure 21). When applied to PQQ syn-
thesis, CRISPRe shortened the generation time by dozens of hours and increased the yield to ~2-fold (Figures 3E, 3F, 3H, and 3l). The
enhanced effects depended on crRNA affinity, targeting location, and targeting way. However, the expression at transcriptional and trans-
lational levels was different. The over-enhanced transcription in turn affected protein translation and product synthesis, leading to the limited
increase in our study (Figures 2H, 21, 3H, and 3I). More importantly, CRISPRe helps to reveal a new regulatory model for operons, although how
the excessive end products feedback inhibits the expression of genes is unclear. Altogether, CRISPRe can be used in gene expression, prod-
uct synthesis, and regulatory mechanism analysis.

The exploration of accurate iPAM motifs is crucial for CRISPRe applications. The iPAM motifs may help to initiate an alternative pathway of
immunity other than target degradation and enable Cas3 to exhibit helicase function in DNA unwinding. However, whether Cas3 recruitment
upon introduction of iPAM motif in K. vulgare requires the assistance of Cas1-Cas2 as in E. coli'® and how the activity of Cas3 nuclease is
attenuated to avoid DNA breaks at the target DNA are still the issues to be resolved. Nevertheless, we have recorded the effects of Cas3
recruitment in time by using gene expression and product generation and discovered the built-in property of endogenous immunity. Coin-
cidentally, the native iPAM motifs, located at the end of 5" handle in crRNA, are generally conserved, e.g., 5-AMC (M = A/C) in type I-C
(K. vulgare), 5-AAA in type |-F (Pseudomonas aeruginosa and Zymomonas mobilis),"®"? and 5-CCG in type |-E (E. coli, G. oxydans, and Ther-
mus thermophilus)."®?” And the transcriptional enhancement may be the driving force. The crRNA-guided Cascade complex binding to
CRISPR DNA was once regarded as a form of self-protection from autoimmunity - “self-identification”.***¢ This part-time work of crRNA is
an intermediate process in innate immunity and is difficult to detect. The findings of transcriptional enhancement have revealed an incredible
design in nature immunity. Upstream genes in the co-transcriptional unit always benefiting from CRISPRe due to the natural locations help to
explain why newly captured protospacer is integrated at the position of first spacer.” Specific crRNAs with a low proportion in total crRNAs
were proved to bind to invading DNA and CRISPR DNA equally by base pairing,”'” which increases the difficulty of target acquisition and
interference. However, iPAM-mediated binding makes us insist that sufficient amounts of crRNAs would be produced in a short time. The
remaining crRNAs (except ~50% specific crRNAs) have to bind to iPAM-flanking CRISPR DNA for rapid burst of more crRNAs, thereby
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Figure 4. Reducing the roadblocks on intergenic region improves the expression of downstream genes in operon

(A) Schematic of artificial pgg operon construction. Artificial pgq operons driven by its own promoter were recombined by shortening intergenic sequences.
Numbers show the length of intergenic region (in nucleotides). The plasmids containing artificial operons were transferred into wild-type strains. The gene
expression and product generation in strains were examined, respectively. In pqggA(nNNNN)BCDEF, n/NNN represents the nucleotide number and original
nucleotide arrangement in intergenic sequences, respectively.

(B-I) Gene expression and PQQ synthesis in strains harboring artificial pgg operons. pggA(WNNN)BCDEF here indicates the strains harboring operons.
PqqA(159NNN)BCDEF (=pgqgABCDEF) was the control. Values are means + s.d, (n = 3 biological replicates); **P<0.01, ***P<0.001, ****P<0.0001.
Student's t test.

triggering subsequent efficient interference. Thus, besides storing adaptive memory, CRISPR DNA serves as a target for crRNA. In addition,
crRNAs may bind competitively to regulate unlimited transcriptional enhancement. Although we lack the evidence described previously for
perfect immunity, CRISPRe provides a framework for immediate practical applications and a direction for further study.

Limitations of the study

Presence of iPAM motifs avoids DNA breaks at the desired positions and enables Cas3 to translocate away from Cascade complex along
targets to unwind double-stranded DNA, which provides possibility for developing a CRISPR-based tool for transcriptional enhancement
in K. vulgare. However, how the nuclease/helicase domains of Cas3 are coordinated and when the activity of Cas3 nuclease is attenuated
remain unknown. In addition, it is unclear whether iPAM-mediated Cas3 recruitment needs the help of other Cas proteins. So, more work
for the mechanistic characterization of CRISPRe would be necessary.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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Figure 5. Multiple SD-like sequences in intergenic region block the translation of downstream genes in operon

(A) Schematic of artificial unit recombination. The pggA and downstream genes in pgq operon were replaced by gfp to recombine the artificial units. Intergenic
region was shortened to the designed lengths. p/sp indicates the promoter in (Figure S2C). n/NNN indicates the nucleotide number and arrangement in
intergenic region.

(B and C) GFP expression in artificial units. “-": undetectable. Protein expression was quantitatively analyzed by Image Lab.

(D) Rearrangement of intergenic region in artificial units. Codon usage analysis in (Figure S6C) showed that continuous GC arrangement in intergenic region
might affect downstream gene translation. To prove this, the intergenic regions were rearranged with GCN/CGN repeats. pggA(18GCN)gfp and
pqgA(18CGN)gfp were generated accordingly. pggA(18NNN)gfp was used as the control. The sp promoter was used here.

(E) Identical transcription of gfp in artificial units. Values are means + s.d, (n = 3 biological replicates).

F) Similar RNA structure of the intergenic regions in artificial units.

G) GFP expression in pggA(18GCT)gfp and pqgA(18CGT)gfp.

H) GFP expression in pggA(18GCN)gfp and pggA(18CGN)gfp. Protein that was obviously inhibited is marked with black box.

1) Findings of SD-like sequence. The underlined short sequences in intergenic regions of pggA(18GCN)gfp and pqgA(18CGN)gfp were found to be in high
accordance with Shine-Dalgarno (SD) sequence in K. vulgare (Figure S6D) and were thus referred to be SD-like (SDI) sequences.

(J) SDI distribution. We scored the relevant sequences based on their effects on downstream genes (Table S7). A score (>5) indicates a significant inhibition. SDI
distribution in pgqg operon was analyzed. SDI sequences with obvious inhibition, especially 5-GCYGCYG (Y=C/T) and 5-GMCGMCG (M = C/A), were mainly
clustered in the intergenic region.
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O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
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Figure 6. CRISPRe works by promoting transcriptional elongation

(A) CRISPRe facilitates RNAP elongation. Unlike ordinary operons where the complex regulation is focused on transcriptional initiation to activate promoters, the
pqgq operon in K. vulgare regulates gene expression by providing an uneven travel for RNAP. Particularly, the GC-rich intergenic region, located immediately
downstream AT-rich pggA gene, acts as the roadblocks that prevent the elongation of RNAP and reduces the expression of downstream genes in operon.
CRISPRe, however, can significantly promote RNAP elongation and PQQ synthesis by directional targeting. Hence, CRISPRe plays a role by facilitating RNAP
elongation. Besides, the pgq operon has evolved a ribosomal coupling pathway. Multiple SD-like sequences are placed on intergenic region to slow down
the translational re-initiation by their high affinity with ribosomes and further decrease the translation of downstream genes, thus limiting the synthesis of
end products.

(B) The proposed model for CRISPRe. Presence of iPAM motifs prevents Cas3 from cleaving at the desired positions and the targets successfully escape
interference from CRISPR-Cas immunity. However, Cas3, relying on its helicase domain, can still translocate away from Cascade complex along targets to
unwind double-stranded DNA, thereby facilitating RNAP elongation. Hence, more transcripts are generated with the roles of CRISPRe.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Monoclonal mouse anti-GFP antibody Abmart Cat#M20004; RRID:AB_2619674

Goat anti-mouse IgG HRP-linked antibody

Transgen Biotech

Cat#HS201-01; RRID:AB_2629433

Bacterial and virus strains

E. coli DH5a. Lab stock N/A

B. megaterium Lab stock N/A

K. vulgare WSH-001 Lab stock N/A

MT K. vulgare (4pqqA-B) This study N/A

K. vulgare WSH-001 derivatives This study N/A
Chemicals, peptides, and recombinant proteins

BamHI Thermo Fisher Scientific Cat#FD0054
Hindlll Thermo Fisher Scientific Cat#FD0504
Sacl Thermo Fisher Scientific Cat#FD1133
RNAiso Plus reagent Takara Cat#D9108A
PQQ-dependent Glucose dehydrogenase Toyobo Cat#GLD-321
PQQ standards Sigma-Aldrich Cat#80198
2,6-Dichlorophenolindophenol (DCIP) Sangon Biotech Cat#A600396
Phenazine methosulfate (PMS) Sangon Biotech Cat#A610361
Critical commercial assays

PrimeScript RT reagent Kit with gDNA Eraser Takara Cat#RR047A
SYBR Premix Ex Taq Il Takara Cat#RR820A
Deposited data

K. vulgare WSH-001 genome NCBI Reference Sequence CP002018
Oligonucleotides

All oligonucleotides used for plasmid This study N/A
construction and qRT-PCR are listed

in supplemental materials.

Recombinant DNA

Plasmid: pBBRTMCS-5 Lab stock N/A

Plasmid: pBBRTMCS-2 Lab stock N/A
pPBBRTMCS-5/-2 derivatives, see Table S8 This study N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yi Yang

(yangyi528@scu.edu.cn).

Materials availability

All plasmids generated and or used in this study are listed in Table S8. All plasmids generated in this study are available from the lead contact

upon request.
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Data and code availability

@ All data reported in this study will be shared by the lead contact upon request.

® This study does not report original code. The genome information of K. vulgare WSH-001 is available on NCBI repository under accession
number CP002018.

® 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

K. vulgare WSH-001 (PQQ producing strain)”® and Bacillus megaterium (the helper strain)’’ were mainly used in the study. The culture of
B. megaterium was prepared as follows. The media was modified from Wang et al.”®*? P media for isolation and purification of strains con-
tained 2% L-Sorbose, 0.02% MgSQy, 0.1% KH,PO,, 0.3% yeast extract, 1% peptone, 0.3% beef extract and 0.1% urea with pH 7.1-7.3. Also,
cultivation of B. megaterium was completed in P media. While PQQ synthesis in K. vulgare was conducted in a mixture composing of P media
and culture of B. megaterium (50%, v/v) at 28°C-30°C, 180 rpm and ~3% (v/v) inoculation. Culture was prepared by inoculation, cultivation,
centrifugation and sterile filtration. When required, media were supplemented with gentamicin at 20 pg/mL or kanamycin at 25 pg/mL for the
selection of pBBR1MCS-derived plasmids.*® The vectors were transformed to K. vulgare by Bio-Rad Gene Pulser (Bio-Rad) (0.1 cm-gap cu-
vettes, 2.2 kV, 200 Q, and 25 uF). The endogenous CRISPR-Cas system in K. vulgare was developed into a genomic editing technology for
gene deletion at the indicated positions as previously described.'” The 400-bp fragment in pgq operon comprising of pqgA, the intergenic
region and part of pggB was deleted and the mutant strain (MT) was acquired.

METHOD DETAILS
CRISPR-cas system identification
CIRSPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index) was used to identify CRISPR-Cas system in K. vulgare WSH-

001. The cas genes and CRISPR loci were also detected by CIRSPRCasFinder. RNA structure in this study was predicted on RNAfold
WebServer (http://ma.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).

CRISPR interference assay

CRISPR interference plasmids were constructed according to the ref. ¥ The oligonucleotides bearing Spacer5 and 5'-NNN were synthe-
sized. After annealing, fragments were ligated to the linearized vector pBBRTMCS-5 by Hindlll and BamHI digestion. All synthesis was
completed by TsingkeBiotechnology (Chengdu, China). The oligonucleotides were listed in Table S1.

DNA cloning and plasmid construction

E. coliDH5a was used for plasmid construction and cultured in Luria-Bertani (LB) media. To screen for the constitutively expressed promoters,
the plasmids carrying reporter gene (gfp) driven by different promoters were constructed by overlap PCR respectively.”’*” Genomic DNA
from K. vulgare was used as the templates for promoters. Plasmid pBI221-GFP provided the template for gfo gene. The fused fragments
were cloned into pBBRTMCS-5 plasmid by Hindlll and BamHI digestion. Related primers were listed in Table S2. CRISPR expression plasmids
were constructed as follows. The fragments consisting of the leader of CRISPR1 as a promoter and the repeats interrupted by designed
spaces were synthesized and used as the templates for plasmid construction. Products digested by Sacl and BamHI were recombined
into pPBBRTMCS-5 to acquire the crRNAs expressing plasmids. The overexpressed vectors carrying pgq genes were constructed by cloning
fragments into pBBRTMCS-2. Primers were shown in Table S3. The artificial units pqgA(nNNN)gfp and pggA(nNNN)BCDEF were recom-
bined also by overlap PCR. Primers were listed in Table S4.

RT-PCR and quantitative RT-PCR

Samples were taken at a predetermined time when the growth of strains reached about 0.4 (ODgq0). RNA was extracted with RNAiso Plus reagent
(Takara). The cDNA was synthesized using PrimeScript RT reagent Kit with gDNA Eraser (Takara). Quantitative RT-PCR (qRT-PCR) was performed
on a Bio-Rad CFX96 Real-Time PCR Detection System using SYBR Premix Ex Taq Il (Takara). 16S rDNA was used as an internal control. Primers
were listed in Table S5. RT-PCR was performed with cDNA templates and the corresponding primers. Primers were in Table Sé.

Western blot analysis

Western blot (WB) was to detect GFP expression. WB and RNA extraction samples were collected at the same time. The quantified loading pro-
tein was separated on a 12% SDS-PAGE gel and then blotted onto a PVDF membrane (Bio-Rad). Primary antibody was Anti-GFP (Abmart,
M20004, diluted 5000-fold). Secondary antibody used was Goat Anti-Mouse |gG HRP-linked antibody (Transgen, HS201-01, diluted 5000-fold).

PQQ determination assay

PQQ products were measured according to the ref. °*** PQQ-dependent Glucose dehydrogenase (GLD) (Toyobo) was dissolved into
100 mM phosphate buffer (containing 1 mM ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) and 2 M KBr; pH 7.3) for dialysis treatment.
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The obtained apo-GLD was then dialyzed against 20 mM 3-morpholinopropanesulfonic acid buffer (MOPS) (pH7.0). The resultant solution
was measured and diluted to the desired concentration with MOPS buffer (including 0.1% Triton X-100, 1 mM CaCl, and 0.1% BSA) for
PQQ detection. PQQ standards (Sigma) were prepared with MOPS buffer. Apo-GLD solution was incubated with standards at 30°C for
35 min to reactivate GLD. MOPS buffer (including 2 mM CaCl,, 400 uM phenazine methosulfate (PMS), 200 uM 2, 6-dichloroindophenol
(DCIP) sodium salt and 20 mM glucose) was used as the enzymatic activity assay buffer. After incubation, 1 mL assay buffer was added,
200 pL of which was taken out immediately to determine the rate of discoloration of DCIP blue at 600 nm. For the samples, the culture
was centrifuged at 12,000 rpm X 5 min, and the supernatant was taken for PQQ analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown in figures as mean and represent standard deviation (SD) from the mean. Number of replicates and statistical tests used can
be found in figure legends. One-way ANOVA test and Student's t test analysis were performed on GraphPad Prism 7 software. Differences
were considered statistically significant if the p value was less than 0.05. *P <0.05; **P<0.01; ***P < 0.001; ****P <0.0001.
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