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Summary

CRISPR-associated proteins (Cas1 and Cas2) integrate foreign DNA at the “leader” end of 

CRISPR loci. Several CRISPR leader sequences are reported to contain a binding site for a DNA 

bending protein called Integration Host Factor (IHF). IHF-induced DNA bending kinks the leader 

of type I-E CRISPRs, recruiting an upstream sequence motif that helps dock Cas1-2 onto the first 

repeat of the CRISPR locus. To determine the prevalence of IHF-directed CRISPR adaptation, 

we analyzed 15,274 bacterial and archaeal CRISPR leaders. These experiments reveal multiple 

IHF binding sites and diverse upstream sequence motifs in a subset of the I-C, I-E, I-F and II-C 

CRISPR leaders. We identify subtype-specific motifs and show that the phase of these motifs is 

critical for CRISPR adaptation. Collectively, this work clarifies the prevalence and mechanism(s) 

of IHF-dependent CRISPR adaptation and suggests that leader sequences and adaptation proteins 

may coevolve under the selective pressures of foreign genetic elements like plasmids or phages.

eTOC

*Correspondence to BW: bwiedenheft@gmail.com.
†These authors contributed equally.
Author Contributions
A.S-F., M.B., T.W., P.K. and B.W. designed the research. A.S-F., M.B., T.W. and P.K. performed the research. A.S-F., M.B., T.W. and 
B.W. prepared the figures. All authors contributed to analysis and interpretation of the experimental results and data. A.S-F. and B.W. 
wrote the paper. All authors contributed to reviewing and editing the final paper draft.

Inclusion and diversity
One or more of the authors of this paper self-identifies as an underrepresented ethnic minority in science. One or more of the authors 
of this paper self-identifies as a member of the LGBTQ+ community. One or more of the authors of this paper received support from 
a program designed to increase minority representation in science. While citing references scientifically relevant for this work, we also 
actively worked to promote gender balance in our reference list.

Declaration of Interests
B.W. is the founder of SurGene, LLC, VIRIS Detection Systems Inc. and is an inventor on patent applications related to CRISPR-Cas 
systems and applications thereof. A.S-F. is a co-inventor on a patent for a CRISPR-based diagnostic.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Biol. Author manuscript; available in PMC 2022 August 23.

Published in final edited form as:
Curr Biol. 2021 August 23; 31(16): 3515–3524.e6. doi:10.1016/j.cub.2021.05.068.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Santiago-Frangos et al. determine the prevalence and distribution of DNA sequence motifs that 

are necessary for the polarized integration of foreign DNA into most CRISPR loci. The spacing 

between these motifs is critical for maintaining DNA structures that are necessary for efficient 

CRISPR adaptation.

Graphical Abstract

Introduction

The repeat-spacer-repeat architecture characteristic of all CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats) loci was first observed in 19871. However, 

the biological function of CRISPRs remained obscure until 2005, when three groups 

independently reported that CRISPR loci frequently contain “spacers” derived from foreign 

genetic elements2–4. By comparing CRISPR loci from closely related isolatesof Yersinia 
pestis, Pourcel et al. noted that new phage-derived spacers are preferentially added to 

one end of the CRISPR4, which is often flanked by an adenine- and thymine-rich 

(AT-rich) sequence, previously termed the “leader”5. Collectively, these computational 

observations indicated that CRISPRs are part of an adaptive immune system that maintains 

a chronological record of previously encountered foreign genetic parasites6,7. A role for 

CRISPR loci and Cas proteins in adaptive immunity was first established by phage challenge 

experiments performed by Barrangou et al.8. Polarized integration is crucial in most 

systems, since spacers at the leader-end of the CRISPR have been shown to provide greater 

levels of immunity9.
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Structural and biochemical experiments aimed at understanding the mechanism(s) of 

polarized adaptation have resulted in two models for preferential integration of new spacer 

at the “leader-end”7. In type II systems, the Cas1 proteins have been shown to recognize 

the leader-repeat junction, while type I-E and I-F systems have been shown to rely on a 

DNA bending protein called Integration Host Factor (IHF)9–15. In the type I-E CRISPR 

system of Escherichia coli (K12), IHF binds to a roughly 30-base pair sequence motif that 

begins 6-base pairs upstream of the first repeat10. IHF-binding kinks DNA in the leader, 

creating a horseshoe shaped structure that stabilizes the Cas1-2 integrase complex bound to 

the first repeat of the CRISPR locus11. One of the Cas1 dimers is wedged into the “toe” 

of the DNA horseshoe, resulting in specific contacts between the Cas1 and IHF proteins, as 

well as sequence specific interactions between one lobe of Cas1 and an upstream sequence 

motif11,16.

We recently noticed that the IHF binding site in the leader sequence of the type I-F 

CRISPR locus from Pseudomonas aeruginosa (PA14) is 8-base pairs further from the leader

repeat junction than what was originally observed in the type I-E systems of Escherichia 
coli (Figure 1). We hypothesized that this seemingly subtle difference has important 

mechanistic implications for CRISPR adaptation. The helical structure of double stranded 

DNA (dsDNA), contains ~11-base pairs per 360-degree rotation17,18. Thus, the addition of 

8-base pairs not only shifts the IHF binding site ~27 Å away from the leader-repeat junction, 

which would preclude previously observed Cas1-IHF interactions, but this insertion also 

introduces a ~260-degree rotation of the upstream DNA. This rotation would position one tip 

of the “DNA horseshoe” on the opposite side of the Cas1-2 integration complex from what 

has been previously observed for the E. coli integration complex11.

Here we analyze 14,095 bacterial and 1,179 archaeal CRISPR leaders for conserved 

sequence motifs. This analysis reveals discretely distributed IHF binding sites and upstream 

motifs in a subset of I-C, I-E, I-F and II-C CRISPR loci. These leaders frequently contain 

multiple IHF binding sites and subtype-specific upstream motifs. The sequence, spacing, and 

orientation between motifs vary within and between subtypes, resulting in the detection of 

approximately 20 distinct leader architectures (Figure S1). Differences in leaders between 

closely related strains frequently involve insertions or deletions (indels) of 10–12 bps, which 

preserves the phase of these motifs, suggesting that phase is more important than distance 

per se. Additionally, we use in vitro adaptation assays to test the importance of both the 

sequence and the phase of leader motifs on new spacer integration in the type I-F system 

from P. aeruginosa. Overall, our data suggest that the mechanisms of polarized CRISPR 

adaptation are diverse, but all systems that rely on IHF are expected to be phase-dependent.

Results

Identification and distribution of IHF and upstream motifs

IHF binding sites have been identified in the leader sequences of a few type I-E systems 

and in the type I-F system from Pectobacterium atrosepticum10,12,19. To broadly determine 

the prevalence and distribution of IHF binding sites in CRISPR leaders, we queried all 

complete bacterial and archaeal genome sequences available at NCBI for CRISPR loci and 

associated leader sequences using CRISPRDetect20. In total, we identified 15,274 CRISPR 
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loci, representing most of the major subtypes (Table 1). We queried 200 base pairs upstream 

of each CRISPR using previously established position weight matrices for IHF binding 

sites21,22. Sequences identified with this position weight matrix were used to construct more 

detailed position weight matrices, which were then used to iterate the search (Data S1). 

In total, we identified 8,631 putative IHF binding sites in 15,274 leader sequences. Next, 

we culled the list of leaders by eliminating redundant sequences that were greater than 

95% identical. This eliminates closely related genomes from a few organisms which were 

oversampled in our initial dataset (e.g., E. coli), and enables a more accurate representation 

of the phylogenetic distribution of IHF binding sites in leader sequences. In this subset of 

6,533 non-redundant leaders, IHF binding sites were found in 24% of I-C (n=176), 26% 

of I-E (n=336), 83% of I-F (n=444), and 32% of II-C (n=108) leaders (Table 1, Data S2). 

Interestingly, most I-F leaders (53%) and several I-E, II-C and I-C leaders (6%, 6%, and 3%, 

respectively) contain more than one IHF binding site. We differentiate “proximal IHF” from 

“distal IHF” binding sites according to their position relative to the leader-repeat junction.

According to the previously established model for type I adaptation, the DNA bending 

behavior of IHF presents an upstream sequence motif that is recognized by specific amino 

acids on Cas1 (i.e., R131 and R132)11. In support of this model, the proximal IHF binding 

sites in I-E leaders are tightly distributed around a midpoint of 20-base pairs from the leader

repeat junction, and I-C and II-C leaders possess similar IHF sites at midpoints of 22 and 

21-base pairs from the leader-repeat junction (Figure S1). However, the additional 8-base 

pairs that separate the IHF binding site from the leader-repeat junction in P. aeruginosa 
PA14, as compared to E. coli BL21, is preserved in a comparison of all type I-E and I-F 

leaders that contain IHF binding sites (Figure S1). This ~8-base pair insertion is unique to 

the type I-F systems and may be an evolutionary adaptation necessary to accommodate the 

Cas3 domain, which is uniquely fused to the Cas2 protein in I-F CRISPR system (Figure 

1)23–25. In addition to making room for Cas3, this insertion also rotates the upstream DNA 

by ~260-degree. This rotation suggests that either the Cas1-2/3 integration complex relies 

on a distinct mechanism for recognizing an upstream sequence motif, or that I-F systems do 

not rely on upstream sequence motifs. To distinguish between these two possibilities and to 

identify conserved upstream sequence motifs in other IHF containing leaders, we performed 

a de novo motif search using a combination of MEME and FIMO22,26. MEME identified the 

upstream motif previously reported for type I-E systems11,19, as well as several new motifs 

(Figure 2 and Data S1, S2). The sequence and location of these motifs are characteristic 

of specific subtypes. In addition to the upstream motifs and proximal IHF binding sites, 

MEME also identified additional upstream IHF binding sites and additional, distally located 

upstream motifs that are either direct repeats or inverted repeats of the proximal upstream 

motif (Figure 2). The spacing between these motifs sometimes vary between leaders, but 

changes in the spacing are almost always restricted to increments of 10–12 base pairs, 

indicating that phase is conserved (Figure S1). The I-C distal direct repeat and inverted 

repeat of the usptream motif are exceptions to this rule, which are often shifted by 8-base 

pairs (Figure S1).

While IHF has been shown to be critical for polarized CRISPR adaptation in the type 

I-E system from E. coli10,11, we found that roughly 75% of I-E leaders do not contain a 

canonical IHF binding site. 20% of I-E leaders instead contain a “leader-anchoring motif” 
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that directly abuts the first repeat, in a similar manner to the “leader-anchoring site” reported 

for several of the type II systems (Figure 2)9,13–15. While proximity of I-E leader-anchoring 

motifs to the leader-repeat junction is similar to those in type II systems, the sequences 

themselves are notably different. The type I-E leader-anchoring motifs contain an off-center 

TCA sequence, and a 5’ to 3’ TTR triplet on the opposite strand, which are hallmarks of 

IHF and Hbb DNA binding sites (Figure S2)27–31, though these motifs are not detectable 

using any of the previously established position weight matrices for IHF binding sites 

(Figure 2). The IHF-like leader-anchoring motif may associate with DNA bending proteins 

that recruit upstream motifs. In fact, MEME identifies two motifs (I-EA and I-EB) that 

are unique to I-E leaders that contain “IHF-like leader-anchoring motifs” (Figure 2 and 

Data S1). If the “IHF-like leader-anchoring motif” is in fact a DNA bending sequence that 

functions to recruit the unique upstream motifs (i.e., I-EA or I-EB), then the proximity of 

this motif relative to the leader-repeat junction, would change the phase of the upstream 

motif relative to what has been observed for the IHF containing leader from E. coli. Thus, 

we hypothesized that Cas1 proteins associated with these systems may not rely on arginines 

131 and 132 (R131 and R132), which are critical for upstream motif recognition by Cas1 

in IHF-dependent CRISPRs from E. coli11. To test this hypothesis, we aligned 368 Cas1 

sequences from CRISPR systems that contain “IHF-like leader-anchoring motifs”. Unlike 

I-E Cas1 proteins that are associated with IHF containing leaders, these Cas1 proteins 

do not maintain R131 and R132, suggesting that the mechanism of adaptation in these 

CRISPRs is distinct (Table 2). These findings suggest these two types of I-E CRISPR 

systems may be phylogenetically distinct, indeed IHF-regulated I-E CRISPRs are found in 

bacteria belonging to the Phylum Proteobacteria, while leader-anchoring motif-regulated I-E 

CRISPRs are found in Actinobacteria (Data S2). Collectively, these results reveal diverse 

upstream architectures that include motifs anticipated to interact with DNA bending proteins 

(e.g., IHF, Hbb, or others) and DNA bending is anticipated to recruit upstream sequences 

that are critical for polarized adaptation in approximately 56% of all 15,274 CRISPR loci 

that we analyzed.

IHF binding sites and upstream motif are critical for efficient integration

To determine if the IHF binding sites and upstream motifs play a direct role in I-F CRISPR 

adaptation, we performed in vitro integration assays using the leader sequence derived from 

the CRISPR2 locus of P. aeruginosa PA14. According to our bioinformatic analysis, this 

leader contains both proximal and distal IHF binding sites, as well as proximal and distal 

upstream motifs (Figure 2 and 3). To determine which of these motifs participate in new 

spacer integration, we compared integration efficiencies measured for the wildtype leader 

sequence, to leaders where we either replaced the proximal IHF binding site with an IHF 

consensus sequence from E. coli (Opt. IHF prox), mutated key positions in the proximal 

IHF binding site (Mut. IHF prox), scrambled the proximal upstream motif (Mut. UM prox), 

deleted the distal IHF site (Del. IHF distal) or scrambled the distal upstream motif (Mut. UM 

distal) (Figure 3C).

IHF-binding sites in the P. aeruginosa CRISPR2 leader deviate from the E. coli IHF 

consensus sequence at the 5’ “A-tract” and central “WATCAR” regions, despite P. 
aeruginosa and E. coli IHF proteins sharing greater than 70% sequence identity (Figure 
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S2)27–29. To determine whether an “optimized” IHF site would result in more efficient 

spacer integration, we replaced the IHF binding site in the I-F leader with the consensus 

IHF binding sequence from E. coli. These two sequences differ at 15 positions over 29 

bps. Although optimization of the IHF binding site (Opt. IHF prox) resulted in slightly 

increased leader-side integration (1.4-fold), there is a concomitant decrease in spacer-side 

integration (1.5-fold) (Figure 3D, 3E). To verify that the IHF binding sequence is important 

for integration, we mutated six bases that are critical for IHF recognition (Figure 3C)27,28,32. 

These mutations (Mut. IHF prox) result in large decreases for both leader- and spacer-side 

integration (8.7 and 14.7-fold respectively) (Figure 3D, 3E, Figure S3 and S4), which 

supports previous work from the Fineran lab demonstrating that the IHF protein is necessary 

for adaptation in the I-F system from P. atrosepticum12. While it is expected that IHF 

is involved in DNA bending, there have been no prior reports of an upstream motif in 

I-F CRISPR leaders. To determine if the proximal upstream motif sequence we identified 

is important for CRISPR adaptation, we scrambled the sequence (Mut. UM prox). This 

mutation results in a large decrease in both leader- and spacer-side integration efficiency 

(2.6- and 8.3-fold respectively) (Figure 3C, 3D, 3E, Figure S3 and S4).

Fagerlund et al previously detected several IHF-like sequences upstream of the I-F CRISPR 

locus in P. atrosepticum12, but the importance of these distal sequences has gone untested. 

We hypothesized the distal IHF binding site and the distal upstream motif, which both occur 

at high frequency, would be functionally important for CRISPR adaptation. To test this 

hypothesis, we deleted the distal IHF site (Del. IHF distal) or scrambled the distal upstream 

motif (Mut. UM distal). Deletion of the distal IHF site reduces leader-side integration by 

2.2-fold while changes to spacer side integration are within experimental error (Figure 

2D and 2E). In contrast, scrambling the distal upstream motif sequence does not impact 

leader-side integration but reduces spacer-side integration by 2.5-fold. Collectively, these 

results suggest that the distal IHF and upstream motif sequences participate in new spacer 

integration.

Tn7-associated I-F3 leaders contain motifs needed for efficient integration

Recently, Petassi et al reported that Tn7-associated I-F3 CRISPR systems are accompanied 

by short CRISPRs33. The spacers in I-F3 CRISPRs have recently been shown to guide 

transposition in a sequence-specific manner34,35. To determine whether I-F3 CRISPR loci 

may continue to acquire new spacers that would enable the Tn7-like system to adapt to 

transpose into novel locations, we analyzed a subset of I-F3 leaders using custom position 

weight matrices for IHF binding sites and I-F upstream motifs developed above. In 23 

non-redundant I-F3 leaders, 65% and 85% possess proximal and distal IHF binding sites 

(respectively), and 56–58% possess proximal and distal I-F upstream motifs (Figure 3F). 

Further, all four leader motifs are found in the same positions as in canonical I-F leaders 

(Figure 2). Since most I-F3 systems are not associated with operons that encode cas1 or 

cas2/3, it has been hypothesized the integration complex may be provided in trans36. The 

conservation of IHF binding sites and upstream motifs in a subset of the I-F3 leaders, 

suggests that trans-acting Cas1-2/3 integration complexes may be compatible with these 

leaders. One barrier to the spread of mobile genetic elements is compatibility with host 

factors. Our in vitro integration results show that P. aeruginosa IHF can recognize an E. coli 
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consensus IHF binding site (Figure 3C, 3D, 3E), corroborating previous reports that E. coli 
IHF may complement the integration of new spacers into I-F CRISPR loci by Cas1-2/337,38. 

Further, these observations suggest that I-C, II-C, I-E, I-F and Tn7-associated I-F3 CRISPR 

systems may exchange efficiently between microbes that encode IHF.

Phased leader motifs facilitate CRISPR adaptation

The insertion of 1, 2, or 5-base pairs between the leader-repeat junction and the IHF binding 

site was previously shown to progressively inhibit new spacer integration into a I-E CRISPR 

locus11. These results were used to highlight the importance of the IHF-Cas1 interaction, 

which we have no reason to question. However, we hypothesized that these mutations would 

also alter the position of the upstream motif and that phase of the upstream motif might be 

more important than distance per se. To test this hypothesis, we measured the integration 

efficiency of new spacers into a fragment of a CRISPR from strain 14 ofP. aeruginosa 
(PA14). Variants of the PA14 leader were designed to either preserve (e.g., +10 bp) or 

disrupt (e.g., +5 bp) phasing between either the leader-repeat junction and the proximal IHF, 

or the proximal IHF site and the proximal upstream motif, or both (Figure 4A).

In the absence of IHF, the Cas1-2/3 proteins from P. aeruginosa inefficiently integrate 

prespacers into multiple sites along the leader (Figure 3D, 4B). In contrast, the addition 

of IHF to these reactions facilitates Cas1-2/3–mediated integration of prespacers at the 

leader- and spacer- side of the first repeat (Figure 3D, 4B). High-throughput sequencing 

of the integration reactions performed using primers at either end of the CRISPR DNA 

confirm that IHF decreases off-target spacer integration from 75.2% to 9.0% (Figure S3). 

Additionally, we observed that leader-side integration is more efficient than spacer-side 

integration and that 49.8% of unambiguously integrated prespacer substrates are trimmed 

prior to integration (Figure S3; see methods for explanation of amibugous spacer integration 

events). These results are similar to those previously reported for E. coli I-E and P. 
atrosepticum I-F systems12,16,39.

To specifically test the importance of phase, we designed a series of I-F leader mutants that 

maintain the motif, but perturb the phase of the proximal IHF and proximal upstream motifs 

to varying degrees (−6D, −5D, +1D, +5D) (Figure 4A). Consistent with our hypothesis, 

indels between the proximal IHF site and the leader-repeat junction, or the proximal IHF site 

and proximal upstream motif, both inhibit new spacer integration. The degree to which these 

changes impact the efficiency of integration correlates with changes to the phase. In other 

words, the more out of phase, the lower the efficiency of integration. Importantly, insertions 

that restore the original phase (i.e., +10D, +10U), also restore integration activity (Figure 

4). Collectively, the data show that integration efficiencies oscillate with a wavelength of 

~11 bp, corresponding to a complete turn of double stranded DNA helix (Figure 4D)17,18. 

These experiments indicate that the phase of leader motifs, rather than their distance from 

the leader-repeat junction, is critical for efficient integration of new spacers at the leader end 

of the CRISPR locus.

Santiago-Frangos et al. Page 7

Curr Biol. Author manuscript; available in PMC 2022 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Since the discovery of regulatory elements in DNA40, there has been an interest in 

determining the “grammatical rules” of sequence motifs that regulate the storage and 

retrieval of genetic information. The regulatory influence of a sequence motif is determined 

by its location and orientation to other cis or trans acting sequence motifs, which often 

assemble into structures that regulate the activity of neighboring genetic elements41–43.

Specific and efficient integration of new spacers into CRISPR loci is the crucial first step in 

the adaptive immune response of bacteria and archaea. Here we identify leader sequences 

and structural elements that regulate CRISPR adaptation. These “grammatical rules” help 

explain the mechanisms by which CRISPRs evolve and may be important for the design 

of CRISPR-based data recording applications44,45. Moreover, we anticipate that motifs 

identified here may be used to improve computational methods designed to identify and 

assign CRISPR loci to particular subtypes.

While new spacers are generally added to one end of the CRISPR, there are several 

known examples of non-random integration of spacers outside the CRISPR locus10,12,14,46. 

To determine whether off-target integration observed inE. coli could be explained by the 

presence of specific motifs, we queried 200 bps flanking both sides of 697 integration sites 

to identify I-E repeats, IHF binding sites, and upstream motifs using FIMO22,46. Only 73 

of these sites possess a significant match to a I-E repeat, 31 possess an IHF-like binding 

site, and 44 possessed a canonical I-E upstream motif. Importantly, none of these sites 

contain all three motifs (Data S3). While the mechanistic basis for integration at these 

non-CRISPR sites remains unclear, the overexpression of Cas1 and Cas2 may explain some 

of the promiscuity reported in these experiments46.

Previous studies have demonstrated that some type I CRISPRs rely on leader proximal 

and distal motifs11,12,16,19,47–49. Conversely, in type II systems, Cas1-2 directly recognizes 

a leader anchoring motif located directly adjacent to the first repeat9,13–15,50. Our work 

suggests that the mechanisms for adaptation may be more complex and that some II-C 

CRISPRs may require IHF, while 20% of type I-E CRISPRs appear to rely on a leader 

anchoring motif that is unique in sequence but similar in position to what has been observed 

for the type II systems (Figure 2). Bioinformatic analyses suggest IHF is predominantly 

restricted to Proteobacteria, although similar type II DNA-binding proteins may be found 

in other microbes30,51. Perhaps as expected, CRISPR leaders in which we identified phased 

IHF binding sites and upstream motifs (I-E, I-F, I-C and II-C) are highly represented in 

Proteobacteria52 (Data S2). Further, the split between I-E leaders that contain IHF sites 

versus those that contain leader-anchoring motifs roughly coincides with a split between 

I-E CRISPRs originating from Proteobacteria versus those originating from Actinobacteria 
(Data S2). These observations point to a continuing co-evolution of CRISPR adaptation 

complexes with host machinery to support the fidelity of new spacer integration.

Leader sequences are diverse and variations in leader architectures may tune adaptation 

rates. In fact, many microbes possess multiple CRISPR loci, which evolve at different 

rates52–54. For example, I-F cas genes in P. aeruginosa are flanked by a short CRISPR 
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locus (CRISPR1) that evolves slowly and a longer CRISPR locus (CRISPR2) that has 

been shown to evolve more rapidly (Figure S5)54,55. P. atrosepticum SCRI1043 similarly 

possesses three CRISPR loci that evolve at different rates53. In corroboration with the 

biochemical data presented here, the fastest evolving I-F CRISPR loci in P. aeruginosa PA14 

and P. atrosepticum SCRI1043 contain leaders with proximal and distal IHF binding sites, 

as well as upstream motifs. Whereas slower evolving CRISPR loci in these bacteria lack the 

proximal IHF binding site in their respective leaders (Figure S5). Collectively, these data 

suggest that CRISPR loci with leaders containing the full complement of motifs may adapt 

rapidly (Data S2). Although rapidly evolving CRISPR loci may enable a quick response to a 

new pathogen, the dsDNA breaks associated with the integration of a new spacer may cause 

such loci to be prone to lose previously acquired spacers via homologous recombination 

between repeats or other DNA repair pathways56,57. Thus, there may be a selective pressure 

that maintains CRISPR loci that have been tuned for either fast or slow adaptation.

The work presented here started with the observation that there are 8 additional base pairs 

between the leader-repeat junction and the first repeat of the CRISPR in P. aeruginosa 
(PA14), as compared to the CRISPRs in E. coli. This 8 bp insertion is not unique to the 

CRISPR in P. aeruginosa (PA14) but is instead conserved in I-F systems (Figure S1). While 

we show that IHF binding sites are common in I-E and I-F systems they are certainly 

not the rule. In fact, 75% of non-redundant I-E leaders do not contain IHF binding sites. 

Rather, 20% of I-E systems contain a leader-anchoring motif and one or two different 

unique upstream sequence motifs (Figure 2, Data S2). These observations led us to look 

more broadly for IHF binding sites and unique upstream motifs, revealing that many 

leaders contain multiple IHF binding sites and diverse upstream sequence motifs that are 

characteristic of the I-C, I-E, I-F and II-C leaders. The conservation of relative distances 

between motifs suggested that phase, rather than distance, might be critical for efficient 

adaption in IHF-dependent systems. We tested the importance of phase in the I-F system 

and demonstrate insertions that are in phase with the DNA helix, restore efficient adaption 

(Figure 4). While leaders are expected to be critical for adaption in most systems, most 

leaders are also expected to control CRISPR expression58–60. Ultimately, we expect that the 

motifs identified here are only the tip of the iceberg and that additional bioinformatic studies 

will provide ongoing insights that will lead to a more comprehensive understanding of how 

leader sequences integrate signals for expression and adaptation of CRISPRs.

STAR Methods

Resource availability

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Blake Wiedenheft 

(bwiedenheft@gmail.com).

Materials Availability—Plasmids generated in this study have been deposited to Addgene 

and are listed in the Key Resources Table.

Data and Code Availability—The datasets and code generated during this study are 

available in the published article or at https://github.com/WiedenheftLab.
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Experimental Model and Subject Details

Bacterial strains—Escherichia coli DH5α (Thermo Fisher Scientific) cells were used 

to amplify plasmids used in this paper. E. coli BL21 DE3 (NEB) cells were used to 

express proteins used in this paper. E. coli were grown in LB (Lennox) media at either 

37°C, or 16°C after induction of protein expression with 0.5 mM IPTG (isopropyl-β-D

thiogalactoside), shaking in baffled conical flasks at 200 rpm. The type I-F CRISPR system 

Cas proteins and CRISPR loci were cloned from P. aeruginosa UCBPP-PA14.

Method Details

Modelling the I-F CRISPR integration intermediate complex—I-F CRISPR leaders 

contain an 8 bp insertion between the leader-repeat junction and the proximal IHF site 

relative to IHF site-containing I-E CRISPR leaders. To model the impact of this insertion, 

8 bp of idealized B-form dsDNA containing 11 bp/turn was built using the 3D-DART 

web server61. This 8 bp duplex was inserted immediately downstream of the IHF proximal 

binding site in the I-E Cas1-2-IHF-CRISPR holo-complex structure (PDB: 5WFE) using 

PyMOL v1.8.2.3 (Schrödinger, LLC). Next, components of the I-F Cas1-2/3 adapation 

complex were docked onto the I-E Cas1-2 adaptation complex. Docking was performed 

by superimposing the I-F Cas1 dimers (PDB: 3GOD) onto each I-E Cas1 dimer (PDB: 

5WFE) using the “cealign” command in PyMOL v1.8.2.3 (Schrödinger, LLC). The Cas1 

homodimers superimpose with a root mean squared deviation of 1.3 Å over 144 α-carbon 

atoms. I-F Cas2/3 proteins (PDB: 5B7I) were similarly modeled by superimposing one copy 

of the I-F Cas2 domain of Cas2/3 onto each of the I-E Cas2 subunits. The Cas2 subunits 

superimpose with a root mean squared deviation of 1.2 Å over 36 α-carbon atoms. Images 

of the resulting models were rendered using ChimeraX v1.162,63.

Building a database of CRISPR leaders—A total of 15,567 complete bacterial 

genomes and 2,658 complete bacterial chromosomes were downloaded from the NCBI 

RefSeq Assembly database on June 10th of 2019. In addition, 351 complete archaeal 

genomes and 25 complete archaeal chromosomes were downloaded from the NCBI 

GenBank Assembly database on the same day. CRISPRDetect v2.420 was used to identify 

CRISPR loci in all downloaded genomes. Search parameters were set using the following 

command, “-word_length 11 - minimum_word_repeatation 3 -max_gap_between_crisprs 

125 -repeat_length_cutoff 17 - minimum_repeat_length 23 -minimum_no_of_repeats 3 

-check_direction 1 -array_quality_score_cutoff 3”. The first repeat and 200 nucleotides 

upstream of each CRISPR locus (leader) were collected for downstream analyses. Regions 

corresponding to both sides of the CRISPR were downloaded when CRISPRDetect was not 

able to reliably determine the directionality (i.e., distinguish the leader from the trailer). 

Leaders were assigned to a particular CRISPR subtype by CRISPRDetect v2.4, or by 

proximity to subtype-specific cas genes. The remaining 13% of CRISPR loci (1,996 loci) 

could not be annotated by CRISPRDetect and lacked nearby cas genes.

Identification of conserved DNA motifs in CRISPR leaders—CRISPR leaders 

were analyzed using the MEME webserver with default settings64. Custom position weight 

matrices for I-E leader IHF binding sites, I-F leader IHF binding sites, I-E leader upstream 

motifs, I-F leader upstream motifs, I-C upstream motifs, II-C upstream motifs, I-EA, I-EB, 
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and the I-E leader-anchoring motif are available in Data S1, and the FIMO-identified 

sequences found in CRISPR leaders have been submitted to the PRODORIC2 webserver 

and are available in Data S2. A local copy of FIMO22 was used to find significant matches 

to each of the position weight matrices. A minimum p-value threshold of 1E-4 was used 

to define significant position weight matrices matches. The position weight matrix for the 

I-F leader IHF binding site does not represent the entire protein-occluded region of DNA. 

Therefore, tallies for the I-F IHF binding site were extended to represent the 29 bps of DNA 

that are occluded by bound IHF28, in order to calculate IHF binding site midpoints. This 

analysis allows for comparison of IHF binding site distributions between CRISPR leaders, 

and for comparison in the position of motifs mapped to the sense and anti-sense strands. 

Sequence logos for matched DNA sequences were generated with a local copy of WebLogo 

3.765.

The microbial genome dataset used here was downloaded from the NCBI RefSeq database 

on June 10th of 2019. As of April 1st of 2021, an additional 8,703 bacterial genomes, 

1,277 bacterial chromosomes, 67 archaeal genomes and 6 archaeal chromosomes have 

been added to the NCBI RefSeq database. These additions represent about a third of the 

total number of currently available genomes and chromosomes, with large numbers of 

genomes orignating from uncultured bacteria and the Phyla Planctomycetes, Ignavibacteria 
and Candidatus Saccharibacteria. The exclusion of these new genomes is not expected to 

change the conclusions of this paper, which focuses on CRISPR subtypes (I-E, I-F, I-C and 

II-C) predominantly found in Actinobacteria, Proteobacteria and Firmicutes66 (Data S2). 

However, we expect that additional bioinformatic studies will uncover more leader motifs 

that regulate CRISPR adaptation or transcription.

Phylogenetic analyses—CRISPR leaders containing sequences matching any of the 

position weight matrices described in this paper (Data S1), were fetched using a Python 

v2.7 script that uses the Bio SeqIO package. A non-redundant list of CRISPR leaders was 

generated using CD-HIT v4.8.167,68 with a 95% identity cutoff. Non-redundant CRISPR 

leaderswere then aligned with a local version of MAFFT v7.42969, using the following 

command-line options: “--genafpair --maxiterate 1000 --thread 100 --threadit 100 --threadtb 

100”. The resulting alignment was then analyzed with MaxAlign v1.170 to find and remove 

misaligned or non-homologous sequences which introduced a large number of gaps in 

the alignment. The list of remaining leader sequences were then realigned as above. A 

maximum-likelihood phylogenetic tree was then generated from realigned leader sequences, 

using FastTree 2.1.1171. The tree was generated using the following parameters “-quote 

-gamma -spr 4 -mlacc 2 -slownni -nt”. Trees were visualized in RStudio by overlaying the 

data of motif distances using ggtree72–74 ggplot275 and tidyverse76.

Plasmid construction—The cas1 and cas2/3 genes from P. aeruginosa UCBPP-PA14 
have been previously cloned into a spectinomycin-resistant p2S LIC vector25 (Addgene, 

#89240). The ihfA and ihfB genes from P. aeruginosa UCBPP-PA14 were PCR-amplified 

to construct an N-terminal 6x-Histidine tagged variant of IHFα, an untagged IHFβ and an 

N-terminal Strep-II tagged variant of IHFβ. HRV3C protease cleavage sites were included 

between the affinity tags and the protein sequence of interest. 6x-His-IHFα and untagged 
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IHFβ were cloned into MCS1 and MCS2 of pACYCDuet-1, respectively. This plasmid 

(pHisIHFαIHFβ) has been deposited with Addgene (#149384). StrepII-IHFβ was cloned 

into pET28a (pStrepIHFβ) and has been deposited with Addgene (#149385).

The P. aeruginosa UCBPP-PA14 CRISPR2 locus (position 2935917–2937205, in the 

genome NC_008463), as well upstream leader DNA (311 bp) and downstream terminus 

DNA (303 bp) were PCR-amplified and cloned into pHERD30T77, (pCRISPR2_wt, 

Addgene #149386). Leader sequence variants were generated via site directed mutagenesis 

using pCRISPR2 as template, followed by ligation of the linearized plasmids. All 

variants are deposited at Addgene, and are listed in the Key Resources Table 

(pCRISPR2_−6D, #149387; pCRISPR2_−5D, #149388; pCRISPR2_+1D, #149389, 

pCRISPR2_+5D, #149390; pCRISPR2_+10D, #149391; pCRISPR_+10D+7U, #149393; 

pCRISPR_+10D+10U, #149394; pCRISPR2_IHF_Opt, #149395; pCRISPR2_IHF_Mut, 

#149396; pCRISPR2_motif_scram, #149397; pCRISPR2_IHFdist_rm, #162318; 

pCRISPR2_IRdist_scram, #162319).

IHF expression and purification—E. coli BL21(DE3)cells were co-transformed with 

both pHisIHFα-IHFβ and pStrepIHFβ. Cells were grown in LB-Miller media (10 g/L 

Tryptone, 10 g/L NaCl, 5 g/L yeast extract), supplemented with 34 μg/mL Chloramphenicol 

and 50 μg/mL Kanamycin, at 37°C and 200 rpm to an OD600 of 0.45. Cultures were 

then cooled on ice for one hour, without agitation, before the addition of 0.2 mM IPTG. 

Cells were then grown for an additional 18 hours at 16°C, before centrifugation at 5000 

g for 10 minutes. Cell pellets were suspended in Lysis Buffer (25 mM HEPES-NaOH 

pH 7.5, 500 mM NaCl, 10 mM Imidazole, 1mM TCEP, 5% Glycerol) supplemented with 

0.3x Halt™ Protease Inhibitor Cocktail (ThermoFisher), and sonication at 30% amplitude 

for a total on-time of 6 minutes (1 second on-time with 3 seconds off), at 4°C. Lysate 

was clarified by two successive centrifugations at 12,000 rpm for 15 minutes each at 

4°C. Clarified lysate was then flowed over HisTrap HP resin (Cytiva), to affinity purify 

His-tagged IHF heterodimers. HisTrap HP resin was washed with 20 column volumes of 

IHF Lysis Buffer containing 50 mM Imidazole. His-tagged IHF heterodimers were then 

eluted from the HisTrap HP resin with Lysis Buffer containing 500 mM Imidazole. IHF 

was then concentrated at 4°C (Corning Spin-X concentrators). 6x-Histidine and StrepII tags 

were cleaved from IHFα and IHFβ monomers respectively, in the presence of PreScision 

protease, overnight at 4°C while dialyzing into Lysis Buffer containing no Imidazole. 

Remaining 6x-His-IHFα and PreScision protease were removed by affinity chromatography 

using HisTrap HP resin (Cytiva). The IHF heterodimer was concentrated and diluted in 

buffer to reduce the NaCl concentration to 200 mM. Untagged IHF heterodimer was then 

purified by affinity chromatography on Heparin Sepharose (GE Healthcare), which was 

washed with 10 column volumes of Heparin Wash Buffer (25 mM HEPES-NaOH pH 7.5, 

200 mM NaCl, 5% Glycerol). IHF was eluted from HiTrap Heparin HP resin (Cytiva) with 

a linear gradient to Heparin Wash Buffer containing 2 M NaCl. Fractions containing IHF 

heterodimer were concentrated at 4°C (Corning Spin-X concentrators), before purification 

on a Superdex 75 size-exclusion column (Cytiva) in Heparin Wash Buffer.

Santiago-Frangos et al. Page 12

Curr Biol. Author manuscript; available in PMC 2022 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cas1-2/3 expression and purification—E. coli BL21(DE3) cells were transformed 

with pCas1Cas23 and grown 2× 1 L LB-Miller media (10 g/L Tryptone, 10 g/L NaCl, 

5 g/L yeast extract), supplemented with 50 μg/mL Spectinomycin, at 37°C and 200 rpm 

to an OD600 of 0.45. Cultures were then cooled on ice for two hours, without agitation, 

before being induced with 0.2 mM IPTG. Cells were then grown for an additional 18 hours 

at 16°C, before being centrifuged at 5000 g for 10 minutes. Each cell pellet, originating 

from 1 L of culture, was resuspended in 20 mLs of Cas1-2/3 Lysis Buffer (50 mM HEPES 

pH 7.5, 500 mM KCl, 10% Glycerol) supplemented with 0.3x Halt™ Protease Inhibitor 

Cocktail (ThermoFisher). Cells were lysed via sonication, and lysate was clarified as above. 

StrepII-tagged Cas1-Cas2/3 was affinity purified on StrepTrap HP resin (GE Healthcare) 

and eluted with Cas1-2/3 Lysis Buffer containing 3 mM desthiobiotin (Sigma-Aldrich). 

Eluate was concentrated at 4°C (Corning Spin-X concentrators), before purification over a 

Superdex 200 size-exclusion column (Cytiva) equilibrated in 10 mM HEPES pH 7.5, 500 

mM KCl, and 10% Glycerol.

Nucleic acid preparation—To generate a splayed prespacer with a double-stranded 

core, sense (5’-[Alexa546]TACATGCTCTAGCAAAACGACTTGCACAACGAGG) and 

antisense (5’-AAATTAAGTGCAAGTCGTTTTGCTAGAGCTACAT) DNA strands 

(Europhins) were resuspended in Hybridization Buffer (20 mM Tris-HCl pH 7.5, 100 

mM KCl, 5 mM MgCl2) and mixed in equimolar amounts. The bases corresponding to 

the double-stranded core are underlined. These ssDNAs were annealed to each other by 

denaturation at 95°C for 5 minutes, followed by slowly cooling to room temperature over 

1 hour. Annealed splayed prespacer was purified by electrophoresis through a 8% (w/v) 

(29:1 mono:bis) polyacrylamide in 1x TBE (100 mM Tris-Borate pH 8.3, 2 mM EDTA) at 

4°C. A band corresponding to splayed prespacer was excised from the gel and purified by 

ethanol precipitation. A 40 bp dsDNA prespacer was made in a similar manner from sense 

(5’-TCTACATGGTCTAGGAAAAGGACTTGGACAAGGAGGTATA-3’) and antisense (5’

TATACCTCCTTGTCCAAGTCCTTTTCCTAGACCATGTAGA-3’) strands (Europhins).

To make 32P-labelled CRISPR integration substrates, primers (Forward primer: 

CCAATTGCCCGAAGCTTC-3’; Reverse primer: 5’-TCCAGAAGTCACCACCCG-3’) 

(Europhins) complementary to far upstream in the leader and to within the 2nd spacer of the 

CRISPR loci were used to amplify a DNA fragment containing most of the leader and the 

beginning of the CRISPR locus, from pCRISPR plasmid variants (deposited with Addgene) 

as templates. These PCR products were purified on a 2% (w/v) agarose native gel and 

extracted with a gel DNA recovery kit (Zymo Research). 1 pmole of dsDNA, corresponding 

to 2 pmoles of 5’ ends, was end-labelled on both strands with 4 pmoles of [γ−32P]ATP 

(PerkinElmer) by polynucleotide kinase (NEB) in 1x PNK buffer at 37°C for 45 minutes. 

PNK was heat-denatured by incubation at 65°C for 20 minutes. Spin column purification 

(G-25, GE Healthcare) was used to remove unincorporated radioactive nucleotides and to 

buffer exchange DNAs into 1x TE (10 mM Tris-HCl pH 8, 1 mM EDTA).

In vitro integration assays—Integration reactions were performed using 300 nM of 

splayed prespacer (purified as described above), 200 nM Cas1-2/3, ~1 nM of 32P-labelled 

CRISPR variant fragment and 350 nM IHF, in Integration Buffer (20 mM HEPES pH 7.5, 
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150 mM Potassium acetate, 5 mM MnCl2, 1 mM DTT, 5% Glycerol), for 1 hour at 37°C. 

Reactions were stopped by the addition of SDS to 1% and subsequent phenol-chloroform 

extraction. The nucleic acid containing layer was mixed 1:1 with 2x formamide loading 

buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol) 

and denatured at 95°C for 5 minutes, before resolving full-length 32P-labelled CRISPR 

strands from those fragmented by an integration event on a 8% (w/v) (29:1 mono:bis) 

polyacrylamide Urea gel in 1x TBE. Gels were dried and quantified using a Typhoon 

phosphorimager (GE Healthcare). The intensity of full-length CRISPR variant, leader-side 

integration fragments, spacer-side integration fragments, non-specific integration events, and 

background readings were quantified with Multi Gauge v3 (Fujifilm). We then calculated the 

no integration, leader-side integration, spacer-side integration and non-specific integration 

events, as percentages of total events.

High-throughput sequencing of in vitro integration products—Integration 

reactions were performed using 200 nM of a 40 bp dsDNA prespacer (purified as above), 

200 nM Cas1-2/3, 1 nM of CRISPR variant fragment, and 350 nM IHF, in Reaction Buffer 

(20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MnCl2, 1 mM DTT, 5% Glycerol), for 1 hour 

at 37°C. Reactions were then phenol-chloroform extracted, and then further purified with a 

DNA Clean and Concentrator Kit (Zymo Research). 1 μL of eluted DNA was used as a PCR 

template. Combinations of four primers (P1, 5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCACCCGGCTTTCTTAG-3’; P2, 

5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAATTGCCCGAAGCTTC-3’; 

P3, 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGTCTAGGAAAAGGACTTGG

AC-3’; P4, 5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCCTTGTCCAAGTCCTTTTCC

-3’) were used to amplify all possible integration products and to simultaneously add 

Illumina adaptor sequences, using Q5 DNA polymerase (NEB). These PCR products were 

purified on a 1% (w/v) agarose gel and extracted with a gel DNA recovery kit (Zymo 

Research). DNA barcoding and paired-end sequencing were performed at the University of 

Montana Genomics Core, on an Illumina MiSeq 300 V2. Paired end reads were merged in 

PEAR78 and aligned to integrated and CRISPR substrates in BLAST+79. Downstream 

sequence analysis was performed in RStudio. The region flanking an integration site often 

contained 1–3 nucleotides of homology to the end of a prespacer substrate, making it 

impossible to distinguish if the matching nucleotides came from the prespacer molecule or 

the CRISPR locus-containing substrate. In the latter event, the prespacer may have been 

trimmed prior to integration as was seen for about half of the spacers with a clearly 

discernible integration site. These integration events were therefore marked as ‘ambiguous’, 

with the range of true integration points spanning up to a three-nucleotide window (Figure 

S3).

Quantification and Statistical Analysis—A threshold p-value of 1E-4 was used 

to report significant matches of motif position weight matrices to leader sequences by 

FIMO22. Autocorrelation analysis of leader motifs was performed in OriginPro (OriginLab). 

Quantification of gel bands for integration experiments was performed in Multi Gauge 
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(FUJIFILM) image analysis software, from 3 independent reactions and denaturing PAGE 

gel images. The mean ± 1 standard deviation is reported. In Figure 3, errors were propagated 

to report the fold integration measured in CRISPR variants relative to wildtype. In Figure 

4 the raw mean was plotted ± 1 standard deviation and the data was fit to a sine wave of 

equation: y = y0 + A × sin π
x − xc

w  (in which y0 is the y-axis offset, A is the amplitude, w 

is the period, and xc is the phase shift). The R2 of the fits were 0.95 for the leader-side 

integration data and 0.75 for the spacer-side integration data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Polarized adaption of many CRISPRs requires IHF binding sites and 

upstream motifs

• IHF bending of CRISPR leaders imposes phase-dependent spacing of 

upstream motifs

• Different CRISPR systems contain upstream motifs specific to a CRISPR 

subtype

• Motif preservation and spacing within leaders correlate with CRISPR 

adaption rates
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Figure 1. Spacing of sequence mofits in CRISPR leaders has mechanistic implications for the 
mechanism of spacer integration.
(A) Schemes of two CRISPR loci from E. coli BL21 (type I-E, top) and P. aeruginosa PA14 

(type I-F, bottom), and sequences of the first CRISPR repeat and the upstream IHF binding 

site in the leaders. Repeating DNA motifs (diamonds) in the CRISPR locus are interspered 

with unique spacer sequences (rectangles). The IHF binding site in the I-F system from 

P. aeruginosaPA14 is 8 bps further away from the leader-repeat junction, as compared to 

the I-E CRISPR locus. (B) Structure of the previously determined type I-E integration 

intermediate (PDB: 5WFE). The Cas1-2 heterohexamer (blue and yellow) is in the process 

of integrating a protospacer (green) at the first CRISPR repeat (yellow). IHF kinking of 

Santiago-Frangos et al. Page 22

Curr Biol. Author manuscript; available in PMC 2022 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA at the IHF binding site recruits an upstream motif (UM, dark blue) to interact with 

one lobe of a Cas1 subunit, while the second Cas1 subunit in the same dimer makes 

protein-protein contacts with IHF11. Models of the 8 bp insertion present in P. aeruginosa 
CRISPR locus II illustrate how this insertion is predicted to disrupt both of these interactions 

by shifting IHF 27Å away from the integration complex and rotating the upstream motif 

(UM) 260°. Cas3 domains of the I-F Cas2/3 fusion are shown semi-transparently for clarity. 

See also Figure S1 and S3.
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Figure 2. IHF-directed CRISPR adaptation is widespread.
(A) Phylogenetic tree generated from alignment of 200 bp of I-C, II-C, I-F and I-E CRISPR 

leaders and the first repeat. (B) Distributions of motifs within I-C, II-C, I-F and I-E CRISPR 

leaders. Each dot represents the midpoint of IHF binding sites (red), subtype specific 

upstream motifs (UMs) (dark blue), I-EA (cyan), or I-EB (teal), Leader Anchoring Motif 

(orange). Many of the leaders shown possess proximal IHF and UMs found between 0–70 

bp upstream of the leader-repeat junction (LRJ), and distal IHF and UMs found 70–200 bp 

upstream of the LRJ. (C) Schematic of the prominent architecture for motifs within I-C, 

II-C, I-F and I-E CRISPR leaders. Position weight matrices are shown for subtype specific 

upstream motifs, and motifs found in I-E leaders that do not contain IHF binding sites (Data 

S1). See also Figure S1.
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Figure 3. IHF binding sites and upstream motif are critical for efficient integration.
(A) Scheme of I-F CRISPR system from P. aeruginosa PA14. Two CRISPR loci composed 

of repeats (diamonds) and spacers, flank six cas genes (arrows). Cas1-2/3 assembles into 

a heterohexameric complex (blue, yellow, and purple, respectively) that catalyzes the 

integration of new spacers into CRISPR loci. IHF is a heterodimer of two related proteins 

encoded by ihfA (brown) and ihfB (tan). (B) Scheme for in vitro integration of a prespacer 

DNA into 32P-labelled DNA derived from the CRISPR2 locus of P. aeruginosa PA14. 

Leader- and spacer-side transesterification reactions produce a large and a small 32P-labelled 

DNA fragment respectively, which are separated by denaturing gel electrophoresis. Proximal 

and distal IHF binding sites and upstream motifs (UMs) in the leader are annotated. (C) 

IHF binding sites (brown) or UMs (blue) are shown. Two variants (arrows) of the proximal 

IHF site were tested (i.e. Opt IHF prox and Mut IHF prox.), one variant of the proximal 
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UM (Mut. UM prox.), one variant of the distal IHF (Del. IHF idstal) and one variant 

of the distal UM (Mut. UM distal) were tested. (D) Representative images of integration 

assays resolved on denaturing gels. Reactions were performed either in the presence of 

IHF alone (left), Cas1-2/3 alone (middle), or in the presence of both protein complexes 

(right). The expected positions of full-length CRISPR substrate (Del. IHF distal variant, 

233 nts; WT and other variants, 255 nts), as well as leader side (Ls) (Del. IHF distal 

variant, 127 nts; WT and other variants, 151 nts) and spacer side (Ss) (all variants, 77 nts) 

integration products are indicated. (E) Quantification of leader- (dark gray) or spacer-side 

(light gray) integration. The average (±s.d.) of triplicate reactions is shown. Integration was 

confirmed via high-throughput sequencing (Figure S3). Uncropped images and replicate 

gels are provided (Figure S4). (F) Tally of the midpoints of IHF binding site (red) and I-F 

upstream motifs (blue) identified in 23 non-redundant I-F3 CRISPR leaders36. The area of 

histograms fit to peaks of motif matches are reported to convey the percentage of leaders 

with a given motif. Most I-F3 (Tn7-associated) CRISPR leaders possess motifs needed for 

efficient spacer integration. See also Figure S3-S5.
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Figure 4. Phase-dependent CRISPR adaptation.
(A) Schematic of insertion and deletion (indel) variants generated to test the impact 

of distance and phase of leader motifs relative to the CRISPR locus. (B) I-F CRISPR 

integration is insensitive to indels that maintain phase, (10-base pairs), while indels of less 

than a full helical turn (five to seven base pairs) result in integration defects. Representative 

images of integration assays resolved on denaturing gels. Reactions were performed either in 

the presence of IHF alone (left), Cas1-2/3 alone (middle), or in the presence of both protein 

complexes (right). The expected positions of full-length substrate (249–275 nts depending 

on indel), as well as leader-side (145–161 nts depending on indel) and spacer-side (77 

nts for all variants) integration products are indicated. (C) Schemes of putative IHF-bound 

conformations of wildtype and mutant leaders. Estimated rotations of DNA, relative to 

wildtype, are indicated. (D) Quantification of prespacer integration into all leader indel 

variants, either at leader- (dark gray) or spacer-side (light gray). The average (±s.d.) of 

triplicate reactions is shown. Leader- and spacer-side integration data were independently 

fit to sine waves (R2=0.95 and R2=0.75), of wavelengths 10.8 ± 0.4 and 11.3 ± 0.7 

bp, respectively. Integration was confirmed via high-throughput sequencing (Figure S3). 

Uncropped images and replicate gels are provided (Figure S6). See also Figure S3 and S6.
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Table 1.
Subtype distribution of microbial CRISPRs and identified IHF binding sties.

15,274 CRISPR loci were identified in bacterial and archaeal genomes. Closely related microbial genomes, 

which causes an over-representation of certain CRISPR subtypes (I-B, I-C, I-E, I-F, II-A, II-C, III-A) 

(“Redundant” column), were systematically removed (“Non-Redundant” columns). The number of non

redundant CRISPR leaders in containing at least one, or at least two unique IHF binding sites is reported. 

See also Figure S1.

Number of leaders

Redundant Non-Redundant

Subtype All All One or more IHF sites Two or more IHF sites

Type I I-A 296 187 27 3

I-B 1516 761 238 36

I-C 1324 754 178 24

I-D 152 117 14 2

I-E 5068 1329 335 84

I-F 1683 536 444 279

I-U 157 109 5 0

I-V 2 2 0 0

Type II II-A 823 178 39 4

II-B 34 9 5 0

II-C 662 337 103 17

Type III III-A 853 242 93 11

III-B 409 309 96 12

III-C 29 23 6 0

III-D 179 145 31 5

Type V V-A 28 14 6 1

V-B 3 3 0 0

Type VI VI-A 2 2 1 0

VI-B 56 16 9 2

VI-C 2 1 0 0

NA 1996 1459 315 32

Total 15274 6533 1945 512
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Table 2.
Cas1 residues that interact with canonical I-E UM are only conserved in Cas1s associated 
with IHF-regulated I-E CRISPRs.

See also Figure S1.

R131 R132

Subtype Leader motifs Number of Cas1s Identity Similarity dentity Similarity

I-E IHF or UM 454 57.5% 68% 71.6% 72.9%

I-E LAM, I-EA, I-EB 368 3.7% 5.4% 11.2% 13.8%

I-F IHF or UM 499 11% 11% 11.9% 22.4%
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli: Bl21 DE3 competent cells NEB Cat# C2527I

E. coli: DH5α competent cells Thermo 
Fisher 
Scientific

Cat# 18265017

Chemicals, peptides, and recombinant proteins

TCEP Soltec Cat# M115

Protease inhibitor cocktail Thermo 
Fisher 
Scientific

Cat# 1861278

Q5 DNA Polymerase NEB Cat# M0491L

T4 Polynucleotide Kinase NEB Cat# M0201L

γ-32P ATP PerkinElmer Cat# NEG502A250UC

Desthiobiotin Sigma-
Aldrich

Cat# D1411

Critical commercial assays

Gel DNA recovery kit Zymo 
Research

Cat# D4008

Oligonucleotides

Sense DNA to make a splayed prespacer substrate: 
[Alexa546]TACATGCTCTAGCAAAACGACTTGCACAACGAGG

Europhins N/A

Anti-sense DNA to make a splayed prespacer substrate: 
AAATTAAGTGCAAGTCGTTTTGCTAGAGCTACAT

Europhins N/A

Sense DNA to make a 40 bp prespacer substrate: 
TCTACATGGTCTAGGAAAAGGACTTGGACAAGGAGGTATA

Europhins N/A

Anti-sense DNA to make a 40 bp prespacer substrate: 
TATACCTCCTTGTCCAAGTCCTTTTCCTAGACCATGTAGA

Europhins N/A

Forward primer to make 32P-labelled CRISPR integration substrates: 
CCAATTGCCCGAAGCTTC

Europhins N/A

Reverse primer to make 32P-labelled CRISPR integration substrates: 
TCCAGAAGTCACCACCCG

Europhins N/A

Primer to amplify integration products, P1: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCACCCGGCTTTCTTAG

Europhins N/A

Primer to amplify integration products, P2: 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCAATTGCCCGAAGCTTC

Europhins N/A

Primer to amplify integration products, P3: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGTCTAGGAAAAGGACTTGGAC

Europhins N/A

Primer to amplify integration products, P4: 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTCCTTGTCCAAGTCCTTTTCC

Europhins N/A

Recombinant DNA

Plasmid: pCas1-2/3 25 Addgene plasmid # 89240

Plasmid: pHisIHFαIHFβ This paper Addgene plasmid # 149384

Plasmid: pStrepIHFβ This paper Addgene plasmid # 149385

Plasmid: pCRISPR2_wt This paper Addgene plasmid # 149386

Plasmid: pCRISPR2_-6D This paper Addgene plasmid # 149387
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pCRISPR2_-5D This paper Addgene plasmid # 149388

Plasmid: pCRISPR2_+1D This paper Addgene plasmid # 149389

Plasmid: pCRISPR2_+5D This paper Addgene plasmid # 149390

Plasmid: pCRISPR2_+10D This paper Addgene plasmid # 149391

Plasmid: pCRISPR_+10D+7U This paper Addgene plasmid # 149393

Plasmid: pCRISPR_+10D+10U This paper Addgene plasmid # 149394

Plasmid: pCRISPR2_IHF_Opt This paper Addgene plasmid # 149395

Plasmid: pCRISPR2_IHF_Mut This paper Addgene plasmid # 149396

Plasmid: pCRISPR2_motif_scram This paper Addgene plasmid # 149397

Plasmid: pCRISPR2_IHFdist_rm This paper Addgene plasmid # 162318

Plasmid: pCRISPR2_IRdist_scram This paper Addgene plasmid # 162319

Software and algorithms

MEME v5.3.3 64 https://meme-suite.org/
meme/tools/meme

FIMO v5.3.3 22 https://meme-suite.org/
meme/tools/fimo

WebLogo v3.7 65 http://
weblogo.threeplusone.com/
create.cgi

3D-DART 61 https://github.com/
haddocking/3D-DART

Pymol v1.8.2.3 Schrodinger https://
www.schrodinger.com/
downloads/releases

ChimeraX v1.1 UCSF https://www.rbvi.ucsf.edu/
chimerax/download.html

R-script for analysis of High-Throughput Sequencing data This paper https://github.com/
WiedenheftLab/
HTS_integration_analysis

Python script to extract leader sequences from CRISPRDetect output and perform phylogenetic 
analysis

This paper https://github.com/
WiedenheftLab/
CRISPRleaderget

Python script to fetch sequences from a Multi-FASTA file by accession number This paper https://github.com/
WiedenheftLab/seq_fetch

OriginPro OriginLab https://www.originlab.com/
index.aspx?go=Products/
Origin

CRISPRDetect v2.4 20 https://github.com/
davidchyou/
CRISPRDetect_2.4

RStudio RStudio https://www.rstudio.com/
products/rstudio/

MAFFT v7.429 69 https://mafft.cbrc.jp/
alignment/software/

CD-HIT v4.8.1 67,68 https://github.com/
weizhongli/cdhit/
releases/tag/V4.8.1

MaxAlign v1.1 70 https://
services.healthtech.dtu.dk/
service.php?MaxAlign-1.2
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REAGENT or RESOURCE SOURCE IDENTIFIER

FastTree v2.1.11 71 http://
www.microbesonline.org/
fasttree/#Install

ggtree 72–74 https://github.com/YuLab
SMU/ggtree

ggplot2 75 https://github.com/
tidyverse/ggplot2

PEAR 78 https://github.com/
tseemann/PEAR

Other

Spin concentrators Corning Cat# 431491

HisTrap HP resin Cytiva Cat# 17524701

Microspin G25 columns Cytiva Cat# 27-5325-01

HiLoad Superdex 200 26/600 pg Cytiva Cat# 28989336

Superdex 75 10/300 GL Cytiva Cat# 17-5174-01

HiTrap Heparin HP resin Cytiva Cat# 17040701

StrepTrap HP resin Cytiva Cat# 28907546
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