
Conformational Dynamics of DNA Binding and Cas3 
Recruitment by the CRISPR RNA-guide Cascade Complex

Paul B.G. van Erp1,§, Angela Patterson2,§, Ravi Kant2, Luke Berry2, Sarah M. Golden1, 
Brittney L. Forsman1, Joshua Carter1, Ryan N. Jackson3, Brian Bothner2,*, and Blake 
Wiedenheft1,*

1Department of Microbiology and Immunology, Montana State University, Bozeman, MT 59717, 
USA

2Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT 59717, 
USA

3Department of Chemistry and Biochemistry, Utah State University, Logan UT 84322, USA

Abstract

Bacteria and archaea rely on CRISPR (clustered regularly interspaced short palindromic repeats) 

RNA-guided adaptive immune systems for sequence specific elimination of foreign nucleic acids. 

In Escherichia coli, short CRISPR-derived RNAs (crRNAs) assemble with Cas (CRISPR-

associated) proteins into a 405-kilodalton multi-subunit surveillance complex called Cascade 

(CRISPR-associated complex for antiviral defense). Cascade binds foreign DNA complementary 

to the crRNA guide and recruits Cas3, a trans-acting nuclease-helicase required for target 

degradation. Structural models of Cascade have captured static snapshots of the complex in 

distinct conformational states, but conformational dynamics of the 11-subunit surveillance 

complex have not been measured. Here we use hydrogen-deuterium exchange coupled to mass 

spectrometry (HDX-MS) to map conformational dynamics of Cascade onto the three-dimensional 

structure. New insights from structural dynamics are used to make functional predictions about the 

mechanisms of the R-loop coordination and Cas3 recruitment. We test these predictions in vivo 
and in vitro. Collectively, we show how mapping conformational dynamics onto static 3D-

structures adds an additional dimension to the functional understanding of this biological machine.

INTRODUCTION

The adaptive immune system in Escherichia coli (type I-E) consists of eight cas genes 

flanked by a CRISPR locus (Fig 1A). Five of the cas genes encode proteins (Cse11, Cse22, 
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Cas76, Cas51, Cas6e1) that assemble with a 61-nucleotide CRISPR-derived RNA (crRNA) 

into a seahorse-shaped complex called Cascade (CRISPR-associated complex for antiviral 

defense), with subunits that resemble a head, backbone, belly, and tail (Fig 1B) 1–4. Cascade 

is a crRNA-guided surveillance complex that identifies foreign DNA and recruits a trans-

acting nuclease-helicase (i.e. Cas3) for target degradation 5–7.

Target DNA recognition by Cascade relies on protein-mediated recognition of a three-

nucleotide PAM (protostpacer adjacent motif) and a protospacer sequence that is 

complementary to the crRNA-guide 1, 8–10. Structures of E. coli Cascade before binding 

DNA 3, 4, 11, bound to ssDNA 12, bound to a partially duplexed dsDNA target 8, and recent 

structures of Cascade from Thermobifida fusca bound to a dsDNA target 13, provide 

snapshots of the complex poised at different stages of antiviral defense. Collectively, these 

structures explain how DNA binding triggers a conformational rearrangement in which the 

two belly subunits (i.e. Cse2) slide along the ridged Cas7 backbone via a molecular relay 

that relies on a series of conserved arginine residues 11. One of the Cse2 subunits abuts the 

C-terminal domain (CTD) of Cse1 (also called Cas8e), and the DNA-induced transition of 

Cse2 is thought to shove the CTD of Cse1 between the two strands of the DNA duplex 
3, 4, 8, 12. While the CTD of Cse1 appears to function like a molecular pry bar that helps 

separate the two strands of the DNA duplex, three structural features (i.e. lysine finger, 

glycine rich loop and glutamine wedge) in the N-terminal domain of Cse1 are involved in 

PAM recognition 8. PAM recognition relies on sequence- and shaped-based recognition of 

the minor groove, resulting in a diverse combination of different PAMs that are recognized 

with varying affinities 7, 8, 14, 15.

While a variety of PAMs support target binding, different PAM and protospacer 

combinations have been shown to elicit distinct biological outcomes 14, 16, 17. Binding to a 

limited number of PAMs elicits an “interference response”, which is characterized by 

recruitment of a nuclease active form of Cas3 that processively degrades the target 7, 17–20. 

Alternatively, some PAMs or mutations at specific positions in the protospacer, reduce 

interference to levels below what is required for clearance of plasmids or virus elimination, 

and trigger a “priming response.” Priming is a positive feedback mechanism characterized 

by the rapid integration of new fragments of foreign DNA into the CRISPR locus, which are 

used to restore immunity 14, 16, 17, 21. Priming relies on all the of the CRISPR machinery 

(Cascade, Cas1, Cas2, and Cas3) in addition to a partial complementary target.

Recently, Förster resonance energy transfer (FRET) studies have been used to monitor the 

conformational state of Cascade in association with targets that elicit priming or 

interference. Xue et al. used structures of Cascade to position FRET dyes at specific 

locations in the tail of Cascade to monitor the conformational state of Cse1 in response to 

binding DNA targets that elicit priming or interference 19, 22. These studies demonstrated 

that Cascade adopts distinct conformational states based on sequence characteristics of the 

dsDNA target and that the conformational state of the Cse1 tail subunit correlates with the 

relative rates of interference and priming. While structure guided placement of FRET dyes 

provides a powerful means for measuring distances between two selected landmarks, this 

approach cannot provide a global understanding of the complex conformational dynamics of 

a large multi-subunit machine like Cascade.
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Rather than examining movements of specific locations on Cascade, here we use hydrogen-

deuterium exchange coupled to mass spectrometry (HDX-MS) to investigate protein 

interactions and dynamics of Cascade before and after DNA binding. HDX measures the 

stability of hydrogen bond networks and solvent accessibility on global and local scales 
23, 24, enabling a mechanistic analysis of coordinated changes associated with target binding. 

To our knowledge, this is the first application of HDX-MS to a ribonucleoprotein of this 

complexity (i.e., 5 unique proteins totaling >1,450 amino acid residues). Peptide-resolution 

HDX-MS experiments reveal residues predicted to be involved in binding the displaced 

DNA strand (i.e. R-loop) and regions of the Cse1 subunit that are part of the Cas3 binding 

site. We test the function of these residues using in vivo and in vitro assays and show that 

HDX-guided mutations at specific locations eliminate Cas3-mediated DNA degradation 

without altering Cascade’s ability to bind dsDNA.

RESULTS

Structural studies have captured snapshots of Cascade before and after target binding, but 

these static structures provide limited information about the conformational dynamics of the 

complex, which are important for function 3, 4, 8, 12. To measure global changes in the 

stability and dynamics of Cascade upon target binding, we used intact protein HDX-MS to 

measure HD-exchange in all 11-protein subunits of Cascade, both before and after binding 

DNA. We diluted unbound Cascade and Cascade bound to a 72-base pair dsDNA target 

containing a 3′-TTC-5′ PAM into deuterated buffer and then analyzed both complexes by 

Liquid Chromatography Mass Spectrometry (LCMS) over 15 time points (Fig 1 and 

Supplementary Dataset 1). At each time point, dsDNA bound Cascade exhibited less 

deuterium uptake than the unbound form, though the difference was less pronounced at later 

time points. Overall, the intact protein HDX-MS revealed a net stabilization of each protein 

subunit in the complex upon dsDNA binding (Fig 1C). This stabilization was further 

confirmed using differential scanning fluorimetry, which showed that Cascade bound to a 

dsDNA target has a melting temperature that is approximately 10°C above the melting 

temperature of unbound Cascade (Supplemental Fig 1).

Having established that DNA binding globally decreases deuterium uptake and increases 

stability, we set out to map these changes to specific regions of the complex. To accomplish 

this, we digested Cascade and dsDNA-bound Cascade with pepsin (i.e., a low specificity 

protease), prior to LCMS. Deuterium uptake curves were generated by quenching the HDX 

reaction after 0, 0.16, 0.5, 2.5, 5.0, 10, 30 and 180 minutes. 255 peptides, representing more 

than 90% of all Cascade protein sequences, were analyzed (Supplemental Fig 2). Parent 

spectra (MS1) were used to determine the number of deuterons incorporated per peptide, 

and the difference in deuteron incorporation between peptides isolated from dsDNA bound 

and unbound states of Cascade were used to calculate changes in HD-exchange 

(Supplementary Dataset 1). Overall, 185 of the 255 peptides showed increased deuterium 

incorporation over the time course in either or both complexes, while 70 peptides did not. 

After binding dsDNA, 22 of the 255 peptides increased deuterium incorporation, while 119 

peptides had decreased deuterium incorporation compared to the unbound complex.
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HD-exchange profiles are not uniformly distributed across the complex or within an 

individual subunit. By analyzing the distribution of deuterium uptake over the time course, 

changes in the stability and dynamics of hydrogen bond networks upon dsDNA binding can 

be determined. Early time points report on changes in solvent accessibility upon dsDNA 

binding, whereas later time points provide information on the stability of hydrogen bonding 

networks and the participation of peptide backbone amides in protein secondary structures 

that are protected from deuterium exchange because of noncovalent interactions 25. Regions 

of the complex that displayed significant protection upon dsDNA binding (i.e. decreased 

deuterium exchange) were investigated as potential DNA binding sites (Fig 2A, blue). We 

also analyzed peptides that assimilate more deuterium (i.e. become less protected) after 

binding DNA (Fig 2A, red). An increase in exchange indicates greater solvent exposure or 

dynamics. These regions are anticipated to have functional roles, such as docking sites for 

the nuclease-helicase Cas3.

DNA binding

To validate the HDX data we examined regions of the complex known to interact with DNA. 

The expectation is that DNA binding will stabilize the peptide backbone and physically 

occlude these regions from HD-exchange. Recognition of the PAM sequence takes place in 

the tail of the complex and involves three structural elements in the Cse1 subunit: lysine 

finger, glycine loop, and glutamine wedge 8. The glutamine wedge (Cse1 amino acids 352–

358) forms a beta-hairpin that is positioned (i.e. wedged) between the complementary and 

non-complementary strands of the DNA target (Fig 2). In the dsDNA bound complex, a 

peptide corresponding to this feature (amino acids 345–358) exchanges less deuterium over 

time, than the same peptide in the unbound complex (Fig 2B). This indicates that the 

glutamine wedge is protected from exchange and is less dynamic when Cascade is bound to 

DNA. Similarly, a peptide covering the PAM sensing lysine finger (Cse1 amino acid 268) 

also exchanges less deuterium upon dsDNA binding (Supplemental Fig 3). Results for the 

glutamine wedge and lysine finger are consistent with the structural models, however the 

glycine loop (Cse1 amino acids 157–161) showed no increase in protection upon dsDNA 

binding, which was surprising since the crystal structure indicates that this feature interacts 

with the minor groove of the double-stranded PAM (Supplemental Fig 3). This suggests, that 

in solution, the glycine loop may be more dynamic after DNA binding than is indicated by 

the crystal structure.

The Cse1 subunit is critical for binding DNA and the conformational state of this subunit has 

been implicated in recruitment and allosteric regulation of Cas3 7, 19, 26, 27. In structures of 

Cascade without DNA or bound to dsDNA, the Cse1 subunit is tethered to Cas5 via a short 

loop (L1, amino acids 125–131) on Cse1 that is buried in a pore on Cas5 3. However, in the 

structure of Cascade bound to a complementary ssDNA target, the N-terminal domain 

(NTD) of Cse1 comes “unhitched” from the complex and L1 loop is disordered in the 

structure 12. Collectively, these structures demonstrate that the NTD of Cse1 adopts 

conformationally distinct positions and recent FRET experiments by Xue et al. suggest that 

NTD of Cse1 is conformationally dynamic 19. While the structures of Cascade without DNA 

suggest that Cse1 is in a “closed” conformation where L1 is buried in the Cas5 pore, our 

HDX data reveals that the L1 peptide of Cse1 (amino acids 118–129) is significantly more 
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protected (less HD-exchange) in the dsDNA bound complex, as compared to the unbound 

complex (Fig 2B and Supplemental Fig 3). These data suggest that the Cse1 subunit is 

dynamic in the absence of DNA, sampling both the “open” and “closed” conformations.

Target recognition by Cascade relies on both specific- and non-sequence specific 

interactions with DNA. Recently, we showed that a lysine-rich helix (amino acid residues 

137–144) on the fingers domain of two adjacent Cas7 subunits (i.e. Cas7.5 and Cas7.6) 

creates a lysine-rich vise that makes non-sequence specific interactions with dsDNA and that 

these interactions are essential for target binding 11. We predicted that dsDNA would result 

in less HD-exchange for peptides corresponding to the lysine-rich vise. To test this 

prediction, we examined a peptide covering the lysine-rich helices of Cas7 (amino acid 

residues 134–148). This peptide showed a small degree of protection upon dsDNA binding 

(Supplemental Fig 3 and 4). However, there are six copies of the Cas7 subunit in the 

surveillance complex and only two of these subunits (Cas7.5 and Cas7.6) interact with the 

phosphate backbone of the incoming DNA 11. The Cas7 peptide corresponding to the lysine-

rich vise (residues 134–148) should have a different exchange rates depending on their 

position in the complex. Peptides from Cas7.5 and Cas7.6 should have less HD-exchange 

than the same peptides form Cas7.1–7.4, and this difference should result in a bimodal 

distribution of these peptides. In fact, we observe a bimodal behavior, which is consistent 

with a subset of the Cas7 subunits having increased protection upon DNA binding 

(Supplemental Fig 4).

Path of the Displaced DNA Strand

One of the outstanding questions about the mechanism of target binding is the location of 

the displaced DNA strand. Once Cascade binds to a dsDNA target, the complementary 

strand of the DNA target base pairs with the crRNA, while the non-complementary strand is 

displaced and forms an R-loop 2, 28. Structures of E. coli Cascade bound to dsDNA showed 

10 to 12 nucleotides of the displaced DNA strand, but it remains unclear if this fragment 

reflects the path of the displaced strand when the complex binds to a full-length target 

duplex 8. In the structure, the partial displaced strand is stabilized by interactions with 

residues on the Cse1 subunit of Cascade and we expected that the remaining part of the 

displaced strand would interact with specific residues on Cas subunits as it traversed form 

the PAM proximal tail to the PAM distal head. These stabilizing interactions would shield 

specific amino acid residues from HD-exchange. To trace the path of the displaced strand, 

we used our HDX-MS data to identify peptides that show greater protection from exchange 

in the dsDNA bound form (Fig 3A).

Analysis of the tail of Cascade revealed a peptide in the C-terminal domain (CTD) of Cse1 

(amino acid residues 381–398) with significant protection (p<0.01) in the dsDNA bound 

form of the complex compared to the unbound complex (Fig 3A and Supplemental Fig 3) 24. 

This is consistent with the path of the displaced strand in the dsDNA bound structure from 

Hayes et al 8. However, to clarify the mechanism of protection at this location, we conducted 

an additional comparison by performing HDX-MS on Cascade bound to ssDNA 

(Supplemental Dataset 1). Comparison of the dsDNA and ssDNA bound complexes reveal 

regions of protection specifically resulting from the presence of the displaced strand. 
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Importantly, this comparison showed equivalent levels of protection in the ssDNA bound and 

dsDNA bound form of Cascade, indicating that the increase in protection observed in the 

dsDNA bound structure is not necessarily due to direct interactions with the displaced 

strand, but likely an allosteric stabilization of the hydrogen-bonding network across this 

peptide. This result is consistent with a recent structure of T. fusca Cascade bound to a 

complete dsDNA target. In this structure, the R-loop is disordered in the region of the Cse1-

CTD 13.

Once the displaced strand leaves the four-helix bundle, it must travel up the complex where 

it is expected to form interactions with the belly or backbone subunits of the complex. The 

HDX data revealed two distinct areas of increased protection that may accommodate the 

displaced strand (Fig 3A). The upper route travels across the top of the Cse2 subunits and 

includes a peptide that shows strong protection (residues 6–27). The lower path of protection 

is formed by peptides covering residues 296–311 of the Cas7 subunits. This lower route is 

part of the basic cleft that is formed by the Cse2 and Cas7 subunits and has previously been 

hypothesized to accommodate the displaced strand 3, 8, 12. Interestingly, the Cse2 peptide 

corresponding to the “upper path” (amino acid residues 6–27) showed comparable levels of 

exchange in the unbound and ssDNA bound forms, while it was more protected from 

exchange in the dsDNA bound form (p<0.001), suggesting that this peptide may interact 

with the displaced strand (Fig 3B and Supplemental Fig 3). Conversely, the Cas7 peptide 

corresponding to the “lower path” (amino acid residues 296–311) showed comparable levels 

of exchange in both the ssDNA and dsDNA bound states (p>0.05), suggesting that the 

enhanced stability measured by HDX upon dsDNA binding is not a result of stable 

interactions with the displaced strand (Fig 3B and Supplemental Fig 3). To test the role of 

these residues in stabilizing the displaced strand we mutated arginine 12 on Cse2 to glutamic 

acid (Cse2 R12E) and three lysine residues on Cas7 to glutamic acids (Cas7 K296E, K299E, 

and K301E). We then tested the impact of these mutations using a plasmid-curing assay that 

measures the in vivo efficiency of Cascade/Cas3 to detect and degrade a target plasmid (Fig 

3C) 11, 29. The Cse2 mutant (i.e. Cse2 R12E) displayed small, but reproducible defects, 

while the Cas7 mutant did not result in a measurable defect. We compared the HDX-guided 

mutants to a mutant we previously made based on electrostatic surface potential, where we 

mutated seven positively charged residues on Cse2 that line the basic cleft (Cse2 R53D, 

K77D, K78D, R89D, R135D, R143D and K158D, named Cse2 charge swap) (Fig 3C) 3, 12. 

The charge swap of seven Cse2 residues resulted in a small defect comparable to the 

mutation of the single arginine 12 on Cse2. Collectively this suggests that precise 

coordination of the R-loop, may not be critical for immune system function.

Recruitment of the nuclease-helicase Cas3

DNA binding triggers a conformational change in Cascade that recruits Cas3 to the Cse1 

subunit 3, 4, 6, 8, 11, 30. We hypothesized that dsDNA binding exposes a Cas3 docking site on 

Cascade and that these residues would display greater HD-exchange after Cascade binds 

dsDNA. To test this hypothesis, we compared HD-exchange before and after dsDNA 

binding and identified a large beta-hairpin, termed Loop 3 (L3, amino acids 285–296) on 

Cse1 that is more flexible after DNA binding (Fig 4A). The increased exchange in L3 

coincides with movement of a short loop called L4 (amino acids 316–326) (Supplemental 
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Fig 5 and 6). L4 is positioned next to L3 in the unbound and ssDNA bound Cascade 

structures, but moves 11 Å away from L4 upon dsDNA binding (Supplemental Fig 6A). To 

assess the functional importance of L3 and L4 we compared the Cse1 protein structure from 

E. coli to homologous protein structures from Thermobifida fusca, Thermus thermophiles, 
and Acidimicrobium ferrooxidans 8, 11, 13, 31–33. While there is no detectable amino acid 

sequence conservation, L3 and L4 are conserved structural features (Supplemental Fig 5 and 

6). Based on structural conservation and dynamic response to dsDNA binding, we 

hypothesized that L3 and L4 may participate in Cas3 recruitment. To test this hypothesis, we 

deleted L3 (L285-K296, ΔL3) and performed plasmid-curing assays. Deletion of L3 caused 

a plasmid-curing defect, indicating that L3 has an important functional role in DNA binding, 

Cas3 recruitment, or both (Fig 4B). To clarify the function of L3, we expressed and purified 

the Cse1ΔL3 deletion mutant of Cascade. Size exclusion chromatography and SDS-PAGE 

gel electrophoresis confirmed that the complex assembles and purifies like wild type 

Cascade (Supplemental Fig 7A). However, Electrophoretic Mobility Shift Assays (EMSAs) 

revealed that the L3 deletion results in a DNA binding defect (KD= 135.2 nM) compared to 

wild type Cascade (KD= 1.5 nM) (Fig 4C and Supplemental Fig 8), which indicates that 

defects in DNA binding are responsible for the immune defect observed in the plasmid-

curing assays. To further investigate the function of L3, we focused on two conserved lysine 

residues (Cse1 K289 and K290) at the apex of L3. Alanine substitution of these two lysine 

residues (Cse1 K289A/K290A) resulted in a similar plasmid-curing defect as deletion of the 

entire 11 residue loop (Fig 4B). Like the ΔL3 mutant, the Cse1 K289A/K290A mutant 

expressed and purified similar to wild type (Supplemental Fig 7B). However, the Cse1 

K289A/K290A mutation does not impair DNA binding (KD= 1.8 nM) (Fig 4C and 

Supplemental Fig 8). This suggested that the lysine residues might be involved in Cas3 

recruitment or activation. To determine the role of the lysine residues, we performed an in 
vitro cleavage assay in which Cse1 K289A/K290A Cascade was pre-bound to dsDNA 

followed by the addition of Cas3. However, in contrast to our prediction, Cascade with the 

Cse1 K289A/K290A mutation results in a very modest DNA degradation defect (Fig 4D). 

We speculate that the discrepancy between the in vivo plasmid-curing assay (defect) and the 

in vitro DNA degradation assay (no defect) might be explained by high Cas3 concentrations 

(300 nM) and low of sensitivity in our DNA degradation assay. The mechanistic basis of this 

distinction requires further investigation, but the result illustrates the importance of 

performing both in vivo and in vitro experimentation.

In addition to L3, we identified other surface exposed peptides on Cse1 with changes in their 

HDX profile upon DNA binding. We made mutations in three distinct locations that cluster 

on an exposed surface of Cse1 that is anticipated to be involved in Cas3 recruitment (Fig 

4A). Two alpha-helices (H1 and H2) that showed increased exchange upon dsDNA binding 

and one alpha helix (H3) with a slight decrease in HD-exchange were selected for 

mutational analysis. Polar residues with uncharged side chains were mutated to alanine 

residues, and residues with charged side chains were swapped for the opposite charge. The 

H1 mutation (Cse1 N379A/E380K) and the H3 mutation (Cse1 R194E/K197E) both result 

in pronounced defects in the plasmid-curing assay, while the H2 mutation (Cse1 N332A, 

Q333A and R335E) results in a modest immune system defect (Fig 4B). To clarify the 

functional importance of H1 and H3 we expressed and purified these two mutants. The 
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expression levels and stoichiometry of the purified mutants were comparable to wild type 

Cascade (Supplemental Fig 7C). In vitro binding assays revealed that the H1 mutant binds 

dsDNA with wild type affinity (KD=0.86 nM), while the H3 mutant has a small defect 

(KD=4.87 nM) (Fig 4C and Supplemental Fig 8). To test the function of these residues in 

Cascade-mediated recruitment of Cas3, we performed DNA cleavage assays. The H1 mutant 

binds DNA like wild type Cascade, but does not facilitate Cas3-mediated DNA degradation, 

while the H3 mutant, which has a modest binding defect, degrades DNA similar to wild type 

(Fig 4D). A high concentration of Cascade (300 nM) was used in the DNA cleavage assays 

to compensate for the small DNA binding defect observed. These data indicate that residues 

in H1 are critical for Cas3 recruitment or activation, while the plasmid-curing defect of the 

H3 mutant is caused by the small DNA binding defect.

Discussion

Structures of Cascade have captured the complex in several distinct conformational states 
3, 4, 6, 8, 11, 12, 34. Collectively, these structural models reveal a series of conformational 

changes that coincide with DNA recognition and Cas3 recruitment. Here, we add an 

additional dimension to this work by performing HDX-MS on Cascade before and after 
target recognition. HDX-MS analysis reveals specific regions of the complex that have 

more or less HD-exchange after binding DNA. Mapping this data onto 3D-structures of 

Cascade highlights regions of functional importance that have been previously identified, as 

well as functionally important regions that do not stand out in static structures.

The lysine-rich vise of Cas7 and the PAM sensing domain of Cse1 are critical for DNA 

binding 8, 11. Slow deuteration of a peptide is indicative of low solvent exposure or extensive 

hydrogen bonding and we measure significant decreases in deuterium incorporation after 

dsDNA binding for peptides that cover the lysine-rich vise, and two the PAM sensing 

elements (i.e., lysine finger and glutamine wedge). However, the glycine-rich loop (amino 

acids 157–161), which has previously been shown to intercalate in the minor groove of the 

PAM duplex is not protected from HD-exchange in the dsDNA bound complex 

(Supplemental Fig 3). These results suggest that the glycine-rich loop may be more dynamic 

after binding than indicated by the crystal structure.

While the mechanism of PAM sensing and directional hybridization of the crRNA guide to 

the DNA target is relatively well understood, the location of the displayed strand has not 

been determined for the E. coli Cascade complex. Based on the structure of E. coli Cascade 

bound to a partially duplexed DNA target, we expected the displaced strand to traverse over 

the C-terminal four-helix bundle of Cse1 and continue along a basic cleft formed by the 

Cse2 and Cas7 subunits (Fig 3) 12. Indeed, peptides covering the C-terminal four-helix 

bundle of Cse1 (amino acids 381–398) incorporate significantly less deuterium after dsDNA 

binding. However, this same peptide is also protected (i.e. less deuterium incorporation) in 

the ssDNA bound complex, suggesting that the lack of deuterium uptake is due to changes in 

hydrogen bonding networks, rather than direct interactions with the displaced strand. This 

conclusion is consistent with the recent structure of T. fusca Cascade bound to a dsDNA 

target, which shows no density for the displaced DNA strand in this region 13.
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Following the displaced strand beyond the four-helix bundle we predicted that the remaining 

portion of the R-loop would be coordinated by residues that form a positively charged cleft 

between Cse2 and Cas7 12. To test the role of this cleft in DNA binding, we flipped the 

charge on seven positively charged residues on Cse2 (i.e. R53D, K77D, K78D, R89D, 

R135D, R143D and K158D) and three positively charged residues on Cas7 (i.e. K296E, 

K299E and K301E). Remarkably, neither of these mutants resulted in a pronounced immune 

defect (Fig 3C). Using the HD-exchange data, rather than focusing strictly on electrostatic 

surface potential, we identified a peptide on Cse2 (amino acids 6–27) that exchanges 

significantly (p<0.001) less deuterium upon binding of dsDNA. Mutation of a single 

arginine (Cse2 R12) resulted in a small, but reproducible immune defect, which is consistent 

with a minor role for this peptide in stabilizing the displaced strand. In support of this 

conclusion, the recent T. fusca Cascade structure reveals an equivalently positioned arginine 

(R16) that is located ~4 Å from the phosphate backbone of the displaced strand 13. While we 

initially expected to identify an extensive network of non-sequence specific, protein-

mediated interactions involved in R-loop stabilization, our results and recent structures of 

the Cascade complex from T. fusca reveal a poorly ordered displaced strand that makes few 

direct interactions with the Cas proteins. Collectively this suggests that precise coordination 

of the R-loop at positions distal to the PAM, may not be critical for immune system function.

In addition to DNA binding, Cse1 also plays a critical role in Cas3 recruitment 6, 7, 20. We 

hypothesized that regions of Cse1 that incorporate more deuterium after DNA binding, may 

be involved in Cas3 recruitment. To test this hypothesis, we designed HDX-guided 

mutations in L3, H1, and H2 regions of Cse1 (Fig 4). Mutations in L3 and H1 result in 

significant immune defects, while the H2 mutation has no measurable phenotype. We 

expected that the increase in HD-exchange would be indicative of regions involved in Cas3 

recruitment; however, only the H1 mutant blocks Cas3-mediated DNA degradation, 

suggesting that this may be a docking site for Cas3.

Conformational dynamics are critical to the function of any molecular machine. Magnetic 

tweezers have been used to measure the dynamics of torque-dependent R-loop formation 

and DNA dissociation for Cascade 28, 35. These experiments reveal conformational changes 

in the DNA target and recent FRET studies have been used to identify distinct 

conformational states of Cascade that are controlled by the sequence of the DNA target 
19, 22, 26. FRET has been used to show that binding to DNA targets containing specific PAM 

or protospacer mutations correspond with a rotation of the N-terminal domain in Cse1. This 

conformation is referred to as the “open” state, which does not effectively recruit nuclease-

active Cas3, but recruits a nuclease-repressed form of Cas3, in the presence of Cas1 and 

Cas2 18. Collectively these studies suggest that the conformational state of Cascade is 

determined by the sequence of the DNA ligand, and that these conformations control the 

immune response by regulating the activity of Cas3 3, 18, 19.

While structure guided placement of FRET dyes provides a powerful means for measuring 

distances between two selected landmarks, this approach cannot provide a global 

understanding of the complex conformational dynamics of a large multi-subunit machine 

like Cascade. Here we demonstrate how the high-spatial resolution of FRET is 

complemented by the peptide-resolution of HDX-MS. In this paper, we validate the method 
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by comparing our results to previous insights (e.g. PAM binding residues) and provide new 

information about the mechanism of DNA binding (e.g. coordination of the displaced 

strand), and Cas3 recruitment (e.g. role of H1). Future experiments performed using HDX-

MS should focus on Cascade bound to DNA targets that have previously been shown to 

elicit interference or priming responses. These experiments will be critical to understanding 

how DNA-induced conformational states of Cascade control the downstream immune 

response.

Materials and Methods

Hydrogen-Deuterium Exchange coupled with Mass Spectrometry (HDX-MS)

Three forms of the Cascade complex were tested using HDX-MS: unbound Cascade, 

Cascade bound to a ssDNA substrate, and Cascade bound to a dsDNA bound substrate 

(Supplemental Dataset 1). First Cascade was expressed and purified (see below) and pre-

bound to ssDNA or dsDNA substrate, by incubating unbound Cascade with an excess of the 

appropriate oligonucleotide at 37 °C for 15 minutes. Excess oligonucleotides were removed 

from the ssDNA and dsDNA bound Cascade preparations by gel filtration as described 

below (Supplemental Fig 6D). Cascade (10mg/mL) was diluted 10-fold into reaction buffer 

(10mM sodium acetate, 50mM NaCl, pH 7.0) which was made in D2O. Samples were 

removed at different time points and quenched to stop the exchange after 0, 0.16, 0.5, 2.5, 

5.0, 10, 30 and 180 minutes. At each time point, 10 μL was withdrawn and placed into 

quenching/digestion solution at pH 2.5 containing 1% formic acid (FA, Sigma) and 0.2 

mg/mL pepsin (Sigma) at 0°C. After one and half minutes of digestion, the tube was frozen 

in liquid N2 and stored at −80°C until liquid chromatography-mass spectrometry (LC-MS) 

analysis. For Intact protein HDX-MS the reaction started in the same manner as the pepsin-

based HDX-MS. Time points were collected at 0.5, 6, 11.5, 17, 22.5, 28, 33.5, 39, 44.5, 50, 

55.5, 61, 66.5, 72, and 77.5 minutes. The intact protein HDX-MS time points were quenched 

in the same manner; however, the intact protein quench solution did not contain pepsin, and 

tubes were immediately frozen in liquid N2 and stored at −80°C until liquid 

chromatography-mass spectrometry (LC-MS) analysis

LC-MS analysis of intact Cascade and Cascade peptides was completed on a 1290 UPLC 

series chromatography stack (Agilent Technologies) coupled directly to a 6538 UHD 

Accurate-Mass Q-TOF LC/MS mass spectrometer (Agilent Technologies). Before 

electrospray-time of flight (ESI-TOF) analysis, peptides were separated on a Reverse Phase 

(RP) column (Phenomenex Onyx Monolithic C18 column, 100 × 2 mm) at 1°C using a flow 

rate of 600 μL/min in the following conditions: 1min, 5% B; 1.0–9.0min, 5–45% B; 9.0–

9.80 min, 95% B; 9.80–9.90 min, 5% B solvent A = 0.1% formic acid (FA, Sigma) in water 

(ThermoFisher) and solvent B = 0.1% FA in acetonitrile (ACN, ThermoFisher). Data was 

acquired at 2 Hz sec−1 over the scan range 50–1700 m/z in positive mode. Electrospray 

settings were: nebulizer set to 3.7 bar, drying gas 8.0 L/min, drying temperature 350°C, and 

capillary voltage 3.5 kV.

Data processing was carried out in Agilent MassHunter Qualitative Analysis version 6.0. 

Unique peptides were identified by using Peptide Analysis Worksheet version 2000.6.8.0 

(PAWs, ProteoMetrics LLC.) with an accuracy of 10 ppm. Peptide sequences were also 
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confirmed by MS-MS data acquisition, with a scan range of 50–1700 m/z (auto MS-MS)) 

with an isolation width of 4 m/z and an acquisition rate of 1 spectrum/s. Different collision 

energy voltage (20V, 25V, and 30V) and linear gradient voltages were applied in auto MS-

MS mode. MS-MS data were analyzed and mapped to confirm the corresponding sequence 

by using Peptide Shaker version 0.41.1 paired with Search GUI version 1.30.1 (Compomics) 
36.

Deuterium incorporation in each peptide was calculated using the program HDExaminer 

(version 1.3.0 beta 6, Sierra Analytics Inc.) which measures the shift of the centroid peak of 

the peptides collected throughout the time course in different samples. The shift of the 

centroid was then compared to a non-deuterated control (no exchange) and a fully deuterated 

sample (24-hour reaction) to determine the extent of exchange using methods previously 

reported by Guttman et al. 23. Back-exchange during chromatography was estimated from a 

fully deuterated protein. The 24-hour time point was denoted as 100% (m100 ) exchange. 

The non-deuterated control was denoted as 0% (m0%) exchange. Percentage deuteration for 

each peptide at different time points was calculated by following formula.

mt = deuterium uptake at different times

Statistical analysis on deuterium uptake was performed using MEMHDX 24. P-values less 

than 0.05 were considered statistically significant. For the uptake curves (Fig 2,3 and 

Supplemental Fig 3), peptides that were the most representative of the data were displayed. 

Uptake information for all peptides can be found in Supplementary Data Set 1.

Nested or sister peptides that shared the same N-terminal or C-terminal residue and varied in 

length were manually resolved to determine the contributions of the different amides to the 

overall uptake of the peptides. The overlapping regions of the peptides were assumed to take 

up the same amount of deuterium and the non-overlapping regions were assumed to be 

responsible for the rest of the uptake in the longer peptide. For example, if the peptide 

covering residues 1–4 took up two deuterium and the peptide covering residues 1–6 took up 

three deuterium, it would be assumed that residues 5 and 6 together took up, on average, one 

deuterium. The uptake percentage of the resolved peptides of the unbound complex were 

then subtracted from the dsDNA bound complex and mapped onto the structural model of 

dsDNA bound Cascade (5H9F) using Chimera version 1.10.2 (UCSF Resource for 

Biocomputing, Visualization, and Informatics), to create the difference maps shown in 

Figures 1–4 37.

Cascade expression and purification

Cascade and Cascade mutants were expressed and purified using previously described 

methods 11. Briefly, cas genes and CRISPR RNAs were coexpressed in E. coli Bl21 (DE3) 

cells with Cse2 fused to an N-terminal Strep tag. Cells were grown in LB media at 37°C 

under antibiotic selection and induced at an OD600nm of 0.5 using 0.2 mM isopropyl-D-1-

thiogalactopyranoside (IPTG). Cells were cultured overnight at 20 °C, pelleted by 
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centrifugation and suspended in lysis buffer (100 mM Tris–HCl pH 8.0, 150 mM NaCl, 1 

mM Ethylenediaminetetraaceticacid (EDTA), 1 mM tris (2-carboxyethyl) phosphine (TCEP) 

and 5% glycerol), and frozen at −80 °C. Cells were lysed by sonication and lysates were 

clarified by centrifugation. Cascade self-assembles in vivo and the complex was affinity 

purified on StrepTrap HP resin (GE) using N-terminal Strep-II tags on Cse2. Elution of 

Cascade was performed using the lysis buffer supplemented with 2.5 mM desthiobiotin. The 

Strep-II tag was removed with HRV-3C protease. Cascade was concentrated prior to gel 

filtration chromatography using 10/300 Superose6, 16/60 Superose6 or 26/60 Superose6 

columns (GE Healthcare) equilibrated with 50 mM Tris–HCl pH 7.5, 100 mM NaCl, 1 mM 

EDTA, 1 mM TCEP and 5% glycerol (Supplemental Fig 6) and stored at −80 °C until use. 

Stoichiometry of the different Cascade mutants was analyzed by SDS-PAGE gel and the 

presence of crRNA was checked by phenol/chloroform extraction of the protein followed by 

denaturing polyacrylamide gel (Supplemental Fig 6).

Cas3 expression and purification

Cas3 was expressed and purified using previously described methods 5, 6. Briefly, the Cas3 

gene fused to an N-terminal His6-MBP (maltose binding protein) tag was expressed from 

pHMGWA plasmid in E. coli BL21 (DE3) cells. Cells were grown in LB media at 20°C 

under antibiotic selection and expression was induced at an OD600 nm of 0.3 using 0.2 mM 

IPTG. Cells were pelleted by centrifugation and suspended in lysis buffer (20 mM TRIS-

HCl pH 8.0, 200 mM NaCl, 1 mM TCEP and 10 % glycerol). Cells were lysed by sonication 

and lysates were clarified by centrifugation. Cas3 was affinity purified using Ni-NTA 

superflow resin (Qiagen), washed with lysis buffer supplemented with 5 mM Imidazole 

followed by a 1 M Nacl wash. Cas3 was eluted with lysis buffer supplemented with 250 mM 

Imidazole. Cas3 was concentrated prior to gel filtration chromatography using 16/60 

Superoses6 column equilibrated with 20 mM TRIS-HCl pH 8.0, 200 mM NaCl, 1 mM 

TCEP and 5 % glycerol and stored at −80°C until use. Protein purity was checked by SDS-

PAGE gel (Supplemental Fig 6E).

Oligoduplex preparation and DNA labeling

Oligonucleotides (Supplemental Table 1) were 5-end labeled with [γ-32P] ATP 

(PerkinElmer) using T4 polynucleotide kinase (NEB). Labeled oligonucleotides were 

purified by phenol/chloroform extraction followed by MicroSpin G-25 columns (GE 

Healthcare). Oligonucleotides were gel purified on a denaturing polyacrylamide gel and 

recovered. dsDNA was prepared by mixing labeled oligonucleotides with a 5 fold molar 

excess of the complementary oligonucleotide in hybridization buffer (20 mM HEPES pH 

7.5, 100 mM KCl and 5 % glycerol). The mixture was heated to 95°C for 5 minutes and 

allowed to cool to room temperature. Duplexed oligonucleotides were purified on a native 

polyacrylamide gel and recovered in hybridization buffer. Duplexed oligonucleotides were 

used for EMSA and Cascade/Cas3 mediated DNA degradation assays.

Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assays were carried out as described previously 11. The 

reported KDs are the average from three independent experiments and error bars represent 
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the standard deviation. Oligonucleotides used for EMSAs are listed in Supplemental Table 1. 

The non-target DNA strand was labeled.

Plasmid-curing assays

Plasmid-curing assays were carried out as described previously 11. Briefly, competent E. coli 
cells containing plasmids encoding Cascade, Cas3, and a crRNA targeting the pUC-P7-TAC 

plasmid were transformed with an equal molar mixture of pUC19 (non-target) and pUC-p7-

TAC (target) plasmids. Expression of Cascade, Cas3, and the crRNA was induced using 0.2 

mM isopropyl-D-1-thiogalactopyranoside (IPTG) and cells were plated on LB-agar plates. 

Forty individual colonies were screened using PCR designed to discriminate target from 

non-target plasmids based on size. Three replicates were carried out for each experiment and 

the average value of the ratio of target to non-target plasmid was calculated and plotted in 

the graphs (Fig 3,4). An active immune system will destroy the target plasmid and result in a 

value close to 0, while an inactive immune system will preserve the original 1:1 ratio of 

target to non-target plasmid and result in a value close to 1. The error bars represent standard 

error of the mean calculated from three independent experiments.

Cascade/Cas3 mediated DNA degradation

Duplexed oligonucleotides were [γ-32P] ATP labeled on the 5′end of the non-target DNA 

strand and incubated with 300 nM Cascade or Cascade mutants for 15 minutes at 37°C in 

reaction buffer (20 mM HEPES pH 7.5, 100 mM KCl, 10 mM MgCl2, 10 mM CaCl2, 100 

μM NiSO4, 100 μM CoCl2 and 2 mM TCEP) supplemented with 2 mM ATP (Lanes marked 

No ATP did not receive ATP, lanes marked EDTA contained 17 mM EDTA, Fig 4D). 

Reactions were incubated on ice for 5 minutes prior to addition of Cas3 to a final 

concentration of 300 nM. After the addition of Cas3 reactions were incubated for 60 minutes 

at 37 °C except for the samples that were part of the time course (triangle in Fig 4D, 

incubated for 0, 15 and 60 minutes). Once the reactions were complete the samples were 

quenched by the addition of EDTA and Sodium Dodecyl Sulphate (SDS) to a final 

concentration of 8 mM EDTA and 1 % SDS. Samples were mixed with 2x Formamide 

loading buffer, heated to 95°C C for 5 minutes and run on a pre-run 7 M Urea, 15 % 

polyacrylamide (29:1) gel in Tris-Taurine-EDTA (TTE) buffer. Gels were dried, exposed to 

phosphor storage screens and scanned with a Typhoon phosphorimaginer. Degraded and 

undegraded DNA fractions were quantified using GelQuant.NET software and used to 

calculate the fraction of degraded DNA compared to the total DNA. Reported degradation 

percentages are the average of three independent experiments with the error representing the 

standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Binding of dsDNA increases the stability of Cascade
(A) The type 1-E CRISPR system of E. coli consists of eight cas genes and a CRISPR locus. 

Five cas genes (colored) code for proteins that assemble with a crRNA into the Cascade 

complex. (B) Schematic representation of three stages of Cascade during the interference 

process. Subunits colored according to Figure 1A. (C) Deuterium uptake curves for the 

individual subunits of Cascade. Error bars show the standard deviation (n=3) and are smaller 

than the circular symbols used to plot the data. Both the unbound and dsDNA bound 

Cascade complexes were incubated in deuterated buffer for 0.5 to 77.5 minutes. Colors of 

the data points on the uptake curves correspond with the subunits of Cascade as colored in 

Figure 1A. Differences in deuterium uptake were determined by subtracting deuterium 

uptake of the unbound complex from the dsDNA bound complex at 77.5 minutes. The 

percentage change in uptake was mapped onto the dsDNA bound structure of Cascade 

(5H9F). Increasing blue hue indicates greater protection (i.e., less deuterium uptake) in the 

dsDNA bound form. Overall, the dsDNA bound form of Cascade takes up less deuterium 

and is more protected.
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Figure 2. Peptide-resolution mapping of deuterium uptake reveals areas of Cascade that become 
more or less protected upon dsDNA binding
(A) The percentage difference in deuterium uptake between the unbound and dsDNA bound 

complex for individual peptides at the 180-minute time point was mapped onto the dsDNA 

bound structure (5H9F). Blue indicates less deuterium incorporation in the dsDNA bound 

form (protection) while the red indicates more deuterium incorporation in the dsDNA bound 

form (de-protection). White indicates regions where there is no difference in deuterium 

uptake or peptides where no data is available. The inset shows the ribbon structure of the 

Cse1 subunit with the glutamine wedge and Loop 1 showing increased protection. The Cse1 

subunit consists of a four-helix bundle (CTD) and globular domain (NTD). (B) Deuterium 

uptake curves show increased protection in the dsDNA bound form for peptides in Loop 1 

(p-value<0.01 for all time points) and the glutamine wedge (p-value<0.01 for all time points 

after 2.5 minutes). Error bars represent the standard deviation of three replicates.
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Figure 3. Using HDX to identify residues involved in binding the displaced DNA strand
(A) Differences in deuterium uptake between the unbound and dsDNA bound complex for 

individual peptides at the 180-minute time point are mapped onto the dsDNA bound 

structure . Only peptides that are more protected in the dsDNA bound complex (blue) are 

shown. The proposed path of the displaced strand is indicated (green). (B) Deuterium 

incorporation for peptides Cse2 6–27 and Cas7 296–311 at the 180-minute time point is 

displayed for Cascade without DNA (teal), ssDNA bound (green), and dsDNA bound 

complexes (red). The Cse2 peptide shows increased protection in the dsDNA bound 

complex, as compared to the unbound or the ssDNA bound complex (p<0.01). The Cas7 

peptide shows the most protection in the dsDNA bound complex. Error bars represent the 

standard deviation of three replicates. (C) HDX-guided mutation of positively charged 

residues on Cse2 (R12E), Cse2 (R53D, K77D, K78D, R89D, R135D, R143D and K158D, 

named Cse2 charge swap), and Cas7 (K296E, K299E, K301E) were tested in a plasmid-

curing assay to determine the biological impact of mutating these residues. The Cas7 mutant 

did not have a significant impact while the Cse2 mutants displayed a small, but significant 

defect. The single mutation of Cse2 R12E had an equal impact as mutation of seven Cse2 

residues. The error bars represent the standard error of the mean of three replicates.
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Figure 4. Predicting the Cas3 interaction site using HDX
(A) Ribbon representation of Cse1 colored according to the percentage difference in 

deuterium uptake of the dsDNA bound complex minus the unbound form of the Cascade 

complex at the 180-minute time point. Areas in red are more available for HDX after 

dsDNA binding. dsDNA is colored green. (B) Residues in three of the peptides (L3, H1 and 

H2) that exchange more deuterium after binding dsDNA and one peptide that exchanges less 

deuterium (H3) after binding dsDNA, were targeted for mutagenesis and tested using 

plasmid-curing assays. Deletion of Loop 3 (Cse1 ΔL285-K296, denoted ΔL3) or mutation of 

the lysine residues present at the tip of Loop 3 (Cse1 K289A/K290A, denoted KK) result in 

large immune system defects. Mutation of alpha helices H1 (Cse1 N379A/E380K), H2 

(Cse1 N332A, Q333A, R335E) and H3 (Cse1 R194E/K197E) resulted in immune system 

defects for H1 and H3. Mutants showing defects were selected for further study. The error 

bars represent the standard error of the mean of three replicates. (C) Measurement of the 

binding affinity for 72 bp dsDNA containing a protospacer and interference PAM (3′-

TAC-5′ or 3′-TTC-5′) using Electrophoretic Mobility Shift Assays (EMSAs). Only the 

deletion of Loop 3 resulted in a major binding defect. Error bars represent the standard 

deviation of three replicates. (D) Denaturing polyacrylamide gels showing time courses of 

Cascade/Cas3 mediated DNA degradation. 72 bp dsDNA containing P7 protospacer and 3′-

TTC-5′ PAM was pre-bound to wild type Cascade or the Cascade mutants and incubated for 
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various lengths of time with Cas3. Wild type Cascade facilitates destruction of the DNA by 

Cas3. The H1 mutant severely reduces the ability of Cas3 to degrade the DNA, indicating 

that this mutant blocks Cas3 recruitment or activation. The percentage of DNA degraded 

after 60 minutes is indicated with the error representing the standard deviation of three 

replicates.
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