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ABSTRACT: The adaptive immune system of bacteria and archaea against viral DNA is
based on clustered, regularly interspaced, short palindromic repeats (CRISPRs) which are
encoded in the host genome and translated into CRISPR RNAs (crRNAs) containing
single spacer sequences complementary to foreign DNA. crRNAs assemble with CRISPR-
associated (Cas) proteins forming surveillance complexes that base-pair with viral DNA
and mediate its degradation. As specificity of degradation is provided by the crRNA spacer
sequence, genetic engineering of the CRISPR system has emerged as a popular molecular tool, for instance, in gene silencing and
programmed DNA degradation. Elongating or shortening the crRNA spacer sequence are therefore promising ventures to modify
specificity toward the target DNA. However, even though the stoichiometry of wild-type complexes is well established, it is unknown
how variations in crRNA spacer length affect their stoichiometry. The CRISPR-associated antiviral defense surveillance complexes of
Streptococcus thermophilus (StCascade complexes) contain crRNA and five protein subunits. Using native mass spectrometry, we
studied the formation and stoichiometry of StCascade complexes assembled on a set of crRNAs with different spacer lengths. We
assigned all relevant complexes and gained insights into the stoichiometry of the complexes as well as their preferred assembly. We
found that stable complexes, which incorporate or lose a (Cas7)2(Cse2)1-module, assemble on crRNA varied in length by 12-
nucleotide units, while varying crRNA length in six-nucleotide units results in heterogeneous mixtures of complexes. Combining our
results from the various variants, we generated an assembly pathway revealing general features of I-E type Cascade complex
formation.
KEYWORDS: CRISPR, type I-E Cascade complex, crRNA, stoichiometry, complex heterogeneity, native mass spectrometry

■ INTRODUCTION

Bacteria and archaea developed an adaptive immune system
against viral DNA encoded by clustered, regularly interspaced,
short palindromic repeats (CRISPRs) and CRISPR-associated
proteins (Cas proteins).1,2 After infection with foreign DNA,
DNA spacer sequences are inserted into the CRISPR locus of
the host genome.3,4 The host transcription machinery then
produces CRISPR RNAs (crRNAs) which contain single
spacer sequences flanked by repeat sequences. crRNAs
assemble with one or more Cas proteins to form surveillance
complexes that base-pair with complementary foreign DNA
followed by degradation of the invader, for instance, by Cas3
helicase-nuclease in Type I systems.2,5,6 Selection of spacer
sequences from invader DNA after initial infection is guided by
the presence of protospacer adjacent motifs (PAMs) in the
foreign genome.7 The CRISPR locus of the host is lacking
these sequences and is therefore protected against self-
degradation.
Depending on the architecture of the CRISPR locus,

CRISPR-Cas systems have been divided into two main classes
and six types that are divided into many subtypes.8 The most
abundant system is the Type I system which is found in both
bacteria and archaea8,9 and recognizes double-stranded DNA.
The Type I-E CRISPR-associated antiviral defense surveillance
complexes (Cascade) of Escherichia coli and Streptococcus

Thermophilus (S. Thermophilus) contain five Cas proteins in
varying stoichiometry, namely, two copies of Cse2, six copies
of Cas7, and one copy of the Cse1, Cas5, and Cas6
subunits.10−12 Structurally, the Cas7 “backbone” (six copies)
positions the crRNA,13−15 and the two Cse2 copies stabilize
crRNA and DNA base-pairing.5,16,17 The large Cse1 subunit
recognizes the PAM sequence of the DNA invader, and Cas5
and Cas6 cap the 5′ end and the 3′ stem loop of the crRNA,
respectively.10,12,17

Typically, crRNAs comprise spacers of 32−38 base-pairs and
repeats of 28−37 base-pairs.18 Engineering crRNAs varying in
spacer length is promising to modify specificity toward the
target DNA. Accordingly, Cascade complexes with elongated
or shortened crRNA spacers have been reported for E. coli,19,20

Shewanella putrefaciens,21 and S. thermophilus.22 A recent study
employing crRNA spacers up to +57 nucleotides showed that
elongated spacer length increased DNA binding affinities and
supports R-loop formation, although DNA degradation does
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not require extended R-loops and occurs for all R-loops
corresponding to the wild-type.22 Remaining uncertainties are,
however, the stoichiometries and the stability of the assembled
Cascade complexes. Previous studies revealed that one copy of
Cas7 requires space of 6 nucleotides on the crRNA and Cse2 is
equivalent to 12 nucleotides.23 As Cas7 and Cse2 assemble on
opposite sides of the crRNA, incorporation of one Cse2 and
two Cas7 subunits per 12-nucleotide unit was therefore
suggested.19,20 Extension or shortening crRNA spacers by
spacer units that are shorter or longer than 12 nucleotides, on
the contrary, is less established. Previous studies suggested
incorporation or loss of one Cas7 subunit per six nucleotide
differences; however, these studies used Cascade complexes
which omitted the large Cse1 subunit or lost the affinity-tagged
subunit during purification suggesting dissociation of the
complexes in solution.19 It is therefore still unclear whether
only Cas7 subunits are integrated in these complexes or if Cse2
subunits are also affected.
To gain insights into the formation and stoichiometries of

Cascade complexes containing crRNAs differing in length, we
studied a full set of StCascade complexes assembled in crRNAs
containing spacers shortened or elongated in 6 nucleotide units
ranging from −18 up to +24 nucleotides when compared with
the wild-type crRNA. Using native mass spectrometry, we were
able to detect the intact, assembled complexes and obtained
insights into the presence of heterogeneous populations.
Combining the results obtained from all StCascade complexes,
we were able to unravel the assembly pathways of Cascade
complexes on the various crRNAs and propose their preferred
stoichiometries to form stable Cascade complexes.

■ METHODS

Purification of CRISPR-Cascade Complexes. Cascade
complexes from S. thermophilus were purified as described.11,22

Briefly, three compatible, heterologous plasmids containing the
five protein subunits (Cse1, Cse2, Cas5, Cas6, Cas7), a C-
terminally His-tagged Cas7 variant and the crRNA were
coexpressed in E. coli BL21(DE3) cells, and the assembled
StCascade complexes were purified through a His-tag strategy
as described previously.11 The wild-type complex assembled on
a 61 nucleotides long crRNA comprising the 33 nucleotides
long spacers as well as seven and 21 nucleotides long handles
on the 5′ and 3′ ends, respectively. Elongated and shortened
crRNA spacers were based on the wild-type sequences.22 See
Table S1 for masses of crRNAs.

LC-MS/MS and Database Searching. CRISPR-Cascade
protein subunits were separated by gel electrophoresis using
the NuPAGE system (Thermo Fisher Scientific) according to
manufacturer’s protocols. Protein bands were cut, and proteins
were digested in gel as described.24,25 The peptide mixture was
separated by nanoflow reversed-phase liquid chromatography
(DionexUltiMate 3000 RSLCnano System, Thermo Scientific)
using 0.1% (v/v) formic acid as mobile phase A and 80% (v/v)
acetonitrile/0.1% (v/v) formic acid as mobile phase B. The
peptides were first loaded onto a trap column (μ-Precolumn
C18 PepMap 100, C18, 300 μm I.D., particle size 5 μm;
Thermo Scientific) and then separated at a flow rate of 300
nL/min and a gradient of 4−90% mobile phase B over 69 min
using an analytical column (Acclaim PepMap 100, C18, 50 cm,
75 μm I.D., particle size 3 μm; Thermo Scientific).
Peptides were directly eluted into a Q Exactive plus hybrid

mass spectrometer (Thermo Scientific) and analyzed by data-
dependent acquisition. MS settings were: capillary voltage, 2.8
kV; capillary temperature, 275 °C; normalized collision energy,

Figure 1. Identification of StCascade protein subunits. (A) SDS-PAGE of the purified wild-type complex revealed the presence of the five subunits.
The accurate molecular weight was determined from LC-MS/MS experiments. (B) Fragment spectrum of the N-terminal peptide of Cas6
containing N-terminal methionine. y- and b-ion series are labeled (red and yellow). (C) Fragment spectrum of the N-terminal peptide of Cse2
lacking N-terminal methionine. y- and b-ion series are labeled (red and yellow).
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30%. Full MS scans (m/z 350−1600) were acquired in the
Orbitrap at 70 000 resolution and with an automatic gain
control target of 3e6. The 20 most intense ions were selected
for fragmentation in the HCD cell with an automatic gain
control target of 1e5. Selected precursors were dynamically
excluded for 30 s before repeated fragmentation. Only ions
with charge states of 2+ to 7+ were selected for fragmentation,
singly charged ions, and ions with undetermined charge states
were excluded. The Orbitrap was internally calibrated using the
lock mass m/z 445.120025.26

Proteins were identified by database searching using the
Mascot search engine v4.0.1. For this, raw data files were
converted to mascot generic format. Search settings were:
database, NCBInr (112 926 358 sequences); taxonomy,
eubacteria (81 588 453 sequences); enzyme, trypsin; missed
cleavages, up to 2; peptide charge, 2+, 3+, and 4+; precursor

mass tolerance, 0.5 Da; mass tolerance of fragment ions, 10
ppm; variable modifications, carbamidomethylation of cys-
teines and oxidation of methionine.

Native MS and Data Analysis. Prior to analysis, the
purification buffer of StCascade complexes was exchanged
against 200 mM ammonium acetate pH 7.0 using Micro Bio-
Spin 6 gel filtration columns (Bio-Rad). Intact protein−crRNA
complexes were subsequently analyzed on an Ultima Q-ToF
mass spectrometer (Micromass) modified for transmission of
high mass complexes.27 For this, 2−3 μL of protein sample was
loaded in gold-coated emitter needles prepared in-house.28 MS
settings were: capillary voltage, 1.5−1.7 kV; cone voltage, 80
V; RF lens voltage, 80 V; collision voltage, 40−100 V. MS/MS
settings were: capillary voltage, 1.5−1.7 kV; cone voltage, 80
V; RF lens voltage, 80 V; collision voltage, 40−200 V. Mass
spectra were processed using MassLynx 4.0 and analyzed using

Figure 2. Native mass spectrometry of the wild-type StCascade complex. (A) The charge state distribution at approximately 10 000 m/z
corresponds to the intact wild-type complex (green triangles). Subcomplexes (yellow, blue, and purple triangles) lost Cse1, Cse2, or Cas7 subunits
and were observed between 6500 and 9500 m/z. Individual protein subunits were observed in the low m/z-region (<5000 m/z). See also Figure S1.
(B) MS/MS spectrum of the 42+ charge state of the intact StCascade wild-type complex (m/z 10 049). Cse1 dissociates readily from the complex.
Cas5, Cas6, and Cas7 subunits were observed at lower intensities. Collisional voltage: 180 V.
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Massign software.29 Mass spectra were calibrated externally
using 100 mg/mL cesium iodide solution.

■ RESULTS
Characterization of the S. thermophilus CRISPR-Cas

Wild-Type Complex. CRISPR-Cas complexes from S.
thermophilus (StCascade complexes) were overexpressed in E.
coli and purified through a His-tag strategy.11,30 We first
targeted the wild-type complex which is composed of crRNA
containing a 33 nucleotide long spacer as well as five protein
subunits. Using liquid chromatography-coupled tandem mass
spectrometry (LC-MS/MS) and database searching after
separation of the proteins by gel electrophoresis (Figure 1),
we identified the five subunits (Cse1, Cse2, Cas5, Cas6, and
Cas7) with high confidence as confirmed by high sequence
coverage (>50% for Cse2 and >90% for all other subunits; note
that Cse2 contains only a limited number of tryptic cleavage
sites, and the sequence that can be covered after tryptic
digestion was identified) and high peptide scores (max. peptide
score >137) (Table S2).
To date, it is unknown whether StCascade protein subunits

contain or omit N-terminal methionine. We therefore
inspected the LC-MS/MS results for the existing protein
sequence and identified StCascade protein subunits with or
without N-terminal methionine. N-Terminal peptides identi-
fied for subunits Cas5 and Cas6 contained methionine, while
subunits Cse1 and Cse2 did not contain methionine and Cas7
N-terminal peptides were identified with and without
methionine (Figure 1B,C and Table S2).
We then analyzed the stoichiometry as well as homogeneity

of the intact wild-type complex. For this, we used native mass
spectrometry which maintains noncovalent interactions in the
gas phase of the mass spectrometer.31 The obtained mass
spectrum shows several charge state distributions of intact
StCascade complexes as well as individual proteins in the low
mass region (<5000 m/z) (Figure 2A). In agreement with LC-
MS/MS experiments, Cas7 (tagged and untagged, see
Materials and Methods) showed two populations with small
mass differences corresponding to the proteins with and
without N-terminal methionine. However, peak intensities
revealed that the main proportion of Cas7 (tagged and
untagged) does not contain N-terminal methionine (Figure
S1). Cas5 and Cas6 showed only one population containing N-
terminal methionine (Figure S1). We therefore calculated all
protein subunit masses according to these results (Figure 1)
and used these masses for the assignment of identified Cascade
complexes (Tables S3 and S4).
The major peak distribution in the native mass spectrum of

the wild-type complex corresponds to a mass of 422 242 Da
(Figure 2A) representing the intact StCascade complex with a
stoichiometry of (Cse1)1(Cse2)2(Cas7)6(Cas5)1-
(Cas6)1(crRNA)1 as described previously.10,12,32 Close in-
spection of the individual charge states of this peak distribution
reveals a distribution of complexes differing in mass by
approximately 1100 Da corresponding to the presence of
multiple His-tagged Cas7 subunits (Figure 2A, inset). In
agreement with the identified stoichiometry, charge state series
of the wild-type complex contained one to up to six tagged
Cas7 subunits confirming the calculated protein stoichiometry
(Table S3).
To study stability and complex assembly of the intact wild-

type complex, we selected the 42+-charge state for tandem MS
experiments (MS/MS) and found that the Cse1 subunit

readily dissociates from the complex confirming its peripheral
position in the complex (Figure 2B). Dissociated, highly
charged Cas7, Cas5, and Cas6 subunits were also identified,
albeit at lower intensities. We further studied complex stability
at varying collisional energies and found that the wild-type
complex is rather stable at high collisional energies; The
complexes dissociated only at elevated collisional voltages
(Figure S2). Sequential dissociation of the subunits was not
observed suggesting that Cse1 stabilizes the complexes and,
after dissociation of Cse1, overall binding of other subunits is
weakened.
Besides the major peak distribution of the intact wild-type

complex, we observed additional charge state series of smaller
subcomplexes. These were generated by loss of peripheral
subunits Cse1 and Cse2 as well as tagged and untagged Cas7
subunits. Notably, the second most intense peak distribution
corresponds to a subcomplex which lost two copies of Cas7
and one copy of Cse2 that appears to be a stable module of
CRISPR-Cascade complexes (see below). Other subcomplexes
that lost additional copies of Cas7 as well as Cse1 and Cse2
subunits were observed at lower intensities. Notably, both
Cas5 and Cas6 subunits did not dissociate from the wild-type
complex suggesting that they are stably attached to the 5′ and
3′ end of the crRNA.

StCascade Complexes Assembled on crRNA Differing
in Length by ±12 Nucleotides Are Stable and Show
Defined Stoichiometries. To explore whether longer or
shorter crRNAs allow the assembly of stable StCascade
complexes, we elongated or shortened the crRNA spacer
length in 6- nucleotide units (−18, −12, −6, +6, +12, +18, +24
nucleotides). We first targeted StCascade complexes assembled
on crRNAs that differ in 12-nucelotide units when compared
with the wild-type complex, i.e., crRNA spacer length of +12,
+24, and −12 nucleotides. For these complexes incorporation
or loss of two Cas7 and one Cse2 copies per 12 nucleotides
was suggested.20

StCascade complexes were purified and analyzed as
described (Methods). The native mass spectrum of the
StCascade complex assembled on 12 nucleotides shorter
crRNA showed three species: one major species, which
comprises the expected stoichiometry of (Cse1)1(Cse2)1-
(Cas7)4(Cas5)1(Cas6)1(crRNA)1 and two subcomplexes
thereof, which lost the peripheral subunit Cse1 as well as
Cse1 and Cse2 subunits and showed stoichiometries of
(C s e 2 ) 1 (C a s 7 ) 4 (C a s 5 ) 1 (C a s 6 ) 1 ( c r RNA ) 1 a n d
(Cas7)4(Cas5)1(Cas6)1(crRNA)1 (Figure 3A). Loss of Cse1
and Cse2 subunits was also observed for subcomplexes of the
wild-type StCascade complex. Their functional role of binding
invader DNA during CRISPR-Cas mediated DNA degradation
suggests tight binding in functionally active complexes and a
rather loose association in the absence of double-stranded
DNA as indicated by the presence of subcomplex which lost
these subunits.
We confirmed the assignment of these complexes by MS/

MS of the full complex as well as a subcomplex. Similar to the
wild-type complex, we found that Cse1 readily dissociates.
Highly charged Cas7 monomers were also identified in the low
m/z region of the mass spectrum. The subcomplex which does
not contain Cse1, on the other hand, only showed dissociation
of Cas7 and Cas5 subunits.
In addition to shorter crRNAs, longer crRNAs were also

explored. When StCascade complexes were assembled on
crRNA which is 12 nucleotides longer than wild-type crRNA,
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one major peak distribution between 11 000 and 13 000 m/z
was observed (Figure S3). In accordance with previous studies,
one Cse2 and two Cas7 subunits were incorporated into this
complex yielding a stoichiometry of (Cse1)1(Cse2)3-
(Cas7)8(Cas5)1(Cas6)1(crRNA)1. Again, the cohort of Cas7
subunits comprises a mixture of tagged and untagged subunits.
The resolution obtained for this half-megadalton complex is
sufficient to assign the multiple populations with high accuracy
(Figure S3 and Table S3).
In a similar fashion, a high-mass complex of 636 000 Da was

observed for the StCascade complex assembled on 24
nucleotides longer crRNA. In agreement with addition of the
(Cas7)2(Cse1) module (see above) and an increase in crRNA
mass, a stoichiometry of (Cse1)1(Cse2)4(Cas7)10(Cas5)1-
(Cas6)1(crRNA)1 was calculated for this complex (Table
S3). Because of the number of protein subunits, the resulting
high mass of the intact complex, the presence of up to 10
tagged Cas7 subunits and the presence of many coexisting
overlapping species, the observed mass spectrum is not
sufficiently resolved, and it is difficult to assign all
subcomplexes and populations. Nonetheless, several possible
subcomplexes of the fully assembled complex could be
assigned. The high intensity of the intact complex indicates
its preferred formation (Figure S4).
In summary, the mass spectra of StCascade complexes

assembled on crRNAs with decreased or increased spacer
length (−12, +12, and +24 nucleotides) confirm the
incorporation or loss of the (Cas7)2(Cse1) module for each
12-nucleotide unit, as suggested previously.20 The increasing
number of protein subunits including tagged and untagged

populations of Cas7 as well as overlapping species prove the
assignment of all subcomplexes assembled on longer crRNAs
difficult. Nonetheless, we were able to assign the major
complex species with high confidence. Importantly, the
distribution of populations containing tagged/untagged Cas7
subunits helped assign the full complexes as well as possible
subcomplexes. The comparably high intensity of the fully
assembled complexes indicates their stability in solution and
confirms the preferred stoichiometries of fully assembled
StCascade complexes.

Increasing or Decreasing crRNA Spacer Length by
Odd-Numbered Six Nucleotide Units Causes Formation
of Heterogeneous StCascade Complex Mixtures. We
next investigated StCascade complexes assembled on crRNAs
extended or shortened by odd-numbered 6-nucleotide units
when compared with their 12-nucleotides counterparts (−18,
−6, +6, and +18 nucleotides). Incorporation and loss of one
Cas7 copy, respectively, was suggested for these com-
plexes;19,20 however, it is unclear whether the copy number
of Cse2 subunits is affected. We started analyzing the
StCascade complex assembled on crRNA which was six
nucleotides shorter than the crRNA of the wild-type complex.
The observed mass spectrum revealed a complex with the
stoichiometry of (Cse2)2(Cas7)5(Cas5)1(Cas6)1(crRNA)1.
This complex agrees well with the suggested loss of one
Cas7 subunit; however, it also revealed additional loss of Cse1.
The absence of Cse1 was confirmed by MS/MS (Figure 4);

the respective spectrum showed the loss of Cas7, Cas5, and
Cas6 subunits without dissociation of Cse1 which is preferred
during MS/MS of complexes that contained Cse1 (see above).
Additional subcomplexes, which lost Cas7 subunits or
maintained Cse1 but lost one copy of Cse2, were also
observed (Figure 4 and Table S4).
We also analyzed a complex that contained an 18

nucleotides shorter crRNA spacer when compared with wild-
type complex. The native mass spectrum of this complex
showed several overlapping peak distributions at sufficient
resolution allowing assignment of all subcomplexes (Figure
S5). Again, the major peak distribution corresponds to the

Figure 3. Native mass spectrometry of the StCascade complex
assembled on crRNA containing a 12 nucleotides shorter spacer. (A)
A complex with the expected stoichiometry of (Cse1)1(Cse2)2-
(Cas7)4(Cas5)1(Cas6)1(crRNA)1 was observed. Subcomplexes that
lost Cse1 or Cse2 subunits were also observed. (B) MS/MS spectrum
of the major complex. The 34+ charge state (m/z 9285) was selected
for fragmentation. Highly charged Cse1 and Cas7 monomers were
observed in the low m/z region of the spectrum. Collisional voltage:
150 V. (C) MS/MS spectrum of the (Cse2)1(Cas7)4(Cas5)1(Cas6)1-
(crRNA)1 subcomplex. The 32+ charge state (m/z 7844) was selected
for fragmentation. Monomeric Cas7 and Cas5 were found to
dissociate from the complex. Collisional voltage: 150 V.

Figure 4. Native mass spectrometry of the StCascade complex
assembled on crRNA containing a six nucleotide shorter spacer. A
complex with the stoichiometry of (Cse2)2(Cas7)5(Cas5)1(Cas6)1-
(crRNA)1 was observed. Subcomplexes that lost Cse1, or Cse2 as well
as Cas7 were also observed. Inset: MS/MS spectrum of the major
complex. The 37+ charge state (m/z 9324) was selected for
fragmentation. Cas5, Cas6, and Cas7 monomers dissociated from
the complex. Collisional voltage: 180 V.
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(Cse2)1(Cas7)3(Cas5)1(Cas6)1(crRNA)1 complex which lost
the Cse1 subunit in solution. In addition, we identified two
subcomplexes, namely, (Cas7)3(Cas5)1(Cas6)1(crRNA)1 and
(Cse2)1(Cas7)3(Cas6)1(crRNA)1, which lost Cas5 or Cse2
subunits (Table S4). Several populations containing tagged
and untagged Cas7 subunits were observed for all complexes,
and the number of tags confirmed the assignment of these
complexes.
We then analyzed StCascade complexes assembled on

longer crRNAs. The mass spectrum of the complex assembled
on crRNA that contained a six nucleotide longer spacer (+6
nucleotides) showed overlapping peak distributions between
9000 and 12000 m/z (Figure S6). Two complexes with masses
of 421 451 Da and 398 486 Da could be assigned, both present
as populations with tagged and untagged Cas7 subunits.
Complex stoichiometries of (Cse2)3(Cas7)7(Cas5)1(Cas6)1-
(crRNA)1 and (Cse1)1(Cse2)2(Cas7)6(Cas6)1(crRNA)1 were
calculated for these complexes (Table S4). A complex with the
expected stoichiometry of (Cse1)1(Cse2)2(Cas7)7(Cas5)1-
(Cas6)1(crRNA)1 corresponding in mass to approximately
462 kDa was not observed. Instead, the observed complexes
were obtained by incorporation of one Cas7 and one Cse2
subunits, accompanied by loss of Cse1, or by dissociation of
Cas5 presumably together with other subunits after assembly
of larger complexes. The presence of multiple complexes that
do not contain all protein subunits suggests that StCascade
complexes assembled on crRNA extended by six nucleotides
are not preferred and form rather loose assemblies.

The mass spectrum of StCascade containing 18 nucleotides
longer crRNA revealed a rather unresolved peak distribution
(Figure S7). Most likely this is caused by overlapping peak
distributions of complexes with similar masses (see also
above). However, the average mass obtained from this peak
distribution corresponds to a complex with a stoichiometry of
(Cse2)4(Cas7)9(Cas5)1(Cas6)1(crRNA)1, which is equivalent
to the complex described above for StCascade assembled on
crRNA extended by six nucleotides (Table S4). More precisely,
it represents incorporation of one Cas7 and one Cse2 subunit
and simultaneous loss of Cse1 when compared with the
counterpart complex assembled on +12 nucleotides longer
crRNA. These findings suggest a general feature: Namely,
incorporation of one Cas7 and one Cse2 subunits when the
crRNA is extended by six nucleotides. Because of space
constraints on the crRNA, the complex dissociates into
subcomplexes of higher stability; loss of Cse1 is one of the
preferred dissociation pathways most likely because the
peripheral Cas5 and Cas6 subunits stably interact with the 5′
and 3′ end of the crRNA.

■ DISCUSSION

The structural assembly of CRISPR effector complexes has
been investigated for several CRISPR subtypes in numerous
bacterial and archaeal species. Most of the insights have been
obtained from high resolution X-ray structures or electron
microscopy images.33 In many cases, mass spectrometry
assisted structural analyses, for instance, by protein−protein

Figure 5. Assembly of StCascade complexes on crRNAs with altered spacer length. The wild-type complex (WT) is shown in the center. Increasing
or decreasing the length of the crRNA spacer by 12 nucleotides causes incorporation or loss of the (Cse2)1(Cas7)2 module (rhs). Increasing the
crRNA spacer length by six nucleotides yields heterogeneous populations of StCascade complexes presumably due to space constraints. The
preferred assembly includes incorporation of one copy Cse2 and one copy Cas7 accompanied by the loss of Cse1 (lhs).
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and protein−RNA cross-linking approaches (e.g., refs 21, 34,
and 35) or by identification and quantification of Cas effector
proteins (e.g., refs 34, 36, and 37). Native mass spectrometry is
often applied when protein stoichiometries of effector
complexes are investigated (e.g., refs 19, 20, 32, and 38).
This is of particular interest as effector complexes containing
crRNAs differing in length have been purified,39,40 and changes
in protein stoichiometries were suggested. In general, CRISPR-
Cas has become a popular tool in molecular biology, and
engineering of crRNA spacers, including variations in spacer
length, is promising for modifying DNA specificity. The
analysis of engineered effector complexes is therefore of great
interest.
Here we used native mass spectrometry to investigate

protein stoichiometries of StCascade complexes containing
crRNA spacers varying in spacer length. Nuclease-mediated
ribonucleic acid cleavage was previously described to occur in
six nucleotides units.39,40 We therefore employed a full-set of
crRNAs containing spacers varying in length by −18, −12, −6,
+6, +12, +18, and +24 nucleotides when compared with wild-
type crRNA. Similar to previous studies, we found that the
(Cas7)2(Cse2)1 module is preferably incorporated or lost per
12 nucleotides increment or decrement. The fully assembled
complexes are observed with superior intensity, and we assume
that they represent the most stable StCascade complexes.
When increasing or decreasing crRNA length by less or more
than 12 nucleotide units, complex mixtures are observed
presumably due to structural mismatch; for instance, when
elongating/shortening crRNA by six nucleotides, as performed
in this study, a stable Cse2 backbone cannot be formed causing
dissociation of other protein subunits. As a consequence, we
found that Cse1 preferably dissociates in solution from
crRNAs that do not accommodate the full (Cas7)2(Cse2)1
module (i.e., crRNAs that varied in length by −18, −6, +6, +18
nucleotides). In agreement with this, we also found that Cse1
readily dissociates from fully assembled complexes during MS/
MS experiments confirming its peripheral position in the
complex and suggesting loose association with the complex.
Similar findings were described for the protein subunit Cmr1
of the type III-A Cmr effector complexes from Thermus
thermophilus.39

To date, engineered crRNA spacers have been employed for
type I-E cascade complexes of E. coli19,20 and S. thermophilus6

as well as type I-F cascade complexes from S. putrefaciens.21 In
all cases, the number of protein subunits that assembled on
crRNAs with elongated or shortened spacers adjusted,
resulting in Cascade complexes with modified stoichiometries.
Reduced activity was, however, reported for most effector
complexes assembled on shorter crRNA spacers.19,21 For type
I-E StCascade complexes, DNA cleavage activity was only
observed for crRNA spacers corresponding in length to the
wild-type or +12 and +24 nucleotides.6 Our results support
these findings as fully assembled complexes that contained all
protein subunits were only observed for these StCascade
complexes. For complexes assembled on +6 and +18
nucleotides longer crRNA spacers, heterogeneous mixtures of
StCascade complexes were observed. As these Cascade
complexes were found to show reduced activity,6 we conclude
that activity correlates with the presence of all protein subunits.
A unique feature observed for −18, −6, +6, and +18
nucleotides varied crRNA spacers is dissociation of Cse1
from StCascade complexes. As Cse1 is important for PAM
recognition, the absence of this protein subunit most likely

causes loss of activity. The absence of Cse1 was also discussed
in a previous study that showed that R-loop formation does
not occur in the absence of Cse1.19 We conclude that wild-
type crRNA spacers of defined length are optimized for
cascade assembly, and engineered spacers have to be optimized
accordingly.

■ CONCLUSIONS
We show that native mass spectrometry is well-suited to study
large and heterogeneous protein assemblies such as those
assembled on crRNAs of varying lengths. Assignment of the
spectra obtained from heterogeneous complex mixtures can be
complex. Here, the presence of peak populations differing in
the numbers of tagged Cas7 subunits helped assign the full
complexes by confirming the total number of Cas7 subunits.
When compared with other structural techniques, for instance,
cryo-electron microscopy or X-ray crystallography, native mass
spectrometry is straightforward, less laborious, and allows
simultaneous analysis of heterogeneous populations of
protein−ligand complexes. In summary, results obtained
from native mass spectrometry together with biochemical
assays provide insights into the activity of protein assemblies
and help in the understanding of their modes of action.
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