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ABSTRACT

Clustered regularly interspaced short palindromic re-
peats (CRISPR) and their associated Cas proteins
provide an immune-like response in many prokary-
otes against extraneous nucleic acids. CRISPR-Cas
systems are classified into different classes and
types. Class 1 CRISPR-Cas systems form multi-
protein effector complexes that includes a guide RNA
(crBNA) used to identify the target for destruction.
Here we present crystal structures of Staphylococ-
cus epidermidis Type llI-A CRISPR subunits Csm2
and Csm3 and a 5.2 A resolution single-particle cryo-
electron microscopy (cryo-EM) reconstruction of an
in vivo assembled effector subcomplex including the
crRNA. The structures help to clarify the quaternary
architecture of Type lll-A effector complexes, and
provide details on crRNA binding, target RNA bind-
ing and cleavage, and intermolecular interactions es-
sential for effector complex assembly. The structures
allow a better understanding of the organization of
Type llI-A CRISPR effector complexes as well as high-
lighting the overall similarities and differences with
other Class 1 effector complexes.

INTRODUCTION

Many prokaryotes, including most archaea and many bac-
teria, utilize immune-like response systems to defend them-
selves against phages and genomic invasions. One of these
adaptive systems is comprised of genomic loci formed by
clustered regularly interspaced short palindromic repeats
(CRISPRs) and their CRISPR associated (Cas) proteins
(1-5). Although originally CRISPR was thought to func-
tion as an antisense system targeting invading phages (6),
it was later shown that it can also protect against horizon-
tal gene transfer (7) and transformation (5). CRISPR loci
contain several non-adjacent direct DNA repeats separated
by variable sequences, called spacers, which correspond to

segments of captured viral and plasmid sequences (8). These
loci allow for immune memory against invading foreign ge-
netic elements by integrating the foreign DNA, which is
then transcribed and processed to form CRISPR RNA (cr-
RNA) (6,9,10). The crRNA, in conjunction with Cas pro-
teins, are utilized for the identification and eventual destruc-
tion of recurrent invaders (11).

There is a wide diversity in the organization and archi-
tecture of CRISPR-Cas systems. Two main classes (Class
1 and 2) have been identified from extensive comparative
analysis of both the loci and proteins associated with each
system (12). Class 1 CRISPR—Cas systems (Types I, 11T and
IV) consist of multi-protein effector complexes that func-
tion together for target surveillance and defense, whereas
Class 2 CRISPR—Cas systems (Types 11, V and VI) have a
single protein that incorporates both surveillance and de-
fense stages into one protein, Cas9 or homologs (11,12).
Within Class 1 systems, the number of proteins involved
and the general architecture of the effector complexes varies
and even within each type there are differences in subunit
stoichiometry. Type I systems can be subdivided into seven
subtypes, whereas Type III CRISPR systems are further
divided into four subtypes, I1I-A to III-D (12). All Type
IIT subtypes include the Type III-defining cas/0 gene (13),
which encodes the signature Type III Casl0 protein that
is responsible for DNA target degradation (14). There are
two distinct effector complexes formed within Type 111 sub-
types, known as the Csm (Types III-A/D) and Cmr (Types
I11-B/C) effector complexes (15-17). While originally it was
not clear whether Type III systems targeted foreign DNA or
RNA for destruction, it was later shown that in Type I1I-A
systems, both RNA and DNA can be cleaved, but utilize dif-
ferent active sites and in a co-transcriptional manner (18).
Further studies showed that both Type I1I-A and III-B ef-
fector complexes act as RNases and target RNA-activated
DNA nucleases (19-21), unifying the previously incongru-
ent mechanisms of the Type III systems into one cohesive
mechanism.

The Staphylococcus epidermidis RP62a CRISPR-Cas
system has served as the paradigm for the Type III-A sub-

*To whom correspondence should be addressed. Tel: +1 847 491 7726; Email: a-mondragon@northwestern.edu
Present address: Lei Huang, Donlen Corporation 3000 Lakeside Dr., 2nd Floor Bannockburn, IL 60015, USA.

© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0002-0423-6323

3766 Nucleic Acids Research, 2019, Vol. 47, No. 7

A

Spacers
(33-34nt)
—T

Cas10-Csm Effector Complex |

’ IS I — I

Csm2

Leader  Repeats
(37 nt)

5’ Repeat Tag
1: 5’ -ACGAGAAC

’: 5" ~ACGAGAAC

Cas10

37 43 71
GEGAUCGAUACCCACCCCGAAGAAAAGGGGE— 3’

UEGAUCGAUACCCACCCCGAAGAAAAGGGGE— 3

crRNA 3: 57 —ACGAGAACUAGUACGGUCGUGAACAUUUUUUCUUGAUEUCUCUGEAUCGAUAGCCACCCCGAAGAAAAGGGGGE— 37

Figure 1. S. epidermidis RP62a CRISPR—Cas locus and effector complex schematics. (A) Schematic of S. epidermidis RP62a CRISPR—Cas locus archi-
tecture. The locus is composed of the leader (gray rectangle) and tandem copies of the repeats (black diamonds) and spacers (numbered 1-3), followed by
the nine associated protein-coding cas genes. Five proteins (Cas10, Csm2-5) associate to form the effector complex. (B) Sequences of the three crRNAs
associated with the S. epidermidis RP62a repeat-spacer array shown in A. Repeat sequences are shown in black and spacer sequences for crRNA 1-3 are
shown in green, orange, and magenta, respectively. Intermediate and mature lengths are denoted by a dotted line with the respective length listed above.
(C) Schematic diagram of a proposed model of the Type III-A CRISPR effector complex with a 43 nucleotide (nt) CRISPR RNA (crRNA). The effector
complex model is composed of five copies of Csm3 (yellow), three copies of Csm2 (orange), and one copy each of Csm4 (green), Csm5 (teal) and Casl0

(red), in addition to the 43 nt crRNA (black line) (28).

type. Only one CRISPR locus is encoded in S. epider-
midis RP62a and contains three 33-34 base pair (bp) spac-
ers flanked by four 37 bp direct repeats (Figure 1A) (22).
The repeat-spacer array is processed as a continuous tran-
script that is initially processed into 71 nucleotide interme-
diate crRNAs by Cas6 (23,24). Cellular nucleases, such as
polynucleotide phosphorylase (PNPase), have been shown
in S. epidermidis RP62a to interact with the effector com-
plex, generating two predominant mature crRNA species
of 37 and 43 nucleotides (Figure 1B) (25). Previous stud-
ies have determined that the CRIPSR-Cas effector com-
plex is composed of the Cas proteins Cas10, Csm2, Csm3,
Csm4 and Csm5 in an undetermined stoichiometry and
known as the Casl0-Csm effector complex (Figure 1A)
(26). These proteins combine to form two helical protein ar-
rangements, known as the major and minor filaments (Fig-
ure 1C) (27,28). The major filament is composed of mul-
tiple copies of Csm3, a repeat-associated mysterious pro-
tein (RAMP) containing an RNA recognition motif (RRM)
fold. The filament is capped on each end by two other
RAMPs, Csm4 and Csm5 (5,27,29). Csm3, in particular,
has been implicated in binding the crRNA guide, as well
as functioning as an endoribonuclease that acts to cleave
the ssSRNA target in a periodic manner (26). The minor fil-
ament is composed of multiple copies of Csm2, the small-
est subunit in the Cas10-Csm effector complex. Its central
function is thought to be in target strand binding (28). The
protein component stoichiometry of both the major and mi-
nor filaments is dependent on the length of the crRNA, sug-
gesting that the crRNA can modulate the assembly of the
effector complex (27,30). The final and largest component
of the Casl10-Csm effector complex is the signature Type
III protein Casl0, an exonuclease implicated in DNA tar-
get strand degradation (31,32). Thus, the Cas10-Csm com-
plex contains two different catalytic activities, with DNA
degradation achieved by Cas10 and RNA degradation ac-
complished by Csm3, with both guided by the crRNA. Ad-

ditionally, recent studies have shown that Type III effector
complexes generate secondary messengers that activate an
accompanying CRISPR ribonuclease family protein, Csm6
(33). These results represent a newly discovered third inter-
ference mechanism in Type III CRISPR systems where the
effector complex acts as a cyclic oligoadenlyate synthetase
that converts ATP to cyclic oligoadenylates, activates Csmo,
and allows for the targeting and destruction of invading
phage transcripts (34).

Our understanding of the architecture and mechanism of
Type III-A systems has been limited due to the lack of high
resolution structural information on the Cas10-Csm com-
plex and its components. Although there is a wealth of in-
formation on other CRISPR types, such as Type I, the in-
herent diversity in the mechanism and architecture of the
CRISPR systems precludes extrapolating from one type to
the other, limiting how much we can learn from one type
about another. Recently, two Type III-A effector complex
structures from Thermococcus onnurineus (35) and Strepto-
coccus thermophilus (36) were reported. Structures of these
effector complexes with crRNA alone, as well as ternary
complexes with target RNA or anti-tag target RNA, show
how the complexes are assembled and the changes that oc-
cur upon target RNA binding. Nevertheless, the extensive
wealth of biochemical and functional information on Type
ITI-A systems is largely based on the well characterized S.
epidermidis system, making it important to obtain struc-
tural information on the S. epidermidis complex. We have
studied the structure of the S. epidermidis Casl10-Csm ef-
fector complex by a combination of crystallographic and
cryo-electron microscopy (cryo-EM) studies. The studies re-
veal the crystal structures of Csm2 and Csm3, the two most
abundant subunits forming the backbone of the complex.
In addition, a 5.2 A resolution cryo-EM structure of a sub-
complex, including most of the subunits and the crRNA,
sheds light on the overall architecture of the Cas10-Csm
complex, the binding of crRNA in the complex, and the ac-



tive site of Csm3. Furthermore, these structural studies help
understand many of the previous biochemical observations
on the mechanism of this particular CRISPR—Cas complex.
Finally, there is a practical interest in understanding the
mechanism of CRISPR-Cas immunity in S. epidermidis,
as this gram positive bacteria are the most common of the
coagulase-negative staphylococci found on human epithe-
lia (37,38) and are among the most common pathogens that
lead to nosocomial infections (38,39).

MATERIALS AND METHODS

SeCsm?2 and SeCsm3 recombinant plasmid construction and
expression

The coding region for the csm2 and csm3 genes were
PCR-amplified from extracted S. epidermidis RP62a ge-
nomic DNA using PCR primers for csm2 (Csm2-F and
Csm2-R) and c¢sm3 (Csm3-F and Csm3-R) (Supplemen-
tary Table S1). PCR-amplified genes were inserted into the
pET21-derived expression plasmid pMCSG?7 (40) through
the ligation-independent cloning (LIC) region. Utilizing the
LIC region introduces an in-frame 6X Histidine tag and a
tobacco etch virus (TEV) cleavage site at the N-terminus
of the protein. The constructs were confirmed by DNA
sequencing (ACGT Inc., Germantown, MD) and subse-
quently transformed into Rosetta competent cells (EMD
Millipore) for protein expression and purification. Both
constructs were grown in Terrific Broth (TB) media sup-
plemented with 100 wg/ml ampicillin and 34 pg/ml chlo-
ramphenicol at 37°C to an ODg of 0.8. Cells were cooled
on ice for 1 h to reduce leaky gene expression before induc-
tion with 0.5 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) for 18 h at 16°C. Cells were harvested by centrifu-
gation at 5,500 x g for 15 min at 4°C. Cell paste was then
flash frozen in liquid nitrogen and stored at —80°C until pu-
rification.

Expression of selenomethionine substituted SeCsm2 and
SeCsm3 was performed by growth of a 5 ml pre-culture in
Luria Broth (LB) rich media grown for 8 h at 37°C. A 10
ml M9 minimal media starter culture was inoculated with
1:1000 pre-culture and grown overnight at 37°C. One liter
of M9 minimal media cultures were inoculated with 1:100
MO starter and grown to an ODgg of 0.8. Cells were cooled
on ice for 45 min before adding 100 mg lysine, 100 mg threo-
nine, 100 mg phenylalanine, 50 mg leucine, 50 mg isoleucine,
50 mg valine and 50 mg L(+)-selenomethionine (ACROS
Organics). After 15 min, cells were induced with 0.5 mM
IPTG for 18 h at 16°C. Cells were harvested and frozen fol-
lowing the same protocol as for the native proteins.

Recombinant SeCsm2 protein purification

Pellets were thawed on ice for 30 min before adding 1:1 vol-
ume of resuspension buffer (100 mM Tris pH 8, 1M NacCl,
20 mM imidazole). Resuspended cells were incubated with
50 pM lysozyme, 0.12% Brij 58, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), and 1 mM benzamidine on a nu-
tating mixer for 30 minutes at 4°C. Cells were lysed using a
Misonix S-4000 sonicator with a 1/2” horn (Amplitude 20,
Sson, 10 s off, 5 min total on-time). Cell lysate was clari-
fied through ultracentrifugation at 160,000 x g for 45 min
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at 4°C in a Ti-70 rotor (Beckman-Coulter). Insoluble cell
debris was removed and supernatant was filtered through a
0.2 pm polyethersulfone (PES) membrane bottle-top filter.
Filtered lysate was loaded onto a column containing 10 ml
nickel nitrilotriacetic acid (Ni-NTA) Superflow resin (Qia-
gen) equilibrated with buffer 1 (50 mM Tris pH 8, 500 mM
NaCl, 10 mM imidazole). The column was washed with 500
ml buffer 1, followed by protein elution in 10 ml fractions
of elution buffer 1 (50 mM Tris pH 8, 500 mM NacCl, 250
mM imidazole). Elution fractions containing protein were
dialyzed overnight at 4°C against 1.5 1 dialysis buffer 1 (50
mM Tris pH 8, 500 mM NaCl). Dialyzed protein was con-
centrated using a Vivaspin 20 3 kDa molecular weight cutoff
(MWCO) concentrator (GE Healthcare) to 2 ml. The pro-
tein was then diluted to 100 mM NaCl immediately before
loading onto a column packed with 10 ml High-S cation-
exchange resin (Bio-Rad) attached to a Gilson Minipuls 3
peristaltic pump at 1.2 ml/min to reduce the likelihood of
precipitation in low salt. The column was washed with 50
ml of low salt buffer (50 mM Tris pH 8, 100 mM NaCl),
followed by a 100 ml linear gradient from 100 mM to 1
M NacCl. Protein-containing fractions were pooled and dia-
lyzed overnight at 4°C against 1.5 1 dialysis buffer 1. Finally,
the protein was concentrated to 0.7-1.2 mg/ml for crys-
tallization experiments. Selenomethionine-labeled SeCsm2
(SeMet-SeCsm?2) was purified using the same protocol.

Recombinant SeCsm3 protein purification

Pellets were thawed on ice for 30 min before adding 1:1 vol-
ume of no salt buffer (50 mM Tris pH §, 20 mM imidazole).
Resuspended cells were incubated with 50 wM lysozyme,
0.12% Brij 58, 1 mM PMSF and 1 mM benzamidine on
a nutating mixer for 30 min at 4°C. Additionally, 10 mM
MgCl,, 2 mM CaCl, and 16 wM bovine pancreas deoxyri-
bonuclease I (Sigma Aldrich) were added and allowed to
stir for 15 min at room temperature. Following this incuba-
tion, NaCl was added to a final concentration of 500 mM.
Cells were further lysed using a Misonix S-4000 sonicator
with a 1/2” horn (Amplitude 20, 5 s on, 10 s off, 5 min to-
tal on-time). Insoluble cell debris was removed by ultracen-
trifugation at 160,000 x g for 45 min at 4°C in a Ti-70 ro-
tor (Beckman-Coulter). To remove unbound nucleic acids, a
5% solution of polyethyleneimine (PEI) pH 7.9 was added
dropwise to a final concentration of 0.2% into the super-
natant while stirring at 4°C (41). The solution was stirred
for 5 min before removing the precipitated nucleic acids
through centrifugation at 18,000 x g for 30 min in a FA-
45-6-30 fixed-angle rotor (Eppendorf). The clarified lysate
was filtered through a 0.2 pwm PES membrane bottle-top fil-
ter. Filtered lysate was loaded onto a 10 ml Ni-NTA Super-
flow resin column equilibrated with buffer 1. The column
was washed with 200 ml buffer 1, followed by 400 ml buffer
2 (50 mM Tris pH 8, 200 mM NaCl, 10 mM imidazole).
Protein was eluted in 10 ml fractions with elution buffer
2 (50 mM Tris pH 8, 200 mM NacCl, 250 mM imidazole).
Protein-containing fractions were incubated with 1:10 mo-
lar concentration of TEV protease while dialyzing overnight
at 4°C against 1.5 1 dialysis buffer 2 (50 mM Tris pH 8§, 100
mM NaCl, 10 mM imidazole). The dialysis bag was trans-
ferred to fresh 1.5 1 dialysis buffer 2 and allowed to equi-
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librate again overnight at 4°C. Dialyzed, cleaved protein
was subjected to another round of affinity chromatography
to remove the cleaved His tag, uncleaved protein, and His-
tagged TEV protease. The Ni-NTA column flow through
was loaded onto a 10 ml High-S cation exchange resin col-
umn equilibrated with 50 mM Tris pH 8, 100 mM NaCl at
0.4 ml/min. Nucleic acids bind to the resin, allowing the
nucleic acid-free protein to be collected in the flow through.
Nucleic acid-free SeCsm3 was concentrated with a Vivaspin
20 10 kDa MWCO concentrator to 4-7 mg/ml to be used
for crystallization experiments. SeMet-SeCsm3 was puri-
fied using the same protocol.

Crystallization conditions of SeCsm2 and SeCsm3

Crystallization trials of native and SeMet-derived SeCsm2
and SeCsm3 were conducted using a variety of commer-
cial screens and utilizing both the hanging drop and sit-
ting drop vapor diffusion methods. The best diffracting
SeCsm2 and SeMet-SeCsm2 crystals were set up at 4°C
in VDX hanging drop vapor diffusion plates (Hampton)
and grown at 10°C in 100 mM Tris pH 7, 8% ethanol
at 1.2 mg/ml. Crystals formed after 1-2 days of incuba-
tion. Crystals were cryo-protected by supplementing the
crystallization condition with 20% ethylene glycol and 10%
ethanol. SeMet-SeCsm3 crystals yielding the best diffrac-
tion data were set up at room temperature in Cryschem sit-
ting drop vapor diffusion plates (Hampton) and grown at
14°C in 20% polyethylene glycol (PEG) 8000, 100 mM 2-(N-
morpholino)ethanesulfonic acid (MES) pH 6.5, 200 mM
calcium acetate at 6.8 mg/ml. Crystals formed after 24 h of
incubation. SeMet—SeCsm3 crystals were cryo-protected by
supplementing the crystallization condition with 20% ethy-
lene glycol. For heavy atom derivatization, SeMet-SeCsm3
crystals were soaked for 2 min in the cryo-protectant supple-
mented with 10 mM samarium (III) chloride before freez-
ing.

SeCsm2 structure determination

X-ray diffraction data were collected from native SeCsm2
and SeMet-SeCsm?2 crystals at 100 K at the Life Sciences
Collaborative Access Team (LS-CAT) beamlines at the Ad-
vanced Photon Source, Argonne National Laboratory, us-
ing a Rayonix MX300 CCD detector. All crystallographic
data were processed with XDS (42) and Aimless (43). Po-
sitions of three Se atoms were obtained with the pro-
gram Shake-and-Bake (44). A Single Anomalous Disper-
sion (SAD) electron density map was initially obtained us-
ing SHARP (45). The map showed clearly the fold of the
protein, but the data were limited to 3.2 A resolution. An ex-
perimental electron density map including both the SeMet
data and a higher resolution native data set was calculated
with SHARP (45) and was of better quality. The combined
SeMet/native map allowed tracing of most of the molecule
with the aid of Coot (46) followed by iterative model build-
ing and refinement with BUSTER (47), Phenix (48,49), and
Refmac5 (50). The final model spans most of the molecule,
aside from one short disordered loop (residues 29-36) and
two amino acids missing at the C-terminus, and includes
nine amino acids that form part of the His-tag used for pu-
rification. The stereochemistry of the model was validated

with MolProbity (51) and Coot (46). The final model has an
Ryork/ Regee f 24.47%/29.42% to 2.75 A resolution with ex-
cellent stereochemistry. X-ray crystallographic statistics for
the structure are summarized in Supplementary Table S2.

SeCsm3 structure determination

X-ray diffraction data were collected from SeMet—SeCsm3
crystals at 100 K at LS-CAT beamlines at the Advanced
Photon Source, Argonne National Laboratory, using a Dec-
tris Eiger 9M detector. Molecular Replacement calculations
failed to give a solution and hence data from SeMet crystals
soaked in 10 mM samarium (III) chloride were collected
with the incident beam tuned to 11.5 keV (1.0781 A) and
6.724 keV (1.8439 A) for experimental phasing. Diffraction
data were processed using XDS (42) and Aimless (43). An
experimental electron density map was calculated using the
automated pipeline CRANK-2 (52) in CCP4 (53) using the
1.8439 A wavelength data set. Initial model building was
performed with CRANK-2 (52) in CCP4 (53) followed by
multiple iterations of automated model building using Buc-
caneer (54) and manual model editing using Coot (46). The
model was refined against the 1.0781 A data set using Ref-
mac5 (50). The final model contains two molecules in the
asymmetric unit (root-means-square-deviation [RMSD] of
0.15 A) and spans most of the molecule (A monomer 2—
20, 32-65, 74-124 and 137-214, B monomer 0-20, 31-65,
75-124, 137-214), with the missing amino acids residing in
three disordered loops. The stereochemistry of the model
was validated with MolProbity (51) and Coot (46). The final
model has an Ryork/Riree 0f 23.1%/26.7% to 2.40 A resolu-
tion with excellent stereochemistry. X-ray crystallographic
statistics for the structure are summarized in Supplemen-
tary Table S3.

S. epidermidis RP62a Cas10—Csm complex purification

S. epidermidis RP62a harboring pcrispr with Casl0 N-
terminally His-tagged was generously provided by Dr.
Asma Hatoum-Aslan at the University of Alabama (26).
Strains were grown in BBL brain heart infusion media
(BD). The media was supplemented with neomycin (15
pg/ml) and chloramphenicol (10 pwg/ml). Cultures (1 1 cul-
ture per 2 1 flask) were grown for 24 h at 37°C. Cells were
harvested, frozen at —80°C, and stored until purification.
Cell pellets from 6 1 of culture volume were thawed at 4°C for
30 min and resuspended in 30 ml of resuspension buffer (30
mM MgCly,, 35 pg/ml lysostaphin [Ambi Products]) sup-
plemented with PMSF and benzamidine (1 mM final con-
centration). Cells were incubated at 37°C for 1 h, mixing ev-
ery 20 min. Cell lysates were subsequently diluted with 1/3
lysate volume of lysis buffer (200 mM NaH,PO,4 pH 7.4,
2 M NaCl, 80 mM imidazole, 0.4% Triton X-100, 2 mM
PMSF, 2 mM benzamidine). Sonication was performed on
the diluted lysates on ice (Amplitude 25, 5 s on, 10 s off,
10 min total on-time [Misonix S-4000, 1/2” horn]). Soni-
cated lysate was spun at 18,000 x g for 45 min at 4°C in a
FA-45-6-30 fixed-angle rotor. The insoluble cell debris was
removed and spun again at 18,000 x g for 30 min. The re-
maining cell debris was discarded and the clarified lysate
was filtered through a 0.2 wm PES membrane bottle-top



filter. The filtered, clarified lysate was loaded onto a col-
umn packed with Ni-NTA Superflow resin (1 ml slurry per
1 I culture volume) equilibrated with equilibration buffer
(50 mM NaH,PO4 pH 7.4, 500 mM NacCl, 10 mM imi-
dazole). The lysate was passed over the resin twice before
washing with 600 ml wash buffer (50 mM NaH,PO, pH 7.4,
500 mM NacCl, 20 mM imidazole). Protein was eluted from
the column with 25 ml elution buffer A (50 mM NaH,PO,
pH 7.4, 500 mM NaCl, 250 mM imidazole) in 5 ml frac-
tions. Protein-containing fractions were pooled and dia-
lyzed against 1.5 1 dialysis buffer A (20 mM Tris pH &, 200
mM NaCl) at 4°C overnight. Dialyzed complex was diluted
to 100 mM NaCl immediately before loading onto a 10
ml column packed with Q Sepharose Fast Flow resin (GE
Healthcare) equilibrated with buffer B (20 mM Tris pH 8,
100 mM NaCl) running at 1.4 ml/min. The column was
washed with 25 ml of buffer B, followed by a 100 ml lin-
ear gradient from 100 mM to 2 M NaCl. Fractions of inter-
est were pooled and dialyzed against 1.5 I dialysis buffer B
(20 mM Tris pH 8, 500 mM NacCl) at 4°C overnight. Dia-
lyzed complex was then concentrated to ~300 pl and loaded
onto a Superdex 200 10/300 GL (GE Healthcare) equili-
brated with dialysis buffer B. The non-aggregated complex
peak was collected. Peak fractions are stored at 4°C for up
to 1 month without any noticeable degradation as assayed
by SDS-PAGE.

Mass spectrometry analysis of the crRNA

crRNAs were isolated by multiple rounds of 1:1 phenol-
chloroform extractions from the purified effector complex
gel filtration peak fractions used in the EM structural stud-
ies. Following extraction, the crRNAs were ethanol precip-
itated with 1/10 volume 3 M sodium acetate, pH 5.2 and 3
volumes 100% ethanol and stored at —20°C. Samples were
spun down and washed three times with 80% ethanol to re-
move excess salt. A final spin was performed, the ethanol
was removed, and the crRNAs were dried. Once dry, the
lyophilized pellets were resuspended in ddH,O and sub-
mitted to the Integrated Molecular Structure Education
and Research Center (IMSERC) at Northwestern Univer-
sity for mass spectrometry. Samples were run on an Agi-
lent 6210A LC-TOF High Resolution Time of Flight Mass
Spectrometer using ElectroSpray lonization (ESI), con-
nected to an Agilent 1200 series HPLC. Samples were ana-
lyzed using a Direct Loop injection, with water/acetonitrile
(60/40) as carrier solvent. MassHunter Workstation Data
Acquisition software was used for instrument operation and
MassHunter Qualitative Analysis software for data analysis
and processing.

in vitro target RNA cleavage assay

in vitro time-course RNA cleavage assays were per-
formed by incubating 100 nM SeCasl0-Csm complex
with 50 nM 5-fluorescein amidite (FAM)-labeled target
RNA complementary to the Spacer 1 sequence (5'-
FAM-AGCCUGACUGAUGAUUUAUAUACUUCG

GCAUACGUUCCAG-3’; Integrated DNA Technologies
[IDT]) in a 30 pl reaction. Reactions were performed in
20 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl,, 2
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mM DTT and 3% glycerol. Control reactions replaced
the MgCl, with 10 mM ethylenediaminetetraacetic acid
(EDTA) to abolish cleavage activity. Reactions were
stopped by addition of 2x formamide loading buffer (90%
formamide, 0.025% SDS, 5 mM DTT), heated to 95°C for
5 min, analyzed on a 15% polyacrylamide denaturing 8 M
urea gel, and visualized with a Typhoon 9400 scanner (GE
Healthcare). In addition, cleavage assays under identical
conditions but using a non-target RNA (bacterial RNase
P) showed no cleavage, confirming that cleavage was not
the result of contaminating nucleases.

Negative stain electron microscopy sample preparation and
data acquisition

Carbon-coated copper Gilder grids (300 mesh, Electron
Microscopy Sciences [EMS]) were glow-discharged for 7 s
at 10 W in a Solarus 950 plasma cleaner (Gatan). Glow-
discharged grids were placed carbon side down onto a 30
pl drop of 30 pg/ml purified complex for 5 min at room
temperature. Grids were subsequently transferred twice to
30 w1 drops of 20 mM Tris pH 8, 500 mM NaCl for 1 min
per drop, with blotting occurring after the second trans-
fer. The grids were then transferred twice to 30 wl drops
of 2% uranyl acetate solution for 30 seconds per drop, fol-
lowed by blotting after the second transfer and finally al-
lowing the grid to air dry. Once dry, the grids were imaged
on a JEOL 1400 transmission electron microscope (TEM)
operating at 120 keV. 175 micrographs were collected us-
ing Leginon (55) at a magnification of 40,431 x using an
UltraScan4000 CCD camera with a pixel size of 3.71 A
at the specimen level and using a defocus range of -2 pm
to —3 pm. Micrographs were processed using RELION-
2.1 (56,57). A small group of micrographs were selected for
manually picking particles for initial 2D classification and
the 2D classes were used for subsequent auto-picking of the
entire dataset (~385,000 particles). Auto-picked particles
were subjected to successive rounds of 2D classification to
remove improperly picked particles yielding ~175,000 par-
ticles. The ~175,000 particles formed two distinct subsets of
defined 2D classes. The first subset contained ~63,000 par-
ticles detailing a more linear complex, whereas the second
subset of ~112,000 particles represented a double-helical
complex. Each subset was subjected to 3D classification. An
input model for each subset was generated ab initio from a
subset of these particles. The model best representing the
2D classes was chosen as the initial model for cryo-EM
studies.

Cryo-Electron microscopy sample preparation and data ac-
quisition

Cryo-EM grids (C-flat, 1.2/1.3, 400 mesh, Cu; [EMS]) were
glow-discharged for 10 s at 15 mA in an easiGlow glow dis-
charger (Pelco). Grids were prepared under >95% humid-
ity at 4°C using a Vitrobot Mark IV (FEI ThermoFisher).
A glow-discharged cryo grid was placed in the Vitrobot
sample chamber, onto which a 3 pl drop of protein (~0.2
mg/ml) was deposited. After waiting 5 s, the grid was blot-
ted for 4 s with a blot force of +5 and immediately plunged
into liquid ethane. The grid was transferred to a grid box for
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storage until data collection. Leginon (55) was used for au-
tomated EM image collection. Micrographs were collected
using a JEOL 3200FS TEM operating at 300 keV equipped
with an in-column energy filter (Omega filter) and a K2
Summit direct electron detector (Gatan). A magnification
0f 40,323 x was used, for a pixel size of 1.24 A at the speci-
men level and a defocus range of -2 pwm to —3.5 wm. Movies
were collected in counting mode with a total dose of ~37.5
e~ /A?, fractionated into 0.2 s frames for a total of 8 s, cor-
responding to 40 frames per movie. A total of 1,037 movies
were collected in this manner.

Cryo-EM image processing and model building

Cryo-EM movies were processed using RELION-3.0 (57—
59). Motion correction was performed using the program
MotionCor2 (60) and dose-weighted according to the rel-
evant radiation damage curves (61) within RELION-3.0
(58) to allow for downstream post-processing. The Contrast
Transfer Function (CTF) was estimated using CTFfind4
(62) on motion-corrected micrographs. 277,413 particles
were auto-picked from templates generated from manual
2D classification. Auto-picked particles (277,413) were sub-
jected to 3D classification, with the best class containing
107,620 particles. Additional RELION-3.0 post processing
steps included per-particle CTF estimation and particle pol-
ishing to further improve the resolution. The particle pol-
ishing step showed a significant improvement on the final
calculated volume, which had a 5.2 A resolution according
to the Fourier Shell Correlation (FSC) criterion (63). Ini-
tial inspection of the map showed that the quality was un-
even, with the two extremes of the molecule at lower resolu-
tion than the central stem. The map was segmented into two
pieces, the major stem (5x SeCsm3 and 1x SeCsm4), and
the rest of the volume (putatively SeCas10), to use in multi-
body refinement using RELION-3.0 (59). Multi-body re-
finement did not improve the resolution of the stem, but did
improve slightly the volume around the SeCas10 domain.
To position the SeCsm3 crystal structure in the cryo-EM
map, a 6 dimensional search was done using the program
Essens (64), which identified five copies of SeCsm3 along
the stem. The positions corresponded to the same locations
identified visually. Essens and visual searches using SeCsm2
as a template found no matches, indicating SeCsm?2 was not
part of the complex. Further visual inspection of the map
showed the presence of an additional RRM motif at the
base of the stem. Superposition of SeCsm3 on the RRM
motif showed good agreement for the RRM region, but not
for other regions, suggesting that the region corresponded
to an RRM-containing protein distinct from SeCsm3. This
was assigned as SeCsm4. The remaining density was as-
signed as SeCas10 based on its position and size. No density
corresponding to SeCsm5 could be identified. Once all five
SeCsm3 molecules had been identified, their position was
refined using jigglefit (65) in Coot (46). The models showed
excellent fit in most areas, but some loops and secondary
structure elements needed adjustment to fit the density. To
improve the placing of the crystal structures, the monomers
were fit into the map using the MDFF routines (66) that
are part of NAMD (67). No further refinement of the mod-

els was done. Unless noted, the figures were made using the
crystal structures fit into the map.

Model superpositions, comparisons, and figures

Comparisons of the different models were all done using
Coot (46) and Chimera (68). When superposing structures
from different organisms, the superposition was based on
secondary structure matching (SSM) as implemented in
Coot (46) and Chimera (68).

Figures were drawn with Pymol (69) and Chimera (68).
Conservation data were generated using the ConSurf server
(70,71) and visualized in Pymol (69). Electrostatic potential
calculations were done with APBS (72). Homology models
were generated using the Phyre2 server (73) and visualized
in Pymol (69) and Chimera (68).

RESULTS

The crystal structure of S. epidermidis Csm2 reveals a struc-
tural organization intermediate between Type I1I-A and ITI-B
molecules

S. epidermidis Csm2 (SeCsm2) was purified using a His-
tag to apparent homogeneity under high salt conditions to
help solubilize the purified protein (Supplementary Figure
S1A). Initial crystallization trials were performed with and
without the affinity tag attached, with crystals of SeCsm2
only forming when the affinity tag was present (Supple-
mentary Figure S1B). Structural determination of SeCsm2
was accomplished by experimental Single Anomalous Dis-
persion (SAD) from selenomethionine-incorporated crys-
tals (Materials and Methods). The final model of SeCsm2
(Rwork/ Riree = 24.5%/29.4%) was obtained from data to
2.75 A and consists of residues 14-28 and 37-139 with an
additional 9 residues N-terminal to the start methionine
identified as the TEV protease cleavage site (Supplemen-
tary Table S2 and Supplementary Figure S1C). This addi-
tional region provided essential crystal contacts in the crys-
tal lattice (Supplementary Figure S1D). After the structure
was solved, the gene annotation for c¢sm2 was updated (74),
showing an additional 13 residues upstream of the original
starting residue. The new N-terminal region is predicted to
be unstructured (Supplementary Figure S1E), which could
provide similar crystal contacts to the TEV protease cleav-
age site found in the crystal structure. It is presently un-
known whether these additional N-terminal residues are
relevant to the function of SeCsm2. All residue numbers
stated in this work reflect the updated annotation for the
csm2 gene. This structure is identical to a recently published
crystal structure of SeCsm?2, with the exception of the TEV
protease cleavage site being absent in that structure (75).
The overall structure of SeCsm2 reveals an exclusively
a-helical fold composed of six helices (Figure 2A) form-
ing a compact five-helix bundle with the sixth helix, a4,
connecting two of the helices in the bundle. The organi-
zation of the helices generally follows the established fold
for the small subunits of Class 1 CRISPR effector com-
plexes (76,77). There are two notable structural differences
between the SeCsm?2 structure and the only other Type I11-
A Csm?2 crystal structure available, from Thermotoga mar-
itima (TmCsm2; PDB: 5AN6) (76) (Figure 2B). The first
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Figure 2. Molecular architecture of S. epidermidis Csm2. (A) Two perpendicular views of the crystal structure of SeCsm2 show an exclusively a-helical fold
consisting of 6 helices. SeCsm?2 is colored in a rainbow from the N- (blue) to C- (red) termini. A portion of the N-terminal affinity tag was present in the
density and is included in the structure. (B) Structural alignment of SeCsm?2 (green) and the putative monomeric version of TmCsm2 (76) (magenta). The
overall architecture is similar with a root-means-square-deviation (RMSD) between structures of 1.98 A. One significant difference is the rearrangement of
TmCsm?2 a3 to form two helices (as—ais) in SeCsm?2 (dashed oval). (C) Structural alignment of SeCsm?2 ay—ais (green) with Type I1I-A TmCsm?2 a3 (magenta)
and Type III-B TtCmr5 ag—as (78) (blue). The helix architecture of Type III-A and Type I1I-B Csm2 homologs reveals an intermediate organization in
SeCsm2. (D) SeCsm?2 accessible surface colored by electrostatic potential calculated with APBS (72). Two small positive regions (blue) are found on opposite
sides of the molecule. One negative region (red) is shown at the opposite end from the positive regions. The bar at the bottom maps the electrostatic potential

values from —10 kpT/e [red] to 10 kgT/e. [blue].

difference occurs in the loop between the first two helices,
a; and ay. In SeCsm2, there is an extended loop (Loop 1)
consisting of 20 amino acids (residues 25-44) with the mid-
dle 8 amino acids (residues 29-36) disordered in the crys-
tal (Supplementary Figure S1C). This is much longer than
the loop in TmCsm2, which only contains 6 amino acids
(residues 30-35). In SeCsm2, Loop 1 contains many posi-
tively charged residues (K29, R31, K32, K34 and K36) and
a pair of negatively charged residues (D30 and E35). Sec-
ondary structure predictions show an extension of a; into
Loop 1, however these residues are not part of «; in the
crystal (Supplementary Figure S1C). This suggests that this
region is more flexible than predicted and is consistent with
the absence of electron density for some of this loop. It is
possible that this highly charged loop could play a func-
tional role in target strand binding or protein-protein inter-
actions within the effector complex, but its absence in the
subcomplex structure (see below) precludes a more definite

assignment. Additionally, the crystal packing reveals that
Loop 1 in each molecule faces the solvent space (Supple-
mentary Figure S1D). The second difference involves the
fourth helix in the bundle, oy, which rearranges in SeCsm2
to form two helices, oy and a5, whereas it is a single helix in
an unswapped monomer of TmCsm2 (Figure 2B) (77). The
predicted secondary structure of SeCsm?2 indicates that oy—
as could form a single helix (Supplementary Figure S1C),
which would be consistent with the helix topology described
for Type I1I-A structures (Supplementary Figure SIF). In-
stead, it breaks and kinks in the vicinity of residue 103. In-
terestingly, the occurrence of two helices at this position
is more prevalent in the Type III-B small subunit, Cmr5
(77). Comparison of SeCsm2 ay—as to TmCsm2 a3 and ay—
as from the Type I1I-B Thermus thermophilus HB8 Cmr5
structure (TtCmr5; PDB: 2ZOP) (78) shows that SeCsm2
adopts an intermediate structural conformation between
the single, linear helix in TmCsm2 and the pair of near per-
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pendicular helices in TtCmr5 (Figure 2C). This ‘interme-
diate structure’ observation can be extended to the entire
SeCsm?2, with its relative helix orientations more similar to
Type III-A small subunits, but including helix topologies
reminiscent of those found in Type III-B small subunits.
This suggests that the small subunits form a more diverse
group of structures than previously thought.

SeCsm?2 shows two positively charged electrostatic sur-
faces, with the first at the N-terminal end of a, and the
other near where o) and o overlap. Additionally, one neg-
atively charged electrostatic surface is found at the opposite
end of the molecule located near the N-terminal end of a3
(Figure 2D). In contrast, TtCmrS5 exhibits a large, positively
charged electrostatic surface that has been implicated in tar-
get nucleic acid binding (77). When SeCsm2 and TtCmr5
are aligned, the positive patches are situated in different re-
gions of the molecules. This could indicate alternate qua-
ternary organizations between Type I1I-A and III-B effec-
tor complex minor filaments. The structural diversity within
Type I1I-B Cmr5 subunits may play a larger role in produc-
ing alternate minor filament arrangements. Additionally, a
positively charged surface in the TmCsm2 dimer has been
observed (76), although it is not clear that the dimer rep-
resents a biologically relevant conformation. The packing
in the crystal shows electrostatic interactions between ad-
jacent SeCsm2 molecules in addition to the TEV cleavage
site crystal contacts (Supplementary Figure S1D). However,
these interactions do not suggest a model for SeCsm2 qua-
ternary organization within the effector complex, as they
are different from TmCsm?2 and TtCmr5 models that show
how oligomers could form that are suitable for RNA bind-
ing (77).

S. epidermidis Csm3 represents a minimized CRISPR back-
bone protein

Purification of nucleic acid-free S. epidermidis Csm3
(SeCsm3) was challenging due to its inherent ability to bind
non-specifically to nucleic acids. Apparently pure SeCsm3
was contaminated with bound nucleic acids, which formed
corkscrew-like aggregates of various lengths when visual-
ized by negative stain electron microscopy (Supplemen-
tary Figure S2A). Nucleic acid-free SeCsm3 was only pro-
duced after very slow loading onto a strong cation ex-
change resin and collecting the flow through of the col-
umn, which contained pure SeCsm3 (Supplementary Fig-
ures S2B and S2C). Crystallization trials were conducted
with nucleic acid-free SeCsm3, SeCsm3 bound to mature
37 nucleotide crRNA (Spacer 1 sequence), and SeCsm3
bound to intermediate 71 nucleotide crRNA (Spacer 1 se-
quence). However, only the nucleic acid-free SeCsm3 pro-
duced high resolution diffracting crystals (Supplementary
Figure S2D). Molecular Replacement calculations gave no
clear solution, despite using several models derived from
many orthologs and hence experimental phasing was used
to solve the structure. Although data were collected on both
native and SeMet-substituted crystals, only the SeMet crys-
tals were used in the final structure determination due to
the crystals diffracting to higher resolution. Phasing using
SeMet was not possible due to the weak anomalous sig-
nal, later explained by the location of many of the SeMet

in disordered regions of the structure (75% in molecule A
and 50% in molecule B) (Supplementary Figure S2E). No
cysteines are present in SeCsm3, eliminating the use of se-
lenocysteine as an alternative labeling strategy. Structure
determination was ultimately accomplished by experimen-
tal SAD phasing from SeMet—-SeCsm3 crystals derivatized
with samarium (III) chloride. The unit cell contains two
molecules in the asymmetric unit (Supplementary Figure
S3A). The final model of the SeCsm3 dimer (Ryork/Rfree
= 23.0%/26.7%) was obtained from data to 2.40 A and
consists of residues 1-21, 31-65, 74-124 and 137-214 (Sup-
plementary Figure S2E and Supplementary Table S3). The
structure is identical to a recently published crystal struc-
ture of SeCsm3 (79). Experiments combining size-exclusion
chromatography with multi-angle light scattering analysis
(SEC-MALS) show a molecular weight consistent with a
monomer of SeCsm3 (data not shown), confirming that the
dimer in the crystal is a result of crystal packing and does
not reflect the oligomerization state in solution.

SeCsm3 consists of three distinct domains: (i) an RRM
fold, (ii) a B-hairpin and (iii) an isolated a-helix (Figure 3A).
The RRM in SeCsm3 contains five anti-parallel B-strands
and four a-helices (B oo B2BsauasBeB7) with an insertion
in the middle, between 3, and Bs_to form the B-hairpin (83
and B4) and the additional helix (a3) (Figure 3B). As ex-
pected for a molecule that binds nucleic acids, the electro-
static potential map shows a highly positively charged re-
gion spanning aj, s, B2, B3, B4 and the loops surrounding
them (Supplementary Figure S3B). The crystallographic
dimer shows the positive patches of each monomer facing
one another, partially shielding them from the solvent (Sup-
plementary Figure S3C). The monomers of the crystallo-
graphic dimer are identical, with an RMSD of 0.15 A. To
ascertain the importance of conserved regions in the pro-
tein, the sequence of SeCsm3 was compared against 150 ho-
mologous sequences using the ConSurf server (70,71) and
the conserved regions were analyzed. The results show an
abundance of conserved residues in the positive patch of the
protein and low conservation in other regions (Supplemen-
tary Figure S3D), providing further evidence that the posi-
tively charged surface corresponds to a region of functional
importance.

SeCsm3 is known to cleave target RNA (18) and mutat-
ing D32 abrogates this activity without impairing crRNA
processing or complex formation (18), strongly suggesting
that D32 is located in the RNA cleavage active site. Map-
ping of D32 in the structure shows that it is found just after
a disordered loop and in the vicinity of many other highly
conserved residues that have been shown to be important
for modulating crRNA length (H18, D100, E120, K122,
E124 and R129) (13,26). All these residues reside in the pos-
itive patch and many face in the same direction. Clustered
together around D32 are H18, E124, R127, R137, R141 and
R187. Based on sequence comparisons, H18 has been sug-
gested to be part of the active site, although mutational
studies of this residue in S. epidermidis have shown no effect
on effector complex formation, crRNA binding, or target
cleavage (26). Similar mutational studies of this conserved
residue in other Type 111 Csm3 homologs have shown varied
results, with no effect shown on CRISPR function in Strep-
tococcus thermophilus Csm3 (80) and loss of target RNA
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Figure 3. Molecular architecture of S. epidermidis Csm3. (A) Two perpendicular views of the crystal structure of SeCsm3 show that it is composed of an
RRM fold consisting of a five-stranded anti-parallel B-sheet and four helices, a B-hairpin, and an isolated a-helix. Sheets are colored in red and helices in
blue. (B) Topology diagram of SeCsm3 shows that the N- and C-terminal sequences form the RRM fold (dashed oval), with the other domains located at
the center of the polypeptide. (C-E) Structural alignment of Cas7 family proteins. SeCsm3 is aligned with (C) MjCsm3 (82) (RMSD of 1.68 A over 134 C,
atoms), (D) MkCsm3 (86) (RMSD of 1.98 A over 153 C, atoms), and (E) SsoCas7b (88) (RMSD of 2.99 A over 122 C, atoms). The B-hairpin (dashed
oval) and helix (dashed rectangle) in SsoCas7b are rotated with respect to the ones in SeCsm3. The alignments show the wide variation in backbone subunit

architecture of effector complexes of different types and subtypes.

binding in Methanopyrus kandleri Csm3 (81). This suggests
that this basic residue has lost its function in some Csm3 ho-
mologs, but kept its functionality in others. The presence of
acidic amino acids D32 and E124 suggests that they could
be involved in cation binding. Finally, the presence of posi-
tively charged residues, such as K122 and R129 is also con-
sistent with a region involved in binding nucleic acids. Over-
all, the clustering of the highly conserved amino acids H18,
D32, E124, R127, R137, R141 and R187 strongly suggests
that these amino acids are part of the active site involved in
target RNA cleavage. Importantly, D100, E120 and K122,
which have been shown to play a role in the regulation of
crRNA length, are further away and not in the vicinity of
the putative active site.

Multiple effector backbone subunit structures have been
determined for Type III-A (81,82), Type III-B (14,83-85),
Type I-D (86), Type I-E (87-90) and Type I-F (91,92)
CRISPR systems, and each has shown the canonical RRM
core region decorated with multiple, varying domains that
may or may not play a role in its function. Type I1I-A Csm3
structures have been solved from Methanocaldococcus jan-
naschii (MjCsm3; PDB: 4QTS:C,D) (82) and Methanopy-
rus kandleri (MkCsm3; PDB: 4NOL) (81). Not surprisingly,
SeCsm3 and MjCsm3, with 38% sequence identity, share
the same core architecture of the RRM fold (Figure 3C).
Unfortunately, in MjCsm3, the region corresponding to the
B-hairpin and isolated «-helix in SeCsm3 is disordered,
preventing structural comparison of these regions (Figure
3C). The main structural difference between SeCsm3 and
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MjCsm3 occurs at the C-terminus, where an insertion from
E213 to E224 in MjCsm3 accounts for roughly half of the
residues that form the interface with MjCsm4 (82). When
these residues were mutated to alanine, the interaction be-
tween the two subunits was lost. As SeCsm3 does not con-
tain this region, it suggests that an alternate interaction sur-
face must be present between SeCsm3 and SeCsm4. In con-
trast to MjCsm3, the structural differences between SeCsm3
and MkCsm3 are evident (Figure 3D). MkCsm3 contains
a large N-terminal helical zinc-binding domain and a C-
terminal helical domain that are completely absent from
SeCsm3 (Figure 3D and Supplementary Figure S3E). When
comparing the electrostatic potential maps of SeCsm3 and
MkCsm3, there is a dramatic shift in the orientation of the
putative RNA binding surface. SeCsm3 has the binding sur-
face at the center of the molecule, whereas the MkCsm3
binding surface is on a more proximal region, classified as
the lid domain (81). SeCsm3 also has a more occluded,
channel-like binding region (Supplementary Figure S3B)
compared to the flattened binding region on MkCsm3 (81).
The variation of these binding region characteristics may
change how successive Csm3 subunits interact to form the
backbone of the effector complex and suggest that the struc-
ture of the effector complex may show differences even
amongst members of the same subtype.

Comparing the SeCsm3 structure to effector complex
backbone subunits from other types shows a more diverged
RRM architecture as well as variation in domain organi-
zation. When SeCsm3 is aligned to Sulfolobus solfataricus
Cas7b (SsoCas7b; PDB: 3PS0) (88), the equivalent Type I-
E backbone subunit, the most prominent feature is the re-
organization of the B-hairpin (Figure 3E and Supplemen-
tary Figure S3E). The B-hairpin in SsoCas7b is flipped >90°
with respect to the equivalent B-hairpin in SeCsm3, causing
the isolated a-helix to be oriented almost perpendicular to
the equivalent a-helix in SeCsm3 (Figure 3E). In addition,
SsoCas7b a; (corresponding to a in SeCsm3) is positioned
such that the putative binding region of SeCsm3 would be
occluded. These rearrangements relative to SeCsm3 create
a more open binding surface, with the majority of the pos-
itively charged patch located around the B-hairpin (88). In
SsoCas7b, the additional helical domain proximal to the
RRM fold as well as the C-terminal helical domain coincide
surprisingly well to the respective C- and N-terminal helical
domains found in MkCsm3 (Supplementary Figure S3E).
It is presently unknown how these rearrangements in Sso-
Cas7b change the effector complex backbone quaternary
architecture relative to the structure of the SeCsm3 major
filament.

S. epidermidis cryo-EM structure elucidates the quaternary
architecture of the major filament subcomplex

In order to study the overall architecture of the Casl0-
Csm effector complex, the complex was purified directly
from S. epidermidis RP62a cells using a Cas10 subunit with
a His tag attached. Purification of the S. epidermidis ef-
fector complex yielded a homogeneous sample where all
five subunits were present and of the expected molecular
weight (Figures 4A and 4B). The purified effector complex
was characterized both by negative stain (Supplementary

Figures S4A and S4B) and cryo-EM (Supplementary Fig-
ures S4C-E). To prevent aggregation of the complex, which
caused particles to overlap in the EM grid, the salt concen-
tration was increased from 200 to 500 mM NaCl, enriching
the non-aggregated complex gel filtration peak (Figure 4B).
The high salt species still showed the presence of five sub-
units and isolation of the crRNA from the purified com-
plex by phenol-chloroform extraction yielded two mature-
length species corresponding to the 37-nucleotide sequence
from Spacer 1 and the 43-nucleotide sequence from Spacer
2 (Figures 1B and 4C), consistent with extracted crRNAs
from native complexes as shown in previous studies (26).
The crRNA masses correspond to RNAs that have both
5" and 3’ terminal hydroxyl groups, which are consistent
with the cleavage products produced by Cas6 (23,24) and
polynucleotide phosphorylase (PNPase) (25,93), respec-
tively. These data conclusively show that the effector com-
plex was fully processed before purification. Target RNA
cleavage activity was also assessed to verify that the puri-
fied complex was active (Figure 4D). Negative stain EM
analysis was performed to generate an initial model for
cryo-EM studies (Supplementary Figures S4A and S4B).
Two distinct complex species were observed within the same
dataset and were ultimately determined to be a complete ef-
fector complex (~65% of all particles) (Supplementary Fig-
ure S4A) and an effector subcomplex (~35% of all particles)
(Supplementary Figure S4B). Initial analysis of the cryo-
EM data showed detailed 2D class averages, with most cor-
responding to views where the effector complex lies with
the long dimension parallel to the ice layer (Supplemen-
tary Figure S4D). The data showed the presence of only
one particle species. A 3D density map was calculated from
107,620 particles using the complete effector complex neg-
ative stain model as a starting point (Supplementary Fig-
ure S4E). Post-processing steps were performed, including
per-particle CTF estimation and particle polishing. Angu-
lar distribution analysis showed a slight preference for one
orientation, but there were no preferred orientations (Sup-
plementary Figure S5A). The final volume had an overall
resolution of 5.2 A, as estimated by the gold standard FSC
criterion (Supplementary Figure S5B). Local resolution es-
timates (94) agreed with this resolution assignment (Supple-
mentary Figure S5C). The structure shows a slightly helical
stem with an extended domain at the base of the molecule
(Figure 5A). The helical stem was clearly of higher resolu-
tion than the extended domain, whose resolution was esti-
mated at around 7-9 A (Supplementary Figure S5C). The
cryo-EM data did not show the presence of the complete ef-
fector complex, either in the 2D or 3D classification steps,
suggesting that the vitrification process partially disassem-
bled the complete complex resulting in the smaller subcom-
plex.

In order to locate the positions of the SeCsm3 crystal
structure in the cryo-EM map, a 6D search using Essens
(64) was done. The search identified five separate SeCsm3
locations, in addition to an RRM fold associated at the base
of the backbone stem, which was assigned as SeCsm4 (Fig-
ures 5B and 5C). A similar search with the crystal structure
of SeCsm2 did not yield any solutions, consistent with vi-
sual inspection of the volume, and suggests that SeCsm?2 is
not found in this complex. The SeCsm3 subunits accounted



A >
wa M \,07’ Superdex 200 Fractions
150
100
70 Casl10
50
40
Csm5
30 Csm4
Csm3
20
s Csm2

10

x 10*
1.0

11879.38
5'-ACGAGAACACGUAUGCCGAAGUAUAUAAAUCAUCAGU-3'

0.9

5’-ACGAGAACUAGUAAUAAUUGUCAUUUGCAUACGUUACAUCGAU-3’
0.8

13716.55
0.7
0.6

0.5

Intensity (AU)

0.4

03

0.2

0.1

b ol hM}

6000 18000 20000 22000 24000 26000 28000
Mass (Da)

10000 12000 14000 1

Nucleic Acids Research, 2019, Vol. 47, No. 7 3775

mAU
140

1]
120
100
80
60

40

20
v

0 2 4 6 8 10 12 14 16 18 20 22 24 ml

P e o o

S - ———

----

+Mg - Mg

5 ARG RO S
cc\‘SUGCAUACGGCUUCI\UI-\UAUUUAGUAGUCAGIJCCGA -5

—FAMC

)

-

Figure 4. Purification and characterization of the S. epidermidis CRISPR effector complex. (A) Coomassie blue stained 12% SDS-PAGE of the purified
SeCas10-Csm effector complex. The gel shows fractions collected around the peak eluted from the column. All five proteins expected in the complex are
present in the peak. The identity of the proteins is shown on the right. The fraction enclosed by the dashed rectangle was used for EM structural studies.
M, molecular weight markers. (B) Superdex 200 trace of the SeCas10-Csm effector complex purification. Indicated peaks correspond to the column void
volume (I), SeCas10-Csm aggregate peak (II), SeCas10-Csm non-aggregate peak (III), and contaminants (IV). The horizontal red line marks the elution
fractions loaded into the gel shown in A. (C) Mass spectrometry of crRNA isolated by phenol-chloroform extraction from the purified complex used for
EM studies. The two crRNA species were determined to be a 37-nucleotide mature crRNA with the sequence from Spacer 1 (green sequence) and a 43-
nucleotide mature crRNA with the sequence from Spacer 2 (orange sequence). The corresponding molecular weight and sequence are shown for each peak
of interest. (D) Time course target RNA cleavage assay of the purified SeCas10-Csm effector complex. Cleavage was monitored using a 5'-FAM-labeled
target RNA (blue sequence) complementary to the 37 nt Spacer 1 sequence (green sequence). Cleavage activity was assessed in the presence and absence
of magnesium. Reactions were run on a 15% Urea-PAGE in order to visualize cleavage activity.

for most of the density in the stem, whereas the RRM fold
assigned to SeCsm4 filled a small region at the base of the
stem. No density corresponding to SeCsm5, which is ex-
pected to be located at the opposite end of the stem from the
SeCsm4 RRM fold (Figure 1C), was identified in the struc-
ture. The remaining density at the base of the stem was gen-
erally assigned to SeCsm4 and SeCasl0, which have been
shown in other structures to interact directly (29,95-97) and
which can be purified recombinantly as a binary complex
(data not shown). The density at either end of the complex
is of lower resolution and secondary structure elements are
harder to discern. This could potentially be due to slightly
different relative orientations between the base and stem. To
address this, multi-body refinement of the base and stem as
two separate bodies was performed (Supplementary Figure
S5D). However, this did not improve the quality of the map.

The SeCsm3 crystal structure fits well at five locations
(labeled as SeCsm3.1 to 3.5) (Figures 5B and 5D). A dif-
ference density map was generated by subtracting the fitted

crystal structure volumes of the five SeCsm3 subunits and
one SeCsm4 RRM domain from the subcomplex volume
(Figure 5C). Interestingly, the remaining density forms both
a continuous volume traversing the length of the SeCsm3
stem and shows additional density for regions that are dis-
ordered in the crystal structure, such as an extension of
the incomplete B-hairpin (Figures 5C and 5E). Flexible fit-
ting of the structure using MDFF (66) into the cryo-EM
map showed that the crystal structures fit without major
changes, aside from slight re-orientations of some of the
surface loops (Supplementary Figure SS5E). SeCsm3.5 has
the worst density, but overall it fits well. This may be due
to the presence of two differently sized crRNAs (37 and
43 nucleotides), which generate complexes with four and
five SeCsm3, respectively. SeCsm3.5 would therefore corre-
spond to a complex with the longer crRNA, whose occu-
pancy is ~40% when compared to the relative abundance
of the two crRINA species obtained from mass spectrome-
try (Figure 4C). However, sub-classification of the subcom-
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SeCsm3.5 SeCsm3.5

SeCsm3.4 SeCsm3.4

SeCsm3.3 SeCsm3.3

SeCsm3.2

SeCsm3.1

Figure 5. Overview of the cryo-EM structure of the major filament subcomplex. (A) A 5.2 A cryo-EM reconstruction of the SeCas10-Csm subcomplex
shows a helical stem region adjoining the non-helical base region. The stem is formed by five SeCsm3 subunits while the base includes SeCsm4 and SeCas10.
(B) SeCsm3 and a putative SeCsm4 RRM are docked into the cryo-EM density map. Five SeCsm3 (alternately colored orange and yellow) and one SeCsm4
RRM (blue) were confidently placed in the density. Crystal structures of homologous structures or homology models for SeCas10 and SeCsm4 did not
fit well into the density at the base. Additional density at the base was putatively assigned as SeCas10 (dashed oval). The SeCsm3 crystal structures and
the SeCsm4 RRM form a helical arrangement, with the RRM B-strands facing the outside of the helix and the B-hairpin on the inside of the helix.
(C) Difference density map between the experimental map and the model of the subcomplex reveals additional density along the SeCsm3 stem, which
corresponds to the B-hairpin in SeCsm3 not present in the crystal structure as well as the crRNA traversing the length of the stem. Regions in the dashed
box are shown in D and E. (D) Close-up views of the SeCsm3 secondary structure elements show good agreement with the cryo-EM density. (E) Difference
density map shows that disordered regions in the SeCsm3 crystal structure have clear density in the cryo-EM map. These regions of density were putatively
assigned as an extension of each SeCsm3 B-hairpin (dashed lines).

plex did not produce different size models; only one com- of the density to the SeCsm4 subunit. Overall, it was possi-
plex was observed from the cryo-EM data, suggesting that ble to assign density for five SeCsm3 subunits, one SeCsm4
the five SeCsm3 subunit complex can accommodate both subunit and one SeCas10 subunit (Figure 6A). The SeCsm2
the 37 and 43 nucleotide crRNAs. In addition, the nega- and SeCsm5 subunits are not present in the cryo-EM struc-

tive stain data only showed one intact complex, again sug- ture.

gesting that the two different crRNAs can be accommo- After assigning density to each of the three protein sub-
dated within the same size complex. Homology models for units (including the regions missing from the crystal struc-
SeCsm4 and SeCasl0 were generated, but did not fit the tures), the continuous region of unaccounted for density
density adequately and were therefore not included in the was determined to be located within each SeCsm3 subunit
final structural model. Nevertheless, the homology models (Figure 6A). This extra density was putatively assigned as

served to show that the density at the base of the stem was the crRNA due to its shape and location (Figure 6B). To
of the shape and size to accommodate both SeCas10 and support the assignment, an electrostatic potential map was
SeCsm4. A partial RRM model for SeCsm4 was built us- calculated for the docked SeCsm3 crystal structures form-
ing SeCsm3 as a template. The SeCsm4 RRM lies next to ing the stem. A highly positively charged channel was ob-
SeCsm3.1 in the stem and makes contacts with it (Figure served traversing the length of the stem (Figure 6C). When
5C). Superposition of the MjCsm3 subunit in the MjCsm3- the putative crRNA density was aligned with the electro-
M;jCsm4 complex (82) on SeCsm3.1 showed that SeCsm4 is static potential map, the density fit remarkably well into
positioned similarly to MjCsm4, confirming the assignment the positively charged channel (Figure 6D), allowing us to
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SeCsm3.5
CrRNA SeCsm3.4
SeCsm3.3

SeCsm3.2

SeCsm3.1

SeCsm4

6.00 SeCas10

Figure 6. The effector subcomplex shows the crRNA in a conserved, positively charged channel. (A) Two orthogonal views of the cryo-EM map colored
by subunit identity. Cryo-EM density was assigned to each subunit in the complex after crystal structure docking. Density is assigned for five SeCsm3 (gold
and yellow), one SeCsm4 (blue), and one SeCasl0 (green), with additional density within each SeCsm3 putatively assigned as the crRNA (purple). (B)
Putative crRNA density isolated from the SeCas10-Csm subcomplex shown in A. The density follows a continuous path along the length of the stem. (C)
The SeCsm3 stem is shown in accessible surface representation colored by electrostatic potential calculated using APBS (72). A highly positively charged
channel (blue) is seen traversing the length of the stem. (D) Putative crRNA density (purple) overlaid on the electrostatic potential map of SeCsm3 stem.
The positively charged channel surrounds the negatively charged crRNA, providing further evidence that the density corresponds to the crRNA. The bars
at the bottom of C and D map the electrostatic potential values from —6 kg T/e. [red] to 6 kgT/e. [blue]. (E) Schematic diagram showing the composition
of the SeCas10-Csm subcomplex containing a 43 nt crRNA. Csm2 and CsmS5 are not present in the subcomplex.

confidently assign this density to the crRNA. Taken to-
gether, the identification suggests that the structure corre-
sponds to an effector subcomplex with a stoichiometry of
SeCsm35SeCsm4;SeCas10;crRNA; (Figures 6A and 6E).
The overall architecture of the subcomplex (Figures 6A
and 6E) is similar to that of other CRISPR—-Cas complexes
and is in agreement with the predicted overall arrangement
(Figure 1C). The stem is formed by five SeCsm3 subunits
with the SeCas10/SeCsm4 subunits at the base of the com-
plex and almost perpendicular to the stem (Figure 6A).
SeCsm4 makes clear contacts with SeCsm3.1, while Se-
Casl0 also appears to contact SeCsm3.1. However, the po-
tential interaction of SeCas10 and SeCsm3.1 is not as clear
as for SeCsm4 and SeCsm3.1 since it is not possible to un-
ambiguously assign density to SeCsm4 and SeCas10. The
crRNA runs along the positively charged groove formed by
SeCsm3.1 to 3.5 (Figure 6D) and appears to extend into

the RRM domain of SeCsm4 (Figure 6A). It is not clear
whether it continues into SeCas10. SeCsmb5 is expected to
reside on the other end of the stem next to SeCsm3.5 (Fig-
ure 1C), but it is not possible to assign density for it.

The availability of an atomic model for the SeCsm3 stem
helps locate many of the residues that have been impli-
cated in different biochemical activities, such as forming
the SeCsm3-SeCsm3 interface (25), crRNA binding and
maturation (25,26,98), target RNA binding and cleavage
(18,25,26), and protein stability (98). Biochemical and func-
tional studies suggest that residues H18 and D32 are in-
volved in target RNA cleavage, residues K52, K54, R56,
D100, E120, E124 and E140 affect crRNA maturation,
amino acids G182, G183 and G185 have an impact on
protein stability, while residues K4 and D179 form part
of the SeCsm3-SeCsm3 interface (Supplementary Table S4
and Supplementary Figures S6A and S6B). Many of these
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residues are amongst the most highly conserved ones in the
SeCsm3 backbone (Supplementary Figure S6C) and in gen-
eral can be found in or near the highly positively charged
channel (Supplementary Figure S6B), suggesting that their
role is not confined to SeCsm3, but extends to all members
of the Type III-A and possibly Type I1I-B subtypes. Anal-
ysis of both free SeCsm3 and SeCsm3 in the effector com-
plex show that the four sets of residues are spatially sepa-
rated from one another (Supplementary Figures S6A and
S6B). As mentioned above, many highly conserved residues
involved in target cleavage (26) cluster around H18 and D32
and form the putative active site in SeCsm3. The SeCsm3-
SeCsm3 interface is extensive and the two residues biochem-
ically identified as part of the interface (25) are facing each
other in adjacent subunits, suggesting that K4 and D179
form a salt bridge that helps stabilize the stem in the effector
complex. Residues involved in crRNA binding and matu-
ration all cluster in the same region (Supplementary Figure
S6B). Three basic amino acids, K52, K54 and R56 face the
region where the crRNA is located in the effector complex
(Supplementary Figure S7A). D100 is near a highly con-
served lysine, K122, in the adjacent subunit and it is possi-
ble that they form an inter-subunit ion pair. E140 is further
away and makes an intra-subunit salt bridge with R37 (Sup-
plementary Figure S6B). Although R37 is not strictly con-
served, it is either an arginine or a lysine, suggesting that
the salt bridge is conserved and may play a role in stabi-
lizing the tertiary structure of SeCsm3. E124 is also found
near the interface between two subunits, but not the same
subunits as for E140 and D100. Finally, the three glycines
are part of a loop formed by four consecutive glycines and
face the crRNA. Overall, it is possible to classify the mu-
tated amino acids into three large groups: those involved in
making contacts at the interface between adjacent subunits,
those forming part of the putative active site, and those in-
volved in structural stability (Supplementary Figures SOA
and S6B).

The crRNA runs along the length of the SeCsm3 stem
and travels near many conserved amino acids. Not surpris-
ingly, the active site residues are not found abutting the cr-
RNA density (Supplementary Figure S7A). Instead, the pu-
tative active site is found adjacent to the crRNA and fac-
ing a cavity that could easily accommodate the target RNA
strand (Supplementary Figure S7B).

DISCUSSION

The structural studies presented here describe high-
resolution crystal structures of SeCsm2 and SeCsm3 and
a medium resolution cryo-EM structure of a Cas10-Csm
subcomplex that shows the quaternary architecture of the
major filament of the complex. The structure of SeCsm2
shows a small five-helix bundle protein similar to the or-
thologous CmrS found in Type I1I-B CRISPR systems (78),
as well as to other Type III-A Csm2 proteins (76,77). How-
ever, the SeCsm?2 structure shows important differences be-
tween both Type I1I-A and III-B Csm2 orthologs, such as
the presence of a small helix that breaks a longer helix. This
architecture shows SeCsm2 has some of the characteristics
of other Type III-A Csm2 proteins, but also contains ele-
ments found in the Type I1I-B Cmr5 proteins. There are cur-

rently no known functions ascribed specifically to SeCsm?2.
However, other complexes have described orthologs acting
to stabilize the binding of target DNA (99,100) by form-
ing a second stem parallel to the SeCsm3 stem (Figure 1C)
(21). Knockout studies have shown that SeCsm?2 is one of
the components required for crRNA maturation, but muta-
tional studies do not implicate any of the conserved residues
in this maturation role (25). Although the crystal structure
helps understand the organization of SeCsm2, its absence in
the subcomplex described here precludes any further iden-
tification of its role in the effector complex. In addition, it
is not clear whether the differences observed between dif-
ferent Type III-A Csm2 proteins and their Type I1I-B or-
thologs may cause differences in the overall conformation
of the effector complex.

In contrast to SeCsm?2, the SeCsm3 crystal structure pro-
vides important information on the structure and function
of the subunit and how it relates to its structural and func-
tional roles within the effector complex. SeCsm3 represents
a minimized version of proteins that form the backbone in
CRISPR-Cas effector complexes. Unlike other Csm3 pro-
teins and Csm3 orthologs, SeCsm3 is formed primarily by
the core RRM fold and a B-hairpin. The SeCsm3 crystal
structure shows the position of many important and highly
conserved amino acids, as well as the position of the pu-
tative active site responsible for RNA target cleavage sug-
gested by mutational studies to be located in the vicinity
of D32 (18). Aside from HI18 and D32, the putative ac-
tive site contains many residues normally associated with
active sites of proteins involved in nucleic acid cleavage,
such as arginines, lysines, and additional acidic residues.
However, unlike other ribonucleases, such as ribonucleases
H1 and H2 (101), there is no clustering of acidic residues
potentially involved in cation binding. Other endoribonu-
cleases in CRISPR systems, such as Thermus thermophilus
Cse3 (PDB: 2Y8W) (102) and Methanococcus maripaludis
Cas6b (PDB: 4Z7K) (103), show different active site loca-
tions when aligned to SeCsm3, suggesting a different mech-
anism of cleavage for events associated with crRNA matu-
ration and target RNA degradation. Determining whether
SeCsm3 uses a two metal cleavage mechanism or other com-
mon ribonuclease catalytic strategy remains to be elucidated
and may require structures of complexes with target RNA.

The cryo-EM structure shows a subcomplex formed by
three of the five subunits: SeCsm3, SeCsm4 and SeCasl10,
along with the crRNA (Figure 6A). Neither SeCsm2 nor
SeCsmS5 could be located in the subcomplex. The absence of
these subunits is intriguing as the purified complex showed
a single migrating species in size-exclusion chromatogra-
phy (Figure 4B) with all five protein components present
(Figure 4A) as well as mature-length crRNAs (Figure 4C).
One possible explanation for the loss of the subunits is the
high salt concentration used to mitigate complex aggrega-
tion. SeCsm2 and SeCsmS5 may also associate weakly in the
complex without the presence of the target nucleic acid,
enabling EM sample preparation to pull apart these com-
ponents from the complex. Previous studies have shown
that complex formation requires SeCsm3, SeCsm4, and
SeCas10, while a subcomplex of these components forms
when SeCsm2 or SeCsm5 are knocked out (98). These sub-
complexes were shown to include only the intermediate



71 nucleotide crRNA (98), while crRNA isolated from the
cryo-EM complex shows only mature-length crRNAs (Fig-
ure 4C). This further supports the notion that the purified
complex was intact, active, and containing all subunits, as
it was capable of processing intermediate-length crRNA to
the correct mature length, but lost some subunits during
EM sample preparation. The subcomplex in the cryo-EM
structure thus represents a partial complex formed by the
loss of some of the subunits after formation, and not a par-
tially assembled precursor complex.

The assignment of different subunits to the density in
the cryo-EM map was aided by the crystal structure of
SeCsm3 as well as the presence of an RRM fold in SeCsm4.
Prior studies had determined that SeCsm3 is required for
proper effector complex assembly (26), with multiple copies
of Csm3 forming the backbone of Type III-A complexes
(28,29). The structure confirms this and shows that SeCsm3
does form the backbone of the effector complex and that
there are five SeCsm3 copies present (Figures 5B and 5C).
Although SeCsmS5 is expected to cap one of the ends of the
effector complex, the assignment of the density at the end
of the stem as SeCsm3.5, rather than SeCsm5, was based on
the presence of an RRM fold that fits well into the map, den-
sity that accounts for the entirety of SeCsm3, the existence
of crRNA density within this subunit, the size of the intact
complex obtained by negative stain imaging, the length of
the two crRNA contained in the complex, and comparison
of this cryo-EM structure to the Type III-A effector com-
plex structure from Thermus thermophilus (29), which shows
six subunits in the backbone stem (Supplementary Figure
S8A). At the other end of the stem, the location of SeCsm4
was aided by the presence of an RRM fold in the density.
Although SeCsm3 has a similar RRM fold, the density did
not fit the SeCsm3 subunit well, as there were clear differ-
ences in some regions described by either additional or miss-
ing density. In support of this assignment, the structure of a
Csm3-Csm4 complex from M. jannaschii showed a similar
interaction between the two proteins (82). Superposition of
M;jCsm3 on SeCsm3 in the complex positioned MjCsm4 in
the same position as SeCsm4. Finally, the position of Se-
Casl0 was deduced from the size and shape of the unac-
counted for density, as well as comparisons of other orthol-
ogous Type III-B structures published describing the asso-
ciation of Cas10 (Cmr2) and Csm4 (Cmr3) (31,95). Given
the resolution of the cryo-EM map, the boundaries between
the SeCsm3, SeCsm4 and SeCas10 are not well defined, but
the general organization is.

The resolution of the cryo-EM map is uneven; the
SeCsm3 stem is the most ordered region, while the two ends
are less ordered, particularly the SeCasl0 region (Supple-
mentary Figure S5C). This observation suggests that Se-
Casl0 is either moving or does not have a tightly held po-
sition with respect to the SeCsm3 stem. It is not clear if
this difference in relative orientation is due to the absence
of SeCsm2, which could play a role in stabilizing the in-
teraction, or simply reflects the flexibility of the complex.
It is possible that the conformation of SeCas10 is not rigid
and thus is part of its function. During target DNA bind-
ing, SeCasl0 may undergo a conformational change to
help capture and orient target DNA properly in the active
site. Recent studies of Type III-A effector complexes from
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other species have shown that upon target RNA binding,
either minor rearrangements (35) or dramatic conforma-
tional changes (36) in the complex can occur. It is therefore
uncertain how the SeCasl0-Csm effector complex would
behave under similar functional situations.

The position of the crRNA in the complex follows the
expected path, winding its way along the positively charged
and highly conserved groove created by the SeCsm3 sub-
units. Previously, it was found that each SeCsm3 subunit
binds six nucleotides (26). The structure shows that the dis-
tance between identical residues in adjacent SeCsm3 sub-
units is around 25 A (Supplementary Figure S7B), which is
consistent with the distance spanned by six nucleotides in an
extended conformation. It appears that the crRNA phos-
phate backbone is protected by the protein, where the 3-
hairpin loop perpendicularly transverses the crRNA while
the bases of the crRNA are exposed to the solvent, where
it could easily interact with complementary target DNA or
RNA. Residues that have been implicated in crRNA bind-
ing (25,26,98) are located in the vicinity (Supplementary
Figure S7A). The active site location is adjacent to the cr-
RNA and exposed and, as expected, the crRNA does not
come close to the putative SeCsm3 active site (Supplemen-
tary Figure S7A). It is possible that once the crRNA rec-
ognizes and binds its target RNA, the target RNA enters
the SeCsm3 active site where it can be cleaved. In the struc-
ture, there appears to be space to accommodate the target
RNA (Supplementary Figure S7B), although it is possible
that the stem has to move in a concerted fashion, as has
been observed in other CRISPR-Cas effector complexes
(36,97,100).

Thermus thermophilus harbors various types and sub-
types of CRISPR systems, including both Type I1I-A (29)
and III-B (96) CRISPR systems. The Type III-A T. ther-
mophilus effector complex comprises a full complex with
a putative Cas10;Csm2;Csm3sCsm4,Csm5S;crRNA; stoi-
chiometry. Aligning the two structures shows similar ma-
jor filament architectures (Supplementary Figure S8A),
even though the SeCas10-Csm structure represents a sub-
complex missing SeCsm2 and SeCsm5 (Figures 6A and
6E). Superposition of the density maps from both struc-
tures show that the S. epidermidis subcomplex has a very
similar overall structure to the Type III-A T thermophilus
complex (Supplementary Figure S§A), with one major dif-
ference being the number of Csm3 and Csm4 subunits.
The higher resolution cryo-EM structure of the SeCas10-
Csm complex allows unambiguous assignment of the crys-
tal structure of SeCsm3 to the cryo-EM map, where it is
clear that there are only five SeCsm3 subunits. In addi-
tion, the volume also suggests the presence of only one
SeCsm4 subunit. The superposition of the maps shows a
similar size volume for the region assigned to one SeCsm4
and one SeCas10 as well as additional density to place one
SeCsm5 at the other end of the stem. The Type III-A T
thermophilus structure also suggests a path for the SeCsm?2
subunits, forming a helical stem running parallel to the
SeCsm3 stem. To test this, the S. epidermidis negative stain
model of the full complex (Supplementary Figure S4A) was
aligned with the cryo-EM subcomplex reconstruction (Sup-
plementary Figure S§B). Extra density was observed, as ex-
pected, in equivalent locations as for the Csm2 and Csm5
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subunits in the 7. thermophilus structure. Four SeCsm2
crystal structure monomers and one homology-modeled
Csmb5 using Phyre2 (73) were docked into the negative stain
model based on homologous structures (35,96). Including
these docked structures gives a putative stoichiometry of
Casl10;Csm24Csm35Csm4;Csm5;crRNA |, which is similar
to the stoichiometry found in the 7. thermophilus effec-
tor complex. Interestingly, this stoichiometry seems to ac-
commodate both the 37 and 43 nucleotide mature crRNAs
present in the purified effector complex, as attempts at sub-
classification of the cryo-EM data yielded only one complex
stoichiometry. This seems to suggest that shorter-length cr-
RNAs can be found and function in complexes that would
normally bind a longer crRNA. Previous research has
shown that the abundance of SeCsm3 dictates the maximal
crRNA length, with higher amounts resulting in longer cr-
RNA species (26). However, this does not preclude shorter
length crRNAs from being utilized within an effector com-
plex of identical stoichiometry. The effector subcomplex
shown here is an example of this phenomenon due to the
presence of two distinct crRNA lengths and sequences that
can be isolated from a single complex stoichiometry. This
contrasts with the Type I11-A effector complex structures
from 7. onnurineus (35) and S. thermophilus (36), which have
a Casl0;Csm2,Csm33Csm4;Csm5;crRNA; stoichiometry
and are smaller than the S. epidermidis subcomplex, even
though the length of the crRNAs, 38 nucleotides (35) and
36 nucleotides (36), are similar to the 37 nucleotide and 43
nucleotide crRNA present in the in vivo assembled S. epider-
midis subcomplex. However, the quaternary architecture of
these structures is quite similar to each other and to the S.
epidermidis subcomplex. This suggests that, while all Type
I11-A systems are analogous in their overall architecture, the
organization and other characteristics within each effector
complex, such as crRNA length and protein stoichiometry,
differ in important ways, presenting an example for how
the CRISPR machinery has been adapted differently within
each organism.

The structure of the Type III-B T thermophilus
effector complex is also known (96) and has a
Cmrl;Cmr2;Cmr3;Cmr4;Cmr5;Cmr6,crRNA; stoi-
chiometry (the corresponding orthologs are Cmrl:Csm3,
Cmr2:Casl0, Cmr3:Csm4, Cmr4:Csm3, Cmr5:Csm2,
Cmr6:Csm5). Type III-B systems are an evolutionary
offshoot from the Type I1I-A systems, where a Cas7 family
gene duplication occurred. This led to the incorporation
of three Cas7 family proteins (Cmrl, Cmr4, and Cmr6)
into Type III-B effector complexes, whereas only two
Cas7 family proteins (Csm3 and Csm5) are found in Type
III-A effector complexes (13). The two subtypes have
similar effector complex stoichiometries when compared
by gene family, Cas10;Cas5;Cas7¢Casl13;crRNA;, where
the Cas5 family includes Csm4/Cmr3 and the Casl1 family
includes Csm2/Cmr5. However, when the structures are
compared, it is clear that they are very different in overall
architecture (Supplementary Figure S8C). While the S.
epidermidis effector complex has a boot-shaped overall
architecture, the Type III-B T thermophilus complex is
much more rod-shaped and without a marked protrusion.
Both complexes have in common the presence of a helical

stem and a similar subunit arrangement, but overall the
two complexes are quite different.

The same is true when the S. epidermidis complex is com-
pared to Type I structures, such as the Type I-E Escherichia
coli CASCADE complex (104). The most dramatic differ-
ence between the two structures is the overall organization
of the backbone subunits. The Type I-E E. coli structure has
an exaggerated helical arrangement, generating a long, ex-
tended quaternary structure (104). A similar architecture to
the E. coli complex is seen in the Type I-F effector complex
from Pseudomonas aeruginosa (91). While these different
Type I complexes show strikingly similar overall architec-
tures, a Type I-F variant from Shewanella putrefaciens de-
tails a drastically different effector complex structure (92).
This effector complex looks more structurally similar to
Type III complexes with their relatively straight crRNA
topology. However, there is still an underlying helical ar-
rangement of the backbone subunits. The main commonal-
ity amongst all these complexes is the presence of a helical
arrangement of subunits to bind and present the crRNA.
Overall, the diversity in subunit composition of the differ-
ent types and subtypes is reflected in a wide array of effector
complex structures, with the major commonality occurring
in the arrangement of the subunits that bind the crRNA.

CONCLUSIONS

The structures presented help to understand better the over-
all architecture of the Type III-A Cas10-Csm effector com-
plex. The structures help to identify the location and or-
ganization of functionally relevant residues identified by
biochemical experiments, to understand the way that the
Cas10-Csm complex binds the crRNA, and to detail the
organization of the RNA cleavage site. This new structural
information provides a structural foundation to determine
the molecular mechanisms responsible for the function of
the Type III-A CRISPR system.
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