Cas5d processes pre-crRNA and is a member of a larger
family of CRISPR RNA endonucleases
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ABSTRACT

Small RNAs derived from clustered, regularly interspaced, short palindromic repeat (CRISPR) loci in bacteria and archaea are
involved in an adaptable and heritable gene-silencing pathway. Resistance to invasive genetic material is conferred by the
incorporation of short DNA sequences derived from this material into the genome as CRISPR spacer elements separated by short
repeat sequences. Processing of long primary transcripts (pre-crRNAs) containing these repeats by a CRISPR-associated (Cas)
RNA endonuclease generates the mature effector RNAs that target foreign nucleic acid for degradation. Here we describe
functional studies of a Cas5d ortholog, and high-resolution structural studies of a second Cas5d family member, demonstrating
that Cas5d is a sequence-specific RNA endonuclease that cleaves CRISPR repeats and is thus responsible for processing of pre-
crRNA. Analysis of the structural homology of Cas5d with the previously characterized Cse3 protein allows us to model the
interaction of Cas5d with its RNA substrate and conclude that it is a member of a larger family of CRISPR RNA endonucleases.
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INTRODUCTION

Individual CRISPR loci in bacterial and archaeal genomes
feature a cluster of repeats separated by short spacer ele-
ments. They also typically include a set of CRISPR-associated
(cas) genes that code for proteins, a number of which have
been shown to be necessary for CRISPR-based gene in-
terference. Specific subtypes of CRISPR systems are defined
by the structure and organization of the repeats, as well as
by the particular set of accompanying protein-coding cas
genes (for review, see Deveau et al. 2010; Horvath and
Barrangou 2010; Marraffini and Sontheimer 2010).

Three major types of CRISPR systems that may be further
divided into 10 subtypes have been described (Makarova
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et al. 2011a). In the type I system of Escherichia coli, the
products of the casI and cas2 genes are not required to effect
CRISPR-based immunity using existing CRISPR spacers,
and are therefore believed to function in the acquisition of
new repeats (Brouns et al. 2008; Makarova et al. 2011a). The
Cas3 protein, endowed with both helicase and HD nuclease
domains, has been implicated as the ultimate effector protein
in gene silencing, with evidence suggesting that it targets ma-
ture crRNAs to invading DNA sequences (Beloglazova et al.
2011; Mulepati and Bailey 2011; Sinkunas et al. 2011).

Analysis of both wild-type and mutant E. coli strains
suggests that an initial pre-crRNA is processed to yield
mature crRNA by endonucleolytic cleavage at the base of
the repeat hairpin RNA structure (Brouns et al. 2008). The
enzymatic activity required for this processing has been
shown to reside in the Cse3 protein, a component of the
multiprotein CRISPR-associated complex for antiviral de-
fense (Cascade) complex containing Csel-Cse4 and Cas5e
(Jore et al. 2011; Wiedenheft et al. 2011).

Type II CRISPR systems, which have been shown to
target phage and plasmid DNA, feature a single large pro-
tein, Cas9, which is required for both generation of effector
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RNAs and target cleavage (Deltcheva et al. 2011; Makarova
et al. 2011a; Jinek et al. 2012). Maturation of type II pre-
crRNA has been shown to involve formation of a duplex
between a single-stranded CRISPR repeat and trans-encoded
tracrRNA, followed by cleavage of the repeat by RNase III
(Deltcheva et al. 2011). Finally, in the type III system, for
which there is evidence of the targeting of both DNA and
RNA (Marraffini and Sontheimer 2008; Hale et al. 2009;
Hatoum-Aslan et al. 2011), the processing of pre-crRNA
occurs in two steps, the first of which, endonucleolytic
cleavage of a repeat RNA, resembles the type I processing
mechanism and is performed by the cas6 protein product
(Carte et al. 2008, 2010; Wang et al. 2011).

The type I CRISPR system is the most well-understood
from a structural and mechanistic perspective. The struc-
ture and activity of the effector Cas3 HD nuclease have re-
cently been reported (Beloglazova et al. 2011; Mulepati and
Bailey 2011). Additionally, the high-resolution X-ray struc-
tures of the pre-crRNA processing Cse3, alone and com-
plexed to hairpin substrate RNA, have been described (Gesner
et al. 2011; Sashital et al. 2011). Recently, cryo-electron
microscopy was used to determine the subnanometre resolu-
tion structures of the Ecoli Cascade complex (containing the
proteins Csel—4, CseSe, and crRNA) both before and after
target binding (Wiedenheft et al. 2011).

The diversity of CRISPR systems complicates the analysis
of individual pathways. For example, CRISPR repeats in the
type 1 Dvulg CRISPR system are predicted to form stable
RNA hairpins (Kunin et al. 2007) analogous to that de-
scribed for the Cse3 substrate RNA, but the identity of the
pre-crRNA processing activity has been unclear. Here we
report the high-resolution X-ray structure of a hypothetical
protein from Mannheimia succiniciproducens that shares
strong sequence similarity with the Cas5d family of Dvulg-
type Cas proteins. We show that the Cas5d ortholog from
Thermus thermophilus is an RNA endonuclease that specif-
ically binds and cleaves pre-crRNA, and establish the mech-
anism of RNA cleavage. Comparison of Cas5d by structural
alignment with Cse3 allows us to model the interaction of
Cas5d with its hairpin RNA substrate, and argues for a
conservation of RNA recognition between diverse CRISPR
RNA processing enzymes.

RESULTS

Crystal structure and homology modeling of Cas5d

The ms0988 gene codes for a hypothetical protein predicted
from the genomic sequence of the capnophilic (favored
growth in the presence of CO,) Gram-negative bacterium
M. succiniciproducens cultured from bovine rumen (Hong
et al. 2004). The X-ray structure of recombinant MS0988
was determined using the single anomalous dispersion (SAD)
method and refined to a resolution of 1.95 A (Fig. 1A; Table
1). Inspection of the structure revealed the presence of an

embedded modified ferredoxin-like fold with the canonical
B-a-B-B-a-B arrangement of secondary structure ele-
ments, a feature common to many Cas proteins (Makarova
et al. 2011b). Notable in the structure was an extensive
disordered region (amino acids 71-103) representing a loop
between B4 and 5.

BLAST analysis of the ms0988 sequence revealed a strong
homology with the Cas5 family of CRISPR-associated
proteins, and specifically with the Cas5d class characteristic
of the Dvulg CRISPR subtype (Haft et al. 2005; see Sup-
plemental Material). Cas5 was first described as a family of
proteins about 250 amino acids in length with a conserved
43-amino acid N-terminal region (Haft et al. 2005). It was
originally identified in five separate CRISPR subtypes, with
sequence outside the conserved N-terminal region specific
for each subtype. The family includes the hypothetical Cas5d
protein coded for by ttp0133 upstream of the CRISPR-5 locus
of the T. thermophilus HB27 megaplasmid pTT27 (Henne
et al. 2004). The #p0133 sequence is embedded within an
operon that includes putative cas3, cas5d, cas8c, cas7, and
cas4 genes corresponding to the Dvulg CRISPR subtype
(Haft et al. 2005). These are located ~100 nucleotides (nt)
upstream of seven copies of a CRISPR repeat element (5'-
GTTGCACCGGCCCGAAAGGGCCGGTGAGGATTGAA
AC-3") (Grissa et al. 2007a,b) similar to the hairpin repeats
associated with the Dvulg CRISPR subtype (Kunin et al.
2007). Alignment of primary sequences revealed that
TTPO0133 (hereafter Cas5d) is 40% identical and 65% similar
to that of MS0988 (Fig. 1B), suggesting that the structure of
the latter forms an excellent basis for homology modeling
of the structure of the T. thermophilus Cas5d (Fig. 1C).

A distinguishing feature of the Dvulg CRISPR subtype is
the lack of a gene coding for an ortholog of Cas6, the pre-
crRNA processing RNA endonuclease found in type I and
III CRISPR systems. It has been proposed, based on a
bioinformatic analysis, that Cas5d or Cas7 might process
the pre-crRNA in this system (Makarova et al. 2011a,b).
Three pre-crRNA processing endonucleases have been ex-
tensively characterized structurally and functionally (Carte
et al. 2008, 2010; Haurwitz et al. 2010; Gesner et al. 2011;
Sashital et al. 2011; Wang et al. 2011; Sternberg et al. 2012).
Both the Pyrococcus furiosus Cas6 and T. thermophilus Cse3
feature tandem ferredoxin-like folds, although their mode of
interaction with their RNA substrates is clearly distinct. A
recent structural analysis of Cas6 RNA interaction suggests
that the 5" end of a single-stranded repeat is anchored in
a groove between the ferredoxin-like folds, and traverses
the protein to position the site of cleavage at the active site
on the opposing surface of the protein (Wang et al. 2011).
In contrast, the interaction of T. thermophilus Cse3 with
its hairpin RNA substrate is similar to the RNA-binding
mode of Csy4, the Cse3 functional homolog from Pseudo-
monas aeruginosa. Csy4 features a single N-terminal
ferredoxin-like fold and a separate C-terminal domain that
includes two a-helices joined to the main body by extended

www.rnajournal.org 2021



Garside et al.

B M. succiniciproducens
T. thermophilus

M. succiniciproducens
T.thermophilus
DoRERIR pa

MA-RLKVKVWGEYACFSRPEFKVERVSYPVPT]

Kk kirraaRKIKAKK KKK KKKKNKA K KKKRKAAKK kKK KKK g

LGTPFALLRNEVGNRMG-AKP
*

MANRIRLHIWGDYACFTRPEMKVERVSYDVI_WKPAINWVIDKIYVLK 60

FWKPEFRYEVRRIGVLR 59

PR

PIRFESVRRNELGAKISESKVSGAMKRKSVADLYTVIEDDRQQRAATVLKDVAYVIEAHA 120
************* FFVEDARQQRTSLVLKDVAYLVEADM 105

SRk Kkkkg: KAKRAKK AR

M. succiniciproducens VMTSKAGVDEN=GQCFQQPCMGVREFPAHFALIDDNDPLPLSQLSES 180

T. thermophilus VLRPHA--TDPLI IKGQYHHTPYLGTREFPAYFSPPDGEVPDGGLNLDLG 163
KoLk S Ukiik kikKk kR 2k ik kkkkkoik: k. kL

M. succiniciproducens EFNRDLGWMLH----DIDFEHGN-—-—--—--—— TPHFFRAELKNGVIDVPPFYAEEVKR--- 225

H

. thermophilus

ke n P

GHAKGA 229

M. succiniciproducens
T. thermophilus

PMLFDLAFVEDPGRPELTFKRPGRGEVQGYALPLFFHARIREGWLEVPAEKYQELYRLEE 223

kokkak ik ik ke

FIGURE 1. Structural analysis of the CRISPR RAMP domain family member Cas5d. (A, top) Ribbon diagram derived from the X-ray structure of
M. succiniciproducens MS0988. a-helices and B-strands are colored red and yellow, respectively. (B) Alignment of MS0988 and T. thermophilus
TTP0133 primary sequence and secondary structure diagrams depicting o-helices (red) and B-strands (yellow) derived from pdb and homology
modeling by Protein Homology/analogY Recognition Engine (Phyre; http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley and Sternberg 2009). Amino
acids 71-103, 196-199, and 221-235 are disordered in the MS0988 structure. Also indicated are sequence identity (*), conservation (:), and partial
conservation (.). (C, top) Structural model of T. thermophilus Cas 5d based on submission of the primary sequence of TTP0133 to Phyre.

linker sequences (Haurwitz et al. 2010). Both RNA—protein
interfaces feature major-groove RNA recognition of an
incomplete turn of an A-form helix. In the former case this
involves sequence-specific interactions by a short B-hairpin
extending from the C-terminal ferredoxin-like fold; in the
latter, an a-helix of the C-terminal domain plays a similar role
in major groove recognition.

CRISPR repeat binding and cleavage by Cas5d

In order to elucidate the function of Cas5d in the CRISPR
pathway, we cloned, expressed, and purified T. thermophi-
Ius TTP0133. We examined the RNA-binding properties of
Cas5d by electrophoretic mobility shift assay (EMSA) using
a panel of RNAs based on the T. thermophilus CRISPR repeat
(Fig. 2A). Cas5d tightly bound (Kp ~50 nM) the 37-nt RNA
representing the downstream repeat element, but even at high
concentrations of protein (1 wM) no affinity was observed
for the reverse complement of the repeat RNA (Fig. 2B).

In the EMSA experiment, we noted the concentration-
dependent generation of a specific lower mobility species
that we concluded to be a Cas5d cleavage product (Fig. 2B).
Analysis of both the upper and lower bands from this
experiment by denaturing PAGE revealed that the upper
species included both full-length and cleaved RNA, while
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the lower species corresponded to the discrete cleavage
product (data not shown). In a time course of binding, we
noted that binding of Cas5d to substrate RNA was rapid,
with all of the RNA bound within a minute, and dissoci-
ation occurring as a function of RNA cleavage over time
(Fig. 2C). These results strongly suggest that Cas5d is a
sequence-specific RNA endonuclease responsible for pro-
cessing pre-crRNAs in the CRISPR pathway.

We prepared modified repeat RNAs truncated by four
and eight nucleotides at the 3’ end in order to examine the
effect of these modifications on RNA binding and cleavage
by Cas5d. In the former case, there was no significant im-
pairment of RNA binding or cleavage, while in the latter,
no significant RNA binding or cleavage was observed (Fig.
2B). Thus, a portion of the 3’ tail of the substrate RNA is
important for both RNA binding and cleavage; neverthe-
less, the enzyme showed no affinity for the 3’ cleavage pro-
duct (data not shown).

We mapped the pre-crRNA cleavage site by comparison
with RNase T1 and base hydrolysis ladders, and determined
it be 3’ to G26 at the base of the predicted RNA hairpin
(Fig. 3A,B). The 5’ cleavage product was resistant to ox-
idation with periodate and base-mediated elimination,
indicating a 3’ end lacking 2" and/or 3" hydroxyls. The 3’
product could be 5" end-labeled, indicating the presence
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TABLE 1. Data collection, phasing, and refinement statistics

SeMet derivative®

Data collection
Space group
Cell dimensions

P65

a b, c (,Z\) 81.83, 81.83, 61.94

o By 90, 90, 120
Wavelength (A) 0.97958
Resolution (A) 1.95
Rsym or Rmerge 0.086 (0.33)
ol 25.7 (10.2)
Completeness (%) 99.0 (98.4)
Redundancy 23.1

Refinement

Resolution (A) 20-1.95
No. reflections 17142
Rwork/Rfree 0.212/0.242
No. atoms

Protein 1436

Water 63
B-factors (;\2)

Protein 36.1

Water 37.8
RMSDs

Bond lengths (A) 0.016

Bond angles (°) 1.50

3Statistics for highest resolution shell (2.00-1.95 A) are shown in
parentheses.

of a 5" hydroxyl (Fig. 3C). The generation of functionalized
2'/3" and free 5'-hydroxyl termini on the longer and
shorter products, respectively, is consistent with a cleavage
mechanism involving attack of the G26 2'-hydroxyl group
on the scissile phosphate, as observed in both protein and
RNA-catalyzed RNA cleavage. Also consistent with this
mechanism, substitution of a 2'-deoxy residue at the G26
position abolished cleavage in the presence of the enzyme,
but the affinity of Cas5d for this RNA was unimpaired
(Figs. 2D, 3D). Previously characterized Cse3 CRISPR pro-
cessing also proceeds via this mechanism (Gesner et al.
2011; Jore et al. 2011). As observed with the type I Cse3
(Gesner et al. 2011; Sashital et al. 2011) and Csy4 (Haurwitz
et al. 2010) endonucleases, and the type III Cas6 endonu-
clease (Carte et al. 2008), pre-crRNA cleavage by Cas5d was
found to be metal independent (data not shown).

Following the experiments described above, we tested the
activity of recombinant MS0988 protein. Although we
could not measure binding by EMSA of MS0988 to a 32-nt
RNA derived from the repeat associated with the ms0988
locus (data not shown), we were able to observe MS0988-
mediated cleavage of this RNA and mapped the cleavage to
the base of a predicted hairpin structure (see Supplemental
Material). This cleavage is specific since MS0988 did not
cleave the T. thermophilus repeat described above, just as
the T. thermophilus Cas5d ortholog was not observed to cleave
the MS0988 substrate (data not shown).

Modeling CRISPR RNA recognition by Cas5d

The fact that Cas5d recognizes an RNA substrate structur-
ally similar to that bound by Csy4 and Cse3 suggests that
the mode of Cas5d RNA recognition might be similar to
that observed with those proteins. As both MS0988 Cas5d
and Cse3 feature ferredoxin-like folds (Fig. 4A), we used
iSuperpose from the Mobyle suite (Neron et al. 2009) to
determine the structural overlap between MS0988 Cas5d
and Cse3; the result of this calculation is a superimposition
of the Cas5d structure on the C-terminal RNA recognition
domain of Cse3 (Fig. 4B) (PDB 3QRQ). We then examined
this superposition within the context of the Cse-3¢RNA
X-ray structure. This model suggests that as with Cse3 and
Csy4, the face of Cas5d obverse to the B-sheet of the
ferredoxin-like fold is most proximal to the bound RNA
(Fig. 4C; Haurwitz et al. 2010; Gesner et al. 2011; Sashital
et al. 2011). This is consistent in both cases with the over-
all surface electrostatics of the Cse3 and Cas5d proteins, in
which a significant basic patch corresponds to the actual
and modeled RNA-binding surfaces (Fig. 4D). Strikingly, in
the model, the loop connecting 2 and a1 of Cas5d is pre-
dicted to function similarly to the major groove recognition
elements of Cse3 and Csy4. It occupies a space analogous to
the major groove-recognition hairpin of Cse3, but does not
overlay with the major groove-recognition helix of Csy4.
We performed site-directed mutagenesis to examine the
functional importance of several conserved amino acid
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FIGURE 2. Specific pre-ctRNA binding and cleavage by Cas5d. (A)
Secondary structure of T. thermophilus Dvulg repeat RNA. (B) Gel
mobility-shift assays for RNA binding by Cas5d with increasing
concentrations of protein (2, 30, 40, 500, 1000 nM). (Left to right)
A 37-nucleiotide model of pre-crRNA as shown in A, reverse
complement of A RNA, 4- and 8-nt truncations of pre-crRNA.
Cleaved RNA is indicated (*). (C) Time course for gel mobility-shift
assay of pre-crRNA binding by 100 nM of Cas5d. (Left to right) 1, 2, 5,
10, 15, 30, 45, 60 min. Cleaved RNA is indicated (*). (D) Gel mobility-
shift assays for binding of pre-crRNA substituted with dG at position
26 by Cas5d with increasing concentrations of protein (2, 30, 40, 500,
1000 nM).

www.rnajournal.org 2023



Garside et al.

A B C @4\ D :
A A @ Bl N o P
S & O & &
¢ 6? - F RS . FE © ¢
c6G
¢ G20 . - -
106G C
8¢ el S
c6G -
cG -
g AU 30 -
GUUGC GAGGAUUG
T A - -
cat .
pre-crRNA 3 = [ - ® 3 product

FIGURE 3. Characterization of cleavage products and mechanism of
RNA cleavage by Cas5d. (A) Secondary structure of T. thermophilus
Dvulg repeat RNA. Position of RNA cleavage is indicated by arrow.
(B) Mapping of cleavage location by denaturing PAGE showing
comparison to RNase T1 and base hydrolysis ladders. Also shown
are 29- and 33-nt RNA size markers corresponding to 3’ truncations
of the pre-crRNA. (C, left) Periodate/base elimination of pre-crRNA
treated with Cas5d affects the mobility of the full-length pre-crRNA,
but not that of the 5’ product, indicating that the latter has a modified
2'/3" terminus. (C, right) The smaller of two RNAs produced upon
Cas5d cleavage of pre-crRNA is labeled by **P upon treatment with T4
polynucleotide kinase, indicating the presence of a free 5" hydroxyl on
the 3’ product. (D) A modified pre-crRNA substrate containing a dG
residue at position 26 is not cleaved by Cas5d supporting a model
whereby RNA cleavage occurs by intramolecular attack of the G26 2’
hydroxyl on the scissile phosphate.

residues within the loop connecting B2 and al that is
predicted in the model to be involved in RNA recognition
by Cas5d. Tyr27 is a conserved residue found at the end of
this loop; Glu23 is also conserved, but predicted to be a
surface-exposed residue within the loop (see Supplemental
Material). We examined cleavage of the fully ribo repeat as
well as binding to the deoxyG-substituted repeat RNA.
While the conservative Y27F mutation
had no affect on either RNA binding or
cleavage by Cas5d, mutation of Glu23
to Gln abolished RNA cleavage, likely
due to the fact that this mutation also
abolished binding of Cas5d to the RNA
(Fig. 5; Supplemental Material).

DISCUSSION

In diverse CRISPR systems, the process- )
ing of pre-crRNAs to generate mature V
effector RNAs involves the activity of an c
incompletely defined set of endoribo-
nucleases that recognize and cleave dis-
tinct substrates. Those characterized to
date include Cas6 that interacts with and
cleaves single-stranded RNA (Carte et al.
2008, 2010), as well as Cse3 and Csy4
that bind and cleave hairpin RNA re-
peats (Haurwitz et al. 2010; Gesner et al.
2011; Sashital et al. 2011). Here we have
reported the structure of a Cas5d ortho-
log (Figs. 1A, 4A) that consists of

2024 RNA, Vol. 18, No. 11

MS0988 (Cas5d) X-ray

a single ferredoxin-like fold and also demonstrated that
T. thermophilus Cas5d specifically binds and cleaves the
hairpin RNA of a Dvulg CRISPR repeat. The finding that
the M. succiniciproducens ortholog cleaves its cognate
RNA provides further support for the identification of
Cas5d as the processing endonuclease in the Dvulg CRISPR
subtype.

Analysis of the MS0988 Cas5d structure (Fig. 1; Supple-
mental Material) reveals that the N-terminal homology
sequence that defines that the Cas5 family does not consist
of a defined domain including, as it does, portions of -1 as
well as all of a-1 and B-3. The elements of this sequence
certainly contribute structurally to the overall ferredoxin-
like fold; the predicted RNA-recognition loop between 32
and al is also contained within this sequence.

RNA binding and cleavage properties of Cas5d

The results reported here are consistent with Cas5d pro-
moting RNA cleavage by catalysis of the intramolecular
attack of a 2'-hydroxyl on the scissile phosphodiester to
generate a 2'/3’ cyclic phosphodiester and free 5" hydroxyl
in the 5" and 3’ products, respectively. In this respect, the
enzymatic mechanism of pre-crRNA cleavage resembles
that involving Cse3 (Gesner et al. 2011; Jore et al. 2011;
Sashital et al. 2011) and is distinct from the hydrolytic
cleavage of type II CRISPR repeats by RNase III that generate
products with a free 3" hydroxyl and 5’ phosphate (Deltcheva
et al. 2011).

The weak affinity between Cas5d and the cleaved RNA
substrate contrasts with the examples of Cse3 and Csy4 in
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FIGURE 4. Homology modeling of Cas5d as a member of the larger pre-crRNA RNA
endonuclease family. (A) X-ray structures of (top) Cse3 (PDB 3QRQ) and (bottorn) MS0988
(PDB 3KG4). (B) Overlay of the X-ray structures of MS0988 (yellow) and Cse3 (orange) as
determined by iSuperpose (Neron et al. 2009). (C) Overlay of the X-ray structure of MS0988
(yellow) with that of a Cse36RNA complex (PDB 3QRQ). Cse3 and RNA are depicted in yellow
and cyan, respectively. (D) Surface electrostatics for Cse3 and MS0988 within the actual and
modeled protein RNA complexes. (Blue) Basic; (red) acidic; (white) neutral.
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FIGURE 5. Functional analysis of Cas5d mutants. (A) Comparison of
RNA endonucleolytic activity mediated by wild-type and Y27F Cas5d.
(B) Comparison of RNA endonucleolytic activity mediated by wild-
type and E23Q Cas5d. Denaturing PAGE analysis of **P end-labeled
repeat RNA incubated with 100 nM wild-type, Y27F, and E23Q Cas5d
over a (left to right) 1-, 2-, 5-, 10-, 15-, 30-, 45-, 60-min time course.

which the cleavage product remains tightly bound to the
enzyme (Haurwitz et al. 2010; Gesner et al. 2011; Sternberg
et al. 2012). The former observation is consistent with the
cryo-em structure in which Cse3 is an integral compo-
nent of the targeting Cascade complex (Jore et al. 2011;
Wiedenheft et al. 2011). It will be of interest to determine
whether Cas5d is organized in a complex similar to Cascade,
and whether product release following cleavage informs the
targeting mechanism in this case.

The Cas5d substrate RNA is predicted to form a double-
stranded 9-bp hairpin structure capped by a GNRA tetra-
loop. The high G-C content and presence of the tetraloop
suggest that the hairpin structure is very stable. Both Csy4
and Cse3 recognize the major groove of their RNA sub-
strates, suggesting that a similar mechanism of RNA recog-
nition might be the basis for Cas5d substrate interaction; at
least 6 bp of RNA could be recognized in this manner, based
on analogy with the Cse3-RNA and Csy4-RNA complexes
(Haurwitz et al. 2010; Gesner et al. 2011; Sashital et al. 2011).

Overall features of RNA recognition and catalysis

The results of site-directed mutagenesis support the model
suggesting that the loop between $2 and «l is involved in
RNA recognition. Although Tyr27 is an absolutely conserved
residue, the side-chain does not appear to be involved in
either binding or catalysis, consistent with its predicted
location in the structure; the conservation of this residue
must be a consequence of its contribution to the stability of
the overall Cas5d fold. In contrast, the effects on RNA-
binding upon mutation of Glu23 argues for the importance
of this residue in mediating Cas5d-RNA interaction; al-
though not common, a variety of modes of interaction of
Glu with nucleotide bases in protein—nucleic acid complexes
have been documented (Kondo and Westhof 2011).

The proposed RNA recognition loop is found within the
region of conserved amino acids that originally defined the
Cas5 family (Haft et al. 2005) and our model suggests that
the active site may lie outside of this region. Identification
of the Cas5d active site will require further functional and
structural analysis including high-resolution structural
analysis of a Cas5d-RNA complex. Given the lack of
conserved, potentially catalytic residues among Cas5d
homologs and considering the model proposed here, Cas5d
may promote RNA cleavage by appropriate orientation of
the pre-crRNA substrate.

Together, the structural and functional analyses pre-
sented here suggest that Cas5d is a member of a larger family
of CRISPR RNA endonucleases that recognize structurally
similar RNA substrates through related mechanisms. Cas5d
resembles both Cse3 and Csy4 in recognition and cleavage of
hairpin RNA CRISPR repeats (Haurwitz et al. 2010; Gesner
et al. 2011; Sashital et al. 2011). The strong sequence spec-
ificity of binding suggests that Cas5d may recognize the
major groove of an A-form RNA helix in a manner similar
to both Cse3 and Csy4. We previously discussed the modular
nature of these proteins in terms of separate RNA-binding
and catalytic functions (Gesner et al. 2011). While the struc-
tural models of Cas5d and the Cas5d-RNA complex suggest
similarities to both of these systems, the Cas5d endonuclease
appears to represent a minimalist solution to both of these
functions embodied in a single domain.

MATERIALS AND METHODS

Cloning, expression, and purification
of M. succiniciproducens MS09838

The target gene for NYSGXRC-10400b (M. succiniciproducens strain
MBELS55E, gene 150988, amino acids 2-225) was codon optimized
and synthesized (Codon Devices), amplified via PCR, and inserted
into pET26b vector (modified for TOPO directed cloning), which
drives the expression of protein with a noncleavable C-terminal
hexa-histadine tag (Invitrogen). BL21(DE3)-Codon+RIL cells
(Stratagene) were transformed with this vector and grown over-
night in 1 L of HY medium (Medicilon, Inc.) at 37°C until ODgq
reached ~1. The temperature was reduced to 22°C for 20 min and
SeMet buffer (Medicilon, Inc.) was added. Growth was continued
for 20 min and expression was induced by addition of 1 mM
IPTG. After an additional 21 h of growth, cells were harvested
and frozen at —80°C.

The cells were resuspended and lysed by sonication; the lysate
was clarified by centrifugation at 38,900g for 30 min. The protein
solution was applied to a Ni-NTA column (Qiagen), washed with
Buffer A (50 mM Tris-HCI at pH 7.8, 500 mM NaCl, 10 mM
imidazole, 10 mM methionine, 10% glycerol), and eluted with buf-
fer A containing 500 mM imidazole. The solution was concen-
trated by Amicon ultrafiltration (Millipore), and run on an S75
gel-filtration column (buffer 10 mM Hepes at pH 7.5, 150 mM
NaCl, 10 mM methionine, 10% glycerol, 5 mM DTT). A yield
of 40.7 mg of protein was obtained and analyzed by SDS-
PAGE; mass spectrometric analysis revealed intact, fully labeled
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SeMet protein of interest. The final sample was concentrated to
10 mg/mL.

Crystallization and structure determination

Single crystals were obtained by mixing 1 pL of the protein at
10 mg/mL with 1 pL of precipitant (100 mM Bis-Tris at pH 5.5,
28% PEG 3350, 200 mM ammonium sulfate), followed by vapor
diffusion equilibration against 100 wL of the same precipitant at
room temperature. Following cryoprotection with 20% DMSO,
the crystals were immersed in liquid nitrogen. Single wavelength
anomalous diffraction data extending to 1.95 A resolution were
collected at the selenium peak wavelength at the Argonne National
Laboratory Advanced Photon Source Sector 31-ID. Diffraction
from these crystals was consistent with space group P63 (a=b =
81.83, c = 61.94), with one molecule per asymmetric unit.

Five selenium sites were located using SHELXD, and density-
modified phases were calculated with SHELXE (Pape and Schneider
2004). Following rounds of automated and manual model building,
with ARP/WARP (Perrakis et al. 1999) and Coot (Emsley and Cowtan
2004), refinement with Refmac (Murshudov et al. 1997) converged at
Rwork = 21.1% and Rfree = 24.2%. The final model consists of
N-terminal cloning artifacts SerLeu, amino acids Ala2—Ala220
(disordered regions correspond to 71-103, 196-199, 221-225, and
C-terminal cloning artifact EGHHHHHH) and 64 waters.

Cloning, expression, and purification of Thermus
thermophilus Cas5d

The T. thermophilus Cas5d gene ttp0133 (NC_005838.1) was
codon-optimized for expression in E. coli and synthesized by
Bio Basics and cloned into the pACYC-duet vector (Novagen)
using EcoRI and Sall sites. Site-directed mutagenesis was per-
formed by PCR using a mutagenic primer and the cloned Cas5d
as a template. E. coli BL-21 Gold cells were transformed with the
appropriate plasmid, grown to an ODgy of ~~0.8 and induced with
1 mM IPTG for 12 h at 22°C. Cells were lysed at 4°C for 60 min
(100 mM NaCl, 20 mM Tris-HCL at pH 8.0, 1 mM 2-mercaptoe-
thanol, 20 mM imidazole, 1 mM PMSF) and then sonicated. Lysate
was cleared by centrifugation at 40,000¢ for 20 min, heated to 55°C
for 30 min, and centrifuged again at 40,000¢ for 20 min. The
supernatant was bound to Ni Sepharose 6 Fast Flow resin (GE
Healthcare) and eluted with lysis buffer containing 200 mM
imidazole. The resultant His6-tagged Cas5d fusion proteins were
purified by Superdex 75- and cation exchange chromatography.
Protein was dialyzed into and stored at —20°C in buffer containing
100 mM NaCl, 10 mM Tris-HCL (pH 8.0), 0.5 mM 2-mercaptoe-
thanol, 0.5 mM EDTA, and 15% glycerol.

RNA preparation

RNAs purchased from IDT were designed to model a full or par-
tial CRISPR repeat:

5'-GUUGCACCGGCCCGAAAGGGCCGGUGAGGAUUGAAAC-3’
(modeling full repeat),

5'-GUUGCACCGGCCCGAAAGGGCCGGUdGAGGAUUGAAAC-3’
(noncleavable repeat),

5'-GUUUCAAUCCUCACCGGCCCUUUCGGGCCGGUGCAAC-3’
(reverse complement of the repeat),
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5'-GUUGCACCGGCCCGAAAGGGCCGGUGAGGAUUG-3" (4-nt
truncation), and

5'-GUUGCACCGGCCCGAAAGGGCCGGUGAGG-3" (8-nt
truncation).

Gel mobility shift and cleavage assays

5'-32p-radiolabeled RNA substrate was incubated in 10-pL re-
action solutions with 0-10 wM Cas5d protein (100 mM NaCl, and
10 mM Tris-HCL at pH 8.0) for 30 min at 55°C and immediately
loaded onto a 6% tris-glycine (w/v) polyacrylamide gel. For
cleavage assays, reactions were quenched at various time points
in an equal volume of loading dye containing 2% SDS and 7 M
urea before resolution on a 20% 29:1 (w/v) 8 M urea-sequencing
PAGE. Gels were exposed to a phosphor screen (Molecular Dynam-
ics), scanned with a Typhoon (GE Healthcare) PhosphorImager, and
analyzed using ImageQuant software (Molecular Dynamics).

Identification of cleavage site

For RNaseT1 digestion, 5’-32p_radiolabeled RNA substrate was
incubated in a buffer containing 20 mM sodium citrate, 7 M urea,
1 mM EDTA, 80 mM HCI, and 0.2 pg/pL yeast tRNA successively
for 2 min at 95°C, 2 min at 4°C, and 2 min at 55°C. A total of 30
units of RNase T1 was added to reactions and incubated at room
temperature for 1.5 min, then quenched with 400 pL of 300 mM
sodium acetate and 100 pL of phenol. Following phenol-chloroform
extraction, reactions were precipitated at —20°C in 70% ethanol
for 20 min and pelleted by centrifugation at 15,000 rpm at 4°C for
20 min. Base hydrolysis of 5'-**P-radiolabeled RNA was carried
out in 50 mM sodium carbonate (pH 9), 1 mM EDTA, and 2 mg/
mL yeast tRNA at 55°C for 15 min. Reactions were quenched by
addition of 400 L of 300 mM sodium acetate and 100 wL of
phenol. Reactions were phenol/chloroform extracted and ethanol
precipitated as described above and resolved on a 20% 8 M urea
29:1 polyacrylamide sequencing gel.

Characterization of Cas5d-dependant 3’ RNA
cleavage product

The 37-nt RNA was incubated with 30 ng of Cas5d as described
above for 30 min at 55°C, followed by phenol/chloroform ex-
traction and ethanol precipitation. RNA was radiolabeled using
T4 kinase (Invitrogen) and [y->*P]ATP (PerkinElmer) according to
the manufacturer’s instructions and analyzed as described above.

Characterization of Cas5d-dependent 5’ RNA
cleavage product

RNA was digested by Cas5d as described above, phenol/chloro-
form extracted and ethanol precipitated, and resuspended in 50 pL
of water. Oxidation-elimination reaction experiments were con-
ducted essentially as described (Igloi and Kossel 1985). Resus-
pended reactions were incubated in 60 mM borate-boric acid buffer
(pH 6.8) and 25 mM sodium periodate at 0°C for 60 min.
Reactions were quenched with 10 pL of glycerol before phenol/
chloroform extraction and ethanol precipitation. Resuspended
reactions were incubated in 1 M lysine-HCL (pH 9.3) for 90 min
at 45°C and then subjected to phenol/chloroform extraction,
ethanol precipitation, and analysis on a 20% 29:1 (w/v), 8 M urea
sequencing gel.
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DATA DEPOSITION

Protein Data Bank: Coordinates for the M. succiniciproducens Cas5d
have been deposited under accession code 3KG4.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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