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Structural basis of Type IV CRISPR RNA biogenesis by a Cas6 endoribonuclease
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ABSTRACT

Prokaryotic CRISPR-Cas adaptive immune systems rely on small non-coding RNAs derived from CRISPR loci
to recognize and destroy complementary nucleic acids. However, the mechanism of Type IV CRISPR RNA
(crRNA) biogenesis is poorly understood. To dissect the mechanism of Type IV CRISPR RNA biogenesis, we
determined the x-ray crystal structure of the putative Type IV CRISPR associated endoribonuclease Cas6
from Mahella australiensis (Ma Cas6-IV) and characterized its enzymatic activity with RNA cleavage assays.
We show that Ma Cas6-IV specifically cleaves Type IV crRNA repeats at the 3’ side of a predicted stem loop,
with a metal-independent, single-turnover mechanism that relies on a histidine and a tyrosine located
within the putative endonuclease active site. Structure and sequence alignments with Casé orthologs
reveal that although Ma Cas6-IV shares little sequence homology with other Cas6 proteins, all share
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common structural features that bind distinct crRNA repeat sequences. This analysis of Type IV crRNA
biogenesis provides a structural and biochemical framework for understanding the similarities and
differences of crRNA biogenesis across multi-subunit Class 1 CRISPR immune systems.

Introduction

Bacteria and archaea use small RNAs derived from CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeat)
loci to guide CRISPR associated (Cas) proteins to comple-
mentary targets such as invasive phage and plasmid DNA [1-
8]. Once bound, crRNA-guided ribonucleoprotein complexes
undergo conformational rearrangements that activate trans-
or cis-acting nucleases to degrade bound targets [9]. Thus,
a critical step of prokaryotic crRNA-mediated immunity is
crRNA biogenesis, where long, CRISPR-derived transcripts
are processed into small crRNA guides.

Although crRNA biogenesis is a fundamental process of all
known CRISPR adaptive immune systems, the proteins and
mechanisms involved vary across the two CRISPR system
classes (1 and 2), six types (I, II, III, IV, V and VI), and more
than thirty-three distinct subtypes [10-13]. For example, some
single-subunit Class 2 proteins rely on RNase III to cleave
duplexed RNAs formed from the base pairing of crRNA repeats
with a second trans-activating CRISPR RNA (e.g. Type II-A,
and V-B) [14,15], while other Class 2 systems process crRNAs
with endonuclease activities that reside within single subunit
effector proteins (types V-A, and VI) [16,17].

Most multi-subunit Class 1 systems process crRNAs with
CRISPR associated endonucleases, called Cas6, which share con-
served structural motifs that bind crRNAs [11]. In general, Cas6
enzymes use a metal-ion-independent mechanism to cleave
crRNAs on the 3'-side of stem-loops formed within the palindro-
mic CRISPR repeat [1,18]. Cleavage is generally catalyzed by
stabilizing nucleophilic attack from the 2’ hydroxyl located
upstream from the scissile phosphate [19-22]. In spite of these

similarities, Cas6 amino acid sequences are remarkably
diverse [23], and several structural and mechanistic differences
have been observed [11]. For example, often a histidine is used to
catalyze cleavage [20,23-27], but other residues, such as lysine,
have been shown to catalyze the reaction when histidine is not
present (e.g. subtype I-A) [28,29]. Additionally, distinct Cas6
proteins associate differently with processed crRNAs after clea-
vage. In subtypes I-B, I-E, I-D and I-F, Cas6 makes structural and
base specific interactions with the stable stem-loop formed by the
palindromic CRISPR repeat and typically stays bound after clea-
vage to form a component of the multi-subunit interference com-
plex [19,21,22,24,25,30-33]. In contrast, the repeats of subtypes
I-A, III-A, and III-B are less stable, allowing Cas6 to dissociate
from the processed crRNA and to perform multi-turnover crRNA
cleavage [26,28,29,34].

Type IV CRISPR systems are categorized as Class 1 as they
are predicted to form multi-subunit crRNA-guided complexes
[6,10,13]. However, the enzymatic functions of Type IV sys-
tems remain largely unknown, including the mechanisms of
crRNA biogenesis. All Type IV systems contain genes pre-
dicted to encode a multi-subunit complex consisting of
a large-subunit (csfl, cas8-like), backbone (csf2, cas7-like),
and tail (csf3, cas5-like) [10]. Type IV-A systems contain
additional genes that encode for a putative helicase (dinG)
and a cas6 endonuclease, while Type IV-B systems lack these
accessory genes, and interestingly, often lack a CRISPR locus.
Distinct Type IV-A systems contain diverse cas6 gene
sequences, including genes designated as cas6e and cas6f
(cas6 sequences observed in subtypes I-E and I-F), and
a Type IV-specific cas6-like gene called csf5 [13].
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The presence of cas6 homologs suggests that Type IV-A
systems process their own crRNAs through a Cas6-mediated
mechanism. Supporting this prediction, it was recently shown
that in vivo assembly of a Type IV-A crRNA-protein complex
required the Cas6-homolog Csf5 [35]. Independently purified
Csf5 remained bound to a processed crRNA, suggesting Csf5
mediates single-turnover crRNA cleavage. However, Csf5 was
unstable without a co-expressed crRNA, therefore, it could
not be purified in its apo form and a mechanistic analysis of
Csf5 catalytic activity was not assayed. Thus, a need remains
for a mechanistic description of Type IV crRNA processing.
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To better understand the mechanism of crRNA biogenesis
in Type IV CRISPR systems we recombinantly expressed and
purified the apo Type IV Cas6 protein from the thermophilic
anaerobe Mahella australiensis (Ma Cas6-IV) [36]. The gen-
ome of M. australiensis harbors putative Type I-B and Type
IV-A CRISPR systems at two distinct loci (Figure 1(a)) each
with distinct CRISPR repeat sequences which we have desig-
nated CRISPR I and CRISPR 1V, respectively. We analyzed
the Ma Cas6-IV-mediated processing of Type IV crRNA
repeats with cleavage assays and identified a putative nuclease
active site by determining the structure of Ma Cas6-IV.

a Mahella australiensis (50-1 BON), DSM 15567: CP002360.1
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Figure 1. The Type IV Cas6 from M. australiensis (Ma Cas6-IV) cleaves the CRISPR repeat of the Type IV associated CRISPR. (a) M. australiensis contains a Type | CRISPR
system and a Type IV CRISPR system, each with a distinct repeat sequence designated as Repeat | and Repeat IV. Nucleotides highlighted in blue indicate a purine-
purine or pyrimidine-pyrimidine shift in sequence. Bases colored red indicate broader mutations. (b) Ma Cas6-IV-mediated processing of a pre-crRNA composed of
four Repeat IV sequences interspersed with the first spacer sequence from the M. australiensis Type IV CRISPR. (c) SYBR Gold stained gel of the 30 nt long Repeat IV
and the G22 2'-deoxy repeat incubated with Ma Cas6-IV. The G22 2'-deoxy repeat remains uncleaved in the presence of Ma Cas6-IV (d) Fit to cleavage data of
a single radiolabeled repeat by Ma Cas6-IV. Data for the Repeat IV cleavage were fit as described in [24]. Error bars denote standard deviation between two or more
experiments. (e) Ma Cas6-IV-mediated cleavage trials of 5'32p_end labeled Repeat IV, Repeat |, and their reverse complements (Repeat IV-RC, Repeat I-RC). Data were

not fit for Repeat | or the RC sequences because no cleavage was observed.
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Additionally we show that the crRNA is cleaved on the 3’ side
of the predicted stem-loop structure, with nucleophilic attack
on the scissile phosphate coming from the 2’ hydroxyl of base
G22 of the repeat. These results provide a biochemical analy-
sis of Type IV crRNA biogenesis and suggest that although
various mechanisms exist, Cas6-mediated metal-independent
processing of crRNA is a conserved process across diverse
Class 1 systems.

Results
Ma Cas6-1V processes pre-crRNAs

To investigate the mechanism of Type IV crRNA biogenesis, we
recombinantly expressed and purified N-terminally His-tagged
Cas6 protein from the M. australiensis Type IV CRISPR system
(Ma Cas6-1V) (Figure 1(a) and Supplemental Figure S1). To
determine if Ma Cas6-IV processes crRNAs, we performed an
RNA cleavage assay with a pre-crRNA transcribed in vitro with
the same directionality as the Type IV cas genes. The pre-crRNA
was designed to contain four Type IV repeat sequences, each 31
nucleotides in length, and three 36 nucleotide spacer sequences,
each identical to the first spacer observed in the native CRISPR
IV (Supplemental Figure S2). The first three of eight repeats
observed in the Mahella CRISPR are identical, and this sequence
was used in the pre-crRNA design (Supplemental Figure S2).
Switches in purine or pyrimidine identity occur within the repeat
at positions along the 5 and 3’ arms and stem of the repeat
hairpin. We note that the base switches at the base of the stem
would not disrupt base pairing if both Watson Crick and
G-U wobble base pairs are acceptable for binding, suggesting
the stem of the repeat may be recognized primarily through
shape rather than base-specific interactions (Figure 1(a) and
Supplemental Figure S2). Other switches in the arms and loop
of the hairpin likewise suggest that those positions are recog-
nized through shape, or are not necessary at all for binding.

Our initial nuclease assay showed that Ma Cas6-IV cleaves the
pre-crRNA at regular intervals, producing several species of smal-
ler RN As with differences in length of ~ 67 nucleotides (the length
of the repeat + spacer) (Figure 1(b)). This result indicated that Ma
Cas6-IV processes the pre-crRNA into smaller crRNAs with
a mechanism similar to other Cas6 nucleases that bind and cleave
conserved features of the palindromic CRISPR repeat [11]. To
evaluate this activity in more detail, we showed that Ma Cas6-IV
cleaves a radio- or fluorescein-labeled 30-nucleotide RNA identi-
cal in sequence to the first crRNA repeat of CRISPR IV (Figure 1
(c-e)). As M. australiensis is a thermophile [36], we were not
surprised to observe that optimal Ma Cas6-IV cleavage occurs at
temperatures around 50°C, indicating the cleavage mechanism is
thermostable (Supplemental Figure S3). Additionally, Ma Cas6-IV
was able to cleave crRNAs in the presence of high concentrations
of the metal chelator EDTA (see Methods section), indicating that
the cleavage mechanism is metal-ion-independent, consistent with
other Class 1 crRNA processing mechanisms [1,18,21,28].

To determine where on the CRISPR repeat Ma Cas6-IV
cuts, a small RNA marker was run alongside a cleaved repeat
stained with SYBR gold (Figure 1(c)). We observed that the
smaller of two distinct cleavage products ran next to the 8 nt
band, while the larger ran next to a 20 nt band, indicating Ma

Cas6-IV cleaves the repeat asymmetrically on the 3'-side of
the repeat near position 22. To confirm the location of clea-
vage we incubated Ma Cas6-IV with a repeat containing a 2'-
deoxy sugar at nucleotide position G22 (G22 2'-deoxy repeat).
Ma Cas6-1V is unable to cleave the G22 2'-deoxy repeat
indicating the scissile phosphate resides on nucleotide 23 of
the repeat, and cleavage is mediated through nucleophilic
attack of the 2" hydroxyl of position G22.

Previous analysis of Cas6 endonucleases from the thermo-
phile Thermus thermophilus (TtCas6A and TtCas6B) showed
that some Cas6 endonucleases encoded in organisms with multi-
ple CRISPR loci are capable of cleaving more than one CRISPR
repeat sequence [24]. As M. australiensis contains two different
CRISPR loci in its genome, each with a distinct CRISPR repeat
sequence, Ma Cas6-IV could potentially cleave both Type IV and
Type I repeats (Figure 1(a)). To measure the sequence specificity
of Ma Cas6-1V, in addition to the Type IV repeat, we tested for
nuclease activity against the Type I repeat, the Type I repeat-
reverse complement, and the Type IV repeat-reverse comple-
ment (Figure 1(c)). Unlike the Cas6 enzymes from Thermus
thermophilus that cleave multiple repeat sequences, Ma Cas6-
IV cleaves only the Type IV crRNA, indicating Ma Cas6-1V is
specific for the Type IV repeat sequence.

Structure of Ma Cas6-IV

Our initial analysis showed that Ma Cas6-IV specifically cleaves
Type IV crRNA repeats, but mechanistic details, such as the
turnover kinetics for this enzyme and the features important
for binding and cleaving the crRNA, remained unknown.
Sequence alignments of Ma Cas6-IV with Type I and Type
III Cas6 orthologs, as well as the recently investigated Type IV-
specific Csf5 protein revealed low sequence identity (~ 16%)
(Supplemental Table 1), including in the region of the putative
active site. Thus, the mechanistic details of Ma Cas6-IV could
not be deduced through simple amino acid sequence align-
ments with previously characterized proteins.

To better understand Ma Cas6-IV function, we determined
the x-ray crystal structure of apo Ma Cas6-IV at 1.76 A resolu-
tion (Figure 2 and Table 1). Crystals of N-terminally His-tagged
Ma Cas6-IV were grown using sitting-drop vapor diffusion and
formed in a hexagonal space group (P6;) (Supplemental Figure
S4). Our initial attempts to solve the crystal structure using
existing Cas6 structures as molecular replacement models failed.
We hypothesized that this was due to structural differences
between Ma Cas6-IV and the available Cas6 models, so we
instead solved the structure wusing Single-wavelength
Anomalous Dispersion methods with crystals soaked overnight
in Potassium Tetrachloroplatinate (See Methods and Table 1).

The structure of Ma Cas6-IV reveals that two protein
chains reside in the asymmetric unit. The electron density is
well resolved and continuous, allowing all 229 amino acids of
both proteins to be modeled along with 7 additional nucleo-
tides of the histidine affinity tag (Supplemental Figure S4).
The monomers are arranged with two-fold symmetry and are
superimposable with an R.M.S.D. < 0.29 A over 227 of 237 Ca
carbons. Although the structure indicates Ma Cas6-1V is cap-
able of forming a dimer, size exclusion profiles indicate it
purifies as a monomer (Supplemental Figure 1).



Table 1. Data collection and refinement statistics.

Dataset Native SAD (Ky+ Pt Cl, _ soak)
Data collection
Beamline SSRL 12-2 SSRL 12-2
Space group P6, P6,
Cell dimensions

a b c(A) 85.5, 85.5, 142.6 85.9, 85.9, 144.5

a By (deq) 90.0, 90.0, 120.0 90.0, 90.0, 120.0
Wavelength (A) 1.55 1.0718
Resolution (A) 40-1.76 (1.82-1.76)* 40-2.95 (3.06-2.95)
Renerge(%) 5.3 (72.7) 6.5 (22.3)
CCipz 0.995 (0.736) 0.994 (0.941)
I/ol 253 (2.2) 15.4 (3.5)
Observations 350,790 (23,595) 95,034 (5484)
Unique reflections 58,149 (5618) 24,773 (2359)
Multiplicity 6.0 (4.2) 3.8 (2.3)
Completeness (%) 99.6 (96.3) 99.3 (94.9)
Refinement
Resolution® (A) 40-1.76 (1.82-1.76)
No. reflections 148,794
Rwork/Rfree (%) 17.1/19.6
No. atoms 4202

Protein 3861

Water 246

Ligands 95
B-factors

mean 43.84

Protein 42.84

Water 50.51

Ligands 78.20
R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (deg) 1.20
Ramachandran

Favored (%) 98.72

Allowed (%) 1.28

Outliers (%) 0
Clashscore 9.30

*Values in parentheses are for highest-resolution shell.
TResolution limits use the criterion of I/al > 2.0

Additionally, analysis with the PDBePISA server reveals the
dimer interface is 1067 A® with a Complex Formation
Significance Score (CSS) of 0.066 [37] (Supplemental Figure
S5). The low CSS score (scores range from 0 to 1) implies the
interface is not significant for complex formation. These
results, along with the observation that the dimer conforma-
tion is fundamentally different from other Cas6 dimers shown
to be functionally relevant [24,29], suggest the observed dimer
may solely be the result of crystal packing.

Each monomer is composed of two modified RRM
(RNA recognition motif) domains, also known as ferre-
doxin-like folds (Figure 2(a)). Canonical RRM domains
adopt a Py, ag, P2 P3> a2 Ps fold, where the two helices
pack against the concave face of an anti-parallel beta-sheet
formed by the four beta-strands [38]. The two RRM
domains of Ma Cas6-IV express this secondary structure,
but in each domain the first alpha-helix has been modified
into a helix-turn-helix. Additionally, the C-terminal RRM
contains extended features between B; and a;, f, and B,
and a, and P4. To identify the function of these motifs we
aligned our structure with the available Cas6 structures in
the PDB using the secondary structure matching (SSM) tool
in the molecular modeling program Coot (Figure 2,
Supplemental Table 1, and Supplemental Figure S6) [39].
Our structural alignments reveal that the C-terminal RRM
extensions align with conserved features important for
binding the crRNA and positioning the scissile phosphate
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into the nuclease active site. These motifs have been pre-
viously described as the groove-binding element (GBE), the
B-hairpin, and the glycine-rich loop (G-loop) (Figure 2(a))
[11]. In Ma Cas6-IV the GBE forms a (-hairpin. In RNA-
bound structures of other Cas6 proteins, the GBE typically
makes sequence and shape specific contacts within the
major groove of the crRNA stem-loop [21,24,25,40]. An
alignment of 184 Ca carbons with the RNA-bound
TthCas6A protein from Thermus thermophilus (PDB
4C8Z, RMSD 2.45 A) positions the GBE from Ma Cas6-
IV into the major groove of the bound RNA, suggesting
that the GBE of Ma Cas6-IV binds the major groove of the
crRNA stem-loop (Figure 2(b) and Supplemental Figure
S7). The PB-hairpin motif occurs in the majority of Cas6
enzymes, and typically contacts the base of the crRNA
stem-loop and positions the scissile phosphate into the
active site [21,25,28]. Our alignment with the RNA-bound
TthCas6A shows the tip of the Ma Cas6-IV [-hairpin
pointing away from the scissile phosphate, suggesting this
feature may undergo a conformational change upon bind-
ing the crRNA [25]. The G-loop, in the Ma Cas6-1V struc-
ture resides between a, and P, and forms a small loop-helix
-loop structure. In other Cas6 enzymes, this motif is
involved in binding the crRNA through ionic interactions
along the phosphate backbone [23-25,41]. The G-loop in
Ma Cas6-IV contains two lysine residues that help form
a large positively charged patch on the surface of the
protein (Figure 2(b)). In our alignment, the crRNA of the
RNA-bound structure is positioned on top of this positively
charged surface, suggesting the lysines within the G-loop of
Ma Cas6-IV may form ionic interactions with the nega-
tively charged backbone of the CRISPR IV crRNA.
Interestingly, this positive patch extends towards the back
of the C-terminal RRM, suggesting a possible trajectory of
the crRNA that wraps around the protein as seen in Type
III-A Cas6 enzymes (Figure 2(b) bottom and Supplemental
Figure S7) [26,28,34].

His44 and Tyr31 are catalytic residues of the Ma Cas6-1V
active site

Cas6 nuclease active sites are typically located in the cleft
between the two RRM folds [11] but, without a substrate
bound, our structure of apo Ma Cas6-IV was not sufficient to
determine the location of the Ma Cas6-IV active site. In our
alignment with TthCas6A bound to RNA, Ma Cas6-IV residues
His44 and Tyr31 are located within 4 A of the aligned scissile
phosphate, suggesting they could be involved in catalysis.
Indeed, in the TthCas6A protein, a histidine in this region was
shown to catalyze cleavage [24], and histidine residues in this
region have been shown to have a role in catalysis of several
other Cas6 enzymes [20,23,25-27]. To determine if the Ma
Cas6-1V residues His44 and Tyr31 are responsible for catalysis
of RNA cleavage, we created alanine mutants of each residue,
alone and in tandem, and assayed their ability to cleave Repeat
IV. Mutation of either residue to alanine severely reduced clea-
vage (Figure 2(c,d)). Previous analyses of Cas6 catalytic activity
showed that, in some cases, nuclease activity lost upon histidine
mutation could be restored with the addition of imidazole [24].
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Figure 2. Structure of apo Ma Cas6-1V and identification of the active site residues, His44 and Tyr31. (a) Ribbon model (left) and topology diagram (right) of the Ma
Cas6-1V structure. The two RRM domains, C-terminal structural motifs involved in binding the crRNA, and putative active site are indicated. (b) Alignment of apo Ma
Cas6-IV to RNA-bound TthCas6 (PDB:4C8Z) with a zoomed in view of the Ma Cas6-IV active site containing His44 and Tyr31 residues. RMSD of the alignment is 1.26 A
over 95 out of 257 Ca carbons. The bottom panels show surface renditions of Ma Cas6-IV aligned with the RNA of PDB 4C8Z. Predicted positively charged surface is
colored blue and negatively charged surface is colored red. (c) Cleavage assays of Repeat IV by predicted active site mutants of Ma Cas6-IV (left) with cleavage
percentages fit to a pseudo-first order rate equation (right). Cleavage activity of H44A Ma Cas6-1V in the presence of 500 mM imidazole is also shown.

To better understand how the histidine catalyzes cleavage, we
added 500 mM imidazole to our H44A Ma Cas6-IV mutant
cleavage reaction. Under these conditions, H44A Ma Cas6-IV
partially regained its cleavage activity (Figure 2(c,d)), suggesting
the imidazole ring compensates for the histidine mutant, con-
sistent with a model where the active site histidine plays a role in
catalysis [20,42].

Ma Cas6-1V is a single-turnover enzyme to the CRISPR
repeat RNA substrate

Many Cas6 enzymes exhibit single-turnover characteristics,
remaining bound to their cleaved crRNA products, while
others dissociate from cleaved crRNAs allowing for multi-
turnover activity [11]. To determine the turnover number of



the Ma Cas6-IV enzyme, we performed nuclease assays with
constant concentrations of Repeat IV and varying concentra-
tions of Ma Cas6-IV corresponding to the following ratios of
Cas6 to RNA substrate; 2:1, 1:1, 1:2, 1:4, and 1:8. In both the 2:1
and 1:1 conditions nearly all of the RNA substrate was cleaved.
In each successive condition, a cleavage amplitude was reached
where less total RNA was cleaved than in the previous condi-
tion (Figure 3). When excess substrate is present, cleavage does
not go to completion, but rather corresponds to the cleavage of
one RNA molecule per Cas6 active site. Thus, we conclude that
Ma Cas6-1V is a single-turnover enzyme.

Structural comparison of Ma Cas6-1V to Csf5

Although Type IV systems are similar in gene arrangement
and identity, Type IV Cas6 proteins are unexpectedly diverse
in sequence (Figure 4 and Supplemental Table 1). Type IV
systems contain several Cas6 variants, including sequences
that resemble Cas6e and Cas6f, and others that encode
a Type IV-specific Cas6 homolog called Csf5 [13]. Structural
comparisons of Ma Cas6-IV with Csf5 from Aromatoleum
aromaticum reveal they both contain the dual RRM domain
scaffold generally observed in Cas6 proteins (Figure 4(a)). The
C-terminal RRM domains of both enzymes contain the motifs
that bind crRNA (GBE, B-hairpin, and G-loop), but the
C-terminal domain of Csf5 differs from Ma Cas6-IV in that
the second alpha helix (a2) of the canonical RRM fold is
absent (Supplemental Figure S6). In both Csf5 and Ma Cas6-
IV the al helices of the N-terminal RRM domains have been
replaced with helix-turn-helix motifs that house putative
active-site residues (Figure 4(b)). However, instead of the
small loop sequence observed in Ma Cas6-IV that connects
the helix-loop-helix to ,, Csf5 has an insertion of ~40 amino
acids called the o-helical finger domain that contains two
additional helices. One of these helices interacts with the
minor groove of the crRNA stem-loop, providing additional
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contacts for binding the crRNA that may provide additional
specificity toward Type IV crRNA repeats.

Interestingly, despite structural similarity the mechanisms
of cleavage utilized by these protein homologs are diverse.
Both Csf5 and Ma Cas6-IV contain a histidine in the
N-terminal RRM at the same sequence position (H44). In
Ma Cas6-1V the histidine resides in the helix-turn-helix and
is within H-bonding distance of the scissile phosphate
(Supplemental Figure S7). However, in Csf5 this histidine
resides within the 40 amino acid insert several Angstroms
away from the scissile phosphate, suggesting it does not par-
ticipate in nuclease activity. In support of this hypothesis, an
H44A mutant of Csf5 did not impair cleavage [35]. Rather,
mutation of arginine residues located on the helix-turn-helix
and the G-loop (R23A, R38A, R242A) impaired cleavage
(Figure 4(a)). Notably several of these arginines are located
in similar positions to the active site residues of Ma Cas6-IV
(His44 and Tyr31) (Figure 4(b) and Supplemental Figure S7),
revealing that although these Type IV c¢rRNA processing
enzymes are diverse in sequence, they rely on similar struc-
tural themes to bind and cleave crRNA substrates.

Discussion

Because Type IV CRISPR systems have just recently been
discovered, the biological function of these systems remains
largely unknown. We hypothesized that pre-crRNA transcripts
from adjacent CRISPR loci would be processed into small
crRNA-guides to direct a biological function. To understand
the feasibility and mechanism of Type IV crRNA biogenesis,
we characterized the structure and activity of a Type IV-A Cas6
crRNA endonuclease from the microbe Mahella australiensis
(Ma Cas6-IV). We observed that Ma Cas6-IV processes pre-
crRNAs in vitro by cleaving within the CRISPR repeat
sequence, through a mechanism that is metal-independent
and facilitated by residues His44 and Tyr31. Analysis of repeat

a
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b
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Figure 3. Ma Cas6-1V exhibits single-turnover characteristics for Repeat IV. (a) Cleavage of Repeat 4 by Ma Cas6-1V with a Cas6:Repeat IV ratio of 2:1. (b) Isotherms
and electrophoresis gels of additional ratios of Cas6:Repeat are shown. The data were fit as described in [24]. Error bars denote standard deviation between three

experiments.
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Figure 4. Structure and sequence alignments of Ma Cas6-IV with other Type IV RNA endonucleases. (a) A structural comparison of Ma Cas6-IV with the Cas6-homolog
Csf5 from Aromatoleum aromaticum (PDB 6H9I). Features involved in binding crRNAs are indicated. The Csf5 protein contains a large insert called the alpha-helical
finger domain (light green) that is not observed in Ma Cas6-1V. Residues predicted to activate cleavage of the crRNA are indicated in the inset below. (b) Sequence
alignment of Ma Cas6-IV with other RNA endonucleases observed in Type IV systems. The N- and C-terminal RRM secondary structure elements are indicated, as well
as features which bind crRNA, including the groove-binding element (GBE), beta-hairpin, and glycine-rich loop (G-loop). The alpha-helical finger domain (a-HFD)
insert of Csf5 is also indicated. Active site residues of Ma Cas6-1V and Csf5 are bolded in red. Cas6e and Cas6f sequences are noticeably shorter than Ma Cas6-IV and

Csf5, lacking large portions of the C-terminal RRM.

cleavage products suggests that the repeat is cleaved asymme-
trically on the 3’ side of the predicted stem loop with the 5'-
phosphate of the 23™ nucleotide as the scissile phosphate. We
show that Ma Cas6-IV cleaves crRNAs with single-turnover
kinetics, suggesting the enzyme stays bound after cleavage to
one side of the repeat. Binding assays and crystal structures
show that in several Type I systems Cas6 remains bound to its

crRNA product, forming part of the interference complex that
uses the crRNA as a guide to bind complementary targets [30-
33]. We hypothesize that the single-turnover kinetics we
observe are due to Ma Cas6-IV remaining bound to the 5’
side of its cleaved crRNA product, suggesting Ma Cas6-IV may
be a component of a multi-subunit complex that assembles on
the processed crRNA. Alternatively Ma Cas6-IV could undergo



a conformational change upon release of both sides of the
crRNA that does not allow for additional repeats to be cleaved.
Further work is needed to determine how Ma Cas6-IV interacts
with the repeat cleavage products and whether it forms a part
of the predicted multi-subunit complex.

Phylogenetic work previously predicted that multi-subunit
complexes would form in Type IV-A systems and would be
composed of Csf2 (Cas7-like backbone protein), Csf3 (Cas5-
like tail protein) and the Type IV signature protein Csfl
[6,10,13]. Supporting this prediction, Ozcan and colleagues
recombinantly expressed and isolated a Type IV-A complex
containing these exact subunits and the Cas6-homolog Csf5
[35]. This recent work, coupled with our observations, suggest
that in Type IV-A systems Cas6 mediates cleavage of the pre-
crRNA, creating small crRNA guides that are then bound by
Csfl, Csf2, and Csf3 to form a multi-subunit crRNA-guided
complex. It appears that in some cases Cas6 forms a part of
the multi-subunit complex, but it remains unknown if this is
a conserved feature of all Type IV-A systems.

The function of Type IV systems also remains unknown.
A recent phylogenetic analysis reported that many Type IV system
spacers are complementary to known phage sequences [6], sug-
gesting the system acts as an immune system. However, analysis of
the spacers of Mahella australiensis using the CRISPRTarget tool
[43] reported no plausible matches, with only three spacer
sequences retaining some complementarity to phage sequences,
but with multiple mismatches (Supplemental Figure S8). Even if it
were clear that Type IV systems target phage or plasmid sequences
the function of such targeting would remain unknown, as no
nuclease domains have yet been clearly identified in any of the
Type IV systems. Thus, a more detailed analysis of the structure
and function of these systems is needed.

In contrast to Type IV-A systems, Type IV-B systems do not
encode Cas6 enzymes and are not associated with CRISPR loci.
However, Type IV-B systems do encode the Csfl, Csf2, and
Csf3 proteins, suggesting they may be capable of forming
a complex on processed crRNA guides. It has been proposed
that Type IV-B systems may utilize crRNAs generated from
other CRISPR systems to form complexes and may have a non-
defense function [44]. However, it has yet to be shown that
Type IV-B proteins can form a complex on a crRNA.

Cas6-like RNA endonucleases associated with Type IV-A sys-
tems are quite diverse in amino acid sequence. A small group of
systems encode for the Type IV-specific Csf5 protein, but others
encode variants of Cas6 that are dissimilar in sequence but retain
the dual RRM architecture observed in Cas6 proteins (Figure 4
(b)). The wide range of Cas6 sequences across Type IV-A systems
suggests that perhaps Cas6 enzymes were acquired by Type IV-B
systems at different times in evolutionary history. We postulate
that such fusions also included a CRISPR locus, providing
a crRNA-guide upon which the Csfl, Csf2, and Csf3 proteins
could assemble. Interestingly, the protein for which Ma Cas6-1V is
most similar in structure and sequence is an orphaned Cas6-
homolog from Thermus thermophilus (TthCas6A) (Figure 2,
Supplemental Figure S2, and Supplemental Table 1). TthCas6A
is not found within a CRISPR system but is adjacent to a CRISPR
locus, suggesting it could combine with other systems in tandem
with its CRISPR locus. We speculate that perhaps a similar
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orphaned Cas6 sequence combined with a Type IV-B system to
produce the Type IV-A system of Mahella australiensis.

This work and a recent study on the Type IV system from
A. aromaticum [35] have displayed that Type IV-A systems pro-
cess crRNA guides through a Cas6-mediated mechanism.
Additionally it has been shown that multi-protein complexes
assemble onto these crRNAs [35]. However, the biological func-
tion of both Type IV-A and Type IV-B systems remains unknown
and awaits additional biochemical, in vivo, and structural studies.

Methods
Expression and purification of Ma Casé6-IV

The full-length M. australiensis Cas6 gene sequence (Uniprot
AEE97687.1) was obtained from IDT (Integrated DNA
Technologies) as a gBlock. The sequence was PCR amplified
with primers containing LIC (Ligation Independent Cloning)
overhangs, and was subcloned, using ligation independent
cloning, into the 2B-T transfer vector. Ma Cas6-IV mutants
were created using the Q5 Site-Directed Mutagenesis kit (New
England BioLabs (NEB)).

Recombinant protein expression was induced in BL21 DE3
cells with 0.1 mM of IPTG (isopropyl -D-1-thiogalactopyrano-
side) at an optical cell density (O. D. 600 nM) of ~0.3-0.4. After
induction, cells were grown at 16°C for 24 hours and then pelleted
via centrifugation. Pelleted cells were added at a ratio of 1:8 (g of
cells: mL of buffer) to 25mM NaPO, (pH 7.5), 500mM NaCl,
25mM imidazole, 5% glycerol, 0.01% Triton X-100, 1 mM Tris
[2-carboxyethyl] phosphine hydrochloride (TCEP), 0.5 mM phe-
nylmethylsulphonyl fluoride (PMSF), and 0.1 mM lysozyme. Cells
were lysed by sonication. Sonicated lysate was clarified via centri-
fugation. Clarified lysate was placed over a HisTrap FF column
(GE Healthcare) and the bound protein was eluted with a high
imidazole buffer (25mM NaPQO, (pH 7.5), 500 mM NaCl, 700 mM
imidazole, 5% glycerol, 1 mM TCEP) then desalted into 25 mM
NaPO, (pH 7.5), 150 mM NaCl, ImM TCEP, 5% glycerol with
a HiPrep 26/10 desalting column (GE healthcare). Desalted pro-
tein was placed over a HiTrap SP FF column (GE healthcare) and
eluted with a NaCl gradient. The protein was further purified with
a Superdex 200 pg 26/600 column (GE Healthcare) and eluted in
100 mM HEPES (pH 7.5), 150 KCl, 5% glycerol, 1 mM TCEP. The
protein was then concentrated to 6-8 mg/ml using Vivaspin
centrifugation concentrators. Wild type and mutant protein con-
structs were expressed and purified with the same protocol.

Generation of RNA substrates

The Ma pre-crRNA was generated using in vitro transcription
with the HiScribe T7 Quick kit (NEB) and a plasmid linearized
immediately after the encoded Ma CRISPR under control ofa T7
promoter. All small RNA oligonucleotides were synthesized by
IDT with or without a 3’ fluorescein label. Radiolabeled sub-
strates were 5'-end labeled with (y->*P)-ATP (Perkin Elmer) and
T4 polynucleotide kinase (NEB). Labeled RNAs were separated
from excess ATP with a MicroSpin G-25 column (GE
Healthcare), then gel purified on a 12% denaturing (7M urea)
polyacrylamide gel, ethanol precipitated, and recovered in water.
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Pre-crRNA cleavage assay

15 uM Cas6 and 0.25 uM Ma pre-crRNA were incubated at 50°C
in 20 mM HEPES (pH 7.5), 100 mM KCl, 1 mM f-
Mercaptoethanol, and 50 mM EDTA. 10 pl aliquots were
removed at indicated timepoints and quenched with 50 pl acid
phenol chloroform and briefly centrifuged. Eight ul of the aqu-
eous layer was mixed with formamide RNA loading buffer and
resolved on a 12% denaturing (7M urea) polyacrylamide gel with
a Low Range ssRNA ladder (NEB). The gel was stained with
SYBR Gold Nucleic Acid Gel stain (Invitrogen) and imaged with
a ChemiDoc MP Imaging system (Bio-Rad).

Repeat cleavage and turnover assays

2.5 M Cas6 and 5 nM 5'-end **P or 1uM 3'-end fluorescein labeled
RNA substrate were incubated at 50°C in 20 mM HEPES (pH 7.5),
100 mM KCl, 1 mM B-Mercaptoethanol, and 50 mM EDTA. Time
points were collected and resolved on a gel as described for the pre-
crRNA cleavage assay. Fluorescein labeled substrates were imaged
and quantified with a ChemiDoc MP Imaging system (Bio-Rad).
Gels containing **P labeled substrates were dried, exposed to
a phosphor storage screen, and scanned with a Typhoon (GE
Healthcare) phosphorimager. Cleaved and uncleaved fractions
were quantified using ImageQuant (GE Healthcare) software. All
data were fit as described by Niewoehner and colleagues [24].
Briefly, using Kaleidagraph (Synergy Software), the cleavage assay
data were fit to the equation:

fraction cleaved = curve amplitude
X (1 — exp(—rate constant X time))

Reported data is the average of three experiments and error
bars represent standard deviations. To recover the cleavage
activity of the Ma Cas6-IV H63A mutant, 500 mM imidazole
was added to the reaction buffer.

The turnover kinetics of Ma Cas6-IV were tested by perform-
ing cleavage assays as described above, except with 1000 nM
substrate (5 nM of which was radiolabeled) and varying concen-
trations of Ma Cas6-IV (2000, 1000, 500, 250, and 125 nM).

Crystal growth and structure determination

Ma Cas6-1V was crystallized at 22°C using the sitting drop
vapor diffusion method. Drops were made by mixing equal
volumes of protein (6-8 mg/ml in 100 mM HEPES (pH 7.5),
150 KCl, 5% glycerol, 1 mM TCEP) and reservoir solution
(0.1 M sodium acetate trihydrate (pH 4.8-5.1) and
1.60-1.75 M ammonium sulphate). Most crystals grew to
a size large enough for data collection in about a week.

As initial attempts at solving the crystal structure using mole-
cular replacement with existing models failed, and because we
were unable to grow crystals of appreciable size with seleno-
methionine derivatized protein, we solved the structure by soak-
ing in heavy metals. Crystals were soaked in tetrachloroplatinate
overnight and then back soaked into cryo-protectant containing
the mother liquor solution and 30% dextrose followed by flash
freezing. Native and anomalous diffraction data were collected
remotely at SSRL beamline 12-2 with high redundancy and
completeness (Table 1). The Phenix tool autosol was used to

identify an initial substructure, phase the data, density modify
initial maps, and autobuild an initial model [45-49]. Although
incomplete, the initial autobuild model was sufficient for mole-
cular replacement for phasing the native data [50]. Iterative
rounds of model building and refinement using Coot and
Phenix.refine tools produced the final model [39,51].

Structure and sequence alignments

Ma Cas6-1V was aligned with Cas6, and Cas5d models available
in the PDB using the SSM (Secondary Structure Matching) tool
in Coot [39]. After alignment Coot produces statistics that list
the number of Ca carbons aligned, the R.M.S.D. of the align-
ment, and the percentage of residues aligned that are identical
(see Supplemental Table 1.). Alignment of diverse Type IV Cas6
sequences that had structures available (Ma Cas6-IV and Aa
Csf5) was done in Coot using SSM. However the Cas6e and
Cas6f sequences were aligned manually using secondary struc-
ture predicted by the PSIPRED tool as a guide [52].
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