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SUMMARY

CRISPR adaptive immunity pathways protect pro-
karyotic cells against foreign nucleic acids using
CRISPR RNA (crRNA)-guided nucleases. In type VI-A
CRISPR-Cas systems, the signature protein Cas13a
(formerly C2c2) contains two separate ribonuclease
activities that catalyze crRNA maturation and ssRNA
degradation. TheCas13aprotein family occurs across
different bacterial phyla and varies widely in both pro-
tein sequence and corresponding crRNA sequence
conservation. Although grouped phylogenetically
together, we show that the Cas13a enzyme family
comprises two distinct functional groups that recog-
nize orthogonal sets of crRNAs and possess different
ssRNA cleavage specificities. These functional dis-
tinctions could not be bioinformatically predicted,
suggesting more subtle co-evolution of Cas13a en-
zymes. Additionally, we find that Cas13a pre-crRNA
processing is not essential for ssRNA cleavage,
although it enhances ssRNA targeting for crRNAs en-
coded internally within the CRISPR array. We define
two Cas13a protein subfamilies that can operate in
parallel for RNA detection both in bacteria and for
diagnostic applications.

INTRODUCTION

Competition for survival within microbial communities drives the

evolution of diverse pathways for antiviral defense (Dy et al.,

2014). Unique among such defense mechanisms, CRISPR-Cas

(clustered regularly interspaced short palindromic repeats,

CRISPR associated) systems provide adaptive immunity by

means of CRISPR genomic loci that contain integrated viral

DNA sequences (spacers) flanked by conserved palindromic se-

quences (repeats) (Charpentier et al., 2015; Mohanraju et al.,

2016; Wright et al., 2016). CRISPR RNAs (crRNAs) expressed

from these loci assemble with Cas proteins to form surveillance
complexes that recognize and cleave nucleic acids matching

the virally derived segment of the crRNA. Three steps ensure

ongoing adaptive immunity: (1) integration of new virus spacer

sequences into the CRISPR locus, (2) Cas protein expression

and crRNA biogenesis, and (3) surveillance complex assembly

and target interference (Barrangou et al., 2007; Brouns et al.,

2008; Garneau et al., 2010).

Although double-strandedDNA (dsDNA) is the typical CRISPR-

Cas target, type III and VI CRISPR-Cas systems instead recog-

nize single-stranded RNA (ssRNA). Unlike the DNA-targeting

CRISPR effector complexes or the type III CRISPR effector

complexes, which catalyze site-specific cleavage of DNA or

RNA sequences specifically matching the crRNA, respectively

(reviewed in Charpentier et al., 2015; Mohanraju et al., 2016;

Wright et al., 2016), the type VI systems catalyze complete degra-

dation of any ssRNA present upon activation (Abudayyeh et al.,

2016; East-Seletsky et al., 2016; Smargon et al., 2017). The signa-

ture protein of type VI-A CRISPR-Cas systems, Cas13a (formerly

C2c2), is a dual nuclease responsible for both crRNA maturation

and RNA-activated ssRNA cleavage (East-Seletsky et al., 2016).

Cas13a binds to precursor crRNA (pre-crRNA) transcripts and

cleaves themwithin the repeat region to producemature crRNAs.

This cleavage reaction is presumed to be single-turnover, resul-

ting in a functional Cas13a:crRNA surveillance complex. Binding

to a ssRNA with sequence complementarity to the crRNA acti-

vates Cas13a for trans-ssRNA cleavage, potentially triggering

cell death or dormancy of the host organism (Abudayyeh et al.,

2016; East-Seletsky et al., 2016; Liu et al., 2017). While previous

work demonstrated that these two enzymatic activities of

Cas13a are chemically distinct and occur within separate active

sites (East-Seletsky et al., 2016; Liu et al., 2017), the interdepen-

dence, if any, between active site substrate specificities is

unknown.

Multiple CRISPR-Cas loci, whether from redundant or distinct

subtypes, commonly co-exist within host genomes, but the rela-

tionships between these systems are unclear. Maturation of

crRNAs from different CRISPR loci is sometimes catalyzed by

the same processing enzyme (Nickel et al., 2013; Niewoehner

et al., 2014), while other organisms require distinct enzymes for

each crRNA repeat species (Scholz et al., 2013; Sokolowski

et al., 2014). Once generated, crRNAs can sometimes assemble
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Figure 1. Pre-crRNA Processing Is Broadly

Conserved within the Cas13a Protein Family

(A) Schematic of crRNA processing reaction

catalyzed by Cas13a. Pre-crRNA substrates are

cleaved by Cas13a to generate mature crRNAs.

Below, a schematic of a pre-crRNA highlighting

important functional features.

(B) Alignment of the 50 portion of CRISPR repeat

sequences from the studied type VI CRISPR sys-

tems highlighting the pre-crRNA cleavage site.

Mapped cleavage sites are shown as red bars.

Deviations from the Lbu crRNA-repeat sequence

are noted in black text. Lowercase ‘‘g’’s were

required for transcription purposes and are not

part of the native crRNA repeat sequences. The

full CRISPR repeat sequence is diagrammed in

Figure S1B. Cleavage sites were mapped in pre-

vious studies for LbuCas13a, LshCas13a, and

LseCas13a (East-Seletsky et al., 2016).

(C) Representative gel of Cas13a-mediated pre-

crRNA cleavage by nine Cas13a homologs after

60 min incubation with 50-radiolabeled pre-crRNA

substrates. Cleavage by LbuCas13a has been

previously demonstrated (East-Seletsky et al.,

2016) and can be observed in Figure 2.
into targeting complexes that include Cas proteins from other

loci, but the functional consequences of such CRISPR-loci

crosstalk are not known (Staals et al., 2014; Zhang et al.,

2012). Cas13a provides a unique opportunity to study pathway

interdependence within a CRISPR subtype for both pre-crRNA

processing and target cleavage since the same protein catalyzes

both activities. Furthermore, understanding the extent of orthog-

onality between distinct type VI-A CRISPR-Cas systems (i.e., are

there subsets of type VI-A systems that recognize orthogonal

sets of crRNAs and/or possess different ssRNA cleavage spec-

ificities) will advance the development of these proteins as

biotechnological tools.

CRISPR proteins are classified according to sequence and

phylogenetic conservation in attempts to simplify the broad di-

versity found within these microbial defense systems (Makarova

et al., 2011, 2015; Shmakov et al., 2017). In turn, representative

operons are investigated, with the subsequent conclusions

applied across the entire subtype protein family. But it is unclear

how appropriate these generalizations are, given the extremely

fast evolution of CRISPR enzymes driven by bacteria-phage in-

teractions. Within the type VI-A protein family, homologs only

share 15%–20% residue identity and exist within diverse host

genomes. This suggested that we could investigate divergent

Cas13a homologs, which presumably each contain two well-

defined nuclease activities, to test the functional diversity within
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a phylogenetically determined CRISPR-

Cas subtype. Working with ten Cas13a

homologs that span the major branches

of the Cas13a family, we find that both

bioinformatic analyses and biochemical

results define two functional enzyme sub-

families within the type VI-A subtype.

Orthogonal pre-crRNA and ssRNA-target
cleaving activities distinguish these groups, such that each

enzyme subfamily recognizes distinct crRNAs yielding targeting

complexes with subfamily-distinct ssRNA-degradation patterns.

Furthermore, these results revealed that pre-crRNA processing

is not essential for ssRNA targeting in type VI systems, despite

strong conservation of this function within the Cas13a family.

Instead, pre-crRNA processing enhances trans-ssRNA targeting

by liberating crRNAs from the long pre-crRNA transcript, leading

to a revised model for type VI-A CRISPR-Cas systems. The two

orthogonal subfamilies of Cas13a enable potential applications

in RNA detection or imaging for the parallel detection of distinct

RNA species.

RESULTS

Most Cas13a Homologs Possess pre-crRNA Processing
Activity
To explore the functional diversity of Cas13a proteins, we

compared the pre-crRNA processing activities of ten homologs

from across the protein family tree for their capacity to produce

mature crRNAs from cognate pre-crRNAs (Figures 1A and S1).

Similar to the three homologs studied previously (LbuCas13a,

LseCas13a, and LshCas13a) (East-Seletsky et al., 2016), seven

additional Cas13a enzymes possess crRNA maturation activity

(Figures 1B and 1C). Only one of the 11 Cas13a proteins tested



to date exhibited no detectable cleavage of its cognate pre-

crRNA across a wide range of assay conditions (HheCas13a)

(Figures 1 and S1). Of the homologs that processed their native

crRNAs, all but LshCas13a cleaved at the phosphodiester bond

four or five nucleotides upstream of the conserved crRNA-repeat

hairpin (Figures 1B and 1C). These results show strong conser-

vation of Cas13a-mediated crRNA biogenesis activity within

type VI-A CRISPR-Cas systems.

A Conserved crRNA Maturation Center within Most
Cas13a Enzymes
Previous studies have implicated two distinct regions of Cas13a

as responsible for pre-crRNA processing. The general Cas13a

protein architecture established by the LshCas13a crystal struc-

ture consists of an N-terminal domain and two HEPN (higher

eukaryotes and prokaryotes nucleotide-binding) domains sepa-

rated by two helical domains (Figure 2A) (Liu et al., 2017). For

LbuCas13a, mutation of a single residue (R1079) within the

HEPN2 domain was sufficient to substantially reduce pre-crRNA

processing activity (East-Seletsky et al., 2016). By contrast,

mutations at two positions located in the helical 1 domain,

R438 and K441, were shown to diminish pre-crRNA cleavage

by LshCas13a (Liu et al., 2017). While both of these regions

may be involved in pre-crRNA processing, it is unclear whether

processing by LbuCas13a is inhibited by helical 1 domain muta-

tions and which domain is primarily responsible for crRNAmatu-

ration across the Cas13a protein family.

First we examined the conservation of both the helical 1 and

HEPN2 domains across 19 Cas13a homologs. Previously re-

ported alignments (Liu et al., 2017; Shmakov et al., 2015) conflict

in the helical 1 domain region, suggesting high ambiguity in the

relationship between homologs in this domain. We observed

minimal conservation within our alignment of the helical 1

domain implicated in pre-crRNA processing, while in contrast,

we observed consistent levels of conservation across the

HEPN2 domain (Figures 2B, 2C, and S2; Data S1). The only

pre-crRNA processing-defective homolog, HheCas13a, main-

tains a majority of the conserved charged residues throughout

both domains, suggesting that other parts of the protein or the

repeat sequence may be preventing pre-crRNA cleavage.

Among the homologs used in this study, LshCas13a is the

most divergent across the HEPN2 domain, potentially explaining

the alternative catalytic domain and atypical cleavage site selec-

tion by this homolog.

Next, we tested whether the helical 1 domain residues critical

for LshCas13a pre-crRNA processing affect LbuCas13a’s pre-

crRNA processing activity. Due to discrepancies between align-

ments presented in the previous published studies, we tested

four residues (E299, K310, R311, and N314) for their role in pre-

crRNA cleavage (Figure 2B) (East-Seletsky et al., 2016; Liu

et al., 2017; Shmakov et al., 2015). Mutation of these residues

to alanine revealed a range of impacts on pre-crRNA processing

efficiencies: N314A significantly reduced the cleavage rate,

R311A minimally impaired activity, and E299A and K310 had no

effect on pre-crRNA processing (Figure 2D). In parallel, we per-

formed mutagenesis within the HEPN2 domain of LbuCas13a.

Alanine substitutions at R1072 and K1082 significantly reduced

pre-crRNA cleavage, while other mutations in the same region
(D1078A, K1080A, and K1087A) had minimal impacts on pre-

crRNA processing (Figure 2E). These results suggest that the

HEPN2 and to a lesser extent the helical 1 domains play signifi-

cant roles in crRNA biogenesis for LbuCas13a, although the

residues directly responsible for catalyzing hydrolysis remain un-

known. The difference between the regions implicated in pre-

crRNA processing across LbuCas13a (this study) and LshCas13a

(Liu et al., 2017) do not necessarily contradict each other, as the 50

terminus of the crRNA is held between the HEPN2 and helical 1

domains in the LshCas13a structure (Liu et al., 2017). Residues

fromboth domainsmight play pivotal roles in pre-crRNA process-

ing by stabilizing substrate binding, promoting proper substrate

orientation, and/or catalyzing hydrolysis.

The lack of conservation within the HEPN2 domain of

LshCas13a, its putative pre-crRNA processing active site, and

its atypical pre-crRNA cleavage site led us to hypothesize that

LshCas13a may utilize a different region within the helical 1

domain to catalyze pre-crRNA processing. In the absence of a

three-dimensional structure of a pre-crRNA-bound Cas13a

homolog, we tested this hypothesis by mapping the LshCas13a

cleavage sites on non-cognate pre-crRNAs (Figure 2F).

LshCas13a was able to process pre-crRNAs from LwaCas13a

and LbuCas13a, generating a shifted cleavage site one nucleo-

tide from the predicted hairpin base. In concordance with this

observation, processing of the Lsh pre-crRNA by LbuCas13a,

LwaCas13a, and PprCas13a occurs at the standard four-nucle-

otide interval from the repeat stem, differing from the cognate

LshCas13a site. This supports our previous observations that

the distinct LshCas13a processing site depends on the protein

architecture, not the pre-crRNA sequence, and that LshCas13a

is an outlier within the Cas13a tree with regard to pre-crRNA

processing.

Cas13a Enzymes Initiate ssRNA Cleavage at Either
Uridines or Adenosines
Previous studies established that Cas13a:crRNA complexes

recognize and bind complementary ssRNA targets, hereby

referred to as ssRNA activators, to trigger general RNase activity

at exposed uridine residues (Figure 3A) (Abudayyeh et al., 2016;

East-Seletsky et al., 2016). We wondered if the panel of homo-

logs within this study retained the non-specific degradation ac-

tivity previously demonstrated by LbuCas13a and LshCas13a

and if the uridine preferencewithin the HEPN active site is univer-

sal within the family. To systematically test general RNase acti-

vity, we monitored the ability of a ternary complex comprising

Cas13a:crRNA with a bound ssRNA activator to degrade a

trans-ssRNA target (Figure 3A). We detected trans-ssRNA cleav-

age activity for 8 of the 10 homologs over the course of 1 hr (Fig-

ures 3B and S3A). Most notable of the Cas13a homologs active

for trans-ssRNA cleavage is HheCas13a, which possesses no

detectable pre-crRNA processing activity, yet catalyzed com-

plete degradation of substrates guided by its cognate pre-

crRNA.While the previously characterized homologs LshCas13a

(Abudayyeh et al., 2016) and LbuCas13a (East-Seletsky et al.,

2016) both exhibit a preference for uridine 50 to the scissile

bond, products of different lengths generated by the other ho-

mologs suggest that different active site nucleotide preferences

may exist within this protein family (Figure S3B).
Molecular Cell 66, 373–383, May 4, 2017 375
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Figure 2. Identification of Residues Important for Pre-crRNA Cleavage by LbuCas13a

(A) General Cas13a domain organization schematic with annotations based off a LshCas13a crystal structure (Liu et al., 2017).

(B and C) Multiple-sequence amino acid alignment of (B) the local region in Cas13a’s helical 1 domain implicated in pre-crRNA processing by studies on

LshCas13a and (C) the region within in Cas13a’s HEPN2 domain implicated in pre-crRNA processing by studies on LbuCas13a. See Figure S2 for full family tree

alignment of these regions and Data S1 for a complete protein alignment. Residues whose mutation severely affects pre-crRNA processing are marked by red

triangles, minimal impacts on processing by yellow squares, and residues whose mutation did not affect pre-crRNA processing are marked with teal diamonds.

Symbols above the LbuCas13a sequences correspond tomutationsmade to LbuCas13a, and symbols below the LshCas13a sequence correspond tomutations

made to LshCas13a by Liu et al., 2017. Coloration of the matrix alignment denotes residue conservation using the ClustalX scheme, with darker hues indicating

the strength of the conservation.

(D and E) Pre-crRNA processing under single turnover conditions was measured for mutants in (D) the helical 1 domain and (E) the HEPN2 domain. Quantified data

were fitted with single-exponential decays with calculated pseudo-first-order rate constants (kobs) (mean ± SD, n = 3) as follows: Lbu WT, 0.074 ± 0.003 min�1;

E299A, 0.071 ± 0.005 min�1; K310A, 0.071 ± 0.003 min�1; R311A, 0.054 ± 0.007 min�1; N314A, 0.029 ± 0.008 min�1; R1079A, 0.009 ± 0.007 min�1; D1078A,

0.023 ± 0.002 min�1; K1080A, 0.016 ± 0.004 min�1; and K1087A, 0.076 ± 0.007 min�1; while R1072A and K1082A could not be fitted.

(F) Representative gel of pre-crRNA processing of LshCas13a, LwaCas13a, and LbuCas13a pre-crRNAs by LbuCas13a, LshCas13a, LwaCas13a, and

PprCas13a proteins using standard conditions. Hydrolysis ladders for each pre-cRNA substrate demonstrate subtle differences in the migration of these

fragments from differing sequences.
To further probe the trans-ssRNA cleavage nucleotide prefer-

ences of the Cas13a homologs, we measured the trans-cleav-

age capacity of these enzymes using 5-mer homopolymers

of A, C, G, and U as substrates. Six homologs were able to

cleave these short substrates (Figures 3C and S3C; Table S2).
376 Molecular Cell 66, 373–383, May 4, 2017
Four of the homologs, LbuCas13a, LwaCas13a HheCas13a,

and PprCas13a, exhibited preferred cleavage of the homo-

uridine substrate, although secondary preferences were ob-

served for the homologs with the highest activities (Figures 3C

and S3D). In contrast, LbaCas13a and EreCas13a preferred
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B Figure 3. Members of the Cas13a Protein

Family Cleave ssRNA with a Range of

Efficiencies

(A) Schematic of ssRNA-targeting by Cas13a. For

simplicity, trans-ssRNA cleavage was the focus of

this study.

(B) Representative gel of Cas13a-mediated

trans-ssRNA cleavage by all ten homologs after

60 min incubation. Cas13a:crRNA complexes

were formed as described in STAR+Methods

using mature crRNA products with a final RNP

complex concentration of 50 nM. < 1 nM ra-

diolabeled trans-ssRNA target was added to

initiate reaction in the presence and absence

of 50 nM unlabeled, crRNA-complementary

ssRNA activator. Weak trans-ssRNA cleavage

activity was observed by LshCas13a with

product bands noted by double arrows to the

right.

(C) Heatmap reporting Cas13a-catalyzed trans-

ssRNA cleavage percentages for each 5-mer ho-

mopolymer ssRNA substrate, for six different

Cas13a homologs. Assay conditions were iden-

tical to (B), except LbuCas13a and LwaCas13a,

which were incubated for 5 min instead of 60 min

(n = 3, values with associated errors presented in

Table S3).

(D) Apparent cleavage rates of a fluorescent ssRNA

reporter by five homologs across a range of ssRNA

activator concentrations. Cas13a:crRNA com-

plexes were pre-incubated at a 2:1 ratio, with a final

active complex concentration of 50 nM. Comple-

mentary ssRNA activator and fluorescent ssRNA

cleavage reporter were added to initiate reactions.

Normalized reporter signal curve time courses were fitted with single-exponential decays, and the apparent rates are plotted (n = 3). Some conditions plateaued

before the first measured time point; therefore their rates are minimally assumed to be 0.5 min�1 and are labeled with a * in the chart.
homo-adenosine in agreement with biochemically mapped

cleavage sites on longer targets (Figure S3B). Identical product

generation from these long substrates by CamCas13a is consis-

tent with adenosine preference by this clade of theCas13a family

tree (Figures 3, S1, and S3).

One notable difference between these enzymes was the

rate at which trans-ssRNA cleavage reaches saturation under

the tested conditions of equimolar ssRNA activator and

Cas13a:crRNA interference complex. These enzymatic differ-

ences could have dramatic effects on Cas13a’s biological

role, so we next aimed to quantify the variance in trans-ssRNA

cleavage within the Cas13a homolog family. We developed a

high-throughput screen utilizing a short fluorescent ssRNA re-

porter for RNA cleavage to account for both ssRNA activator

binding and trans-ssRNA cleavage, the two core properties

of Cas13a enzymes that contribute to total enzymatic output.

To interrogate the sensitivity of each Cas13a homolog,

decreasing amounts of complementary ssRNA activator

were added to initiate the reaction, and the apparent rate of

fluorescent ssRNA reporter cleavage was calculated from

each of the resulting time courses. While the calculated rates

are a convolution of the ssRNA activator binding affinity and

the catalytic turnover rate for each of the enzymes, they give

a relative measure of cleavage activity that is comparable

across homologs.
Five homologs (LbuCas13a, LwaCas13a, LbaCas13a,

HheCas13a, and PprCas13a) demonstrated sufficiently detect-

able cleavage activity within this assay for reproducible analysis.

Of these five homologs, LbuCas13a exhibited the most sensi-

tivity, with detectable reporter cleavage in the presence of only

10 fM complementary activator (Figure 3D). Only two homologs,

LwaCas13a and PprCas13a, displayed enough activity to detect

the activator in the picomolar range, with sensitivities of 10 pM

and 100 pM, respectively. LbaCas13a and HheCas13a were

much less sensitive, only becoming active at nanomolar levels

of reporter, which is close to equimolar relative to the Cas13a

complex. Since this assay relies on a substantial number of

trans-cleavage events to produce detectable fluorescence, we

can assume that the three homologs unable to produce detect-

able signal above background despite similar cleavage site

preferences (EreCas13a, CamCas13a, and LshCas13a) possess

even poorer complementary target sensitivities. The remarkably

broad range in sensitivities (�107-fold) suggests a diverse ca-

pacity of Cas13a enzymes to protect a host organism from

foreign RNA.

CRISPR Repeat Sequence Determines Non-cognate
Pre-crRNA Processing
The dual activities of Cas13a provide an opportunity to study

the interdependence of pre-crRNA processing and targeting
Molecular Cell 66, 373–383, May 4, 2017 377



Figure 4. crRNA Exchangeability within the Cas13a Family

(A)Maximum-likelihood phylogenetic tree of all Cas13a family members. Homologs used in this study are bolded and clades are highlighted. Bootstrapped values

are located in previous work (East-Seletsky et al., 2016).

(B) Symmetrical similarity score matrix for CRISPR repeats from homologs used in this study. Rows and columns are ordered by CRISPR repeat clustering.

(C) Asymmetrical similarity score matrix for CRISPR repeats from homologs used in this study. The same pairwise scores are presented here as in (B), except the

rows are reordered to correspond to the Cas13a phylogenetic tree of the subset of homologs used in this study. Bootstrap values for this smaller tree are in

Figure S1A.

(D–F) Functional activity matrix for (D) pre-crRNA processing by non-cognate proteins, (E) trans-ssRNA cleavage directed by pre-crRNAs, and (F) trans-ssRNA

cleavage directed bymature crRNAs. Processing assays were performed using standard conditions, and 60min reaction endpoints were analyzed. trans-ssRNA

cleavage assays were performed using the fluorescent ssRNA reporter assay with fitted initial rates. ssRNA activator concentrations were as follows:

LbuCas13a,100 pM; LwaCas13a,100 pM; PprCas13a,100 nM; LbaCas13a,10 nM; HheCas13a,100 nM. Initial rates were fit across three replicates to account for

differences in fluorescence plateau values and normalized to each Cas13a:crRNA cognate pair. See Tables S4–S6 for numerical values and associated errors

(n = 3).

378 Molecular Cell 66, 373–383, May 4, 2017
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Figure 5. Functional Validation of Orthogonal Cas13a Subfamilies for RNA Detection

(A) Schematic of the RNA detection assay modified to use fluorescent homopolymer ssRNA reporter substrates to assay trans-ssRNA cleavage activation by

either LbuCas13a or LbaCas13a.

(B) Time course of raw fluorescence measurements generated by homopolymer reporters incubated with either LbuCas13a: Lbu-crRNA: 10 pM ssRNA activator

or LbaCas13a: Lba-crRNA: 1 nM ssRNA activator (mean ± SD, n = 3).

(C) Raw fluorescencemeasurements generated by the fluorescent homopolymer ssRNA reporters across a panel of crRNA, ssRNA activator, and Cas13a protein

combinations (mean ± SD, n = 3).
between distinct type VI-A CRISPR-Cas operons. To determine

the substrate requirements for both activities, we asked to what

extent different homologs can recognize non-cognate crRNAs

for guide processing and targeting. Initially, we hoped to predict

bioinformatically the likely crRNA exchangeability through phylo-

genetic analysis of the Cas13a family and crRNA similarities. This

analysis suggested that two distinct clades of homologs exist,

termed alpha and beta for clarity (Stamatakis, 2014) (Figure 4A).

Five of our purified homologs exist outside of these clades with

ambiguous ancestral relationships, leading us to wonder if the

pre-crRNA (CRISPR repeat) sequence might dictate functional

orthogonality, or incompatibility of these crRNA sequences to

facilitate trans-ssRNA cleavage when paired with a non-cognate

Cas13a protein. Due to the short and structured content of the

CRISPR repeats, we used a pairwise sequence alignment score

matrix to build a hierarchical clustering relationship between the

CRISPR repeats to score the variation across the family (Burstein

et al., 2016). Surprisingly, this analysis pointed to the existence of

two crRNA clusters, overlapping but distinct from the protein

clades determined by the amino acid sequences (Figures 4B

and 4C). While cluster 1 crRNAs correlate well with a subset of

the alpha-clade proteins, and all the beta-clade-associated

crRNAs are within cluster 2, the homologs with ambiguous

phylogenetic relationships are split across the two clusters

(Figure 4C).

Unable to easily predict Cas13a:crRNA orthogonality using

bioinformatic analysis alone, we tested the extent of functional

exchangeability between non-cognate crRNAs for both pro-

cessing and trans-ssRNA target cleavage by each of the

Cas13a homologs (Figures 4D–4F). For pre-crRNA processing,

we found that the crRNA clusters defined by the pairwise

sequence comparisons predicted their ability to be processed
by their associated Cas13a proteins (Figure 4D). For example,

pre-crRNAs from cluster 1 are only processed by the proteins

of clade alpha and vice versa for cluster 2 and clade beta. In

contrast, the protein classification is less predictive, as most of

the ambiguously classified proteins could process sequences

from repeat cluster 2, independent of where their repeat se-

quences were clustered.

Three homologs (PprCas13a, HheCas13a, and Rca13a) were

pre-crRNA processing outlierswith respect to their positionwithin

the crRNA clusters. HheCas13a was unable to cleave any non-

cognate pre-crRNAs, and conversely, no homolog, including

HheCas13a, processed the Hhe pre-crRNA. This suggests that

the inability of HheCas13a to process its cognate pre-crRNA re-

flects not just the divergent repeat sequence (Figures 1 and S1),

but also the loss of pre-crRNA processing activity within the

protein. In contrast, the deviating activity of PprCas13a and

RcaCas13a is explained by crRNA repeat sequence divergence.

PprCas13a and RcaCas13a process their own crRNAs, yet both

also process the crRNA repeat cluster 2 non-cognate sequences.

The PprCas13a crRNA repeat sequence differs from the other

cluster 2 crRNA repeats across the 50 flanking region cleavage

site, suggesting greater substrate flexibility for pre-crRNA pro-

cessing by PprCas13a. Similarly, a distinguishing sequence

feature of the RcaCas13a crRNA is an extended six-base-pair

stem-loop relative to the standard five-base-pair stem-loop pre-

sent in crRNAs of the rest of the family. It is worth noting that the

positional substitution tolerance within each crRNA repeat for

Cas13a pre-crRNA processing is consistent with our previous

mutation studies of the LbuCas13a:crRNA complex and recent

structural insights obtained from the LshCas13a:crRNA complex

(East-Seletsky et al., 2016; Liu et al., 2017). Overall, these results

suggest that the sequence of a type VI-A CRISPR repeat dictates
Molecular Cell 66, 373–383, May 4, 2017 379
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Figure 6. Deciphering the Role of crRNA

Array Processing for LbuCas13a

(A) Quantified time course data of pre-crRNA

processing assays for R1079A/K1080A mutant

compared toWT LbuCas13a. Quantified data were

fitted to single-exponential decays resulting in

pseudo-first-order rate constant (kobs) (mean ± SD,

n = 3) for LbuCas13a WT of 0.074 ± 0.003 min�1,

while the R1079A/K1080A mutant could not be fit

with sufficient confidence to yield a rate constant.

(B) Apparent rate of fluorescent reporter by

LbuCas13a WT and R1079A/K1080A processing

inactive mutant as directed by pre-crRNA and

mature crRNAs. Cas13a:RNA complexes were

pre-incubated for 60 min at a 1:1 ratio, and then

10 pMof activator and 150 nM reporter were added

to initiate reaction (mean ± SD, n = 3).

(C) Apparent rates of fluorescent ssRNA reporter

cleavage by 300 nM WT LbuCas13a or R1079A/

K1080A pre-crRNA processing inactive mutant as

directed by 50 nM of a CRISPR array containing

six crRNA repeat-spacers. Each bar group repre-

sents the addition of 100 pM of a distinct ssRNA

activator sequence complementary to schema-

tized positions within the CRISPR array indicated

below each bar group. Each rate is fitted from data

from three biological replicates, and the standard

deviation of the rate is depicted. Mutant pro-

tein rate is statistically different from the WT

LbuCas13a for all spacer positions (one-sided

t test: p < 0.001).

(D) Data from (C) depicted as a percentage of WT LbuCAs13a activity demonstrating the positional effect of the decreased trans-ssRNA targeting

efficiencies by the pre-crRNA processing inactive mutant. Processing of the array is shown in Figure S5.
its capacity for pre-crRNAprocessing by theCas13a family. How-

ever, homologs that evolved in the presence of divergent repeats

(PprCas13a and RcaCas13a) retain the capacity to process other

cluster 2 sequences.

Two Subfamilies of Functionally Orthogonal Cas13a
Enzymes
Next we wondered whether the pre-crRNA processing

exchangeability clusters defined in Figure 4D were competent

for directing trans-ssRNA cleavage by non-cognate Cas13a

homologs. To study Cas13a-mediated trans-ssRNA cleavage

directed by non-cognate pre-crRNAs and mature crRNAs, we

modified the previously described fluorescence assay and

limited our analysis to the five homologs that exhibited significant

cleavage activity in previous ssRNA-cleavage experiments (see

Figure 3C). Broadly, these results mirrored the pre-crRNA pro-

cessing results, with the crRNA repeat cluster identity deter-

mining functional groups, but with some striking contrasts

consistent with processing and targeting being independent

enzymatic activities (Figures 4E and 4F). For instance, the Ppr

pre- and mature crRNA can direct ssRNA cleavage by non-

cognate proteins LwaCas13a and LbuCas13a, despite their

inability to process these pre-crRNAs. Another surprise is the

promiscuity of HheCas13a, which is directed by all cluster 2

pre- and mature crRNAs for trans-ssRNA cleavage, despite

lacking pre-crRNA processing activity with any of these

guides. This suggests that crRNA maturation is not required for

trans-ssRNA cleavage, an observation in agreement with our
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previous finding that LbuCas13a pre-crRNA processing-defi-

cient mutants possess unaffected trans-ssRNA cleavage capa-

city (East-Seletsky et al., 2016).

Comparison of crRNA exchangeability for both pre-crRNA

processing and trans-ssRNA cleavage defines two functionally

orthogonal subfamilies within the Cas13a protein family. The

first group (i.e., LbuCas13a) has wide promiscuity for both

pre-crRNA processing and trans-ssRNA cleavage directed by

crRNAs from across the protein family. This polyphyletic group

also shows a preference for uridine within the trans-ssRNA

cleavage active site. The second group (i.e., LbaCas13a),

defined both by crRNA and protein sequences, has a distinct

crRNA exchangeability profile and preferentially cleaves at

adenosines during trans-ssRNA target cleavage. To test

orthogonal reactivities of these Cas13a subfamilies, we first

verified that LbuCas13a and LbaCas13a cleaved homo-A or

homo-U ssRNA reporters, respectively (Figures 5A and 5B).

While the different probes generated similar amounts of fluores-

cent signal, it should be noted that substantially different quan-

tities of ssRNA activator were added due the differential sensi-

tivities of the homologs (10 pM versus 1 nM for LbuCas13a and

LbaCas13a, respectively). To verify orthogonality, a panel of

control reactions with all possible non-cognate combinations

between crRNA, activator, and reporter were tested, with no

substantial signal detected except for the cognate combina-

tions (Figure 5C). Taken together, these results define distinct

Cas13a homologs that can function in parallel within the same

system.
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Figure 7. A Revised Model for Type VI-A CRISPR-Cas System

(A) Graphical summary of key findings in this study. Homologs used in this

study are indicated with abbreviations in bold, with trans-ssRNA cleavage

inactive homologs depicted in gray. Colored circles highlight the two orthog-

onal Cas13a enzyme groups, as defined by their generalized crRNA

exchangeability and trans-ssRNA cleavage substrate nucleotide preference.

(B) Revised model of type VI-A CRISPR-Cas systems incorporating the

interplay between crRNA maturation and RNA targeting efficiency.
Pre-crRNA Processing Enhances Targeting Efficiencies
within the Context of a CRISPR Array
One puzzling finding of this study is the lack of a stringent

requirement for mature crRNA to trigger the subsequent trans-

ssRNA target cleavage reaction by Cas13a. Additionally, pro-

cessing-deficient mutants of LbuCas13a maintain similar effi-

ciencies of trans-ssRNA cleavage, even when directed by a

pre-crRNA instead of a mature crRNA (Figures 6 and S4). This

led us to hypothesize that the role of pre-crRNA processing
within type VI CRISPR loci is not necessary for ssRNA targeting

but instead serves to liberate each crRNA from the confines of a

long CRISPR array transcript. We wondered whether pre-crRNA

processing might relieve RNA folding constraints and potential

steric hindrance of neighboring Cas13a:crRNA-spacer species

during crRNA loading and/or ssRNA targeting. To test this, we

compared the efficiency of trans-ssRNA cleavage directed by

a CRISPR array using either wild-type (WT) LbuCas13a or a

pre-crRNA processing-inactive mutant.

Since all processing-defective single point mutants of

LbuCas13a (Figure 2) retained low levels of pre-crRNA pro-

cessing activity, we created a double mutant (R1079A/K1080A)

that possessed no detectable processing activity, yet retained

trans-ssRNA cleavage efficiencies similar to or greater than WT

LbuCas13a (Figures 6A and 6B). Next, this mutant and the WT

LbuCas13a enzyme were tested for ssRNA cleavage in the pres-

ence of a target RNA and a small CRISPR array transcript con-

sisting of six distinct repeat-spacer units (Figures 6C and 6D).

The rate of trans-ssRNA cleavage by the crRNA-processing

inactive mutant was significantly reduced for all spacer se-

quences within the array (one-sided t test: p < 0.001 for all

pairs). The reduced activity compared to WT LbuCas13a is

more pronounced with each successive spacer within the

array, with the last spacer directing cleavage with a rate that is

only 15% of that catalyzed by the WT enzyme. This finding

suggests that while pre-crRNA processing is not necessary for

targeting, it enhances activity by liberating crRNAs from the

CRISPR array, leading to a revisedmodel incorporating the inter-

play between crRNA-processing and ssRNA-targeting within

type VI-A CRISPR-Cas systems (Figure 7).

DISCUSSION

Cas13a is a unique dual ribonuclease that catalyzes two of the

three steps of type VI-A CRISPR-Cas-based adaptive immunity,

enabling both crRNA maturation and target RNA destruction by

the same enzyme. Based on the large divergence in protein se-

quences and corresponding CRISPR arrays within the Cas13a

enzyme family, it was bioinformatically unclear if the entire family

maintained consistent functionality. Biochemically, however,

analysis of ten Cas13a homologs defined two subfamilies of en-

zymes that recognize distinct crRNA sequences and possess

different nucleotide cleavage preferences during trans-ssRNA

degradation. These data also showed that despite being

conserved in most Cas13a enzymes, pre-crRNA processing ac-

tivity is not strictly required for trans-ssRNA cleavage. In addi-

tion, we found that the kinetics of Cas13a-catalyzed ssRNA

cleavage range over seven orders of magnitude, raising the pos-

sibility that these enzymes can operate in both regulatory and

cell-destruction pathways.

Beyond sharing respective sets of crRNAs, the two orthogonal

subfamilies of Cas13a homologs defined in this study cleave

ssRNAs preferentially at Us versus As. The evolutionary basis

for these substrate preferences, which pertain to both indepen-

dent active sites of the enzyme, are not yet known. It is possible

that ancestral versions of these enzymes evolved in response to

nucleotide composition of the host and phage transcriptomes,

resulting in differing active site molecular architectures. We
Molecular Cell 66, 373–383, May 4, 2017 381



anticipate that other type VI CRISPR-Cas enzymes, such as

Cas13b, may also include subfamilies with divergent nucleotide

preferences. Structural studies will be required to elucidate the

molecular basis for trans-ssRNA substrate recognition to ratio-

nalize these preferences and to potentially engineer alternative

cleavage activities.

The observation that pre-crRNAs can support ssRNA tar-

geting suggests that, unlike other CRISPR-Cas systems, crRNA

maturation is not essential for assembly into functional surveil-

lance complexes. Alternative mechanisms of generating mature

crRNAs have been observed (Zhang et al., 2013), but in the

absence of processing, these CRISPR-Cas complexes are not

competent for phage defense (Brouns et al., 2008; Deltcheva

et al., 2011; Hatoum-Aslan et al., 2014; Maier et al., 2015; Seme-

nova et al., 2015). In contrast, our data suggest that type VI sys-

tems can employ pre-crRNAs, even within the context of a

CRISPR array, to trigger ssRNA degradation. Current evidence

suggests that Cas12a (formerly Cpf1), the only other known

dual CRISPR-Cas nuclease and a component of type V systems,

also contains separate active sites for crRNA maturation and

target degradation (Fonfara et al., 2016; Zetsche et al., 2017).

Whether Cas12a enzymes can employ pre-crRNAs for target

DNA recognition and cleavage, and whether type V systems

are consistent with our revised type VI model is unknown.

The identification of two orthogonal subfamilies of RNA-

guided RNA targeting enzymes could enable diversemultiplexed

applications of Cas13a. Harnessing orthogonal Cas13a homo-

logs with distinct crRNA specificities within the same application

may enable RNA detection or in vivo imaging of distinct RNA

species in parallel, expanding the utility of type VI-A systems.

Notably, representatives of these enzyme subfamilies have not

yet been found to co-exist within a single host genome. Only

one strain of Leptotrichia wadei contains multiple type VI-A

CRISPR-Cas operons, all of which appear to be from one sub-

family of Cas13a.

We were surprised to find that sensitivities of ssRNA targeting

by theCas13a family vary by up to�107-fold. Although the in vivo

consequences of this diversity are unknown, we wonder

whether type VI-A CRISPR-Cas systems orchestrate RNA-trig-

gered responses ranging from cell death to subtle modulation

of transcript levels. The recent characterization of a type VI-B

CRISPR-Cas system that contains a Cas13b inhibitor within

the cas operon provides tantalizing evidence that these systems

may display much more dynamic behaviors within their respec-

tive host organisms (Smargon et al., 2017). Overall, our work

demonstrates that phylogenetic classification of CRISPR pro-

teins may conceal functional diversity within biotechnologically

relevant enzyme families.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli BL21(DE3)Star QB3 Macrolab N/A

Escherichia coli Rosetta2 QB3 Macrolab N/A

Chemicals, Peptides, and Recombinant Proteins

Complete-EDTA-free protease inhibitor Sigma-Aldrich 11873580001

Tobacco Etch Virus (TEV) protease J. Doudna Lab N/A

Phusion Polymerase NEB M530L

ATP, [g-32P]- 3000Ci/mmol Perkin Elmer BLU002A001MC

T4 PNK NEB M0236S

T7 Polymerase J. Doudna Lab N/A

Deposited Data

Raw Imaging Files This study, Mendeley Data http://dx.doi.org/10.17632/4gpp43hpy2.1

Oligonucleotides

ssDNA oligos (see Table S2 for sequences) IDT N/A

ssRNA olgios (see Table S2 for sequences) IDT N/A

Six-mer CRISPR array GeneArt (ThermoFisher) Custom order

RNaseAlert Substrate IDT 11-04-03-03

Recombinant DNA

p2CT-His-MBP-Lbu_C2c2_WT East-Seletsky et al., 2016 Addgene #83482

p2CT-His-MBP-Lsh_C2c2_WT East-Seletsky et al., 2016 Addgene #83487

p2CT-His-MBP-Lbu_C2c2_R1079A East-Seletsky et al., 2016 Addgene #83494

p2CT-His-MBP-Lbu_C2c2_E299A This study Addgene #91855

p2CT-His-MBP-Lbu_C2c2_K310A This study Addgene #91856

p2CT-His-MBP-Lbu_C2c2_R311A This study Addgene #91857

p2CT-His-MBP-Lbu_C2c2_N314A This study Addgene #91858

p2CT-His-MBP-Lbu_C2c2_R1072A This study Addgene #91859

p2CT-His-MBP-Lbu_C2c2_D1078A This study Addgene #91860

p2CT-His-MBP-Lbu_C2c2_K1080A This study Addgene #91862

p2CT-His-MBP-Lbu_C2c2_K1082A This study Addgene #91863

p2CT-His-MBP-Lbu_C2c2_R1087A This study Addgene #91864

p2CT-His-MBP-Lwa_Cas13a_WT This study Addgene #91865

p2CT-His-MBP-Lne_Cas13a_WT This study Addgene #91866

p2CT-His-MBP-Lba_Cas13a_WT This study Addgene #91867

p2CT-His-MBP-Ere_Cas13a_WT This study Addgene #91868

p2CT-His-MBP-Cam_Cas13a_WT This study Addgene #91869

p2CT-His-MBP-Rca_Cas13a_WT This study Addgene #91870

p2CT-His-MBP-Hhe_Cas13a_WT This study Addgene #91871

p2CT-His-MBP-Ppr_Cas13a_WT This study Addgene #91872

Software and Algorithms

R Studio- Open source edition Rstudio https://www.rstudio.com/

Prism 7 for Mac GraphPad Software https://www.graphpad.com/scientific-software/prism/

ImageQuant TL GE Healthcare N/A

EMBOSS Needle EMBL–EBI http://www.ebi.ac.uk/Tools/psa/emboss_needle/

nucleotide.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to Lead Contact Jennifer Doudna (doudna@berkeley.edu). All plas-

mids are deposited with Addgene.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains
Expression vectors were transformed into Rosetta2 DE3 or BL21 E. coli cells grown in 2xYT broth at 37�C, induced at mid-log phase

with 0.5 mM IPTG, and then transferred to 16�C for overnight expression.

METHOD DETAILS

Phylogenetic and repeat conservation analysis
Cas13a maximum-likelihood phylogenies were computed as previously described (East-Seletsky et al., 2016) using RAxML (Stama-

takis, 2014) with the PROTGAMMALG evolutionary model and 100 bootstraps. Protein clades alpha and beta were defined as branch

points with bootstrap values greater than 90, suggesting high confidence in having a common ancestor. The remaining proteins were

labeled as ambiguous ancestry, as the phylogenetic relationships between them were low confidence, reflected in bootstrap values

less than 90. Sequences were aligned by MAFFT with the ‘einsi’ method (Katoh and Standley, 2013). Candidates were selected to

represent each of the major branches of the Cas13a protein tree. Alignments were performed for all non-redundant homologs

(Figure S2 and Supporting File 1) and candidate proteins. Comparison of the CRISPR-RNA (crRNA) repeats was carried out by calcu-

lating pairwise similarity scores using the Needleman-Wunsch algorithm through the Needle tool on EMBL-EBI (McWilliam et al.,

2013). Hierarchical clustering of CRISPR crRNA was performed in R using the similarity score matrix.

Cas13a protein expression and purification
Expression vectors for protein purification were assembled using synthetic gBlocks ordered from Integrated DNA Technologies (IDT).

The codon-optimized Cas13a genomic sequences were N-terminally tagged with a His6-MBP-TEV cleavage site sequence, with

expression driven by a T7 promoter. Mutant proteins were cloned via site-directedmutagenesis of WT Cas13a constructs. Purification

of all homologs was based off of a previously published protocol (East-Seletsky et al., 2016). Briefly, expression vectors were trans-

formed into Rosetta2 DE3 or BL21 E. coli cells grown in 2xYT broth at 37�C, induced at mid-log phase with 0.5 mM IPTG, and then

transferred to 16�C for overnight expression. Cell pellets were resuspended in lysis buffer (50 mM Tris-Cl pH 7.0, 500 mM NaCl,

5%glycerol, 1mMTCEP, 0.5mMPMSF, and EDTA-free protease inhibitor (Roche)), lysed by sonication, and clarified by centrifugation

at 15,000 g. Soluble His6-MBP-TEV-Cas13a was isolated over metal ion affinity chromatography, and in order to cleave off the His6-

MBP tag, the protein-containing eluate was incubated with TEV protease at 4�C overnight while dialyzing into ion exchange buffer

(50 mM Tris-Cl pH 7.0, 250mMKCl, 5% glycerol, 1 mM TCEP). Cleaved protein was loaded onto a HiTrap SP column (GE Healthcare)

and eluted over a linear KCl (0.25-1.5M) gradient. Cas13a containing fractions were pooled, concentrated, and further purified via size-

exclusion chromatography on a S200 column (GE Healthcare) in gel filtration buffer (20 mM Tris-Cl pH 7.0, 200 mM KCl, 5% glycerol,

1 mM TCEP) and were subsequently stored at �80�C. All homologs were purified using this protocol except LwaCas13a which was

bound to a HiTrap Heparin column instead of a SP column, and the size-exclusion chromatography step was omitted due to sufficient

purity of the sample post ion-exchange. All expression plasmids are deposited with Addgene.

In-vitro RNA transcription
All pre-crRNAs, mature crRNAs, and targets were transcribed in vitro using previously describedmethods (East-Seletsky et al., 2016;

Sternberg et al., 2012). Briefly, all substrates were transcribed off a single-stranded DNA oligonucleotide template (IDT), except for

mature crRNAs requiring a non-GR 50 terminus. For these mature crRNAs, T7 polymerase templates containing a Hammerhead

Ribozyme sequence immediately upstream of the mature crRNA sequence were generated using overlap PCR, and then purified

for use as the template for T7 transcription (see Table S2 for sequences). Lbu six-mer CRISPR array in vitro transcription template

was synthesized by GeneArt (Thermofisher) as a plasmid. The T7 promoter-CRISPR array region was PCR amplified and purified

prior to use as the template for T7 transcription. All transcribed RNAs were purified using 15% Urea-PAGE, except for the

array which was purified using 6% Urea-PAGE. All RNAs were subsequently treated with calf alkaline phosphatase to remove 50

phosphates. Radiolabeling was performed as previously described (East-Seletsky et al., 2016; Sternberg et al., 2012). A, C, G

and U homopolymers, and fluorescently-labeled RNA reporters for trans-ssRNA cleavage were synthesized by IDT. Homopolymers

were purified using 25% Urea-PAGE after radiolabeling to reduce substrate heterogeneity.

Radiolabeled ssRNA nuclease assays
pre-crRNA processing assays were performed at 37�C in RNA processing buffer (20 mM HEPES-Na pH 6.8, 50 mM KCl, 5 mM

MgCl2, 10 mg/mL BSA, 100 mg/mL tRNA, 0.01% Igepal CA-630 and 5% glycerol) with a 100-fold molar excess of Cas13a relative

to 50-labeled pre-crRNA (final concentrations of 100 nM and < 1 nM, respectively). Unless otherwise indicated, reactions were
Molecular Cell 66, 373–383.e1–e3, May 4, 2017 e2
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quenched after 60 min with 1.5X RNA loading dye (100% formamide, 0.025% bromophenol blue, and 200 mg mL�1 heparin). After

quenching, reactions were denatured at 95�C for 5 min prior to resolving by 15% denaturing PAGE (0.5x TBE buffer). Target

cleavage assays were performed at 37�C in cleavage buffer (20 mM HEPES-Na pH 6.8, 50 mM KCl, 5 mMMgCl2, and 5% glycerol).

Generally, Cas13a:crRNA complex formation was performed in cleavage buffer, at a molar ratio of 2:1 protein to crRNA at 37�C for

60 min, prior to adding 50-labeled target and/or other non-radiolabeled RNA target substrates. Unless otherwise indicated, final con-

centrations were 100 nMCas13a, 50 nM crRNA or pre-crRNA, 50 nM crRNA-complementary target ssRNA (henceforth referred to as

‘activator’) and < 1 nM trans-ssRNA target.

Fluorescent ssRNA nuclease assays
Cas13a:crRNA complexes were assembled in cleavage buffer, as described above. 150 nM of RNase Alert reporter (IDT) and various

final concentrations (0-1 mM) of ssRNA-activator were added to initiate the reaction. Notably these reactions are in the absence of

competitor tRNA or total RNA compared to our previous work (East-Seletsky et al., 2016) to more accurately measure trans-cleavage

activity. These reactions were incubated in a fluorescence plate reader (Tecan Infinite Pro F2000) for up to 120 min at 37�C with

fluorescence measurements taken every 5 min (lex: 485 nm; lem: 535 nm). For fluorescent homopolymer ssRNA reporter studies,

Cas13a:crRNA complexes were pre-incubated at 37�C for 60 min using standard conditions. Activator ssRNA and 200 nM fluores-

cent ssRNA reporter were added to initiate the reaction immediately before placing reaction in plate reader. For Lbu- and Lba-

Cas13a containing samples with fluorescent homopolymer ssRNA reporters, 10 pM and 1 nM activator was used, respectively.

For pre-crRNA array experiments, 300 nM Cas13a was first incubated with 50 nM pre-crRNA array for 1 hr in cleavage buffer to

enable binding and processing of the array. 100 pM of each ssRNA activator was added along with 150 nM of RNase Alert reporter

(IDT) to initiate the reaction, in biological triplicate for each spacer sequence. Apparent rates were calculated using one single-expo-

nential decay using Prism7 (GraphPad) and calculated rates are plotted with their associated standard deviations.

crRNA filter-binding assays
Filter binding assays were carried out as previously described (East-Seletsky et al., 2016). Briefly Cas13a and radiolabeled crRNA

were incubated for 1 hr at 37�C in RNA processing buffer (20 mM HEPES-Na pH 6.8, 50 mM KCl, 5 mM MgCl2, 10 mg/mL BSA,

100 mg/mL yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol). Tufryn, Protran and Hybond-N+ were assembled onto a dot-blot

apparatus in the order listed above. The membranes were washed twice with 50 mL Equilibration Buffer (20 mM HEPES-Na pH

6.8, 50 mM KCl, 5 mM MgCl2 and 5% glycerol) before the sample was applied to the membranes. Membranes were again washed

with 50 mL Equilibration Buffer, dried and visualized by phosphorimaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Radiolabeled ssRNA nuclease assays
All bands were visualized by phosphorimaging (Typhoon, GE Healthcare) and quantified with ImageQuant (GE Healthcare). For pre-

crRNA processing, the percent cleavage was determined as the ratio of the product band intensity to the total intensity of both the

product and uncleaved pre-crRNA bands and normalized for background within each measured substrate. For trans-ssRNA cleav-

age reactions, the percentage cleavage was determined as the ratio of all fragments smaller than the target to the total intensity within

the lane and normalized for background within each substrate. These data were subsequently fit to a single-exponential decay using

Prism7 (GraphPad) and cleavage rates are reported in figure legends.

Fluorescent ssRNA nuclease assays
Background-corrected fluorescence values were obtained by subtracting fluorescence values obtained from reactions carried out in

the absence of target ssRNA activator. For determining homolog sensitivities and array processing effects, background corrected

values were fit to a single-exponential decay using Prism7 (GraphPad) and the calculated rates were plotted with their associated

standard deviations from n = 3. For comparing non-cognate crRNA directed trans-ssRNA cleavage, initial reaction rates were instead

calculated due to discrepancies in fluorescence plateau values across the dataset. Rates were then scaled relative to the cognate

crRNA to normalize rates across the homologs. See Tables S4-6 for normalized values.

Radiolabeled filter binding assays
Datawere quantifiedwith ImageQuant TL Software (GEHealthcare) and fit to a binding isotherm using Prism (GraphPad Software). All

experiments were carried out in triplicate. Dissociation constants and associated errors are reported in the Figure legends. See also

Data S1.

DATA AND SOFTWARE AVAILABILITY

Raw phosphorimaging files and alignment file for Cas13a family are deposited on Mendeley Data (http://dx.doi.org/10.17632/

4gpp43hpy2.1).
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