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RNA structure modulates Cas13 activity and
enables mismatch detection
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Casl3isactivated by the hybridization of a CRISPR RNA to acomplementary
single-stranded RNA protospacer in a target RNA. While Cas13is not
activated by double-stranded RNA in vitro, it robustly targets RNA in cellular
environments where RNAs are highly structured. The mechanism by which
Casl3 targets structured RNAs remains unknown. Here, we systematically
probe the effects of secondary structure on Casl3. We find that secondary
structure in the protospacer and 3’ to it inhibits Cas13 activity and
quantitatively explains the former effect through a strand displacement
framework. We then harness strand displacement to generate an ‘occluded’
Casl3, which enhances mismatch discrimination up to 50-fold and enables
sequence-agnostic mutation identification at low (<1%) allele frequencies.
Using occluded Casl13, we identify human-adaptive mutations in SARS-CoV-2
and human and avianinfluenza A viruses, as well as oncogenic mutationsin
KRAS. Our work leverages improved mechanistic understanding of Cas13

to expand the scope of RNA diagnostics and enable structure-informed

Casl3 approaches.

The RNA-targeting CRISPR effector protein Cas13 holds promise for
numerous applications, such as RNA targeting, detection, editing and
imaging'”. Cas13 is activated by the hybridization of a CRISPR RNA
(crRNA) spacer sequence to a complementary region in a target RNA
(the protospacer)®, Once activated, Casl3 cleaves both the target RNA
(cis-cleavage) and other RNAs in solution (trans-cleavage)'>’. However,
the biophysical process by which the Cas13-crRNA complex binds to
andis activated by atarget RNA is poorly understood.

Determining the mechanism of Cas13 activation would solve sev-
eral challenges. First, even with perfect complementarity between

crRNA and protospacer, Cas13 activity levels can vary by several orders
of magnitude'® "% While the specifics of the crRNA and target sequences
including spacer length, nucleotide sequence and crRNA/protospacer
mismatches are known to affect Cas13 activity, much of this variation
remains unaccounted for'° 2, RNA structure may explain this varia-
tion, as, unlike the CRISPR effector proteins Cas9 and Casl12, Casl3 is
believed to be incapable of unwinding structured targets®”. Models
including only sequence effects while excluding structural effects
have had success with a binary classification of active versus inactive
crRNAs but have not been able to solve the regression problem of
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Fig.1|RNA structure leads to areduction in Cas13 activity because of strand
displacement. a, Different amounts of structure were introduced into the target
throughintramolecular structure, RNA oligos (occluders) and DNA occluders.
Theresulting fluorescence kinetic curves are shown. Target input concentration:
7.5 %108 cp per pl. Data from n = 3 technical replicates are shown (dots). b, Scatter
plot comparing the impact of the different occlusion types depicted inaon Cas13
activity (xaxis, Cas13 activity when occluded by DNA oligos; y axis, Cas13 activity
when occluded by intramolecular RNA or RNA occluders). ¢, Cas13 activity versus
occluder length for RNA occluders compared to two models: an equilibrium

Number of nucleotides occluded

model based on crRNA-target hybridization free energies (light green) and a
strand displacement model (dark green). Effects of changing parameters are
indicated by arrows. The gray bar represents the NTC. d, Overview of strand
displacement reactions. After initial binding to part of the target (blue), the
crRNA (pink) and occluder (red) undergo arandom walk process until one or the
other is fully displaced. Displacement of the occluder leads to Cas13 activation.
Inb,c, the meanis displayed, with error bars showing the s.d. acrossn=3
technical replicates.

quantitatively predicting Casl3 activity from the crRNA sequence'*™*,
Second, although Casl13 activation requires crRNA-protospacer com-
plementarity, Cas13is frequently activated to asimilar or even greater
degree in the presence of single mismatches'>">'®, Addressing these
challenges canlead toaseachangeindiagnostic applications of Casl13,
including for somatic mutation detection and for emerging pathogen
surveillance. We hypothesized that these two poorly understood char-
acteristics of Casl3 could be addressed by studying the activation of
Casl3in more detail using structured RNAs as amodel system.

RNA molecules formintramolecular base pairs (secondary struc-
tures) that compete with intermolecular RNA-RNA interactions. We
sought to explore how this competition affects the crRNA-target
interactions underlying Casl3 activation. RNA secondary structure
has long been suspected to influence Casl3 activity because of its
competition with the crRNA for target base pairing but this has been
challengingto study inisolation, as primary sequence and secondary
structure areinextricably linked". Previous studies showed a negative
correlation between secondary structure and Cas13 activity when
targeting endogenous RNAs*'®, However, by focusing on natural RNAs,
these studies were unable to distinguish between effects on Cas13
caused by changestotarget structure and those caused by changes to
target sequence. Thus, the degree to which the RNA structure affects
crRNA-target binding and Casl13 activity remains unclear.

Results

RNA structure reduces LwaCasl13a activity

Toisolate the effect of RNA structure on Casl3 activity, we designed a
single-stranded RNA (ssRNA) protospacer sequence to whichwe could
add variable amounts of secondary structure throughintramolecular

extension of an RNA hairpin or by adding external complementary
RNA or DNA oligonucleotides of different lengths, termed ‘occluders’
(Fig.1aand Extended DataFig.1). We designed the protospacer toreflect
the viral sequence diversity that we used to train ADAPT' and to have
minimal secondary structure (Methods). We tested the ability of these
structured protospacers to activate LwaCasl3a using cleavage of a
quenched fluorescent RNA to report activity. Increased secondary
structure decreased Casl3 activity across all three assay conditions
(Fig. 1a). We next quantified Cas13 activity by fitting the fluorescence
curves to effectively first-order reaction equations, defining activity
as the rate of reporter cleavage (h™), a proxy for the concentration of
active Casl3 in the system (Methods). We observed a high degree of
correlation among the three types of target occlusion (Fig. 1b). Cas13
activity varied by an order of magnitude for the same sequence with
different amounts of target occlusion (Fig. 1c). We furthermore saw
similar variation in activity as a result of RNA structure for the Cas13
orthologs LbuCasl13a and RfxCas13d, as well as for LwaCas13a with a
spacer sequence of length 21 nt (Extended Data Fig. 2), demonstrating
the generality of occlusion effects.

Activity reduction is quantitatively explained by a kinetic
strand displacement model

An equilibrium model based on the free energy of each target RNA
(Methods) failed to quantitatively account for the degree of
structure-mediated Cas13 activity reduction (Fig. 1c, light-green dotted
line). Labeling the free energy of the target-occluder complexas AG,,
the disagreement between the large difference in thermodynamic
drives (exp[-BAG,] ranges over 30 orders of magnitude) and the
smaller difference inactivities (ranging over two orders of magnitude)
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cannotbe explained by an equilibrium RNA-RNA hybridization frame-
work. Given the known free energies of RNA-RNA binding®, the system
temperature would havetobe-7,500 K to match an equilibrium model
to the measured Casl13 activity reduction.

We next sought to find asuitable alternative framework to explain
the measured activity levels; a strand displacement model presents
onesuch framework®. In this model, after initial binding to the target,
the crRNA and occluding strand compete through arandom-walk-like
process until either the occluding strand is fully displaced or the
crRNA-Cas13 complex dissociates from the target RNA*** (Fig. 1d).
We hypothesized that strand displacement must occur for Casl3 to
bind structured RNA.

Inthe strand displacement model, Cas13 binds toanunstructured
region of the protospacer (a‘toehold’) and then attempts toundergo a
one-dimensional randomwalk to displace the occluder. If the random
walk completes before Cas13 dissociates, Cas13 is activated. Both the
length oftherandom walk and the dissociation rate k, are quantitatively
affected by the amount of structure. The data are ultimately best fit
by a model in which the effect of structure on k, is dominant (Fig. 1c,
dark-green dotted line, and Methods).

A massively multiplexed assay reveals structure effects are
sequence independent

To probe the limits of the strand displacement model, we used a mas-
sively multiplexed assay to explore a broad range of target structure
conditions for multiple sequences. Our assay uses DNA oligos to create
secondary structure at defined positions in the target, having previ-
ously validated their effect as a proxy for RNA structure (Figs. 1b and
2a). We designed a single 1-kb-long RNA molecule with minimal internal
secondary structure” (Extended Data Fig.1a—c); aNUPACK prediction
estimated its minimum free energy because of intramolecular contacts
tobe ~—6 kcal mol™, on par with random 35-nt-long RNA sequences®.
Ourtarget RNAis divided into two control blocks (one at each end of the
molecule) and eight experimental blocks, allowing for efficient multi-
plexing'. Each block contains a 28-nt-long protospacer flanked by two
34-nt buffer regions. For occlusion, we used DNA oligos of lengths 10,
14,21and 28 ntin 3-nt-spaced tilings, for atotal of 4,608 simultaneous
conditions. We tested these conditions in parallel using amicrofluidic
chip-based assay”. Summaries of the resulting dataset are shown in
Fig.2b and Extended Data Figs. 2 and 3.

Our results demonstrate that the reduction in Casl3 activity as a
result of target structure isrelatively sequence independent, with the
eight experimental target blocks showing similar activity profiles in
spite of large variationin absolute activity across these blocks (Fig. 2c
and Extended Data Fig. 2). While 10-nt-long and 14-nt-long occlud-
ers had negligible effects on Casl3 activity, 21mers and 28mers had
a strong effect. Consistent with earlier results, occluders binding to
more of the protospacer typically led to a greater activity reduction.
In contrast to other strand displacement systems?>?*?, the presence
or absence of toeholds (unoccluded RNA) had little effect on Cas13
activity (Extended Data Fig. 4a,b), which we interpret to indicate that
Casl3 may also bind nonspecifically to the RNA.

Thedataalsorevealed anunexpected asymmetry among the effect
of occluders on Casl13, in which occluders binding to the 5" end of the
protospacer had alarger effect on Cas13 activity thanoccluders binding
the same number of nucleotides at the 3’ end (Fig. 2d and
Extended Data Fig. 4c-f). This asymmetry can be quantitatively
explained within the strand displacement framework, as toeholds at the
3’end of the protospacer have an extra cross-stackinginteraction com-
pared to those at the 5’ end, reducing k, by a factor of exp(1.7) (ref. 28).
Wefoundthatthe strand displacement model was able to quantitatively
capture the effects of secondary structure on Casl3 activity (Fig. 2d,e).
This strand displacement model provides an alternate framework for
priorresults, demonstrating the importance of ‘seed’ and ‘switch’ regions
at positions 5-8 and 9-14, respectively (Fig. 2f)>".

Structure occluding the region 3’ of the protospacer

inhibits Cas13

Surprisingly, when occluders are placed directly 3’ to the protospacer,
Casl3 activity is potently inhibited. This second regime of inhibition
existsacross all tested crRNAs and inhibitionis strong for both 21mer
and 28mer occluders (Fig. 2c). The nonmonotonicity of this second
activity trough cannot be explained using a strand displacement
model, implying that this drop in activity is not because of a reduc-
tion in crRNA-target binding. In agreement with this hypothesis, an
electrophoresis mobility shift assay (EMSA) showed that 3’ occlusion
led to negligible reduction in binding affinity of the crRNA-Cas13
complex to the target, as opposed to protospacer occlusion, which
led to a substantial reduction (Fig. 2g). We additionally confirmed
this using isothermal titration calorimetry (ITC), which showed tight
binding of the crRNA-Cas13 complex to an RNA with a 3’ occluder
(Extended Data Fig. 4g,h).

To probe more fully whether the effect of occluders on Cas13 activ-
ity is a result of competitive or allosteric inhibition, we modified our
typical protocol of preannealing occluders to the target. For the proto-
spacer occluder but not for the 3’ occluder, we observed full rescue of
Casl13 activity when the crRNA and occluder were added at the same
time. Increasing the concentration of the 3’ occluder did not increase its
inhibitory effect (Fig. 2h). Theseresultsindicate that the activity reduc-
tion conferred by occluding the region 3’ to the protospacer is likely
the result of an allosteric rather than a competitive inhibitory effect.

Strand displacement enhances mismatch detection

We hypothesized that theinsights from our strand displacement model
could help us dramatically improve the specificity of Cas13-based RNA
detection assays. Past work has shown that secondary structure can
make nucleic acid hybridization more sensitive to mismatches, both
in CRISPR-based approaches and in other assays® % we hypothesized
that, given the kinetic nature of our assays, we could leverage the kinetic
nature of strand displacement to similar ends without the necessity
of abinding toehold required in other approaches. With no internal
structure, evena mismatched crRNAis expected to bind strongly to the
target in our model. However, an occluding strand provides an extra
kineticbarrier thatis less likely to be overcome by amismatched crRNA
than one thatis perfectly complementary, thusimproving specificity
given the short dwell time of inactive Cas13 on the RNA (Fig. 3a). An
ordinary differential equation (ODE)-based strand displacement model
inspired by a previous study® supported this hypothesis, revealing
that, even when both complementary and mismatched invader strands
bound strongly to the target in equilibrium, the mismatched invader
took much longer to bind than the perfectly matched invader in the
presence of an occluder (Fig. 3b).

Wetested Cas13’s ability to differentiate between a perfectly com-
plementary target and one containing a single A>U mutation at position
5ofthe protospacer with and without secondary structure occlusion.
Wetested bothoccluding the target and occluding the crRNA, reason-
ing that strand displacement would, in either case, result inimproved
mismatch discrimination (Extended Data Fig. 5a,b). We decided to
focuson crRNA occluders as these provide the added benefit ofimprov-
ing mismatch detection regardless of the identity of the mismatched
target and their use does not require any sample manipulation before
detection. The presence of a crRNA occluder resulted in a ~50-fold
enhancement of specificity compared to the no-occluder condition
(NOC), measured as the maximum ratio of wild type (WT) to mismatch
fluorescence (Fig. 3c). This effect was robust to large variations in target
concentration and was maximized at higher ~1-100 nM target input
concentrations (Fig. 3d and Extended Data Fig. 6a).

We proceeded to explore the generality of Casl3 specificity
enhancement by occluders. Using three different targets, four posi-
tions on each crRNA, two mutations for each positionand four technical
replicates, we tested how well a mismatch could be detected by Cas13
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Fig. 2| Amassively multiplexed assay modulating secondary structure.

a, Overview of the multiplexed assay, in which a total of 4,608 simultaneous
assays were performed, with oligo occluders of lengths 10, 14, 21 and 28 nt tiling
each protospacer regionin 3-ntincrements. b, Overview of the Casl3 activity
data from the multiplexed assay. Each data point represents the mean activity
resulting from averaging four timeseries curves (Methods), normalized to the
nonoccluded condition; positive and negative controls are not shown (Extended
DataFig.3). Dashed lines represent the start and end of the protospacer. ¢, Heat
map showing the degree of activity reduction (darker greens) by each 2Imer

and 28mer occluder. d, Cumulative histogram of inhibition asymmetry, defined
as theratio of activities when the same numbers of nucleotides are occluded at
the 3’ versus 5’ ends of the protospacer (Extended Data Fig. 4c,d). e, Normalized
Casl3 activity for 21mer (green) and 28mer (purple) occluders with different start
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g, EMSA showing Cas13-crRNA complex with various combinations of target
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ortheregion 3’ to the protospacer, respectively. A representative image of
threereplicate gelsis shown. h, Bar chart showing the inhibitory effect of 28mer
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different occluder concentrations and when annealing the occluder before or at
the same time as the crRNA. Inb-e, the mean of n =4 replicates (two biological
and two technical) is displayed. In e, error bars show the s.d. across n=4
replicates (two biological and two technical). Inh, the mean s displayed, with
error bars showing the s.d. across n =3 technical replicates.
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with and withoutacrRNA occluder. We measured Cas13 activity on the
perfectly matched and mismatched targets, finding that, although only
74/96 mismatches (77%) led to any activity reduction in the absence
ofacrRNA occluder, all 96 (100%) led to areduction with the occluder
(Fig. 3e,fand Extended Data Fig. 7). Of the 24 separate mismatches
tested, discrimination was significant (P < 0.05, one-sided t-test) inonly
54% (13/24) without occluders and in 24/24 with occluders. We found
that, without occlusion, the ability of Cas13 to distinguish between a
perfectly matched target and amismatched target was not guaranteed
for any crRNA for any of the mismatch positions we tested, nor for any
specific type of mutation (with the possible exception of G>U, for which
we collected the fewest data points). However, using occluded crRNAs,
Casl3 candistinguish perfectly matched from mismatched targetsina
position-independent and mutation-independent manner.

We performed adilution series of perfectly matched target RNAs
and then spiked this target RNA into solutions of single-mismatch
off-target RNAs. Without occlusion, the perfectly matched target was
detected atallele frequencies of 11% (a 1:8 ratio) but not 6% (1:16); with
occlusion, it was detected at frequencies as low as 0.4% (1:256) for all
tested targets, an order-of-magnitude sensitivity enhancement (Fig. 3g
and Extended Data Fig. 6b).

To explore nucleotide-specific effects, we mutated the crRNA
and target sequences to all possible nucleotides at position 5 of the
spacer. When testing all pairwise crRNA-target combinations, we
observed extensive cross-reactivity between crRNAs and targets in
the absence of occlusion. With occlusion, we observed specific detec-
tion of each target only by its perfectly matched crRNA (Fig. 3h and
Extended Data Fig. 8). Occluded crRNAs can thus discriminate all
four possible alleles at a given position, demonstrating the exquisite
specificity of the approach.

Occluders enable variant calling in diagnostic settings

To test the efficacy of our occlusion strategy in real-world diagnostic
contexts, we considered a set of SARS-CoV-2 and influenza A virus (IAV)
variants of clinicalimportance and measured the extent to which Cas13
candistinguish among these both with and without occluders (Fig. 4a).
While testing various occluder-target pairs, we found that a small
subset of DNA sequences could serve as targets for LwaCasl3a, acti-
vating trans-cleavage activity, a finding that was recently reported by
othersfor LbuCasl13a (ref. 34). To mitigate this effect, we tested several
modified occluders, finding thatincorporating a single locked nucleic
acid at position 16 of the occluder (measured relative to the spacer)
eliminates background activity and does not compromise performance
(Extended DataFig. 9a,b).

We first sought to diagnose SARS-CoV-2 variants in amplified
viral seedstocks, finding that occluded Casl13 is able to distinguish
betweentheB.1.617.2 (Delta) and B.1.1.529 (Omicron) variants (Fig. 4b
and Extended Data Fig. 10a). Next, we tested IAV variants with public
healthrelevance. Of particular concernis the E627K substitutionin the
PB2 protein of avianIAV strains, driven by a single-nucleotide change,
which is associated with mammalian adaptation, increases avian IAV

replication and pathogenicity in humans, and which can currently
only be diagnosed by sequencing®?**. With occluders, Cas13 was able
to robustly distinguish the ancestral (627E) variant from multiple
mammalian-adapted (627K) strains, as well as the 627V variant, whichis
becomingincreasingly prevalent” (Fig. 4c and Extended Data Fig. 9c).
Another clinically important mutation occursinthe NA gene, encoding
anH-to-Y substitution (commonly at position 275in seasonal N1strains)
that confersresistance to oseltamivir (Tamiflu). Weintroduced this H>Y
substitution into various strain backgrounds (1934 HIN1, 1968 H2N2,
1996 H5N1, 1999 H9N2, 2004 H3N2 and 2009 HIN1). Occluded Cas13
distinguished the WT from the mutant variant in all strains using only
asingle guide pair per NA subtype (that is, one for N1 strains and one
for N2 strains) (Fig. 4d and Extended Data Fig.10b).

Torealizereal-world deployability, we integrated our occluder meth-
odology into SHERLOCK, a multiplexed and portable Cas13-based RNA
detection protocol, finding that occluder-enhanced detection displays
sensitivity of 10 copies (cp) per pl, the lowest concentration tested
(Extended DataFig. 6¢). We tested 26 SARS-CoV-2samples fromthe USA
(20 positive and 6 negative samples). Occluded Cas13 was able to robustly
distinguish positive from negative samples and to distinguish Deltafrom
Omicronvariants, failing to detect only asingle sample with a C,value > 35
and making no incorrect calls (Fig. 4e and Extended Data Fig. 10c;
95% sensitivity and 100% specificity). To perform discrimination, we
measured the fluorescence ratio between crRNAs targeting the
variants at the time where this ratio was highest, labeling the ratio F,, ;,,
for variants v, and v, (Methods). We also analyzed 33 seasonal HIN1 or
H3N2 IAV-positive samples from the UK and confirmed that occluded
Casl3wasableto correctlyidentify the 627E or 627K variant in all samples
for which Cas13-based detection showed a positive signal; six samples
tested negative because of poor amplification resulting from sequence
variationinthe primer-binding regions (Fig. 4fand Extended DataFig. 9d;
82% sensitivity and 100% specificity). We next tested eight IAV A(HIN1)
pdmO09 samples from infected persons from the Netherlands for the
single-nucleotide oseltamivir-resistance mutation NA-H275Y, correctly
calling all samples as containing the WT or resistant variant (Fig. 4g and
Extended Data Fig.10d;100% sensitivity and 100% specificity). Moreover,
occluded Casl3 was able to distinguish Delta from Omicron strains in
samples using a visual fluorescence readout (Fig. 4h).

In the midst of the ongoing H5N1 avian influenza outbreak, we
deployed our E627K assay for variant surveillance in Cambodia and
tested two samples and 11 clinical isolates from persons tested posi-
tive for H5N1. Occluded Cas13 was able to robustly distinguish the
persons with the E variant from those with the K variant with 100%
sensitivity and specificity (Fig. 4i and Extended Data Fig. 9¢). Addi-
tionally, the occluded Casl13 assay called one clinical isolate (which
was originally reported to be the avian-adapted E variant) as being
positive for both Eand the mammalian-adapted K. Upon deep sequenc-
ing, this isolate was indeed confirmed to contain both E (50.8%) and
K (48.3%) variants at position PB2 627. This underlines the power of
occluded Casl13indetecting rare or minor variants that may be missed
insequencing-based assays.

Fig. 3| Designed secondary structure enhances Cas13 mismatch detection.
Unless otherwise noted, the assay duration was 180 min. a, Schematic showing
strand displacement by Cas13 with a perfectly matched target sequence versus
one containing amismatch. b, ODE-based model predictions of crRNA-target
hybridization kinetics with and without occlusion and mismatches. ¢, Kinetic
curves showing detection of a target sequence with and without a single A>U
mismatch at spacer position 5, in the presence and absence of occlusion. The
shaded region shows the range of fluorescence measurements for each condition
across replicates. d, Maximum fluorescence ratios with and without occlusion at
avariety of target input concentrations (Methods). Error bars represent the error
asmeasured by the s.d. of n =3 technical replicates propagated through the ratio
calculation (Methods). e, Violin plots showing the ability of Cas13 to distinguish
between WT targets (for crRNAs numbered as in Fig. 2c) and targets containing

mutations at four different positions in the protospacer both with and without
occlusion; the position s relative to the 5’ end of the protospacer. Each data
point s the discrimination ratio of a perfectly matched to mismatched sequence
(Methods). f, Data from e, but organized by mutation type. g, Heat map showing
the ability of Casl3 to detect spiked-in target in abackground of mismatched
sequence at decreasing allele frequencies, both with and without occlusion.
Asterisks indicate statistically significant detection over the no-spike-in control.
Significance was determined using a one-tailed ¢-test at P < 0.05. Activity
discrimination is defined analogously to mismatch discrimination (Methods).
h, Specificity matrix showing Cas13 activity normalized for each target toits
corresponding crRNA, with and without occlusion, for all possible crRNA and
target nucleotides at position 5.In g,h, the means across n =3 and n =2 technical
replicates, respectively, are shown.
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The variability of Casl3’s specificity has so far hampered the
potential of using Cas13 for mutation detection at scale. Our occluder
methodology is therefore poised to expand the utility of Cas13 for
SNP detection beyond viral diagnostics. To demonstrate this prin-
ciple, we used occluded Casl13 to distinguish somatic variants in the

KRAS gene, a pan-cancer oncogene mutated in over 20% of human
cancers®, We focused on seven somatic variants of codon 12, as this
siteis highly polymorphic and represents over 90% of oncogenic KRAS
mutations. Its mutants are associated with negative outcomes for can-
cersurvival, although different mutations have differential prognoses
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and treatment options, highlighting the importance of correct vari-
ant diagnosis®**°. To multiplex this large-scale panel, we integrated
occludersinto mCARMEN, which leverages microfluidics totest alarge
number of samples for a panel of crRNAs simultaneously. Occluded
Casl3 was able to robustly distinguish all seven KRAS variants from
one another, even though 24 of 42 variant pairs are distinguished by
onlyasingle-nucleotide substitution and none are distinguished by >2
substitutions (Fig. 4j and Extended Data Fig. 10e).

Discussion

In this study, we quantified the reduction in Casl3 activity because of
secondary structureinthetarget RNA and showed that our results are
quantitatively consistent with a strand-displacement-based model
of Casl3 activation. We used this model to improve Cas13’s mismatch
specificity by an order of magnitude and to identify single-nucleotide
substitutions in RNA virus genomes.

Questions remain regarding the mechanism by which secondary
structure 3’ tothe protospacer leadsto anallostericreductionin Cas13
activity. Forinstance, extended complementarity between the target
and the structural portion of the crRNA (known as the tag-antitag
effect) inhibits Cas13 activity by preventing the proper formation of
theactive site***. Future structural and biochemical characterization
will reveal whether the inhibitory region we discovered affects Cas13
by a similar or a different mechanism. Moreover, while our model
explains the sequence-independent effects of RNA structure on Casl13,
future work may develop more precise sequence-dependent models
for these effects.

Our crRNA occlusion method is simple toimplement experimen-
tally asitonly requires annealing a DNA oligo to the crRNA before add-
ing the target RNA. Unlike in other studies leveraging RNA secondary
structure to improve hybridization specificity, no toehold isrequired
and all crRNA occluders used are complementary to the entire crRNA
spacer. As we show, occluders yield substantially improved specific-
ity even with no sophisticated crRNA design approaches; at the same
time, the modularity of occluders means that our technique can be
integrated with crRNA design tools of choice, including those based
onmachinelearning models or informed by biochemical studies™'*".
Theimproved specificity resulting from crRNA-occluder duplexes is
associated withareductionin Casl3 activity. Thus, thismethod is able
to identify rare alleles; however, sample inputs matter and we found
that samples with a C, value over 35 do not benefit from our assay.
Steps can also be taken to increase overall activity such as increasing
concentrations of Casl13, reporter and/or crRNA.

Because of its negligible cost, ease of implementation, orthogo-
nality with existing technologies and marked improvement in detec-
tion specificity, we anticipate the adoption of our crRNA occlusion
approach into a wide range of Casl13-based techniques. For instance,
our approach confers single-nucleotide specificity to deployable diag-
nosticassays, enabling emerging variant detectionin resource-limited
settings. Lastly, our proposed strand displacement model addresses
along-standing paradox, namely how a purportedly ssSRNA-specific
enzymeisabletorobustly target RNAsin cellular environments where
RNA structure is ubiquitous.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

General reagents

Oligonucleotides were ordered from Integrated DNA Technologies
(IDT). Unless otherwise noted, chemical reagents were ordered from
Sigma. Oligonucleotide sequences are listed in Supplementary Table 1.

Ethics: clinical samples

IAV seasonal clinical samples consisted of nasopharyngeal swabs taken
from hospitalized participants who were able to give consent during
routine testing at Addenbrookes Hospital during the 2016-2020 flu
seasons. Routine reverse transcription (RT)-qPCRs were performed
to confirm that persons were positive for either HIN1 or H3N2 and
negative for other respiratory viruses. Samples were anonymized
after routine laboratory testing and no identifiable information gen-
erated with the leftover material as determined by the East of England
Cambridge Central Research Ethics committee. The study protocol
was prepared by A.J.W.t.V.and H.J. and reviewed and approved by the
Health Research Authority (IRASID 258438; REC reference 19/EE/0049).

COVID-19 clinical samples consisted of self-collected saliva
samples submitted with informed consent by Princeton University
students, faculty and staff members for surveillance testing®. The
presence of SARS-CoV-2 RNA was confirmed using RT-qPCR; samples
were subsequently anonymized before further testing and no identifi-
ableinformation was generated during subsequent analyses of leftover
material. The study protocol was prepared by C.M and A.J.W.t.V. and
reviewed and considered exempt from humansubject research by the
Princeton University Institutional Review Board.

Cambodian H5N1 clinical samples consisted of nasopharyngeal
and/or oropharyngeal swabs taken during suspected H5N1infections
orroutine testing from persons through the Cambodian influenza-like
illness (ILI) and severe acute respiratory illness (SARI) surveillance
systems***>. The Cambodian ILI and SARI surveillance systems are
integral components of the World Health Organization (WHO) global
influenza surveillance and response system. These public health ini-
tiatives are managed by Cambodia’s Ministry of Health (MoH) and the
Communicable Disease Control (CCDC) Department. For each human
H5NI1 case, a collaborative One Health investigation was carried out
by the CCDC and MoH, alongside the National Animal Health and Pro-
duction Research Institute and provincial authorities. This effort was
supported by the US Centers for Disease Control and Prevention, the
WHO andthe Food and Agriculture Organization of the United Nations.

The oseltamivir-resistant virus samples were identified through
the Dutch national sentinel general practitioner surveillance for acute
respiratory infections, the Dutch national A(HIN1)pdmO9 influenza
case finding program and the Amsterdam and Groningen University
Medical Centers. Reference numbers for sequenced viruses are pro-
vided in Supplementary Table 2.

crRNA design

Most crRNA spacers were designed to be perfectly complementary to
their 28-nt protospacer region. For SARS-CoV-2-targeting sequences, a
single synthetic mismatch wasinserted at position 5toimprove baseline
specificity. Spacers were appended to the 3’ end of the consensus direct
repeat sequence for the Casl13 orthologused (Supplementary Table 1)
and ordered from IDT as Alt-R guide RNA.

Target design
For our tiling experiment, we designed an RNA molecule with alength
of 961 nt and minimal internal secondary structure. After an initial G
nucleotide, the molecule comprises ten target blocks, each defined
by a34-ntbufferregion,a28-nt protospacer and asecond 34-nt buffer
region. We sought to have as many as possible of the 28-nt protospacers
resemble natural sequences.

To this end, we started with a set of 18,508 28-nt-long proto-
spacer sequences compiled from the ADAPT dataset, which has a

sequence composition representative of viral diversity'™. A total of
3,391 sequences with poly(A), poly(C) or poly(U) stretches > 5 nt or
poly(G) stretches > 4 nt were removed. Of the remaining sequences,
we removed 6,459 that had low average measured activity, defined
as «out_log_k> < -2 (on alogarithmic scale from -4 to O, where O is
high activity) using the activity definitions and measurements from
a previous study'™. We used LandscapeFold*® with parameter m =2
(mrepresents the minimum allowed stem length), disallowing pseudo-
knots, to predict the structure landscapes of the remaining sequences.
LandscapeFold predicted that 1,287 of these remaining sequences had
extremely low intramolecular structure, defined as all nucleotides
having a >40% probability of being unpaired in equilibrium.

Wethenaimedtofind aset of these sequencesthat were all dissimi-
lar from one another. First, given a sequence s, we found all those
sequences withaHamming distance <15froms. A pair of sequences with
aHammingdistance of hshare all but A nucleotides. Of these sequences,
we chose the one withthe least secondary structure tokeep and removed
the others, with totalamount of secondary structure quantified as ,,p,
where the sum is over nucleotides and p, is the probability of the
nucleotide being paired in equilibrium. We repeated this step for each
sequence swe did not already remove. Next, we used aSmith-Waterman
alignment* to check for sequence similarity in nonidentical nucleotide
positions, repeating the same procedure as above but, instead of Ham-
ming distance, using the criterion of an alignment score > 9 to define
sequence similarity, where the alignment score parameters were (+1,-2,
-2) for (match, mismatch, gap). This procedure resulted in a set of 20
sequences all distant from one another in sequence space.

Lastly, although we ensured each of these sequences had low
secondary structure, we wanted to minimize binding between these
sequences. For each pair of sequences, we used LandscapeFold with
parameter m =3 to predict the structure of the two strands, allowing
for both intramolecular and intermolecular interactions. We defined
two sequences to be incompatible if the resulting prediction had
any nucleotide on either sequence with a <40% probability of being
unpaired in equilibrium. We exhaustively enumerated the possible
ordered sets of mutually compatible sequences, finding 60 ordered
sets of five mutually compatible sequences and no set of six mutually
compatible sequences. Of these 60 sets, we chose the one with the least
structure. Under the assumption that entropic loop closure costs will
createabarrier to non-neighbor sequence pairing (that is, where each
sequenceislesslikely to pair to asequence thatis notits neighbor), we
defined structure here as the sum, over the four pairs of neighboring
sequences, of the maximum probability of a nucleotide being pairedin
thatsequence pair. Thus, we arrived at a set of five distinct sequences
from ADAPT with minimal intramolecular and intermolecular struc-
ture. These five sequences became the protospacer sequences cor-
respondingto crRNAs 2,4,6,8and 9.

Theother five protospacer sequences and the buffer regions were
compiled out of 64 16-nt-long DNA sequences with minimal inter-
nal structure from Shortreed et al.”>. Seven of these sequences with
poly(A) or poly(T) stretches > 5 nt were removed. Concatenating these
sequences resulted in along sequence with minimal structure, which
we used to construct the rest of the 961-nt-long RNA target. We used
NUPACK 3 (ref. 48) to predict the structure of the resulting target, find-
ing various predicted stems. We then made individual point mutations
in the buffer regions and non-ADAPT-derived protospacers to mini-
mize the probabilities of the resulting stems (ensuring that NUPACK
predicted no base pair forming with probability > 60% in equilibrium)
and toremove sequence similarity between targets (ensuring that there
were no more than five identical consecutive nucleotides between the
protospacer regions, no more than six identical consecutive nucleo-
tides between two regions spanning a protospacer and abufferand no
more than eightidentical consecutive nucleotides in buffer regions).

Lastly, we created a ‘shuffled’ version of the target, placing the
target blocks (numbered 1-10 from 5’ to 3’ in the original target) inthe
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followingorder:1,4,2,7,5,3,9, 6,8 and 10. We ensured that NUPACK
3 did not predict any base pair forming with probability > 60% in the
resulting sequence.

For our initial experiments (Fig. 1), we filtered the ADAPT dataset
sequences to those with high activity (<out_log_k> >-2) and perfect
complementarity between target and crRNA in the ADAPT dataset.
We then measured LandscapeFold’s prediction of the secondary struc-
ture of each candidate protospacer sequence. For each nucleotide,
we calculated the total probability that the nucleotide is unpaired in
equilibrium. The protospacer chosen had each nucleotide with at least
a92% probability of being unpaired in equilibrium.

RNA preparation (including structured targets)
RNA targets were ordered from IDT as DNA containing a T7 promoter
sequence. Targets were then transcribed to RNA using the T7 HiScribe
high-yield RNA synthesis kit in 55-pl reactions (New England Biolabs)
withalé-hincubationstep at37 °C and purified with 1.8x volume AMPure
XP beads (Beckman Coulter) with the addition of 1.6x isopropanol,
beforeelutinginto 20 plof nuclease-free (NF) water. AIIRNAs were then
quantified using a NanoDrop One (Thermo Fisher Scientific) or Biotek
Take3Trio (Agilent) and then stored in NF water at —80 °C for later use.
Occluded targets and crRNAs were prepared by mixing DNA and
RNA oligo occluders with target RNA or crRNA in 60 mM KCI (Invi-
trogen) in NF water at a ratio of 2:1 (BioMark assays) or 10:1 (plate
reader assays) and put through an annealing cycle consisting of a
high-temperature melting step at 85 °C for 3 min, followed by gradual
cooling to10 °C at 0.1 °C s™* followed by cooling to 4 °C. For massively
multiplexed assays, occluders were first pooled by length and start
positionwithin the target block (Extended Data Fig.1d) such thateach
resulting oligo pool contained all eight n-mers binding to a given posi-
tion withineach of the experimental target blocks. Targets and crRNAs
were then used for detection assays immediately as described below.
Targets were input into detection reactions at various concentra-
tions. For experimentsin Fig.1, targets were inputat 7.5 x 10% cp per pl.
For experiments in Fig. 2a-f, targets were input at 8 x 10 cp per pl.
For Fig. 2h, targets were input at 5 x 10° cp per pl. For experiments in
Fig. 3a-f, input concentrations of 7.5 x 10° cp per pl were used unless
otherwise notedin figure caption. For Fig. 3g, targets were spiked in at
theindicated allele frequency into abackground of 5 x 10" cp per pl (for
occluded conditions) or 5 x 108 cp per pl (for nonoccluded conditions).
ForFig.3h, occluded conditions used an input concentration of 5 x 10™
cp per pl, whereas nonoccluded conditions used a concentration of
5x108cp perpl.

Virus strains and seedstocks

Viral strains used are listed in Supplementary Table 2. Target controls
were amplified from plasmids. Extracted viral genomic RNA samples
were acquired from BEI Resources (hCoV-19/USA/MD-HP05285/2021
(B.1.617.2) Delta and hCoV-19/USA/GA-EHC-2811C/2021 (B.1.1.529)
Omicron). Amplification reactions using 1 or 2 pl of viral RNA as the
input (total reaction volume: 50 pl) were performed using the Qiagen
One-Step RT-PCR kit according to the manufacturer’s specifications.

Clinical sample amplification

Total RNA was extracted from clinical samples using the trizol-
chloroform method. Extracted RNA was then amplified using Qiagen
One-Step RT-PCR (UK seasonalinfluenza samples, US SARS-CoV-2 sam-
plesand CambodiaH5N1samples andisolates) or RT-recombinase poly-
merase amplification (TwistDx; Netherlands seasonal influenza samples,
select SARS-CoV-2 samples) using either 1or 2 pl of input material.

Casl3 detection assays

Standard bulk detection assays were performed by mixing target RNA
or complementary DNA (cDNA) at a ratio of 10% v/v with 90% Cas13
detection mix. The detection mix consisted of 1x RNA detection buffer

(20 mM HEPES pH 8.0, 54 mM KCl and 3.5% PEG-8000 in NF water),
supplemented with 45 nM purified LwaCas13a (Genscript; stored
in100 mM Tris-HCl pH 7.5and 1mM DTT), 1 U per pl murine RNAse
Inhibitor (New England Biolabs), 62.5 nM fluorescent reporter (/5FAM/
rUrUrUrUrUrU/IABKFQ/; IDT), 22.5 nM processed crRNA (IDT) and
14 mM magnesium acetate. In experiments using crRNA occlusion,
crRNAs were preannealed to DNA occluders as described above and
used at a final concentration of 22.5 nM. Experiments using cDNA
as the input included 0.3 mM ribonucleotide triphosphates (rNTPS;
New England Biolabs) and 1 U per pl T7 polymerase (Biosearch). Minor
adjustments to the detection mix were made for experiments using
other orthologs of Cas13. For RfxCas13d, the Cas13 concentration was
setto 90 nM and crRNA concentration was set to 45 nM. For LbuCasl13a,
Casl3 concentrationwas setto 10 nMand crRNA concentrationto 5 nM.
The15-plreactions wereloaded in technical triplicate (Fig. 1) or dupli-
cate (Figs. 2h and 3d-h and Extended Data Figs. 5-9) onto a Greiner
384-well clear-bottom microplate (Greiner, 788096) and measured on
an Agilent BioTek Cytation 5 or Synergy H1 microplate reader for 3 h
with excitation at 485 nm and detection at 528 nm every 5 min.

Fortiling assays and the mCARMEN KRAS assay, Standard Biotools
genotyping IFC (192.24 format) was used in a BioMark HD for multi-
plexed detection. Assay mix (10% of final reaction volume) contained
1x assay detection mix (Standard Biotools) supplemented with100 nM
crRNA, 100 nM LwaCas13a (Genscript; stored in 100 mM Tris-HCI pH
7.5and 1 mM DTT). Sample mix (90% of final reaction volume) con-
tained 1x sample buffer (44 mM Tris-HCI pH 7.5, 5.6 mM NaCl, 10 mM
(tiling experiment) or 2 or 14 mM (KRAS) MgCl (comparison of Mg
concentrations in Extended Data Fig. 6d), 1.1 mM DTT and 1.1% w/v
PEG-8000), supplemented with murine RNAse Inhibitor (1U per pl;
New England Biolabs), fluorescent reporter (500 nM; IDT), 1x ROX
reference dye (used for normalization of random fluctuationsin fluo-
rescence between chambers; Standard Biotools), 1x GE Buffer (Stan-
dard Biotools),20 mM KCland occluded RNA target (9 x 108 cp per pl).
Experiments using cDNA as the input included 0.9 mM rNTPS (New
England Biolabs) and 0.125 U per pl T7 polymerase (Biosearch).

Sample volumes of 3.5 pl and assay volumes of 3.5 pl, inaddition to
appropriate volumes of control line fluid, actuation fluid, and pressure
fluid (Standard Biotools), were loaded onto the 192.24 genotyping IFC
chip (Standard Biotools). Chips were then placed into the Fluidigm
Controller and loaded and mixed using the Load Mix 192.24 GE script
(Standard Biotools).

After mixing, reactions (two technical replicates each) were run on
BioMark HD at 37 °C for 8 h, with measurements taken in the FAM and
ROX channels every 5 min. Normalized and background-subtracted
fluorescence for agiven time point was calculated as (FAM - FAM back-
ground)/(ROX - ROX background).

For fluorescence in-tube detection assays, Casl3 detection mix
was prepared as in bulk detection assays with fluorescent reporter
raised to 250 nM and crRNA raised to 45 nM in the final reaction. The
33-plreactions wereincubated at 37 °C for 3 h. Every 30 min, reactions
werevisualized with ultraviolet light on a transilluminator and captured
with asmartphone camera.

Nondenaturing acrylamide gel electrophoresis

Two separate mixtures were prepared for the target RNA with occluders
andtheribonucleoprotein (RNP) complex. Target RNA and occluders
were first annealed at 1:1 ratio in 7.5 pl of tube A (final concentration
2 M each in 7.5 pl) containing 1x binding buffer (24 mM KCI, 4 mM
Tris-HCI pH 8.0, 0.4 mM DTT, 10% glycerol, 0.1 mg mI™ BSA and 5 mM
MgCl,) at 85 °C for 10 min followed by gradual cool down at a rate of
0.1°Cs™. To prepare the RNP complex, dLwaCas13a was mixed with
crRNA at 1:1.33 ratio in 7.5 pl of tube B (final concentration 2 uM and
2.67 pM, respectively, in 7.5 pl) containing 1x binding buffer and incu-
bated at 37 °C for 15 min. Next, 7.5 pl of tube A was added to tube B to
bring the final volume to 15 pl, followed by another 37 °C incubation
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for 30 min. Samples were then loaded into 5% Mini-PROTEAN TBE gel
(Bio-Rad) and runin 0.5x TBE buffer. The gel was analyzed by imaging
the FAM and Cy5 channels onan Azure Biosystems 600 imager before
staining with SYBR gold for total nucleic acid visualization.

Activity fits

Fluorescence curves were converted to activity scores by fitting the
curves to effectively first-order reactions. With a certain amount of
active Casl3, the concentration of uncleaved reporter is expected to
decrease exponentially according to the reaction

E*+U—-E*+P

where £*is the concentration of active Casl3, Uis the concentration of
uncleaved reporter and Pis the concentration of cleaved reporter RNA.
Labeling the (second-order) rate constant of this reaction as r, the
concentration of Pchanges over time according to

P() = Pror = (Pror — P(0)) €'

Assuming that £*is constant over time, we define an activity score
v = rE*, which is an effective first-order rate constant (with units of
inverse time). Assuming that ris constantacross our assays, the activity
scorevis, thus, a proxy for the amount of active Cas13. Given measured
P(0), we find best-fit values of P,,, and v to fit the kinetic curves. To
account for curves very far from saturation (for example, no-target
control (NTC) data) we set aminimum value of P,,, on the basis of data
from saturating and near-saturating curves. For tiling data, we fit the
first 50 time points (-4 h) to discount occasional apparent noise appear-
ingatverylate times.

Some assays including crRNA occluders displayed fluores-
cence curves that did not fit well to this effective first-order reaction
(Extended Data Figs. 5-8), indicating a need to relax the assumption
that A is constant over time. For data shown in Extended Data Figs. 7a
and 8, we neglected the first several time points measured (15 and
10 time points, respectively, corresponding to 75 and 50 min), as we
found that doing so increased the goodness of fit. For other assays
using crRNA occluders—and those assays being directly compared to
them (thatis, data shown in Extended Data Figs. 5-7)—we fit the data
to aseries of two effective first-order reactions:

U->1I1->P

Labeling the first-order rate constant of each reaction &, and k,,
thismodel yields

—kt —kit
PO = Py — (P — PO 16—
1~ R2
We define activity in this case as v = (1/k; + 1/k,) ™, verifying that, if
the equation is first order (that is, k; > k), our previous definition of
activityisrecovered. Weindeed find negligible change in the measured
activities for NOC fluorescence curves between these two fits.

Tiling experiment activity correction

Each experimental condition in the tiling experiment was performed
withfour replicates: two technical replicates for each of the two shuffles
of the 961-nt-long target sequence. While we found excellent agree-
ment between technical replicates (Extended Data Fig. 3b), there was
some variation between the results from each of the two target shuffles
(Extended DataFig.3g,h). This variation was apparentin and correlated
between the positive controls of crRNAs 1 and 10, which were always
unoccluded (Extended Data Fig. 3c,g,h). We hypothesized that this
variability results from small variations in target concentrationin our
different samples.

To correct for such variations, we sought to quantify how
much each RNA sample differed from the mean. The RNA sam-
ples were divided into 192 sample conditions, each corresponding
to a single oligo pool and one target shuffling, as described above
(Extended Data Fig. 1c). Each of these 192 conditions was mixed with
24 assay conditions, corresponding to eight experimental crRNAs,
two positive control crRNAs, one nontargeting crRNA, one no-crRNA
control and two technical replicates of each.

Forthetwotechnical replicates of crRNAs1and 10 (thatis, foreach
of the four positive control assay conditions of the 24 total assays), we
considered the activity fit from the mean fluorescence curve, aver-
aging over the 192 sample conditions (Extended Data Fig. 3b, black
dashed lines). Then, for each sample condition and, for each positive
control, we calculated the ratio of the control’s activity to its mean
activity across all samples, obtaining an estimate of the degree to
which that sample’s concentration deviated from the mean. We defined
a correction factor as the average of these ratios. We then divided all
activities measured for that sample by this correction. This activity
correction not only decreased the spread of activities measured by
the positive controls (Extended Data Fig. 3d-f) but also decreased
the variance between measurements made on the two target shuffles
(Extended DataFig. 3g,h).

Mismatch discrimination

InFig.3d, we show the results of one simple metric by which to measure
mismatch discrimination: the maximum of the ratio Fyy/Fyy, Where
Fpy is the average fluorescence measurement across the perfectly
matched conditions and Fy, is that across the mismatched condi-
tions. Toaccount for the arbitrary offset of fluorescence, the minimum
fluorescence measured across the NTC experiments was subtracted
from both F;,y, and F,, before taking the ratio. As F;, and F,, are each
measured asthe average across three technical replicates, each meas-
urement of F,,and Fy, hasaninherent error (o, and oy, respectively),
which we quantify as the s.d. across the three technical replicates at
each time point. The error of the ratio is then propagated as

2
\/ (FomOwm)” + (FyiOpn)
(Fyw)”

Elsewhere (Fig. 3e,f), we measure mismatch discrimination by a
metric that relies on activity fits: log,(Vpn/Vmw)- Thus, a mismatch dis-
crimination of lindicates that the measured activity of the perfectly
matched conditions is twice that of the mismatched conditions and a
discrimination of 3indicates that the perfectly matched conditions had
eightfold higher activity than the mismatched conditions. We used a
similar measure for discrimination at low allele frequencies (Fig. 3g),
defining activity discrimination as log,(v//v,) where v;is the activity
measured at allele frequency fand v, is the activity measured in the
background alone.

Field-deployable variant discrimination

For thefield-deployableresults of Fig. 4, we implemented amethod of
activity discrimination that did not require curve-fitting. This method
has two steps: (1) determine whether the sample is positive or negative
for the RNA in question and (2) if positive, determine which variant
is present.

Forstep1, we tested whether the maximum fluorescence reached
was higher than the fluorescence of the NTC. To avoid false positives,
we used the maximum NTC value and, to account for NTC variability,
inflated this number slightly when considering samples (multiplying it
by1.7). When two NTC conditions were assayed, we used one to deter-
mine this cutoff (and for normalizationin step 2) and plotted the other.

Having determined which samples were positive, we then pro-
ceeded to discriminate among the variants. When more than two
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variants were present (Fig. 4c,j), we ensured that our assays did not
saturate; thus, we were able to use final fluorescence values (at 180 min)
asameasure of activity. We plotted (F(c, t) — m)/ (max. F(c, t) — m), where
F(c,pisthefinal fluorescence of crRNA cdetecting target tand misthe
maximum NTC value. In Fig. 4j, we set m to be the minimum fluores-
cencevalue of each target as the fluorescence curves were very far from
saturation and relatively close toNTC.

When only two variants were being discriminated between
(Fig.4b,d-g,i), we used the fluorescence values at which discrimination
was highestin place of the final fluorescence valuesin the above analy-
sis. This enabled us to measure discrimination even for targets where
bothvariants’ crRNAs saturated within the assay’s180 min. Tothisend,
for eachtarget, we considered the ratio of fluorescence timeseries for
thetwo crRNAs, F, ;,, (). We then took the logarithm of this curve, such
that positive values imply that detection by one crRNA was higher and
negative numbersimply that detection by the other crRNA was higher.
Wefocused onthetime point at which the absolute value of thisnumber
was maximal, with the caveat that, for each target, we neglected time
points for which the maximum fluorescence across crRNAs was below
the NTC threshold. In Fig. 4b,d,i, we show the fluorescence of each
crRNA at this time point, plotted as in the other analogous panels as
(F(c, t) — m)/ (max, F(c, t) — m), where F(c, t)is instead the fluorescence at
the time point that maximizes discrimination. InFig. 4e,g, we plot the
maximum fluorescence reached for each target on the x axis and the
maximum discrimination (which we denote log, (F,,,,,)) onthe y axis.

Equilibrium model

Inanequilibrium model of crRNA-target hybridization, the target has
afree energy AG, that depends on occluder conditions. We label the
free energy of the crRNA-Cas13 complex as AG; (where theirepresents
‘inactive’) and the free energy of the crRNA-Cas13-target complex as
AG, (representing ‘active’). AG; and AG, are unknown parameters but
areindependent of the occluder. In equilibrium, the ratios of concen-
trations of reactants and of products are related to the differences in
their free energies as follows*:

(4] — o~ (AG,—AG,—AG)/ksT

VIniuj

where [A]is the concentration of the crRNA-Cas13-target complex, [/]
isthe concentration of the crRNA-Cas13 complex, [U]is the concentra-
tion of the target, V represents the system volume, k; represents
Boltzmann’s constant and T is the temperature in Kelvin. Assuming
that the crRNA-Cas13 complex s in excess of the target, [/]is approxi-
mately aconstant (independent of [4]) and a conservation law requires
[A] + [U] = A, to be constant. Solving these two equations for the
unknowns [A]and [U], we have

[A] A /(1 e(AGa—AGu—AGi)/kET)
= Aot +

qul

Our measured activity, v, is proportional to [4] as defined previ-
ously: v = r{A]. There are two regimes to the activity curve. In the first,
thefirsttermin the denominator (unity) isdominant, leading to activity
forshort occluderlengths being roughly independent of the occluder
length. The effective parameter rA is set by the activity of Cas13 when
presented withanunoccludedtarget. Inthe second regime, the second
termin the denominator is dominant. In this regime,

AG,
kBT

log(v) = log(r[A)]) ~ +log (rAyo VII]e(AG— AC/KsT)

Thus, in the second regime, the relationship between log(v) and
AG, is approximately linear. The free parameter represented by the
second term shifts the line but cannot change its slope. The slope is set
by the temperature of the system.

ODE model

We compared the binding rate of an invading strand to a target with
and without an occluder in a model based on previous studies®**,
The model consists of a set of ODEs representing the flux into and
out of states, where each state is defined by the set of base pairs
formed. Transitions between states occur at a rate ke™*° where AG
isthe free energy barrier to the transition (in units of kyTwhere kg is
Boltzmann’s constant and Tis temperature in units of Kelvin) and k
isanoverall rate constant. Aninitial state consists of atarget strand
(boundtoanoccluding strandin the case where an occluding strand
is considered), with an invading strand unbound. Initial binding of
theinvader strand to the toehold has afree energy barrier of AG,. The
reverse step has abarrier of hAGy, where his the toehold length and
AGgisthe (absolute value of the) typical free energy of an RNA-RNA
base pair.

In the no occluder case, subsequent forward steps (in which an
additional base pair between target and invader forms) have a free
energy barrier of 0, while reverse steps have afree energy barrier of AG.

Inthe occluder case, the first step of the strand displacement reac-
tion hasbarrier AG, + AGs — (AGg — AGp), where we subtract (AG, — AGp)
from the models on which we base our work to account for the fact
that, in our system, the invading strand is RNA while the occluding
strand is DNA; AG, is the (absolute value of the) typical free energy of
an RNA-DNA base pair. Subsequent forward steps in the strand dis-
placementreaction have abarrier of AGs - (AGg — AGy,), while backward
steps all have abarrier of AGs. The barrier from the final state, in which
the occluder has fully dissociated, back to the penultimate state has a
barrier of AGp,.

Parameters were set following Irmisch et al.** to AG, =18.6,
AGr=2.52,AG,=74,AG,=3.5and AG,,=9.5 (allinunits of k;7) and an
overall rate constant of k= 6 x 10’ s™. We set AG, = 1.2 to be roughly half
of AGgand AG,, = 25to belarge enough to prevent reassociation on the
timescales considered. InFig.3b, we plot the results of h =3, b =27, with
amutation at the first position after the toehold.

Strand displacement model

In the strand displacement model; the amount of active Cas13 is not
constant over the measurement window but is instead gradually
increasing. Thus, because the initial conditions strongly affect the
system behavior (as demonstrated experimentally in Fig. 2h) thisis a
nonequilibrium model. We denote the overall rate of Cas13 activation
(multiplied by the concentration of the crRNA-Cas13 complex) by Ky,
toemphasize that this rateis slower than the rate of reporter cleavage.
In this framework, the amount of fluorescent reporter P(¢) depends on
the amount of active target A(t). Using ¢, to denote the time at which
measurements begin, we have

P(t) = Pyor — (Proy — P(t))e™ 0000

A(D) = Aror — (Aror — Altg))eHion(=10)

This predicts an overall sigmoidal behavior of the P(¢) curves.
In Fig. 1, the sigmoidal behavior is not apparent as the measurement
window starts too late to see the initial sigmoidal behavior. However,
the full sigmoidal behavior is apparent in various curves in Extended
Data Figs. 5-10. For those curves where the full sigmoidal behavior is
notapparent, the curves are well-approximated by exponentials. This
can be understood in the context of this nonequilibrium model as, if
activation is slow enough, the curves will appear exponential with a
slope roughly proportional to the average concentration of active
Casl3 over the measurement window. Mathematically, we integrate
A(¢) over the measurement window (which we denote as ranging from
tytot,+4)anddivide by 4 toyield the average of A. Taylor expanding
the exponentials in the slow-activation limit and keeping first-order
terms, we arrive at
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A(t) i Atotkslow(to + A)

Thus, far fromequilibrium, the activity is proportional to the rate
of Casl13 activation. We now ask how structure affects this rate.

We consider a three-state model for Cas13 activation. Initial (toe-
hold) binding has an association rate of k, and a dissociation rate of k.
Conversionfromthe toehold-bound state to active Cas13 has arate k*.
In this model,

K KklN
ktke © kx4 k,
k[l

ks]ow =

where the approximation assumes that k, is not sufficiently large that
thereactionis effectively a single step.

Following previous work?®, we assume that k; is structure inde-
pendent. Structure can, therefore, affect k, (more structure makes the
initial binding weaker, increasing k,) and/or k* (more structure
increasesthelength of the strand displacement random walk, decreas-
ing k*). We model the former as k, « exp(~L/L,) where L is the toehold
length and L, is a free parameter. L, is a free parameter (and is not
determined directly by temperature) as the Cas13 enzyme may affect
the strength of crRNA-target binding.

We model the effect of structure on k* by simulating 10° unbiased
one-dimensional random walks of each different length (equal to the
number of nucleotides of the protospacer occluded by structure) and
setting k* =< 1/R, where R is the time it takes for the random walk to
complete. As the probability of Cas13 not having dissociated within a
time r afteractivationis given by e~%7, we can estimate the probability
of Casl13 activation by integrating e~%7, multiplied by the probability
that the random walk completes at time 7, over all values of 7. More
efficiently, the probability of Casl3 activation is calculated as (e=*/Ro)
where the average is taken over all simulated random walks and R, is
proportional to 1/k,.

An equilibrium version of this three-state model cannot explain
theinitial-condition-dependent effects of structure and, furthermore,
makes the prediction that Cas13 will be bound (in some form) to the
target with near-100% probability unless almost the entire protospacer
isoccluded (thatis >23/28 nt).

While a model accounting for the effects of structure on both &,
and k* can fit the data, we find that the best fit is achieved when the
effect on k, is dominant. Therefore, for simplicity, we present, in the
figures, the model predictions assuming structure only affects k.
While ionic conditions (which differ between our initial data collec-
tionin Fig.1and the multiplexed data shownin Fig.2) are expected to
greatly affect overall rate constants and, therefore, must be refitted
between the experiments, we hypothesized that the effect of Cas13
on crRNA-target binding strength will not be greatly affected. We,
therefore, fitted L, on the initial data of Fig. 1 (finding a best-fit value
of L, =3.4) and did not refitit subsequently. Furthermore, we account
for the asymmetry shown in Fig. 2 by multiplying k, by exp(1.7) when
the toehold is on the 3’ end of the protospacer, as previous analysis
found that such toeholds are 1.7 k; T more stable than toeholds from
the other direction®®. Therefore, our model predictionsin Fig. 2 are the
result of afit with a single free parameter.

ITC

Catalytically inactive LwaCas13a (20 pl, 1.7 mM) was mixed with 10 nmol
of crRNA 4 (multiplexed screen). The total volume was adjusted to
500 plwith Casl13 complexation buffer (600 mM NaCl, 50 mM Tris-HCI
pH 7.5, 5% glycerol and 2 mM DTT) and allowed to complex at 37 °C
for 30 min. The entire sample was then injected onto a Superdex
200 size-exclusion column. A minimal ITC buffer 200 mM NaCl and
100 mM Tris-HCI pH 7.5) was used to equilibrate the column, flush
the loop and elute the sample. Three distinct peaks were eluted from
the column, corresponding to the Cas13-crRNA complex, unbound

protein and unbound crRNA. Fractions containing peaks suspected
to correspond to the Cas13-crRNA complex were loaded on a gel and
stained with SYBR gold and Coomassie blue to confirm the presence
of proteinand nucleicacid. These fractions were further dialyzed into
ITCbuffer overnight. Protein concentration was confirmed by absorb-
ance at 280 nm. Occluded target RNA was prepared as described above
in ITC buffer at a final concentration of 80 pM. The two species were
loaded onto a Malvern MicroCal PEAQ-ITC calorimeter. Titration was
performed using an initial injection of 0.5 pl of the occluded target
RNA followed by 2-plinjections every 150 s for a total of 19 injections.
Data collection and processing are automated, with user input of the
binding stoichiometry, which was set to 1:1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Additional data are available from GitHub (https://github.com/
ofer-kimchi/Cas13-RNA-structure. Source data are provided with
this paper.

Code availability
Code used to analyze data and generate figures is available from
GitHub (https://github.com/ofer-kimchi/Cas13-RNA-structure).
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a Criteria:
1. maximize number of biologically
relevant protospacer sequences

2. probability paired <0.6 for any base pair

3. no G-quadruplexes, no polynucleotide
stretch of length >4

4. no sequence of length >8 can appear
more than once (>5 within protospacers)
5. two target block orderings
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Extended Data Fig. 1| Multiplexing RNA secondary structure for Cas13-based
assays. a. Criteria used in the design of target RNAs for multiplexed detection
assays. b. Histogram showing the minimum and total structure free energies of
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Extended Data Fig. 2| Activity profiles of Cas13 targeting occluded RNAs.
a-d. Casl3activity as a function of occluder start position in each 96 nt target
block; green shading represents protospacer. a: 28-mers. b: 21-mers. C: 14-mers.
d:10-mers. e-h. Same as A-D, with activities normalized to the non-occluded
condition for each target block i. Activities of all negative control conditions.
Jj-Activities as a function of occluder start position for a single target with all
four occlusion lengths, normalized to the non-occluded condition. k. Effects

of occluders on the activities of different Cas13 orthologs and spacer lengths:
LwaCas13d complexed with a crRNA with a 28-nt-long spacer sequence (yellow),
LwaCas13d with acrRNA with a 21-nt-long spacer sequence (red), RfxCas13d
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Occluder condition

(green), and LbuCasl3a (purple). Note on occluder nomenclature: occluders are
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two biological). Bar heights pointsin k represent the mean and error bars show
the standard deviation of n = 2 technical replicates.
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Extended Data Fig. 3| Controls and data normalization for multiplexed tiling
assay. a. Fluorescence curves for the set of experimental conditions chosen for
the multiplexed tiling assay. b. Scatter plot showing activity correlation between
technical replicatesin the tiling experiment. c. Raw activity curves from the
control (unoccluded) targets across all conditions in tiling assay. d. Cumulative
histogram showing activity distribution for control target 1 before and after

Ratio of target order activities

correction. e.Same asind, but for control target 10. f. Dot plot showing activity
correlations between the two control targets for all conditions before and after
correction. g. Scatter plot showing activity correlation between the two target
shufflings for all tested conditions, before and after correction. h. Histogram

of ratio of activities of points of the two target shufflings, before and after
correction, excluding negative controls. Ind, e, h, represents standard deviation.
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Extended DataFig. 4 | Strand displacement-based model accounts for
asymmetries in occlusion pattern. a-b. Correlation between activities resulting
from 21-mer occluders and 28-mers occluding the same nucleotides.Ina,
28-mers starting at positions 1,4, 7, etc are matched with 21-mers starting at
positions 3, 6,9, etc; in b they are matched with 21-mers starting at positions
6,9,12, etc. c. Activity as a function of DNA occluder length for occluders of
different lengths extending inwards from 3’ and 5’ ends of the protospacer.
Strand displacement model predictions shown as dashed lines. Error bars show
standard deviation of parameter fit. d. Data from tiling experiment plotted asin A
and also including oligos occluding the middle of the protospacer (yellow). Small
dots show individual data points from each crRNA; large dots show the mean

and error bars show standard deviation across the 8 crRNAs. Model predictions
shown as dashed lines. e. Ratio of activities resulting from 21-mer occluders

targeting 3’ end of protospacer to those resulting from occluders targeting 5’
end, plotted as a function of occluder length. Each curve shows a different crRNA.
Model prediction shown as dashed line. Lines show the mean, and error bars the
standard deviation, across n = 4 replicates (two technical and two biological).
Cumulative histograms of these data are shown in Fig. 2d. f. Asin E, for 28-mer
occluders. g. Isothermal titration calorimetry (ITC) data showing the differential
power (DP) required to equilibrate the temperature of the reaction chamber in
response to titration of 3’ occluded target RNA into a Cas13 RNP solution, which
corresponds to the change in heat resulting from the binding that occurs.

h. Binding curve derived by integrating the datashown in A with respect to time,
yielding the enthalpy of interaction in kcal/mol as a function of molar ratio of the
target RNA to the Cas13 RNP. The binding stoichiometry was set to1:1.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Fluorescence curves from experiments probing

Cas13 mismatch detection at low allele frequencies and varying target
concentration with occlusion. a. Raw fluorescence curves corresponding to
Fig. 3d detecting presence of amismatch at different target RNA concentrations
withand without occlusion. Shaded regions show the range of fluorescence
measurements for each condition across replicates. b. Raw fluorescence

curves corresponding to Fig. 3g detecting mismatch detection sensitivity at

decreasing allele frequency with and without occlusion. c: Raw fluorescence
curves of a SHERLOCK assay detecting the Delta strain of SARS-CoV-2 at different
concentrations. Data points show the mean and error bars show the standard
deviation across n =2 technical replicates. d: Comparison between normalized
final fluorescence measured for KRAS variants (Fig. 4j) at different magnesium
concentrations. Mean across n = 2 technical replicates is shown.
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Extended Data Fig. 7| Mismatch detection using different types of occlusion. Raw fluorescence curves corresponding to Fig. 3e-f detecting various mismatches
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within three different target sequences for no occlusion, target occlusion, crRNA occlusion, and target+crRNA occlusion conditions.
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Extended Data Fig. 8 | Fluorescence curves from Casl13 specificity matrix experiment with different types of occlusion. Raw fluorescence curves corresponding to
Fig. 3h using all possible crRNA and target nucleotides at a given position. Semi-transparent dashed lines show curve fits (see Methods).
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Extended Data Fig. 9 | Discrimination of IAV variants. a: Fluorescence at

180 minutes is shown for different occluder modifications in absence of target
(NTC=No target condition). b: Fluorescence curves for unmodified DNA
occluders and occluders modified with alocked nucleic acid (LNA) at position 16.
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of n=2technical replicates. c: Fluorescence curves corresponding to Fig. 4c.

In c-e, each subplot shows results for different targets, with several targets
sometimes grouped together in a single subplot and shown in different colors.
Different crRNAs detecting these targets are shown as different line styles (solid/
dashed/dotted). d: Fluorescence curves corresponding to Fig. 4f. e: Fluorescence

curves corresponding to Fig. 4i.
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Extended Data Fig. 10 | Discrimination of SARS-CoV-2, IAV, and KRAS variants.
Ina-d, each subplot shows results for different targets, with several targets
sometimes grouped together in a single subplot and shown in different colors.
Different crRNAs detecting these targets are shown as different line styles (solid/
dashed). a: Fluorescence curves corresponding to Fig. 4b. b: Fluorescence

Time (min)
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curves corresponding to Fig. 4d. c: Fluorescence curves corresponding to
Fig.4e.d: Fluorescence curves corresponding to Fig. 4g. e: Fluorescence curves
corresponding to Fig. 4j. Here, different crRNAs are shown as different colors,
and each subplot corresponds to asingle target.
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