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ABSTRACT: The sensitivity of CRISPR-Cas systems used for molecular diagnostics 1
remains a major bottleneck in the adoption of this technology. The vast majority of
CRISPR-based assays use dually labeled, single-stranded reporters and fluorescence
signal readouts to infer enzymatic activity and the presence (or absence) of target
nucleic acid. The limit of detection of such assays is set by the kinetics of the Cas
enzymes and a slow yet measurable increase in the fluorescence signal. We demonstrate
here that the background signal and limits of detection of most assays are very likely
limited by the degradation of reporter molecules. This degradation is dynamic and is
not associated with enzymatic activity. We present theory and experiments to design
and calibrate CRISPR assays. We introduce a new kinetic framework to account for the
degradation of reporter molecules and derive a fundamental limit of detection for
CRISPR-based assays. Our data show that Michaelis—Menten kinetics alone are
insufficient to describe reporter (substrate) cleavage rates. The framework and
techniques presented here should help reduce the frequency and magnitude of errors currently routinely made in quantifying
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CRISPR kinetics and interpreting CRISPR diagnostic fluorescence signals.

B INTRODUCTION

Clustered regularly interspaced short palindromic repeats-
associated enzymes (CRISPR-Cas) have raised significant
attention in the field of molecular diagnostics in the past few
years.' " CRISPR-Cas systems typically consist of a Cas
endonuclease (e.g., Cas12™® or Casl3’) conjugated to a
synthetic guide RNA (gRNA), which includes a sequence
complementary to the target nucleic acid. The enzyme first
recognizes and cleaves the target in a specific cis-cleavage step,
which activates the enzyme. The activated enzyme sub-
sequently exhibits a nonspecific collateral trans-cleavage of
single-stranded nucleic acids (e.g, DNA for Casl2 and RNA
for Cas13)."”® A great variety of strategies have been
developed to leverage this mechanism for diagnostic purposes.
The majority of these assays use synthetic single-stranded
nucleic acid reporters labeled with a fluorophore on one end
and a quencher on the other.””'" In such assays, a rise in
fluorescence signal is used to detect enzymatic trans-activity
and this signal informs on the presence of the target, the
target’s initial concentration, and/or the reaction kinetics of
the enzyme. CRISPR-based detection methods are often
presented as an alternative to exponential molecular
amplification methods such as quantitative polymerase chain
reaction (cllPCR) and loop-mediated isothermal amplification
(LAMP).""~"* The latter methods are robust but can be prone
to false positives and often require bulky and expensive
equipment for target quantitation. By comparison, CRISPR-
based methods are highly specific, easily reconfigurable, and do
not require thermal cycling, and this makes them an
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increasingly popular addition to the molecular diagnostics
toolbox.”' '

An important disadvantage of CRISPR-based assays over
molecular amplification techniques is their limited sensitiv-
ity,”'> which is limited by both their kinetic rates and observed
nonspecific background activity. Early reports®'® claimed that
CRISPR catalytic rates exceeded 1000 turnovers per second,
but these and other similar reports are now known to be gross
errors.'’ ™" Catalytic rates are typically on the order of 1
turnover per second.'” Furthermore, CRISPR-Cas systems that
leverage the cleavage of fluorophore-quencher reporters exhibit
finite background ::1ctivity,17’19_21 where a measured fluo-
rescence signal increases with time even in the absence of
target molecules. These limitations constitute a major obstacle
to the detection of trace concentrations of nucleic acids.'’
Despite the fundamental importance of the background
activity on the limit of detection of CRISPR assays, to our
knowledge, there has been no kinetic description or model that
accounts for this phenomenon.

In this work, we report on and present experimental
evidence of the essential role played by the nonenzymatic
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Figure 1. CRISPR diagnostic fluorescent signals. (a) Schematic for DNA detection using CRISPR-Casl2. The Casl2/gRNA complex
(ribonucleoprotein, RNP) first recognizes a specific ~20-nucleotide DNA sequence complementary to the gRNA. This activates the enzyme
(shown in yellow color), triggering nonspecific cleavage of ssDNA fluorophore-quencher reporters. (b) Schematic of three sources of fluorescent
signal. In addition to background signal (e.g., from plastic thermocycler tubes, not shown), photons are emitted by reporters cleaved by the Cas12
enzyme upon activation; uncleaved reporters that are imperfectly quenched; or reporters that are degraded nonenzymatically. (c) Schematic of
fluorescence signals versus time from a positive sample (with target), a negative sample (no target), and the prediction by a (commonly used) naive

model for a negative sample.

degradation of fluorescent reporters. We show that this
degradation happens independently of CRISPR activity. Yet,
because it becomes the dominant reaction mechanism at low
target concentrations, it has immense consequences on
CRISPR assay sensitivity. Furthermore, the kinetics of this
reporter degradation imply that the traditional Michaelis—
Menten kinetic system does not capture empirical observa-
tions. We use our model to derive an analytical expression for a
fundamental limit of detection imposed by reporter degrada-
tion on CRISPR assays. We provide a novel approach to
calibrate CRISPR assay signals that incorporates a modified
kinetic framework (different from Michaelis—Menten). We
also present a controlled experimental study demonstrating
this degradation, experimental validation of our model, and
how this degradation directly limits the sensitivity of a Cas12
assay.

B METHODS

Reagents. LbCasl2a (a Casl2 ortholog fromLachnospir-
aceae bacterium ND2006) at a concentration of 100 uM and
NEBuffer r2.1 were purchased from New England Biolabs
(MA, USA). NEBuffer r2.1 is composed of SO mM NacCl, 10
mM Tris-HC], 10 mM MgCl,, and 100 yg/mL recombinant
albumin (pH 7.9 at 25 °C). Reporter molecules were
purchased from Eurofins Genomics (France) and resuspended
at 100 uM. All other oligonucleotides reported in Table S1I
(Section S7) were obtained from Integrated DNA Technol-
ogies (IDT) and resuspended at 100 M. All fluorescence
measurements were performed using a CFX384 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories). In all
experiments, fluorescence measurements were taken at 37 °C
and every 30 s.

Trans-Cleavage Kinetics Experiments. We first prepared
a solution of 1 uM ribonucleoprotein (RNP) by incubating 1
UM synthetic gRNA and Cas12a at 37 °C for 30 min. RNPs
were first diluted to 80 nM in NEBuffer r2.1 before activation
with 20 nM synthetic dsDNA target at 37 °C for 30 min. The

kinetics of cis-cleavage have been extensively discussed
elsewhere,”>™*® and we here consider the reaction complete
after incubation. We then performed trans-cleavage kinetics
assays using 1 nM activated RNP and varying synthetic
reporter concentrations (ranging from 14 to 900 nM in 2-fold
dilutions). The reactions were buffered in 1X NEBuffer r2.1.
All mixing steps prior to data acquisition were performed on
ice. Three replicates were obtained for each reporter
concentration. Fluorescence values were converted to concen-
trations using the models described in the main manuscript
and the calibration curves reported in Section S8. The initial
reaction velocities were computed by using a linear fit to the
first ~3 min of the reaction progress curves. Kinetic rates k.,
and Ky, were computed using a nonlinear Michaelis—Menten
fit using GraphPad Prism 10 (GraphPad Software, CA, USA).
Note that the Michaelis—Menten model is sufficient here, as
target concentrations are sufficiently high.

Reporter Degradation Experiments. We conducted
experiments similar to those performed in the trans-cleavage
kinetic experiments, omitting one or several critical compo-
nents of the CRISPR reaction. For the no-target experiment
(Figure 3b), we prepared a solution of 80 nM RNP following
the same protocol as described above. We then diluted the
RNPs to S nM (final concentration) and mixed them with
solutions containing varying synthetic reporter concentrations
(ranging from 14 to 900 nM in 2-fold dilutions). For the no-
gRNA experiment (Figure 3c), we mixed S0 nM Cas12a with 1
nM dsDNA target and the same varying concentrations of
ssDNA reporters. For the no-Cas experiment (Figure 3d), we
mixed 10 nM gRNA with 1 nM target and varying
concentrations of reporters. Finally, for the reporter-only
experiment (Figure 3e), we diluted the ssDNA reporter stock
to varying concentrations ranging from 14 to 900 nM in 2-fold
serial dilutions. Three replicates were taken for each reporter
concentration for all cases.

In all cases, we then proceeded with fluorescence measure-
ments. Reactions were performed in 1X NEBuffer r2.1. Initial
reaction velocities were computed using a linear fit to the first
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~15 min of the reaction progress curves. The value of k,, was
computed using a linear fit using GraphPad Prism 10.

Limit of Detection Experiments. We first prepared a
solution of 1 M RNP by incubating 1 M synthetic gRNA
and Casl2a at 37 °C for 30 min. RNPs were first diluted to 80
nM in NEBuffer r2.1 before incubation with 110 nM reporters
and concentrations of synthetic target dsDNA ranging from 1
fM to 10 nM in 10-fold dilutions. Reactions were performed in
1X NEBuffer r2.1. Fluorescence values were converted to
concentrations using the calibration process described in
Section S8. The initial reaction velocities were computed by
using a linear fit to the first ~500 s of the reaction progress

curves.

B RESULTS AND DISCUSSION

Signal Kinetics in the Low Target Concentration
Limit. Figure la summarizes a typical CRISPR-Casl2
diagnostic assay. The assay involves two sequential reactions.”*
The first is a relatively rapid”*~>° reaction called cis-cleavage
during which the enzyme is activated by recognizing and
cleaving a specific target DNA sequence complementary to the
gRNA. The second is the rate-limiting step called trans-
cleavage where the enzyme indiscriminately cleaves single-
stranded nucleic acid reporter molecules. The vast majority of
the published Cas12 assays use short, dually labeled ssDNA
fluorophore-quencher reporters, whose quantum yield signifi-
cantly increases when cleaved."®”” An increase in the
fluorescence signal is used to detect enzyme activation, and
the presence of target nucleic acid is deduced from this signal.

The most successful model to describe the trans-cleavage
kinetics of the Cas enzyme is the Michaelis—Menten
model.'®® In this framework, the rate of production of
cleaved reporter is proportional to the activated enzyme
concentration, and this can allow the quantification of the
initial DNA target concentration. For such questions, we often
want relations between the measured signals and the kinetic
rates of the reaction. However, as reported by Santiago,'” a
large fraction of all CRISPR diagnostic studies®'®>"*”*%3°
report absolutely no calibration method or calibration data.
This deficit in reporting can make it impossible to verify and
even reproduce studies. It can also lead to gross errors in

L 31,32
kinetic rates.”’

We summarize in Section S1 a brief history of
kinetic model formulations and calibration methods (including
successive improvements) for CRISPR-based diagnostic
methods. To our knowledge, the most comprehensive

calibration has been reported by Blanluet et al.*’

Here, we
derive a closed-form expression for the fluorescence signal in
the limit of low initial target concentration, as predicted by the
Michaelis—Menten framework.

Under the quasi-steady state and the reactant stationary
assumptions,”* we first adapt the calibration eq 10 from Avaro
and Santiago”” and include the extension proposed by Blanluet
et al.”’ We present a detailed derivation of this approach in

Section S1. This calibration

s
Lgive(t; [Ely) = 1074 (FUdKMﬂ(t)

+ Fé{[S]o - Ky A(t)

3 At)
LEly 1+ At) )] (1)
where:
[Sle ([Sly ke ]
A(t) = W| —exp| — — [E]ot
© (KM XP( Ky Ky ’ ] (2)

Here, I3 (t, [E],) denotes the so-called “flatfield-
corrected”””” fluorescence intensity at time t as predicted
by the Michaelis—Menten model. F(;, F{4 and ¢, are
calibration constants, k., and Ky, are the kinetic rates of the
enzyme, [E], = [E]J(t = 0) is the initial activated enzyme
concentration, [S], = [S](t = 0) represents the total
concentration of reporters in the reaction, and W is the
Lambert-W function.” We note that the model represented by
eq 1 accounts for the signal originating from uncleaved
reporters, the so-called “inner-filter effect,” and the well-to-well
(i.e, position-to-position) variation in fluorescence detector
response.33 In the limit where the target concentration [E], is
low, this closed-form solution is well approximated at the first
order by:

corr _@ , [E]
Ina'l've(t; [E]o) ~ 10 < [S]O(FCI[I _ ﬁo[s]o]
! 4 kcat[E]Ot
— (Fy — Fj |1 — —=—2—
(Fa Ucl)[ Ky + [S]o ]] 3)

The derivation of eq 3 involves a Taylor series expansion of
the Lambert-W function and we discuss these details in Section
S2.

Next, we discuss the rates of increase of the signal of these
systems. We often want a signal that is a weak function of the
initial signal value and the initial background value. As such, we
consider the first derivative with respect to time of eq 3:

s _[Sh [STo
— ¥ ([E],) ~ 10" % (F., — F, k. [E],————
dt ([ ]0) ( Cl Ucl) cat[ ]0 I<M + [S]o

(4)
As expected, this model of signal rate is proportional to the
initial velocity predicted by the Michaelis—Menten model:

WPlss _y 1y 15k
dt Ky + [S]o (3)

We here refer to eqs 3—5 as the “naive” model for CRISPR
kinetics, which we seek to criticize and expand upon in this
paper. This naive model is consistent with the prevalent theory
of CRISPR reactions, which assumes that the target
concentration limits the maximum value of [E]y; and, if
[E]y = 0, the signal is not expected to increase in time.

As we shall discuss and demonstrate with quantitative
experiments, the prediction and interpretation that signals will
not increase for negative samples (i.e., lacking target
molecules) is incorrect. There is in fact published experimental
data showing that reaction velocities (as interpreted from
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fluorescence signals and calibration) plateau to a constant,
nonzero value as target concentrations approach
zero.'”'#?%213 The mechanism behind this nonspecific signal
rise has not been explained, but the evidence implies that there
exists another source of fluorescent signal that is unaccounted
for by the aforementioned models or calibrations and not
predicted by the Michaelis—Menten framework.

Figure 1b summarizes the three different sources of the
fluorescence signal of a CRISPR reaction. The first source
consists of reporters cleaved by enzymatic trans-cleavage. The
second source involves the imperfectly quenched, yet
uncleaved reporters (I,;..(t; 0)), which was introduced and
accounted for in eq 1 above and which we detail in Section S8.
The third source of signal is the effect that is the focus of this
work: the degradation of reporters independent of the CRISPR
enzyme. The latter two sources of signal are not directly related
to the activated enzyme concentration and are therefore
usually considered as background signal for any diagnostic
assay or enzyme kinetics measurement. However, we know of
no published work that accounts for the observed degradation
rate of reporters. Figure lc shows schematic progress curves
(i.e., evolution of fluorescence signal vs time) that result from
the summation of the three sources of signal listed in Figure
1b. Shown here are progress curves in the presence of the
target (light green) and the absence of the target (negative,
dark green). We also show the prediction by the naive model
(eq 1) for the negative case. As mentioned earlier, the naive
model predicts zero signal increase in the absence of target
molecules.

Proposed Modifications to Michaelis—Menten Ki-
netics to Include First-Order Reporter Degradation.
We now introduce an important factor in the interpretation of
CRISPR kinetics, which we recently discovered and quantified
as part of the current study. The discrepancy between the
experimental observations and the naive Michaelis—Menten
predictions implies the existence of an underlying complexity
in the kinetics description of any CRISPR system that involves
the fluorescently labeled reporters. Namely, a critical source of
background signal originates from reporters, which can
degrade in the absence of the target and/or the CRISPR-Cas
enzyme.

To account for this observation, we introduce here a so-
called “augmented” (as opposed to “naive”) kinetics frame-
work to describe enzymatic assays with first-order reporter
molecule degradation. We select a first-order model to keep it
as simple as possible while capturing essential experimental
observations. We describe this reaction system using the
following equations:

kf
E+S=CrE+p

ky, (6)
g b @

Here, eq 7 corresponds to the observed degradation of
reporters that is not mediated by the Cas enzyme. The
corresponding system of rate equations is then more fully
described as:

d[s] _

= = ~HIEIS] + k[C] — kylS] ®

d[E]
—— = —k(EI[S] + (kg + kp)[C
o = RIEIIST + (kyy + k)IC) o
d[C]
—— = kEI[S] — (kg + kp)IC
dt f[ ][ ] ( cat b)[ ] (10)
dp] _
el ke C1 + ki [S] (11)
With the following initial conditions:
[S1(t = 0) = [S], (12)
[EI(t = 0) = [E], (13)
[Cl(t=0) =0 (14)
[PI(t=10)=0 (15)
Similar to the Michaelis—Menten system, we define
Ky = M Closed-form solutions®” for similar systems of

rate equations have been derived, but they rely on tran-
scendental functions that are specially defined for these
systems and that are not available in most scientific computing
packages. Under the reactant stationary assumption and the
quasi-steady state assumption,”> we can derive an analytical
expression for the initial reaction velocity analogous to the
naive Michaelis—Menten case (eq 5):

ﬂm@:@:&@b [STo

= —0 kS
dt Ky + [S], ralSho

(16)

In the special case where [E], = 0 (no target), eqs 8—11
collapse to:

AShe  dIPl

dt dt (17)

Eq 17 then yields an analytical solution for the fluorescence
intensity in the no-target case:

I(t) — Iyg(t)
Lep(t) — Ipg(t)

—& ’ ’ ’ —k,. t
= 10" % [S]o(Fy — (Fgy — Fygle ™) (18)

In eq 18, Iy and Igg are, respectively, the flatfield and
background signal arrays (associated with the array of reaction-
tube-specific detectors). Unlike eq 1 in Blanluet et al,*® the
quantities Iy and Igp are here time-dependent arrays and not
averages in time. The time rate of change of the signal is then:

dI corr

meas,BG

dt

= _krep[S]BG

Lneasp(t) =

(Sl
— ! ! —k
(t) =10 % (FCI - FUcl)krep[S]Oe ! (19)

corr . . . .
where I ... 5 is the flatfield-corrected fluorescence intensity in

the no-target limit. This corresponds to the following
characteristic time scale 74:

1
M= /krep (20)

Here, the subscript “d” denotes “degradation.” For character-
istic observed rates, as we will show below, this characteristic
time is much longer than typical experiments (e.g., 74 > 8 days
for k.., = 1.4 X 107 s™"). We indicate with , the characteristic
duration of the experiment (5 min < 7, < 2 h for typical trans-
cleavage experiments). Assuming 7, << 7, then the rate of
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increase of the background signal, as derived in eq 19, is
approximately constant throughout the measurement:

dICOlT B

dt (21)

We will, later in this paper, refer to this estimate of the initial
rate of signal growth.

Before validating our model with experimental data, we
present simple visualizations of the theory. Specifically, Figure
2a shows plots of the predicted initial (linear) portions of the

G Bk ,
~ 107 @ (Fy — FUd)k,ep[S]o
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Figure 2. Comparison of naive versus augmented models. (a)
Example cleaved reporter concentrations versus time for a fixed initial
reporter concentration ([S], = 110 nM) and seven values of target
concentration [E],. Shown are numerical solutions to the full
Michaelis—Menten system (eqs 8—15), with (symbols) or without
(naive model, lines) reporter degradation. (b) Selected curves from
(a), in the zone of low product concentrations. As target
concentration ([E],) approaches zero, the curves converge to a
minimum signal rise determined by reporter degradation (and not by
trans-cleavage by CRISPR). The shaded region highlights the region
that is practically inaccessible in the augmented kinetic framework.
We used the following values for this example: k¢ = 10" M™'s™", k,, =

2.0 57, Ky = 3.6 uM, and k,,, = 1.4 X 107 57",

progress curves. Shown are product concentration profiles
([P](t)) for seven concentrations of the target (i.e., [E]y). We
show two sets of predictions. First, the solid lines are
predictions by the naive Michaelis—Menten model. Second,
the data symbols show results from our augmented model (eqs
8—15). Note that the data symbols are color-coded to the
corresponding curves of the naive model. Figure 2b shows a
subset of five of these curves in the low product concentration
region ([P](t) < 1 nM) for clarity of presentation. As derived
in eq S, the initial reaction velocity predicted by the naive
model is proportional to the target concentration and therefore
approaches zero as [E], approaches zero. However, unlike the
naive model, the augmented model curves converge toward a
nonzero, linear increase in product concentration as the target
concentration approaches zero (shown using cross data
symbols). This corresponds to the zero-target limit derived

in eqs 17—19, where the degradation of reporters dominates
the production of cleaved reporters over the enzymatic trans-
cleavage reaction. We indicate with shading in Figures 2a and b
the region where detection is extremely difficult for the
specified values of k., and [S]y. In this low-target regime,
accurate detection would require precise knowledge of the
degradation of reporters and would require that this
degradation be extremely repeatable from experiment to
experiment. Note that the degradation of CRISPR reporters
has analogies to that of qQPCR TagMan probes, which we
discuss briefly in Section S7.

A Fundamental Limit of Detection for CRISPR
Fluorescence-Based Assays. We here derive a simple
algebraic expression describing a fundamental limit of
detection for any enzymatic assay given first-order reporter
degradation. As an important reference value, we define
[E]oLop as the theoretical initial target concentration for which
trans-cleavage with no reporter degradation exactly matches an
observed signal increase due solely to reporter degradation
(sans target). [Elorop can therefore be interpreted as an
apparent target concentration that would, in the framework of
the naive model, explain a signal that is actually due solely to
reporter degradation. To this end, we set equal the right-hand
sides (RHSs) of eqs 4 and 21, and derive the following:

krep
[Elprop = (Ky + [S])—
cat (22)

The latter also corresponds to the situation where each of
the two terms in the RHS of eq 16 has an equal contribution to
the cleaved reporter production. We will term this condition as
a signal-to-background ratio of unity. [E]y,p is an extremely
useful estimate for the design of all CRISPR kinetics and
CRISPR diagnostic assays that rely on reporter molecules.
First, this concentration is directly proportional to the reporter
degradation rate k,.,—highlighting the great importance of this
reporter degradation effect. Second, this concentration is a
linear function of the reporter concentration. Depending on
the magnitude of Ky, increasing the reporter concentration
[S]o can have a strongly deleterious effect on sensitivity.

Late-Readout Effect on the Reaction Velocity. In this
section, we introduce a scaling argument to evaluate the
reliability of experimentally measured reaction velocities as
approximations of initial reaction velocities. The characteristic
time scale of completion of the Michaelis—Menten reaction
Ty is determined by the kinetic rates of the enzyme:'®"”

KM
T, =
M kcat[E]O (23)

However, the trans-cleavage reaction is initiated upon mixing
reagents and there is a time delay before signal acquisition
begins. This delay corresponds to the time necessary to mix
reagents into a reaction vessel, load the vessel (tube or well-
plate) into a detection instrument, heat the vessel to
incubation temperature, and initiate data collection. We
denote this time delay 7. (where the subscript denotes
“preparation time” or “pre-data-collection”). In our experience,
Tyre i typically on the order of a few minutes (7, & S min).
For high values of [E],, the characteristic time of completion of
the reaction 7yy, can be on the same order of magnitude than
Ty For instance, for [E], = 10 nM and typical measured
values for the kinetic rates for LbCasl12a (k. = 2.0 s7%, Ky =

3.6 uM), Ty ~ 3 min. In this case, the measured reaction
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velocity (after a delay 7,,.) substantially underpredicts the real
initial reaction velocity (as depicted in Figure 1c). We will here
term this underprediction of the reaction velocity the “late-
readout effect.” As an illustration, we provide in Section S§
example estimates of the apparent reaction velocity for varying
target concentrations for five values of the time delay 7.
ranging from 0 to 7 min.

Of course, at low target concentrations, 7yy, is much larger
than 7., and the late-readout effect is negligible. For instance,
for [ETO =1 pM, Ty > 20 days. In such cases, the measured
reaction velocity over the first minutes (even hours) of the
reaction is a very good approximation of the initial reaction
velocity.

We can also define a characteristic target concentration
[Eloate for which the finite reaction time 7,,, prior to signal

Pl'e
recording affects estimates of reaction kinetics:

Kyt

[E]O,late ~ k
catTpre (24)

We approximate the value of Ky;/k.,, as the value ultimately
estimated from the kinetics experiments (e.g, at the final
incubation temperature of interest). This limit makes exploring
high target concentrations difficult. Eq 24 should be
interpreted as an order-of-magnitude estimate that is never-
theless helpful in designing CRISPR experimental protocols.

Experimental Validation of the Kinetic Model. We
now present an experimental validation of the model presented
in eqs 6—19. Figure 3 shows progress curves, i.e., the typical
measurement of cleaved reporter concentration as deduced
using the calibration eq SS5. Figure 3a shows the progress
curves for trans-cleavage experiments in the presence of 1 nM
target. As expected, the concentration of cleaved reporter
increases with time and this increase varies with initial
substrate concentration. In parallel to trans-cleavage experi-
ments, we measured the increase in fluorescence of solutions
containing the same concentrations of reporters as those
reported in Figure 3a, but we omitted one (or several) critical
component of the CRISPR reaction. Figures 3b—d show
progress curves in the absence of either the dsDNA target,
gRNA, or LbCas12a enzyme. Figure 3e shows progress curves
corresponding to reporters incubated in buffer at 37 °C in the
absence of the Cas enzyme, DNA target, and gRNA (i.e., only
in reaction buffer). Strikingly, all cases resulted in a slow, yet
measurable increase in cleaved reporter concentration with
time and, as expected for a first-order reaction, the rate of
increase depends on the initial reporter concentration [S],.
Furthermore, this increase is similar in magnitude regardless of
the presence of the Cas enzyme, dsDNA target, or gRNA. This
suggests that the observed rise in fluorescence is mainly due to
the nonenzymatic reporter degradation. We also note that the
deviation from linearity in Figures 3b—e may originate from
photobleaching after prolonged exposure, which is not
captured by our simple model. Importantly, all cases shown
in Figure 3b—e correspond to the case [E], = 0, resulting in no
predicted fluorescence signal increase in the naive Michaelis—
Menten framework. Note that signal-vs-time curves of CRISPR
reporters in the absence of CRISPR enzymes are extremely
rare and to our knowledge have never been discussed (see
Section S8).

Figures 4a and b show initial reaction velocities correspond-
ing to the progress curves shown in Figures 3b—e, as a function
of initial reporter (ak.a. substrate) concentrations. Figure 4a
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Figure 3. Measurements of the fluorescence signal from CRISPR
assay reporters. (a) Progress curves with a target concentration of 1
nM (ie, maximum value of [E], = 1 nM) and eight representative
values of the initial reporter concentration [S]y. (b) Progress curves
for the same chemistries as those in (a), but in the absence of target
DNA. (c) Progress curves for the same chemistries as in (a), but in
the absence of gRNA. (d) Progress curves for the same chemistries as
in (a), but in the absence of Cas enzyme. (e) Progress curves for the
same eight reporter concentrations as those in (a) in buffer only. The
fluorescent signal is governed by reporter degradation at 37 °C. These
experimental data were used to quantify reporter degradation rate

constant k..

shows data in a linear—linear plot, while Figure 4b shows the
same data in a log—log plot for the sake of clarity. Initial
reaction velocities in the presence of 1 nM target dsDNA (red
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Figure 4. Initial reaction velocities vs substrate concentration for the
different cases are presented in Figure 3. The experimental data in (a)
is repeated in (b) with a logarithmic axis for clarity. Solid lines
represent Michaelis—Menten fit (1 nM target case, red circles) or
linear regressions (all other data).

circles) were further fitted using the Michaelis—Menten model
(eq S) to extract values of k., and Ky for this specific gRNA
sequence. The best fit for this data yields k., = 2.0 s™' and Ky,
= 3.6 M. These values are consistent with previously reported
values for LbCas12a.'”'® Also plotted in Figures 4a and b are
the initial reaction velocities measured in the different cases
reported in Figures 3b—e. Each data set was fitted using a
linear regression (see eq 17). Regardless of the presence of the
Cas enzyme, dsDNA target, or gRNA, the reaction velocity is
well approximated by a single linear function of the initial
reporter concentration. The collapse of the bottom four curves
in Figure 4 constitutes further evidence that the background
reaction velocity originates from the degradation of reporter
molecules, which is not mediated by the Cas enzyme. A linear
regression of the reaction velocities shown for reporters only
(green squares) yields k., = 1.4 X 107°s™". To our knowledge,
this measurement is the first quantification of the degradation
rate of reporters in the absence of CRISPR enzyme. We also
investigated the influence of temperature and fluorescence
acquisition settings on this kinetic rate (see Sections S9 and
$10), and found that the reporter degradation rate increases
with both incubation temperature and the frequency of
fluorescence readouts.

Experimental Validation of the Limit of Detection of
CRISPR-Based Assays. Next, we experimentally investigated
the effect of reporter degradation on the limit of detection of
CRISPR-based assays. Figure S shows the measured reaction
velocities for target concentrations ranging from 1 fM to 10
nM in our limit of detection experiments. To highlight the
limiting effect of reporter degradation, reaction velocities were
normalized using the product k,,[S]o, where k.., = 1.4 X 1076
s™' (as measured earlier) and target concentrations were
normalized using [E]y;.p, as estimated from eq 22 and the
enzymatic rates measured above (k. = 2.0 s™}, Ky = 3.6 uM).
We also show in Figure 5 the corresponding predictions using
three kinetic models: the naive Michaelis—Menten model
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Figure S. Measurements of maximum velocities of progress curves for
LbCasl2a activated by varied dsDNA target concentrations. The
latter experimental measurements (circles) are compared to a
prediction using the naive Michaelis—Menten model (green dotted
line, eq S), the Michaelis—Menten model augmented with reporter
degradation (orange dashed line, eq 16), and the augmented model
with the effect of a “late readout,” i.e., the effect of starting data
acquisition delayed after the reaction starts (black solid line). At low
target concentration, the apparent reaction velocity is governed by the
reporter degradation rate kreP[S]O. Hence, reporter degradation
imposes a limit of detection on CRISPR assays.

(green dashed line, eq S), a simple version of our augmented
model (orange dashed line, eq 16), and our augmented model
further corrected for a late readout of the reaction velocity
(black solid line). The latter model is computed using a
numerical solution to the full augmented ODE system (eqs
8—15) wherein the reaction velocity is evaluated S min after
the reaction has started (i.e., 7 = S min). The latter estimate
is consistent with our experimental protocol.

Importantly, the reaction velocity measurements shown in
Figure 5 exhibit the expected leveling off of signal as the target
concentration decreases; a feature typical of sensitivity curves
of many assays. As highlighted in the figure, the curve exhibits
three regimes associated with low, intermediate, and high
initial target concentrations. As a reference, we include in
Figure S two vertical dashed lines to delineate these three
regimes of the sensitivity curve.

The left-most vertical dashed line of Figure S highlights the
value of [E]y;,p as computed using the kinetic rates
determined in the previous section. For target concentrations
lower than [E],;.p, the contribution of the reporter
degradation to the signal is larger than that due to enzymatic
trans-cleavage. In this regime, the reaction velocity becomes
independent of the initial target concentration, effectively
rendering the detection of the target impractical. In this
regime, the measured saturation velocity is well approximated
by the predicted noise floor reporter-cleaving rate of k,,[S],
(again, using the measured value of k.., = 1.4 X 107%s7). This
behavior is well captured by both our augmented kinetics
model (eq 16) and the numerical solution to the full ODE
system, including late readout. This experimental saturation is,
of course, not captured by the naive Michaelis—Menten model,
which predicts a proportional relationship between the target
concentration and reaction velocity (see eq S).

The second vertical line of Figure 5 highlights the value of
[E]ojater s computed using the kinetic rates and 7,,, = 5 min.
For target concentrations between [E],;,p and TE]O,late, the
trans-cleavage enzymatic activity dominates over reporter
degradation and the target concentration is low enough that
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the late-readout effect is negligible. In this intermediate regime,
all three models and experimental measurements agree.

For target concentrations larger than [E]yy., the late-
readout effect becomes significant on the measurement of the
reaction velocity. As detailed earlier, this typically results in an
underprediction of the measured reaction velocity compared
with the expected initial reaction velocity. As expected, only
the augmented model corrected for the late-readout effect
correctly captures the observed inflection in reaction velocity.

Finally, as additional experimental validation of our model,
we compared our model to the experimental data published by
Huyke et al.'” The latter work reported sensitivity curves for
three different Casl2 orthologs and 11 different gRNA
sequences, and two different Cas13 orthologs. They performed
Michaelis—Menten-type kinetics measurements for each of the
11 RNPs with both dsDNA and ssDNA targets for Cas12, and
for four different Casl3 RNPs. Critical to the current
comparison, their sensitivity measurements used a single
fluorophore-quencher reporter type and a single reporter
concentration ([S]y = 200 nM across all Casl2 sensitivity
measurements, [S], = 1 uM for Casl3 measurements). We
provide in Section S11 the superposition of all sensitivity
curves for Casl2 and Casl3. The fact that Huyke’s sensitivity
curves asymptote to approximately the same signal plateau at
low target concentrations and across all Cas12 orthologs and
11 gRNA sequences, and across all Cas13 orthologs, is further
strong evidence that the measured limits of detection are
determined by reporter degradation and not by the kinetic
rates of the various CRISPR enzymes.

Lastly, we note that DNA is usually very stable and typically
not subject to cleavage in sterile solutions. However, there is
strong evidence that dark quenchers are highly prone to
degradation.”*™*° For example, Black Hole Quenchers (BHQ)
and Iowa Black FQ_quenchers contain azo functional groups,
which may undergo reduction,*' oxidation,** or photo-
degradation.*>** Hence, such degradation may result in the
dynamic degradation of the reporter molecules which we
observe.

B CONCLUSION

We presented a new kinetic model for CRISPR trans-cleavage
assays that use reporter molecules as a readout. The model
captures the rise in fluorescence signal measured even in the
absence of target molecules (and in the absence of CRISPR
enzymes). We attributed this persistent rise in background
signal to the kinetics of the degradation of the reporter
molecules at 37 °C. Despite its immense importance and
consequence in limiting the sensitivity of CRISPR assays, we
know of no quantitative efforts to incorporate this effect into
the interpretation of CRISPR assays. First, we modeled this
degradation as a measurable, first-order decay. We also
developed a novel kinetic model to account for the coupling
between this degradation of reporters and the kinetics of trans-
cleavage. The coupling of these reactions directly implies that
the kinetics of cleaved reporters does not follow Michaelis—
Menten kinetics. Second, we used our model to derive an
analytical expression for a fundamental limit of detection of
CRISPR assays that use fluorophore-quencher probes. Third,
we validated our new model using experimental measurements
of reporter cleavage rates. We also showed a comparison of our
model with existing published data (in Section S11). The
model shows excellent agreement with experimental data and

shows that CRISPR assay limits of detection can be limited
directly by reporter degradation.

The measurable rate of degradation of reporter molecules
presents a fundamental limit to the sensitivity of any CRISPR-
based assay that uses such probes. This has important
consequences as the vast majority of published studies use
fluorophore-quencher-type probes as the primary signal
readout for CRISPR activity, including bulk assays but also
droplet and microwell assays. It is likely that the reporter
degradation rate depends on a variety of factors, including
sequence, length, fluorophore type, and quencher type. Future
work could also investigate degradation mechanisms of the
reporter probes, including using specialized analysis techniques
such as mass spectrometry. Moreover, assays that rely on the
collateral activity of CRISPR-Cas enzymes but use different
reporter compositions may also be subject to a similar
background noise floor. This may include, for instance,
lateral-flow assays that use biotin-labeled probes to distinguish
positive from negative samples. The current results imply that
the development of probes with repeatable and low
degradation kinetic rates should be a major topic of research
for studies aimed at increasing the sensitivity of CRISPR
assays. Other possibilities for improvements include increasing
the cleaved-to-uncleaved fluorescence ratio and increasing the
catalytic efficiency of trans-cleavage.
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