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Abstract: We introduce a new class of chemical probes for activity-based sensing of proteases, termed cleavable, locked
initiator probes (CLIPs). CLIPs contain a protease-cleavable peptide linked between two programmable DNA strands—
an “initiator” DNA and a shorter “blocking” DNA. These DNA sequences are designed to hybridize, creating a “locked”
hairpin-like structure. Upon proteolytic cleavage, the initiator strand is released, triggering the activation of CRISPR-
Casl2a enzymes and producing an amplified fluorescence response. CLIPs generate more than 20-fold turn-on signals at
room temperature (25 °C), significantly outperforming commercial probes by yielding ~40-fold lower limits of detection
(LOD) at 100-fold lower concentrations. Their versatility enables the detection of various disease-relevant proteases—
including the SARS-CoV-2 main protease, caspase-3, matrix metalloproteinase-7, and cathepsin B—simply by altering
the peptide sequence. Importantly, CLIPs detect cathepsin B in four different colorectal cancer cell lines, highlighting
their clinical potential. Taken together, the sensitivity (LOD: ~88 pM), selectivity, and rapid assay time (down to 35 min),
combined with the ability to operate in complex biological media with minimal sample preparation, position CLIPs as

powerful chemical tools for activity-based sensing of functional enzymes.

J

Introduction

Fluorescent probes, such as molecular beacons (MBs), have
revolutionized biomolecule detection, enabling significant
advancements in diagnostic technologies.'*] MBs typically
function through a hairpin-shaped DNA structure that,
when hybridized with a complementary target nucleic acid,
separates a fluorophore-quencher pair, leading to a detectable
increase in fluorescence signal. This mechanism has made
molecular beacons an essential tool in nucleic acid detection,
finding applications in cancer diagnostics, infectious disease
monitoring, and personalized medicine.!*”!

Seitz, Grossmann, and others have extended the utility of
this technology to protein detection through the development
of peptide beacons.[®'3] These modified probes comprise a
peptide in the loop region of the hairpin that changes confor-
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mation in response to protein binding, enabling the detection
of protein biomarkers rather than nucleic acids. This innova-
tion significantly broadens the scope of molecular beacons,
allowing for their application in protein-based diagnostics,
thereby opening new avenues in early disease detection.®]

A key limitation of these beacon-type structures is the
lack of a handle for signal amplification. In most cases, the
interaction between the probe and the target is binding-
based and occurs in 1:1 ratio that makes detecting low
concentrations of targets challenging, thereby limiting the
sensitivity of the assay. Additionally, binding-based probes are
unable to distinguish between the active and inactive forms
of biomolecules, which is a critical drawback in applications
where only the active form is biologically relevant.

Activity-based sensing offers a powerful alternative to
traditional binding-based methods, significantly enhancing
diagnostic potential.l'*'°l In this report, we present the
development of a new class of chemical probes—cleavable,
locked initiator probes (CLIPs). These probes consist of a
DNA-peptide-DNA triblock, conformationally locked into
a hairpin nanostructure that resembles MBs but enables
activity-based sensing and incorporates a handle for CRISPR-
amplified signal generation. CRISPR-based sensing is chosen
due to its ease of use and ability to detect targets at
sub-picomolar levels under isothermal conditions.['7-?!]

We show the functionality of CLIPs for detecting active
proteases. We focus on proteases because of three primary
reasons. First, they are often expressed in inactive precursor
forms and are only activated under specific physiological con-
ditions. Therefore, probes that can selectively detect the active
form are required. Second, dysregulation of protease activity
has been shown to be linked to various conditions, such
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as cancers,'>?>2] infectious diseases,**] neurodegenerative
disorders,[>?°] inflammatory conditions,”’! and cardiovascu-
lar diseases.”®! Activity-based protease sensing has shown
great promise in improving diagnostic and prognostic tools
for these conditions.!!>16:22-2429-35] Third, detecting active pro-
teases presents significant challenges. Traditional methods use
peptide substrates that are labeled with reporters and can be
cleaved by proteases of interest after which, the fragments are
monitored through spectroscopy or mass spectrometry.!337]
Although these methods can indicate protease activity, they
come with several limitations. They often require elevated
temperatures, suffer from limited sensitivity, involve extensive
sample processing, and depend on advanced instrumentation.
Additionally, they typically necessitate high concentrations of
both the substrate and the protease to generate a detectable
signal, which diminishes their effectiveness in detecting low-
abundance or weakly active proteases. This issue becomes
especially critical in biological contexts, where local protease
concentrations can be relatively high (up to ~mM),*! but
their levels in biofluids such as serum are much lower
(~pM-nM),*4] making detection even more challenging,
Consequently, more sensitive methods are needed to address
these complexities in protease detection in clinical and
diagnostic settings.

We and others have previously shown that CRISPR-
based approaches can enhance the detection of active
proteases.[*'] However, there are still key challenges that
remain. Some methods require complex and costly synthetic
biology, which necessitates specialized expertise.[***] Several
approaches need elevated temperatures (above room temper-
ature) for operation.[*>*] Recently-developed nanoparticle-
based approaches necessitate a separation step to differenti-
ate between intact and cleaved peptides, adding complexity
and increasing the risk of losing cleaved substrates.[+424]
Furthermore, peptides presented on nanoparticle surfaces can
be sterically hindered, limiting their accessibility to proteases.
To overcome this, longer peptides (>10 amino acids) or
spacers are often required to ensure efficient cleavage,
complicating sensor design and reducing performance.[*}47]
The CLIP structure introduced herein overcomes these
limitations, enabling one-pot detection of proteases at room
temperature with commonly available instrumentation such
as plate readers.

Results and Discussion

Design and Structural Characterization of CLIPs

The CLIP structure comprises three key components
(Figure la—c): 1) a peptide domain that is specifically recog-
nized and cleaved by the target protease, 2) an “initiator”
DNA sequence that is capable of activating a CRISPR-
Casl2a ribonucleoprotein (RNP) complex,['7?’] and 3) a
short “blocking” DNA strand. This blocking strand hybridizes
with the initiator sequence to form a locked, hairpin-like
nanostructure with a melting temperature (7;,) significantly
above room temperature, ensuring that the probe remains
inactive until specific protease-mediated cleavage occurs.
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We hypothesized that this locked state would sterically
hinder the CRISPR-Cas12a RNP complex from interacting
with the initiator strand, thereby preventing signal transduc-
tion in the absence of active proteases (Figures S1 and S2).
Upon cleavage of the peptide by the target protease, the
probe undergoes a conformational shift from an intramolec-
ular DNA duplex (locked state) to an intermolecular DNA
duplex (unlocked state). This structural change lowers the Ty,
of the duplex, causing the blocking strand to spontaneously
dissociate from the initiator strand (Figure 1d). The freed
initiator DNA then activates the CRISPR-Casl2a RNP
complex, which, in combination with fluorophore-quencher
labeled DNaseAlert reporters, generates an amplified fluores-
cence signal (Figure 1e), significantly enhancing the detection
of active proteases.['20]

As a proof-of-concept, we created a CLIP for detecting
the 3-chymotrypsin-like main protease (3CL) of SARS-CoV-
2.3CL was chosen as the model protease because it is relevant
for detecting active SARS-CoV-2 infections and has a well-
defined substrate.[*8"] The peptide sequence (Table S1),
CSAVLQ|SGFK(N;), was modeled after a commercially
available 3CL substratel®’] and was modified with a C-
terminal azido-lysine. This modified peptide was chemically
linked to a 24-nt initiator sequence (Table S2) equipped with
dibenzocyclooctyne (DBCO) at the 5 end, utilizing click
chemistry. The final DNA—peptide-DNA triblock structure
was synthesized by adapting a recently developed proximity-
based approach (Figure S3).°2] We note that alternative
synthetic strategies, such as bead-based approaches could also
be used to synthesize such triblock structures.[>*!

The desirable length of the blocking DNA was deter-
mined computationally using the IDT OligoAnalyzer tool
(Figure S4; Tables S3-S6). Specifically, we modeled hairpins
composed entirely of DNA, with contour lengths similar to
those of the CLIPs, and then calculated their 7,,. Additionally,
we computed the 7y, of just the stem portions to simulate
the structure after proteolytic digestion of the CLIPs. Our
computational screening of 264 different conditions, including
varying DNA concentrations, ionic strengths, and different
stem and loop sizes, indicated that an 8-nt blocking DNA
is ideal. This length would allow the CLIP to form a stable
hairpin structure at 25 °C and to spontaneously separate into
single-stranded DNA after proteolytic cleavage, facilitating
detection.

The synthesized CLIPs were characterized using MALDI-
MS (Tables S7 and S8), UV-vis spectroscopy (Figures S5
and S6), and gel electrophoresis (Figure S7). To confirm
that proteases can cleave CLIPs, we incubated 3CL-CLIP
with excess 3CL protease overnight and analyzed the sample
using MALDI-MS (Figure 2a). The intact 3CL-CLIP dis-
played a dominant peak near its expected mass (calculated
m/z: 12,569). After treatment with the protease, the probe
showed two new peaks, which correspond to the lower-mass
fragments produced by the cleavage of the CLIP (calculated
m/z: 4,273 and 8,313). The cleavage was further supported by
gel electrophoresis data (Figure S7).

The hairpin-like structure of the CLIP was confirmed by
experimentally determining its 7y, (Figure 2b). The T,, of
1 uM of the CLIP was found to be ~53 °C, similar to that
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Figure 1. a) Cartoon structure of a CLIP comprising an initiator DNA, peptide, and blocking DNA. b) Molecular model of 3CL-CLIP with an idealized
circular loop. c) 3CL-CLIP showing peptide and DNA sequences. d) Schematic showing the mechanism of activation of CLIPs. CLIPs form a locked
hairpin-like nanostructure in solution, consisting of an intramolecular DNA double strand. Treatment with a target protease results in the proteolytic
cleavage of the peptide substrate. This cleavage transforms the stable hairpin structure into an unstable intermolecular double strand, which has a
lower melting temperature. Consequently, the DNA melts, unlocking the initiator DNA for subsequent signal transduction and amplification. e)
Scheme for detection of the initiator strand using a CRISPR-Cas12a based assay. Cas12a is complexed with a gRNA with complementarity to the
initiator strand to form an inactive RNP. Upon binding, the initiator strand activates the Cas enzyme that then shows indiscriminate endonuclease

activity toward single-stranded DNA. This enzymatic activity is monitored using commercial DNaseAler
single-stranded DNA labeled with a fluorophore and quencher at either end.

of a DNA hairpin of comparable size (Tables S3-S6). This
similarity suggests that the CLIP retains its intended locked
structure in solution at room temperature. After treatment
with protease, however, the T;, of the CLIP dropped to
around ~25 °C, which matches the T, observed for a simple
1:1 mixture of the initiator and blocking strands at the
same concentration. This lower T, indicates that the probe’s
stability decreases following protease-mediated cleavage.

CLIPs are Activated by Target Proteases

We next investigated the functionality of CLIPs in reporting
active proteases at room temperature (Figures S7-S13).
After incubating the CLIPs with 500 nM 3CL protease
for 30 min, we performed a CRISPR assay and detected
a rapid increase in fluorescence within 5 min, yielding
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t™ reporters, which consist of

results within as quick as 35 min of total assay time. The
fluorescence generated was time-dependent and reached a
plateau by 3 h (Figure 2c). In contrast, the fluorescence of the
probes alone remained largely unchanged. Importantly, the
DNA-peptide-DNA triblock structure is essential for seeing
this locked behavior. For comparison, DNA-only hairpins
with similar loop sizes and stem lengths activate CRISPR
(Figures S14-16), suggesting that the initiator sequences in
these hairpins remain accessible to the RNP, potentially
through strand displacement (Figures S17-S19). This finding
underscores the structural uniqueness of CLIPs as conditional
CRISPR activators, highlighting their potential utility in a
variety of applications.

Next, we benchmarked 3CL-CLIP against a commercial
fluorogenic probe (3CL-CFP). 3CL-CFP is a rhodamine-
labeled peptide in which the fluorescence of the rhodamine
dye is quenched upon conjugation to the peptide. Cleavage
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Figure 2. a) MALDI-MS spectra of 3CL-CLIP before and after exposure to 3CL protease. After protease treatment, the peak at 12,569 m/z diminishes,
and two new fragments, correlating with the expected proteolytic fragments of CLIPs, appear. Relative abundance is calculated by setting the highest
m/z value to 100%. b) Melting curves of 3CL-CLIP before (blue) and after (red) treatment with 3CL protease, alongside control (gray) consisting of 1:1
mixture of initiator and blocking strands, all at 1 pM concentration. Ty, of 3CL-CLIP, initially around ~53 °C, decreases to ~25 °C post-treatment,
matching the Tp,, of the mixture of strands, suggesting a significant alteration in structure and stability due to protease-mediated cleavage. Corrected
normalized fluorescence was calculated by setting the maximum and minimum fluorescence values across the data set to 100 and 0, respectively,
with adjustments made for the inherent temperature-dependence of the dye’s fluorescence. c) CRISPR-mediated detection of 3CL using 3CL-CLIP.
Fluorescence signal increases dramatically after 3CL-CLIP is treated 500 nM 3CL protease for 30 min. Normalized fluorescence is calculated by
normalizing the highest fluorescence value in a data set to 100%. d) Comparison of 3CL-CLIPs with a commercial fluorogenic 3CL probe (3CL-CFP).
Fluorescence enhancement is defined as ratio of the fluorescence values of a sample to the fluorescence of the RNP complex or buffer. * and ##
denote statistical significance at the 95% and 99.9% confidence levels, respectively, whereas “ns” indicates no statistical significance (at the 95%

confidence level), assessed using a one-tailed Student’s t-test.

by 3CL protease restores fluorescence, resulting in a turn-
on signal. Compared to 3CL-CFP, 3CL-CLIP generated over
1.5-fold greater signal at 100 times lower concentration
(Figure 2d). This significant enhancement is attributed to the
integration of DNA into the probe’s design (Figures S20-S24).
We confirmed this by constructing a 3CL-CLIP with a
beacon-like structure, where the probe is labeled with a
fluorophore at one end and a quencher at the other. Protease-
mediated peptide cleavage separates these two elements,
triggering a fluorescence signal (Figures S22 and S23). Our
findings demonstrate that CRISPR-based signal amplification
allows for protease detection at probe concentrations 100
times lower than those required for direct detection using a
traditional beacon-like structure (Figure S24).

To assess the versatility of CLIPs, additional probes
were synthesized for the proteases cathepsin B (CTSB),
matrix-metalloprotease 7 (MMP7), and caspase-3 (CASP3)

Angew. Chem. Int. Ed. 2025, 202500649 (4 of 8)

(Figure 3a). These proteases were chosen due to their
significance to cancer biology. Specifically, CTSB and MMP7
are known for their involvement in tumor growth and
metastasis®* ] and CASP3 is essential in the process of
apoptosis.*®l Detecting these proteases is vital for enhancing
our understanding of cancer mechanisms and for the devel-
opment of diagnostic platforms. When incubated with their
respective proteases, a pronounced increase in fluorescence
signal was observed, indicating the successful detection of the
target proteases. (Figure 3b).

CLIPs are Sensitive and Selective Protease Sensors

We next evaluated the potential of CLIPs for detecting
diagnostically relevant proteases, particularly focusing on
CTSB due to its overexpression in various cancers.[>*37-58.60]

© 2025 Wiley-VCH GmbH

QSUDDIT SUOWIWO)) dANEa1Y) dqedrjdde o) Aq pouIdA0S are Sa[d1IE Y (3N JO $INI 10j AIRIqIT duIuQ AJ[IAY UO (SUONIPUOI-PUB-SULID}/WOD AI[IM"ATeIq[oul[uo//:sdny) SUONIpUO) pue SWLd L, 3y 9938 *[STOT/F0/0E] uo Areiqiy autjuQ K[IAN ‘SALIRIQUT SEXAL, JO ANs1oatun) £q 65900SZ0T 21Ur/Z001 "0 1/10p/wod Kapim’ Areiqijoutfuo//:sdny woiy papeoumo( ‘0 ‘€LLETTST



Research Article

a) A
CASP3 DIE/ VD ===

Angewandte

intemational Edition’y, Chemie

CASP-CLIP
Proteases A o o Protease
of MMP7 k/u;)\é)\l:) - MMP7-CLIP Specific
Interest CLIPs
'
CTSB O
R R == CTSB-CLIP
b) Encoded Peptides
Q [0] Q
o (&) o
$ 1004 A g $ 100 sessesscnsen 5
o ¥ s L 5] o
g8 |/ 8 // g
] / «~ + CASP3 5 ~— + MMP7 &5 —— + CTSB
T 50 / —— -CASP3 Z 59 / — -MMP7 2 — -CTSB
B | - RNP D / - RNP D —~ RNP
N 1 N ? N
© ‘ © Msﬁum..w ©
E o TTreeeeeeeeeens E ol - — £ of '
S 0 30 60 90 S 0 30 60 90 8 0 30 60 90
Time (min) Time (min) Time (min)

Figure 3. a) Scheme showing design of CLIPs for detecting cancer-relevant proteases, CASP3 (PDB ID:6CKZ), MMP7 (PDB ID:7WXX), and CTSB
(PDB ID:1PBH). Amino acid sequences recognized and cleaved by the proteases are highlighted. b) CRISPR-based detection of CASP3, MMP7, and
CTSB using CASP3-CLIP, MMP7-CLIP, and CTSB-CLIP, respectively. Due to differences in the intrinsic activities of the proteases, protease
concentrations used were 500 nM for CASP3, 250 nM for MMP7, and 20 nM for CTSB, to achieve comparable fluorescence. Normalized fluorescence
is calculated by normalizing the highest fluorescence value in a data set to 100%.
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Figure 4. a) Calibration curve showing fluorescence enhancement
(defined as fluorescence of CTSB-CLIP treated with CTSB relative to that
of RNP alone) observed at the 120 min timepoint in the CRISPR assay
versus the concentration of CTSB. LOD was calculated using the 30 /m
method to be ~88 pM at this time point. b) Specificity assay for
CTSB-CLIP when incubated with 20 nM nonspecific proteases and
proteins. Substantial fluorescence enhancement is observed
preferentially in the presence of CTSB protease. *** denotes statistical
significance at the 99.9% confidence levels, whereas “ns” indicates no
statistical significance (at the 95% confidence level), assessed using a
one-tailed Student’s t-test.

A calibration curve was constructed by incubating CTSB-
CLIP with increasing concentrations of CTSB protease for
30 min and then monitoring the CRISPR assay signal for an
additional 2 h (Figure 4a). The limit of detection (LOD) was
determined using the 30/m method. The LOD was found to
be ~88 pM. In contrast, the LOD obtained using 100-times
higher concentration of a CFP for CTSB was 3.4 nM, which
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is ~40-fold higher (Figure S25). The mechanism of action
for CTSB-CFP is similar to that of 3CL-CFP, except that
it uses 7-amino-4-methylcoumarin as the dye. Notably, the
LOD of CTSB-CLIP is slightly higher compared to the lower
end of the detection range of commonly used ELISA assays
for CTSB (1.6-82 pM).[0"-5] However, ELISA assays are
unable to distinguish between active and inactive forms of the
protein, require multiple steps, elevated temperatures (37 °C),
and a total assay time of up to 5 h. Moreover, the LOD of
CTSB-CLIP is well below the reported CTSB concentrations
in the serum of colorectal cancer patients, which can reach up
to 297 pM.[*]

To assess the selectivity of CTSB-CLIP, we tested its
response to various proteases at 20 nM, including CTSB, 3CL,
MMP7, thrombin (THR), CASP3, and trypsin (TRP). Bovine
serum albumin (BSA) was used as an additional control to
ensure nonspecific protein binding does not disrupt the locked
hairpin-like structure of CLIPs. The results (Figures 4b and
S7) confirmed that CTSB-CLIP is highly selective for CTSB
compared to the other tested proteases and BSA.

CLIPs Detect Proteases in Complex Biological Matrices

We next explored the application of CLIPs in biologically
relevant settings. We first assessed the stability of CLIPs
in the presence of nucleases (Figure S26) and cell lysates
(Figure S27). DNase I, which degrades both single- and
double-stranded DNA was applied to 3CL-CLIP at varying
concentrations. Our results (Figure S26) show that after
30 min of treatment, while the CLIP structure is degraded
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Figure 5. a) Detection of 1 yM 3CL protease spiked into NCI-H508 cell lysates using 3CL-CLIP. b) Activation of CTSB-CLIPs when treated with 15 pL of
lysates from RKO cell line. 3CL-CLIP is used as a control. Fluorescence enhancement is defined as ratio of the fluorescence values of a sample to the
fluorescence of the RNP complex. ) Signal generated when 100 nM CTSB-CFP is treated with 6 pL of RKO cell lysates in the presence and absence of
a CTSB inhibitor. d) Signal generated when 1 nM CTSB-CLIP is treated with 6 pL of RKO cell lysates in the presence and absence of a CTSB inhibitor.
* %% and *** denote statistical significance at the 95%, 99%, and 99.9% confidence levels, respectively, whereas “ns” indicates no statistical
significance (at the 95% confidence level), assessed using a one-tailed Student’s t-test.

at high DNase I concentrations, it remains stable at DNase
activity of 25 U L' or lower. This is more than double
the activity of DNAse I in human serum (~10 U L),
demonstrating the robustness of the CLIP structure under
relevant scenarios./%! Similarly, CLIPs were found to show
minimal degradation in cell lysates for up to 6 h (Figure S27).

We next investigated the functionality of CLIPs in com-
plex biological media by testing them with cell lysates and
10% human serum. Specifically, we introduced 3CL protease
into lysates from the NCI-H508 cell line, a type of colorectal
cancer cell line that does not naturally produce 3CL protease.
Any detection of signal in the absence of the spiked 3CL
protease can be considered background noise. We observed
that mixing the cell lysates with 3CL-CLIP resulted in some
signal generation, which is likely from nonspecific cleavage
of the probe or disruption of the locked structure due
to the complex nature of the sample. However, when we
added a spike of 1 uM 3CL protease to the lysates, the
signal increased substantially, confirming that CLIPs are still
effective in detecting target active proteases within a complex
cell lysate solution (Figure 5a). Similar results were observed
in 10% human serum (Figure S28). Although the addition
of 3CL-CLIP to 10% serum produced a higher background
signal compared to buffer, the signal increased significantly
upon adding 1 uM 3CL protease, demonstrating that the
probe remains effective in this medium. These findings align
with control experiments using 3CL-CFP, a probe with a
similar peptide sequence to 3CL-CLIP, which also exhibited
background signal in 10% human serum (Figure S28).

We further explored whether CLIPs could detect endoge-
nous proteases in biological samples, choosing CTSB as the
target protease due to its known dysregulation in colorectal
cancer.lC9-%1 To ensure the probe’s applicability across
different cell types, we investigated four different colon
cancer cell lines—HT29, NCI-H508, RKO, and SW-620
(Figures S29-S31). The lysates were incubated with CTSB-
CLIP and assayed using CRISPR (Figures 5b—d and S29).
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To assess background signal, 3CL-CLIPs were used. CTSB-
CLIPs treated with cell lysates showed up to a 21-fold increase
in fluorescence relative to the fluorescence of the RNP alone
within 30 min (Figures 5b and S29). Although some back-
ground fluorescence was observed with the 3CL-CLIP, the sig-
nal from CTSB-CLIP was substantially higher. Using the most
responsive cell line, SW-620, the probe successfully detected
active CTSB from as few as 6,000 cells (Figure S30). For con-
text, this number is on the lower end of cell quantities typically
extracted during fine needle biopsies in cancer diagnostics.!”’]
We validated the presence of CTSB in the cell lysates using a
CTSB-specific CFP (Figures Sc and Figure S31). Additionally,
we introduced a commercial CTSB inhibitor to the RKO
lysates, which led to a reduction in fluorescence signals from
both the CTSB-CFP and CTSB-CLIP (Figure 5c,d). These
experiments confirm the specificity of our detection method
for active CTSB in complex biological samples.

Conclusion

In conclusion, CLIPs represent a powerful new class of
activity-based sensors, offering a simple, rapid, room tem-
perature method to detect proteases. They outperform
commercial probes even at 100 times lower concentrations
due to the incorporation of DNA, which serves as a
handle for signal amplification. The DNA handle not only
enhances detection capabilities beyond those of previous
peptide beacons!’"7?] but also simplifies the detection process
relative to nanoparticle-based approaches. Unlike earlier
nucleic acid-based strategies, CLIPs do not require com-
plex synthetic biology or separation of “free” DNA from
intact probes, making the detection one-pot and rapid, with
overall assay times as fast as 35 min (30 min protease
incubation followed by 5 min CRISPR assay). CLIPs also
eliminate the need for sophisticated equipment by utilizing
commonly available plate readers for readouts. Moreover,
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adjustments to the initiator and blocking strands could
optimize CLIP performance in various conditions, such as
at elevated temperatures or different ionic strengths. The
modular nature of the probe allows for detecting a variety
of proteases in complex matrices simply by changing the
peptide sequence. Importantly, the unique structure of CLIPs
ensures that they only activate CRISPR in the presence
of a target, providing a solid foundation for detecting not
only proteases but also potentially other disease-relevant
enzymes with cleavable substrates. As the detection is based
on irreversible peptide cleavage, each probe is single-use.
Although CRISPR-mediated signaling is currently employed
to detect the activated initiator strand, integration of other
DNA detection techniques could further boost sensitivity,
potentially achieving detection at the single-cell level. Taken
together, the flexibility, sensitivity, and specificity of CLIPs
establish them as a versatile and promising approach for
activity-based sensing, making them a valuable addition to the
MB toolbox.

Supporting Information

DNA and peptide sequences used in this study; details
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Peptide and Nucleic Acid Sequences Used in This Study

Table S1. Peptide sequences used in this study.

Expected Observed
Name Sequences (N-C) Molecular Molecular
Weight (Da) Weight (m/z)
Pep-3CL CSAVLQSGFK(N3) 1,139 1,279
Pep-MMP7 CKRWLALPGK(Ns) 1,370 1,412
Pep-CTSB CGAARRGGGK(Ns3) 1,032 1,172
1,049 998

Pep-CASP3

CADEVDGGGK(N3)




Table S2. Nucleic acid sequences used in this study.

Expected Observed Extinction
Name Sequences (5'-3") Molecular Molecular Coefficient at
q Weight Weight 260 nm
(Da) (m/z) (Lmol“'cm™)
Initiator DNA DBCO-TEG TTT TGT GCT GCC 7,830 7,997 223,900
ATATCT ACTTCA
Blocking DNA TGA AGT AG T(DBCO) 3,546 3,527 95,600
Quencher-labeled DBCO-TEG TTT TGT GCT GCC 8,312 8,446 223,900
Initiator DNA ATA TCT ACT TCA BHQ
Dye-labeled Cy5 TGA AGT AG T(DBCO) 3,780 3,761 97,100
Blocking DNA
DNA Hairpin 30-8 TGAAGTAGTTTTTTITTTITTTT 18,921 18,929 545,800
TTTTITTTITTTIT TTIT TTIT TTT
GTGCTGCCATATCTACTTCA
DNA Hairpin 10-8 TGAAGTAGTTTITTTITTITTTT 12,837 12,971 383,800
TGT GCT GCC ATA TCT ACT
TCA
24-nt Blocking DNA  TGA AGT AGA TAT GGC AGC 7,443 7,465 255,700
ACA AAA
16-nt Blocking DNA  ATA TGG CAG CAC AAA A 4,907 4,966 170,300
gRNA rUrArArUrUrUrCrUrArCrUrArArGr 13,160 13,232 432,100

UrGrUrArGrArUrUrGrArArGrUrAr
GrArUrArUrGrGrCrArGrCrArC

*Sequences that are bolded are complementary to the underlined sequence in the gRNA.



2 Size Comparison of CRISPR Components and CLIPs
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Figure S1. (A) Structure of a 40-nt gRNA hybridized to a 20-nt DNA initiator, (B) Cartoon representation of the structure
of the gRNA-DNA hybrid bound to a CRISPR-Cas12a enzyme, (C) Surface representation of the structure of the gRNA-
DNA hybrid bound to a CRISPR-Cas12a enzyme. These structures are modeled using protein data bank entry 611L.
(D) Expected molecular structure of 3CL-CLIP.



3 Hypothesized Interaction Between CLIPs and Cleaved CLIPs with CRISPR-RNP

We hypothesized that the hairpin-like conformation of CLIPs prevents the activation of CRISPR-Cas12a
ribonucleoprotein (RNP) complexes until cleaved by an active protease. Uncleaved CLIPs should not activate the
CRISPR-Cas12a RNP for two reasons: 1) the Blocking DNA prevents the Initiator DNA from hybridizing with the gRNA
in the RNP, and 2) Steric hindrance caused by the non-DNA portion in the loop region of the CLIP obstructs the enzyme
from accessing the Initiator DNA.

Once the CLIPs are cleaved by target proteases, the newly liberated single-stranded Initiator DNA is free from these
impediments and activates the CRISPR-Cas12a. This activated CRISPR-Cas12a then exhibits non-specific
endonuclease activity, allowing it to catalytically cleave DNase Alert reporters, which results in a significant increase in
fluorescence. This fluorescence is then measured as a proxy for the protease’s activity.
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Figure S2. Hypothesized interaction between CRISPR-Cas12a RNP and (A) intact CLIPs, as well as (B) protease-
treated CLIPs.



4 Materials and Methods
4.1 Buffers Commonly Used in the Study

Below is a list of buffers commonly used in this study, along with their respective concentrations. Composition is
excluded for buffers that were purchased from commercial vendors.

CRISPR Buffer 40 mM Tris-HCI pH 7.5
100 mM sodium chloride (salt purchased from Fisher Bioreagents, Cat. No: BP358-212)
40 mM magnesium chloride (salt purchased from Fisher Bioreagents, Cat. No: M33-500)

3CL Buffer BPS Bioscience, Cat. No: 79956
CTSB Buffer 1X DPBS
15 mM DTT
2 mM EDTA
MMP7 Buffer 1X DPBS
15 mM DTT
CASP3 Buffer 1X PBS

1M Tris-HCIpH 7.5 Invitrogen, Cat. No: 15567-027

10X PBS Thermo Fisher Scientific, pH 7.4, Cat. No: J62036.K2
10X TBE Fisher BioReagents, Tris-Borate-EDTA 10X, Cat. No: BP1333-4
1X DPBS Sigma-Aldrich, Cat. No: D8537

4.2 Synthesis, Purification, and Characterization of DNA

DNA sequences were synthesized at the 1 ymol scale through solid-phase DNA synthesis using a MerMade 6
automated DNA synthesizer (LGC Biosearch Technologies, Alexandria MN 56308). DNA was synthesized on a solid
support, specifically controlled pore glass (CPG) beads. Depending on the sequence, either universal CPG (Glen
Research, UnySupport CPG-1000, Cat. No: 20-5040) or 3’ black hole quencher CPG beads (3'-BHQ-2 CPG, Cat. No:
20-5932-01) were used.

All DNA phosphoramidites and materials required for solid-phase DNA synthesis were purchased from Glen Research:
(dA-CE phosphoramidite, Cat. No: 10-1000-10), (dC-CE phosphoramidite, Cat. No: 10-1010-10), (dT-CE
phosphoramidite, Cat. No: 10-1030-10), (DMF-dG phosphoramidite, Cat. No: 10-29-10), (DBCO-dT-CE
phosphoramidite, Cat. No: 10-1539-95), (5-DBCO-TEG Phosphoramidite, Cat. No: 10-1941-90), (Cyanine 5
Phosphoramidite, 10-5915-95), (0.25M 5-Ethylthio-1H-Tetrazole (ETT) in Anhydrous Acetonitrile, Cat. No: 30-3140-
52), (3% TCA/DCM, Cat. No: 40-4140-57), (0.02M lodine in Tetrahydrofuran/Pyridine/Water (70:20:10), Cat. No: 40-
4330-52), (Anhydrous acetonitrile, 40-4050-57). Sequences made this way include Initiator DNA, Blocking DNA,
Quencher-labeled Initiator DNA, and Dye-labeled Blocking DNA. Sequences purchased from Integrated DNA
Technologies include DNA Hairpin 30-8, DNA Hairpin 10-8, 24-nt DNA Blocking DNA, and 16-nt Blocking DNA.

After synthesis the beads were treated with 1 mL (per umol of DNA) of a 30% ammonium hydroxide solution (Sigma-
Aldrich, Cat. No: 221228-100ML-A) for 17 h at room temperature (RT). The solution was then evaporated under an
airstream at RT (for ~10 min). 1 mL water was then added, and the beads were separated from free DNA in solution
using a syringe filter and then purified.

Unmodified DNA sequences (in which the desired full-length sequences contain a 4,4'-dimethoxytrityl group) or those
containing 5 DBCO-TEG groups, were purified using a Glen-Pak cartridge (Glen Research, Glen-Pak DNA purification
cartridge, Cat. No: 60-5200) following the manufacturer’'s recommended protocol.

DNA containing a 3'DBCO-dT group, specifically the Blocking DNA, was purified through high performance liquid
chromatography (HPLC) using a Vanquish HPLC (Thermo Fisher Scientific, Vanquish Core HPLC Systems, Cat. No:
VQ-CORE-BIN-01). Buffer A was 30 mM triethylammonium acetate (prepared by mixing 1:1 molar equivalents of
triethylamine (Fisher Scientific, Triethylamine (Reagent), Cat. No: O4885-1) and glacial acetic acid (Fisher Scientific,
Acetic Acid, Glacial (TraceMetal Grade), Cat. No: A507-P500) over ice to pH 7 with 3% acetonitrile (ACN) in water,
while buffer B was 100% acetonitrile. The method followed a gradient increase from 10% to 35% buffer B over 80 min,
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a ramp to 100% buffer B over 5 min followed by 5 min of 100% buffer B, a ramp down to 5% buffer B over five min
followed by 5% buffer B for 5 min. Separation was monitored through UV-Vis peaks at 260 nm and 310 nm for DNA
and DBCO respectively. All peaks were collected, lyophilized, and redissolved in water for characterization.

4.3 Synthesis, Purification, and Characterization of Peptides

All peptides were synthesized in-house using standard Fmoc-based solid-phase synthesis on a 0.1 mmol scale.
Synthesis was conducted using Rink Amide AM resin 100-200 mesh (Sigma-Aldrich, Cat. No: 183599-10-2) inside a
fritted 6 mL syringe. The resin was initially prepared by washing with 5 mL of dimethylformamide (DMF) (Millipore
Sigma, N,N-Dimethylformamide, Cat. No: 270547), for 15 min.

Peptides were synthesized by adding amino acids sequentially in the following cycle: (1) the functionalized resin was
washed with 5 mL of DMF. (2) The sample was deprotected using 5 mL of 20% piperidine (Millipore Sigma, Piperidine
Solution 20% in DMF, Cat. No: 80645) for 5 min and the piperidine was removed through the syringe. Then, the same
reagent was added and the deprotection step was continued for another 20 min. Piperidine was washed from the
syringe using DMF until the piperidine smell disappeared. (3) The amino acid (0.25 mmol) was then added to the resin
along with coupling reagents (2.5 equiv. HOBt, 2.5 equiv. DIC) in 3 mL DMF. This coupling was run for 2 h at RT but
couplings involving Fmoc Lys (N3)-OH (AnaSpec.Inc, Cat. No: AS-53100-F 1) were allowed to run overnight. This cycle
was followed until all amino acids had been added and then deprotected using the earlier mentioned procedure.

Peptides were cleaved from the resin surface using 1 mL of a cocktail solution of trifluoroacetic acid (TFA) (Sigma-
Aldrich, Cat. No: 302031-100ML), H20, and triisopropylsilane (TCI, Cat. No: T1533) in a volumetric ratio of 95:2.5:2.5,
shaking at RT for 2 h. Taking 100 pL portions of this solution and adding them dropwise into chilled diethyl ether
(Millipore Sigma, Diethyl ethyl, Cat. No:296082) the peptide was precipitated and recovered using centrifugation at
15,000 rpm for 3 min. This was repeated until all the solution was collected and was further washed using this method
using fresh chilled diethyl ether. The peptide was then stored dry at 4 °C until further use.

4.4 Synthesis, Purification, and Characterization of CLIPs
CLIPs were synthesized sequentially as per the reaction scheme below:

H,N
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Figure S3. Scheme for synthesizing CLIPs.

First, peptide-DNA conjugates were synthesized through copper free click chemistry using azido-peptides and
dibenzocyclooctyne (DBCO) modified DNA. The peptides used were (Pep-3CL, Pep-MMP7, Pep-CTSB, and Pep-
CASP3 from Table S1), and the DBCO-DNA was the Initiator DNA as seen in Table S2. Peptides were reacted with
DNA at a 5:1 molar ratio in 1X phosphate-buffered saline (PBS) (Thermo Scientific, pH 7.4, Cat. No: J62036.K2) with
shaking at RT overnight. 1 umol of Initiator DNA was used and reacted at a concentration of ~ 600 uM. The reaction
was monitored for completion via UV-Vis. Disappearance of the DBCQO’s characteristic 310 nm peak indicated that all
DNA had been reacted. The solution was then washed using a 3 kDa centrifuge filter (Amicon Ultra, UFC500396) five
times with 0.5 mL of ultrapure water and characterized via UV-Vis.



Free peptides were removed from the peptide-DNA conjugates using a Macro-Prep DEAE weak anionic exchange
resin (Bio-Rad, Cat. No: 158-0020). Into a fritted 6 mL syringe, 2 mL of the DEAE resin was loaded and washed with 5
column volumes of ultrapure water. Before applying the sample, tris (2-carboxyethyl) phosphine hydrochloride (TCEP)
(Sigma-Aldrich, Tris(2-carboxyethyl) phosphine hydrochloride, Cat. No: C4706) was added to the sample at a final
concentration of 10 mM and allowed to shake at 1500 RPM (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-
H) for 15 min to break any disulfide bonds between the peptides. The entirety of the sample was then applied to the
DEAE at a flow rate of 1 drop per s, washed with 5 column volumes of water, then of 0.3 M NaCl, and peptide-DNA
conjugates were then eluted with 1 mL of 1 M sodium chloride (NaCl) (Fisher Bioreagents, Sodium Chloride, BP358-
212). The elution of the peptide-DNA conjugate was monitored using UV-Vis utilizing DNA’s characteristic absorbance
at 260 nm. No significant DNA peaks were seen in water or 0.3 M NaCl washes. However, when 1 mL of 1 M NaCl was
used, the peptide-DNA conjugate could be recovered (~50%). Further washing with additional 1 M NaCl or higher
concentrations did not yield additional DNA. The sample was then washed using a 3 kDa centrifuge filter five times with
0.5 mL of ultrapure water and peptide-DNA conjugate was characterized via UV-Vis, MALDI-MS, and gel
electrophoresis.

Next, an azido PEG linker was installed on the peptide-DNA conjugate. These linker-peptide-DNAs were synthesized
through NHS-ester conjugation between the peptide-DNA conjugate and NHS-PEG4-Azide (Thermo Fisher, Cat. No:
26130). Before reacting, the peptide-DNAs were treated with TCEP at a final concentration of 10 mM shaking for 15
min. NHS-ester conjugation was carried out using 0.5 ymol of the peptide-DNAs and a 150-molar excess of the NHS-
PEGas-Azides in 2 mL of sodium bicarbonate (Fisher Bioreagents, Sodium Bicarbonate, Cat. No: BP328-500) with
shaking at RT overnight. The sample was then washed using a 3 kDa centrifuge filter five times with 0.5 mL of ultrapure
water and final conjugate was characterized via UV-Vis. Final yield was on average ~85%.

The final CLIP structure (i.e. the DNA-peptide-DNA ftriblock) was synthesized by reacting linker-peptide-DNAs with
Blocking DNA using copper free click chemistry. 0.1 ymol of the linker-peptide-DNA was conjugated to the Blocking
DNA (5:1 molar excess of Blocking DNA relative to linker-peptide-DNA) in 0.1 M NaCl PBS with shaking at 1500 RPM
at RT for 16-48 h. The sample was then washed using a 3 kDa centrifuge filter ten times with 0.5 mL of ultrapure water
and final conjugate was characterized via UV-Vis, MALDI-MS, and gel electrophoresis.

Purification of CLIPs was accomplished using HPLC separation. Buffer A was 30 mM triethylammonium acetate buffer
pH 7 and 3% acetonitrile (ACN) in water, while buffer B was 100% ACN. The method followed a gradient increase from
10% to 25% buffer B over 80 min, a ramp to 100% buffer B over 5 min followed by 5 min of 100% buffer B, then a ramp
down to 5% buffer B over five min followed by 5% buffer B for 5 min. All peaks were collected, lyophilized, and
redissolved in water for characterization via MALDI-MS. For the purification of the caspase-3 (CASP3) CLIP, a similar
method was used but the initial gradient was increased from 13% to 27% buffer B over 80 min.

4.5 Synthesis, Purification, and Characterization of FQ-3CL-CLIP

Synthesis of a fluorophore-quencher (FQ) 3CL-CLIP was accomplished using a similar procedure to regular CLIPs as
described in Section 4.4 with a few differences described herein. In place of the Initiator DNA, a Quencher-labeled
Initiator DNA containing a 3’ black hole quencher (BHQ) was used. In place of Blocking DNA, Dye-labeled Blocking
DNA containing a 5’ Cy5 dye was used. Care was taken to ensure the materials were stored in dark conditions as well
as covered during handling to decrease the chance of them being damaged by ambient light. All conjugation chemistry
steps were the same as those used for CLIPs except that the conjugation of linker-peptide-Quencher-labeled Initiator
DNA to Dye-labeled Blocking DNA was done over 72 h in a 1:1 ratio. The final product, FQ-3CL-CLIP, was washed
using a 3 kDa centrifuge filter 10 times with 0.5 mL of ultrapure water, purified via gel electrophoresis, and characterized
via MALDI-MS.

4.6 UV-Vis Characterization
UV-Vis spectroscopy (Agilent, Cary 60 UV-Vis) was used to characterize DNA concentrations, the presence of DNA
modifications (e.g., DBCO, dye, quencher, etc.), as well as completion of copper-free click chemistry. A standard 1 cm
pathlength cuvette was used.

4.7 MALDI-MS Characterization

MALDI-MS characterization of DNA, peptides, peptide-DNA conjugates, linker-peptide-DNAs, and CLIPs was
accomplished using a Bruker AutoFlex Max MALDI-TOF instrument. The matrix utilized for all samples contained 2',6'-
dihydroxyacetophenone (DHAP) (Sigma-Aldrich, Cat. No: 37468). The matrix was prepared by dissolving 25 mg of the
DHAP in 333 pL of methanol (Fisher Chemical, Methanol (HPLC Grade), Cat. No: A452Sk4) to which 111 pL of
saturated ammonium citrate (Sigma-Aldrich, Ammonium Citrate Dibasic, Cat. No: 247561) was added dropwise. A
white precipitate was immediately seen and allowed to settle for 15 min. The clear yellow liquid supernatant was used
as the matrix. When plating for MALDI-MS, 2 pL of sample was added followed by 1 pL of the DHAP matrix. This
resulted in rapid crystallization and was allowed to air dry, ~ 2 min, before MALDI-MS.
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To examine the protease cleavage of CLIPs, 1 uM of the 3CL-CLIP was treated with 2 yM 3CL protease (Sigma-
Aldrich, Cat. No: SAE0172-200UG) overnight in 3CL Protease Assay Buffer (BPS Bioscience, Cat. No: 79956), with
shaking at 1500 rpm at RT. This process took place in a total volume of 100 uL. Subsequently, the solution was washed
ten times using a 3 kDa centrifugation filter with 0.5 mL of ultrapure water to remove any salts. The sample remaining
in the filter (approximately 10 yL) was then characterized via MALDI-MS.

4.8 PAGE Gel Analysis of CLIPs

4.8.1 Characterization and Purification of CLIPs

Native polyacrylamide gel electrophoresis (PAGE) was utilized to reinforce the MALDI-MS characterization of DNA,
peptide-DNA conjugates, linker-peptide-DNAs, and CLIPs. The 15% acrylamide gels, which were produced in-house,
were made by diluting a stock 40% acrylamide solution (Bio-Rad, 40% Acrylamide/Bis Solution 19:1, Cat. No: 1610144)
with 1X Tris-Borate-EDTA buffer (TBE). The 1X TBE solution was created by diluting 10X TBE (Fisher BioReagents,
Tris-Borate-EDTA 10X, Cat. No: BP1333-4) with deionized water.

50 pL N,N,N’,N’-Tetramethyl-ethylenediamine (Sigma-Aldrich, N,N,N’,N’-Tetramethyl-ethylenediamine, Cat. No:
T9281) and ~2 mg of ammonium persulfate (Fisher BioReagents, Ammonium Persulfate (APS) Electrophoresis, Cat.
No: BP17) were added to the 15% acrylamide solution to initiate gelation. After mixing well, this solution was poured
into a Mini-PROTEAN Tetra Handcast System (Bio-Rad, Cat. No: 1658050). A ten-well comb was placed at the top of
the gel, which was allowed to solidify. Following the removal of the comb, the gel wells were thoroughly rinsed with
water. The gel was then installed in a Mini-PROTEAN Tetra System (Bio-Rad, Cat. No:1658005EDU) and filled to the
manufacturer's recommended line with 1X TBE buffer.

For PAGE characterization, all samples (DNA, peptide-DNA, linker DNA, and CLIPs) were prepared at a final
concentration of ~ 1 uM with a total volume of 15 uL. These samples contained 2 L of glycerol. In addition, a sample
containing ultralow DNA molecular weight ladder (Invitrogen, Tracklt Ultra Low Range DNA Ladder, Cat. No: 10488023)
was also prepared. The ladder sample was prepared by adding 2 uL of glycerol to 0.2 yL of the ladder stock solution
and diluting to a final volume of 15 pL with TBE. 10 L of all samples were loaded into different wells of the prepared
15% PAGE gel. To track gel progression, 10 pL of a gel loading dye (Sigma-Aldrich, Gel Loading Solution, Cat. No:
G7654) was added into a separate dedicated well.

The gel was run at a voltage of 120 V until the loading dye had traveled ~90% of the gel's length, at which point it was
stopped. The gel was then removed from the holder, placed in approximately 50 mL of water and stained with GelRed
nucleic acid stain (Milipore Sigma, GelRed Nucleic Acid Stain (10,000X, Water), Cat. No: SCT123) for 10 min. Finally,
the gel was placed into a Bio-Rad ChemiDoc MP imaging system (Bio-Rad, Cat. No: 12003154), and the GelRed stain
was monitored.

Denaturing PAGE was used to purify FQ-3CL-CLIP. As before, a 15% PAGE gel was created. However, the gel also
contained 8 M urea (Fisher Chemical, Urea, Cat. No: U15-500). The conditions for running the gel were the same as
mentioned above.

For purification, 20 nmol of the FQ-3CL-CLIP was purified via gel electrophoresis. Individual bands could be visualized
due to the presence of Cy5 dye and BHQ. These bands were extracted from the gel using a razorblade and placed into
15 mL Falcon tubes. The bands were then crushed using a pipette tip, and 3 mL of deionized water was added to each
tube. The mixture was then frozen using liquid nitrogen and thawed three times to aid in the crushing of the gel.
Thereafter, the sample was placed on a tube rotator for 48 h. At this point it was noted that the intensity of the color of
the gel decreased and that of the surrounding solution increased, indicating that the colored chemical species had
migrated into the water. The gel fragments were separated via centrifugation. The supernatant was passed through a
fritted syringe, and the filtrate was washed 10 times using a 3 kDa spin filter to remove excess urea. The solution was
then characterized via UV-Vis and the presence of purified FQ-3CL-CLIPs were confirmed via MALDI. The approximate
yield of this separation was 30%, exceeding what was achieved via HPLC. However, MALDI-MS indicated that this
sample was slightly more impure compared to the HPLC-purified CLIPs.

48.2 Time-dependent Protease-Mediated Cleavage of CLIPs

Time-dependent cleavage of CLIPs was studied using denaturing PAGE gel. 1 uM FQ-3CL-CLIP was prepared in 3CL
buffer with 1 yM 3CL protease. Samples were incubated for 15 min, 30 min, 1 h, 2 h, 4 h, and 6 h. At each point, 2 uL
of the solution was mixed with 8 puL of 8 M urea to stop the reaction. A control containing 1 pM FQ-3CL-CLIP without
protease was also prepared. Next, 2 uL of glycerol was added to all samples, including the control. Samples were
loaded onto a 15% denaturing PAGE gel. To track gel progression, 10 uL of gel loading dye (Sigma-Aldrich, Gel Loading
Solution, Cat. No: G7654) was added into a separate well. The gel was run using the same procedure as for native
PAGE and monitored in the Cyanine-5 (Cy5) channel.
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To study the selectivity of CLIPs, 1 yM FQ-3CL-CLIP was prepared in 3CL and CTSB buffers, spiked with 1 yM 3CL
protease and 1 uM CTSB protease, respectively. After incubation for 2 h and 4 h, 2 pL of each solution was mixed with
8 uL of 8 M urea to stop the reaction. A control containing 1 yM FQ-3CL-CLIP without protease was also prepared.
Next, 2 uL of glycerol was added to all samples, including the control. Samples were loaded onto a 15% denaturing
PAGE gel. To track gel progression, 10 uL of gel loading dye (Sigma-Aldrich, Gel Loading Solution, Cat. No: G7654)
was added into a separate well. The gel was run using the same procedure as for native PAGE and monitored in the
Cy5 channel.

4.8.3  Stability of CLIPs in Cell Lysates

To study the stability of CLIPs in cell lysates, 1 yM FQ-3CL-CLIP was prepared in PBS and incubated with 5 yL of
lysates from the colorectal cancer cell line RKO (CRL-2577) in a total volume of 15 pL. At 30 min, 1 h, 3 h, and 6 h
incubation times, 2 pL of the solution was mixed with 8 uL of 8 M urea to stop the reaction. A control containing 1 pM
FQ-3CL-CLIP without protease was also prepared. Next, 2 yL of glycerol was added to all samples, including the
control. Samples were loaded onto a denaturing PAGE gel prepared as described previously. To track gel progression,
10 pL of gel loading dye (Sigma-Aldrich, Gel Loading Solution, Cat. No: G7654) was added into a separate well. The
gel was run using the same procedure as for native PAGE and monitored in the GelRed and Cy5 channels.

4.9 Melting Temperature Analysis

Melting temperature assays were performed to verify the hairpin-like structure of CLIPs. CLIPs containing Dye-labeled
Blocking DNA and Quencher-labeled Initiator DNA were used. When CLIPs are folded into a hairpin, close proximity
between the fluorophore and the quencher suppresses the fluorescence signal. Dehybridization at higher temperatures
opens the hairpin, increases the distance between these molecules, and results in greater fluorescence signal.

All samples were prepared at a concentration of 1 yM in 3CL buffer. To test the effect of protease cleavage on melting
temperature, 1 uM of the FQ-3CL-CLIP was incubated with 3 uM of 3CL protease in 3CL buffer overnight for running
the melting assay.

Melting assays were conducted by dispensing 10 uL of samples into each well of a 96-well plate (Bio-Rad, Hard-Shell
High Profile 96-Well Semi-Skirted PCR Plates, Cat. No: HSS9601), arranging these in triplicate. A qPCR instrument
(Bio-Rad, CFX96 Real-Time System C1000 Touch Thermal Cycler) was used for the procedure. The gPCR method
was as follows: The lid temperature was consistently maintained at 105°C throughout the assay. Initially, the samples
were heated to 90°C over a period of 5 min and then held at this temperature for 30 s. After this, the samples were
cooled to 4°C, where the initial fluorescence reading was recorded in the Cy5 channel. The temperature was then
increased by 0.5°C increments, with readings taken at each increment in the selected channel. This cycle of increasing
temperature and taking readings continued until the temperature reached 95°C.

To account for any photobleaching effects, the fluorescence signal from the Dye-labeled Blocking DNA was used for
correction. We also ran additional controls including 3CL buffer, Quencher-labeled Initiator DNA, and 1 yM 3CL
protease; as expected, these showed no fluorescence in the Cy5 channel.

4.10 Fluorescence Assays

4.10.1 Optimizing CRISPR-Cas12a Assays

CRISPR-Cas12a ribonucleoprotein (RNP) solution was formed using CRISPR-Cas12a enzyme Alt-R™ L.b. Cas12a
(Cpf1) Ultra (Integrated DNA Technologies, Ref. No: 443255472), guide RNA purchased from Integrated DNA
Technologies (Table S2), and reporter DNase alert (Integrated DNA Technologies, Cat. No: 11-04-03-03). These were
prepared in a CRISPR Buffer. To ensure repeatability of CRISPR assays, stock guide RNA and CRISPR-Cas12a were
aliquoted into single-use tubes.

All fluorescence experiments were conducted using plate readers. Two types of plate readers were used: Agilent,
BioTek Cytation 5 Imaging Multimode Reader and Agilent, BioTek Synergy H1 Multimode Reader. It should be noted
that the gain between these plate readers is different and therefore RFU signals may differ between experiments.

We first investigated how the concentration of Initiator DNA affects the fluorescence signal observed in the CRISPR
assay. For this, different concentrations of the Initiator DNA (3 nM, 2 nM, 1 nM, 0.5 nM, 0.1 nM, 0 nM) was added to
CRISPR buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 uL/100 pL total
solution of DNase Alert). The fluorescence was measured using a plate reader. Samples were read at 25°C after 30
min using an excitation wavelength of 525 nm and an emission wavelength of 566 nm.

12



We next investigated how the concentration of the RNP affects the fluorescence signal observed in the CRISPR assay.
For this, the Initiator DNA (fixed at a final concentration of 1 nM) was added to CRISPR buffer containing the RNP at
various concentrations. The RNP was a 1:1 mixture of Cas12a and the gRNA. The concentrations of RNP used were
100 nM, 10 nM, 1 nM, and 0.1 nM. DNase Alert reporter was added to each well at a concentration of 2.5 pyL/100 pL.
The fluorescence was measured via plate reader. Samples were read at 25°C and shaken for 30 s before reading
fluorescence every three min at an excitation wavelength of 525 nm and an emission wavelength of 566 nm.

4.10.2 Effect of Protease Incubation on the Ability of Initiator DNA to Activate CRISPR-Cas12a Signaling

10 nM Initiator DNA was incubated with and without 3 uM 3CL protease for 2 h with shaking (Benchmark, Multi-Therm
Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted 10-fold
with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 yL/100 uL
total solution of DNase Alert). Therefore, the final Initiator DNA concentration while reading fluorescence in the CRISPR
assay was 1 nM.

4.10.3 CRISPR-Cas12a Assays with CLIPs

10 nM CLIPs were incubated with varying concentrations of proteases for 30 min-24 h with shaking (Benchmark, Multi-
Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted 10-
fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 pL/100
pL total solution of DNase Alert). Therefore, the final CLIP concentration while reading fluorescence in the CRISPR
assay was 1 nM.

Here is one example of how solutions were prepared for one assay: Solution 1: 10 nM CLIPs were incubated with
proteases in a total of 40 uL of protease-specific assay buffer for 30 min-24 h with shaking at 1500 RPM. Solution 2: A
solution of 20 nM CRISPR-Cas12a, 20 nM gRNA, and 5.0 uL/well of DNase alert was prepared in CRISPR-Cas12a
assay buffer. When testing protease activity, solution 1 and 2 were added to each well in a black 96 well plate in the
following order, 40 pL of CRISPR Buffer, 50 pL of Solution 2, and 10 pL of Solution 1.

4.10.4 Effect of CLIP Concentration on CRISPR-Cas12a Assays
3CL-CLIPs were serially diluted by 10-fold from 10 nM to 10 pM, incubated with 3 uM of 3CL protease for 2 h, and then
subjected to the CRISPR-Cas12a assay.

4.10.5 Detection of 3CL, CTSB, MMP7, and CASP3 Proteases in Buffer

10 nM CLIPs targeting various proteases were incubated with their respective proteases for 30 min with shaking
(Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (i.e., 25 °C). The proteases used in
this study were 3CL (Millipore Sigma, Mpro, 3CL Protease from coronavirus SARS-COV-2, SAE0172), CTSB (Millipore
Sigma, Cathepsin B, Human Liver, 219362-50UG), MMP7 (Enzo, MMP-7 catalytic domain, human, recombinant, BML-
SE181-0010), and CASP3 (Enzo, Caspase-3 human, recombinant active, ALX-201-059-U025). Protease
concentrations used were 500 nM for 3CL, 500 nM for CASP3, 250 nM for MMP7, and 20 nM for CTSB. Each protease
was incubated with its corresponding CLIP in its appropriate assay buffer before being subjected to the CRISPR assay.
After incubation, the samples were diluted 10-fold with CRISPR Buffer containing the RNP (final concentration of 10
nM by Cas12a, 10 nM by gRNA, and 2.5 yL/100 pL total solution of DNase Alert). Therefore, the final CLIP
concentration while reading fluorescence in the CRISPR assay was 1 nM. The fluorescence was measured via plate
readers. Samples were read at 25°C and shaken for 30 s before reading fluorescence every 3-5 min at an excitation
wavelength of 525 nm and an emission wavelength of 566 nm.

4.10.6 Determination of LOD of 3CL-CLIP

To determine the limit of detection (LOD) for the 3CL-CLIP, 10 nM 3CL-CLIP was incubated with varying concentrations
of 3CL protease in 3CL Buffer for 30 min with shaking (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H)
at 1500 RPM at RT (at 25 °C). The 3CL protease concentrations used were 500 nM, 250 nM, 125 nM, and 0 nM.
Following this, the samples were diluted 10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM
by Cas12a, 10 nM by gRNA, and 2.5 pL/100 pL total solution of DNase Alert). Therefore, the final 3CL-CLIP
concentration while reading fluorescence in the CRISPR assay was 1 nM. The fluorescence from the CRISPR assay
was read over time using a plate reader (excitation wavelength of 525 nm and an emission at 566 nm). The fluorescence
at the 30 min time point from the CRISPR assay was plotted at a function of 3CL concentration to form a calibration
curve. From the initial slope of this calibration curve, the LOD was calculated using the 3c/m method.

4.10.7 Comparison of 3CL-CLIP with DNA only Hairpins
To investigate how CLIP hairpins compare with DNA-only hairpins in their ability to activate CRISPR enzymes, we
performed several experiments.
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We first investigated how the addition of 24-nt and 16-nt Blocking DNA affects the CRISPR activating capabilities of
Initiator DNA. For this, 1 nM of the Initiator DNA was treated with 10 nM of the 16-nt Blocking DNA or 24-nt Blocking
DNA. Then CRISPR assays were run (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 yL/100 uL
total solution of DNase Alert). The fluorescence was measured using a plate reader. Samples were read at 25°C after
30 min using an excitation wavelength of 525 nm and an emission wavelength of 566 nm.

We next conducted CRISPR assays using Initiator DNA, DNA Hairpin 10-8, DNA Hairpin 30-8, and CLIP, each at 1 nM
final concentration in the CRISPR assay.

Following this, we investigated how the addition of 24-nt and 16-nt Blocking DNA affects the CRISPR activating
capabilities of DNA Hairpin 30-8. For this, 1 nM of the DNA Hairpin 30-8 was treated with 10 nM of the 16-nt Blocking
DNA or 24-nt Blocking DNA. Then CRISPR assays were run (final concentration of 10 nM by Cas12a, 10 nM by gRNA,
and 2.5 uL/100 L total solution of DNase Alert). The fluorescence was measured using a plate reader. Samples were
read at 25°C after 30 min using an excitation wavelength of 525 nm and an emission wavelength of 566 nm.

4.10.8 Comparison of 3CL-CLIP with 3CL-CFP

To benchmark the protease sensing capabilities of 3CL-CLIP with commercially available probes, a fluorogenic
substrate of 3CL (Bio-Techne, SARS CoV-2 3CL protease substrate Rh110-conjugated, Cat. No: S-720-200) was
purchased. This probe is referred to as 3CL-CFP.

10 nM 3CL-CLIP was incubated with 250 and 500 nM 3CL protease in 3CL Buffer for 30 min with shaking (Benchmark,
Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted
10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5
pL/100 pL total solution of DNase Alert). Therefore, the final 3CL-CLIP concentration while reading fluorescence in the
CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read using a plate reader after an additional
60 min (excitation wavelength of 525 nm and an emission at 566 nm). Therefore, total assay time is 90 min.

For comparison, 10 nM 3CL-CFP was incubated with 250 and 500 nM 3CL protease in 3CL Buffer for 30 min with
shaking (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this,
the samples were diluted 10-fold with CRISPR Buffer. Therefore, the final 3CL-CFP concentration at fluorescence
reading was 1 nM. The fluorescence from 3CL-CFP was read using a plate reader after an additional 60 min (excitation
wavelength of 485 nm and an emission at 535 nm). Therefore, total assay time is 90 min. This assay was also performed
using 1 M of 3CL-CFP (final probe concentration at fluorescence reading is 100 nM).

410.9 Comparison of 3CL-CLIP with FQ-3CL-CLIP
To evaluate the extent of the amplification of the CRISPR-Cas12a system provided on the CLIP signal, a comparison
using a FQ-3CL-CLIP was performed.

10 nM 3CL-CLIP was incubated with 250 and 500 nM 3CL protease in 3CL Buffer for 30 min with shaking (Benchmark,
Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted
10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5
pL/100 pL total solution of DNase Alert). Therefore, the final 3CL-CLIP concentration while reading fluorescence in the
CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read using a plate reader (excitation
wavelength of 525 nm and an emission at 566 nm).

1 yM FQ-3CL-CLIP was incubated with 250 and 500 nM 3CL protease in 3CL Buffer for 30 min with shaking
(Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the
samples were diluted 10-fold with CRISPR Buffer. Therefore, the final FQ-3CL-CLIP concentration at fluorescence
reading was 100 nM. The fluorescence from FQ-3CL-CLIP read using a plate reader (excitation wavelength of 648 nm
and an emission at 700 nm). This assay was not performed using 10 nM of FQ-3CL-CLIP (final probe concentration at
fluorescence reading is 1 nM) as no fluorescence change could be seen at this concentration.

We performed an additional test with FQ-3CL-CLIP to ensure that the 3CL protease can cleave it. For this, 100 nM FQ-
3CL-CLIP was added to 1 uM 3CL protease in 3CL Buffer. The fluorescence from FQ-3CL-CLIP read using a plate
reader (excitation wavelength of 648 nm and an emission at 700 nm) over time.

4.10.10 Comparison of CTSB-CLIP with Commercial CTSB Fluorogenic Substrate

To benchmark the protease sensing capabilities of CTSB-CLIP with commercially available probes, a fluorogenic
substrate of CTSB (Sigma-Aldrich, Z-Arg-Arg-7-amido-4-methylcoumarin hydrochloride, Cat. No: C5429) was
purchased. This probe is referred to as CTSB-CFP.
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10 nM CTSB-CLIP was incubated with 10 nM CTSB protease in CTSB Buffer for 30 min with shaking (Benchmark,
Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted
10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5
ML/100 pL total solution of DNase Alert). Therefore, the final CTSB-CLIP concentration while reading fluorescence in
the CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read using a plate reader after an
additional 120 min (excitation wavelength of 525 nm and an emission at 566 nm). Therefore, total assay time is 150
min.

For comparison, 10 nM CTSB-CFP was incubated with 10 nM CTSB protease in CTSB Buffer for 30 min with shaking
(Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the
samples were diluted 10-fold with CRISPR Buffer. Therefore, the final CTSB-CFP concentration at fluorescence reading
was 1 nM. The fluorescence from CTSB-CFP was read using a plate reader after an additional 120 min (excitation
wavelength of 380 nm and an emission at 460 nm). Therefore, total assay time is 150 min.

4.10.11 Determination of LOD of CTSB-CLIP and CTSB-CFP

To determine the limit of detection (LOD) for the CTSB-CLIP, 10 nM CTSB-CLIP was incubated with varying
concentrations of CTSB protease in CTSB Buffer for 30 min with shaking (Benchmark, Multi-Therm Heating Shaker,
Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). The CTSB protease concentrations used were 30 nM, 20 nM, 15
nM, 10 nM, 8 nM, 6 nM, 4 nM, 2 nM, 1 nM, and 0 pM. Following this, the samples were diluted 10-fold with CRISPR
Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 yL/100 pL total solution
of DNase Alert). Therefore, the final CTSB-CLIP concentration while reading fluorescence in the CRISPR assay was 1
nM. The fluorescence from the CRISPR assay was read over time using a plate reader (excitation wavelength of 525
nm and an emission at 566 nm). The fluorescence enhancement at the 120 min time point from the CRISPR assay
was plotted at a function of CTSB concentration to form a calibration curve. From the initial slope of this calibration
curve, the LOD was calculated using the 3o/m method.

To determine the limit of detection (LOD) for CTSB-CFP, 1 uM CTSB-CFP was incubated with varying concentrations
of CTSB protease (25 nM, 10 nM, 5 nM, 0.1 nM, and 0 nM) in CTSB Buffer for 30 min at 25 °C with shaking at 1500
RPM (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H). After incubation, the samples were diluted 10-fold
with CRISPR Buffer, resulting in a final CTSB-CFP concentration of 100 nM during fluorescence measurement.
Fluorescence was monitored over time using a plate reader (excitation: 380 nm, emission: 460 nm). Since no
fluorescence increase over time was observed, the fluorescence at 0 min was plotted as a function of CTSB
concentration to generate a calibration curve. The LOD was calculated from the initial slope of the curve using the 3o/m
method.

4.10.12 Determination of CTSB-CLIP Selectivity

To determine the selectivity of CTSB-CLIP, 10 nM CTSB-CLIP was incubated with 20 nM of different proteases and
proteins in CTSB Buffer for 30 min with shaking (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500
RPM at RT (at 25 °C). The proteases and proteins used were CTSB, 3CL, MMP7, thrombin (THR), CASP3, and bovine
serum albumin (BSA). Following this, the samples were diluted 10-fold with CRISPR Buffer containing the RNP (final
concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 uL/100 pL total solution of DNase Alert). Therefore, the
final CTSB-CLIP concentration while reading fluorescence in the CRISPR assay was 1 nM. The fluorescence from the
CRISPR assay was read after an additional 30 min using a plate reader (excitation wavelength of 525 nm and an
emission at 566 nm).

4.10.13 Effect of Nucleases on CLIP Stability

In a low-volume black 384-well plate (Fisher Scientific, Corning™ 384-Well Solid Black or White Polystyrene
Microplates, Non-binding, Flat Bottom, Cat. No: 09-761-86), 100 nM FQ-CLIP was prepared in 1X DNase | reaction
buffer provided with the DNase | enzyme (Thermo Fisher, DNase |, RNase-free, 1 U/uL, Cat. No: EN0521). To each
well, 0.1 U, 0.05 U, 0.025 U, 0.01 U, or 0.001 U of DNase | was added to a total reaction volume of 40 uL. A control
containing FQ-3CL-CLIP without DNase | was included. The plate was immediately placed in a plate reader, and
fluorescence was measured at an excitation wavelength of 648 nm and an emission wavelength of 700 nm.
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4.11 Performance of CLIPs in Serum

10 nM 3CL-CLIP was incubated with 10% human serum (Millipore Sigma, Human Serum, Cat. No: H4522-20ML), with
and without 1 yM 3CL protease, for 30 min at 25 °C with shaking at 1500 RPM (Benchmark, Multi-Therm Heating
Shaker, Cat. No: H5000-H). After incubation, the samples were diluted 10-fold with CRISPR Buffer containing RNP
(final concentrations: 10 nM Cas12a, 10 nM gRNA, and 2.5 yL DNase Alert per 100 yL solution). The final
concentrations during fluorescence measurement in the CRISPR assay were 1 nM for 3CL-CLIP and 1% for serum. A
control containing 1% serum with RNP was included. For comparison, samples of 3CL-CLIP without serum, with and
without 1 uM 3CL protease, were processed concurrently. The fluorescence from the CRISPR assay was read using a
plate reader after an additional 15 min (excitation wavelength of 525 nm and an emission at 566 nm).

For comparison, 1 yM 3CL-CFP was incubated with human serum (Millipore Sigma, Human Serum, Cat. No: H4522-
20ML), with and without 1 uM 3CL protease, for 30 min at 25 °C with shaking at 1500 RPM (Benchmark, Multi-Therm
Heating Shaker, Cat. No: H5000-H). After incubation, samples were diluted 10-fold with CRISPR Buffer, resulting in
final concentrations of 100 nM 3CL-CFP and 1% serum during fluorescence measurement in the CRISPR assay. A
control containing 1% serum in 90% CRISPR Buffer and 10% 3CL Buffer was also prepared. For comparison, samples
of 3CL-CFP without serum, with and without 1 uM 3CL protease, were processed concurrently. The fluorescence from
3CL-CFP was read using a plate reader after an additional 15 min (excitation wavelength of 485 nm and an emission
at 535 nm).

4.12 Cell Culture and Sample Preparation

The primary cell lines used in this study were NCI-H508 (CCL-253), RKO (CRL-2577), HT29 (HTB-38), and SW-620
(CCL-227). Every primary cell line was purchased from the American Type Culture Collection (ATCC) and cultivated in
RPMI-1640, fortified with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% Glutamax, 1% non-essential amino
acids (sourced from Gibco), and 10 mM HEPES, and kept in an environment-controlled incubator at 37°C with 5% COs..

2,000,000 viable cells were seeded into 6 cm tissue culture plates and left to incubate overnight. For intracellular
protease analysis, the cells were first rinsed with PBS (provided by Gibco) to remove extracellular proteases, then
physically dislodged via cell scraping into 1 mL PBS. This solution was then lysed via sonication. The sample was
alternately placed in a bath sonicator for 5 s and on ice for 5 s for a total of 5 times. The cells were next collected into
a pellet by centrifuging the solution at 16.2x g at a temperature of 4°C for a duration of 15 min. The supernatant was
collected for analysis.

4.13 Detection of Active Proteases in Cell Lysates

4.13.1 Detection of 3CL Protease in 3CL-Spiked Cell Lysates Using 3CL-CLIPs

To determine the ability of CLIPs to detect a specific protease of interest in complex media, NCI-H508 lysates were
spiked with 3CL protease and treated with 3CL-CLIPs. The presence of SARS CoV-2 proteases in these samples is
not expected. Therefore, the fluorescence from 3CL-CLIP in the absence of the 3CL protease serves as an estimate
of the background in these systems.

10 nM of 3CL-CLIP was incubated with 15 pL of the cell lysates (~2 million cells/mL) in a total volume of 45 L of 3CL
Buffer with or without 1 uM 3CL protease. The samples were then incubated for 30 min with shaking (Benchmark, Multi-
Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted 10-
fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 uL/100
WL total solution of DNase Alert). Therefore, the final 3CL-CLIP concentration while reading fluorescence in the CRISPR
assay was 1 nM. The fluorescence from the CRISPR assay was read using a plate reader after an additional 30 min
(excitation wavelength of 525 nm and an emission at 566 nm). Therefore, total assay time is 60 min.

4.13.2 Detection of CTSB Protease in Cell Lysates Using CTSB-CLIP

To detect active proteases in complex media, lysates derived from different colon cancer cell lines (NCI-H508, SW-
620, RKO, and HT29) were treated with CLIPs. In these cell samples, CTSB is expected to have high activity levels
based on previous studies.[®%67.73.74 Therefore, fluorescence from CTSB-CLIP will be correlated to the activity of CTSB
protease. On the other hand, the presence of SARS CoV-2 proteases in these samples is not expected. Therefore, the
fluorescence from 3CL-CLIP will serve as an estimate of the background in these systems.

10 nM of CLIPs were incubated with 15 pL of the cell lysates (~2 million cells/mL) in a total volume of 45 L of 1X PBS.
The samples were then incubated for 30 min with shaking (Benchmark, Multi-Therm Heating Shaker, Cat. No: H5000-
H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted 10-fold with CRISPR Buffer containing the
RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 uL/100 pL total solution of DNase Alert).
Therefore, the final CTSB-CLIP concentration while reading fluorescence in the CRISPR assay was 1 nM. The
fluorescence from the CRISPR assay was read using a plate reader after an additional 30 min (excitation wavelength
of 525 nm and an emission at 566 nm). Therefore, total assay time is 60 min.

16



Additional experiments were performed using 5 pL, 3 pL, and lower volumes of the cell lysates. However, no signal
was observed for samples containing <3 L lysates.

4.13.3 Detection of CTSB Protease in Cell Lysates with Commercial CTSB Reporter

1 uM of CTSB-CFP was incubated with 15 uL of various cell lysates (~2 million cells/mL) in a total volume of 45 uL of
1X PBS. The samples were then incubated for 30 min with shaking (Benchmark, Multi-Therm Heating Shaker, Cat. No:
H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted 10-fold with CRISPR Buffer.
Therefore, the final CTSB-CFP concentration at fluorescence reading was 100 nM. The fluorescence from CTSB-CFP
was read using a plate reader after an additional 30 min (excitation wavelength of 380 nm and an emission at 460 nm).
Therefore, total assay time is 60 min.

4.13.4 Effect of CTSB Inhibitor on Fluorescence Signal from CTSB-CLIP and CTSB-CFP

To further confirm that the fluorescence signal observed from CTSB-CLIP and CTSB-CFP in the presence of cell lysates
stems from the activity of CTSB protease, we performed additional experiments with a well-known CTSB inhibitor
(Sigma-Aldrich Cathepsin Inhibitor Il, Cat. No: 219385-1MG). We reasoned that the presence of this inhibitor would
lead to a reduction in the fluorescence signal, thereby confirming its dependency on CTSB protease activity.

10 nM of CTSB-CLIP was incubated with 6 pL of RKO cell lysates (~2 million cells/mL) in a total volume of 45 uL of 1X
PBS with or without 667 yM CTSB inhibitor. The samples were then incubated for 30 min with shaking (Benchmark,
Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted
10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5
ML/100 pL total solution of DNase Alert). Therefore, the final CTSB-CLIP concentration while reading fluorescence in
the CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read using a plate reader after an
additional 60 min (excitation wavelength of 525 nm and an emission at 566 nm). Therefore, total assay time is 90 min.

1 uM of CTSB-CFP was incubated with 6 uL of RKO cell lysates (~2 million cells/mL) in a total volume of 45 pL of 1X
PBS with or without 667 uM CTSB inhibitor. The samples were then incubated for 30 min with shaking (Benchmark,
Multi-Therm Heating Shaker, Cat. No: H5000-H) at 1500 RPM at RT (at 25 °C). Following this, the samples were diluted
10-fold with CRISPR Buffer. Therefore, the final CTSB-CFP concentration while reading fluorescence in the CRISPR
assay was 100 nM. The fluorescence from CTSB-CFP was read using a plate reader after an additional 60 min
(excitation wavelength of 380 nm and an emission at 460 nm). Therefore, total assay time is 90 min.
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5 Data Analysis

All data reported is the average of at least 3 replicate measurements unless otherwise mentioned. Error bars represent
the standard deviation of these measurements.

Normalized fluorescence is calculated by normalizing the highest fluorescence value in a data set to 100%. Normalized
fluorescence is used for Figures 2 and 3.

Fluorescence enhancement is defined as the ratio of the fluorescence values of a sample (If) to the fluorescence of
the RNP complex (Igyp) or buffer (I, ff.) at a given timepoint. During error propagation, error from the denominator is
ignored. Fluorescence enhancement was calculated using Equation 1:

I
Fluorescence Enhancement = ———— eq (1)
Ipnp O Ipyffer

Relative fluorescence is defined as the ratio of the fluorescence values of a sample treated with protease (I, protease)
to the fluorescence values the sample without protease (I_p,,teqse) at the same time point. During error propagation,
error from the denominator is ignored. Relative fluorescence was calculated using Equation 2:

I
Relative Fluorescence = —212tease eq (2)

I—Protease

Corrected normalized fluorescence is used in melting temperature analysis shown in Figure 2B. In this experiment,
fluorescence of FQ-3CL-CLIP is expected to increase with rising temperature due to enhanced separation between the
fluorophore and the quencher. However, since fluorescence itself can vary with temperature, we conducted control
experiments using only Dye-labeled Blocking DNA to adjust for this temperature dependence. The fluorescence
readings from the Dye-labeled Blocking DNA at various temperatures (Ipye_iapeied Blocking pnar) Were used to correct
for the fluorescence values in other samples (Isgmpie, 7). The temperature-corrected fluorescence value (Icorrectear) IS
given by Equation 3:

_ IDye—labeled Blocking DNA,4°C
Icor‘rected,T -

I * Isample,T eq (3)
Dye-labeled Blocking DNA,T

Subsequently, the maximum fluorescence value observed across the data set was assigned a value of 100, while the
minimum was set to 0 to correct for background noise. All other fluorescence readings were scaled between these two
extremes accordingly. Corrected normalized fluorescence was calculated using Equation 4:

Icorrected,T - 1C0rrected,4°C %100 eq (4)

max —1
corrected,T corrected,4°C

Corrected Normalized Fluorescence =

Relative abundance (%) is used for showing mass spectrometry data in Figure 2A. It is calculated by setting the highest
m/z value to 100%.
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6 Additional Results and Discussion

6.1 Tm Analysis

To determine what proportion of the initiator strand must be hybridized to the blocking strand so that the CLIP remains
in a hairpin-like structure at room temperature (25 °C), we performed Tm analysis using IDT OligoAnalyzer™ on hairpins
comprised entirely of DNA. To closely mimic the structure of CLIPs, the non-DNA portion of the CLIP was replaced with
DNA of comparable length. The contour length of amino acids ranges from 0.36 nm to 0.4 nm, the PEG linker's length
is approximately 1.4 nm,[”® and the length of ssDNA is reported to be between 0.3 nm to 0.6 nm per base.[75-78l
Therefore, the non-DNA portion of the CLIP (which can be between 6.4-6.8 nm in length if the CLIP has 10 aa) can be
approximated using ssDNA containing 10-30 bases.

We modeled the Tm of DNA hairpins of the form I,,X;,B,, and I,,X5¢B,. I,4 represents the initiator strand containing 24
bases. X represents ssDNA bases used to mimic the non-DNA portion of the CLIP. B, represents the blocking strand
containing n bases (n = 2 — 13). Hairpins of the form I,,X,,B,, have a stem length of n base pairs and a loop size of
24 — n + 10. Hairpins of the form I,,X3,B, have a stem length of n base pairs and a loop size of 24 —n + 30. The loop
size decreases as the number of bases in the blocking strand increases.

After proteolytic cleavage, CLIPs are expected to form an intermolecular duplex with lower Tm compared to the hairpin-
like structure. To estimate the Tm of the DNA duplex formed after proteolysis, we also computed the Tm of dsSDNA with
n bases. The sequence of these bases is identical to the sequence in the stem portion of the hairpins. All calculated
Tm are shown in degree Celsius in Table S3-Table S6.

The results indicate that CLIPs with 5-9 base pairs in the stem would maintain hairpin-like structures under the different
assay conditions used (DNA concentration 1-10 nM; 100-300 mM Na*; 20-40 mM Mg?*) but would dissociate upon
proteolytic cleavage. We chose 8 base pairs as the optimal stem length. This range encompasses what is typically
understood as physiological ionic strength (~150 mM).

Structures of DNA hairpins of the form I,,X5,Bg and I,,X;,Bg are shown in Figure S4.
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Figure S4. Structures of DNA hairpins of the form (A) I,,X5,Bg (DNA Hairpin 30-8) and (B) I,4,X10Bg (DNA Hairpin 10-
8).
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Table S3. Tm analysis of DNA structures. The top section presents the Tm of DNA hairpins of the form I,,X;,B,,. The
lower section shows the Tm for dsDNA corresponding to the stem lengths of the hairpins.

Tm values are expressed in degrees Celsius. Calculations were performed using IDT Oligo Analyzer™ under conditions
of 40 mM Mg?* and 100 mM Na*. The hairpin/dsDNA concentrations tested were 0.1 nM, 1 nM, and 10 nM. NH indicates
that a desirable hairpin structure is not formed.

Number of Base Pairs in Hairpin Stem

2 3 4 5 6 7 8 9 10 11 12 13

01 |NH NH 15 353 411 44.4 53.2 57.4 58.5 60.9 61.8 65.9

Hairpin

. 1 NH NH 15 353 411 44 4 53.2 57.4 58.5 60.9 61.8 65.9
Concentration (nM)

10 |NH NH 15 353 411 44.4 53.2 57.4 58.5 60.9 61.8 65.9

Number of Base Pairs in Cleaved Hairpin dsDNA

23| 4]| s 6 7 8 9 10 1 12 | 13
o1 |0 o o o 0 0 0 72 131 17 213 27
ComoaONA aw | 1|0 0 o o 0 0 56 134 188 223 263 315
00 0o 0 o0 0 08 124 198 248 278 314 362
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Table S4. T analysis of DNA structures. The top section presents the Tm of DNA hairpins of the form I,,X;,B,,. The
lower section shows the Tm for dsDNA corresponding to the stem lengths of the hairpins.

Tm values are expressed in degrees Celsius. Calculations were performed using IDT Oligo Analyzer™ under conditions
of 40 mM Mg?" and varying Na*. DNA concentration was kept at 1 nM. NH indicates that a desirable hairpin structure

is not formed.

Na* Concentration
(mM)

Na* Concentration
(mM)

Number of Base Pairs in Hairpin Stem

2 3 4 5 6 7 8 9 10 11 12 13
10 [ NH NH 146 348 406 439 527 568 579 602 61.1 65.2
100 | NH NH 15 353 4141 44 .4 532 574 585 609 618 659
300 | NH NH 15.8  36.1 42 454 542 585 596 62 63 67.1

Number of Base Pairs in Cleaved Hairpin dsDNA

2 3 4 5 6 7 8 9 10 11 12 13
10 0 0 0 0 0 0 5.6 13.4 189 225 264 2838
100 | O 0 0 0 0 0 5.6 13.4 188 223 263 315
300 | O 0 0 0 0 0 6.8 14.5 19.9 233 272 324
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Table S5. Tm analysis of DNA structures. The top section presents the Tm of DNA hairpins of the form I,,X;,B,,. The
lower section shows the Tm for dsDNA corresponding to the stem lengths of the hairpins.

Tm values are expressed in degrees Celsius. Calculations were performed using IDT Oligo Analyzer™ under conditions
of varying Mg?* concentrations and 100 mM Na*. DNA concentration was kept at 1 nM. NH indicates that a desirable
hairpin structure is not formed.

Mg?* Concentration
(mM)

Mg?* Concentration
(mM)

Number of Base Pairs in Hairpin Stem

2 3 4 5 6 7 8 9 10 11 12 13
0 NH NH 89 28.1 332 362 448 482 49 512 518 558
20 [ NH NH 141 342 399 432 52 56 57.1 594 60.3 644
40 | NH NH 15 353 411 444 532 574 585 609 618 659

Number of Bases in Cleaved Hairpin dsDNA

2 3 4 5 6 7 8 9 10 11 12 13
0 0 0 0 0 0 0 0 42 9.8 135 175 234
20 0 0 0 0 0 0 5.1 129 183 218 258 31.1
40 0 0 0 0 0 0 5.6 134 188 223 263 315
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Table S6. Tm analysis of DNA hairpins of the form I,,X;,B, and I,,X5¢B,. The top section presents the Tm of DNA
hairpins at 20 mM Mg?* concentrations. The lower section shows the Tm of DNA hairpins at 40 mM Mg?* concentrations.

Tm values are expressed in degrees Celsius. Calculations were performed using IDT Oligo Analyzer™ at 100 mM Na*.
DNA concentration was kept at 1 nM. NH indicates that a desirable hairpin structure is not formed.

Number of Base Pairs in Hairpin Stem

2 3 4 5 6 7 8 9 10 1" 12 13

X0 | NH NH 14.1 34.2 39.9 43.2 52 56 57.1 59.4 60.3 64.4

X3 | NH NH NH 204 35.1 38.5 47.5 51.4 52.4 54.4 55.3 59.5

Number of Base Pairs in Hairpin Stem

2 3 4 5 6 7 8 9 10 1" 12 13

X0 | NH NH 15 35.3 411 44 .4 53.2 57.4 58.5 60.9 61.8 65.9

X3 | NH NH  NH 30.4 36.2 39.7 48.7 52.7 53.8 55.8 56.7 60.9
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6.2 MALDI-MS Data

6.2.1 MALDI-MS Data of 3CL, CASP3, CTSB, and MMP7-CLIPs and Intermediates

Table S7. Expected (Ex) Versus Observed (Ob) MALDI m/z of CLIPs and Intermediate Species

3CL CTSB CASP3 MMP7
(m/z) (m/z) (m/z) (m/z)
CLIP
Ex Ob Ex Ob Ex Ob Ex Ob
Peptide-DNA 8.895 9,028 8.862 8.895 8,879 8,992 9.200 9,140
Conjugate
Peptide-DNA Linker 9,331 9.292 9.152 9226 9.169 9.299 9,490 9.711
CLIP 12569 12,608 12702 12491 12715 12932 13,040 13,003
Pure CLIP 12,569 12,608 12,702 12,460 12,715 12,782 13,040 12,995
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6.2.2 MALDI-MS Data of Fluorophore Quencher CLIP

Table S8. Expected Versus Observed MALDI m/z of FQ-3CL-CLIP

Expected Molecular Observed Molecular Qut_ancr_ler Fluorophore
Name Weight (Da) Weight (m/z) Extinction Absorbance Max
Absorbance Range
FQ-3CL-CLIP 13,502 13,325 560-670 nm 649 nm
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6.3 UV-Vis Characterization of CLIPs

First, peptide-DNA conjugates were synthesized through copper free click chemistry using azido-peptides and
dibenzocyclooctyne (DBCO) modified DNA. Initiator DNA was treated with increasing concentrations of azide pep-3CL
for 24 h and the reaction progression was observed through monitoring the DBCO’s characteristic 310 nm absorbance.
Treatment of 0:1, 1:1, 3:1, and 5:1, azide to DBCO was measured. In samples of 3:1 and 5:1 equivalents the 310 nm
peak appears to have disappeared fully indicating a complete conjugation (Figure S5). Therefore, all DBCO azide click
chemistry used at least a 3:1 ratio to ensure complete product conversion unless otherwise noted.

A B
1.09 087 —— 1 to 0 DNA:Peptide Conjugate
—— 1 to 1 DNA:Peptide Conjugate
0.8 061 — 1103 DNA:Peptide Conjugate
8 8 —— 1 to 5 DNA:Peptide Conjugate
c 0.6 c
() (4]
2 2 0.4
3 0.4- ?
Q Q
< < \¥
0.2- 0.2 K
0.0 0.04 —
200 400 600 800 300 305 310 315 320 325
Wavelength (nm) Wavelength (nm)

Figure S5. (A) The UV-Vis spectra of Initiator DNA. DNA'’s characteristic peak at 260 nm as well as the DBCO’s
characteristic 310 nm peak. (B) Initiator DNA treated with increasing concentrations of azide pep-3CL after 24 h. From
the conjugation of DBCO to azide groups, the 310 nm peak decreases indicating successful conjugation of peptide-
DNA conjugates. Treatment of 0:1, 1:1, 3:1, and 5:1, azide to DBCO was measured. In samples of 3:1 and 5:1
equivalents the 310 nm peak appears to have disappeared indicating a successful complete conjugation.

Next, an azido PEG linker was installed on the peptide-DNA conjugate. The final CLIP structure (i.e. the DNA-peptide-
DNA triblock) was synthesized by reacting linker-peptide-DNAs with Blocking DNA using copper free click chemistry.
UV-Vis spectroscopy was used to confirm attachment of Blocking DNA to peptide-DNA linkers. 5:1 molar ratio was
used with respect to DBCO Blocking DNA to peptide-DNA linkers. Therefore, with 100% conjugation a 20% absorbance
decrease at 310 nm is theoretically expected. Upon treatment the DBCOQO’s characteristic absorbance at 310 nm
decreases approx. 18%, indicating that the azide on the peptide-DNA linker has successfully conjugated (Figure S6).

Peptide-DNA Linker

0.6 + 5 eq. Blocking Strand
+ Overnight Incubation

Absorbance
o
w

290 300 310 320 330 340
Wavelength (nm)

Figure S6. UV-Vis spectra of peptide-DNA linker before (blue) and after (red) overnight incubation with blocking strand
DNA. Upon treatment the DBCO’s characteristic absorbance at 310 nm decreases approx. 18%, indicating that the

azide on the peptide-DNA linker has successfully been attached.
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6.4 Gel Electrophoresis Characterization of CLIPs
A

50 bp w—
35 b m—
20 bp m—

10 bp m— - .
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Figure S7. (A) Native PAGE gel containing (1) Invitrogen™ Trackit™ Ultra Low Range DNA Ladder, (2) Initiator DNA,
(3) 3CL peptide-DNA conjugates, (4) 3CL peptide-DNA-linker conjugates, (5) impure CLIPs, and (6) HPLC-purified
CLIPs. All samples are loaded in approximately 10 pmol amounts. The mobility of the structures gradually decreases
with the addition of each component, indicating successful conjugation. Between impure and purified CLIPs species
correlating to Initiator DNA, peptide-DNA conjugates, and peptide-DNA-linker conjugates, are all seen to disappear.
Also note that multiple bands also appear on this gel for CLIPs possibly due to differences in either conformation or
hybridization of the species. Lane 4 corresponds to the DNA-Peptide-Linker species which appears lighter than other
species even at the same concentration. The reason for this effect is unknown but has been previously observed in
these molecules by others.[5? We speculate that the addition of both the peptide and PEG linker affects the staining of
the DNA.

(B) Denaturing PAGE gel showing time-dependent 3CL-mediated cleavage of FQ-3CL-CLIP. Lane 1 shows the intact
FQ-3CL-CLIP, while lanes 2—7 represent samples incubated with 1 yM 3CL protease for varying durations: 15 min, 30
min, 1 h, 2 h, 4 h, and 6 h, respectively. Approximately 2 pmol of each sample was loaded onto the gel, which was
imaged using the Cy5 fluorescence channel. Following protease treatment, a new band with higher mobility appears,
corresponding to the cleaved fragment. Over time, the intensity of the original FQ-3CL-CLIP band diminishes, while the
intensity of the cleaved fragment band increases, indicating progressive and successful proteolytic cleavage of FQ-
3CL-CLIP. It should be noted that the intact CLIP structure contains both Cy5 and its quencher, BHQ. As the CLIP
degrades, Cy5 and BHQ separate, causing an increase in Cy5 fluorescence relative to the intact structure. This
artificially enhances the intensity of the fragment bands in the Cy5 channel, making the proportion of fragments appear
higher than it actually is.

(C) Denaturing PAGE gel showing selectivity of FQ-3CL-CLIP. Lanes 1 and 4 show untreated FQ-3CL-CLIP samples
after 2 h and 4 h, respectively. Lanes 2 and 5 represent FQ-3CL-CLIP incubated with 1 yM 3CL protease for 2 h and 4
h, respectively. Lanes 3 and 6 correspond to FQ-3CL-CLIP incubated with 1 yM CTSB protease for 2 h and 4 h,
respectively. Approximately 2 pmol of each sample was loaded onto the gel. After incubation with 3CL protease, a new
band with higher mobility appears, indicating successful cleavage of FQ-3CL-CLIP. Over time, the intensity of the
original FQ-3CL-CLIP band diminishes, while the intensity of the cleaved fragment band increases, indicating
progressive and successful proteolytic cleavage of FQ-3CL-CLIP. In contrast, incubation with CTSB protease also
generates a new band, but with much lower intensity relative to the 3CL protease-treated samples. This observation
highlights the preference of 3CL protease for FQ-3CL-CLIP over CTSB protease, demonstrating the higher selectivity
of 3CL protease for this substrate. It should be noted that the intact CLIP structure contains both Cy5 and its quencher,
BHQ. As the CLIP degrades, Cy5 and BHQ separate, causing an increase in Cy5 fluorescence relative to the intact
structure. This artificially enhances the intensity of the fragment bands in the Cy5 channel, making the proportion of
fragments appear higher than it actually is.
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6.5 CRISPR-Cas12a Assays with 3CL-CLIP
6.5.1 Optimizing CRISPR-Cas12a Assays
We first determined the optimal conditions for CRISPR-Cas12a assays. Specifically, we investigated how the
concentration of Initiator DNA (Figure S8) and the RNP complex (Figure S9) affect the fluorescence signal observed.

Next, we verified that incubating the Initiator DNA alone with proteases does not impact the CRISPR signal (Figure
$10). Following this, we performed CRISPR assays with 3CL-CLIPs in the presence and absence of proteases. It is
important to note that 3CL-CLIPs must be purified from any free Initiator DNA or else background signal is observed
(Figure S11). Moreover, the fluorescence signal is affected by the concentration of 3CL-CLIP used in the CRISPR
assay (Figure $12).

Based on our results, we identified that 1 nM 3CL-CLIP and 10 nM RNP are optimal for our assays. Under these
conditions, the limit of detection of 3CL-CLIP is 116 nM (Figure S13).
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6.5.2 Effect of Initiator DNA Concentration on CRISPR-Cas12a Assays

To evaluate which concentration of DNA is most optimal for CRISPR-Cas12a assays, RNP was held at a constant 10
nM was treated with increasing concentrations of Initiator DNA. It was observed that an increased concentration of
Initiator DNA correlates to an increased CRISPR-Cas12a fluorescent response. Concentrations above 1 nM show
larger standard deviation in triplicate and odd trends while concentrations at or below 0.1 nM show minimal signal. To

balance both a need for high signal, high repeatability, and to use fewer reagents a concentration of 1 nM Initiator DNA
was chosen as optimal.

104

**%

—

0
3nM2nM1nM 0.5 01 OnM
nM nM

Fluorescence Enhancement

Figure S8. Fluorescence enhancement observed from treatment of 10 nM RNP with varied concentrations of the
Initiator DNA after 30 min. Fluorescence enhancement refers to the fluorescence of a sample relative to the
fluorescence of the RNP. *, **, and *** denote statistical significance at the 95%, 99%, and 99.9% confidence levels,
respectively, assessed using a one-tailed Student's t-test.
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6.5.3 Effect of Increasing RNP Concentration on CRISPR-Cas12a Assays

To discover an optimal RNP concentration for CRISPR assays, a fixed concentration of Initiator DNA (1 nM) was treated
with RNP at concentrations of 100 nM, 10 nM, 1 nM and 0.1 nM. These samples were then subjected to CRISPR
assays. Concentrations of RNP below 1 nM show incomplete saturation within 60 min while concentrations around 10
nM saturate within the time frame. An RNP concentration of 10 nM was chosen due to its ability to saturate within 1 h

with 1 nM of Initiator DNA.

100

80

60+

401

20+

Fluorescence (RFU)

0

x10°

vv'vavvv
e 2222222202

0 20 40 60 80
Time (Minutes)

100 nM RNP
10 nM RNP

1 nM RNP

0.1 nM RNP
RNP Backround

Figure S9. Time-dependent fluorescence assay showing signal response from treating 1 nM Initiator DNA with varied

concentration of RNP.
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6.5.4 Effect of Protease Incubation on the Ability of Initiator DNA to Activate CRISPR-Cas12a Signaling

To investigate whether incubation of the Initiator DNA with proteases affect CRISPR assays, 10 nM of Initiator DNA
was incubated with 3 uM 3CL protease for 2 h and then subjected to a CRISPR assay. In doing so there was no change
seen with the activation of the Initiator DNA with and without protease incubation. This implies that 3CL protease does
not interfere with the binding and activation of Initiator DNA with RNP complexes.
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Figure S$10. Time-dependent CRISPR-Cas12a detection of Initiator DNA before and after treatment with 3 yM 3CL
protease.
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Impure and HPLC purified samples at 10 nM 3CL-CLIPs were incubated with 3 uM 3CL protease for 2 h and diluted
10-fold with CRISPR buffer before running a CRISPR assay. The final probe concentration in the CRISPR assay was
1 nM. Impure CLIPs show high background, likely due to the presence of non-hairpinning unreacted species, while
after HPLC purification, CLIP mixtures show retention of the same signal seen in impure samples but with the decrease
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6.5.6 Effect of CLIP Concentration on CRISPR-Cas12a Assays

3CL-CLIPs were serially diluted by 10-fold from 10 nM to 10 pM, incubated with 3 uM of 3CL protease for 2 h, and then
subjected to the CRISPR-Cas12a fluorescence assay. Minimal increase in fluorescence is observed using CLIP
concentrations below 0.1 nM, whereas 10 nM CLIPs begin to show background signal in the absence of protease.
Therefore, an optimal concentration of 1 nM CLIPs (in the final CRISPR buffer) was used for subsequent experiments.
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Figure S$12. Signal increase upon incubating (A) 10 nM, (B) 1 nM, (C) 0.1 nM, and (D) 10 pM, of 3CL-CLIPs with 3CL
protease.
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6.5.7 Limit of Detection of 3CL-CLIPs

To determine the limit of detection (LOD) for the 3CL-CLIP, 10 nM 3CL-CLIP was incubated with varying concentrations
of 3CL protease (500 nM, 250 nM, 125 nM, and 0 nM) in 3CL Buffer for 30 min with at RT (at 25 °C). Following this,
the samples were diluted 10-fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10
nM by gRNA, and 2.5 yL/100 pL total solution of DNase Alert). Therefore, the final 3CL-CLIP concentration while
reading fluorescence in the CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read over time.
The fluorescence at the 30 min time point from the CRISPR assay was plotted as a function of 3CL concentration to

form a calibration curve. From the initial slope of this calibration curve, the LOD was calculated using the 3a/m method.
The LOD was found to be 116 nM.
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Figure $13. Limit of detection of 3CL via CRISPR-Cas12a assays with 3CL-CLIPs. (A) Time-dependent fluorescence
response from 3CL-CLIPs incubated with 500-125 nM of 3CL protease for 30 min. (B) Linear fit of response at 30 min.
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6.6 Comparison of CLIP Hairpins with DNA-only Hairpins

CLIPs were designed with 8 base pairs in the stem. As mentioned previously, this length was chosen based on Tm
considerations. To compare the function of CLIPs with DNA-only hairpins of similar lengths, we performed CRISPR
assays using hairpins made entirely of DNA. We also included controls with the Initiator DNA hybridized to Blocking
DNA of different lengths. The contour length of amino acids ranges from 0.36 nm to 0.4 nm, the PEG linker's length is
approximately 1.4 nm,["® and the length of ssDNA is reported to be between 0.3 nm to 0.6 nm per base.[’5-78 Therefore,
the non-DNA portion of the CLIP (which can be between 6.4-6.8 nm in length if the CLIP has 10 aa) can be
approximated using ssDNA containing 10-30 bases.

We used two DNA hairpins in our study. These hairpins are of the form I,,T;,Bg and I,,T5,Bs. I, represents the initiator
strand containing 24 bases. Bg represents the blocking strand containing 8 bases. 1,,T;,Bg is denoted as DNA Hairpin
10-8 and I,,T3(Bg is denoted as DNA Hairpin 30-8. Both hairpins have a stem length of 8 base pairs. I,,T;,Bg has a
loop size of 24 — 8 + 10 = 26 bases. 1,,T3,Bg has a loop size of 24 — 8 4+ 30 = 46 bases.

We first examined the impact of different lengths of Blocking DNA on CRISPR signaling when the Initiator and Blocking
DNA form intermolecular double strands (Figure S14). Our results show that a 24-nt Blocking DNA, fully
complementary to the Initiator DNA, completely inhibits CRISPR activation, whereas a 16-nt Blocking DNA, with
substantial but incomplete complementarity, does not. This suggests that RNP complexes can bind to partially blocked
Initiator DNA through strand displacement when intermolecular double strands are present.

When DNA Hairpin 10-8 and DNA Hairpin 30-8 were used — both containing 8-bp intramolecular double strands —
CRISPR activation was observed (Figure S15). This indicates that RNP complexes can still engage with partially
blocked Initiator DNA via strand displacement, even with intramolecular double strands.

However, when using CLIPs with intramolecular double strands, no CRISPR activation occurred, despite the Blocking

DNA being only 8 bases long. This underscores the unique structural properties of CLIPs that prevent strand
displacement by the RNP complex, highlighting their distinctive interaction dynamics compared to DNA-only structures.
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6.6.1 CRISPR Activation with Initiator DNA Hybridized to 24-nt and 16-nt Blocking DNA

To investigate how blocking the Initiator DNA impacts CRISPR signal, 1 nM of the single-stranded Initiator DNA strand
was treated with 10 nM of the 16-nt Blocking DNA or 24-nt Blocking DNA. The 24-nt Blocking DNA fully inhibited
CRISPR signal whereas the 16-nt Blocking DNA did not. These results suggest that RNP cannot access fully double-

stranded sequences, while, with partial complements, CRISPR-Cas12a can still access the Initiator DNA through
toehold-mediated strand displacement.
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Figure S14. (A) Time-dependent CRISPR assay of Initiator DNA with and without the addition of a partial (16-nt) and
(B) a full (24-nt) DNA complement. Scheme showing activation of CRISPR-Cas12a with (C) single stranded Initiator
DNA, (D) Initiator DNA treated with the 16-nt Blocking DNA, and (E) Initiator DNA treated with the 24-nt Blocking DNA.
Initiator DNA with and without treatment of the 16-nt Blocking DNA can activate CRISPR-Cas12a with no impediment.
However, when Initiator DNA is treated with the 24-nt Blocking DNA, CRISPR-Cas12a activation is not observed.
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6.6.2 CRISPR Activation with DNA-only Hairpins

CRISPR assays were conducted using 1 nM concentration of DNA Hairpin 10-8 and DNA Hairpin 30-8, both featuring
8-base pair intramolecular hairpins. These hairpins were capable of activating CRISPR, producing fluorescence levels
comparable to those from Initiator DNA alone. This demonstrates that the presence of an intramolecular double strand
in these hairpins does not hinder CRISPR signaling. In contrast, CLIPs, which also possess an 8-base pair DNA stem,
do not activate CRISPR. This difference suggests that the peptide and linker elements incorporated into the CLIPs’
loops render them inaccessible to the RNP complex, highlighting a significant structural impact on their functionality.
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Figure S15. Fluorescence enhancement observed after 5 min when CRISPR RNP and DNase Alert reporters are
treated with Initiator DNA, DNA Hairpin 10-8, DNA Hairpin 30-8, and CLIP, respectively. Fluorescence enhancement
is calculated as the fluorescence observed relative to the fluorescence of the RNP alone, which is set to a value of 1.
*, and *** denote statistical significance at the 95%, and 99.9% confidence levels, respectively, assessed using a one-
tailed Student's t-test.
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CRISPR assays using DNA Hairpin 30-8 revealed significant insights when Blocking DNA of various lengths were
added to the hairpin. Introducing 24-nt Blocking DNA, which is fully complementary to the hairpin's Initiator DNA
sequence, effectively inactivates CRISPR (Figure $16). This inactivation occurs because the 24-nt Blocking DNA
opens the hairpin through toehold-mediated strand displacement (Figure S18).

Conversely, adding 16-nt Blocking DNA, which covers only part of the Initiator DNA sequence and not the hairpin stem,
initially diminishes the CRISPR signal. Over time, however, the signal increases, resembling a positive cooperativity
curve (Figure S$16). This observation could be attributed to factors such as DNA that is misfolded and not in hairpin
form or slow disruption of the hairpin stem by CRISPR-Cas12a due to strand displacement. Once initial activation
occurs, the CRISPR-Cas12a enzymes, capable of cleaving ssDNA, begin to degrade the hairpin's loop region. This
degradation releases new Initiator DNA, leading to an amplification cycle (Figure S18).

In contrast, the loop structure of CLIPs comprises both peptide and DNA, with the DNA portion being part of the Initiator
DNA sequence. If CRISPR-Cas12a cleaves this DNA within the loop, the full Initiator DNA sequence is not intact,
preventing further activation of CRISPR-Cas12a (Figure S$19). This structural feature makes CLIPs less susceptible to

the amplification cycle typical in DNA-only hairpins, underscoring a significant difference in how CLIPs interact with
CRISPR-Cas12a compared to standard DNA hairpins.
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Figure S16. Enhancement of the 30-8 Hairpin with and without the addition of (A) 24-nt blocking DNA and (B) 16-nt

blocking DNA. The data displayed represents the average of two measurements, with error bars indicating the deviation
between them.
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Figure $17. Hypothesized mechanism of activation of CRISPR-Cas12a RNP via DNA hairpins. (A) DNA hairpins may
slowly activate Cas12a enzymes due to strand displacement. (B) Active Cas12a enzymes cleave the loop region of
DNA hairpins causing them to degrade into new Initiator DNA causing an amplification cycle.
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Figure S18. Hypothesized mechanism of activation of CRISPR-Cas12a RNP via DNA hairpins treated with Blocking
DNA. (A) Introducing 24-nt Blocking DNA, which is fully complementary to the hairpin's Initiator DNA sequence,
effectively inactivates CRISPR. This inactivation occurs because the 24-nt Blocking DNA opens the hairpin through
toehold-mediated strand displacement. (B) Adding 16-nt Blocking DNA, which covers only part of the Initiator DNA
sequence and not the hairpin stem, initially diminishes the CRISPR signal. Over time, however, the signal increases,
resembling a positive cooperativity curve. This observation could be attributed to factors such as DNA that is misfolded
and not in hairpin form or slow disruption of the hairpin stem by CRISPR-Cas12a due to strand displacement. (C) With
16-nt Blocking DNA, once initial activation occurs, the CRISPR-Cas12a enzymes, capable of cleaving ssDNA, begin
to degrade the hairpin's loop region. This degradation releases new Initiator DNA, leading to an amplification cycle.
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Figure S19. Hypothesized interaction between CRISPR-Cas12a RNP and intact CLIPs. Intact CLIPs in hairpin form
do not activate CRISPR. However, upon proteolytic cleavage, CLIPs generate Initiator DNA that can activate CRISPR
RNP. Activated CRISPR RNP can potentially cleave intact CLIPs in the ssDNA portion of the hairpin loop. However, in
doing so, the Initiator DNA sequence is digested and therefore, it cannot activate additional RNPs. Taken together,
non-specific DNA cleavage is not expected to result in background signal from CLIPs.
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6.7 Comparison of 3CL-CLIP with Fluorogenic Substrates
To benchmark the ability of CLIPs to detect active proteases, a commercial 3CL protease reporter (3CL-CFP) was

employed in this study. 3CL-CFPs were also used to confirm that our purchased proteases are active. Data from these
experiments are shown in the main text.

To assess the impact of DNA on enhancing the fluorescence signal, we synthesized a CLIP equipped with a fluorophore
(Cy5) and a quencher (BHQ) at opposite ends, designated as FQ-3CL-CLIP. This construct was purified via gel
electrophoresis (Figure S20) and characterized using UV-Vis spectroscopy (Figure $21). The FQ-3CL-CLIP serves
as a fluorogenic reporter for the presence of active proteases, as proteolytic cleavage between the fluorophore and the
quencher will lead to an increase in fluorescence (Figure S22, Figure S23).
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Figure S$20. PAGE gel purification of a mixture containing FQ-3CL-CLIPs, unreacted Quencher-labeled Initiator DNA,
and Fluorophore-labeled Blocking DNA. Loading was approximately 10 nmol of the desired CLIP. The gel was observed
by eye and underwent purification as discussed in Section 4.5, to isolate the target CLIP band. The color of each band
helps identify its contents: light blue bands suggest Cy5 dye, dark purple bands indicate BHQ, and the top royal blue

bands are a mix, showing both Cy5 and BHQ.

UV-Vis spectroscopy was used to support successful synthesis of FQ-3CL-CLIP Probes. A UV-Vis spectrum confirms
the presence of DNA, BHQ, and Cy5 due to their characteristic absorbances at 260 nm, ~580 nm, ~650 nm respectively.
The absence of DBCO'’s characteristic 310 nm peak indicates successful conjugation of quencher-DNA linker species

and dye labeled blocking strands.
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Figure §21. UV-Vis spectra of FQ-3CL-CLIP after gel purification. Characteristic absorbances of DNA, BHQ, and Cy5
at 260 nm, ~580 nm, ~650 nm respectively, are observed while the absence of DBCO’s characteristic 310 nm peak
indicates successful conjugation of quencher-DNA linker species and dye labeled blocking strands.
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Protease-mediated degradation of FQ-3CL-CLIP results in the separation of the fluorophore and the quencher and

generates a fluorescence signal. This probe serves as an additional control to support the intended DNA disassociation
of CLIPs following proteolytic digestion.
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Figure S22. Scheme of Activation of FQ-3CL-CLIPs due to proteolytic cleavage.
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Figure S23. Time-dependent fluorescence assay upon incubation of 100 nM of the FQ-3CL-CLIP with 1 yM 3CL
protease in 3CL buffer.
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When comparing the fluorescence from the FQ-3CL-CLIP assay with that from a CRISPR assay using 3CL-CLIP, the
CRISPR-enhanced 3CL-CLIP exhibited a stronger signal than the FQ-3CL-CLIP, even at concentrations 100 times
lower (Figure S24). This indicates that DNA effectively amplifies the signal in these assays.
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Figure S24. Comparison of fluorescence signal obtained from 3CL-CLIP assays and FQ-3CL-CLIP. Relative
fluorescence refers to the ratio of the fluorescence of a sample to the fluorescence of the probe without the 3CL
protease. The fluorescence of the probe without 3CL protease set to a value of 1. The final probe concentration in the
assay is indicated in the figure. *, **, and *** denote statistical significance at the 95%, 99%, and 99.9% confidence
levels, respectively, assessed using a one-tailed Student's t-test.
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6.8 Comparison of CTSB-CLIP with Commercial CTSB Probes

Our results show that CTSB-CLIP, at a final concentration of 1 nM, can detect sub-nanomolar concentrations of the
protease CTSB. In contrast, a commercial fluorogenic probe for CTSB (CTSB-CFP) failed to detect similar levels of
proteases under comparable conditions.

CTSB-CFP and CTSB-CLIP (10 nM) were incubated with 10 nM CTSB protease for 30 min in CTSB buffer. Following
this, the samples were diluted 10-fold using CRISPR buffer to a final concentration of 1 nM by probe. In case of CTSB-
CLIP, the CRISPR buffer was supplemented with CRISPR-Cas12a RNP and DNase Alert reporters. Fluorescence
readings were taken after an additional 120 min.

To determine the limit of detection (LOD) for CTSB-CFP, 1 uM CTSB-CFP was incubated with varying concentrations
of CTSB protease (25 nM, 10 nM, 5 nM, 0.1 nM, and 0 nM) in CTSB Buffer for 30 min at 25 °C. After incubation, the
samples were diluted 10-fold with CRISPR Buffer, resulting in a final CTSB-CFP concentration of 100 nM during
fluorescence measurement in the CRISPR assay. Fluorescence values were plotted as a function of CTSB
concentration to generate a calibration curve. The LOD was calculated from the initial slope of this curve using the
3o0/m method and determined to be 3.4 nM.
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Figure S$25. (A) Comparison of fluorescence enhancement when CTSB-CLIP and CTSB-CFP are treated with 10 nM
CTSB. Fluorescence enhancement refers to the ratio of the fluorescence of a sample to the fluorescence of the RNP
alone, which is set to a value of 1. The final probe concentration in the assay is indicated in the figure. (B) Fluorescence
response of 1 yM CTSB-CFP upon incubation with CTSB protease for 30 min. *, **, and *** denote statistical
significance at the 95%, 99%, and 99.9% confidence levels, respectively, while "ns" indicates no statistical significance
(at the 95% confidence level), assessed using a one-tailed Student's t-test.
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6.9 Performance of CLIPs in Complex Media

6.9.1 Stability of CLIPs in the Presence of Nucleases

DNase | was used to assess the stability of CLIP structures against nuclease degradation. DNase |, which digests both
single- and double-stranded DNA, was applied to FQ-3CL-CLIP at varying concentrations. Upon digestion, the
fluorophore and quencher separate, generating a fluorescence signal indicative of probe degradation. Our results show
that after 30 min of treatment, while the CLIP structure is degraded at high DNase | concentrations, it remains stable
at DNase activity of 25 U/L or lower, at least up to 30 min. This is more than double the activity of DNAse | in human
serum (~10 U/L), demonstrating the robustness of the CLIP structure under relevant scenarios.6¢!
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Figure S26. Fluorescence enhancement resulting from FQ-3CL-CLIP being treated with DNase |. Fluorescence
enhancement refers to the ratio of the fluorescence of a sample to the fluorescence of the FQ-3CL-CLIP alone, which
is set to a value of 1.
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6.9.2  Stability of CLIPs in Cell Lysates
GelRed

Figure S27. Denaturing PAGE gel of FQ-3CL-CLIPs treated with cell lysates. The gel was imaged in the Cy5 channel,
stained with GelRed, and reimaged in the GelRed channel. Bands in the Cy5 channel result from the fluorophore in the
FQ-3CL-CLIP whereas bands in the GelRed channel result from the binding of GelRed to the DNA sequences. Panels
(1-4) show samples treated with cellular lysates for 30 min, 1 h, 3 h, and 6 h, respectively, while panel (5) shows FQ-
3CL-CLIP without cellular lysate treatment. Approximately 2 pmol of each sample was loaded.

It is worth noting that GelRed preferentially stains longer DNA sequences, which explains the presence of only one
prominent band in the GelRed channel (the intact CLIP). In the Cy5 channel, faint, faster-migrating bands emerge over
time, suggesting progressive degradation of FQ-3CL-CLIP in the cellular lysates. The intact CLIP structure contains
both Cy5 and its quencher, BHQ. As the CLIP degrades, Cy5 and BHQ separate, causing an increase in Cy5
fluorescence relative to the intact structure. This artificially enhances the intensity of the fragment bands in the Cy5
channel, making the proportion of fragments appear higher than it actually is. Furthermore, the relatively unchanged
intensity of the parent CLIP band in both the GelRed and Cy5 channels indicates that only a small fraction of the CLIP
is degraded. Therefore, the CLIP structure is largely stable in cell lysates at least up to 6 h.
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6.9.3 Performance of CLIPs in Serum

3CL-CLIP and 3CL-CFP were treated with 3CL protease in the 3CL protease buffer with the addition of 10% human
serum. Upon incubation of the probes with serum, it was observed that even without the treatment of the protease there
is an increase of background signal of ~200% for both the CLIP and CFP. This indicates that there is a significant
background due to perhaps non-specific cleavage of the probe’s peptide recognition sequence (which is shared with
the CLIP and CFP) by a component in the serum. Upon incubating the probes with 3CL protease, we observed
fluorescence increases in both indicating they are working as intended to detect the proteases in the serum.
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Figure $28. Comparison of fluorescence enhancement from 3CL-CLIP and 3CL-CFP treated with 1 uM 3CL protease,
with and without 10% serum. Relative fluorescence is calculated as the ratio of the fluorescence of each sample to that
of the probe without protease after 15 min, with the fluorescence of probes without protease set to 1. **, and *** denote
statistical significance at the 99%, and 99.9% confidence levels, respectively using a one-tailed Student's t-test.
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6.9.4 Performance of CLIPs in Cell Lysates
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Figure S29. Detection of CTSB using CLIPs in cancer cell lysates. To detect active proteases in complex media, lysates
derived from different colon cancer cell lines ((A) HT29,(B) NCI-H508, (C) RKO, and (D) SW-620) were treated with
CLIPs. In these cell samples, CTSB is expected to have high activity levels based on previous studies.[6%.67.73.74]
Therefore, fluorescence from CTSB-CLIP will be correlated to the activity of CTSB protease. On the other hand, the
presence of SARS CoV-2 proteases in these samples is not expected. Therefore, the fluorescence from 3CL-CLIP will
serve as an estimate of the background in these systems. 10 nM of CLIPs were incubated with 15 pL of the cell lysates
(~2 million cells/mL) in a total volume of 45 uL of 1X PBS. The samples were then incubated for 30 min with shaking
at RT. Following this, the samples were diluted 10-fold with CRISPR Buffer containing the RNP (final concentration of
10 nM by Cas12a, 10 nM by gRNA, and 2.5 pL/100 pL total solution of DNase Alert). Therefore, the final CTSB-CLIP
concentration while reading fluorescence in the CRISPR assay was 1 nM. The fluorescence from the CRISPR assay
was read using a plate reader after an additional 30 min (excitation wavelength of 525 nm and an emission at 566 nm).
Fluorescence enhancement refers to the ratio of the fluorescence of a sample to the fluorescence of the RNP, which
is set to a value of 1. **, and *** denote statistical significance at the 99%, and 99.9% confidence levels, respectively,
assessed using a one-tailed Student's t-test.
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6.9.5 Limit of Detection of CTSB Protease Using CTSB-CLIP in SW-620 Lysates
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Figure S30. Response of CTSB-CLIP to varying amounts of SW-620 colon cancer cell lysates. 10 nM of CTSB-CLIP
was incubated with O pL, 15 pL (A), and 3 pL (B) of the cell lysates (~2 million cells/mL) in a total volume of 45 pL of
1X PBS. The samples were then incubated for 30 min with shaking at RT. Following this, the samples were diluted 10-
fold with CRISPR Buffer containing the RNP (final concentration of 10 nM by Cas12a, 10 nM by gRNA, and 2.5 pL/100
WL total solution of DNase Alert). Therefore, the final CTSB-CLIP concentration while reading fluorescence in the
CRISPR assay was 1 nM. The fluorescence from the CRISPR assay was read over time (excitation wavelength of 525
nm and an emission at 566 nm). It was observed that volumes below 3 uL of cell lysates did not return appreciable
responses and therefore the experimental LOD is approximately 6,000 cells.
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6.9.6 Detection of CTSB in Cell Lysates Via Commercial CTSB Probe
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Figure S31. Fluorescence enhancement of CTSB-CFP after incubation with lysates of HT29, NCI-H508, RKO, and
SW-620 cell lines. 1 uM of CTSB-CFP was incubated with 15 pL of various cell lysates (~2 million cells/mL) in a total
volume of 45 pL of 1X PBS. The samples were then incubated for 30 min with shaking at RT. Following this, the
samples were diluted 10-fold with CRISPR Buffer. Therefore, the final CTSB-CFP concentration at fluorescence reading
was 100 nM. The fluorescence from CTSB-CFP was read after an additional 30 min (excitation wavelength of 380 nm
and an emission at 460 nm). Fluorescence enhancement refers to the ratio of the fluorescence of a sample to the
fluorescence of the buffer, which is set at a value of 1. *** denotes statistical significance at the 99.9% confidence level
while "ns" indicates no statistical significance (at the 95% confidence level), assessed using a one-tailed Student's t-
test.
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7 Use of Al language Models in This Paper
The authors note the use of Al language models developed by OpenAl for select parts of this manuscript to check for
grammatical mistakes, improve conciseness, or understanding.
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