Biophysical Journal —
physical / Biophysical Society

A Nanopore Approach for Analysis of Caspase-7
Activity in Cell Lysates
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ABSTRACT Caspases are an important protease family that coordinate inflammation and programmed cell death. Two closely
related caspases, caspase-3 and caspase-7, exhibit largely overlapping substrate specificities. Assessing their proteolytic
activities individually has therefore proven extremely challenging. Here, we constructed an outer membrane protein G
(OmpG) nanopore with a caspase substrate sequence DEVDG grafted into one of the OmpG loops. Cleavage of the substrate
sequence in the nanopore by caspase-7 generated a characteristic signal in the current recording of the OmpG nanopore that
allowed the determination of the activity of caspase-7 in Escherichia coli cell lysates. Our approach may provide a framework for

the activity-based profiling of proteases that share highly similar substrate specificity spectrums.

INTRODUCTION

Caspases are a family of cysteine proteases with specificity
for cleaving principally after aspartate residues, which play
key roles in apoptosis (1,2) and inflammation (3). Caspases
can be divided into two subgroups based on their predomi-
nant functional roles (4-6). Caspase (casp)-1, -4, -5, -11,
and -12 are mainly involved in inflammation, whereas
casp-3, -6, -7, -8, and -9, are implicated in apoptosis. During
apoptosis, the initiator caspases, casp-8 and -9, activate
downstream executioner caspases, casp-3, -6, and -7, which
carry out selective proteolysis in the cell. All caspase family
members have a catalytic cysteine-histidine dyad at the
active site, and cleavage only occurs after certain aspartate
(or in rare instances, glutamate or phosphoserine (7)) resi-
dues in the substrate.

The aberrant caspase activity is associated with the pro-
gression of several diseases, such as neurodegenerative dis-
orders (8—10), cancer (11,12), and sepsis (13). The diverse
functions for caspases in human health and disease provide
promising leads toward understanding important biological
phenomena as well as avenues for discovering disease ther-
apeutics. Caspases have high levels of sequence homology
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and overlapping substrate specificities. For example, both
casp-3 and -7 can effectively cleave DEVD | G; casp-2,
-3, and -7 potentially cleave VDVAD | G; and casp-1 and
casp-9 favor WEHD | G (14,15). Among the caspase fam-
ily members, casp-3 and casp-7 are the most closely related
to each other, with an overall sequence identity of 56% and
sequence similarity of 73% (16). They exhibit almost iden-
tical substrate specificity, albeit with different cleavage
efficiencies (14,17-21). However, recent data suggest
that casp-3 and casp-7 may have distinct functions because
cells deficient in these caspases showed differences in the
regulation of reactive oxygen species production during
intrinsic cell death (22). To define their distinct role in pro-
grammed cell death, probes that can specifically address
their activity are needed. Both casp-3 and casp-7 are
commonly studied using inhibitors and probes that rely
on the canonical DEVD tetrapeptide recognition sequence
(14,21). Unfortunately, the DEVD-based probes promiscu-
ously bind to casp-3, -6, -7, and -8, preventing the investi-
gation of the activity of each isoform in native cellular
mixtures (19,23,24). Despite the availability of the anti-
body-coupled enzyme-linked immunosorbent assay to
analyze the abundance of the isoforms, it does not directly
reflect the activity of these enzymes. Recently, a Forster
resonance energy transfer (FRET) substrate that exhibited
1000-fold enhanced selectivity for the active casp-3 over
other caspases in apoptotic cells has been successfully
developed (25). Although, so far, a method to selectively
detect active casp-7 in complex biological systems is still
not available.
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Nanopore sensing is a single-molecule detection
method that measures the ionic current signal induced
by the interaction of analytes with a nanopore at an
applied potential (26-29). Recently, protein nanopores
have been developed as powerful tools for fundamental
studies in chemistry and biology (30,31) as well as
biotechnology applications such as biosensing (32) and
DNA and RNA sequencing (30,33-39). Nanopores can
also detect protein analytes (26,40) at the single-molecule
level by coupling with high-affinity binding sites such as
aptamers (41-43), inhibitors (44), ligands (45,46), and
peptide sequences (47,48). Of particular interest here,
nanopore sensors have been successfully used to analyze
enzyme activities (49,50). Several enzymes of the protease
family, such as HIV-1 protease (51), trypsin (52), and
renin protease (49), have been detected by measuring
the translocation of enzymatically cleaved peptides
through a nanopore (49,51,52). Peptides derived from
cleaved substrates caused different ionic current blockages
compared to uncleaved protein substrates (49,52-55). A
weakness of this approach is that proteases that cleave
the same peptide sequence cannot be unambiguously
distinguished. Also, the presence of nonspecific proteases
with broad cleavage specificity (e.g., trypsin, Arg-C, Glu-
C, or proteinase K) could cleave target peptide sequences
and thus cause false-positive results. Moreover, direct pro-
tease sensing using nanopores has not been achieved in
complex biological samples. This is because some highly
abundant small molecules in complex samples could block
the nanopore and thereby produce false-positive signals
that interfere with the identification of the target peptide
products (49). To address this problem, it was possible
to reduce sample complexity by applying a precleaning
column before nanopore analysis (49). However, this
approach does not eliminate the interference of other
peptidases.

In addition to measurement of the enzymatic peptide
product, proteases can also be detected by their direct
interactions with nanopores. For example, specific bind-
ing and detection of thrombin were achieved with an
a-hemolysin («-HL) pore modified with an aptamer
attached near the entrance of the nanopore (42). In addi-
tion, when a tobacco etch viral protease cleavage site
was inserted at one end of a-hemolysin, the cleavage of
tobacco etch virus caused a noticeable change in the cur-
rent signal (56).

Recently, we demonstrated the discrimination of protein
homologs in a complex mixture using an outer membrane
protein G (OmpG)-based nanopore (57). OmpG from
Escherichia coli (E. coli) is a monomeric B-barrel protein
(58-60) housing seven long extracellular loops (61). In
this study, we show that an OmpG nanopore with a substrate
peptide DEVD sequence inserted into loop 6 can directly
detect and discriminate homologs casp-3 and casp-7 in
diluted bacterial cell lysates. Our results demonstrate the

Nanopore for Analysis of Caspase-7

ability of the OmpG nanopore sensor to resolve protein ho-
mologs in untreated biological samples.

MATERIALS AND METHODS

Cloning, expression, and purification of
Omchasp

To minimize the gating frequency of OmpG constructs, we first engineered
wild-type (WT) OmpG with three mutations, H231A, H261A, and D215
deletion (62.,63). This OmpG construct is referred to as OmpG**”. Two
peptide sequences (-GDEVDG- and -GEDDVG-) were respectively intro-
duced to replace the aspartic acid 224 by mutagenesis PCR taking the
plasmid pT7—0mpG2HD as the template. The mutant constructs are called
OmpG“? and OmpG=PPY,

The pT7-OmpG**?, pT7-OmpG“PPY, and pT7-OmpG>"P were trans-
formed into BL21 (DE3) cells and were grown in lysogeny broth medium
at 37°C until the OD600 reached 0.5-0.6 and induced with 0.5 mM isopro-
pyl G-D-I1-thiogalactopyranoside (IPTG). Cells were harvested 3 h later
and lysed in lysis buffer 50 mM Tris (pH 8.0), 200 ug/mL lysozyme, and
1 mM EDTA with sonication. The lysate was centrifuged at 19,000 x g
for 30 min before washing the inclusion body once with 30 mL 50 mM
Tris (pH 8.0) and 1.5 M urea. Then the OmpG-containing inclusion body
was dissolved in 30 mL 50 mM Tris (pH 8.0) and 8 M urea and passed
through a 0.45 um filter before fast protein liquid chromatography purifica-
tion. All OmpG proteins were purified using a 5 mL QFF-anionic exchange
column (GE Healthcare, Chicago, IL) and eluted in buffer 50 mM Tris (pH
8.0), 8 M urea, and 500 mM NaCl by applying a gradient.

To refold OmpG““”, OmpG*PPY, and OmpG?*?, the purified proteins
were diluted with the refolding buffer 50 mM Tris (pH 9.0) and 3.25%
octyl-glucoside until the final concentration of urea reached 3.0 M. Samples
were then incubated at 37°C for 3 days. The refolded sample was flash
frozen with 20% glycerol in liquid nitrogen and stored at —80°C until
further use.

Expression and purification of caspase-3, -6, -7,
-8, and -9

Caspase-3 was expressed as the full-length WT protein, which undergoes
complete self-activation during induction. Caspase-3 WT DNA was trans-
formed into BL21 (DE3) E. coli cells and grown in 2xYT media in the pres-
ence of ampicillin until they reached an OD600 of 0.6. Expression was
induced by the addition of 1 mM IPTG, and the temperature was lowered
to 30°C for 3 h. In this research, we used caspase-6 D23A D179A consti-
tutively two chain (CTC), in which the large subunit contains both prodo-
mains due to D23A mutation and linker due to D179A mutation (64).
This construct was grown in 2xYT media until OD600 reached 0.6, and
expression was induced by the addition of 1 mM IPTG when the tempera-
ture was lowered to 20°C for 18 h. Caspase-7 CTC AN AISL WT DNA en-
codes for independent translation of the large and small subunits lacking
both the prodomain and the intersubunit linker to ensure homogeneous pro-
tein preparations (65). Caspase-7 CTC AN AISL WT DNA was transformed
into BL21 (DE3) E. coli cells and spread onto lysogeny broth agar plates
containing 100 ug/mL ampicillin. The cells were grown at 37°C in 2xYT
media with ampicillin until OD600 reached 0.6. Expression was induced
by adding 1 mM IPTG and lowering the temperature to 18°C for 12 h.
All cells were stored as pellets at —80°C for further purification.
Caspase-3, -6, and -7 were purified in an identical manner. The cells were
harvested, resuspended in a lysis buffer containing 50 mM sodium phos-
phate (pH 8), 300 mM NaCl, and 2 mM imidazole and lysed in a microfluid-
izer. Lysates were clarified by centrifuging at 27,000 x g, and the
supernatant was loaded onto a 5 mL HiTrap Ni-affinity column preequili-
brated with lysis buffer. The column was washed with a buffer containing
50 mM sodium phosphate, pH 8, 300 mM NaCl and 50 mM imidazole.
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The proteins were eluted with a buffer of 50 mM sodium phosphate, pH 8,
300 mM NaCl and 300 mM imidazole and diluted 6-fold in buffer A con-
taining 20 mM Tris (pH 8.5) and 2 mM dithiothreitol (DTT) before loading
onto a 5 mL HiTrap Q column. A linear salt gradient was used to elute the
proteins at 120 mM NaCl.

Caspase-8 WT ADED (death effector domain) protein (66,67) was ex-
pressed in BL21 (DE3) E. coli cells using 2xYT media. Cells were grown at
37°C until they reached an OD600, of 0.6. The temperature was dropped to
25°C and the cells were induced by the addition of 1 mM IPTG for 3 h. Cells
were harvested by centrifugation at 5000 x g and stored as pellets at —80°C.
Pellets were resuspended in a buffer containing 50 mM sodium phosphate pH
8.0, 500 mM NaCl, and 2 mM imidazole. Cells were lysed by a microfluidizer
and subsequently centrifuged at 27,000 x g to remove cellular debris. The su-
pernatant was passed over a nickel column (5 mL HiTrap Ni-affinity column;
GE Healthcare), washed until the absorbance reached baseline, and eluted with
a buffer containing 50 mM sodium phosphate, 300 mM NaCl, and 300 mM
imidazole. The elution was collected and diluted sixfold into a buffer contain-
ing 20 mM Tris (pH 8.5) and 2 mM DTT. The nickel elution fraction was
loaded onto a Q column (5 mL HiTrap Q column; GE Healthcare) and eluted
by a linear NaCl gradient.

Caspase-9 WT protein was expressed in BL21 (DE3) E. coli cells using
2xYT media and grown at 37°C until they reached an OD600 of 0.9. The
temperature was dropped to 15°C, and the cells were induced by the addi-
tion of 1 mM IPTG for 3 h. Cells were harvested by centrifugation at
5000 x g and stored as pellets at —80°C. Pellets were resuspended in a
buffer containing 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and
2 mM imidazole. Cells were lysed by a microfluidizer and subsequently
centrifuged at 27,000 x g to remove cellular debris. The supernatant was
loaded onto a nickel column, washed, and eluted with an imidazole gradient
extending from 2 to 100 mM. Elution fractions were assessed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and
those containing caspase-9 were pooled and diluted 10-fold into a buffer
containing 20 mM Tris (pH 8.5) and 5 mM DTT. The diluted caspase-9
was loaded onto a Q column and eluted by a linear NaCl gradient.

The purity of the prepared caspase proteins was assessed by using SDS-
PAGE and stored at —80°C (Fig. S1).

Cleavage assay of OmpG proteins by different
proteases

Each protease was added to either the refolded or denatured OmpG with the
mole ratio being 1:20. The mixture was diluted with the same volume of
buffer (150 mM NaCl and 50 mM HEPES (pH = 7.5), followed by a
0.5-4 h incubation at room temperature (RT ~23°C). After incubation,
all samples were heated at 95°C for 15 min with SDS-PAGE sample buffer,
before loading to SDS-PAGE gel.

Preparation of lysate samples

After the cells expressing either caspase-3 or caspase-7 were harvested, the
cell pellets were resuspended in phosphate buffered saline and lysed using
sonication. Lysates were clarified by centrifugation at 27,000 x g. The
identical experiment was performed without the addition of IPTG to act
as a negative control for caspase expression.

Single-channel recording of OmpG proteins

Single-channel recording of OmpG““” was similar to the previous study (45).
Briefly, experiments were performed in a device containing two chambers
separated by a 25-um-thick polytetrafluoroethylene film (Goodfellow,
Huntingdon, United Kingdom). The film contains an aperture of ~100 um
diameter located at the center of the film made with an electric spark.
A hexadecane/pentane (10% v/v) solution was first added to cover both sides
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of the aperture. Each chamber was then filled with buffer containing 300 mM
KCl, 50 mM HEPES (pH 7.5). 1, 2-diphytanoyl-sn-glycero-3-phosphocholine
dissolved in pentane (10 mg/mL) was dropped on the surface of the buffer in
both chambers. After the pentane evaporated, the lipid bilayer was formed by
pipetting the solution in both chambers several times. An Ag/AgCl electrode
was immersed in each chamber with the cis side grounded. OmpG proteins
(~2-3nM, final concentration) were also added to the cis chamber. To promote
OmpG insertion, > +250 mV was usually applied.

After a single OmpG“*” pore inserted into the planar lipid bilayer, the
applied voltage was decreased to 30 mV for recording. OmpG proteins in-
serted in the bilayer bidirectionally with its extracellular loops located at
either cis or trans side. After 5-10 min recording in both positive and negative
voltages, the orientation of the OmpG pore in the lipid bilayer was deter-
mined by analyzing the asymmetrical gating pattern at both potentials (68).

Target proteases (like casp-3, -6, -7, -8, -9, and proteinase K) were added
to the chamber where the extracellular loops of OmpG“* were located;
then, the solution in that chamber was stirred for around 15 s. We define
a positive potential when the potential of the chamber where the extracel-
lular loops were exposed was positive. The current was amplified with an
Axopatch 200B integrating patch-clamp amplifier (Axon Instruments,
Foster City, CA). Signals were filtered with a Bessel filter at 2 kHz (unless
otherwise stated) and then acquired by a computer (sampling at 100 us)
after digitization with a Digidata 1440A/D board (Axon Instruments).

RESULTS AND DISCUSSION
Design of OmpG°?*? to detect active caspase-7

To create the OmpG nanopore for detection of caspases, we
inserted a caspase recognition sequence preceded by a
Gly residue (-GDEVD | G-) into loop 6 of an OmpG**”
construct. OmpG**? denotes an OmpG construct containing
three mutations (H231A, H261A, and D215 deletion)
(Fig. 1 a). The resultant nanopore construct, OmpG“*?,

a

218 230
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FIGURE 1 Design of OmpG“** nanopore to detect casp-7. (a) Loop 6

sequence alignment of OmpG*’® and OmpG*“”. The arrow represents
the theoretical caspase cleavage site. (b) SDS-PAGE analysis of the cleav-
age of OmpG“? by casp-3 and casp-7. The mole ratio of OmpG to caspase
was 20:1, and the mixture was incubated for 30 min at 23°C. (¢) SDS-PAGE
analysis of the cleavage of OmpG“” by casp-6, casp-8, and casp-9. The
mole ratio of OmpG to caspase was 1:1, and the mixture was incubated
for 1 h at 23°C. Buffer used in cleavage assay is 150 mM NaCl and
50 mM HEPES buffer (pH 7.5). The shadow bands in (¢) may be caused
by degraded proteins and the impurities in the caspase samples. The
same amount of OmpG“” was loaded in each lane. The cleavage efficiency
was calculated by comparison of the intensity of the intact OmpG“*” bands
that were analyzed by ImageJ.



exhibited refolding efficiency similar to that of OmpG**”
(~95% refolding efficiency (Fig. S2)). To test whether the
casp-7 could cleave OmpG“*?, we conducted cleavage as-
says with casp-7 and other caspases, which also cleave
DEVD-containing substrates, including casp-3, -6, -8,
and -9 (14,15,19,69) (Fig. 1, b and ¢). OmpG“**? was incu-
bated with casp-3 and -7 at a 20:1 molar ratio (30 min at
23°C) and analyzed by SDS-PAGE. We observed that
OmpG“*? was efficiently cleaved by both casp-3 and
casp-7, with around 90% efficiency for both caspases
(Fig. 1 b). Because their reported proteolytic activity
with —DEVD- substrates were lower than casp-3 and -7
(19,23,25), casp-6, -8, and -9 were incubated with
OmpG“*? separately at a 1:1 molar ratio (1 h at 23°C). It
was shown that OmpG“*” could be cleaved by casp-6
and -8 with around 8% and 55% efficiency (analyzed by
Imagel), respectively, whereas casp-9 showed some negli-
gible cleavage (Fig. 1 ¢). This result is consistent with pre-
vious findings that DEVD-based chemical probes were
processed by casp-3, -6, -7, -8, and -9 albeit with different
efficiency (i.e., the k../K,, of casp-6, -7, -8, and -9 were
0.2, 30.7, 1.5, and 0.03% compared to casp-3 (19,23,25)).
Because our previous study revealed that the OmpG
nanopore was able to resolve protein homologs (70), we
further tested whether the OmpG“*” nanopore is also
capable of detecting any specific interactions with casp-7
using single-channel recording (Fig. 2 a), which could be
used to discriminate its presence from other caspases. In
the absence of casp-7, the current trace of OmpG““* was
indistinguishable from that of the OmpG*”, indicating
the inserted peptide had little effect on the gating behavior
of the OmpG nanopore (Fig. 2, b and d, left panels;
Fig. S3). After adding the casp-7 (at a final concentration
of 0.2 uM) into the recording chamber where the OmpG
loops were located, we observed no change in the open cur-
rent of the OmpGZHD (Fig. 2, b and c, right panels),
whereas the current of OmpG“? decreased to ~52%,
from —18.5 = 1.3 to —9.6 = 0.6 pA (n = 36) (Fig. 2, d
and e). This signal was irreversible (Fig. S4), implying it
was due to casp-7 cleaving the loop. Interestingly, before
the postcleavage signal of the 52% current is observed, a
unique current signature around —8.1 pA, 44% of the
open current, was observed from every independent pore
(more than 150 pores in total) after adding casp-7
(Fig. 2, d and e). We termed the characteristic 44% current
signal as “casp-7-OmpG interaction.” We suspect that the
interactions between the OmpG loops and casp-7 are weak
or extremely transient because we did not observe any
reversible caspase binding states before cleavage of
OmpG“** (Fig. 2, d and e). However, the casp-7-OmpG
interaction may be enhanced after casp-7 and OmpG““*?”
form a relatively stable conformation, resulting in the
44% decrease in the open pore current before the post-
cleavage signal. We suspect that this signal may represent
the tetrahedral intermediate state of the proteolytic event.

Nanopore for Analysis of Caspase-7

To confirm that the 52% decreased current is due to
casp-7 cleavage, we preincubated the OmpG“** proteins
with casp-7 for an hour until ~95% of the OmpG“**? pro-
teins were cleaved as confirmed by SDS-PAGE (Fig. 2 f).
The current traces of the precleaved OmpG“*” were re-
corded by single-channel recording. We observed that the
precleaved pores had an averaged current of —9.2 =+
0.8 pA (n = 4), similar to the pores that were cleaved
in situ (Fig. 2 g). Because the cleavage events resulted in
a reduction in the open current of OmpG““?", we surmise
that this is because one or both of the newly generated
cleaved peptides of loop 6 have persistently collapsed
into the pore lumen. The two cleaved peptides of loop 6
are still flexible, so they may briefly flip in and out of the
pore lumen, generating the current spikes as shown in
Fig. 2, d and g. In addition, we tested the OmpG““? nano-
pore with an inactive casp-7 mutant HI44A protein in
which the catalytic residue H144 was substituted by an
alanine (Fig. S5). In the presence of casp-7 H144A, the
OmpG“” nanopore did not generate any noticeable
change in the current recording. Furthermore, we also
created an OmpG construct containing ~-GEDDVG- pep-
tide, termed OmpG*”"Y as a control. OmpG*””" has the
same amino acid composition as the OmpG“*”, but its pep-
tide -GEDDVG- cannot be cleaved by casp-7 in solution
as shown by the SDS-PAGE analysis (Fig. S6). Adding
casp-7 to the OmpG*“”" nanopore did not induce any cur-
rent change similar to the 52% decrease in the OmpG““*
nanopore (Fig. S6). Taken together, these data indicate
that the significant change in the current of OmpG“*¥ is
caused by the cleavage of the substrate peptide DEVD by
casp-7.

Selectivity of OmpG°?*P over other proteases

Because the cleavage assay showed that OmpG“" can
be cleaved by other caspases with different efficiency
(Fig. 1, b and c), we then tested whether OmpG““* could
differentiate any different cleavage and/or interaction sig-
nals between OmpG“*? and other caspases in situ. After
the addition of casp-3 (a final concentration of 0.2 uM),
an ~52% decrease in the open pore current was also
observed, from —18.8 = 0.7 to —9.8 +0.3 pA (n = 10)
(Fig. 3 a), like casp-7 cleavage. Similarly, casp-8 (final con-
centration of 0.7 uM) generated an irreversible signal after
cleavage, the open pore current changed from —18.3 =+
1.1 to —9.3 = 0.7 pA (n = 3) (Fig. 3 b). Interestingly,
neither casp-3 nor casp-8 generated the unique 44% current
level that is associated with casp-7-OmpG interaction. The
difference in their signals may be contributed by the slight
difference between the surface charges of casp-3, -7,
and -8 (Fig. S7), as our previous study revealed that OmpG’s
loops are involved in interacting and sampling the surface of
target proteins via electrostatic interactions (70,71). This
feature is responsible for OmpG’s high sensitivity for
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FIGURE 2 Cleavage signals of OmpG“¥ generated by casp-7. (a) A schematic of caspase detection by OmpG“*” nanopore. (b) Representative current
recording trace and (c) the events amplitude histogram of OmpG>"? before and after adding casp-7. (d) Representative single-channel recording trace and
(e) the corresponding all-events histogram of OmpG“* before and after adding casp-7. The postcleavage event is highlighted in blue, and the casp-7-OmpG
interaction is in red. The histogram was fitted with a Gaussian function to derive the current amplitude. The average current was calculated from at least
four individual pores, and the errors represent the SD. The percentage of the current was normalized against the current amplitude of the precleaved OmpG“*”
pore that was set as 100%. (f) SDS-PAGE analysis of cleaved OmpG“*” by casp-7. Gel analysis by ImageJ showed that 95% of OmpG“*” was cleaved by casp-7.
(g) The representative current recording and the events amplitude histogram of cleaved OmpG“®¥ by casp-7. Cleaved OmpG“*” was prepared by incubating
OmpG““” proteins with casp-7 (1:1 mol ratio) for 1 h at 23°C in 150 mM NaCl and 50 mM HEPES buffer (pH 7.5). To see this figure in color, go online.

pases, we have shown that this nanopore has the ability to

resolving protein homologs with different surface charges.
distinguish casp-7 from other caspases despite their similar

Although further studies are required to decipher the precise
mechanisms of the interactions between OmpG“** and cas-  postcleavage signals.
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sponding all-events histogram of events generated by (a) casp-3 and (b)
casp-8. The average current was calculated from at least four individual
pores, and the errors represent the SD. The final concentration of casp-3
was 0.2 uM whereas that of casp-8 was 0.7 uM. The postcleavage event
is highlighted in blue. The current amplitude of precleaved OmpG““*”
was normalized to 100%. To see this figure in color, go online.

Although casp-6 showed a weak cleavage activity from the
cleavage assay at 1:1 molar ratio with OmpG““? after 1 h at
23°C (Fig. 1 ¢), we could not observe any cleavage signal af-
ter adding 1.3 uM casp-6 (final concentration) after more
than 16 h of recording (n = 3). Casp-9 also did not cleave
OmpG““? in either the cleavage assay (Fig. | ¢) or the sin-
gle-channel recording even after OmpG“* was recorded
for more than 16 h in the presence of 10 uM casp-9
(n = 3). These results are in line with the previous studies
that casp-6 and -9 show poor catalytic activity with the
~DEVD- substrate (19,23). In short, the OmpG“* nanopore
exhibits a great selectivity to analyze the casp-7 activity.

Nanopore for Analysis of Caspase-7

Selective detection of casp-7 over other common
proteases

Because of the ubiquitous expression of several classes of
proteases, biological samples usually contain complex mix-
tures of these proteolytic enzymes. To test whether naturally
occurring protease sites in OmpG“* were accessible for
unspecific protease cleavages that may generate false-
positive signals, we first incubated OmpG“**? with trypsin,
Glu-C, or proteinase K (prot K). These three enzymes are
serine proteases for which compatible cleavage site(s) on
OmpG’s loop 6 and other loops are predicted based on
sequence analysis (Figs. 4 a and S8 a). Of these three pro-
teases, only prot K cleaved refolded OmpG“*” in solution
(Fig. 4 b). We tested the cleavage efficiency of trypsin and
Glu-C with denatured OmpG“** and found that both trypsin
and Glu-C successfully cleaved the denatured OmpG sam-
ple (Fig. 4 b). Because the refolding of OmpG““? is around
95% (Fig. S2), trypsin could cleave the small amount of
unfolded/misfolded OmpG nanopore in the sample, which
visualized as low molecular-weight bands of cleavage prod-
ucts (less than 5%, analyzed by ImagelJ). These results sug-
gest that the relevant cleavage sites in folded OmpG“*? are
not accessible to trypsin and Glu-C, presumably because of
burial in the barrel or steric protection within the detergent
micelle.

We then investigated how the current signal of OmpG““”
was affected after cleavage by prot K protease. Upon treat-
ment with prot K, we observed two types of prot K cleavage.
The first type showed the decreasing in the open current of
OmpG“*? from —18.5 = 0.7to —5.8 = 0.4 pA (n=17),a
32% open current (Fig. 4 c, first row). A 12% decrease in the
open pore current was observed in the type 2 prot K cleav-
age signal (from —18.4 = 1.0to —16.7 = 0.8 pA (n = 3))
(Fig. 4 ¢, second row). In comparison, cleavage with casp-3
and casp-7 resulted in a 52% open current (Fig. 2, a and b).
Because there are four potential proteinase K cleavage sites
on loop 6 (Fig. 4 a) as well as several cleavage sites on other
loops (Fig. S8 a), we anticipated multiple types of post-
cleavage signals for prot K. Surprisingly, we observed
reproducibly only two types of prot K cleavage current
signal with the type 1 signal occurring five times more
frequently than that of the type 2 (Fig. 4 ¢). This is likely
due to the prot K’s preference for certain cleavage sites
within the loops of OmpG““". Notably, the cleavage signals
of prot K are significantly different from the cleavage signal
generated by casp-3, -7, and -8 (Figs. 2 d and 3). This result
suggests that the ionic current generated by OmpG“? is
sensitive to the cleaved peptide products produced by
different proteases.

Quantification of casp-7 by the sampling time

To quantify casp-7 concentration, we first explored the ef-
fect of the concentration of casp-7 on the time from addition
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FIGURE 4 Cleavage assay of OmpG“* with trypsin, Glu-C, and proteinase K (prot K). (a) Theoretical cleavage sites of trypsin (depicted as black circles),
Glu-C (depicted as gray squares), and prot K (depicted as white inverted triangles) in OmpG“P loop 6. Other theoretical cleavage sites of three proteases in
OmpG’s loops are shown in Fig. S8 a. (b) SDS-PAGE analysis of the cleavage of OmpG by Glu-C, trypsin, and prot K as visualized by SDS-PAGE. Each protease
was added to either the refolded or denatured OmpG“*” with the mole ratio being 1:20. The mixture was diluted with the same volume of buffer (150 mM NaCl
50 mM HEPES (pH = 7.5)), followed by a 4-hr incubation at room temperature (RT ~23°C). After incubation, all samples were heated at 95°C for 15 min with
SDS-PAGE sample buffer, before loading to 12% SDS-PAGE gel. Denatured OmpG protein was prepared by first heating refolded OmpG“** at 95°C for 15 min
with around 3—4 M urea (final concentration). After cooling to RT, the samples were used for cleavage assays. (c) Representative single-channel recording traces
and the corresponding all-events histogram of events generated by prot K (the final concentration was 0.2 uM). The postcleavage event is highlighted in blue. The
average current was calculated from at least three individual pores, and the errors represent the SD. The percentages of the current were normalized against the
current amplitude of the precleaved OmpG““? pore that was set as 100%. To see this figure in color, go online.

of casp-7 to the occurrence of the interaction signal, termed
as the sampling time Tumpling (Figs. 5, a and b and S9 a).
When the casp-7 concentration was increased from 0.1 to
0.4 uM, the sampling time gradually decreases linearly
with the casp-7 concentration (Fig. 5 ¢). Our results suggest
that the sampling time is directly correlated to the activity of
casp-7, which can be used for profiling the concentration of
active proteases by the OmpG nanopore.

Because the activity of proteases are dependent on pH
(72-75), we then investigated whether the sampling time
would change in different pH. The sampling time was
measured at three different pH values, 6.0, 7.5, and 8.5,
with 0.4 uM casp-7 (n > 30). The unpaired #-test showed
the mean values of sampling time in three pH conditions
were significantly different (Table S1). The shortest sam-
pling time was observed at pH 7.5 (Fig. 5 d), consistent
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with the previous finding that casp-7 is the most active at
this pH (72). This result further confirms that the sampling
time correlates with the enzymatic activity of caspase-7.
In addition, we investigated the effect of casp-7 concen-
tration and pH on the dwell time T,eraciion Of the casp-7-
OmpG interaction signal (44% current level) (Figs. 5 e
and S9 b). We first observed that the average Tineraction 15
concentration independent (around 0.1 s) at pH = 7.5 at
three casp-7 concentrations (Fig. 5 f) because the unpaired
t-test showed that the difference of dwell times of casp-7-
OmpG interaction between three conditions is not statisti-
cally significant (p-value > 0.05) (Table S2). Interestingly,
when pH changed from 6.0 to 8.5, the interaction time
significantly decreased (Fig. 5 g). We surmise that the
casp-7-OmpG interaction current state may represent an in-
termediate state in the catalytic cycle of the caspase-7. The
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decreasing in Tiygeraction 1N €levated pH may be due to the fact
that the higher pH promotes the deprotonation of the cata-
Iytic cysteine residue (72,76,77), which participates in the
nucleophilic attack on the peptide carbonyl bond. Thus,
the dwell time of the unique interaction signal is only depen-
dent on how long the intermediate complex of casp-7 and
OmpG“*? exists before cleavage. It is unclear why casp-7
can temporarily be trapped in an intermediate state with
OmpG“*? before the release of the product whereas other
caspases were unable to trigger a similar signal. Previously,

we have observed that the electrostatic interaction between
the OmpG sensor and the analyte proteins determines the
selectivity of the OmpG in differentiating the protein homo-
logs and isoforms (45,70,71). Thus, we surmise that the
surface charge distribution of OmpG loops and the casp-7
active site, as well as the sequence of loop 6 may play a
role in facilitating the formation of the casp-7-OmpG“*
complex. Further studies, such as altering the residues at
the OmpG surface or near the active site of casp-7 and
exploring the isotope effect in deuterium buffers are
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required to understand the origin and nature of the casp-7-
OmpG interaction signal (e.g., the noncovalent casp-7-
OmpG intermediate or the tetrahedral intermediates).
Nevertheless, our findings suggest the potential use of
OmpG for profiling protease activity as well as studying
the catalytic mechanisms.

Direct detection of caspases in bacterial lysates

Previous studies have applied nanopores to sense analytes in
samples containing serum (47,57). To determine if the
OmpG“*? nanopore could be used to analyze “real-world”
samples with minimal sample preparation, we tested
whether OmpG“** could distinguish casp-3 and casp-7 ac-
tivity directly in E. coli cell lysates (Fig. S10). E. coli has
many endogenous proteases, such as Lon, ClpXP, and
HfIB (78,79). We first tested the bacterial lysate without
the caspase expression with our OmpG““*? to verify if those
endogenous proteases would interfere with the caspase
detection. We found that the bilayer became unstable in
the presence of >30% lysate, so 15% lysate was used in
this study (Fig. 6 a). The addition of 15% (v/v) E. coli lysate
lacking caspase expression slightly increased the gating

signal in the OmpG““* nanopores. A slight decrease in
the open current, from —18.5 = 0.7 to —15.6 = 0.4 pA
(Fig. 6 b) was also observed. This is because the conductiv-
ity of the bacterial lysate (in phosphate buffered saline,
~18 mS/cm) was lower than that of the recording buffer
(300 mM KC1, 50 mM HEPES, ~40 mS/cm). The increased
OmpG“? gating signals likely resulted from interactions
between OmpG“*? and cellular components, such as pro-
teins, nucleic acids, or small molecules in the cell lysate.
In short, no similar signal to casp-3/7 postcleavage was
observed after more than 40 min of recording with E. coli
lysate without caspase expression (n = 5) (Fig. S11).

The cell lysates expressing casp-3 or casp-7 were then
added to the OmpG“*” nanopore. The addition of the lysates
to the recording chamber induced a reduction in open pore
current by 52% (Fig. 6, ¢ and d) after less than 10 min
(n =4), which is similar to the postcleavage signal from pu-
rified proteins (Fig. 2, a and b). Importantly, a casp-7-OmpG
interaction signal was readily visible (Fig. 6 d) with the
average Tineraction 0-12 = 0.10 s (n = 4). Although the cur-
rent traces for caspase cleavage in the presence of lysate
were slightly noisier than those in the absence of lysate,
the characteristic signals of the interaction and cleavage of
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FIGURE 6 Direct detection of two caspases in bacterial cell lysate. (a) A schematic of OmpG nanopore in absence and presence of lysate. (b) Represen-
tative current traces of OmpG“*" pore in the absence and presence of lysates. 160 uL lysate was added to the loop-containing chamber for a final concen-
tration of 15% (v/v). (c and d) Representative single-channel current recording traces and the corresponding all-events histogram of the events generated by
(c) casp-3 and (d) casp-7. The postcleavage event is in blue, and the casp-7-OmpG interaction is in red. The average current was calculated from at least four
individual pores, and the errors represent the SD. The current percentages of the events were normalized against the current amplitude of the precleaved

OmpG““* pore that was set as 100%. To see this figure in color, go online.
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both caspases were well preserved, which allowed the
unambiguous detection and differentiating casp-7 from
casp-3 in a complex mixture.

CONCLUSION

In this study, we have developed a real-time, label-free
method based on the OmpG nanopore for selectively detect-
ing the caspase-7 activity directly in 15% (v/v) E. coli cell
lysates. The OmpG nanopore with an inserted peptide
sequence for protein detection has several advantages. First,
it simplifies the production of OmpG sensors with the 100%
yield. The previous OmpG-biotin nanopore, in comparison,
requires a postpurification chemical modification to attach a
ligand, in which the 100% labeling yield was difficult to
achieve. Second, the OmpG“**” nanopore shows high selec-
tivity for casp-7 over common interfering proteases such as
proteinase K, trypsin, and Glu-C. Although the DEVDG
sequence is the most efficient substrate sequence for both
casp-3 and casp-7 (15), our OmpG nanopore with the
DEVDG incorporated sequence is able to selectively detect
casp-7 from its homolog, casp-3. Our OmpG“*? nanopore
also succeeds to distinguish casp-7 from some other cas-
pases, which may inefficiently cleave DEVDG, including
casp-6, -8, and -9. Because other caspases differ from
casp-7 with respect to the substrate specificity (i.e., casp-2
for VDVADG, casp-9 for WEHDG, and casp-10 for
LEHDG) (15). Thus, in practice, the OmpG“*? approach
can be used to identify the casp-7 activity in the presence
of the peptide inhibitors that are preferentially cleaved by
other caspases family members (e.g., VDVADG, WEHDG,
and LEHDG to mask the potential interferences from
casp-2, casp-9, and casp-10).

Our study also highlighted the feasibility of directly
discriminating two highly related proteases in complex
mixtures, like diluted bacterial cell lysates. To our knowl-
edge, our OmpG“*” nanopore is the first tool for specific
detection of casp-7 activity. In addition, no other
nanopore system has shown this ability to directly distin-
guish two highly homologous proteases in diluted cell
lysate. Moreover, our nanopore design can quantify the
activity of caspases by measuring the sampling time.
With its ability to specifically identify and quantify pro-
teins in diluted cell lysates, the OmpG nanopore shows
the potential to be used as a fast and powerful detection
platform for proteomics research as well as disease diag-
nostics (80,81).

With our current sensing scheme, in which only one OmpG
pore is recorded at a time, quick quantification of caspase ac-
tivity is not feasible. By integrating OmpG into a nanopore
array, such as the MinION platform from Oxford Nanopore
Technology (Oxford, United Kingdom), in which several
hundred protein pores can be recorded simultaneously, the ki-
netics of proteolytic activity could be rapidly and accurately
estimated (82,83). Similarly, we were not able to directly

Nanopore for Analysis of Caspase-7

analyze the casp-7 activity in the mixture of casp-3 and
casp-7 under the current instrument setting. This limitation
could also be circumvented by using a nanopore array. Previ-
ous study has shown that enzymatic efficiency of casp-3 is
around threefold higher than that of casp-7 (17,25). Thus,
with nanopore arrays, ~25% of pores are expected be cleaved
by casp-7 when casp-3 and casp-7 are equally present in the
sample. When the concentration of casp-3 becomes dominant
than casp-7, the activity of casp-3 will likely mask the casp-7.
In such a case, casp-3-specific inhibitors (19,84) could be
added to the sample until the casp-7 signal becomes significant
for quantification. In addition, future work can be done to tune
the OmpG“? nanopore to achieve a higher cleavage effi-
ciency for casp-7 over casp-3. In this way, an OmpG“? array
could be used for profiling casp-7 activity directly from real-
world samples such as serum or cell lysate. In the future,
this approach may be extended to detect other proteolytic
enzymes of equally high medical relevance, such as HIV pro-
tease, Hepatitis C protease, or the flavivirus proteases.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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