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ABSTRACT: ADAM-17 (a disintegrin and metalloproteinase 17) plays an important role in various physiological and

pathophysiological processes. Overexpression/underexpression of ADAM-17 could lead to various diseases. In this work, by

taking advantage of ionic strength and salt gradient, and monitoring the cleavage of a substrate peptide by ADAM-17 in a

nanopore, we developed a label-free sensor for the rapid detection of ADAM-17. The sensor was highly sensitive and

selective: picomolar concentrations of ADAM-17 could be detected within minutes, while structure similar proteases such as

ADAM-9 and MMP-9 did not interfere with its detection. Our developed nanopore sensing strategy should find useful

applications in the development of nanopore sensors for other proteases of biological, pharmaceutical, and medical

importance.
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1. Introduction

A disintegrin and metalloproteinase (ADAM) enzymes
are Zn>'-dependent proteins that mediate cell surface
proteolysis and modulate cell-cell and cell-matrix
interactions.! They play an important role in various
physiological and  pathophysiological  processes.
Maintaining an appropriate amount of ADAM expression
in human body is necessary to guarantee their proper
function. Either ADAM overload or ADAM deficiency
my cause serious health problems. For example,
overexpression of ADAMs has been found in various
cancers, such as lung cancer, liver cancer, and prostate
cancer.> 3 On the other hand, deficiency of ADAM-S,
ADAM-9, and ADAM-12 could lead to physiological
decks, such as infertility, retinal degeneration, and
musculoskeletal disorder,* °
ADAM-10 and ADAM-17 might cause early embryonic
death.! Thus far, the human genome contains 21 ADAM
family members.® Among them, ADAM-17 has attracted

while underexpression of

the most research. ADAM-17, also known as a tumor
necrosis factor-alpha converting enzyme, is one of the
major enzymes responsible for ectodomain shedding. In

addition to cancer, ADAM-17 is also involved in various

other serious diseases, including inflammation, diabetes,
heart disease, and Alzheimer’s disease.” Although the
biological function of ADAM-17 is far from being clear,
ADAM-17 is a promising target for disease treatment.®
To this end, it is highly important to have analytical
capability to detect ADAM-17 sensitively and accurately.
At present, three major methods have been developed for
ADAM-17

immunosorbent assay (ELISA), western blotting, and

detection, including  enzyme-linked
fluorescence assay. These methods, although sensitive,
either involve complicated sampling processes or require
the use of labels.”!® Therefore, development of other
fundamentally different techniques, especially
nanosensors, which are label-free and easy to operate for

ADAM-17 detection, remains a high priority.

Nanopore sensor has attracted substantial interest as the
fourth generation DNA sequencer because of its high
accuracy, low cost, long read length, and rapid analysis.'!
By monitoring the ionic current modulations produced by
the interaction between analyte molecules and a
nano-scale sized pore (either a protein ion channel'>'
embedded in phospholipid bilayer or an artificial
nanopore'>!” / nanochannel'® fabricated in a solid-state

membrane) under an applied voltage bias, nanopore
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technology has been utilized to explore a wide variety of
applications, including biosensing, environmental
monitoring, pharmaceutical screening, medical diagnosis,
and homeland security.!*? In this work, by monitoring
the cleavage of a peptide substrate by ADAM-17 and
taking advantage of ionic strength and salt gradient, we
developed a sensitive and selective method for
ADAM-17.

2. Material and Methods

2.1. Materials and reagents

ADAM-17 peptide
LAQAVRSSSARLVFF) and its two cleavage fragments
(sequences: LAQAV and RSSSARLVFF) were
synthesized by WatsonBio (Houston, TX). ADAM-17 and
ADAM-9 were ordered from R&D Systems (Minneapolis,
MN), while MMP-9 was obtained from Sigma-Aldrich
(St. Louis, MO). All the other chemicals, including

sodium chloride, zinc chloride, Trizma base, hydrochloric

substrate (sequence:

acid, pentane, hexadecane, HPLC-grade water, and
DNase, RNase free water, were purchased from
Sigma-Aldrich (St. Louis, MO).
1,2-diphytanoylphosphatidylcholine was bought from
Avanti Polar Lipids (Alabaster, AL). The stock solution of
ADAM-17 was prepared in DNase, RNase free water at a
concentration of 100 pg/mL and stored at -80 °C before
and immediately after use. A stock solution of 10 mM for
each peptide was also prepared with DNase, RNase free
water and kept at -20 °C before and immediately after

use.

2.2. Bilayer experiment and data analysis

The procedure for single channel recordings has been
described previously.?® Briefly, two Teflon chamber
compartments were separated by a Teflon film
(Goodfellow Malvern, PA) containing a 150-um diameter
hole. Planar bilayer was formed according to the
Montal-Muller method.?” Unless otherwise noted, the
experiments were performed at 24 + 1 °C using the
wild-type aHL protein nanopore. The aHL protein was

added to the cis compartment, while the peptide substrate

and its enzymatic digestion products were added into the
trans compartment. Two buffer solutions were used in
this study, including: 1) 1.0 M NaCl and 10 mM tris with
the pH value adjusted to 7.5 using HCI; and 2) 3.0 M
NaCl and 10 mM tris with the pH value adjusted to 7.5
using HCI. Ionic currents were recorded with Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA),
filtered with a four-pole low-pass Bessel filter at 5 kHz,
and then digitized with a Digidata 1440A converter
(Molecular Devices) at a sampling frequency of 10 kHz.
The event blockage amplitude, residence time, and
number of occurrences (i.e., event counts) were obtained

by using Clampfit 10.6 software (Molecular Devices).

2.3. Enzyme digestion

Enzymatic reactions were carried out by incubating
ADAM-17 or other proteases such as ADAM-9 and
MMP-9 with 45 ulL DNase, RNase free water, 5 uL. ZnCl,
solution (containing 5 uM ZnCl,, 0.15 M NaCl, and 50
mM Tris, pH 7.5), and 1 pL 10 mM peptide substrate at
37 °C for a period of time ranging from 15 min to 120
min. In the control (non-activated ADAM-17) experiment,
reaction was performed by incubating ADAM-17 with 50
puL DNase, RNase free water and the peptide substrate.
All the digestion products were stored at -80 °C before

nanopore analysis.

3. Results and discussion

3.1. Principle for nanopore detection of ADAM-17

The concept of ADAM-17 detection by nanopore is
shown in Scheme 1, where the translocation of an
ADAM-17 peptide substrate in a nanopore is monitored
both in the absence and presence of the target analyte.
Without ADAM-17, the peptide substrate produces only
one major type of current blockage events. In contrast, in
the presence of the analyte, it would cleave the substrate
into two shorter fragments, thus producing new types of
events in the nanopore. By determining the frequency (or
number of counts) of these new events, the activity of
ADAM-17 could be measured. To demonstrate this



detection strategy, translocation of  peptide
LAQAVRSSSARLVFF in the wild-type oHL protein
nanopore was initially investigated at +120 mV under
symmetric electrolyte conditions with both the cis and
trans chamber compartments filled with 1 M NaCl buffer
solution (pH 7.5). Note that this peptide was a
well-documented substrate for ADAM-17, and its
cleavage by ADAM-17 would produce two shorter length
peptides, LAQAV and RSSSARLVFF®.  Our
experimental results (Fig.1) showed that, in the absence
of ADAM-17, the peptide substrate events were rarely
observed (event frequency: ~0.05 s'; normalized event
residual current: 30.7 = 0.3 % of full channel block). One
likely interpretation is that, under our experimental
condition, the substrate peptide molecules could form
stable secondary structure, which had a larger molecular
size than the trans entrance of the protein pore so that it
was difficult for the peptide molecules to be captured by
the nanopore. However, after addition of ADAM-17 to
the peptide solution, a new type of events with a mean
residual current of 47.3 £+ 0.5% of full channel block and
having a much larger frequency (~0.44 s') appeared.
Since ADAM-17 (molecular weight: 70 kDa ) alone
didn’t produce current modulations in the nanopore
(Supporting Information, Fig. S1), the appearance of new
events indicated that the substrate was being digested by

the protease.
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Scheme 1. The cleavage of a peptide substrate by
ADAM-17 produces a new type of events in a nanopore,

which could be utilized to measure the protease’s activity.
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Figure 1. Detection of ADAM-17 in the wild-type
o-hemolysin protein nanopore. (a) Without; and (b) with
ADAM-17. (Left) Typical 40-s trace segments; (Right)
the corresponding scatter plots of event residence time vs.
current blockage amplitude. I/I, in Figs. la and 1b is
normalized blockage residual current, which was obtained
by dividing the average blockage residual current of an
event by the average open channel current. The
experiments were performed at +120 mV under a
symmetric electrolyte condition with both the cis and
trans chamber compartments filled with a solution
containing 1.0 M NaCl and 10 mM Tris HCI (pH7.5) and
in the presence of 5 uM peptide substrate or a reaction
mixture of peptide substrate (5 uM) and ADAM-17 (100
ng/mL).

3.2. Optimization of experimental conditions

Previous studies including ours have shown that
electro-osmotic flow through the nanopore plays a
significant role in the event frequency.?*? In particular,
with an increase in the concentration of the background
electrolyte solution or employing a salt gradient (i.e.,
using asymmetric electrolyte solution instead of
symmetric electrolyte solution),?>3! an increase in the
event frequency could be observed. In order to improve
the performance and the sensitivity of the nanopore
sensor, nanopore detection of ADAM-17 were then
investigated in 3 M NaCl (cis) / 3M NacCl (trans) and 3 M
NaCl (cis) /1 M NaCl (trans) buffer solutions. The
experimental results were summarized in Fig. 2. Similar

to the observation we made with 1 M NaCl (cis) / 1 M



NaCl (trans) buffer solutions, in 3 M NaCl (cis) /3 M
NaCl (trans), the interaction between the peptide
substrate and the nanopore didn’t present a significant
number of events in the absence of ADAM-17, but
produce a new type of current modulations with a much
larger frequency (event frequency: ~1.1 s7!; event residual
current: 42.4 £ 0.1 % channel block) in the presence of
ADAM-17. On the other hand, in 3 M NaCl (cis) /1 M
NaCl (trans), the peptide substrate events with a mean
residual current of 30.0 + 0.1% channel block were
clearly observed in the absence of ADAM-17, suggesting
that the salt gradient could facilitate peptide translocation
in the nanopore. After addition of ADAM-17 to the
solution, the peptide substrate events became less
frequent, while a new major type of events (mean residual
current: 48.6 + 0.1 % channel block) appeared in the
current trace and event histogram. Although the event
mean residence time (3.35 £ 0.27 ms vs. 0.83 £ 0.02 ms)
of the peptide fragments in 3 M NacCl (cis) /3 M NaCl
(trans) was larger than that of 3 M NaCl (cis) /1 M NaCl
(trans), the salt gradient (i.e., 3 M NaCl (cis) / 1 M NaCl
(trans)) was used in the remaining experiments since
more events and hence a better sensor sensitivity could be
achieved under this condition (Fig. 2d). Specifically, the

frequency of the peptide fragment events
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Figure 2. Salt effect on nanopore detection of ADAM-17.
(a) 1 M NaCl (cis) / 1 M NaCl (trans) ; (b) 3 M NaCl (cis)
/'3 M NaCl (trans) ; (¢) 3 M NaCl (cis) / 1 M NaCl
(trans); and (d) Plot of event frequency as a function of
(Left) without
ADAM-17; (Right) with ADAM-17. The experiments
were performed at +120 mV with the wild-type oHL

salt concentration and gradient.

protein nanopore in the presence of 5 uM peptide
substrate or a reaction mixture of peptide substrate (5 uM)
and ADAM-17 (100 ng/mL).

in 3 M NaCl (cis) / 1 M NaCl (trans) was ~5.8 and ~2.3
folds larger than those of 1 M NaCl (cis) / 1 M NaCl
(trans) and 3 M NaCl (cis) / 3 M NaCl (trans),
respectively. It should be noted that, in theory, after
cleavage of the peptide substrate by ADAM-17, two types
of new events should be observed, which are
corresponding to the produced two peptide fragments.
Our experimental results (i.e., appearance of only one
major type of events) suggest that one peptide fragment
might translocate through the nanopore too rapidly to
produce observable current modulations. To support this

hypothesis, the standard solutions of the two peptide



fragments (RSSSARLVFF and LAQAV) were analyzed
by the nanopore in 3 M NaCl (cis) / 1 M NaCl (trans) at
+120 mV. The experimental results were summarized in
Fig. S2 (Supporting Information). As we expected, one
peptide (LAQAV) didn’t produce a significant number of
events. The peptide RSSSARLVFF produced current
modulations with a mean residual current of 48.0 + 0.1 %
channel block, which was similar to what we observed in
the experiment with ADAM-17 digestion of the substrate
peptide. In addition, translocation of peptide
RSSSARLVFF in the nanopore was further investigated
in the other two salt conditions, i.e., 1 M NaCl (cis) / 1 M
NaCl (trans) and 3 M NaCl (cis) / 3 M NaCl (trans).
Their event signatures (Supporting Information, Fig. S3)
were similar to those obtained in the ADAM-17 digestion

experiments as shown in the previous section.

In addition to the salt effect, applied voltage bias also
played an important role in the performance of the
nanopore sensor.>? For this purpose, nanopore detection
of ADAM-17 was further performed at +80 mV and +100
mV. As shown in Fig. 3, with a decrease in the applied
potential from +120 mV to +80 mV, the normalized event
mean residual current for the substrate cleavage products
was almost unchanged (from 48.6 + 1.0% to 46.9 + 0.5 %
of channel block), the residence time decreased by 17%
(from 0.83 £ 0.02 ms to 0.71 £ 0.05 ms), while the
frequency decreased by 115% (from 2.54 s to 1.18 s).
Clearly, a larger applied voltage bias led to a higher
resolution and a better performance of the nanopore
sensor. However, under the asymmetric electrolyte buffer
condition, as the applied voltage bias increased to more
than +120 mV, the protein nanopore sensing system

became less stable. Therefore, +120 mV was deemed as

the optimum voltage and used for subsequent experiments.

It should be noted that, unlike DNA, which generally has
a smaller event residence time with an increasing applied
potential bias, peptides wusually show a biphasic

voltage-dependence, as reported by Movileanu et al.3?

Residence Time (ms)

Figure 3. Effect of applied voltage bias on current
blocking events. (a) Residence time; (b) event
frequency; and (c) blockage amplitude. The
experiments were performed in the presence of 5 uM
peptide and 100 ng/mL. ADAM-17 under asymmetric
electrolyte  conditions, where the «c¢is chamber
compartment contained a solution comprising 3 M NaCl
and 10 mM Tris (pH 7.5), while the trans compartment
contained a solution comprising 1 M NaCl and 10 mM
Tris (pH 7.5). Only the events attributed to the substrate

cleavage products were included in data analysis.

It should be noted that, in a proteolytic reaction with
given conditions of substrate and enzyme concentration,
the longer an enzyme is incubated with its substrate, the
greater the amount of product that will be formed.
However, the product formation rate is not a simple linear
function of the incubation time since all proteins suffer
denaturation and hence loss of catalytic activity with time.
To achieve sensitive and rapid detection of ADAM-17, a
series of peptide substrate / ADAM-17 digestion
experiments was performed with incubation time ranging
from 15 min to 120 min. The results were summarized in
Fig. 4. We found that the event frequency for the
digestion products increased with an increase in the
incubation time until 60 min, after which the frequency
began to saturate. Hence, 60 min was deemed as the
optimum incubation time and used for subsequent

experiments.
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Figure 4. The effect of incubation time on the event
frequency of the substrate digestion products. The

experiments were performed at +120 mV in a salt



gradient of 3 M NaCl (cis) / 1 M NaCl (trans) in the
presence of 5 pM peptide substrate and 100 ng/mL
ADAM-17.

3.3. Dose-response curve

Under the current experimental conditions (in 3 M NaCl
(cis) / 1 M NaCl (trans) solutions, at an applied voltage
bias of +120 mV, and with 60 min incubation time), dose
response curve for ADAM-17 was constructed by
monitoring the cleavage of the peptide substrate by
ADAM-17 at various concentrations, ranging from 2
ng/mL to 100 ng/mL. Our experimental results (Fig. 5)
showed that the event frequency of the cleavage products
linearly increased with the ADAM-17 concentration.
The detection limit of the nanopore sensor (defined as the
concentration of ADAM-17 corresponding to three times
the standard deviation of the blank signal) in a 5-minute
electrical recording was 0.15 ng/mL (equivalent to 2.88
pM). As far as we are aware, such a detection limit is
much better than that (2 ng mL™") obtained with ELISA.
This detection limit is more than good enough for
analyzing ADAM-17 in clinical samples (note that the
serum level of ADAM-17 in patients with colorectal

cancer ranged from 0.4 to 9.8 ng/mL%).
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Figure 5. Plot of

event frequency as a function of ADAM-17 concentration.

The experiments were performed at +120 mV in a salt
gradient of 3 M NaCl (cis) / 1 M NaCl (trans) in the
presence of 5 uM peptide substrate.

3.4. Selectivity

Two proteases, including ADAM-9 and matrix

metalloproteinases 9 (MMP-9), which have similar
structures to that of ADAM-17, were selected as potential
interfering species to examine the cross-reactivity of the
nanopore sensor since they share similar structures to
ADAM-17.3¢ In addition, ADAM-17 (in the absence of
Zn*") was used as a control (note that ADAM-17 needs
metal ions such as Zn?" to be activated). The experimental
results were summarized in Fig. 6. We found that all the
three protease samples (100 ng/mL each) produced
significantly smaller event frequency than ADAM-17,
thus suggesting the high selectivity and specificity of our

nanopore sensor.
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Figure 6. Selectivity of the nanopore ADAM-17 sensor.
The experiments were performed at +120 mV in a salt
gradient of 3 M NaCl (cis) / 1 M NaCl (trans) in the
presence of 5 uM peptide substrate. The concentrations of
ADAM-17, MMP-9, and ADAM-9 used were 100 ng/mL

each.

4. Conclusions

In summary, by monitoring the cleavage of a substrate
peptide by ADAM-17 and taking advantage of ionic
strength and salt gradient, we developed a highly
sensitive and selective nanopore sensor for the detection
of ADAM-17. In spite of the good limit of detection (2.88
pM), the performance of the nanopore sensor has the
potential to be further improved by employing engineered
aHL protein nanopores such as (M;13F); ¥ instead of the
wild-type pore. It can be visualized that, with the same

sensing strategy, we can readily develop a variety of



nanopore sensors for other ADAMs and MMPs by
varying the substrate peptides. Moreover, by taking
advantage of our pioneered nanopore sensor array
technique,®® these individual ADAM / MMP sensors can
be further utilized to construct a multiplex nanopore
sensor to profile ADAMs and MMPs in human serum.
Given the importance of MMPs/ADAMSs as valuable
biomarkers and potential therapeutic targets for the early
detection and treatment of human cancers, our developed
nanopore sensing strategy should find useful applications

in disease diagnosis and drug screening.

ASSOCIATED CONTENT

Supporting Information.

The Supporting Information is available free of charge on
the ACS Publications website.

Additional figures, including a typical trace segment of
ADAM-17 in the wild-type o-hemolysin protein
nanopore, translocation of peptide RSSSARLVFF and
peptide LAQAV in the wild-type a-hemolysin protein
nanopore, and nanopore analysis of peptide
RSSSARLVFF in various salt solutions.

AUTHOR INFORMATION

Corresponding author

*Tel:  312-567-8922. Fax: 312-567-3494. E-mail:
xguanS@iit.edu.

Notes

The authors declare no competing financial interests.

ACKNOWLEDGMENT

This work was financially supported by the National
Institutes of Health (2R15GM110632-02) and National
Science Foundation (1708596).

Reference

(1) Klein, T.; Bischoff, R. Active Metalloproteases of
the A Disintegrin and Metalloprotease (ADAM) Family:
Biological Function and Structure. J. Proteome Res. 2011,
10 (1), 17-33.

(2) Hernandez, I.; Moreno, J. L.; Zandueta, C.;
Montuenga, L.; Lecanda, F. Novel Alternatively Spliced

ADAMS Isoforms Contribute to the Aggressive Bone
Metastatic Phenotype of Lung Cancer. Oncogene 2010,
29 (26), 3758-3769.

(3) Bilgin Dogru, E.; Dizdar, Y.; Aksit, E.; Ural, F.;
Sanli, O.; Yasasever, V. EMMPRIN and ADAM]12 in
Prostate Cancer: Preliminary Results of a Prospective
Study. Tumour Biol. 2014, 35 (11), 11647—-11653.

(4) Cho, C.; Bunch, D. O.; Faure, J. E.; Goulding, E. H.;
Eddy, E. M.; Primakoff, P.; Myles, D. G. Fertilization
Defects in Sperm from Mice Lacking Fertilin Beta.
Science 1998, 281 (5384), 1857—-1859.

(5) Kurisaki, T.; Masuda, A.; Sudo, K.; Sakagami, J.;
Higashiyama, S.; Matsuda, Y.; Nagabukuro, A.; Tsuji, A.;
Nabeshima, Y.; Asano, M.; Iwakura, Y.; Sehara-Fujisawa,
A. Phenotypic Analysis of Meltrin Alpha
(ADAM12)-Deficient Mice: Involvement of Meltrin
Alpha in Adipogenesis and Myogenesis. Mol. Cell. Biol.
2003, 23 (1), 55-61.

(6) Edwards, D. R.; Handsley, M. M.; Pennington, C. J.
The ADAM Metalloproteinases. Mol. Aspects Med. 2008,
29 (5), 258-289.

(7) Gooz, M. ADAM-17: The Enzyme That Does It All.
Crit. Rev. Biochem. Mol. Biol. 2010, 45 (2), 146—169.

(8) Aurribas, J.; Esselens, C. ADAMI17 as a Therapeutic
Target in Multiple Diseases. Curr. Pharm. Des. 2009, 15
(20), 2319-2335.

(9) Trad, A.; Hedemann, N.; Shomali, M.; Pawlak, V.;
Grétzinger, J.; Lorenzen, 1. Development of Sandwich
ELISA for Detection and Quantification of Human and
Murine a Disintegrin and Metalloproteinasel7. J.
Immunol. Methods 2011, 371 (1-2), 91-96.

(10) Fang, W.; Qian, J.; Wu, Q.; Chen, Y.; Yu, G.
ADAM-17 Expression Is Enhanced by FoxM1 and Is a
Poor Prognostic Sign in Gastric Carcinoma. J. Surg. Res.
2017, 220, 223-233.

(11) Lu, H.; Giordano, F.; Ning, Z. Oxford
Nanopore MinlON Sequencing and Genome Assembly.
Genomics, Proteomics Bioinf. 2016, 14 (5), 265-279.
(12) Wang, Y.-Q.; Li, M.-Y; Qiu, H.; Cao, C.;
Wang, M.-B.; Wu, X.-Y.; Huang, J.; Ying, Y.-L.; Long,
Y.-T. Identification of Essential Sensitive Regions of the
Aerolysin Nanopore for Single Oligonucleotide Analysis.
Anal. Chem. 2018, 90 (13), 7790-7794.

(13) Ji, Z.; Kang, X.; Wang, S.; Guo, P.
Nano-Channel of Viral DNA Packaging Motor as Single


mailto:xguan5@iit.edu
https://www.ncbi.nlm.nih.gov/pubmed/?term=Iwakura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=12482960
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sehara-Fujisawa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12482960
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sehara-Fujisawa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12482960

Pore to Differentiate Peptides with Single Amino Acid
Difference. Biomaterials 2018, 182, 227-233.

(14) Fleming, S. J.; Lu, B.; Golovchenko, J. A.
Charge, Diffusion, and Current Fluctuations of
Single-Stranded DNA Trapped in an MspA Nanopore.
Biophys. J. 2017, 112 (2), 368-375.

(15) Verschueren, D. V.; Yang, W.; Dekker, C.
Lithography-Based Fabrication of Nanopore Arrays in
Freestanding SiN and Graphene Membranes.
Nanotechnology 2018, 29 (14), 145302.

(16) Banerjee, S.; Wilson, J.; Shim, J.; Shankla, M.;
Corbin, E. A.; Aksimentiev, A.; Bashir, R. Slowing DNA
Transport Using Graphene-DNA Interactions. Adv Funct
Mater 2015, 25 (6), 936-946.

(17) Larkin, J.; Henley, R.; Bell, D. C.;
Cohen-Karni, T.; Rosenstein, J. K.; Wanunu, M. Slow
DNA Transport through Nanopores in Hafnium Oxide
Membranes. ACS Nano 2013, 7 (11), 10121-10128.

(18) Li, X.; Zhai, T.; Gao, P.; Cheng, H.; Hou, R.; Lou,
X.; Xia, F. Role of outer surface probes for regulating
ion gating of nanochannels. Nat. Commun. 2018, 9 (1), 40.
(19) Wang, G.; Wang, L.; Han, Y.; Zhou, S.; Guan,
X. Nanopore Stochastic Detection: Diversity, Sensitivity,
and Beyond. Acc. Chem. Res. 2013, 46 (12), 2867-28717.
(20) Roozbahani, G. M.; Chen, X.; Zhang, Y.;
Juarez, O.; Li, D.; Guan, X. Computation-Assisted
Nanopore Detection of Thorium lons. Anal. Chem. 2018,
90 (9), 5938-5944.

21 Roozbahani, G. M.; Chen, X.; Zhang, Y.; Xie,
R.;Ma, R,; Li, D.; Li, H.; Guan, X. Peptide-Mediated
Nanopore Detection of Uranyl lons in Aqueous Media.
ACS Sens 2017, 2 (5), 703-709.

(22) Guo, Y.; Niu, A.; Jian, F.; Wang, Y.; Yao, F.;
Wei, Y.; Tian, L.; Kang, X. Metal-Organic
Complex-Functionalized Protein Nanopore Sensor for
Aromatic Amino Acids Chiral Recognition. Analyst 2017,
142 (7), 1048-1053.

(23) Banerjee, A.; Mikhailova, E.; Cheley, S.; Gu,

L.-Q.; Montoya, M.; Nagaoka, Y.; Gouaux, E.; Bayley, H.

Molecular Bases of Cyclodextrin Adapter Interactions

with Engineered Protein Nanopores. Proc. Natl. Acad. Sci.

U.S.A. 2010, 107 (18), 8165-8170.

(24) Chen, X.; M Roozbahani, G.; Ye, Z.; Zhang, Y ;
Ma, R.; Xiang, J.; Guan, X. Label-Free Detection of DNA
Mutations by Nanopore Analysis. ACS Appl Mater

Interfaces 2018, 10 (14), 11519-11528.

(25) Guan, X.; Gu, L.-Q.; Cheley, S.; Braha, O.;
Bayley, H. Stochastic Sensing of TNT with a Genetically
Engineered Pore. Chembiochem 2005, 6 (10), 1875—1881.
(26) Zhou, S.; Wang, L.; Chen, X.; Guan, X.
Label-Free Nanopore Single-Molecule Measurement of
Trypsin Activity. ACS Sens 2016, 1 (5), 607—613.

27 Wang, L.; Han, Y.; Zhou, S.; Wang, G.; Guan,
X. Nanopore Biosensor for Label-Free and Real-Time
Detection of Anthrax Lethal Factor. ACS Appl Mater
Interfaces 2014, 6 (10), 7334-7339.

(28) Neumann, U.; Kubota, H.; Frei, K.; Ganu, V,;
Leppert, D. Characterization of
Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, a
fluorogenic substrate with increased specificity constants
for collagenases and tumor necrosis factor converting
enzyme. Anal. Biochem. 2004, 328 (2), 166-173.

(29) Zhao, Q.; Jayawardhana, D. A.; Guan, X.
Stochastic Study of the Effect of Ionic Strength on
Noncovalent Interactions in Protein Pores. Biophys. J.
2008, 94 (4), 1267-1275.

(30) Melnikov, D. V.; Hulings, Z. K.; Gracheva, M.
E. Electro-Osmotic Flow through Nanopores in Thin and
Ultrathin Membranes. Phys Rev E 2017, 95 (6-1),
063105.

31 Wanunu, M.; Morrison, W.; Rabin, Y.;
Grosberg, A. Y.; Meller, A. Electrostatic Focusing of
Unlabelled DNA into Nanoscale Pores Using a Salt
Gradient. Nat Nanotechnol 2010, 5 (2), 160-165.

(32) Chen, X.; Wang, L.; Roozbahani, G. M.; Zhang,
Y.; Xiang, J.; Guan, X. Nanopore Label-Free Detection of
Single-Nucleotide Deletion in Baxa/BaxA2.
Electrophoresis 2018, 39, 2410-2416.

(33) Movileanu, L.; Schmittschmitt, J. P.; Scholtz, J. M.;
Bayley, H. Interactions of peptides with a protein pore.
Biophys J. 2005, 89 (2):1030-1045.

(34) Trad, A.; Hedemann, N.; Shomali, M.; Pawlak, V.;
Grotzinger, J.; Lorenzen, 1. Development of sandwich
ELISA for detection and quantification of human and
murine a disintegrin and metalloproteinasel?. J. Immunol.
Methods 2011, 371 (1-2), 91-96.

(35) Walkiewicz, K.; Nowakowska-Zajdel, E.;
Strzelczyk, J.; Dziggielewska-Gesiak, S.; Muc-Wierzgon,
M. Serum Levels of ADAM10, ADAM12, ADAM17
AND ADAM2S8 in Colorectal Cancer Patients. J. Biol.


http://www.ncbi.nlm.nih.gov/pubmed?term=Neumann%20U%5BAuthor%5D&cauthor=true&cauthor_uid=15113693
http://www.ncbi.nlm.nih.gov/pubmed?term=Kubota%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15113693
http://www.ncbi.nlm.nih.gov/pubmed?term=Frei%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15113693
http://www.ncbi.nlm.nih.gov/pubmed?term=Ganu%20V%5BAuthor%5D&cauthor=true&cauthor_uid=15113693
http://www.ncbi.nlm.nih.gov/pubmed?term=Leppert%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15113693
http://www.ncbi.nlm.nih.gov/pubmed/?term=neumann+u%2C+kubota+h
https://www.ncbi.nlm.nih.gov/pubmed/15923222
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trad%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hedemann%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shomali%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pawlak%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gr%C3%B6tzinger%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lorenzen%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21726562
https://www.ncbi.nlm.nih.gov/pubmed/21726562
https://www.ncbi.nlm.nih.gov/pubmed/21726562

Regul. Homeost. Agents 2017, 31 (4), 929-934.

(36) Takeda, S. Three-Dimensional Domain
Architecture of the ADAM Family Proteinases. Semin.
Cell Dev. Biol. 2009, 20 (2), 146—152.

(37) Wang, L.; Han, Y.; Zhou, S.; Guan, X.

Real-Time Label-Free Measurement of HIV-1 Protease

Activity by Nanopore Analysis. Biosens Bioelectron 2014,
62, 158-162.

(38) Zhao, Q.; Wang, D.; Jayawardhana, D. A_;
Guan, X. Stochastic Sensing of Biomolecules in a
Nanopore Sensor Array. Nanotechnology 2008, 19 (50),
505504.



2 T Ty

oW

¢

mm Without Enzyme
Hm With Enzyme

Counts

F _YFIFFFIFEY )
@

Amplitude

Scheme 1. The cleavage of a peptide substrate by ADAM-17 produces a new type of
events in a nanopore, which could be utilized to measure the protease’s activity.
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Figure 1. Detection of ADAM-17 in the wild-type a-hemolysin protein nanopore. (a)
Without; and (b) with ADAM-17. (Left) Typical 40-s trace segments; (Right) the
corresponding scatter plots of event residence time vs. current blockage amplitude. Iv/Io
in Figs. la and 1b is normalized blockage residual current, which was obtained by
dividing the average blockage residual current of an event by the average open channel
current. The experiments were performed at +120 mV under a symmetric electrolyte
condition with both the cis and trans chamber compartments filled with a solution
containing 1.0 M NaCl and 10 mM Tris HCI (pH7.5) and in the presence of 5 uM peptide
substrate or a reaction mixture of peptide substrate (5 uM) and ADAM-17 (100 ng/mL).
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Figure 2. Salt effect on nanopore detection of ADAM-17. (a) 1 M NaCl (cis) / 1 M NaCl
(trans) ; (b) 3 M NaCl (cis) / 3 M NaCl (trans) ; (c) 3 M NacCl (cis) / 1 M NaCl (trans);
and (d) Plot of event frequency as a function of salt concentration and gradient. (Left)
without ADAM-17; (Right) with ADAM-17. The experiments were performed at
+120 mV with the wild-type oHL protein nanopore in the presence of 5 uM peptide
substrate or a reaction mixture of peptide substrate (5 uM) and ADAM-17 (100 ng/mL).
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Figure 3. Effect of applied voltage bias on current blocking events. (a) Residence time;
(b) event frequency; and (c) blockage amplitude. The experiments were performed in
the presence of 5 M peptide and 100 ng/mL ADAM-17 under asymmetric electrolyte
conditions, where the cis chamber compartment contained a solution comprising 3 M
NaCl and 10 mM Tris (pH 7.5), while the frans compartment contained a solution
comprising 1 M NaCl and 10 mM Tris (pH 7.5). Only the events attributed to the
substrate cleavage products were included in data analysis.
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Figure 4. The effect of incubation time on the event frequency of the substrate digestion
products. The experiments were performed at +120 mV in a salt gradient of 3 M NaCl
(cis) / 1 M NaCl (trans) in the presence of 5 uM peptide substrate and 100 ng/mL
ADAM-17.
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Figure 5. Plot of event frequency as a function of ADAM-17 concentration. The

experiments were performed at +120 mV in a salt gradient of 3 M NaCl (cis) / 1 M NaCl
(trans) in the presence of 5 uM peptide substrate.
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Figure 6. Selectivity of the nanopore ADAM-17 sensor. The experiments were
performed at +120 mV in a salt gradient of 3 M NaCl (cis) / 1 M NaCl (trans) in the
presence of 5 uM peptide substrate. The concentrations of ADAM-17, MMP-9, and
ADAM-9 used were 100 ng/mL each.
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