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ABSTRACT: Neuraminidase (NA), one of the major surface glycoproteins of . % ony Oy
influenza A virus (IAV), is an important diagnostic biomarker and antiviral T4 ‘”‘%’ Sy "°\gﬂ P Hmm«
therapeutic target. Cytolysin A (ClyA) is a nanopore sensor with an internal aaal
constriction of 3.3 nm, enabling the detection of protein conformations at the
single-molecule level. In this study, a nanopore-based approach is developed for
analysis of the enzymatic activity of NA, which facilitates rapid and highly sensitive
diagnosis of IAV. Current blockade analysis of the D-glucose/D-galactose-binding
protein (GBP) trapped within a type I ClyA-AS (ClyA mutant) nanopore reveals
that galactose cleaved from sialyl-galactose by NA of the influenza virus can be
detected in real time and at the single-molecule level. Our results show that this
nanopore sensor can quantitatively measure the activity of NA with 40—80-fold
higher sensitivity than those previously reported. Furthermore, the inhibition of NA
is monitored using small-molecule antiviral drugs, such as zanamivir. Taken
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together, our results reveal that the ClyA protein nanopore can be a valuable platform for the rapid and sensitive point-of-care

diagnosis of influenza and for drug screening against the NA target.

Sialyl-Galactose Sialic acid Galactose

Inﬂuenza A viruses (IAV) cause an acute respiratory disease
and severe pandemics with a high mortality of 250,000—
640,000 deaths worldwide each year." TAV can infect a variety
of hosts, ranging from waterfowls to mammals.”~* Neurami-
nidase (NA), one of the major surface proteins of IAV, is
known to be involved in important processes of the viral life
cycle, such as host infection, viral replication, and high
pathogenicity.”® Hence, NA is a well-known diagnostic
biomarker for IAV infection and an important target for
therapeutic neutralizing antibodies and small molecule
inhibitors.” Briefly, NA is a glycoside hydrolase that cleaves
the terminal sialic acids from substrates, including glycopro-
teins, glycolipids, and oligosaccharides.8 In particular, IAV NA
has been shown to cleave the terminal sialic acid residues from
the glycan of host cell receptors.” This enzymatic activity of
NA is known to play essential roles in the spreading of the
influenza virus because it has been demonstrated to be
responsible for the release of newly formed viruses from the
infected host cell to new target cells, the prevention of the virus
aggregation, and the suppression of the rebinding via
hemagglutinin to the host cell.'”""

Currently, there are two types of conventional methods used
for the diagnosis of IAV infection.'”"? The first is employment
of molecular assays, including viral culture and reverse
transcriptase polymerase chain reaction (RT-PCR), whereas
the other is the use of antigen detection tests, including rapid
influenza diagnostic test (RIDT) and immunofluorescence
assays. However, because of the time-consuming, labor-
intensive process (for viral culture and RT-PCR) and low
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sensitivity of detection (for RIDT and immunofluorescence
assays), there is a high demand for novel technologies for the
point-of-care diagnosis of influenza.'*"” In particular, it is
necessary to overcome the limitation of the sensitivity for the
point-of-care diagnosis of influenza at an early stage of the viral
infection.

Nanopore is an emerging, high precision biosensor, allowing
the detection of subtle conformational changes of biomolecules
at the single-molecule level.'® When electrical potential is
applied to the nanometer-sized pore, the ionic flux across the
nanopore generates an electrical nanopore signal. Analytes
passing through the nanopore induce the interference of the
ionic current, which is characterized by dwell time and current
blockade. Nanopore biosensors have been used for genome
sequencing,'” detection of diverse individual biomole-
cules,'®?! biomolecular interactions, conformational changes,
and enzymatic reactions.”” >* Cytolysin A (ClyA) is a pore-
forming protein, known to form dodecameric to tetradeca-
meric nanopores with an internal constriction of over 3.3 nm.”
In previous reports, a ClyA nanopore was studied to monitor
the conformational changes of diverse biomolecules, protein—
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ligand interactions, enzymatic reactions, and quantitative
analysis.'“***” This engineered ClyA nanopore (ClyA-AS)
with mutations in key residues revealed remarkable improve-
ments in nanopore properties and stability in planar lipid
bilayers.*®

In this study, we monitored the enzymatic activity of IAV
NA in releasing galactose following cleavage of sialic acid
derivatives (SG) through the use of the ClyA-AS nanopore.
The ClyA-AS nanopore trapping the D-glucose/p-galactose-
binding protein (GBP) allows the detection of trace amounts
of the influenza virus NA by sensing the galactose cleaved from
SG. Using this nanopore, we performed real-time and single-
molecule detection of galactose produced by the NA enzymatic
reaction and quantitative measurement of the viral NA activity
and probed the inhibitory effects of small-molecule antiviral
drugs on the activity of NA.

Prior to measuring galactose at the single-molecule level, we
characterized GBP using the Escherichia coli type 1 ClyA-AS
nanopore (ClyA hereafter).”® GBP is known to bind
specifically to galactose (K4 = 480 nM).” The GBP structure
has been found to have open (ligand-free) and closed (ligand-
bound) conformations via glucose binding, although NMR
studies have reported that the li%and—free state exists in both

conformations (Figure 1:11).30’3 In previous reports, the
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Figure 1. Analysis of galactose binding using the GBP-trapped ClyA
nanopore. (a) Illustration of GBP in the ligand-free (open) and
ligand-bound (closed) states. (b) Surface depiction of the GBP-
trapped ClyA nanopore. (c) Electric current traces in the presence of
increasing concentrations of galactose (left). Histograms of event
durations of closed (L1) and open (L2) conformations in 30 s of
current traces (right). (d) Fractional times of L1 (fy,) versus
concentrations of galactose fitted to a Hill function with the
coefficient set to 1. Error bars represent standard deviations (N = 3).

concentration of glucose was directly measured from biological
samples, such as blood, sweat, urine, and saliva, using the ClyA
nanopore.'® To test whether the binding of galactose by GBP
could be measured using the ClyA nanopore, 50 nM GBP was
added to the cis compartment of the ClyA nanopore. Applying
voltages lower than —90 mV caused release of trapped GBP,
while applying voltages higher than —90 mV induced self-

closure or gating of the ClyA nanopore. Thus, we applied a
voltage of —90 mV throughout this study (Figure 1b). In the
absence of galactose, the nanopore events detected for GBP
revealed two current levels (L1 = —95 + 0.25 pA and L2 =
—97 + 0.27 pA), indicating that the trapped GBP inside the
nanopore assumes two conformations. Through three
independent nanopore experiments (N = 3) for free GBP,
we observed that the percentage ratios observed between the
open pore current and current blockade (I,.) of L1 and L2
were 69.1 + 0.8%, and 67.4 + 0.7%, respectively (Figure 1c).
The relative event durations of the free GBP at each current
level were 28% (L1) and 72% (L2), consistent with the
percentage of open (32%) and closed (68%) conformations
detected by NMR spectroscopy.”’

Titration of galactose into the trans compartment of the
ClyA nanopore (up to SO uM) resulted in changes in the
relative event durations of L1, corresponding to the closed
conformation, from 28% to 83% (Figure 1c). Accordingly, we
noted that as the concentration of galactose increased, the
number of L1 events was dramatically increased until
saturation was achieved at the galactose concentration of 50
UM. The two current blockades of L1 and L2 reflect two
residence sites for GBP protein within the ClyA pore lumen.
L1 is associated with GBP residing at a deep, more sterically
constrained site, while L2 is related to the protein residing at a
position closer to the wider cis entrance of the ClyA pore.”>*’
The binding of galactose to GBP causes a substantial structural
change from open to closed conformation, resulting in a hinge
angle change between N- and C-terminal domains (from 134°
to 100°, respectively; Figure 1a).* The more compact GBP—
galactose complex structure may be located closer to the
narrower trans exit of a ClyA pore, resulting in higher current
blockades (L1) than those of free GBP protein (L2).
Therefore, event duration of the L1 level current increases
after galactose binding to GBP.

The fractional time of L1 level events (fy;), corresponding
to the normalized fraction of the closed conformation of the
galactose—GBP complex, versus the galactose concentration
was fitted to a Hill function (Figure 1d). The extrapolated
apparent binding constant (K;*?) between GBP and galactose
in the GBP-trapped ClyA nanopore was shown to be 0.23 +
0.02 uM, which was similar to those measured in bulk using
autofluorescence titration and radiolabeled galactose titra-
tion.”®>* In addition, we estimated the limit of detection of
galactose (LODA) using the GBP-trapped ClyA nanopore.
The LOD®*! in the three independent experiments was
determined to be 38 nM (N = 3).” This finding indicated that
this nanopore sensor has more than 34-fold higher sensitivity
over those of existing commercial kits for the detection of
galactose (1.3—10.0 M in LOD). Taken together, these
results showed that galactose could be detected at the single-
molecule level using the GBP-trapped ClyA nanopore.

During the process of viral infection, the NA enzyme of IAV
has been reported to specifically cleave sialic acid from the
surface of host cells to release viral progeny.” To detect the
enzymatic activity of NA using the ClyA nanopore, we
introduced a sialyl-galactose (SG) substrate that would allow
the release of galactose following enzymatic cleavage by NA
(Figure 2a).*® We applied the SG substrate and NA from
HSN1 (A/Anhui/1/2005) to the trans compartment of the
GBP-trapped ClyA nanopore (Figure 2b). As previously
described,'® small molecules such as galactose (0.17 nm X
0.45 nm X 0.62 nm) can freely diffuse through the narrow
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Figure 2. Dependency of the concentrations of the SG substrate on
the IAV NA enzymatic activity. (a) Illustration of substrate cleavage
by IAV NA. Sialyl-galactose (SG) is a natural substrate of AV NA.
NA cleaves SG, producing sialic acid and galactose. (b) Illustration of
the detection mechanism of galactose by the ClyA nanopore using the
conformational change of the trapped GBP. (c) Current traces were
monitored at increasing concentrations of the SG substrate. Indicated
concentrations of SG were preincubated with NA (S mU mL™) for 1
h before addition to the GBP-trapped ClyA nanopore. (d) Fractional
times of L1 (f1,) versus concentrations of the SG substrate fitted to a
Hill function with the coefficient set to 1. Error bars represent
standard deviation (N = 3).

constriction of ClyA (3.3 nm) and bind to the trapped GBP
added to the cis chamber, while large molecules such as NA
(4.6 nm X 5.0 nm X 5.6 nm) cannot enter the narrow trans
side of the nanopore. The concentration of SG was increased
from 0.1 to 50 uM in the presence of NA (S mU mL™"). As the
concentration of SG increased, the relative event duration of
L1 was demonstrated to increase from 45% to 80% (from 0.27
to 0.82 in f1,) (Figure 2c). Accordingly, the duration of L1
events was observed to be significantly increased until the
achieved saturation at the SG substrate concentration of 50
UM. As shown in Figure 2d, the fractional times of L1 (f1,)
according to the SG concentration were fitted to a Hill
function with the coefficient set to 1. The K *P value (0.3 +
0.03 uM) determined by the SG-cleaved galactose was shown
to be similar to those measured using purified galactose (0.23
+ 0.02 uM). These data indicated that this GBP-trapped ClyA
nanopore could monitor the concentration of galactose
produced during the SG cleavage process by the NA enzyme.

Next, we performed a nanopore experiment for real-time
monitoring of the enzymatic activity of NA using the ClyA
nanopore. With increasing the enzymatic reaction time of NA
at the applied voltage of —90 mV, the relative event duration of
L1 was observed to be substantially increased to 80% in 30
min, indicating that the prolonged activity of NA led to the
increased concentration of galactose (Figure 3a). In the
absence of the NA enzyme, the SG substrate or sialic acid did
not induce any interference on the current blockades of the
GBP-trapped ClyA nanopore (Figure 3b). Taken together,
these results showed that the GBP-trapped ClyA nanopore
could be utilized for the real-time detection of the enzymatic
activity of NA. This nanopore sensor exhibited rapid detection
of the NA of influenza virus in ~10 min after sample loading, a
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Figure 3. Real-time detection and dependency of enzymatic
concentrations in the IAV NA enzymatic activity. (a) Real-time
analysis of the enzymatic activity of NA. SG substrate (2 uM) and NA
(35 mU mL™") were added to the trans compartment of the GBP-
trapped ClyA nanopore. Electric current traces were measured in real-
time for 30 min, and then, the relative event durations of L1 were
analyzed for each 10 min nanopore data. (b) Comparison of the
relative event durations of L1 obtained from galactose, SG, and sialic
acid. Each compound was independently added to the trans
compartment of the GBP-trapped ClyA nanopore without NA to
analyze background signals. (c) Current traces obtained at increasing
concentrations of the NA enzyme. (d) Fractional times of L1 (f,)
versus the concentrations of the NA enzyme fitted to a Hill function
with the coefficient set to 1. Error bars represent standard deviation
(N = 3). (e) Measurement using a negative control, namely, the NA
(NA,) enzyme from Streptococcus pnemoniae.

significant advantage over other time-consuming diagnostic
methods.

To obtain a calibration curve for the activity of NA, we
performed nanopore experiments at various concentrations of
NA (0.05 to 5 mU mL™") in the presence of 2 uM SG. We
chose 2 uM SG after testing various substrate concentrations
ranging from 0.1 to 50 #M because a nearly full saturation of
NA enzymatic activity (f;;) was achieved at 2 uM (Figure 2d).
In addition, the detection condition was determined based on
previous reports on glucose detection by ClyA nanopores.'® As
the concentration of NA increased, the relative event duration
of L1 was observed to increase from ~49% to ~75% in each
independent experiment (N = 3) (Figure 3c). The dependence
of fi, to the concentration of NA was fitted well to a Hill
function (Figure 3d). We found that the galactose-bound
fraction (the closed conformation of GBP) was saturated at the
concentration of 1 mU mL™" of NA. These results indicated
that the GBP-trapped ClyA nanopore could allow the
quantification of NA, which is applicable for IAV diagnostics.
Moreover, the limit of detection of NA (LOD™) using the
GBP-trapped ClyA nanopore was shown to be 0.17 ng mL™",
indicating that this nanopore sensor has 40—80-fold higher
sensitivity than conventional methods, such as electrochemical
assay (14.8 ng mL™")*” and ELISA immunocapture assay (7 ng
mL™!) (Table S1).** On the basis of these data, we assumed
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that the number of viral particles could be quantitatively
estimated using the nanopore sensor. Approximately 50 copies
of NA are known to exist as tetramers on the surface of IAV,
and thus, there are 200 individual NA units capable of cleaving
sialic acids.” On the basis of this, the concentration of NA for
LODM (0.17 ng mL™") could be converted to approximately
8.4 x 107 viral particles.

As a negative control for our nanopore experiments, we
monitored the enzymatic activity of the bacterial NA from
Streptococcus pneumoniae (NAP) using the GBP-trapped ClyA
nanopore. We observed that the relative event duration of L1
was not significantly changed compared with that for SG only
(Figure 3e). In contrast to AV NA, NA, is known to cleave
SG at a negligible rate as it has been reported that it cannot
recognize the @-2,6 glycosidic bond of SG.*® Therefore, this
GBP-trapped ClyA nanopore sensor could be useful for
monitoring viral or bacterial NA enabled to cleave a SG
substrate with a-2,6 linkage. For monitoring the activity of
other viral or bacterial NA, the SG substrate could be easily
substituted with any substrate to improve specificity.

The NA inhibitors, including oseltamivir (Tamiflu) and
zanamivir (Relenza) belong to a representative class of FDA-
approved antiviral drugs against IAV. The determination of the
crystal structure and catalytic site of NA was the crucial step
that led to the development of zanamivir and oseltamivir.
These inhibitors were developed through modification of the
sialic acid substrate or structural analogs, fitting into the active
site framework of NA. Briefly, NA inhibitors are known to
effectively interfere with the release of progeny IAV from
infected host cells. However, sequential mutations in or around
the active site of NA have been shown to increase drug
resistance against NA inhibitors.””*" Fortunately, the 2009
IAV pandemic was an oseltamivir-sensitive IAV strain.
However, the rapid emergence and transmission of oseltami-
vir-resistant IAV viral strains are threatening, and therefore, a
drug susceptibility test of diverse viral strains, as well as the
development of novel antiviral drugs, are clinically important.*'
In case a viral strain is not resistant to an antiviral drug, the
action of the viral NA would be blocked, and thus, no released
galactose would be detected. To test the potential application
of this nanopore sensor to a drug susceptibility test or drug
screening, we investigated the inhibition effect of the activity of
NA using the GBP-trapped ClyA nanopore with antiviral
inhibitors, such as oseltamivir carboxylate (OC), zanamivir
(ZN), brazilin (BZ), and epicatechin (EC) (Figure 4a). In
previous studies, it was shown that OC and ZN are potent,
specific, and well-known inhibitors of IAV NA with ICs, values
of 0.45 and 0.95 nM, respectively, whereas BZ and EC with
ICs, values of 0.2 and >100 uM, respectively, were reported to
exhibit reduced inhibition effects relative to that of OC.”*~**
Vanillic acid (VA) was used as a negative control. Following
incubation of 2 uM SG and 5 mU mL™ NA with 1 yuM OC,
ZN, BZ, EC, or VA at 37 °C for 1 h, we measured the relative
event durations of L1 using the GBP-trapped ClyA nanopore.
Although the relative event durations of L1 were shown to be
increased to 75% in the absence of NA inhibitors, we observed
a significant decrease of these values in the presence of
inhibitors, except for VA (Figure 4b). The relative event
durations of L1 in the presence of OC and ZN decreased to
38% and 40%, respectively, indicating that both OC and ZN
inhibit NA activity of SG cleavage and galactose release.
Similarly, the relative event durations of L1 for the treatments
with BZ and EC were decreased to 47% and 55%, respectively,
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Figure 4. Nanopore-based measurement of the inhibition of IAV NA
by antivial drugs. (a) Small-molecule inhibitors of IAV NA. (b)
Current traces obtained from the enzymatic reaction of NA with each
of the inhibitors. SG substrate (2 uM) and NA (5 mU mL™") were
preincubated with OC, ZN, BZ, EC, or VA. Each mixture was
independently treated to the trans compartment of the GBP-trapped
ClyA nanopore. (c) Comparison of fractional times of L1 (fy,)
obtained from the enzymatic reaction of NA with each of the
inhibitors. The f;, values of each inhibitor were analyzed using a two-
tailed Student’s t-test. Error bars represent standard deviation. ***p <
0.001; ns = no significance.

with their inhibitory effects being less than those of OC and
ZN. Comparing the f1, for these inhibitory effects (Figure 4c),
we found that the order of the inhibition of NA (OC =~ ZN >
BZ > EC) was consistent with the previously reported ICs,
values.*” ™ Taken together, we suggest that a GBP-trapped
ClyA nanopore could be used to rapidly monitor the inhibitory
effect of antiviral drugs on viral NA activities, which has
important implications in drug susceptibility testing and
screening of novel small-molecule antagonists.

In summary, we showed the application of a ClyA protein
nanopore to probe the enzymatic activity of NA by sensing the
galactose cleaved from SG substrates. Owing to the robust
advantages of its single-molecule detection, the ClyA nanopore
sensor showed remarkable high sensitivity for the detection of
NA; the resultant LOD™* was estimated to be 0.17 ng mL™",
which is 40—80-fold lower than those previously re-
ported.””*** Furthermore, we monitored the inhibitory effect
of antiviral drugs on the activity of NA in real time using the
GBP-trapped ClyA nanopore. Our findings suggested that the
nanopore sensor could be used to rapidly test the drug
susceptibility, compared with current genotypic and pheno-
typic methods that take time (several hours) and resources
(trained personnel and instruments). The protein nanopore
sensor could also be utilized as a novel approach for the
sensitive and label-free screening of antiviral drugs against NA.
Taken together, our results suggest that a nanopore-based
sensor of the activity of NA could serve as a rapid and
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ultrasensitive platform for the early point-of-care diagnosis and
drug screening of influenza.
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