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Abstract: Nanopore sensing is an emerging technology for the
single-molecule-based detection of various biomolecules. In
this study, we probed the anticancer therapeutic p53 trans-
activation domain (p53TAD)/MDM2 interaction and its
inhibition with a small-molecule MDM2 antagonist, Nutlin-3,
using low-noise solid-state nanopores. Although the translo-
cation of positively charged MDM2 through a nanopore was
detected at the applied negative voltage, this MDM2 translo-
cation was almost completely blocked upon formation of the
MDM2/GST-p53TAD complex owing to charge conversion. In
combination with NMR data, the nanopore measurements
showed that the addition of Nutlin-3 rescued MDM2 translo-
cation, indicating that Nutlin-3 disrupted the MDM2/GST-
p53TAD complex, thereby releasing MDM2. Taken together,
our results reveal that solid-state nanopores can be a valuable
platform for the ultrasensitive, picomole-scale screening of
small-molecule drugs against protein–protein interaction
(PPI) targets.

Targeting protein–protein interactions (PPIs) for therapeutic
interventions has been an attractive strategy in drug discov-
ery.[1, 2] Because drug development for enzyme targets has
been limited by the difficulties in achieving sufficient
specificity, PPI inhibitors with extremely high specificity
have recently attracted considerable attention. Despite

advances in various techniques, such as nuclear magnetic
resonance (NMR), surface plasma resonance (SPR), and
fluorescence polarization (FP), the high-throughput screening
(HTS) of small-molecule PPI inhibitors is highly challenging
owing to several critical limitations: i) the large amount (mg
quantities) of sample required for NMR;[3] ii) the low
sensitivity of SPR for detection of small-molecule binding
to proteins;[4, 5] and iii) the requirement for fluorophore
labeling in FP. Hence, there is a need to develop a robust
HTS methodology to facilitate the discovery of small-
molecule drugs against PPI targets.

Nanopore sensing is an emerging single-molecule tech-
nique for biomolecule analysis. When voltage is applied
across a nanoscale pore, the translocation of a charged analyte
through the nanopore transiently blocks the ionic current,
which is characterized by dwell-time and current amplitude.
Nanopore sensors have several unique advantages compared
with more conventional techniques, including single-molecule
resolution and ultrasensitivity, label-free and real-time meas-
urements, and high-throughput detection.[6–12] Although
nanopores have been used to characterize the biophysical
properties of diverse biomolecules, including DNA, RNA,
and proteins,[9–16] they have never been applied to the
screening of small-molecule drugs such as PPI inhibitors.

Despite having much lower resolution and sensitivity,
solid-state nanopores have advantages over biological protein
nanopores, including high stability, a wide range of pore sizes,
and controllable surface properties.[17, 18] However, the prob-
lem of excess noise, which corresponds to a few tens of pA to
100 pA,[19,20] remains to be resolved. To improve the signal-to-
noise ratio (SNR), we recently developed a solid-state
nanopore platform with a sub-10 pA noise level by fabricating
a SiNx membrane directly on top of a highly insulating
dielectric substrate, Pyrex.[20]

Blocking the interaction between mouse double minute 2
(MDM2) and p53 transactivation domain (p53TAD) has been
an attractive strategy for cancer therapy because it can restore
p53 function, resulting in cancer cell apoptosis. Using this
therapeutic strategy, many p53TAD-mimetic lead compounds
have been identified for cancer treatment. Among them,
Nutlin-3 is one of the most potent MDM2 antagonists and acts
as a competitive inhibitor of the MDM2/p53TAD interaction
(Kd = 0.1 mm).[21,22] Nutlin-3 structurally mimics the 15-residue
a-helical p53TAD peptide (residues Ser15–Asn29) that binds
to MDM2.[23]

To probe the MDM2/p53TAD interaction and its small-
molecule inhibition using solid-state nanopores, we fabricated
� 10–15 nm-sized nanopores in low-pressure chemical vapor
deposition (LPCVD) SiNx membranes transferred to the
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Pyrex substrates.[20] The structure of the N-terminal p53TAD-
binding domain of MDM2 (PDB code: 1YCR)[23] showed
dimensions of 3.1 nm × 3.5 nm × 4.2 nm, (Figure 1a). At the
applied voltage of ¢175 mV across the nanopore, the
positively charged MDM2 domain (residues 3–109, net
charge at pH 7.4 =+ 2.9e, pI = 9.02) was electrophoretically
driven from one chamber toward the negative electrode in the
other chamber (Figure 1b). The passage of MDM2 through
the nanopore gave rise to a temporary reduction in the ionic
current, leading to the detection of MDM2 translocation
events at the single-molecule level (Figure 1 c). The ionic
current was measured at a sampling rate of 250 kHz and
filtered with a 10 kHz low-pass Bessel filter. Current traces

were acquired with 100 nm MDM2 at an optimized electrolyte
concentration of 1m KCl (Figure 1c). The translocation
events were characterized by the dwell-time and the normal-
ized blockade current (DI/I0 ; DI = magnitude of current drop,
I0 = open pore current). Figure 1e shows a scatter plot of the
DI/I0 versus dwell-time of a total of 1372 MDM2 translocation
events. Fitting the DI/I0 and dwell-time histograms to
a lognormal function and a single exponential decay function
(Figure 1 f,g), respectively, yielded mean values of DI/I0

(0.016) and dwell-time (0.04 ms).
Of note, the SNR (DI/IRMS� 13) of our unique nanopore

system was high enough to successfully detect the trans-
location of the small MDM2 domain (MW = 12.3 kDa)
despite the very low magnitude current drops (DI/I0ffi0.016;
Figure 1c). Because the high resistivity of Pyrex lowered
the device capacitance and thus the high frequency noise,
our application of the Pyrex substrate to the nanopore
membrane considerably lowered the ionic current noise level
(IRMS) to sub-10 pA at 0 mV, which is nearly 10-times lower
than that of the commonly used silicon-based nanopore
device.[20]

Next, we detected the translocation of negatively charged
100 nm p53TAD (¢14.2 e at pH 7.4, pI = 3.6) at the applied
voltage of + 100 mV (Figure 2a). To further improve the SNR
of the current blockade caused by p53TAD (residues 1–73,
MW = 8.2 kDa) translocation, we introduced a glutathione-S-
transferase (GST) tag at the N-terminus of p53TAD. Increas-
ing the molecular size of a protein without significantly
changing its net charge can enhance the SNR of the current
blockade signals caused by protein translocations. The GST
tag is a relatively large protein (26.3 kDa) with a net charge of
¢2.9e at pH 7.4. As expected, the translocation of GST-
p53TAD (¢16.9e at pH 7.4) showed a dramatic increase in
the magnitude of current blockade signals (Figure 2a,b).
Thus, we used GST-p53TAD for our subsequent nanopore
experiments.

Interestingly, the scatter plots displayed remarkably
different distributions between p53TAD and GST-p53TAD
(Figure 2c). Whereas GST-p53TAD translocation events are
concentrated in the dwell-time of � 0.1 ms, translocation
events for intact p53TAD showed widely dispersed dwell-
times ranging from 0.05 to 10 ms. In the histograms of dwell-
time and DI/I0, p53TAD translocation events displayed
a lower mean DI/I0 value (0.012) and increased mean dwell-
time (0.13 ms) compared to those of GST-p53TAD, whose
values were 0.037 (DI/I0) and 0.07 ms (dwell-time; Figure 2d–
g). The p53TAD has been previously shown to be an
intrinsically disordered protein (IDP) that is largely unfolded,
but that can transiently form secondary structures in some
regions.[24,25] On the other hand, GST-p53TAD is a mostly
globular protein owing to the well-folded character of the
large GST tag. The unfolded, linear conformation of p53TAD
appears to substantially increase the dwell-time of transloca-
tion, and the uniquely wide distribution of the dwell-time
reflects the conformational heterogeneity of the protein
(Figure 2c). Taken together, nanopore analysis of p53TAD
translocation suggests that structural differences between
unfolded and folded proteins can be detected by a solid-state
nanopore at the single-molecule level.

Figure 1. Nanopore-based analysis of MDM2 translocation events.
a) Surface representation of the structure of free MDM2 (PDB code:
1YCR). Negatively and positively charged residues are indicated in red
and blue, respectively. The p53TAD-binding pocket in MDM2 is
indicated by the dotted yellow circle. b) Representation of MDM2
translocation. Positively charged MDM2 passes through a nanopore
channel by negatively applied voltage. c) Current trace before and after
addition of 100 nm MDM2 in 1m KCl and 1X PBS (pH 7.4) at an
applied voltage of ¢175 mV. The ionic current root mean square
(RMS) noise level (IRMS) and SNR (DI/IRMS) were measured to be
17.5 pA and 13 at ¢175 mV, respectively. d) TEM image of a �10-nm
diameter silicon nitride nanopore. e) Scatter plot of MDM2 transloca-
tion events at the ¢175 mV applied voltage. The translocation events
are indicated by blue dots. Normalized current drop (DI/I0) (f) and
dwell-time histograms (g) of MDM2 translocations were fitted using
a lognormal function and a single exponential decay function, respec-
tively. Mean values (�0.016 and �0.04 ms) are indicated in histo-
grams.
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Prior to nanopore measurements, we examined the
interaction between MDM2 and GST-p53TAD, as well as its
small-molecule inhibition, using NMR spectroscopy. We
recorded 2D 15N-1H heteronuclear single quantum correlation
(HSQC) spectra of 15N-labeled MDM2 in the absence or
presence of GST-p53TAD (Figure 3a,b). When 15N-labeled
MDM2 was bound to GST-p53TAD, most of the 15N-1H
crosspeaks in MDM2 disappeared owing to severe line
broadening, indicating complex formation between MDM2
and GST-p53TAD. The binding of GST-p53TAD increased
the tumbling time and decreased the T2 relaxation time of the
complex (Figure 3b). No such change was observed upon the
addition of only GST (Figure 3d), indicating that GST alone
did not bind to MDM2. Because a potent MDM2 antagonist,
Nutlin-3, binds to the p53TAD-binding pocket of MDM2 with
higher affinity than p53TAD does, it can disrupt the

interaction between MDM2 and p53TAD (Kdffi0.6 mm).
Expectedly, the addition of Nutlin-3 to the protein complex
restored all of the missing crosspeaks of 15N-labeled MDM2
(Figure 3c), suggesting that the binding of Nutlin-3 releases
MDM2 from the complex. In addition, we performed the
same experiments under 1m KCl (Supporting Information,
Figure S1) and the results were essentially the same as that in
Figure 3, confirming the binding between MDM2 and GST-
p53TAD at the high salt concentration. Taken together, these
results demonstrated the NMR-based detection of the PPI
between MDM2 and GST-p53TAD and its competitive
inhibition by Nutlin-3.

Following the same approach used for the NMR experi-
ments, we monitored the interaction between MDM2 and
GST-p53TAD and its inhibition by Nutlin-3 by using a Pyrex-
based solid-state nanopore. Figure 4 shows the nanopore
measurements of free MDM2 and the MDM2/GST-p53TAD
complex in a system containing a � 10 nm nanopore at the
applied voltage of ¢175 mV. In contrast to the vigorous
translocation of free MDM2, the number of translocation
events for the MDM2/GST-p53TAD complex through the
nanopore was dramatically reduced to a negligible level
(Figure 4a). Upon complex formation, the net charge of the
proteins at pH 7.4 changes from + 2.9e (in free MDM2) to
¢13.7e (in the MDM2/GST-p53TAD complex) owing to
charge masking of MDM2 by negatively charged GST-
p53TAD. As a result, the overall negatively charged protein
complex could not translocate through the nanopore at the
applied negative voltage. This result prompted us to hypothe-
size that the association and dissociation of MDM2 and GST-

Figure 2. Nanopore-based analysis of p53TAD and GST-p53TAD trans-
location events. a) Current traces from p53TAD and GST-p53TAD
translocations at the applied voltage of 100 mV. b) Representation of
p53TAD (I) and GST-p53TAD (II) translocations through the nanopore.
c) Scatter plots of p53TAD and GST-p53TAD translocation events. The
p53TAD and GST-p53TAD translocation events are indicated as yellow
circles and red triangles, respectively. Normalized current drop (DI/
I0) (d) and dwell-time (e) histograms for p53TAD. Normalized current
drop (DI/I0) (f) and dwell-time (g) histograms for GST-p53TAD. DI/I0

and dwell time data were fitted to a lognormal function and a single
exponential decay function, respectively. Mean values are indicated in
histograms. The concentration of each protein was 100 nm in 1m KCl
and 1X PBS (pH 7.4).

Figure 3. 2D 15N-1H HSQC spectra of free 15N-labeled MDM2 pro-
tein (a), 15N-labeled MDM2 complexed with unlabeled GST-p53TAD
(molar ratio of 1:1) (b), 15N-labeled MDM2 complexed with unlabeled
GST-p53TAD and treated with Nutlin-3 (molar ratio of 1:1:1) (c), and
15N-labeled MDM2 in the presence of unlabeled GST (molar ratio of
1:1) (d). The proteins and Nutlin-3 were mixed at a final concentration
of 130 mm.
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p53TAD could be monitored by using a solid-state nanopore
at the picomole-scale.

To test this hypothesis, we measured the nanopore
translocation of the MDM2/GST-p53TAD complex in the
presence of Nutlin-3. After the addition of Nutlin-3 to the
protein complex, the translocation of free MDM2 was almost
recovered (Figure 4a), which indicated that the disruption of
the MDM2/GST-p53TAD interaction by Nutlin-3 liberated
MDM2 from the GST-p53TAD-bound complex (Figure 4h).
The nanopore data statistics of free and Nutlin-3-recovered
MDM2 translocations were analyzed and compared in Fig-
ure 4c–g. A scatter plot of current drop versus dwell-time for
all translocation events revealed essentially the same distri-

bution for the free and recovered MDM2 translocations.
According to the histograms of current drop and dwell-time,
both the free and recovered MDM2 translocation events have
similar mean values of DI/I0 and dwell time; DI/I0 of 0.011
with a dwell-time of 0.06 ms and DI/I0 of 0.012 with a dwell-
time of 0.06 ms for free and recovered MDM2, respectively
(Figure 4d–g).

To test whether the MDM2/GST-p53TAD interaction is
indeed specifically inhibited by Nutlin-3, we repeated the
nanopore experiment with a negative control, ABT-737,
which is an inhibitor of Bcl-2 family proteins and does not
bind to MDM2. Unlike Nutlin-3, ABT-737 could not recover
the translocation of MDM2 (Figure 4a,b), confirming that

Figure 4. Nanopore-based detection of the MDM2-p53TAD interaction and its inhibition by Nutlin-3. a) Current traces from the translocations of
free MDM2 (I), MDM2/GST-p53TAD complex (II; molar ratio of 1:1), and the complex with Nutlin-3 (III) or ABT-737 (IV; molar ratio of 1:1:1).
b) Chemical structures of small molecules. c) Scatter plots of translocation events for free MDM2 and the complex treated with Nutlin-3.
Translocation events for free MDM2 and recovered MDM2 are indicated as blue squares and green circles, respectively. d, e) DI/I0 and dwell-time
histograms for free MDM2 translocation. f, g) DI/I0 and dwell-time histograms of the recovered MDM2 translocation by Nutlin-3. DI/I0 and dwell
time data were fitted to a lognormal function and a single exponential decay function, respectively. Mean values are indicated in the histograms.
h) Representation of the nanopore detection of MDM2/GST-p53TAD complex formation and PPI inhibition by Nutlin-3.
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Nutlin-3 specifically blocked the interaction between MDM2
and GST-p53TAD. In addition, no translocation event was
observed for free Nutlin-3 and free ABT-737 at the same
applied voltage (Figure S2).

To our knowledge, this result is the first demonstration of
the application of solid-state nanopores to small-molecule
drug screening. Compared with more conventional tech-
niques that require labeling, immobilization, expensive
instruments, and complicated procedures, the single-mole-
cule-based nanopore system provides robust advantages for
screening of small-molecule PPI inhibitors: i) ultrahigh sensi-
tivity (10 picomole detection, � 4500-fold higher sensitivity
than NMR); ii) label-free and low-cost implementation; and
iii) high-speed (� 10 min) and small-volume (� 100 mL)
detection. These notable merits suggest that the nanopore-
based drug screening platform is optimal for extension to
HTS, which will be further accelerated by multi-array solid-
state nanopores. Moreover, picomole-level detection by
nanopores will enable screening with ultralow amounts of
sample, which is extremely advantageous for insoluble small-
molecule compounds and proteins.

In summary, we have probed the anticancer therapeutic
MDM2/p53TAD interaction and its inhibition by the small
molecule antagonist Nutlin-3 using solid-state nanopores. Our
results provide a proof-of-concept for how solid-state nano-
pores can be a robust platform for the ultrasensitive,
picomole-scale screening of small-molecule PPI inhibitors.
This nanopore-based drug screening platform will provide
a remarkable improvement over current technological limi-
tations in drug discovery at protein–protein interfaces.
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