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A fundamental question relating to protein folding/unfolding is the time evolution of the folding of a protein
into its precisely defined native structure. The proper identification of transition conformations is essential
for accurately describing the dynamic protein folding/unfolding pathways. Owing to the rapid transitions
and sub-nm conformation differences involved, the acquisition of the transient conformations and
dynamics of proteins is difficult due to limited instrumental resolution. Using the electrochemical
confinement effect of a solid-state nanopore, we were able to snapshot the transient conformations and
trace the multiple transition pathways of a single peptide inside a nanopore. By combining the results

with a Markov chain model, this new single-molecule technique is applied to clarify the transition
Received 5th November 2020 th £ th —hairpi tid hich sh iliori fluctuati | block
Accepted 1st January 2021 pathways of the B-hairpin peptide, which shows nonequilibrium fluctuations among several blockage

current stages. This method enables the high-throughput investigation of transition pathways

DOI: 10.1035/d0sc061062 experimentally to access previously obscure peptide dynamics, which is significant for understanding the

rsc.li/chemical-science folding/unfolding mechanisms and misfolding of peptides or proteins.

Open Access Article. Published on 04 January 2021. Downloaded on 1/19/2026 12:25:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

The protein folding problem, that is, understanding and pre-
dicting the processes and pathways by which a protein or
peptide forms its native three-dimensional structure from its
amino acid sequence under specific conditions, has been
a fundamental topic across chemistry, physics, and biology for
nearly five decades."™ The protein folding problem gives rise to
three main subtopics: the physical folding code, the folding
mechanism, and protein structure prediction.* Among them,
the crucial issue of determining the folding mechanisms that
explain the time evolution of the folding of a protein into its
precisely defined native structure remains unresolved.*®
Understanding folding mechanisms is the foundation for
uncovering many protein-folding-related diseases, such as Alz-
heimer's, Parkinson's, and Huntington's disease and type II
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diabetes, which are known as protein misfolding or protein
conformational diseases.*™*°

The folding mechanism question has led to a major experi-
mental quest to snapshot folding intermediates and charac-
terize the kinetics of protein folding. Proper identification of
transition conformations is essential to accurately describe
dynamic protein folding/unfolding pathways, which are highly
relevant to understanding the folding mechanisms and struc-
ture-function relationships of proteins.*® Recently, many
studies, especially molecular dynamics (MD) simulations,**>
have been conducted to attempt to understand folding mech-
anisms by observing transition conformations in the process of
protein folding. However, experimentally characterizing the full
folding pathways has proven extremely difficult. The transition
conformations are very short-lived, and proteins usually follow
parallel pathways during the folding process. Moreover, the
folding process is inherently a single-molecule phenomenon
owing to the heterogeneity of the protein."*** For these reasons,
it is essential to characterize the dynamic behaviors of proteins
at the single-molecule level with high throughput. Traditional
ensemble techniques, such as phi-value analysis,'® circular
dichroism,"”*®* and NMR spectroscopy" can only observe the
average properties of many molecules at a given point in time,
which leads to an underestimation of the true complexity of the
folding mechanism.?*** Single-molecule experiments including
fluorescence, IR spectroscopy, and force spectroscopy have
proven effective in detecting populated intermediates and
allowing us to resolve the properties of individual molecules to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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provide detailed insight into the intrinsic heterogeneity of the
folding process.*>” However, these single-molecule techniques
are generally too complicated to achieve high-throughput
single-molecule characterization. To date, it remains difficult
to measure transition conformations and folding pathways for
individual molecules with high throughput.*®

To achieve high-throughput identification of the nature of the
folding/unfolding pathways of individual molecules, several
technical hurdles must be overcome. First, high temporal reso-
lution on the microsecond-to-millisecond scale is required to
trace the subtle conformational changes of individual peptides.
Secondly, rapid and facile readout must be achieved for the
analysis of hundreds of individual peptides with high
throughput. Thirdly, the peptide should retain its natural
dynamic features. Nanopore-based analysis is a novel analytical
technique that allows single molecules to be observed over
significant lengths of time with high throughput.**° Further-
more, due to the high temporal resolution and high sensitivity of
the nanopore confined space, the transition conformations and
individual folding trajectories of a protein can be monitored.
Here, we developed a new method to study the dynamic
processes of protein folding using the electrochemical confine-
ment effects of a solid-state nanopore. We confined a single B-
hairpin peptide in a SiN, nanopore using a biotin-monovalent
streptavidin system (Fig. 1a). The captured single peptide then
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Fig.1 A schematic illustration of the confinement of a single peptide
in a solid-state nanopore. (a) The three-step process of electro-
chemically confining a peptide into a ~4 nm SiN, nanopore, which
consists of the open-pore state (i), capture state (i), and release state
(iii). The capture and release voltages are +150 mV and —200 mV,
respectively. (b) A representative continuous ionic-current trace and
corresponding voltage protocol of a single peptide in the nanopore
during the three steps. (c) The high-throughput capture of single
peptides via applying a periodic voltage, with 7 s of positive voltage for
capture and 3 s of negative voltage for release.
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undergoes a spontaneous folding/unfolding process inside the
nanopore confined space, which disturbs the ionic distribution
and mobility inside the nanopore. By directly monitoring the
ionic current induced by an individual molecule, the character-
istic transient conformations and numerous folding/unfolding
trajectories of the peptide could be rapidly read out. With the
help of MD simulations, both stable and metastable conforma-
tions of the peptide in the folding process have been determined.
By combining the results with a Markov chain model, this new
single-molecule technique was able to reveal the heterogeneity of
the transition pathways in the process of protein folding.

Results and discussion

The high-throughput confinement of a single B-hairpin
peptide in a SiN, nanopore

In this study, we take a P-hairpin peptide consisting of 16
amino-acids as the model peptide. The sequence of this B-
hairpin is GEWTYDDATKTFTVTE from the C-terminal fragment
(41-56) of the protein G B1 domain in the intact protein (PDB
code: 1GB1, and Fig. S17),* which has been widely used to study
the folding mechanism by molecular dynamics.**** In previous
nanopore studies, the translocation of a single protein or
peptide led to an ultra-fast duration beyond the bandwidth of
current amplifiers (Fig. S6).*** Therefore, the real-time
monitoring and acquisition of the dynamic transition of
a single peptide is generally difficult. To prolong the observa-
tion time and achieve snapshots of the transition conforma-
tions, we bound the model B-hairpin peptide to a monovalent
streptavidin (mSA)* protein at the C terminus using biotin tags
to form a single peptide-mSA complex (Fig. S2t). Controlled
dielectric breakdown*®** was used to fabricate SiN, nanopores
with diameters of 4-5 nm, which provide a confined space
(Fig. S3t) for this B-hairpin peptide with a cross-section of
approximately 2 nm x 3 nm (Fig. 1a). To eliminate the electric
field effect on the stretching of the conformation of the peptide
as demonstrated in a previous study,* we chose a voltage of
+150 mV in our experiments to capture the peptide-mSA
complex in the SiN, nanopore. Driven by this voltage, the
complex could be captured in the ~4 nm SiN, nanopore
(Fig. 1a(i) and (ii)). Due to the large size of mSA (hydrodynamic
diameter: ~5.6 nm), the complex would reside in the nanopore
rather than translocating through it and block the efficient ion
flux through SiN,, leading to a distinguishable blockage event
(Fig. 1b). After sufficient time for this peptide to undergo its
folding process had elapsed, we inverted the voltage to release
the complex in preparation for the next capture event
(Fig. 1a(iii)). By automatically repeating this process, we were
able to achieve high-throughput capture of single peptides in
the nanopore and monitor their dynamic behaviours (Fig. 1c
and S8t). Details of the materials, experimental procedures and
data analysis are given in ESI sections 1.1-1.5.

Dynamic conformation changes of a single B-hairpin peptide

Next, we investigated the ionic current traces produced by the -
hairpin peptide-mSA complex via a custom-developed data
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analysis program based on our previous data recovery method
(Fig. S4t).>** Interestingly, unlike in conventional nanopore
translocation experiments, a time-series spike-like current
fluctuation signal was observed when the B-hairpin peptide-
mSA complex resided in a nanopore (Fig. S9t). From the
statistics of the current histogram of each signal, we found that
each peptide-mSA complex could produce its own unique
current distribution (Fig. S19-S247). As shown in Fig. 2a, the
current of each signal could be divided into four stages, namely,
stage 1 in which Al/I, = 0.1-0.24, stage 2 in which A/l = 0.24-
0.46, stage 3 in which AJ/I, = 0.46-0.58 and stage 4 in which A1/
I, = 0.58-0.80, by evaluating the current blockage histograms of
all the events. However, for each individual peptide, only one of
these stages predominated. Based on this feature, all the signals
could be classified into four patterns, namely, pattern 1 domi-
nated by stage 1 with AI/I, = 0.22 (Fig. 2b), pattern 2 dominated
by stage 2 with AlI/l, = 0.38 (Fig. 2c), pattern 3 dominated by
stage 3 with Al/l, = 0.47 (Fig. 2d), and pattern 4 dominated by
stage 4 with AI/l, = 0.69 (Fig. 2e). This feature reflects the
heterogeneity of the individual peptides.
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Fig. 2 The four typical current patterns of the B-hairpin peptide in
a ~4 nm nanopore at +150 mV. The peptides exhibit four current
peaks, with one type of peak dominating for each individual peptide. (a)
Current histograms from more than 300 events. Each event can be
divided into four stages based on the current blockage indicated by the
red lines. (b) An example of a typical signal for current pattern 1, in
which the current peak Al/lo = 0.22 dominates. (c) An example of
a typical signal for current pattern 2, which is dominated by the current
peak Al/lo = 0.38. (d) An example of a typical signal for current pattern
3, which is dominated by the current peak Al/lo = 0.47. (e) An example
of a typical signal for current pattern 4, which is dominated by the
current peak Al/lg = 0.69.
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Furthermore, we found that the mSA-peptide complex
induced two features in the signal. One is the greater magnitude
of current blockage, and the other is the dynamic changes
among the current blockage stages. We note that a control
experiment to evaluate the translocation of mSA through a SiN,
nanopore did not generate any blockage in the ionic current
because the size of mSA is larger than the pore (Fig. S77), and
the mSA protein is sufficiently stable that no conformational
changes occurred under our experimental conditions. There-
fore, we hypothesized that the greater current blockage of the
signal results from the blockage volume of the mSA-peptide
complex, while the dynamic current blockage stage changes are
induced by the conformational changes of the B-hairpin
peptide. Previous studies have demonstrated that the absolute
excluded volume is consistent for a given peptide.** However,
the conformational changes of a peptide inside the confined
space of SiN, could also modulate the ionic current features due
to the following effects.> First, the stability of the B-hairpin
peptide was attributed to the hydrophobic cluster formed by
W43, V54, Y45, and F52. The partial or complete unfolding of
the B-hairpin peptide would alter the exposure of this hydro-
phobic cluster, leading to changes in its hydrodynamic
excluded volume inside the nanopore and fluctuations in the
ionic current (Fig. 3d). Secondly, the unique surface charge
distribution for each conformation could also lead to distinct
mobility in proximity to a peptide surface, resulting in the
distinguishable current stages in the solid-state nanopore.***
Thirdly, the conformational changes of the peptide could alter
the transient interactions between the nanopore and the mSA-
peptide complex. In particular, dynamic conformational
changes may break the intra-strand salt bridge occurring at the
charged G41---E42 and D47---K50,>° which affects or even
negates the electrostatic interaction between the negatively
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Fig. 3 Molecular dynamics simulations of multiple intermediate
conformations of the B-hairpin peptide. (a) The sequence and struc-
tural characteristics of the B-hairpin peptide. (b) RMSD values of the
peptide backbone atoms relative to the energy-minimized structure as
a function of the simulation time for a B-hairpin structure conforming
to the dynamic folding state over 60 ns. (c) The free-energy landscape
as a function of the RMSD relative to the initial structure and radius of
gyration for the B-hairpin peptide. (d) Representative intermediate
conformations of the B-hairpin peptide, which correspond to the four
current stages, with the blockage degree increasing gradually with
each event.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06106a

Open Access Article. Published on 04 January 2021. Downloaded on 1/19/2026 12:25:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

charged nanopore surface and the charged peptide. This effect
could also induce various nonspecific attachments of a single
protein within the interior of a solid-state nanopore,*” leading to
fluctuations in the ionic current. Moreover, the different
conformations of the peptide will also influence the electro-
phoretic force applied to the mSA-peptide complex, which will
ultimately alter the depth of the mSA-peptide complex residing
in the nanopore, leading to different current blockage degrees.
In summary, we deduced that the four current stages were
induced by the intermediate conformations of the captured
peptide, and that the transition among the different current
stages observed in the individual signals suggests the occur-
rence of dynamic conformational transformations of the single
peptides within the confined nanopore. Therefore, the ionic
current of the nanopore could be used to snapshot the transient
conformations in the process of B-hairpin folding/unfolding.
Moreover, the differences in the blockage current traces and
stages among individual peptides reflect the conformational
heterogeneity of the single B-hairpin peptides, and the differ-
ences in the current stage changes represent the folding
pathway heterogeneity of the single B-hairpin peptides.

To verify this viewpoint, we proceeded to carry out molecular
dynamics (MD) simulations to illustrate the possible confor-
mations of the peptide (see ESI section 1.77). Fig. 3b illustrates
the root mean squared deviation (RMSD) values of the peptide
backbone atoms relative to the initial energy-minimized p-
hairpin structure, which indicate the similarity between the MD
snapshots and the initial state. We then analysed the entire 60
ns trajectory and constructed a free energy landscape for it, as
shown in Fig. 3c. We found that there are four main represen-
tative conformations for the B-hairpin peptide, namely, the
compressed, stable f-hairpin, partially unfolded, and unfolded
conformations (Fig. 3d). The most stable B-hairpin conforma-
tion corresponds to the minimum in the landscape shown in
Fig. 3¢, which is observed for 60% of the 60 ns MD simulation
time. Additionally, as shown in Fig. 2a, the predominant current
peak of the peptide is the stage 2 peak. Therefore, these results
could confirm that the folded B-hairpin corresponds to the
stage 2 current, while stages 1, 3, and 4 may be related to the
short-lived metastable conformations. A previous simulation
study demonstrated that the AI/l, value increases proportion-
ally with the radius of gyration as a protein unfolds gradually
from the folded state to the extended unfolded state.>* The
simulation results show that the peptide adopts compressed,
stable B-hairpin, partially unfolded, and unfolded conforma-
tions, whose radii of gyration are centered at 7.2, 7.7, 7.9 and 8.4
A, respectively (Fig. 3c and d). Therefore, in our experiments,
the lower-current stages 3 and 4 were attributed to the confor-
mations with partially formed and unformed hydrophobic
clusters. The less-blocked stage 1 was related to the compressed
conformation with the twisted loop formation. In summary, the
four current stages 1, 2, 3 and 4 were attributed to the
compressed, stable B-hairpin, partially unfolded and unfolded
conformations, respectively. We hypothesized that the folding/
unfolding pathway of a single peptide could be traced in real-
time by successively monitoring the time-series of current
spikes from each blockage event.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To further confirm that the current fluctuations arise from
the conformational changes of the peptide, the mutant W43E f3-
hairpin peptide was used for comparison. As shown in
Fig. S12a,T this mutation weakens the stability of the B-hairpin
peptide by breaking the hydrophobic cluster. The MD simula-
tion results showed that the mutant W43E B-hairpin peptide
could not maintain its B-hairpin structure as stably as the wild-
type peptide, with its RMSD indicating more obvious confor-
mational change (Fig. S12bf). We found that this mutant
peptide could only exhibit one kind of conformation during
each capture event owing to the lack of the hydrophobic cluster
as the transfer intermediate (Fig. S12ct). Thus, we confirmed
that the measured phenomena corresponded to the conforma-
tional dynamics of the peptide.

Folding/unfolding pathway model for a single B-hairpin
peptide

The transition between the four states of the peptide could be
described using a four-stage Markov chain model, which is used
to build discrete-state stochastic models capable of describing
long-term statistical dynamics.”® A detailed explanation and
details of the calculation of the Markov chain model* are given
in ESI section 1.6 and Fig. S5.1 The transition pathways of the
four current patterns are shown in Fig. 4a-d. In the pathway of
pattern 1, the compressed conformation corresponding to state
1 is the dominant conformation in the peptide transformation
(Fig. 4a and S10aft). There are four possible exit paths for state 1,
namely,1 — 2,1 — 3,1 — 4o0r1 — 1,among which 1 — 2 has
the highest probability of 0.94. Additionally, the 3 — 1,4 — 1
and 2 — 1 transitions have high probabilities of 0.36, 1.00 and
0.60, respectively, which demonstrates that the state 1 transi-
tion intermediate in the pathway of pattern 1 is quite stable.
These results suggest that the compressed conformation may
form before the transition to the stable state 2. In the pathway of
pattern 2, the wild-type stable B-hairpin conformation indicated
by state 2 is the dominant conformation, with much greater
probability than the other three conformations (Fig. 4b and
S10bt). This means that the B-hairpin peptide with the lowest
energy landscape remains unchanged or undergoes slight
dynamic changes within the confined nanopore. Moreover, the
1 — 2,3 — 2 and 4 — 2 transitions have high probabilities of
0.82, 0.91 and 0.89, respectively. These results suggest that the
compressed and unfolded peptide may form before the transi-
tion to the stable state 2, after which the B-hairpin is indepen-
dently and directly formed from state 1, 3 or 4, which could
demonstrate that the metastable conformations of the peptide
favored conversion to the stable B-hairpin conformation. In the
pathway of pattern 3, the partially unfolded conformation is the
dominant conformation, as state 3 showed the highest proba-
bility (Fig. 4c and S10ct). The 2 — 2 and 3 — 2 transitions have
high probabilities, which indicates fast transformation between
the partially unfolded conformation and the stable B-hairpin
conformation. This means that the partially unfolded confor-
mation is the key component of the peptide before reaching the
stable state 2 conformation. Similarly, in the pathway of pattern
4, the unfolded conformation indicated by state 4 is the

Chem. Sci., 2021, 12, 3282-3289 | 3285


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06106a

Open Access Article. Published on 04 January 2021. Downloaded on 1/19/2026 12:25:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a Pathway of Pattern 1 b Pathway of Pattern 2
/ 0.94 0.82 )
0. 0
o1 06 2) Ge 2 U 0.06 2 0.72
0.05 0.18
002 0.02
0.05 , 0.001 042 ) 0.03
0.36 100 | 000 OTS 0.06 | 089
0.64 0.91
@) D000+ 4 4 7 o3 4
00t~ 0.00 000 03 0.0 0.00
c Pathway of Pattern 3 d Pathway of Pattern 4
0 0.63 0 05
o (1 24 %00 1 000 - @ 507
0.43 0.33
0.02 0.00
035 05 ) 0.60
0.95 0.75 0.00 001 | 048
} 0.93 } 0.35
7
(00— « @.——0.51 = 4
0.00% 023 0.001 g8 0.51 0.00
e 300 1.0
250 08
200 >
2 0.6 %
§ 150 2
w 04 2
100 o
50 0.2
0 0.0

NO D KNS KNS KN D
N NN 70 o g o AT

2y
State transitions

DN W W W

Fig.4 Transition probabilities and folding pathways for the four typical
current patterns: pathway of pattern 1 (a), pathway of pattern 2 (b),
pathway of pattern 3 (c) and pathway of pattern 4 (d). (e) A heat map of
the folding/unfolding pathways for each B-hairpin peptide in the
~4 nm nanopore at +150 mV. The colour represents the transition
probability of the current state n (n =1, 2, 3 and 4) to the next stage n (n
=1, 2, 3and 4) for each B-hairpin peptide.

dominant intermediate (Fig. 4d and $10df). Since the hydro-
phobic cluster of the peptide is broken in the unfolded
conformation, stage 4 could transition to any other stage,
especially stage 3, which exhibits the highest probability
because of the reformation of the stable hydrophobic cluster. In
summary, these results reveal the multiple possible folding/
unfolding pathways of the B-hairpin peptide.

Furthermore, we carefully examined the pathways of more
than 300 events. Each current trace displays the characteristic
folding/unfolding pathways for each peptide (Fig. 4e). Statistical
analysis reveals that approximately 64% of the peptides adopt
pattern 2 as their folding/unfolding pathway, which suggests
that the peptide strongly tends to stay in its most stable p-
hairpin conformation. Additionally, 18% of the peptides go
through the pattern 3 pathway with a partially unfolded
conformation as an intermediate in the confined nanopore. The
8% probability of the pattern 3 pathway and 10% probability of
pattern 4 correspond to the fact that the compressed and
unfolded conformations are low-probability conformations
under the conditions of the experiment. In the pattern 1
pathway, the compact intermediates exhibit a competitive
conformation, adopting a well-folded state during their stay in
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the confined nanopore. The unfolded state 4 conformation in
the pattern 4 pathway shows a high possibility of further folding
into the stable B-hairpin after the nonequilibrium between
states 2, 3, and/or 4. Although the pathways could be classified
into four types, each individual peptide exhibits a unique
pathway fingerprint, which demonstrates the conformational
and folding pathway heterogeneity of these B-hairpin peptides
(Fig. 4e). Among them, the low probability pattern 1, 3 and 4
pathways could be considered as hidden pathways of the B-
hairpin peptide. The ability of the presented method to identify
the folding/unfolding pathway from the visible current traces of
a single capture event as demonstrated here provides a signifi-
cant advantage for the high-throughput screening of the
pathway of each individual peptide.

Effects of confinement inside the SiN, nanopore on the
transition pathways

A previous report on the unfolding of proteins showed that
proteins could rupture at elongation forces higher than ~5
pN.®® The behavior and interaction of the peptide in the
confined space of the nanopore result from the combination of
the applied voltage and the nanopore confinement effect. The
applied voltage forces protein unfolding and the nanopore
confinement effect facilitates the folding of the protein into its
stable structure. The magnitude of the nanopore confinement
effect is weakened with increasing nanopore size, while the
stability of the peptide is reduced with increasing applied
voltage. To evaluate the influence of the electrical force, we
further conducted voltage-dependent experiments at bias volt-
ages of +100 mV and +200 mV using the ~4 nm nanopore. At
each voltage, the characteristic folding/unfolding pathways of
more than 300 peptides were analyzed. Similarly to at +150 mV,
there are also four distinct current peaks for each peptide at
+100 mV (Fig. 5a and S13-S18t). The statistical results at
+100 mV reveal that the percent probabilities of adopting the
pattern 2 and pattern 3 pathways slightly increase to 69% and
24%, while those of the pattern 1 and pattern 4 pathways
decrease to 4% and 3% (Fig. 5a). At a voltage of +200 mV, there
are also four distinct current peaks for each peptide (Fig. 5b and
S25-S307). However, the majority of the peptides tend to follow
the pattern 2 pathway, which shows a high probability of 82%,
while very few peptides choose the pattern 1, 3 and 4 pathways,
which have percentages of 12%, 5% and 1%, respectively
(Fig. 5b). To evaluate the influence of the voltage on the stabi-
lization of each conformation, the probability of the total
duration spent in each stage during a single event was calcu-
lated and is shown in the stacked bar charts in Fig. S11.1 When
the voltage is increased from +100 mV to +150 mV in the ~4 nm
nanopore, the time probability of stage 1 decreases from 0.19 to
0.07 while that of stage 4 increases from 0.005 to 0.030
(Fig. S11a-dt). These results could be attributed to the voltage-
induced rupture of the hydrophobic cluster of the folded
peptide, which facilitates the occurrence of the unfolded
conformation of stage 4. Moreover, the time probability of stage
2 increases to 0.89 while the other three stages exhibit
decreased time probabilities of 0.06, 0.05 and 0.003,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A collection of current histograms from 300 events and the corresponding heat maps of the folding/unfolding pathways for each B-
hairpin peptide in a ~4 nm nanopore at +100 mV (a) and + 200 mV (b). A collection of current histograms from 100 events and the corresponding
heat maps of the folding/unfolding pathways for each B-hairpin peptide in a ~5 nm nanopore at +50 mV (c), +100 mV (d), and +150 mV (e).

respectively. These results suggest that all the metastable
conformations are less stable at a high voltage and experience
a short lifetime.

We then further explored the effect of nanopore size on the
peptide folding/unfolding pathways, which has also been
observed in previous studies.****** Considering both the
current noise and capture efficiency, we conducted the size-
dependence experiment using ~5 nm nanopores at voltages
ranging from +50 mV to +150 mV (Fig. 5c-e and S31-S367).
Similarly to the ~4 nm diameter nanopore, the ~5 nm diameter
nanopore also produces four current stages in the confined -
hairpin peptide. However, the time probability of both the
partially unfolded conformation (stage 3) and the totally
unfolded conformation (stage 4) is increased, while that of the
compressed form is decreased (Fig. 5c-e and S11e-ht). Conse-
quently, the partially unfolded and totally unfolded transition
intermediates are much more stable than the compact confor-
mation in a relatively large nanopore. This indicates that the
confinement effect is diminished in the large pore and that the

© 2021 The Author(s). Published by the Royal Society of Chemistry

peptide has more space to form conformations with a larger
actual excluded volume. Similarly, at a high voltage of +150 mV
in the ~5 nm diameter nanopore, the peptides tend to form the
stabilized B-hairpin, showing a high time probability and
transition probability for stage 2, which indicates that the
metastable conformations are less stable at higher voltage.
These results reveal that the confinement effect inside the
nanopore is capable of inducing the protein to fold into its
stabilized conformation. Via the electrochemical confinement
effect, the nanopore shows high sensitivity in monitoring the
dynamic conformations during the peptide folding/unfolding
process.

Conclusions

By confining a single peptide inside a SiN, nanopore, we have
developed a novel method for snapshotting the transient
conformations and multiple pathways of the B-hairpin peptide
with high spatial and time resolution. The high-throughput

Chem. Sci,, 2021, 12, 3282-3289 | 3287
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nanopore experiments revealed a multiplicity of folding/
unfolding pathways with four dominant pathway types for the
model B-hairpin peptide from the B1 domain of protein G. By
combining these results with a Markov chain model, the
folding/unfolding pathways have been revealed, which has
enabled the discovery of previously unknown hidden pathways
and metastable conformations. We have found three major
intermediates, namely, compressed, partially unfolded, and
totally unfolded intermediates, which corresponded to nano-
pore blockage current states 1, 3, and 4, respectively. The
hidden pattern 1, 3, and 4 pathways may suggest the most likely
metastable conformation of peptide misfolding, although with
a lower probability of occurrence. Therefore, our method, using
an electrochemically confined space, has shed new light on the
complexity of peptide and protein folding/unfolding pathways.
Via enhanced confinement effects inside the nanopore that
stabilized the peptide, the nanopore converted the dynamic
conformational changes of the stabilized peptide into other
intermediates into a prolonged time-series current fingerprint.
In future research, we will aim to increase the bandwidth of the
current recording, which would benefit its temporal resolution,
in order to solve every dynamic conformation. Additionally, we
will develop a specifically modified thin solid-state nanopore to
provide high spatial resolution for the determination of meta-
stable intermediates. After establishing a library for thousands
of single events, one could expect to uncover the physical code
of protein folding and achieve the accurate prediction of the
structures of proteins from their sequences.
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