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Shanyu Zhang, Xiaoyu Du, Wendong Jia, Panke Zhang, Hong-Yuan Chen, and Shuo Huang*

Abstract: Recent developments concerning large protein
nanopores suggest a new approach to structure profiling of
native folded proteins. In this work, the large vestibule of
Mycobacterium smegmatis porin A (MspA) and calmodulin
(CaM), a Ca2+-binding protein, were used in the direct
observation of the protein structure. Three conformers, includ-
ing the Ca2+-free, Ca2+-bound, and target peptide-bound states
of CaM, were unambiguously distinguished. A disease related
mutant, CaM D129G was also discriminated by MspA,
revealing how a single amino acid replacement can interfere
with the Ca2+-binding capacity of the whole protein. The
binding capacity and aggregation effect of CaM induced by
different ions (Mg2+/Sr2+/Ba2+/Ca2+/Pb2+/Tb3+) were also
investigated and the stability of MspA in extreme conditions
was evaluated. This work demonstrates the most systematic
single-molecule investigation of different allosteric conformers
of CaM, acknowledging the high sensing resolution offered by
the MspA nanopore trap.

Introduction

Actions of proteins often involve conformational
changes.[1] Ensemble methods such as Fourier-transform
infrared spectroscopy (FTIR),[2] ultrafast two-dimensional
infrared spectroscopy (2D IR)[3] and NMR spectroscopy[4]

have been widely applied in relevant studies. Single-molecule
techniques such as single-molecule force spectroscopy
(SMFS),[5] scanning tunneling microscopy (STM),[6] single
molecule Fçrster resonance energy transfer (smFRET),[7]

optical tweezers,[8] magnetic tweezers,[9] thermophoresis
traps[10] and electrostatic fluidic traps[11] can directly examine

the size, charge, mobility, folding, ligand-binding or alloster-
ism of a single protein.

Structural folding/unfolding,[12] aggregation,[13] size,[14]

charge,[15] geometry,[16] dipole moment,[17] enzymatic kinet-
ics[18] or the flexibility[19] of proteins can also be investigated
using nanopores, which require no chemical labeling and
achieve a & ms temporal resolution.[20] Nanopore sensing of
proteins has been carried out with protein-based,[21] solid-
state[21] or DNA-based pores.[22] Recent research into large
protein nanopores such as Cytolysin A (ClyA),[23] Fragacea-
toxin C (FraC)[24] and Pleurotolysin AB (PlyAB)[25] has
offered an inspiring strategy, with which sensing of protein
biomarkers,[26] protein-ligand interactions,[27] conformer ex-
changes in catalysis,[18] post-translational protein modifica-
tion[28] was consequently achieved.

Mycobacterium smegmatis porin A (MspA), a conically
shaped biological nanopore with a& 4.8 nm diameter opening
and a & 1.2 nm constriction was used as the nanopore-trap.
The b-barrel constriction has a desirable mechanical rigidi-
ty,[29] which serves to maintain a consistent pore assembly
stable in extreme pH, temperature or detergent environ-
ments. This constriction is critical in minimizing the measure-
ment noises caused by structural fluctuations of the pore,[30]

useful in nanopore sequencing,[31] nanopore tweezers[32] and
nanopore single molecule chemistry.[33]

Calmodulin (CaM), a 17 kDa calcium-binding messenger
protein, was examined as a proof of concept. In eukaryotes,
wild-type CaM (wtCaM) serves as a critical link in the signal
transduction pathway between Ca2+ and target proteins.
Previous investigations performed by small-angle X-ray
scattering (SAXS) and 3D/4D heteronuclear NMR spectros-
copy have provided an accurate structure of CaM,[34] and
revealed that the signal transduction pathway is achieved by
two step allosterism of wtCaM. The Ca2+-free CaM (apo-
wtCaM) first coordinates with Ca2+ leading to the Ca2+-bound
form of CaM (Ca-wtCaM) and an overall structural change
from a loose and flexible shape to a rigid dumbbell-shape
(Figures 1 a and S1 a). Subsequently, Ca-wtCaM and the
binding domain of the target protein, M13 peptide for
example, form a functional protein complex (M13-Ca-
wtCaM) driven by hydrophobic interactions. Then the N-
and C-lobes of Ca-wtCaM collapse together to grip the M13
peptide (Figures 1a and S1 f). All these state changes were
well resolved by MspA nanopore trapping, indicating an
improved sensing resolution compared with previous at-
tempts using solid-state nanopores[35] or surface plasmon
resonance microscopy.[36] Different states of CaM were
trapped in a label-free fashion without translocation, provid-
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ing sufficient retention time for analysis, and the current
blocking features are clear and highly distinguishable.

Results and Discussion

Allosterism of wtCaM upon Ca2+ and Target Peptide Binding

The wtCaM and its D129G mutant were prepared as
described in SI-Methods 2.1 and Figures S2,S3. The M13
peptide was obtained by enzymolysis of the corresponding
fusion protein (SI-Methods 2.2, Figure S4). Electrophysiology
measurements were carried out in a 1.5 M KCl, 10 mM
HEPES (pH 7.0) buffer environment using M2 MspA (D90N/
D91N/D93N/D118R/D134R/E139K) (SI-Methods 2.3 and
2.4). With a single MspA inserted in the membrane, different
conformers of CaM were added to the cis side of the pore.
Then, CaM was lodged in the vestibule from where it reports
trapping events (Figure 1b).

Nanopore measurements were first
carried out by adding Ca2+-free wild-type
CaM (apo-wtCaM) to cis to a final con-
centration of 0.6 mM. With a + 60 mV
applied potential, short resident resistive
pulses were observed (Figure 2a). The
rate of event appearance is proportional
to the final concentration of the added
apo-wtCaM, indicating that the events
certainly result from the addition of
wtCaM. Following the measurement de-
scribed in Figure 2a, CaCl2 was further
added to cis to a final concentration of
4 mM. Based on literature results, the
binding constant of Ca2+ and CaM may
be reduced to 0.7 folds in a medium
containing 1.5 M KCl than that of
100 mM KCl.[37] The Ca2+ binding ca-
pacity is not expected to be qualitatively
changed at a 1.5 M KCl buffer. Exper-
imentally, the coordination between
Ca2+ and apo-wtCaM does result in
immediate formation of the Ca2+-bound
form of wtCaM (Ca-wtCaM). The events
observed subsequently were changed in
consequence, to appear as much longer
resident and deeper blocking events
(Figure 2b). Nanopore measurement of
the M13 peptide-bound form of Ca-
wtCaM (M13-Ca-wtCaM) was achieved
by further addition of M13 peptide to cis.
The final concentration of M13 was
increased from 0 to 0.8 mM, generating
a new type of sensing events (Figures 2c,
S5). A set of measurements with a com-
bination of analytes confirmed that this
new type of event was not generated by
translocation of M13 peptide (Fig-
ure S6 a). Measurements with a mixture

of apo-wtCaM and M13 peptide without the presence of Ca2+

also failed to report this event (Figure S6 c). These results
confirm that the new event type was generated by M13-Ca-
wtCaM and the presence of Ca2+ is critical in the formation of
this structure (Figure 1 a). Representative events of apo-
wtCaM, Ca-wtCaM and M13-Ca-wtCaM are shown in Fig-
ure 2d. As the structure formation of Ca2+/apo-wtCaM or Ca-
wtCaM/M13 are rapid and stable,[38] the current blockages
produced by apo-wtCaM, M13-Ca-wtCaM or Ca-wtCaM is
independent from each other, respectively caused by the
blockage of the structure of each state.

To describe these events quantitatively for an in-depth
analysis, event parameters such as the open-pore current (I0),
the blocked pore current (Ib), the blocking amplitude (DI),
the blocking ratio (DI=I0), the event dwell time (toff) and the
inter-event intervals (ton) are defined in Figure S7. Scatter
plots of events caused by apo-wtCaM (874 events), Ca-
wtCaM (571 events) or M13-Ca-wtCaM (608 events) are
depicted in Figure 2e, in which three completely separated
populations of event points were observed.

Figure 1. Stochastic sensing of allosteric switching of calmodulin (CaM) by an MspA nano-
pore-trap. a) Schematic diagram of the allosteric behavior of CaM upon sequential binding
with Ca2+ and M13 peptide. CaM consists of two similar domains, each containing two Ca2+-
binding sites (EF-hands) (Figure S1). Upon binding Ca2+ (orange spheres), the CaM is
constrained to a structurally rigid activated state, ready to bind an M13 peptide. Upon further
binding the M13 peptide, the structure collapses (the working state). The annotation apo-
wtCaM, Ca-wtCaM or M13-Ca-wtCaM respectively demonstrate the state when a wtCaM is not
bound by any ligand, but is bound with Ca2+ ions or with an M13 peptide. The crystal
structures were generated using Protein Data Bank (PDB) files. PDB IDs: 1CFC (apo-wtCaM),
1CLL (Ca-wtCaM) and 2BBN (M13-Ca-wtCaM) respectively. Structures of apo-wtCaM demon-
strate a highly flexible state, generating possible variant structures (the transparent structural
diagram). b) Cross-sectional views of MspA (yellow) with a CaM (purple) trapped in its
vestibule. The trapped CaM could be in the form of an apo-wtCaM (left), a Ca-wtCaM (middle)
or a M13-Ca-wtCaM (right). MspA can accommodate CaM in either form. Different forms of
CaM demonstrate highly distinguishable trapping states. Here, the demonstrated states were
predicted by molecular dynamics (MD) simulations equilibrated for more than 100 ns (SI
Methods 2.5, Figure S9).
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Based on three independent measurements for each
condition (N = 3, Table S1), trapping events of apo-wtCaM
are 51.9: 1.1% in the blocking ratio (DI=I0) and 5.1: 0.3 ms
in the mean event dwell time (toff). Events of Ca-wtCaM
report a DI=I0 of 93.0: 0.7% and a toff of 3.7: 0.6 s (N = 3)
(Table S1) and events of M13-Ca-wtCaM report a DI=I0 of
83.9: 0.3% and a toff of 0.18: 0.19 s (N = 3) (Table S1).
Events of Ca-wtCaM report the largest level fluctuations
when compared with those of apo-wtCaM and M13-Ca-
wtCaM, indicating that these structures, respectively report
different fluctuations when confined in the pore vestibule
(Figure 2 f). When probed at different voltages, the noise
fluctuations stay unchanged, indicating that the noises
originate from intrinsic protein dynamics (Figure S10c, S11c
and S12c). The reciprocal of the mean inter-event interval
(1=ton) was proportional to the concentration of wtCaM (c)
conformers in cis (Figure S8). The capture frequency (kon),
defined by the equation 1=ton ¼ konc, was derived as the slope
of the linear fitting results in plots of 1=ton vs. c (Figure S8).
As summarized in Table S2, kon of apo-wtCaM is
0.89 mM@1 s@1, which is higher than that of Ca-wtCaM
(0.29 mM@1 s@1) or M13-Ca-wtCaM (0.5 mM@1 s@1). The differ-
ence in kon might be related to the decrease in electrophoretic
force caused by the electrical neutralization of wtCaM by
Ca2+ and M13 peptide binding.[39]

We further calculated the Helmholtz free energy (F) of
CaM-MspA interactions which represents the entropy cost to
maintain a CaM conformer in MspA.[40] FCa-wtCaM was calcu-
lated to be @0.71 kcal mol@1, Fapo-wtCaM was @2.18 kcalmol@1

and FM13-Ca-wtCaM was @1.73 kcalmol@1 (SI-Methods 2.5). Re-
garding the structural change of CaM before and after Ca2+ or
M13 binding, the formation of the central helix of CaM upon
Ca2+ binding reduces the structural flexibility of Ca-wtCaM,
greatly decreasing the entropic costs of being trapped by
MspA. The results of molecular dynamics (MD) simulations
showed that the order of root-mean-square deviation
(RMSD) of the three conformers after being trapped could
be correlated with that of the reciprocal of the event duration
times from experimental measurements (apo-wtCaM>M13-
Ca-wtCaM>Ca-wtCaM, Figure S9). This confirms that the
conformational flexibility of three conformers may play
a critical role in the event dwell time.

Generally, by applying a larger potential, the toff of apo-
wtCaM, Ca-wtCaM and M13-Ca-wtCaM events were all
further extended, confirming that the observed events were
from trapping instead of from translocation (Figure S10–12,
Table S3). Moreover, the distribution in the blockades
corresponding to apo-wtCaM, Ca-wtCaM and M13-Ca-
wtCaM were independent of the applied voltage, so they
most likely refer to the intrinsic dynamics of the CaM
conformers instead of the protein-pore interactions.[41] At an
applied potential above + 80 mV, a two-step event type was
observed for apo-wtCaM. This indicates that the trapping
events observed at + 60 mV results from a loosely trapped
state. When the voltage was increased, apo-wtCaM might be
forced to form a stretched structure like Ca-wtCaM and
occupies the binding site deeper within the MspA. However,
without the constraint of Ca2+, the blockade distributions

Figure 2. Single molecule characteristics of apo-wtCaM, Ca-wtCaM and M13-Ca-wtCaM trapping. a–c) Representative traces containing events
caused by apo-wtCaM (a), Ca-wtCaM (b) or M13-Ca-wtCaM (c). The demonstrated traces were acquired with an MspA (SI Methods 2.4). Apo-
wtCaM was added to cis with a 0.6 mM final concentration. The final concentration of Ca2+/the M13 peptide in cis were 0 mM/0 mM (a), 4 mM/
0 mM (b) and 4 mM/0.8 mM (c). Corresponding structural diagrams of different states of a CaM are at the left of each trace. The CaM, the Ca2+

and the M13 peptide, are colored purple, orange and rainbow, respectively. I0 is the open pore level. Ib1 , Ib2 or Ib3 respectively denote the blockage
levels caused by apo-wtCaM, Ca-wtCaM or M13-Ca-wtCaM. d) Representative events of apo-wtCaM (left), Ca-wtCaM (middle) or M13-Ca-wtCaM
(right). The events were taken from traces in (a)–(c), as marked by corresponding arrows. The blockage levels of apo-wtCaM, Ca-wtCaM and M13-
Ca-wtCaM are correspondingly color coded. The event types are discriminable from each other in the dwell time, the blockage depth and the
blockage level fluctuations. e) A scatter plot of log event dwell time (tof f ) vs. percentage blockage (DI=I0). Corresponding histograms of tof f and
DI=I0 were plotted to the right and the top of the scatter plot. f) Standard deviation values (STD) of different blockage event types. Trapping of
Ca-wtCaM reports events with the largest level fluctuations. Trapping by apo-wtCaM reports the least noisy events.
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corresponding to Ca-wtCaM and the stretched apo-wtCaM
were different (Figure S10g, Figure S11g), proving that their
intrinsic kinetics are independent and different.

Probing the CaM Variant with a Single Mutation, D129G

The MspA nanopore-trap was also applied to study
a disease related mutant CaM-D129G, which gives rise to
a long QT syndrome (LQTS) phenotype.[42] According to the
structures predicted by MD simulations, the D129G mutation
could induce structural deviation of an EF-hand in the C-lobe
of apo-wtCaM (Figure 3a). Experimentally, apo-CaM-

D129G was added to cis to a final concentration of 0.6 mM
and a + 60 mV continuous potential was applied. Resistive
pulse events were immediately observed (Figure S13a). The
trapping events of apo-CaM-D129G report a shallow (type 1)
and a deep (type 2) type of blockage, the shallow event type
contributing to the majority of all events. The mean DI=I0

values were derived from the Gaussian fitting results of 678
events from each independent measurement (N = 3) and
these two event types, respectively report DI=I0 of 64.5:
0.5% and 80.0: 1.1% (N = 3, Figure S13b, Table S1). The
observation of two types of events from apo-CaM-D129G
were however never observed from apo-wtCaM, indicating
that a single mutation of CaM has resulted in an unfavored

Figure 3. Single molecule properties of CaM-D129G. a) The alignment diagram of wtCaM (purple, apo-wtCaM) and its D129G mutant (red, apo-
CaM D129G) lacking any Ca2+ binding. The Gly (129) of apo-CaM D129G was highlighted with bold sticks and a significant structural difference
was observed in the C-lobe. b) Stochastic sensing of apo-wtCaM and apo-CaM-D129G (0.6 mM in cis for each analyte). Purple diamonds mark the
events of apo-wtCaM. Red or green circles, respectively, mark two event types of apo-CaM-D129G (Figure S11). A segment of the trace (gray
dashed frame) is enlarged to demonstrate differences between event types. c) The scatter plot of DI=I0 vs. logðtof f Þ for events from apo-wtCaM
and apo-CaM-D129G. All events are from a 30 min continuously recorded trace as demonstrated in (b). Corresponding histogram plots of DI=I0

and logðtof f Þ are placed to the top and the right margin of the scatter plot. Events caused by trapping of apo-wtCaM or apo-CaM D129G are clearly
discriminated in the scatter plot, as color marked by corresponding labels and fitting results. The green fitting results correspond to a minor
event population of apo-CaM D129G, marked with green circles in (b). d) The alignment diagram of the Ca2+ bound structure of CaM-D129G
(orange) and the wtCaM (purple). The Gly 129 was highlighted with bold sticks. A pathological conformation with complete separation of EF-
hands domain within the C-lobe was observed. e) A representative trace acquired with CaM-D129G. The measurement was performed with 4 mM
Ca2+ and 0.6 mM apo-CaM-D129G added to cis. A new type of event, as marked by orange stars and observable only when Ca2+ were added, is
demonstrated in the trace. f) A representative trace containing events of Ca-wtCaM. Apo-wtCaM and Ca2+ were added to cis with a final
concentration of 0.6 mM and 4 mM. g) The 100% stacked column to count the yield of Ca-CaM D129G (orange) and Ca-wtCaM (purple). The
results are from 30 min continuously recorded traces measured with either wtCaM or CaM D129G. Events of Ca-CaM D129G (orange stars in (e))
accounts for only 13 % of the total number of events (n =1333) and events of Ca-wtCaM (purple stars in (f)) account for 97 % of the total number
of events (n = 552). h, i) Discrimination of event features. Events of Ca-wtCaM and the major event of Ca-CaM D129G show a similar blockage
depth however still discriminable according to their level fluctuations. Representative events and a zoomed in demonstration of event level
fluctuations are demonstrated, respectively on the top left and the top right corner of the plots. All-point histogram plots of the blockage levels
sections extracted from the blocking events (between the colored arrows). The bin size was set at 0.6 pA. Error bars in the histogram represent
the standard deviation values between different events (n = 15, Figure S14 and Figure S16). All measurements were carried out as described in SI
Methods 2.4. The protein structures were generated from MD simulations.
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but detectable trapping conformation during the nanopore
measurements. The mean inter-event intervals (ton) were
plotted against the concentrations of apo-CaM-D129G and
linearly fitted (Figure S8). The derived mean capture effi-
ciency (kon) of apo-CaM-D129G was 0.51 mM@1 s@1 (N = 3,
Table S2), which is lower than that of apo-wtCaM
(0.89 mM@1 s@1). To demonstrate the event discrimination,
simultaneous sensing of apo-wtCaM and apo-CaM-D129G
was conducted (Figure 3b). The variants can be visually
distinguished, indicating a refined resolution of nanopore
trapping to discriminate between proteins differed by a single
amino acid mutation. Quantitatively, the scatter plot of DI=I0

vs. toff was demonstrated with the corresponding histograms
(n = 1440 events, Figure 3c) and 2 major and 1 minor
distribution of events were observed. The minor event
distribution, which results from the type 2 event of apo-
CaM-D129G, was demonstrated by the green fitting curve in
the histogram. The toff of apo-CaM-D129G (0.18: 0.19 s, N =

3) was much longer than that of apo-wtCaM (5.1: 0.3 ms,
N = 3), indicating that the D129G mutant suits the confined
space of the nanopore-trap better than apo-wtCaM does.

A recent study suggested that the mutant D129G lost its
ability to bind Ca2+ as a result of the separation of EF-hands
within the C-lobe,[43] consistent with results of the MD
simulations conducted in this study (Figure 3 d). To inves-
tigate this experimentally, with 0.6 mM CaM-D129G and
4 mM Ca2+ added to cis, nanopore measurements report
a new type of event with a deeper blockage depth, similar to
that of Ca-wtCaM. This new event type is also never observed
in the absence of added Ca2+, confirming that the event
emanates from the Ca2+ bound form of CaM-D129G (Ca-
CaM-D129G). However, in identical measurement condi-
tions, the rate of appearance of Ca-CaM-D129G events
(Figure 3e) is much lower than that of Ca-wtCaM (Figure 3 f).
For a quantitative comparison, only 13 % of the events were
from the Ca2+ bound form in the trial with CaM D129G.
However, 97 % of the events were from the Ca2+ bound form
when identically performed with wtCaM (Figure 3g), provid-
ing the first single molecule evidence that the D129G mutant
has significantly reduced its affinity to Ca2+. Besides the
signals from apo-CaM-D129G and holo-CaM-D129G, no
other intermediate states were observed, indicating that the
mutant either bound four Ca2+ ions or not at all. Inspired by
the Monod-Wyman-Changeux model of allosteric enzymes,
we speculate that the structural changes caused by D129G
have a negatively synergistic impact on the affinity between
Ca2+ and other three EF-domains. These findings suggest that
binding of Ca2+ to each EF domain of CaM is cooperative.
The loss of Ca2+ binding in EF-hand 4 has significantly
affected the overall Ca2+-binding affinity of CaM. Though
events of Ca-CaM D129G and Ca-wtCaM share a similar
blockage depth, they can still be effectively distinguished
from different fluctuations of the blockage level (Figure 3 h,i,
Figure S14, S16), which revealed that the intrinsic protein
dynamics of Ca-CaM D129G and Ca-wtCaM are different. It
further supports the resolution of MspA nanopore trapping in
the recognition of minor structural variations resulting from
a single mutation.

Monitor the Binding Capacity of apo-wtCaM to Other Ions

Although Ca2+ is the most investigated factor triggering
the conformational change of wtCaM and the consequent
signal transduction, other evidence has shown that other ions
can also activate wtCaM.[44] In 1983, Crowell et al. proved that
different ions also can bind to wtCaM[45] and Vogel et al.
observed similar phenomena by NMR analysis.[44] With
a much improved resolution offered by MspA, binding of
several divalent ions (Mg2+/Ca2+/Sr2+/Ba2+/Pb2+) to wtCaM
was studied. Limited by the poor solubility of Pb2+ in an
aqueous KCl solution, the concentration applied for all
divalent ions was set at 2 mM. Figures 4 a–e show the degree
of allosterism of apo-wtCaM (0.6 mM) when mixed with Mg2+/
Ca2+/Sr2+/Ba2+/Pb2+, respectively.

The histogram results of DI=I0 in Figure 2e demonstrate
only two types of events of wtCaM either unoccupied or fully
occupied with Ca2+, respectively reporting a DI=I0 of 51.9%
and 93.0 % (Table S1). Measurements at a 2 mM Ca2+

concentration however report 3 distributions of DI=I0

(56.8: 1.1%, 75.0: 2.1% and 90.4: 0.2%, N = 3, Fig-
ure S15a, Table S4) indicating that 3 states of wtCaM coexist
in the presence of 2 mM Ca2+. This is expected since a single
wtCaM contains 4 EF-hand domains, all of which can bind
Ca2+. A lower concentration of Ca2+ thus generates transient
structures of which not all four EF-hand domains were fully
occupied. This transient state was also observed when other
divalent ions were bound to the CaM. Despite the type of the
bound ions, to be distinguished from the transient states, the
state when all four EF-hand domains were occupied was
referred to as holo-wtCaM. Generally, events with
a DI=I0 higher than 85% (Figures 4 a–e, red area) were
considered the holo-wtCaM state and events with a DI=I0 less
than 60% (Figures 4 a–e, green area) were considered to be
the apo-wtCaM state. Events with a DI=I0 between 60% and
85% (Figures 4a–e, blue area) were considered to be
transient states. For Ca2+, the ratio of event types was
summarized on the right of Figure 4a, in which 54 % of the
events were from holo-wtCaM.

Measurements with Mg2+ or Ba2+ however failed to report
a clear distribution of the events corresponding to transient
states. The proportion of the holo-wtCaM events were also
extremely low, measuring only 4.0% or 4.4% (N = 3,
Figures 4b and c, Figure S15b and S15c and Table S4). For
Sr2+, the ratio of holo-wtCaM events is 14.0: 2.4 % (N = 3,
Figure 4d, Figure S15d and Table S4) and the events of
transient states are detectable. Pb2+ shows a strong binding to
wtCaM with a ratio of holo-wtCaM of 62.0: 3.1% (N = 3,
Figure 4e, Figure S15e and Table S4) and no transient states
were observed, suggesting that the overall binding capacity of
Pb2+ to wtCaM is even stronger than that of Ca2+. Since no
single molecule study of this type has been reported
previously, we tentatively suggest use of the ratio of holo-
wtCaM events to evaluate the binding capacity of different
divalent ions to wtCaM, in which the order Pb2+>Ca2+>

Sr2+>Mg2+&Ba2+ is summarized, consistent with conclu-
sions drawn from macroscopic measurements.[45]

Despite of the types of the bound ions, all holo-wtCaM
events have highly characteristic level fluctuations. When
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confined in an MspA nanopore trap, these fluctuations reflect
minor structural differences of holo-wtCaM when bound with
different ion types, which might be related to dynamic
coordination and dissociation of divalent ions. The corre-
sponding all-point histograms patterns generated from these
fluctuations are highly conservative when ions of the same
type were bound to wtCaM (Figure S16–S20). The patterns
are also fully distinguishable from each other when different
ions were applied (Figures 4 f–j, Figures S16–S20).

The binding between CaM and Tb3+, an excellent
luminescent analog of Ca2+ in the studies of Ca-binding
proteins was also evaluated using MspA (SI-Text 1). The
different states of Tb3+-induced aggregation of wtCaM,
including a previously unreported pre-aggregated state, were
observed and proved to be concentration-dependent in
a continuous real-time measurement.

Advantages of MspA as a Nanopore-Trap

Another two commonly used nanopores including wild-
type a-hemolysin (a-HL WT) and Cytolysin A-RR (ClyA-

RR) were used for a comparison (SI-Text 2). Though they
both composed entirely of protein, MspA demonstrates the
most exceptional stability against extreme conditions which is
highly desirable when applied as a component of a commercial
sensing device. Meanwhile, neither a-HL nor ClyA per-
formed the same analyze ability for distinguishing different
conformations of CaM as MspA. Single channel recording
with ClyA would generate too frequent spontaneous gating at
a high applied potential which is generally preferred during
most scenarios of nanopore sensing.

Conclusion

Direct discrimination of different structural states of CaM
was achieved by MspA. The allosteric behaviors of CaM upon
Ca2+ and specific peptide binding were identified, proving
that MspA is an effective nanopore for protein sensing. MspA
also showed very high sensitivity to subtle structural changes
of CaM, which were caused by only one single mutation
D129G. Direct discrimination of CaM binding of different
divalent ions was also investigated. The binding capacities of

Figure 4. Nanopore trapping of wtCaM in the presence of different divalent ions. a–e) Left: Representative traces containing trapping events of
wtCaM (0.6 mM) in the presence of Ca2+ (a), Mg2+ (b), Ba2+ (c), Sr2+ (d) or Pb2+ (e). To be quantitatively comparable, the final concentration of
each type of divalent ions in cis was set identically at 2 mM. Right: the 100% stacked column of events caused by different states of CaM. The
different coordination states were recognized by the blockage depth of each event, as marked in the green, blue and red backgrounds on the
trace. In the 100% stacked column, the red column corresponds to events of wtCaM when all four EF-hand domains are filled with ions (holo-
wtCaM). The green column corresponds to events of apo-wtCaM. The blue column corresponds to events from wtCaM when the EF-hand
domains are partially filled with ions (transient states). The proportion of holo-wtCaM (red) is applied to evaluate the binding capacity of divalent
ions with wtCaM. f–j) All-point histograms of the blockage levels from holo-wtCaM events, as demonstrated in (a)–(e). The bin size was set at
0.6 pA. Trapping events of holo-wtCaM caused by binding of different divalent ions share a similar blockage depth. However, their holo-wtCaM
events are highly discriminable when bound with Ca2+ (f), Mg2+ (g), Ba2+ (h), Sr2+ (i) or Pb2+ (j). The enlargements of the trace corresponding to
the different divalent ions were shown on the upper left of the histograms. Error bars in (f–j) represent the standard deviations between
independent events (n =15, Figure S16-S20). All measurements demonstrated above were carried out as described in SI Methods 2.4 with MspA.
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wtCaM with different divalent ions such as Mg2+, Sr2+, Ba2+

and Pb2+ were evaluated, reporting a result consistent with
previous conclusions.[44,45] These results demonstrate the
advantages of MspA such as a high sensing resolution, a stable
sensing background without gating, a low noise, mechanical
stability, consistent pore assembly and the ease of pore
preparation and engineering. To meet the need to analyze the
ligand binding kinetics in a physiological electrolyte concen-
tration environment, the internal charge properties of MspA
may be modified to enhance the electroosmotic flow, similarly
to that performed in the evolution of ClyA mutants.[46] We
believe MspA is an ideal choice of nanopore in protein
sensing, complementary to existing approaches using solid
state nanopores,[14,17] a-HL,[13,47] OmpG,[48] FhuA,[49]

ClyA,[27a, 18] FraC[26a] or PlyAB.[25]
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