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ABSTRACT: Protein nanopores can be engineered as nano-
reactors to investigate single-molecule chemical reactions. Recent
studies have demonstrated that Mycobacterium smegmatis porin A
(MspA) nanopore is a superior engineering template acknowl-
edging its geometrical advantages. However, reported engineering
of MspA to form a nanoreactor has focused only on site 91 and
mapping of other engineering sites have never been performed
before. By taking tetrachloraurate(III) ([AuCl4]

−) as a model
reactant, potential engineering sites within the pore constriction of
MspA have been thoroughly investigated. It is discovered that the
produced event amplitude is inversely correlated to the cross-
sectional diameter of the pore constriction size at the engineering
site, providing evidence that site 91 is actually already the optimum place to introduce the chemical reactivity. Other unavailable
engineering sites, which either significantly interfere with the pore assembly or produce reactive sites facing to the pore’s exterior
instead of to the pore lumen, were also spotted and discussed. All results demonstrated above have provided a complete map of
engineering sites within the constriction area of MspA and may be beneficial as a reference in future engineering of corresponding
nanoreactors.
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Pioneered by Bayley et al.,1 a large variety of engineered α-
hemolysin (α-HL) nanopores were reported to probe

single-molecule chemical reactions, including binding of ions1−3

or small molecules4−6 to designed reactive sites within the pore
lumen. Acknowledging the high temporal resolution of single-
channel recording, transient generation of chemical intermedi-
ates7,8 can also be observed. However, the cylindrical pore
geometry of α-HL9 is actually not optimum as it may bring non-
specific interactions frommany non-desired reactive sites within
the lumen.3 It also evenly distributes drop of the applied
electrical potential across the pore, causing the production of a
low event amplitude (∼1−3 pA)1−5,8 when a small analyte such
as an ion was probed.
Mycobacterium smegmatis porin A (MspA),10 a conical-shaped

protein nanopore previously developed to sequence DNA,11,12

has provided an improved spatial resolution by electrically
focusing the potential drop at its short (∼1 nm in length) and
narrow (∼1.2 nm in diameter) constriction.13 Recent reports by
us14−16 and others17 have demonstrated that, by reactivity
introduction to site 91 ofMspA, direct binding of small reactants
down to a monatomic ion was clearly resolved. Ionic species
such as [AuCl4]

− even produce giant resistive pulse events
measuring ∼55 pA. These tentative trials14−16 have approved
that the conical shape ofMspA is advantageous to be applied as a

nanoreactor. Remaining questions include which other sites
within the pore lumen may be engineered, how engineering of
any site would influence the performance of the nanoreactor,
and which sites are not suitable for engineering.
A large variety of engineered MspAs were prepared and

evaluated (Methods 1 and Figure S1). Combined with analysis
of a variety of structures of MspA mutants as predicted by
molecular dynamics simulations (Methods 2), we found a direct
correlation between the produced event amplitude and the
cross-sectional diameter of the pore constriction at the
engineered site, confirming that the large event amplitude of
single-molecule chemistry events is a result of the conical
geometry of MspA. Among all tested sites, site 91, which is
located at the narrowest position of MspA’s constriction,
produces the highest event amplitude. Other sites generally
report a lower event amplitude, and sites out of the pore
constriction fail to produce any detectable events, explaining
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why nanopore single-molecule chemistry events observed by
engineered MspA demonstrate a high signal to noise (S/N)
ratio. Engineering of some sites within the pore constrictionmay
significantly interfere with pore assembly, and some engineered
sites may be facing to the exterior of the pore, not suitable in the
engineering of nanoreactors, which have also been spotted
during our evaluation.

■ EXPERIMENTAL SECTION
Materials. Potassium chloride (KCl), sodium chloride (NaCl),

sodium hydrogen phosphate (Na2HPO4), and sodium dihydrogen
phosphate (NaH2PO4) were from Aladdin (China). Hydrochloric acid
(HCl) was from Sinopharm (China). 4-(2-Hydroxyethyl)-1-piperazine
ethanesulfonic acid (HEPES) was from Shanghai Yuanye Bio-
Technology (China). Kanamycin sulfate, dioxane-free isopropyl-β-D-

thiogalactopyranoside (IPTG), imidazole, and tris(hydroxymethyl)-
aminomethane (Tris) were from Solarbio (China). Ethylenediamine-
tetraacetic acid (EDTA), pentane, hexadecane, Genapol X-80, and
hydrogen tetrachloroaurate(III) hydrate (99.99%) were from Sigma-
Aldrich. 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was
from Avanti Polar Lipids. E. coli strain BL21 (DE3) was from Biomed
(China). Luria-Bertani (LB) agar and LB broth were from Hopebio
(China). Precision Plus Protein Dual Color Standards, 4−15% and 4−
20% Mini-PROTEAN TGX Precast Protein Gels were from Bio-Rad.

The measurement buffer (1.5 M KCl, 10 mMTris-HCl, pH 7.0) was
prepared with Milli-Q water and membrane (0.2 μm, Whatman)
filtered prior to use. Hydrogen tetrachloroaurate(III) hydrate
(HAuCl4) was dissolved in Milli-Q water as a stock solution (30
mM) for subsequent experiments.

Methods. 1. Preparation of Mutant MspA Proteins. The gene
coding for M2 MspA (D90N/D91N/D93N/D118R/D134R/
E139K),13 MspA-88M (L88M/D90N/D91N/D93N/D118R/

Figure 1. Mapping potential engineering sites of MspA. (A) Schematic diagram of nanopore single-molecule chemistry probed by an MspA
nanoreactor. A methionine (M, red lines) in the pore lumen was applied as the reactive site. [AuCl4]

− (AuIII, yellow sphere) reversibly binds to and
dissociates from themethionine, generating step-wise ionic fluctuations whenmonitored by single-channel recording (Methods 3). (B) Structure of an
M2MspA octamer. The structure of M2MspA (D90N/D91N/D93N/D118R/D134R/E139K)13 was generated by mutations introduced to existing
PDB files ofMspA (PDB ID: 1UUN) followed by simulations of energyminimization (Methods 2). For ease of demonstration, one of themonomers is
highlighted in purple. The constriction region ofMspAmeasures∼1.2 nm in diameter at its narrowest spot and an overall length of∼1 nm. (C) Amino
acid sequence of the section marked by the dashed-line box in panel (B). The amino acids (residues 83−110) around the constriction region are
potential engineering sites. The residues with their side chains facing to the lumen (purple) or to the exterior (white) of the pore are respectively
colored. Five reactive sites (88, 105, 90, 91, and 103) are within the constriction and have lumen-facing orientations. (D) Representative traces
acquired from differently engineered MspA nanoreactors. All mentioned nanoreactors were generated by corresponding site-directed mutagenesis
(Figures S2−S6). Corresponding labels were marked on the top left of each trace. [AuCl4]

− was added to the cis compartment with a final
concentration of 5 μM. Single-channel recording was performed with a buffer of 1.5MKCl, 10mMTris-HCl, pH 7.0, and a continuously applied +150
mV potential. (E)Histogram ofΔI of [AuCl4]− binding events when acquired by different nanoreactors. The blockage amplitudeΔI is defined as (IO−
Ib). Each peak in the histogram was respectively Gaussian fitted and marked with solid lines (Methods 4). (F) Percentage blockage (ΔI/IO, red solid
line) acquired with different nanoreactors and the corresponding cavity diameter of the reactive site (dashed black line). The means and standard
deviations ofΔI/IOwere derived from three independentmeasurements for each condition (n = 3). The cavity diameter and the vertical dimension (Z)
were measured from the PDB file of MspA (Methods 5).
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D134R/E139K), MspA-105M (D90N/D91N/D93N/I105M/
D118R/D134R/E139K), MspA-90M (D90M/D91N/D93N/
D118R/D134R/E139K), MspA-91M (D90N/D91M/D93N/
D118R/D134R/E139K, previously named MspA-M14), MspA-103M
(D90N/D91N/D93N/S103M/D118R/D134R/E139K), MspA-83M
(T83M/D90N/D91N/D93N/D118R/D134R/E139K), MspA-93M
(D90N/D91N/D93M/D118R/D134R/E139K), MspA-87M (I87M/
D90N/D91N/D93N/D118R/D134R/E139K), and MspA-89M
(I89M/D90N/D91N/D93N/D118R/D134R/E139K) were custom
synthesized and constructed in separate pet 30a (+) plasmids
(Genescript, New Jersey). The target proteins were expressed by E.
coli BL21 (DE3) and purified by nickel affinity chromatography as
previously published.18 Briefly, the constructed plasmid gene was heat-
shock transformed into E. coli BL21 (DE3). Afterward, the cells were
grown in LBmedium to an OD600 = 0.7, induced with 1 mM IPTG, and
shaken (180 rpm) overnight at 16 °C. The cells were harvested by
centrifugation (4000 rpm, 20 min, 4 °C). The collected pellet was re-
suspended in the lysis buffer (100 mM Na2HPO4/NaH2PO4, 0.1 mM
EDTA, 150 mM NaCl, 0.5% (w/v) Genapol X-80, pH 6.5) and heated
to 60 °C for 10 min. The suspension was cooled on ice for 10 min and
centrifuged at 4 °C for 40min at 13,000 rpm. After syringe filtration, the
supernatant was loaded to a nickel affinity column (HisTrap HP, GE
Healthcare). The column was first eluted with buffer A (0.5MNaCl, 20
mM HEPES, 5 mM imidazole, 0.5% (w/v) Genapol X-80, pH = 8.0)
and further eluted with a linear gradient of imidazole (5−500 mM) by
mixing buffer A with buffer B (0.5 M NaCl, 20 mM HEPES, 500 mM
imidazole, 0.5% (w/v) Genapol X-80, pH = 8.0). The eluted fractions

were further characterized by SDS-polyacrylamide gel electrophoresis
(PAGE), and the desired protein was identified. The identified fraction
was immediately used for electrophysiology measurements or stored at
−80 °C for long-term storage. It should be noted that each methionine
(M) mutated MspA only has single amino acid difference at the
corresponding site from M2 MspA (Figure S1). Characterizations of
MspA mutants were demonstrated in Figures S2−S11 with more
details. The expression ofMspA-90M andMspA-103M demonstrated a
low yield of protein production. Thus, the corresponding culture
volume was respectively increased to 1000 mL (MspA-90M) and 250
mL (MspA-103M) to reach a desired amount of protein. The culture
volume for all other mutants was 100 mL.

The plasmid DNA containing the gene coding for MspA-88M
(Plasmid ID: MC_0101199), MspA-105M (Plasmid ID:
MC_0101200), MspA-90M (Plasmid ID: MC_0101201), MspA-
91M (Plasmid ID: MC_0010018, named MspA-M),14 MspA-103M
(Plasmid ID: MC_0101202), MspA-83M (Plasmid ID:
MC_0101203), MspA-93M (Plasmid ID: MC_0101204), MspA-
87M (Plasmid ID: MC_0101205), and MspA-89M (Plasmid ID:
MC_0101206) nanopore can be requested from the “Molecular
Cloud” plasmid repository platform supported by Genscript (New
Jersey, USA). Citation of this paper is requested.

2. Generation of Mutant Protein Structures via Molecular
Dynamics (MD) Simulations. The atomic coordinates of MspA were
taken from the Protein Data Bank (PDB ID: 1UUN),10 based on which
we prepared the M2 MspA mutant by introducing the following
mutations, including R96A, D93N, D91N, D90N, D118R, D134R, and
E139K. Starting from the M2 MspA mutant, we then prepared another

Table 1. Infographic of MspA Nanoreactors with Different Reactive Sitesa,b,c

aThe colored regions in the column of “position” mark the location of the engineered site. bThe colored amino acid side chains demonstrate the
orientation of the amino acid before and after the mutation, as predicted by corresponding MD simulations. cThe inset shown in the column of
“structure” represents the zoomed-in structure for the amino acid.
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nine mutants by introducing one of the following mutations, including
L88M, I105M, D90M, D91M, S103M, T83M, D93M, I87M, and
I89M. The resulting systemwas then solvated in a rectangular water box
of ∼11.5 nm × 11.5 nm × 11.5 nm with a periodic condition. K+ and
Cl− ions were added at random positions. The final systems have the
size of ∼142,000 atoms. The cutoff distance for the calculations of the
short range part of the electrostatic interactions and the van der Waals
interactions were set to 1.2 nm. The covalent bonds involving hydrogen
atoms were restrained with the LINCS algorithm.19 We use the web
server CHARMM-GUI to prepare the initial structures of the
mutants,20 from which we conducted energy minimizations using the
molecular dynamics simulations software GROMACS 201921 with the
CHARMM36m force field22 and TIP3P water model.23 We conducted
two rounds of energy minimizations for each mutant using the deepest
descent algorithm with the lengths of 5000 and 10,000 steps,
respectively. At the first round of minimizations, all heavy atoms of
the proteins were applied with positional restraints with the force
constant of 400 kcal/mol/nm2. At the second round of the
minimizations, the positional restraints for side chain atoms of the
mutated residues were released. The resulting structures were visualized
with Pymol (Figure 1 and Table 1) and utilized for further structural
analysis.
3. Electrophysiology Recording. Nanopore measurements were

performed as previously reported.14 Briefly, a self-assembled lipid
bilayer (DPhPC, Avanti Polar lipids, USA) was formed, separating the
measurement chamber into two insulated compartments, each filled
with a 0.5 mL measurement buffer (1.5 M KCl, 10 mM Tris-HCl, pH
7.0). A patch clamp amplifier (Axon 200B, Molecular Devices, USA)
applied a voltage between the two compartments via a pair of Ag/AgCl
electrodes. Conventionally, the compartment, which is electrically
grounded, is named cis whereas the opposing compartment is named
trans. Biological nanopores were added to cis, and pore insertion into
the membrane would spontaneously happen.
A single biological nanopore inserted in the bilayer permits

continuous flow of ionic current, which is recorded by the patch
clamp amplifier and digitized by a Digidata 1550 B digitizer. A +150mV
potential was continuously applied to monitor [AuCl4]

− binding
events. All single-channel recordings were acquired with a 25 kHz
sampling rate and low-pass filtered with a 1 kHz corner frequency. All
experiments were conducted at room temperature (22 ± 2 °C).
4. Data Analysis. The recorded data was first filtered with a 500 Hz

low-pass Bessel filter (eight-pole). [AuCl4]
− binding events were

detected by performing “single-channel search” using Clampfit 10.7
(Molecular Devices). Further analyses such as histogram generation,
curve fitting, and plotting were carried out in OriginPro 9.1 (Origin
Lab).
5. Structure Analysis of Mutant MspA Proteins. In this work,

MspA’s constriction was regarded as the region located in the lower β-
barrel of the pore (Figure 1). For each MspA mutant, the location and
orientation for its reactive site were visualized by Pymol (Table 1). The
cavity diameter at each reactive site was measured by Pymol. The
vertical dimension (along the Z dimension, Figure 1F) for each site was
calculated according to the Z coordinate of its Cα atom. In this analysis,
the bottomCα atoms along the Z dimension were from the amino acids
P97 (Figure 1), where theZ coordinates of its Cα atoms were defined as
0. See Table S2 for the detailed data of the corresponding cavity
diameter and vertical position.

■ RESULTS AND DISCUSSION

Mapping Potential Engineering Sites within an MspA
Nanoreactor. Similar to that previously reported by us,
reversible coordination interaction between [AuCl4]

− and
methionine14,15,24−26 was applied as the model reaction to
evaluate the performance of MspA nanoreactors. This reaction
was selected because events caused by binding of [AuCl4]

− to
methionine generally report a large event amplitude. Though
cysteine may also be applied to bind [AuCl4]

−, methionine is
more chemically stable, ensuring sustained observation of

reversible chemical reactions without oxidizing the amino acid
residue.27,28 All corresponding MspA mutants were developed
by methionine introduction based on an M2 MspA template
(D90N/D91N/D93N/D118R/D134R/E139K).13 These mu-
tants (MspA-88M, MspA-105M, MspA-90M, MspA-91M,
MspA-103M, MspA-83M, MspA-93M, MspA-87M, and
MspA-89M) (Methods 1), which differ from each other in the
site to which a methionine was introduced, are summarized in
Figure S1. To assist structural analysis, the structures of all
mentioned mutants in Figure S1 were predicted by molecular
dynamics simulations (Methods 2) based on the reported PDB
file of MspA (PDB ID: 1UUN). All plasmid DNAs coding for
these MspA mutants were custom synthesized by Genescript
(Methods 1). Prokaryotic expressions were carried out with E.
coli BL21 (DE3) and purified by nickel affinity chromatography
as previously reported14 (Methods 1). These MspA mutants
were characterized as respectively described in Figures S2−S10.
All purified mutants were also simultaneously characterized by
gel electrophoresis in Figure S11, which show similar positions
on the gel, confirming that the introduced mutations do not
cause obvious change to the overall structure of nanopores. The
I−V curves of all mentioned mutants showed similar electrical
conductance when compared with that of M2 MspA, indicating
that the overall pore assembly was not changed. Subtle variations
of the open pore current (IO) of these MspA mutants were also
observed, likely resulted from the replaced amino acids (Figure
S12).
Nanopore measurements were carried out as described in

Methods 3. Briefly, an MspA mutant was inserted in the
membrane, forming the only channel for ions and analytes to
transport through. The introduced methionine should face to
the internal lumen of the nanopore to report analyte binding.
During the measurement, a fixed potential is continuously
applied, generating a sustained flow of current across the pore.
Being an anion, [AuCl4]

− is added to the cis side of the
nanopore. When electrophoretically driven by a positive
potential, [AuCl4]

− directionally migrates through the nanopore
and a larger probability of chemical binding between [AuCl4]

−

and the methionine would be observed, producing resistive
pulse-shaped sensing events (Figure 1A).
The pore constriction (Figure 1B),10 which locates at the

lower β-barrel of the pore, reports the highest sensitivity to
perturbation caused by analyte binding.29 Moreover, this β-
barrel structure of MspA’s constriction provides a rigid scaffold
to avoid interference caused by fluctuations of the overall
structure. Thus, engineering to the pore’s constriction is of
priority in the formation of the nanoreactor. Five MspAmutants
(MspA-88M, MspA-105M, MspA-90M, MspA-91M, and
MspA-103M) were selected for the demonstration of
[AuCl4]

− binding observation,; however, the locations of the
reactive sites slightly differ from each other (Figure 1C, Figure
S1, and Methods 1). Nanopore measurements were identically
carried out with the electrolyte buffer of 1.5MKCl, 10mMTris-
HCl, and pH 7.0, and a +150 mV potential was continuously
applied (Methods 3). [AuCl4]

−was placed to cis to reach a 5 μM
final concentration. All mentioned MspA mutants produced
observable binding events but differs in their amplitude (Figure
1D). The blockade amplitude (ΔI), which is the difference
between the open pore current (IO) and the blockade current
(Ib), was acquired in the evaluation of the corresponding sensing
performance. Statistical analysis of ΔI are shown in Figure 1E,
from which the event amplitude generated by different MspA
mutants were compared (Methods 4). Briefly,ΔI acquired from
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MspA-88M, MspA-105M, MspA-90M, MspA-91M, and MspA-
103M respectively measures 3.52 ± 0.37 pA, 5.75 ± 0.34 pA,
13.68 ± 0.30 pA, 27.28 ± 1.61 pA, and 3.35 ± 0.19 pA (Table
S1), among which events produced by MspA-91M reports the
largest amplitude.
The events were furtherly normalized to derive the percentage

blockade ratio (ΔI/IO). The cross-sectional diameter of
nanopore constriction at the site where the methionine was
introduced was derived from results of MD simulations
(Methods 5). A direct correlation between the corresponding
diameter and the ΔI/IO value was observed (Figure 1F and
Methods 2 and 5), indicating that the large ΔI/IO values
observed fromMspA-91M resulted from the fact that site 91 was
right at the narrowest spot of the pore’s constriction (Table S2).

To perform a quantitative comparison, current resolution is
defined as the comparative ratios of their ΔI/IO value to that
obtained from site 91 (Table 1). It is impressive that the current
resolution is so dramatically modulated even with a minor
vertical shift of few Å of the reactive site (Table 1 and Tables S1
and S2). Previous studies have provided insights for the role of
pore geometry in its sensing performance, which reveal that a
sudden drop in electrostatic potentials occurs at the constriction
of conical MspA, and the smallest pore radius exhibits the
highest electrostatic potential gradient.30−32 However, we
believe this is the first quantitative evaluation of this
phenomenon, carried out with true biological nanopore mutants
with an ∼Å modulation resolution. The above described rule is
in principle applicable to other analytes such as ions or small

Figure 2.MspA nanoreactors with unsuitable engineering sites. (A) Candidate engineering sites within and around the pore constriction. (B, C)MspA
nanoreactors with the reactive sites out of the pore constriction (MspA-83M or MspA-93M, Figures S7 and S8) demonstrate no observable binding
event from [AuCl4]

−. (D, E)MspA nanoreactors with the reactive sites within the constriction but facing to the pore’s exterior (MspA-87M andMspA-
89M, Figures S9 and S10) show no observable events of [AuCl4]

− binding. All above measurements with MspAmutants were carried out as described
in Methods. A +150 mV potential was continuously applied. A final concentration of 100 μM [AuCl4]

− was added. No binding events were observed
for all four mutants discussed above. Results acquired from MspA-93M and MspA-83M produce background noises even without the addition of
[AuCl4]

−.
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molecules, which are much smaller than that of the pore
constriction. Corresponding single-molecule chemistry applica-
tions would include sensing of metal ions,3,16 detection of
chemical intermediates,7,8 sensing of saccarides,6 and many
others.
Unsuitable Engineering Sites of MspA. Five successful

examples of engineered MspAs have so far been demonstrated,
with which events of [AuCl4]

− binding were clearly observed.
Acknowledging the conical pore geometry ofMspA (Figure 2A),
engineering sites away from site 91 normally produce events
with a much-reduced amplitude (Figure 1F), indicating that
engineering sites further away from the pore constriction may
produce events too small to be detected, even if a methionine is
successfully introduced and corresponding binding of [AuCl4]

−

is happening. This is useful because non-desired interactions
may contribute to noises of the nanoreactor and effort of
engineering may be required to get rid of this interference.
However, without an experimental test, it is hard to speculate
which amino acids are enough away from the pore constriction
to avoid making a detectable contribution.
By analyzing structural profiles of MspA-83M and MspA-

93M, which were predicted by corresponding MD simulations,
the introduced methionine in both mutants are facing to the
internal pore lumen but away from the pore constriction (Figure
2A). The corresponding nanopores were prepared, character-
ized, and directly applied in subsequent nanopore measure-
ments (Figures S1, S7, S8, and S12 and Methods 1). No
[AuCl4]

− binding events were detected even if the cumulative
concentration of [AuCl4]

− ions has been increased to 100 μM
(Figures 2B,C). These results indicate that sites 83 and 93 are
already too far away from the pore constriction to produce any
binding events (Table 1). The methionine in MspA-83M or
MspA-93M was respectively at opposing ends of the pore
constriction. In principle, other sites beyond sites 83 and 93 are
not expected to produce any events and corresponding
investigations were not further carried out.
On the other side, by analyzing predicted structural profiles

(Methods 2 and 5), the introduced methionine of MspA-87M
and MspA-89M mutants (Figure 2A, Figures S1, S9−10, and
S12, and Methods 1) are within the pore constriction, however
facing to the pore’s exterior. Experimentally, no [AuCl4]

−

binding events were detected even if the cumulative
concentration of [AuCl4]

− ions has been increased to 100 μM,
indicating that these two mutation sites were also not suitable
since the reactive site facing to a wrong direction is prohibited to
interact with analyte translocating through the internal lumen of
the pore (Figures 2D,E and Table 1).
Being a protein in nature, site-directed mutagenesis is not

always guaranteed to be active, even though wild-type MspA is
generally stable against extreme conditions.33 Though the
results are not demonstrated in this paper, engineering to site 85
consistently failed to produce any active porins. Engineering to
sites 90 and 103, as demonstrated in corresponding mutants
MspA-90M (Figure S4) and MspA-103M (Figure S6), also
demonstrates a much-reduced yield of protein production when
compared to other MspAmutants. These sites (85, 90, and 103)
may be critical for pore oligomerization and are of less priority to
be considered as pore engineering sites. Though disadvanta-
geous by requiring a large scale of culture volume, a low yield of
protein generally does not interfere with any single-molecule
measurement as long as nanopore insertion is still observable
during single-channel recording. All investigated MspA mutants
in this paper were also simultaneously characterized by gel

electrophoresis (Figure S11), confirming that these mutants
possess a similar overall structure. The impurities observed on
the gel, which do not insert into the membrane as MspA does,
also do not interfere with any nanopore measurements reported
in this study.

■ CONCLUSIONS

In this study, by taking coordination interactions between
[AuCl4]

− and methionine as a model reaction, potential
engineering sites of MspA that can be applied to form a
nanoreactor have been thoroughly screened. Along with
structural predictions performed by corresponding MD
simulations, it was discovered that the event amplitude
produced by different engineered MspAs was correlated to the
location of the engineering spot, confirming that the large
amplitude generated by MspA nanoreactor results from a more
advantageous conical pore geometry, consistent with the
conclusion derived from relevant simulation studies.31,32

Analytes other than [AuCl4]
−, including metal ions or small

molecules, may as well be investigated in corresponding MspA
nanoreactors. Considering that these analytes all have a much
smaller size than that of the pore constriction, site 91 is still in
principle the optimum engineering site. This result may as well
suggest other conical-shaped nanopores such as CsgG34 and
FraC35 to be applied to form nanoreactors. Though tentatively
selected in previous studies,14−16 among all sites tested, site 91 is
confirmed to be the optimum site within the pore lumen. Non-
desired engineering sites that may interfere with pore assembly
or may cause reactive residues facing to the exterior of the pore
were as well spotted. Studies in this manuscript have provided a
general engineering map to produce MspA-based nanoreactors
aiming for general single-molecule chemistry investigations. The
screened MspA mutants with an introduced methionine may
also be chemically modified with oxaziridine derivatives36 for
further functionalization in specialized sensing applications.
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