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Results and Discussion 

Interaction of γCD with WT-αHL and M113N mutant nanopores  

It was shown previously that βCD binds in the stem, close to the aforementioned 

constriction region, in a section of the β barrel that comprises (from the trans side) the 

amino-acid residues Met113, Lys147 and Glu111.
1
 Due to its location, Met113 was thus 

highlighted as a critical residue for the binding of βCD within the αHL nanopore. The 

αHL nanopore appears to possess a remarkable tolerance for site-directed mutagenesis 

and can therefore be engineered
2
 with atomic precision. This allowed researchers to 

make a range of Met113-mutants, replacing Met113 with each of the other naturally 

occurring amino acids (one at a time). The aim was to isolate Met113 mutants in which 

the residence time (dwell time) of βCD within the αHL nanopore was increased.
3
 One 

of the members of the tight-binding class is the M113N mutant protein nanopore in 

which the Met113 residue was replaced with an asparagine,
3
 and whose binding 

interactions and high-resolution X-ray crystallographic structure are already known.
4
 

Single-channel electrical recordings in planar lipid bilayers were carried out in 2 

M KCl buffered with10 mM HEPES (pH 8.0). Under these conditions, stable and 

uniform single-channel current recordings of long durations could be made for the open 

state at both negative and positive transmembrane potentials and with both WT-αHL 

and M113N mutant nanopores, as described previously.
5
 When a single M113N mutant 

protein nanopore was introduced into a lipid bilayer, from the cis chamber, we 

measured an ionic current of 151 + 4 pA, at +80 mV (N = 104), and of -119 + 3 pA, at -

80 mV (N = 90) which is slightly smaller than that of the WT-αHL nanopore (154 + 2 

pA, N = 137, and -128 + 2 pA, N = 49, respectively) under the same conditions (Table 

S2), in agreement with previous studies.
3, 6
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In order to study the interaction of γCD with each protein nanopore, the CD was 

added to the trans chamber, since it was shown previously that no interaction occurs 

when CD is added to the cis side of the nanopore/lipid bilayer.
7
 When 20 µM γCD was 

added to the trans side of a protein nanopore, inserted in a lipid bilayer, the ionic current 

was reduced in a partial and reversible way from the value recorded for the open 

nanopore (open nanopore current; IO) to the γCD occupied nanopore current (IB). At 

+80 mV, the ionic current was reduced from 151 + 4 pA to 50 + 2 pA and from 154 + 2 

pA to 49 + 2 pA, while γCD was bound to the M113N and WT-αHL nanopores, 

respectively. Accordingly, the ionic current blockade, defined as (IO – IB)/IO, expressed 

as a percentage, was ~67% and ~68%, respectively. At -80 mV smaller blockades were 

measured: from -119 + 3 pA to -51 + 1 pA (blockade ~58%, M113N) and from -128 + 2 

pA to -49 + 1 pA (blockade ~60%, WT-αHL) (Table S2). Current blockade histograms 

revealed only one current blockade level for the interaction of γCD with each of the 

protein nanopores (a representative histogram is shown as an insert in Figure S6.A), 

suggesting that there is only one binding site for γCD within the stem of the protein 

nanopore, accessible from the trans side of the lipid bilayer,
7, 8

 in 2 M KCl buffered 

with 10 mM HEPES, pH 8.0.  

Figure S6.A shows the current versus voltage (I-V) curves for M113N and WT-

αHL nanopores with and without γCD recorded in symmetrical salt concentrations (2 M 

KCl in both cis and trans reservoirs). The apparent linearity of the I-V curves would 

lead to the conclusion that the conductance of both protein nanopores does not change 

markedly throughout the voltage range from -100 mV to +100 mV. However, plotting 

the conductance (G = I/V) as a function the applied transmembrane potential reveals that 

the conductance of both M113N and WT-αHL nanopores is voltage dependent and 

increases continuously from -100 to +100 mV
9
 (Figure S6.B). At positive potential, 
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conductance is higher than at negative potential. This difference in conductance is 

typical for an asymmetric nanopore, such as the αHL nanopore. The smaller 

conductance at negative potential is due to the decrease in cation (K
+
) current, while the 

anion (Cl
-
) current remains almost constant between negative and positive potentials.

6
 

This difference between cation and anion selectivity makes the αHL nanopore weakly 

anion selective.
5
 It was shown that the anion selectivity of the M113N nanopore is 

higher than for WT-αHL nanopore. Molecular dynamics
6, 10

 and crystallographic
4 

studies revealed that this difference can be related to the different orientations of the 

seven positively charged Lys147 residues in the constriction region of the protein 

nanopore (Figure S1). Whereas in the WT-αHL nanopore, Lys147 residues are pointing 

upwards (towards the cis opening), in the M113N mutant nanopore, they are pointing 

slightly downwards (towards the trans opening) but are almost perpendicular to the 

channel axis, which results in a narrower constriction at the Lys147 ring and, thus, 

creates a very strong electrostatic field in this region of the nanopore.
26, 27

 Accordingly, 

in the M113N mutant nanopore, the overall ionic current is slightly reduced and, in 

particular, the cationic current is reduced, particularly at negative potential, as shown in 

Figure S6.B.  

The binding of γCD to M113N and WT-αHL nanopores reduces the conductance 

of the nanopores,
11

 in a voltage independent manner (Figure S6.B). The ion selectivity 

depends on the nanopore dimensions and spatial distribution of charges at the entrance 

to and within the nanopore lumen. A wide nanopore shows almost no selectivity as an 

ion in such a nanopore interacts primarily with water and other ions, rather than with the 

nanopore residues. Conversely, narrow nanopores (d = 0.3-0.4 nm) show a markedly 

higher charge selectivity and also a considerable discrimination among ions of the same 

charge, due to the dehydration of the ion entering the nanopore. In between these 
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extremes of nanopore sizes are the mid-sized nanopores (d = 0.7-0.8 nm), which show 

high charge selectivity, but only a low selectivity among ions of the same charge.
12

 The 

αHL nanopore is considered a ‘‘wide nanopore’’
5
 since the narrow internal diameter is 

~1.4 nm and shows weak charge selectivity (Figure S1).
13

 Lodging γCD in the stem 

region introduces a mid-sized constriction (γCD internal diameter 0.75-0.83 nm;
14, 15

 

Figure S1.A), sufficient to admit the passage of a hydrated ion, as shown by the 

reduction in conductance. This narrowing of the nanopore is also responsible for the 

increase in anion selectivity.
11, 16

 The reduction in conductance is less pronounced when 

γCD interacts with the M113N nanopore (Figure S6.B). We hypothesize that the effect 

of γCD on the conductance of the M113N nanopore is less pronounced as the change in 

internal diameter is not as great. As described above, the Lys147 ring in the M113N 

mutant adopts an orientation that is more perpendicular to the channel axis and thus 

reduces the size of the constriction. The decreases in conductance observed, when βCD 

or γCD interact with the M113N mutant nanopore were similar (data not shown). βCD 

has a narrower internal diameter (0.60-0.65 nm;
14, 15

 Figure S1.A) and therefore, it was 

expected to have a slightly greater effect than γCD on the conductance of the M113N 

nanopore,
11

 based on the anticipated decrease in ionic current (mainly the cationic, K
+
 

current).
6
 The lack of difference between the conductances observed for βCD and γCD 

suggest that the ionic current is mostly carried by the Cl
-
 anions.

9
 The interaction 

between βCD and the M113N nanopore also makes the nanopore more anion selective
6, 

11
 because βCD reduces the shielding, by local ions and water, of the strong electrostatic 

field induced by the nearby ring of seven Lys147 residues.
6
 

The current-voltage relationship of the αHL ion channel is known to be nonlinear 

and rectifying,
17

 that is to say that absolute values of the current at a positive voltage 

(I+V) and at the corresponding negative voltage (I-V) are different.
9
 Rectification can be 
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represented quantitatively as the ionic current rectification (ICR) ratio
18

 or the current 

asymmetry factor,
9
 defined as (I+V)/(I-V). The ICR ratio for M113N and WT-αHL 

nanopores increases with the increase in the applied transmembrane potential (Figure 

S7.A), as observed in other studies.
19

 At negative potentials, the current is carried 

mostly by Cl
-
, whereas at positive potentials, the fractional current carried by K

+
 ions 

increases with the applied potential,
9, 10

 making the ionic current more voltage-

dependent at positive potentials. In the case of symmetric currents, the cations are 

expected to carry a minor fraction of the current. In contrast, the higher degree of 

rectification indicates that the cations contribute significantly to the ionic current.
9
 

Accordingly, the cationic current has a greater effect on current rectification than the 

anionic current. That is to say, a more anion selective nanopore, such as M113N, in 

which the cationic current changes more noticeably from negative to positive potentials, 

will be expected to be more rectifying. This rationale is in agreement with Figure S7.A. 

Figure S7.A also shows, once again, that γCD increases the anion selectivity of the 

protein nanopore, the anionic current becomes prevalent and, thus the total (or net) ionic 

current is symmetric.  

Figure S7.B shows the voltage-dependency of the residual current, defined as the 

γCD occupied nanopore current (IB) divided by the open nanopore current (IO), when a 

γCD molecule is lodged in the protein nanopore. Higher residual current values were 

obtained at negative applied potentials,
3
 resulting in a reduced current blockade, as 

shown before in Table S2. At negative potential, the anionic current (the predominant 

current) flows from the trans side to the cis side, favoring the interaction of γCD (added 

to the trans side) with the nanopore lumen. Accordingly, lower residual current would 

be expected at negative potentials. However, due the asymmetry and anion selectivity of 

the αHL nanopores, the K
+
 current is naturally lower, at negative potential, and, 
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therefore, the effect of the γCD on the overall ionic current will not be as striking as at 

positive potential.  

For a significance level of 0.05, statistically significant differences exist between 

the two different nanopores with regard to positive applied potential (p < 0.001), as 

determined by an independent t-test (Figure S8). The interaction of γCD with the 

M113N nanopore causes smaller current blockades than are caused by the interaction of 

γCD with the WT-αHL nanopore. As mentioned above, this effect on current blockade 

can be understood as the influence that γCD has in ion current per se. Thus, γCD 

decreases the total ion current more significantly in the WT-αHL nanopore. This result 

also suggests that the change in anion selectivity is more noticeable when γCD is 

accommodated in the WT-αHL nanopore than in the M113N nanopore. 

The molecular bases for the interactions of βCD with selected αHL mutants (i.e., 

M113N, M113F, M113V, M113A, and M113E mutants) have already been described.
4, 

20
 The interaction of βCD with the WT-αHL nanopore occurs mainly via van der Waals 

interactions with Met113 residues. Hydrogen bonds between the primary (O6) or 

secondary (O2 and O3) hydroxyl groups of βCD (donors) and the hydroxyl groups of 

Thr145 (5 out of 7 subunits) and Thr115 (2 out of 7; acceptors) are also believed to 

contribute considerably to the stabilization of βCD in the WT-αHL nanopore.
20

 

Concerning the M113N mutant nanopore, since the side chain of the asparagine residue 

is polar, it can act as both hydrogen bond donor and acceptor. In fact, the Met113Asn 

residues act as hydrogen bond donors to the O5 and O6 positions of βCD;
20

 while at the 

same time, the primary hydroxyl groups of βCD act as donors and form hydrogen bonds 

with the Met113Asn carbonyl groups. The secondary hydroxyl groups in the βCD are 

also able to form hydrogen bonds with Lys147 (3 out of 7).
4, 20

 To further increase the 
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stability of the βCD in the M113N nanopore, hydrogen bonds are also formed between 

βCD and Thr145 and Thr115, as described above for the WT-αHL nanopore.
20

 

Previous studies with hepta-6-sulfato-βCD,
21

 led to the conclusion that large CDs, 

such as γCD, become lodged near to residue Asn139 in the WT-αHL β barrel.
19

 

Therefore, γCD and βCD are expected to bind in different regions of the WT-αHL 

nanopore. Furthermore, the authors also assumed that hepta-6-sulfato-βCD should be 

lodged in the lumen with the sulfated face oriented toward the trans entrance. Since the 

chemical modification was made on the primary hydroxyl groups,
11

 we can conclude 

that large CDs interact with the WT-αHL β barrel in the same orientation in which βCD 

interact with the M113N β barrel.
4
 However, when comparing the β barrel’s inner 

diameters with the outer diameters of βCD and γCD, different conclusions are reached. 

The internal diameters of the β barrels in WT-αHL and M113N, at positions aligned 

with Leu135 and Asn139 residues (Table S3), were obtained using the measurement 

wizard from PyMOL
22

 and the appropriate PDB accessions codes (7AHL,
13

 for WT-

αHL; 3M4D,
4
 for M113N mutant). 

Thus, taking into account the outer diameter of γCD (1.75 + 0.04 nm),
14

 it seems 

unlikely that γCD would be able to pass beyond Leu135 and form further interactions 

with Asn139. On the contrary, βCD (outer diameter 1.54 + 0.04 nm)
14

 is clearly able to 

traverse up the β barrel to the constriction region, forming the interactions described 

earlier. This rationale makes us believe that γCD is unlikely to interact with the residues 

in the constriction region of the protein nanopore (namely, Lys147 and Met113 or 

Met113Asn). Accordingly, the effect that γCD has on WT-αHL and on M113N ion 

currents must be due only to its influence on anion selectivity, as described above.  

It can be further concluded that the interaction of γCD with the WT-αHL 

nanopore is generally of longer duration than the interaction with the M113N nanopore. 
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This difference is statistically significant at +60 mV and +100 mV (p < 0.001) 

according to a Mann-Whitney U test, as depicted in Figure S9. 

The electroosmotic flow of water through an anion selective nanopore, from the 

cis to the trans side of the bilayer, is enhanced as the applied positive potential is 

increased.
23

 Since the M113N nanopore is more anion selective that the WT-αHL 

nanopore, we consider that the increase of the electroosmotic flow of water through the 

M113N nanopore with the increase of the applied potential, is more noteworthy. Hence, 

the interaction of γCD (added in the trans side of the lipid bilayer) is expected to be 

hampered and, thus, shortened, with the M113N nanopore, and as the applied potential 

increases.  

 

Interaction of MPSA NPs with WT-αHL and M113N mutant nanopores 

When added to the cis side of the lipid bilayer, containing a previously inserted 

single WT-αHL or M113N mutant nanopore, MPSA NPs enter the lumen of the protein 

nanopore and cause a reversible reduction in ionic current flowing through the 

nanopore. The hydrodynamic diameter of MPSA NPs was estimated, by analytical 

ultracentrifugation (AUC), to be between 3.90 nm and 6.21 nm.
24

 The differences in 

size populations were partly due to inherently stochastic nucleation processes during NP 

synthesis and probably also due to the fact that ligand compositions were different in 

each synthesis and their energetics of absorption to the gold cluster surface during 

nucleation and growth would be subtly different. The dynamics of such processes are 

unknown currently. Furthermore, the relative proportion of different sizes and their 

spread are slightly random and the part that is not random is not quite understood yet. 

Despite the fact that the αHL protein nanopore cis opening diameter (2.8 nm; Figure S1) 

is smaller than the hydrodynamic diameter of the MPSA NPs, we assume that the NP 



S-12 

 

diameter estimated by AUC includes a small hydration shell and also that the ligands 

possess a degree of flexibility and thus can bend. We also assume that the interactions 

recorded throughout this study have occurred within the nanopore cavity, and that the 

interactions at the cis opening of the nanopore (if they occur) are invisible or not 

accurately measured at our recording resolution.
24

  

The interaction of MPSA NPs (10 µg mL
-1

) with WT-αHL and M113N mutant 

nanopores, in 2 M KCl buffered with 10 mM HEPES at pH 8.0, produced well-defined 

and statistically significant (p < 0.001, as determined by a paired t-test) populations of 

current blockades, for each applied transmembrane potential (Table S4). The number of 

populations of current blockades increases for higher applied transmembrane potentials. 

We believe that these current blockade levels/populations may be associated with: 1) 

MPSA NPs with different chemical and/or physical characteristics undergoing different 

interactions with the protein nanopore, thus generating different interaction profiles (in 

terms of current blockades and dwell times); 2) simply different interaction profiles 

between MPSA NPs and the protein nanopore.  

Larger current blockades may be associated with stronger interactions within the 

protein cavity, namely, with the constriction region, and/or with higher stabilization of 

the NPs inside the cavity due to a shift in the balance between attractive and repulsive 

forces. These different profiles may be enhanced by, or may actually arise as a 

consequence of higher applied potentials. Besides, increasing applied potential 

improves the resolution of this methodology,
25

 so we argue that these differences are 

also likely to be better distinguished as the applied potential increases.  

We have also observed that MPSA NPs cause statistically significant higher 

current blockades (p < 0.001, as determined by an independent t-test), when interacting 

with the M113N mutant nanopore, except in the case of the fourth population at +100 
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mV (Figure S10). Since the M113N nanopore was shown to be more anion selective 

than the WT-αHL nanopore, this would favor an interaction with negatively charged 

MPSA NPs, allowing for stronger current blockades to occur. Similarly, longer dwell 

times were observed with the M113N mutant nanopore compared to the WT-αHL 

nanopore (Figure S10), being statistically significant (p ≥ 0.05, as determined by a 

Mann-Whitney U test) except at +80 mV (first and third populations) and at +100 mV 

(fourth population).  

Table S4 also shows that dwell time increases with the current blockade, under all 

experimental conditions. This relationship can be visualized in Figure S11, where we 

display semilog scatter plots of dwell time versus current blockade for the interaction 

between MPSA NPs and the M113N mutant nanopore and between MPSA NPs and the 

WT-αHL nanopore, at applied potentials of +60 mV, +80 mV, and +100 mv, 

highlighting the different populations discussed above.  

The strength of the relationship between the current blockade and the dwell time 

was evaluated by the Pearson product-moment correlation coefficient (or Pearson 

correlation coefficient, for short), denoted by r (Table S5). The Pearson correlation 

coefficient values highlight that a positive correlation exists between the current 

blockade and the dwell time of each population, meaning that as one variable increases 

or decreases in value, the second variable also increases or decreases in value. The 

strength of the relationship between the two variables is mainly weak (0.2 < r < 0.4) or 

moderate (0.4 < r < 0.7). This means that changes in one variable are weakly or 

moderately correlated with changes in the second variable. Further, since statistically 

significant (p < 0.05 and p < 0.01) correlations are observed between the two variables, 

we concluded that increases or decreases in one variable do significantly relate to 

increases or decreases in the second variable.  
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Finally, Table S5, also shows that current blockades and dwell time increase with 

the applied potential. The electroosmotic flow of water through both slightly anion 

selective M113N and WT-αHL nanopores, from the cis to the trans side of the bilayer, 

is expected to increase as the applied positive potential increases, thus increasing 

current blockade and dwell time.
23
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Experimental Section 

Data Analysis 

In the initial analysis, current blockade percentage values were expressed as the 

peak values of the Gaussian fits to the current blockade percentage histograms (bin 

width 0.5), as determined using Clampfit (Molecular devices, version 10.3). Dwell 

times were determined by a single exponential fit by performing the Chebyshev 

procedure on the dwell time histograms (bin width according to Shimazaki and 

Shinomoto, 2007)
32

 as determined by Clampfit version 10.3. Here, we presented the 

current blockade percentage values as the mean + standard deviation (SD), as 

determined using SPSS (SPSS Statistics for Windows, IBM Corp, version 20.0, 

Armonk, NY), since they were in good agreement with the peaks of the Gaussian fit to 

the current blockade percentage histograms. Dwell time values are always represented 

by the median as determined using SPSS, because we found that it was also in good 

agreement with the exponential fitting. The dwell time frequency distributions were 

positively skewed (skewness coefficient > 0) and leptokurtic (kurtosis coefficient > 3; 

data not shown). When dealing with skewed data, as in this case, the median is the more 

robust measure of central tendency because it is less affected by the skewed values.
30, 31

 

Therefore, in order to be consistent, in cases where both current blockade and dwell 

values were analysed (e.g., Table S1), median was chosen as central measure.  

 

Statistical Analysis 

The statistical analysis was performed using SPSS. The Shapiro-Wilk test was 

used for assessing normality of data. This test is more appropriate for small sample sizes 

(< 50 samples), but can also handle sample sizes as large as 2000. For data not normally 

distributed, the Central Limit Theorem was considered for large sample sizes (N > 30). 
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For smaller samples, skewness coefficient was determined and normality was assumed 

if values were between -1.96 and +1.96.  

In the case of normally distributed data, the Levene’s test was then used to test the 

assumption of homogeneity of variance. If the assumption of homogeneity of variance 

was met, the parametric one-way analysis of variance (ANOVA) statistic was used to 

determine whether there were any significant differences between the two or more 

subgroups. In the groups in which any significant differences were found, a post-hoc 

analysis was performed using pairwise Gabriel’s tests, to determine which subgroups 

differed. Gabriel’s test was used for post-hoc analysis of one-way ANOVA when the 

groups are of unequal sizes. If the equal variance assumption was invalid, the Welch test 

was used instead. The Welch test is more powerful and more conservative for this 

purpose. In this case, the post-hoc analysis was based on a Games-Howell test. 

Differences between variables were analysed using paired t-tests whereas an 

independent t-test was used to compare the means between two groups on the same 

variable. 

Distributions that deviated from normality were evaluated using non-parametric 

tests. Thus, the Kruskall-Wallis test was used to determine whether there were any 

significant differences in median values for a variable with more than two independent 

sample subgroups. Since nonparametric tests do not include post-hoc testing, a series of 

Mann-Whitney U tests was performed to ascertain which pairs of groups differ 

significantly from one another. The Mann-Whitney U test was used to assess 

differences between two independent samples. Differences between groups were 

considered significant for p-value < 0.05.
33, 34

 

In order to describe data, one needs to assign a value or measure to the central 

tendency (or central location), and to include a measure of spread or dispersion (which 
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describes the variability in the sample). Normally distributed data were represented by 

mean + standard deviation (SD). Concerning skewed, non-normal and/or data with 

outliers, the median and interquartile range were chosen as measure of central tendency 

and spread, respectively, because these measures are not strongly affected by the 

skewed values or outliers. Here, the interquartile range is the difference between the 

first and the third quartile (also called the 25
th

 and the 75
th

 percentile, respectively).
30, 31

 

Pearson’s correlation coefficient was used to measure relationships between variables.  
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Figure S1. Molecular models of the (left panel) Staphylococcal wild-type α-hemolysin 

(WT-αHL) protein nanopore and (right panel) M113N mutant nanopore. Figures 

illustrate the top view (top panel), the cross-sectional view (middle panel), and the 

bottom view (bottom panel) of the mushroom-shaped heptamer. The location of the ion 

pair, Glu111-Lys147 at the constriction region, is coloured in red and blue (Glu and Lys 

respectively). The locations of Met113 (WT-αHL, left panel) and Met113Asn (mutant, 

right panel are coloured in purple and green, respectively. Each of these residues is 

represented by its side chain, for simplicity, in a sphere model. The backbone of the 

protein nanopore is coloured in “lightorange”, in a mesh and cartoon model. Figures 

were rendered from PDB accession codes 7AHL
13, 26

 (WT-αHL) and 3M4D
4
 (M113N 

mutant) using PyMOL software.
22
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Figure S2. Structure of cyclodextrins. (A) Stick and sphere models of (left side) β-, and 

(right side) γ-cyclodextrin viewed from the wide end, showing the approximate 

molecular dimensions.
3
 (B) General side view of a cyclodextrin, showing a hollow 

truncated cone, where the C6 primary hydroxyl groups are at the narrower end and the 

C2 and C3 secondary hydroxyl groups are at the wider one. Figures were rendered from 

Protein Data Bank (PDB) accession codes 3M4E
4
 (β-cyclodextrin) and 1P2G

27
 (γ-

cyclodextrin) using PyMOL software.
22
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Figure S3. Molecular model showing the MPSA NP, with gold core and MPSA 

ligands.
28

 This model is based on the gold core of the X-ray structure of p-

mercaptobenzoic acid (p-MBA)-modified gold NP,
29

 since both cores had similar 

average dimensions. (see reference
28

, for details) 
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Figure S4. Representative ionic current traces showing the reversible interactions 

between MPSA NPs and the α-HL pore coupled with γCD. The different type of events 

are observed randomly (type of events are depicted in Figure 1). The experiments were 

performed at +80 mV in 2 M KCl buffered at pH 8.0 (10 mM HEPES), with 20 µM 

γCD in the trans compartment, and with 10 µg mL
-1

 MPSA NPs in the cis compartment. 
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Figure S5. Schematic representation of the rationale for the comparison between the 

blockade caused by MPSA NPs in the protein nanopore (NP + nanopore) and in the 

nanopore:γCD complex (NP + nanopore + γCD), for type A, B, and C events. L0, L1, 

L2, and L3, denote the open nanopore state and the three blockade levels (level 1, level 

2, and level 3) observed, respectively (see main text for details). 
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Figure S6. Comparison of the noncovalent binding of γCD to M113N and WT-αHL 

nanopores, determined by single electrical channel recording. Single-channel (A) I-V 

curves and (B) conductance values for the M113N and WT-αHL nanopores with and 

without γCD. Also included in panel (A) is a representative current amplitude histogram 

from a recording, at +80 mV, showing the current blockade values ((IO – IB)/IO, 

expressed as a percentage) for the interaction of γCD with the WT-αHL nanopore. SD 

error bars were omitted, for simplicity (see Table S2, for details). Data was recorded 

under symmetrical salt conditions in buffer containing 2 M KCl, 10 mM HEPES, pH 

8.0 (on both the cis and trans sides).  
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Figure S7. Experimental voltage-dependency. (A) current asymmetry factor (I+V)/(I-V) 

and (B) residual current of conductance for M113N and WT-αHL nanopores with and 

without γCD. Experiments were performed in 2 M KCl, buffered with 10 mM HEPES, 

at pH 8.0, in the presence of 20 µM γCD trans added.  
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Figure S8. Protein nanopore-dependency of the current blockade during the interaction 

with γCD, at several applied potentials. Values are displayed as means and the errors 

given are standard deviations from 24-137 individual events observed with 4-5 

independent nanopores. Data were collected at different applied potentials in 2 M KCl, 

10 mM HEPES, pH 8.0, with 20 µM γCD in the trans chamber. 
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Figure S9. Protein nanopore-dependency of the dwell time during the interaction with 

γCD, at several applied potentials. Values are displayed as median from 24-137 

individual events recorded with 4-5 independent nanopores. Data were collected at 

different applied potentials in 2 M KCl, 10 mM HEPES, pH 8.0, with 20 µM γCD in the 

trans chamber. 
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Figure S10. Protein nanopore-dependency of (top panel) current blockade and of 

(bottom panel) dwell time during the interaction with MPSA NPs, at several applied 

potentials. Current blockade values are the mean + 95% confidence interval (CI) and 

dwell time values are the median obtained from 18-156 individual events in 4-5 

independent nanopores (see Table S4, for details). Data were collected at different 

applied potentials in 2 M KCl, 10 mM HEPES, pH 8.0, with 10 µg mL
-1

 MPSA NPs in 

the cis chamber. 
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Figure S11. Scatter plots of blockade duration (dwell time) versus the current blockade 

for the interaction of MPSA NPs with the M113N mutant nanopore and with the WT-

αHL nanopore. The experiments were performed at different applied transmembrane 

potentials in 2 M KCl buffered with 10 mM HEPES (pH 8.0), in the presence of 10 µg 

mL
-1

 MPSA NPs added to the cis chamber. 
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Table S1. Current blockade percentage and dwell time values for the interaction of MPSA NPs with the protein nanopores and γCD. [a, b] 

Level 1 Level 2 Level 3 

Nanopore CD Vm Type Blockade/% Dwell time/ms N Blockade/% Dwell time/ms N Blockade/% Dwell time/ms N 

M113N γCD 40 A 17.0 1.0 33 65.1 122.7 427 89.1 0.5 115 

60 A 15.6 1.8 500 66.1 101.4 690 81.3 0.5 186 

B 23.6 399.6 13 66.3 128.6 13 72.8 24.2 13 

C 32.7 312.0 14 65.9 199.2 2 75.9 105.3 14 

80 A 16.2 1.8 1306 66.7 68.1 539 80.7 0.5 76 

B 24.3 375.1 136 66.7 56.0 136 73.4 6.5 136 

C 35.4 354.6 170 66.7 98.1 20 77.5 183.3 170 

D 22.3 161.3 10 66.6 111.0 10 

100 A 16.1 2.8 1028 67.1 47.6 146 75.3 0.5 16 

B 26.2 390.4 205 67.1 41.2 204 74.2 6.8 205 

C 35.9 299.5 258 67.1 58.6 44 78.3 106.1 258 

D 21.3 148.5 56 67.2 49.5 56 
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Table S1. (cont.) 

Level 1 Level 2 Level 3 

Nanop

ore CD Vm Type 

Blockade/

% 

Dwell 

time/ms N 

Blockade/

% 

Dwell 

time/ms N 

Blockade/

% 

Dwell 

time/ms N 

WT-

αHL γCD 40 A 11.8 0.6 43 66.7 145.1 525 87.2 0.5 309 

60 A 13.7 1.0 393 67.6 117.1 1217 86.4 0.5 480 

B 20.8 354.8 10 67.7 50.8 10 74.2 4.5 10 

C 25.1 1210.6 3 67.8 198.3 1 75.5 273.0 3 

D 17.9 70.2 2 68.6 13.0 2 

80 A 15.9 3.1 1230 68.3 87.6 1057 81.5 0.5 375 

B 22.9 284.9 88 68.3 74.1 88 74.7 8.5 88 

C 36.2 410.8 177 68.2 83.9 16 80.2 299.0 177 

D 20.7 126.5 16 68.2 198.7 16 

100 A 15.0 2.1 1808 68.8 68.8 437 80.8 0.5 109 

B 24.5 369.1 231 68.8 65.0 230 75.6 6.5 231 

C 36.9 351.9 304 68.8 69.3 46 80.6 318.0 304 

D 20.5 123.7 45 68.9 74.6 45 

[a]Experiments were performed in 2 M KCl, 10 mM HEPES (pH 8.0), in the presence of 20 µM γCD added to the trans-side and 10 µg mL
-1

 

MPSA NPs added to the cis side. [b]Current blockade percentage = 100 × (IO – IB)/IO, where IO is the current of the open nanopore, and IB is the 

current of the blocked nanopore. Current blockade and dwell time values are expressed as the median of N individual events, in n = 4-10 

recordings obtained from 4 independent experiments.
38, 39
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Table S2. Ionic current, current blockade and dwell time values for the interaction of 

γCD with protein nanopores [a, b] 

V (mV) I
O

 (pA) I
B
 (pA) Blockade (%) Dwell time (ms) N 

M113N mutant nanopore 

+100 191 +5 64 + 1 66.7 + 0.6 18.5 35 

+80 151 + 4 50 + 2 66.7 + 0.5 61.2 104 

+60 111 + 2 38 + 1 65.8 + 1.0 50.0 81 

+40 74 + 2 25 + 1 65.6 + 0.1 267.8 24 

-60 -94 + 5 -39 + 1 58.9 + 0.4 70.8 69 

-80 -119 + 3 -51 + 1 57.5 + 0.5 306.3 90 

-100 -144 + 3 -64 + 2 56.3 + 1.1 157.9 33 

WT-αHL nanopore 

+100 196 + 3 61 + 3 69.0 + 0.4 80.1 93 

+80 154 + 2 49 + 2 68.4 + 0.3 76.5 137 

+60 113 + 1 36 + 2 68.0 + 0.6 98.0 136 

+40 74 + 1 25 + 2 66.5 + 0.6 165.5 56 

-60 -99 + 1 -36 + 1 61.5 + 0.5 475.5 28 

-80 -128 + 2 -49 + 1 60.0 + 0.2 534.7 49 

-100 -158 + 2 -61 + 2 58.8 + 0.0 216.3 22 

[a]Experiments were performed in 2 M KCl, 10 mM HEPES (pH 8.0), in the presence 

of γCD, added to the trans side, at a concentration of 20 µM. [b]Current blockade 

percentage = 100 × (IO – IB)/IO, where IO is the current recorded during the open 

nanopore state, and IB is the current recorded when the nanopore is (partially) blocked. 

Current and current blockade values are expressed as the mean + standard deviation. 

Dwell time values are the median of N individual events, in n = 4-9 independent 

experiments.
30, 31
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Table S3. Diameter of WT-αHL and M113N β barrels (in nm), as determined from 

7AHL
13

 (wild-type) and 3M4D
4
 (M113N mutant) using the PyMOL software

22
 

measurement wizard. 

Nanopore Lys147 Met113 Leu135 Asn139 

WT 1.44 + 0.09 1.59 + 0.05 1.67 + 0.06 2.06 + 0.03 

Nanopore Lys147 Met113Asn Leu135 Asn139 

M113N 1.18 + 0.01 1.58 + 0.02 1.62 + 0.04 1.96 + 0.04 

 

Table S4. Current blockade percentage and dwell time (τoff) values for the interaction of 

MPSA NPs with the M113N mutant and WT-αHL nanopores.[a,b] 

Nanopore M113N WT-αHL 

 %Blockade τoff / ms N %Blockade τoff / ms N 

+60 mV 17.08 + 3.3 2.4 106 13.3 + 4.1 1.0 144 

 12.6 + 2.2 0.6 156 11.0 + 1.5 0.5 155 

+80 mV 18.1 + 0.5 11.2 63 15.8 + 0.8 5.3 135 

 22.1 + 1.7 274.2 52 20.64 + 1.7 152.8 61 

 13.7 + 0.9 0.7 61 9.4 + 1.2 0.6 18 

 16.4 + 0.6 2.8 65 13.6 + 1.0 1.6 65 

+100 20.5 + 0.4 73.9 35 17.9 + 0.9 38.9 52 

mV 24.5 + 1.4 2216.4 26 23.9 + 1.9 5407.2 20 

[a]Experiments were performed at applied potentials of +40 mV, +60 mV, +80mV, and 

+100 mV in 2 M KCl, 10 mM HEPES (pH 8.0), in the presence of MPSA NPs added to 

the cis side, at a final concentration of 10 µg mL
-1

. [b]Current blockade percentage = 

100 × (IO – IB)/IO, where IO is the ionic current measured for the open nanopore, and IB 

is the ionic current measured for the blocked nanopore. Open nanopore current and 

current blockade values are expressed as the mean + standard deviation and dwell time 

(τoff) values are expressed as the median of N individual events, in n = 4-5 independent 

experiments.
30, 31
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Table S5. Pearson correlation coefficients for the relationship between the current 

blockade and the dwell time of the different populations observed during the interaction 

of MPSA NPs with the M113N mutant and WT-αHL nanopores. 

  Current blockade versus dwell time populations 

Nanopore Potential 1 2 3 4 

M113N +60 mV 0.431**    

 +80 mV 0.591** 0.371** 0.393**  

 +100 mV 0.257* 0.282* 0.332** 0.508** 

WT +60 mV 0.333**    

 +80 mV 0.453** 0.511** 0.499**  

 +100 mV 0.809** 0.323** 0.673** 0.484** 

** Correlation is significant at the 0.01 level.* Correlation is significant at the 0.05 

level. 
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