Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2020

Electronic Supplementary Information updated
on 23/07/2020

Supplementary Information for

Single-molecule nanopore sensing of actin dynamics and drug binding

Xiaoyi Wang1,3, Mark D. Wilkinson1,3, Xiaoyan Lin1, Ren Ren1, Keith Willison1, Aleksandar P. Ivanov1, Jake
Baum*2 and Joshua B. Edel*1

1. Department of Chemistry, Imperial College London, Exhibition Road, South Kensington, London SW7 2AZ,
UK.
2. Department of Life Sciences, Imperial College London, Sir Alexander Fleming Building, Exhibition Road,
South Kensington, London SW7 2AZ, UK.
3. These authors contributed equally to this work.

*Corresponding authors:
Joshua B. Edel, Email: joshua.edel@imperial.ac.uk
Jake Baum, Email: jake.baum@imperial.ac.uk

Methods
1 Fabrication of Nanopipettes
Quartz capillaries (Intracel Ltd, UK) with an outer diameter of 1.0 mm and an inner diameter of 0.5 mm with
an inner filament were cleaned using the plasma cleaner and then pulled by a laser-based pipette puller
(Sutter Instrument, P-2000). The nanopipettes used in all nanopore experiments were fabricated through a
two-line protocol: (1) HEAT = 775, FIL = 4, VEL = 30, DEL = 170, PUL = 80; (2) HEAT = 825, FIL = 3, VEL = 20,
DEL = 145, PUL = 180. It should be noted that these parameters are instrument specific and were optimised
to yield nanopore openings of 25 ± 4 nm (Fig. S1), as described in the reference.

2 Preparation of actin samples
Chicken gizzard actin was purified from acetone powder using established methods. Acetone powder was
suspended in 20 ml Calcium buffer G (CaBG: 2 mM Tris pH 8, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl2, 1
mM NaAzide) per gram of powder and stirred for 30 mins at 4°C. The suspension was centrifuged at 16 000
RPM for 30 mins at 4°C in a JA25.5 rotor. The supernatant was collected, and the pellet was resuspended
in the initial volume of CaBG and stirred for another 30 mins at 4°C followed by centrifugation as before.
The supernatants were combined and adjusted to 50 mM KCl and 2 mM MgCl2 and stirred at 4°C for 1 hour
to polymerise the actin. The solution was subsequently adjusted to 0.8 M KCl and stirred for a further 30
mins at 4°C before being centrifuged at 38000 RPM in an MLA 80 rotor (Beckman) for 2 hrs at 4°C to pellet
the filaments. The supernatant was discarded, and the pellet was resuspended in 3-5 ml CaBG and
homogenised using a 1 ml Tight Dounce Tissue Grinder (Wheaton) and dialysed into fresh CaBG overnight
at 4°C. The suspension was removed from dialysis and passaged through a 26-gauge syringe 20-30 times to
break down the filaments and returned to dialysis for a maximum of 3 days. The solution was centrifuged
at 38000 RPM in an MLA 80 rotor (Beckman) for 2 hrs at 4°C to pellet contaminating filaments and
aggregates, leaving monomeric actin in the supernatant. The supernatant was loaded onto an S200 16/600
(GE Healthcare) equilibrated with CaBG and fractions containing pure monomeric actin were analysed by
SDS-PAGE, pooled and stored at 4°C for a maximum for 3 months. The sample was dialysed into fresh CaBG
and centrifuged at 38000 RPM in an MLA 80 rotor (Beckman) for 2 hrs at 4°C to pellet any contaminating
filaments immediately before conducting experiments.

Purified chicken actin was dialysed and diluted to 300 – 1000 nM into the nanopipette buffer (20 mM Tris
pH 8, 100 mM KCl, 0.4 mM ADP, 0.1 mM CaCl2, 0.01% DMSO and 10 % glycerol). Actin for the urea unfolding
experiments was dialysed into the nanopipette buffer supplemented with 1 – 6 M Urea. For comparison to
the filament, F-actin was prepared as described.1 Briefly, 2.5 µM G-actin was incubated 10X Mg-EGTA
exchange buffer (ME) to make Mg-ATP-Actin, which was followed by the addition of the polymerisation
buffer 10X KMEI (0.5 M KCl, 0.1 M imidazole, 0.01 M EGTA pH 8.0, 10 µM MgCl2) before being incubated
for 2 hrs at room temperature. This was then added to the nanopipette tip using wide orifice pipette tips.

For observing actin polymerisation, actin was dialysed into nanopipette buffer containing 0.4 mM ATP. The
polymerisation was induced by adding 10 X KME buffer (0.5 M KCl, 10 mM EGTA pH 8.0, 10 mM MgCl2). The
preparation of the actin-LatB or actin-SwinA complex required incubation and equilibration with 10 µM
LatB or 10 µM Swinholide A (dissolved in DMSO) for 30 mins before voltage application.

3 Nanopore measurements and data processing
Before performing translocation experiments, 1 M KCl buffer was added into the nanopipette using a
microfilm needle (MF34G, World Precision Instruments, UK). Electrodes (Ag/AgCl) were inserted into the
nanopipette (working electrode) and the external bath (reference/ground electrode), respectively. Voltages
from 150 mV to 350 mV were applied, and the ionic current was recorded as a function of time by Chimera
amplifier VC100 (Chimera Instruments) with a sampling rate of 4.17 MHz. and a low-pass kHz digital Bessel
filter of 50 kHz and analysed using custom-written MATLAB code by Edel Group (Fig. S5 and S6) unless
otherwise stated. Power spectral density (PSD) plots for this low-noise configuration are shown in Fig. S7,
at different applied voltages and low-pass filters. The data was filtered with a 10 kHz-100 kHz digital Bessel
filter and analysed using custom-written MATLAB code by Edel Group. Protein fluxes (𝐽𝐽C ) were extracted
from a single-exponential decay fitting of the distribution of interval time between two successive

translocation events (𝛿𝛿𝛿𝛿) as previously reported. 2 All data collected at different voltages were obtained
from the same nanopipette and error bars represent one standard deviation of at least three independent
experiments with different nanopipettes unless stated otherwise. Traces shown were collected at 1 MHz
and low-pass filtered to 50 kHz.

4 Calculation of actin unfolding free energy (∆𝑮𝑮)
First, we determined the free energy at each urea concentration using the equation below:
[𝐔𝐔]

∆𝑮𝑮 = −𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 [𝐍𝐍] = −𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹
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in which 𝑭𝑭𝐔𝐔 and 𝑭𝑭𝐍𝐍 is the fraction of unfolded and native actin, T is given as 298 K. Then by plotting the free

energy as a function of urea concentration as shown in Fig. S11, we can obtain the free energy of unfolding
at 0 M urea.
∆𝑮𝑮 = ∆𝑮𝑮𝐔𝐔 − 𝒎𝒎𝐔𝐔 [𝐮𝐮𝐮𝐮𝐮𝐮𝐮𝐮] (S2)

5 Estimate of the zeta potential for folded and unfolded actin
From protein translocation events, particularly the dwell time, we can estimate the zeta potential of
analytes using the equation below:
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where 𝜼𝜼 is the solution viscosity, 𝑯𝑯𝐞𝐞𝐞𝐞𝐞𝐞 is the effective length of the nanopore, 𝜺𝜺 = 𝜺𝜺𝟎𝟎 𝜺𝜺𝐫𝐫 is the solution

dielectric constant, 𝒕𝒕𝐝𝐝 is dwell time of protein translocation, 𝝍𝝍 is the applied voltage and 𝒗𝒗𝐞𝐞𝐞𝐞𝐞𝐞 is the average
effective velocity.

Prior to performing calculation, the physical constants of solutions were calibrated mainly based on the
concentration of KCl 5-6 and urea 7-8 at 25°C. The viscosity is 0.874 Pa s for 1 M KCl actin monomeric buffer
and 1.228 Pa s for the same buffer with 6 M urea. The corresponding dielectric constant (𝜺𝜺𝐫𝐫 ) is 78.57 and

94.43, respectively.

𝛛𝛛(𝒗𝒗𝐞𝐞𝐞𝐞𝐞𝐞 )/𝛛𝛛𝝍𝝍 was extracted from the linear fitting of 𝒗𝒗𝐞𝐞𝐞𝐞𝐞𝐞 vs voltages as shown in Fig. 3b.

6 Theoretic models of protein flux in nanopore translocation
The normalised capture rates (𝑱𝑱𝐂𝐂 /𝑪𝑪𝟎𝟎 ) for protein translocation in nanopore can be generally expressed as
𝑱𝑱𝐂𝐂 /𝑪𝑪𝟎𝟎 =
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where 𝑪𝑪𝟎𝟎 is the protein concentration, 𝑫𝑫𝐦𝐦 is the diffusion coefficient of proteins, 𝑯𝑯𝐞𝐞𝐞𝐞𝐞𝐞 is the effective

� is the total energy barrier, 𝒛𝒛� = 𝝁𝝁/𝑫𝑫𝐦𝐦 a corrected factor
length of nanopores, 𝜼𝜼 is the solution viscosity, 𝑭𝑭

of electrophoretic mobility and 𝝍𝝍 is the applied voltages.

7 Estimation of protein shapes in nanopore experiments
Protein hydrodynamic radii (𝑹𝑹𝐇𝐇 ), assuming they maintain their globular structures during transport through

the nanopore, can be estimated from fractional current amplitude data based on 9-10
𝟏𝟏

𝟏𝟏/𝟑𝟑
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Where ∆𝑰𝑰 is the blockade current, 𝑰𝑰𝐨𝐨 is the open current, 𝑫𝑫𝐩𝐩 is the diameter and 𝑯𝑯𝐞𝐞𝐞𝐞𝐞𝐞 is the effective length
of a nanopipette.

The theoretical value for 𝝆𝝆 is 0.775 for a hard-sphere of uniform density, whereas for an oblate ellipsoid,
values of 𝝆𝝆 range from 0.875 to 0.987, and for a prolate ellipsoid, values from 1.36 to 2.24.

8 Kinetics measurements of actin-binding with Swinholide A
In a typical kinetic experiment of actin monomer with Swinholide A, the actin monomers in the external
bath were induced to translocate through a nanopipette under application of voltages. This procedure lasts
at least 1 hr to make sure the protein flux is stable. Without stopping the recording, we then added the
Swinholide A to the bath as the time zero point. We counted the dimer number per two minutes with
threshold of 75 pA and calculated the population fraction to plot a time-dependent curve. The curves were
fitted by a three-component model with positive cooperativity:
𝑨𝑨𝑨𝑨𝑨𝑨𝐭𝐭 = 𝑨𝑨𝑨𝑨𝑨𝑨𝐦𝐦𝐦𝐦𝐦𝐦 �𝟏𝟏 − 𝒆𝒆−𝒌𝒌𝐨𝐨𝐨𝐨𝐨𝐨𝒕𝒕 � (S6)

Where 𝑨𝑨𝑨𝑨𝑨𝑨𝐦𝐦𝐦𝐦𝐦𝐦 is the maximum percentage of the final product, and 𝒌𝒌𝐨𝐨𝐨𝐨𝐨𝐨 is the observed constant.

Fig. S1 SEM images of nanopipettes fabricated by a laser-assisted pulling protocol of quartz capillaries. Left:
SEM images showing a conical shape at the tapered tip of nanocapillaries. Middle: deeper landscape of the
tip of nanopipettes with a nanoscale pore in the centre. Right: close-up SEM images of the nanopore with
a diameter of 25 ± 4 nm formed in the pipettes.

Fig. S2 Current-voltage curves of nanopipettes used in nanopore measurements. I-V curves obtained in 1
M KCl actin monomeric buffer (containing 20 mM Tris pH 8, 0.4 mM ADP, 0.1 mM CaCl2, 0.01% DMSO and
10% glycerol). The nanopore conductance was estimated to be 37.0 ± 3.9 nS by linear fitting.

Fig. S3 Actin was purified as previously described to high purity and was functionally active. a A size
exclusion chromatography profile of the purified actin. Monomeric actin eluted between elution fractions
60 mL and 80 mL. b SDS-PAGE analysis of the monomeric elution fractions. c A sample of the actin was
labelled with pyrene and checked for activity using a pyrene fluorescence filamentation assay. Actin
polymerised as normal under the presence of polymerisation enhancing factors (c and d) with a critical
concentration of 0.6 µM. d and did not form filaments in the nanopore buffer at the concentrations used
in the nanopore experiments (c).

Fig. S4 Ionic current-time traces of 800 nM actin monomers. The nanopore experiments were conducted in
1 M KCl buffer containing 20 mM Tris pH 8, 0.4 mM ADP, 0.1 mM CaCl2, 0.01% DMSO and 10% glycerol,
recorded at 4.17 MHz, filtered to 50 kHz, and collected at different voltages. These traces show
translocation spikes at positive voltages with a voltage dependence but no translocation events at negative
voltages, demonstrating the EP/EO theory as expected.

Fig. S5 Current-time traces showing actin monomers translocation at 0 mV, 200 mV and 300 mV after
different low-pass filters. Limited by the signal-to-noise ratio (SNR), no spikes can be observed for 200 mV
at 100 kHz filter. Therefore, a low-pass filter of 50 kHz was selected for all data analysis.

Fig. S6 Low-pass filter effect on data analysis of 800 nM actin translocation at 250 mV. The frequency of
low-pass filter has a significant influence on translocation information, including dwell time, peak current
and SNR. At 100 kHz filter, event number is limited by poor SNR and some fake signals with very short dwell
time occur due to instrumental noise. At low filter frequency (10 kHz), however, the signals have a bias to
real values because of the limitation of bandwidth (sub-population in dwell time histogram). Based on these
results, 50 kHz was chosen as the parameter in all data analysis. All statistic in this figure was processed by
the same original data.

Fig. S7 Power spectral density (PSD) plots of nanopipette set-up (1 M KCl actin monomeric buffer). PSD plots
of nanopipettes at 0, 150 and 300 mV.

Fig. S8 a Current-time traces of 1 M KCl actin monomeric buffer containing 0 M and 6 M urea respectively
at 250 mV. The trace for 6 M urea shows a decrease of ionic current due to the decrease of solution
conductivity and remains stable after a long-time recording, indicative of a good compatibility of quartz
nanopipettes with urea. b I-V curves of nanopipettes obtained in 1 M KCl actin monomeric buffer with 6 M
urea. The grey shadow is the I-V curves tested in 0 M buffer.

Conductivity (mS/cm)
Buffer*

103.5

Buffer + 1 M urea

101.9

Buffer + 2 M urea

96.4

Buffer + 3 M urea

85.1

Buffer + 4 M urea

74.9

Buffer + 5 M urea

68.8

Buffer + 6 M urea

65.8

Buffer* contains 1 M KCl, 20 mM Tris pH 8, 0.4 mM ADP, 0.1 mM CaCl2, 0.01% DMSO and 10% glycerol.
Table S1 Solution conductivity for buffers with different concentrations of urea used in actin unfolding
assays.

Fig. S9 Changes of hydrodynamic radii (𝑹𝑹𝐇𝐇 ) of actin monomers during unfolding process. a Normalised

distribution of fractional current blockade (∆𝑰𝑰/𝑰𝑰𝐨𝐨 ) in different urea concentrations. The orange boundary

represents the fully folded actin state, and blue boundary determines the unfolded actin or other transient

aggregates at low urea concentrations. The population shifts from a mostly native, folded state to a higher
excluded volume, consistent with an unfolded state with larger hydrodynamic radii, as the urea
concentration increases. b Top: schematic of conformational changes during actin unfolding. Bottom: plot
of 𝑹𝑹𝐇𝐇 vs urea concentrations showing a two-state trend.

Fig. S10 Plots of free energy as a function of urea concentration along with a linear fitting.

Fig. S11 Discriminating folded and unfolded actin using nanopipettes performed in 1 M KCl with 0 M or 6 M
urea. a Scatterplots of fractional current blockades vs dwell times for folded and unfolded actin at different
voltages. b Distributions of fractional current blockades for both folded and unfolded actin at various
voltages. c Statistic histograms of the excluded volume calculated from eq. 1 for folded and unfolded actin
at different voltages from 150 mV to 350 mV.

Fig. S12 a Plots of hydrodynamic radius and b excluded volume vs voltages for folded and unfolded actin.

Fig. S13 a Histograms of the peak current for actin filament formation at 0, 80 and 150 min at 150 mV,
showing a distribution of multiple populations and an extension in higher peak currents. b Scatterplots of
charge vs dwell time for actin polymerisation at 0 and 150 min.

Fig. S14 IV curves before and after measurement of actin filament formation (1 µM monomer concentration
in ATP buffer). The slight increase of conductivity is indicative of water evaporation over time and no
interaction between protein and nanopore surface.

Fig. S15 Latrunculin B and Swinholide A do not interact with the nanopipette surface. Current-time trances
show no abnormal noise for both drugs at 250 mV.

Fig. S16 Statistic information for a Actin bound with Latrunculin B, b Actin monomers and c Actin bound
with Swinholide A. Left: distribution of dwell time. Middle: distribution of peak current. Right: 2-D Kernel
plots of peak current vs dwell time. All data were collected in 1 µM actin and 10 µM drug at 250 mV.
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