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This paper demonstrates that high-bandwidth current recordings
in combination with low-noise silicon nitride nanopores make it possible to
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determine the molecular volume, approximate shape, and dipole moment of

single native proteins in solution without the need for labeling, tethering, or
other chemical modifications of these proteins. The analysis is based on current
modulations caused by the translation and rotation of single proteins through a
uniform electric field inside of a nanopore. We applied this technique to nine

proteins and show that the measured protein parameters agree well with

reference values but only if the nanopore walls were coated with a nonstick fluid lipid bilayer. One potential challenge
with this approach is that an untethered protein is able to diffuse laterally while transiting a nanopore, which generates
increasingly asymmetric disruptions in the electric field as it approaches the nanopore walls. These “off-axis” effects add
an additional noise-like element to the electrical recordings, which can be exacerbated by nonspecific interactions with
pore walls that are not coated by a fluid lipid bilayer. We performed finite element simulations to quantify the influence of
these effects on subsequent analyses. Examining the size, approximate shape, and dipole moment of unperturbed, native
proteins in aqueous solution on a single-molecule level in real time while they translocate through a nanopore may enable
applications such as identifying or characterizing proteins in a mixture, or monitoring the assembly or disassembly of
transient protein complexes based on their shape, volume, or dipole moment.

nanopores, label-free, single molecule, protein, lipid coating

ecent advances in single-molecule methods, including
resistive pulse sensing with nanopores, have made it
possible to interrogate the physical characteristics of
individual proteins and other biomolecules in aqueous
solution.' ™ Other established biophysical techniques such as
atomic force microscopy (AFM) can determine the mechanical
properties of proteins in an aqueous sample,”~ while optical
techniques like fluorescence correlation spectroscopy
(FCS)*™'” and fluorescence resonance energy transfer
(FRET)"'~"* reveal spatial and temporal information about
single proteins that can provide insight into their structure or
interactions with other molecules in solution. For optimal
analysis on a single-molecule level, proteins are often subjected
to either physical or chemical modifications. These preparation
steps can alter intrinsic protein properties and subsequent
measurements may not be representative of native proteins in
their physiological environments.””""
Nanopore-based, resistive pulse sensing is a single-molecule
method capable of investigating the physical and structural
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properties of individual proteins and protein complexes."> ™’

This technique employs the Coulter counting principle™ to
characterize up to 100 particles per second in electrolyte-rich
aqueous solution as they individually transit the zeptoliter
confines of a nanopore.”"”>* As shown in Figure 1, each particle
disrupts the flow of ions to an extent that depends on its
volume, shape, and relative orientation to the electric field,
while its dwell time (#;) within the pore corresponds to its net
charge and electrophoretic mobility in the applied electric
field.”** Resistive pulse-based, nucleic acid sequencing has
made notable progress recently by combining biological
nanopores with complementary enzymes that ratchet nucleo-
tide strands through the pore one base at a time.”>~*® Protein
characterization with nanopores, however, is not as advanced
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Figure 1. Individual, non-spherical proteins passing untethered through a nanopore modulate the conductivity of that pore as a function of
their orientation in the pore. These modulations contain information about the length-to-diameter ratios, volumes, and dipole moments of
translocating proteins. (A) Schematic cross-section of a setup with a nanopore in a silicon chip and fluid compartments confined by a
silicone elastomer (PDMS). (B) Cartoon representation of oblate ellipsoids (red) passing through a nanopore in a free-standing silicon
nitride membrane of a nanopore chip. (C) Baseline current measured across the bare (without lipid coating) nanopore substrate at an
applied potential difference of —100 mV and digitally filtered with a 50 kHz Gaussian low-pass filter. Both nanopores are approximately 25
nm in diameter. The RMS current noise with the 3 X 3 scaffolds was a factor of 1.8 lower than with the previously used configuration. (D)
Example of a current trace with a duration of 10 s, digitally low-pass filtered at 50 kHz, with maximum values of all resistive-pulse events
shown as green dots and a long event with a duration greater than 150 us signified by a dashed gray box. (E, F) Probability distribution of
current values within a single resistive pulse as a function of particle length-to-diameter ratio and orientation during its translocation
through the nanopore. Inset: original current-vs-time traces of single resistive pulses from the translocation of a streptavidin protein (black)
and an IgG protein (red). These traces were digitally low-pass filtered at 10 kHz for clarity. Maximum and minimum blockade values
corresponding to electrical shape factors ¥,,,, and ¥, are shown by dashed lines. Scale bars represent 100 us and 0.01 (AI/IL).

as nucleic acid characterization for two key reasons: the size of exceeding the bandwidth of conventional current-recording

globular proteins necessitates synthetic nanopores with large systems. !

diameters that are prone to nonspecific adhesion,*” and protein In response to these challenges, we and others have designed

characterization targets mobile particles that transit the sensing a variety of nanopore systems that slow the transit speeds of

zone (in the absence of adsorption) at rates approaching or proteins while avoiding clogging of the pores. For example,
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Wiloka et al. engineered a nonstick biological nanopore,
cytolysin A, with a 5.5 nm diameter sensing vestibule above
a 3.8 nm diameter pore and used it to detect the attachment of
an individual ubiquitin protein (8.6 kDa) to a protein
substrate.””>>>* Waduge et al. estimated the sizes and intrinsic
flexibilities of proteins as they slowly squeezed through
synthetic nanopores with diameters only slightly larger than
the proteins themselves,”* while others have investigated
protein analgrtes with a variety of anti-adhesive ap-
proaches.” >~ Increasiné; the viscosity of the recording buffer
(eg, by adding glycerol)®* also makes it possible to slow the
diffusion of proteins, although this approach reduces the
conductivity of the recording buffer and thus reduces the
amplitude of resistive pulses. Our group introduced a bio-
inspired method of coating synthetic nanopores with a fluid
lipid bilayer, which prevents or minimizes nonspecific adhesion
to the nanopore substrate.”> This coating can present fluid
lipid anchors to slow the diffusion of tethered })roteins by
taking advantage of the viscosity of the bilayer.”> We have
recently demonstrated the use of lipid-coated nanopores to
determine simultaneously the volume, ellipsoidal shape, dipole
moment, rotational diffusion coefficient, and charge of proteins
in aqueous solution and employed this multi-parametric
fingerprint to categorize populations of protein in a binary
mixture.'> For these applications, however, the protein had to
be attached to the lipid bilayer by tethering it to a lipid anchor
using either chemical cross-linking or a specific lipid-function-
alized protein binding complement.

Here, we demonstrate that it is possible to determine the
ellipsoidal shape, volume, and dipole moment of single
untethered and unmodified proteins in aqueous solution as
they translocate through a nanopore, driven by electrophoretic
force due to their net charge in the electric field. This approach
is different than the method we demonstrated previously
because here we allow proteins to diffuse freely in solution and
no longer slow their diffusion by tethering them to a lipid
anchor in the fluid lipid bilayer. To make this approach
possible, we now use nanopore chips with a 3 mm X 3 mm
frame, sandwiched between two layers of polydimethylsiloxane
(PDMS) with small access ports to the nanopore (Figure 1-A).
This experimental design reduced the current noise by 40% at
50 kHz bandwidth and thus increased the signal-to-noise ratio
(SNR) at this bandwidth (see Figures 1C and S1) compared
with the nanopore setups that we used in previous work.'>%
By digitally low-pass filtering the data at 50 kHz as opposed to
15 kHz, as we had done previouslgf, we increased the number
of analyzable resistive pulses*®®® as well as the temporal
resolution from each translocation event. We show here that
the number, duration, and bandwidth of resistive pulses are
critical for the accuracy of subsequent analyses on those pulses.

We previously discussed the analysis of data from non-
spherical particles rotating in an electric field to calculate
protein parameters from individual resistive pulses;15 the
approach is based on fundamental theory developed by
Golibersuch and others.*****"~7> Briefly, particles rotate
and adopt different orientations relative to the electric field
during their passage through the pore (Figure 1B). In the case
of simple ellipsoidal particles rotating and translocating
through a nanopore, an electrical shape factor, y, relates the
particle’s orientation, 6, within the electric field, and its length-
to-diameter ratio, m, to the current blockade, AI/I,. A perfectly
spherical particle samples only one y value (equal to 1.5, Figure
1E) during transit. A non-spherical particle can sample all y

values contained between perfectly cross-wise (y.,) and
perfectly lengthwise (7,,,) orientations (Figure 1F) and will do
so with a probability for various y values that can be described
by a U-shaped distribution.**

To quantify protein length-to-diameter ratio, volume, and
dipole moment in this work, we determined the particular
probability distribution of y values for a given protein by using
an iterative convolution fitting procedure (see Supplementary
Note 1)." In this procedure, we fit the entire AI/I,
distribution from each individual translocation event with a
dwell time greater than 150 us (Figure 1D, gray box). This
approach returned an approximate ellipsoidal shape, volume,
and dipole moment value for tens to hundreds of individual
protein translocation events within a single experiment.

Characterization of freely translocating proteins based on
stand-alone analysis of single events one-by-one is uncommon
because the majority of work characterizing proteins with
nanopores extracts parameters such as volume from
populations of resistive pulses rather than from the individual
pulses themselves (see Supplementary Note 2). Here, we
report all values of volume, length-to-diameter ratio, and dipole
moment from individual translocation events as well as the
median volume, median length-to-diameter ratio, and the
most-probable dipole moment determined from distributions
of single-molecule-based individual event analyses (Table S1)
and discuss factors that influence the uncertainty of those
values. To demonstrate that this characterization methodology
can be applied to determine a range of protein characteristics,
we chose a set of proteins that vary widely in length-to-
diameter ratio (m = 0.14 to 2.5), volume (A = 95 to 1700
nm?®), and dipole moment (4 = 484 to 1846 D). The work
presented here demonstrates that, to be feasible, the method
combines three important characteristics. First, it estimates
multiple physical parameters of proteins translocating freely
through a synthetic nanopore by combining low-noise
nanopores and high-bandwidth recordings. Second, it proceeds
in a more-straightforward manner than its tethered alternative
by circumventing the tethering step and thus provides
measurements on native, unperturbed proteins. Third, it
takes advantage of anti-adhesive nanopore coatings that are
critical in providing the free translational and rotational
Brownian dynamics necessary to collect these measurements
without artifacts.

RESULTS AND DISCUSSION

Filtering Attenuates Fluctuations in the Resistive
Pulses from Freely Translocating Proteins. Signal
bandwidth is critical for recording accurate amplitudes and
durations of resistive pulses; inadequate bandwidth can “clip”
the amplitude of the signal or overlook resistive pulses that
occur between two sampled points.”> Moreover, proteins that
are not tethered to a lipid bilayer during translocation rotate at
a rate that is 2 orders of magnitude faster than tethered
proteins.'>’”*" This difference in rotational diffusion coef-
ficient has important implications when the goal is to resolve
time-dependent differences in protein orientation during a
single translocation event, as is necessary, for instance, to
quantify a bias in orientation that reflects the dipole moment of
a protein.

To investigate the extent to which we could resolve different
orientations of an untethered protein rotating and trans-
locating freely through a lipid bilayer coated nanopore, we
performed random-walk simulations."> To do so, we used the
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rotational diffusion coefficient of the protein’® to determine
the average rotated angle during each time step around a single
rotational axis. We then selected a rotational direction (e.g,
clockwise or counterclockwise) based on orientation-depend-
ent biased diffusion in an electric field and converted the
resulting array of angles to their corresponding AI/I, values."
Figure 2 shows ideal representations (i.e, without recording
noise) of resistive pulses produced by a simulated random walk
for an oblate ellipsoid that represents a 150 kDa protein as it
translocates through a nanopore. When the protein rotated
with a rotational diffusion coefficient that corresponds to a
lipid-anchored state," filtering at 50 kHz retained the large
majority of fluctuations as well as their maximum and
minimum blockade amplitudes (Figure 2A). This figure
panel also shows that to sample both the minimum and the
maximum orientations of the particle, dwell times of at least
400 s duration were required. > The reason is that to estimate
the ellipsoidal shape, m, of a protein accurately, the protein
must remain sufficiently long in the pore to sample the
orientations that correspond to minimum and maximum
blockade values because these two values represent the
extreme lengthwise and extreme cross-wise orientations of a
particle with a given volume and length-to-diameter ratio (see
Supplementary eqs 10—15 for how (AI/I) i, and (AI/Iy)ma
influence the quantification of ellipsoidal shape and volume).
In contrast, when the protein rotated with a rotational diffusion
coefficient that corresponds to bulk solution, a sampling rate of
500 kHz was too slow to completely resolve fluctuations
between minimum and maximum orientations, and digital
filtering at 50 kHz produced a 41% under-estimate of length-
to-diameter ratio as represented by the m value (Figure 2B). At
a rotational diffusion coefficient that was S-fold slower than
bulk, one that describes the protein rotating untethered but
within a confined space,”” sampling at 500 kHz was sufficient
to track the protein rotating between minimum and maximum
orientations. Low-pass filtering at S0 kHz, however, still
produced a 24% underestimate of protein length-to-diameter
ratio under these conditions (Figure 2C).

In general, filtering attenuates the current fluctuations that
correspond to different orientations of the protein during its
translocation through the nanopore. This effect depends on the
time resolution of the recording and is pronounced when the
protein rotates rapidly, as is the case in Figure 2B. Estimates of
length-to-diameter ratio are most influenced by choice of filter
cutoff frequency and the rotational diffusion coefficient of the
protein (Figure S9A,B). Estimates of volume follow a similar
trend to those of length-to-diameter ratio, whereby the
estimates are more accurate at higher filter frequencies and
slower rotational diffusion coefficients (Figure S9C,D).
Estimates of dipole moment, however, appear to be relatively
independent of protein rotation rate and filter cutoff frequency
(Figure S9E,F) but improve as dwell times increase (Figure
S8). These trends highlight the usefulness of anchoring
proteins to anti-adhesive coatings to slow both their rotation
as well as their speed of transit through the nanopore; they also
highlight the importance of attempts to increase recording
bandwidth and SNR in future resistive pulse-based experiments
for protein characterization. For example, according to Figure
2B, the commercially available Chimera VC-100 amplifier, with
a bandwidth of ~1 MHz, should be able to time-resolve the
rotation of an untethered protein in the confines of a nanopore
with significantly higher fidelity than the Axopatch 200B used
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Figure 2. Rotational diffusion coeflicients affect the ability to
resolve protein rotation in time. (A) Simulated resistive-pulse
trace generated from a random-walk simulation for a 150 kDa
protein with a shape that can be approximated by an oblate (m =
0.29, A = 340 nm®, y = 840 D) rotating at a rate of 5 X 10> rad®s™
that corresponds to this protein after tethering it to a lipid bilayer
with a lipid anchor as reported by Yusko et al.'® (B) Simulated
resistive-pulse trace for the same protein as in panel A rotating
with a diffusion coefficient of 9 X 10° rad® s™!, estimated for the
particle in bulk solution using the software HydroPRO.”® Blue
arrows show the attenuation effect of low-pass filtering. (C)
Simulated resistive-pulse trace for the same protein as in panel A
rotating with a rotational diffusion coefficient of 1.8 X 10° rad® s™’
that corresponds to an untethered protein inside of the
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Figure 2. continued

confinement of a nanopore according to Dix and Verkman.”” (A—
C) Gray lines represent each nanosecond time step of the random-
walk simulation. Red lines show the same trace down-sampled at
500 kHz, and the blue lines are the down-sampled trace digitally
low-pass filtered at 50 kHz. Note that the blue filtered trace is
shifted in time to show visual alignment with other traces (see also
Supplementary Note 2.1 and Figure S3). Green dashed lines show
minimum and maximum AI/I, values that correspond to electrical
shape factors, ¥,,;, and 7,,.,. Estimated values of protein length-to-
diameter ratio, m, are compared between the filtered data (blue)
and the ideal random-walk data (gray). The dwell time of the
protein in the pore was set to either (A) 400 us or (B, C) 150 us.
The electric field within the pore was 1.646 MV m™,
corresponding to a nanopore with a length of 38 nm and a
diameter of 17 nm connected to an adjacent channel with a length
of 275 nm and diameter of 100 nm’® (see Supplementary Note 1)
with an applied potential of 100 mV in 2 M KCI solution with a
resistivity of 0.046 Q m.

here, assuming that the SNR at this bandwidth permits the
resolution of various orientations.*®

With the results from the simulations in Figure 2 in mind,
we expected untethered proteins translocating through the
confines of a nanopore (analogous to the case illustrated in
Figure 2C) to produce estimates of length-to-diameter ratio, m,
that were less extreme than predicted and thus closer to a
sphere (m = 1) than to a flattened or elongated ellipsoid of
rotation (m << 1 or m > 1). Specifically, data filtered at SO
kHz will not reach the full amplitudes of y,,, and 7., (blue
curve in Figure 2C) and thus lead to a systematic under-
estimation of the m value by approximately 25%.

Individual Translocations through Lipid Bilayer-
Coated Nanopores and Information about Protein
Ellipsoidal Shape, Volume, and Dipole Moment. Figure
3 A,C shows individual data of experimental length-to-
diameter ratio and volume determinations that resulted from
individual translocation events of a single protein moving
through the nanopore. To allow for sufficient time such that
proteins could sample all electrical shape factors, we restricted
the analysis to resistive pulses with a duration of at least 150
ps. As shown in Figure 3B,D, determined values for length-to-
diameter ratio and volume were in reasonable agreement with
reference values: median estimates for the length-to-diameter
ratio deviated on average by 35% from reference values across
all proteins, and median volume estimates were within 40% of
reference values. Figure 3 also shows that estimates of protein
length-to-diameter ratio, volume, and dipole moment from
individual translocation events varied considerably for each
protein. We attribute this Variabilit}f to the intrinsic uncertainty
of single-molecule analyses,””’* to noise in the signal
recording,75 to the limited recording bandwidth,”® to the
fundamental limitation of approximating a complex three-
dimensional protein shape with a simple ellipsoid (see
Supplementary Note 7 and Figure S10 for details on the
accuracy of this approximation) and to off-axis effects, as
discussed below.”® We note that the approach of analyzing
single translocation events in a stand-alone fashion as shown in
Figure 3A,C,E is particularly demanding and thus the median
length-to-diameter ratio and volume estimates from these
analyses were less accurate than estimates from population-
based analyses, similar to findings from previous work."” For
instance, population-based analyses performed on the same

data revealed protein length-to-diameter ratios that were
within 20% of reference values for all oblate-shaped proteins,
and volume estimates that were strongly correlated with
reference values for all nine proteins (slope of 0.989 and
Pearson’s r of 0.99; see Supplementary Note 2 and Figure S2).
The reason why we emphasized stand-alone event-by-event
analysis in the work presented here is that single-event analysis
is required to achieve the long-term goal of analyzing mixtures
of proteins.

Proteins with a permanent dipole moment do not rotate
randomly while passing through the electric field within a
nanopore; rather, they experience a Brownian rotation that is
biased by torque acting on their dipole from the electric field.””
The convolution-based model used to fit the data in this work
accounted for this bias (see Supplementary Note 1) and
ultimately determined the extent of bias each protein had for
its minimum (y,;,) and maximum (y,,) electrical shape
factors; i.e, did the protein sample both maxima with equal
probability, or did it sample one orientation and hence
electrical shape factor more often than the other? Figure 3F
shows the most-probable dipole moment values (u)
determined through log-normal fitting of the distribution of
measured dipoles for each protein.'” These dipole estimates
were in good agreement with reference values; most-probable
dipole moment estimates for each protein deviated on average
by less than 20% from their reference values. Event-to-event
variability in dipole moment was large (Figure 3E), consistent
with the data spread in length-to-diameter ratio and volume
estimates; the estimates of dipole moment for individual BSA
events, for example, had a median absolute deviation of 73%.
While this level of uncertainty is relatively high, we note that
this is the only technique available to estimate the dipole
moment of individual unmodified proteins in solution. In our
previous work,"® tethering removed one positive charge from
each protein when cross-linking them to a lipid anchor in the
bilayer by means of a bifunctional N-hydroxysuccinimide
(NHS) linker. Removing a charge of a randomly located amine
on the surface of the protein inherently distorted that protein’s
permanent dipole moment and is thus not desirable.'’
Furthermore, the technique presented here generates dipole
estimates within a few hundred microseconds as the protein
passes through the nanopore and is compatible with small
sample volumes ranging from nano- to microliters as well as
low protein concentrations ranging from nano- to micromolar.
These characteristics are attractive because dipole moments are
becoming increasingly important for the rheological properties
of concentrated antibody formulations used for subcutaneous
administration.”’ Rapid quantification of dipole moments in
aqueous solution also provides additional discriminatory power
in heterogeneous protein mixtures as dipole moments are
distributed broadly between different proteins and show little
to no correlation with the volume or length-to-diameter ratio
of proteins."

In previous work on lipid-anchored proteins, we restricted
the analyses to individual resistive pulses longer than 400 us
because we could be confident that most tethered proteins
would sample all possible orientation-dependent electrical
shape factors (y) within this time frame (Figure 2A)."
Proteins that rotate freely in bulk solution, however, do so at a
rate 2 orders of ma§nitude faster than tethered proteins inside
of a nanopore,'”*’ and thus, freely translocating proteins
sample all possible ¥ values on much shorter time scales than
tethered proteins. When selecting a threshold for sufficiently
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Figure 3. Individual-event analyses of experiments performed on lipid bilayer-coated nanopores produce good estimates of protein length-
to-diameter ratio, volume, and dipole moment. (A) Length-to-diameter ratios determined from individual resistive pulses from the
translocation of various oblate-shaped proteins (red) and various prolate-shaped proteins (blue). (B) Comparison of the median values of
measured length-to-diameter ratios, m, with reference values for each protein. The red line is the linear fit for all proteins in the study, the
black dotted line shows the ideal 1:1 agreement, and the dark and light green regions represent estimates of length-to-diameter ratio in the
presence of +10% and +25% deviations in minimum and maximum blockade values, respectively. Error bars show first and third quartiles.
(C) Volumes of all proteins, with IgM in gray corresponding to the left y-axis in gray and other proteins in red corresponding to the right y-
axis in red. (D) Comparison of the median values of the volumes for 8 proteins determined from single event analyses with reference values
for these proteins. Inset shows values for proteins with volumes smaller than 500 nm’. The red line represents a linear fit for only the
proteins with volumes smaller than 500 nm?®, and the blue line represents a linear fit through data for all proteins. Error bars show the first
and third quartile. (E) Dipole moment estimates for individual events of all non-spherical proteins. Data are plotted on a log scale to
represent their underlying log-normal distribution, as discussed by Yusko et al.'* Boxes span the 10th to 90th percentile of the data. (A, C,
E) Parameter estimates from individual long events are shown as red diamonds, red squares represent mean values, horizontal lines
represent median and quartile values, whiskers represent the standard deviation of the values, solid black circles denote reference values, and
black open circles denote most-probable values determined through log-normal fitting.'* (F) Comparison of estimated dipole moments with
reference values for all seven non-spherical proteins investigated. The black dotted line represents the ideal 1:1 agreement, and the red solid
line is the linear fit. Error bars range from the 10th to the SOth percentile. (B, D, F) Proteins are plotted as follows: antibiotin Fab (open
stars, N = 271), a-amylase (open triangles, N = 222), G,PDH (open circles, N = 72), IgM (triangles, N = 743), antibiotin IgG, (circles, N =
955), BSA (diamonds, N = 144), ADH (stars, N = 66), and streptavidin (squares, N = 67). See Table S1 for quantitative values.

long events, we struck a balance between accuracy and sample
size (see Supplementary Note 2.2 and Figure S8). In other
words, we needed to gather current-versus-time data with
sufficient duration to produce accurate estimates of protein
parameters, but we also needed to collect as many events as
possible for analysis within a standard experimental time frame.

Based on theoretical predictions using a model that treats
translocations of charged proteins as a biased first-passage-time
problem,®” we estimated that the most-probable dwell times
for the proteins in this study were all shorter than 10 ps (see
Supplementary Note 3). Hence, only a small percentage (<1%)
of the total number of translocation events that we resolved
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B. Analytical Solution, Spherical Particle
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Figure 4. Off-axis effects during the translocation of non-spherical particles through a nanopore are orientation-dependent and can produce
18% deviations in resistive pulse magnitude. (A) Schematic of a spherical particle (black) passing through a pore (gray). The diameter of the
particle is denoted as d, the diameter of the pore is labeled D, and the radial distance from the center of the pore is labeled b. (B) Analytical
solutions according to Qin et al.*>*> showing the magnitude of off-axis effects on the magnitude of the resistive pulse labeled as an increase in
AI/I, in the scenario in which a perfectly spherical particle transits a cylindrical nanopore. The x-axis represents €, which relates the off-axis
distance to the pore diameter. (C—F) Plots generated using finite element simulations (COMSOL) showing the increase of the magnitude of
resistive pulses for both oblate (panels C and D) and prolate (panels E and F) proteins at orientations that produce a maximum blockade
(panels C and E) and a minimum blockade (panels D and F). For the oblate scenario, the simulation was conducted using a particle with a
size and shape similar an IgG, antibody (m = 0.2, A = 275.6 nm?) passing through a pore with a 30 nm diameter and a 30 nm length. For the
prolate scenario, the simulation was conducted using a particle with a size and shape similar to G6PDH (m = 3.0, A = 268.4 nm®) passing

through a pore with a 30 nm diameter and a 30 nm length. For non-spherical particles, we defined b as the distance from the central axis of
the pore to the center of mass of the particle.

had dwell times longer than 150 us.' %% Nonetheless, we of the digital filter and thus increase the fraction of each
found that a threshold of 150 ps was the optimal choice for our resistive pulse that could be analyzed (Figure 2C).
recording setup combined with a digital Gaussian low-pass Unexpectedly, the values that we determined for the length-
filter with a cutoff frequency of 50 kHz, rather than the 15 kHz to-diameter ratio of eight proteins after filtering the data with
filter that we used in previous work.'> This elevated cutoff this low-pass filter were not systematically attenuated as the
frequency made it possible to time-resolve a larger fraction of simulations in Figure 2C predicted; rather, they varied evenly
high-frequency protein movement and to reduce the rise time over all proteins (slope of 1.07). Figure 4 shows that this
G
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better-than-expected agreement between simulation and
experiment arose, at least in part, from off-axis effects that
influenced resistive pulse amplitudes and acted to shift
determined ellipsoidal shapes toward more extreme values.

To determine if the analysis approach presented here could
be applied in the context of commonly used antiadhesive
coatings other than lipid bilayers, we also performed
experiments with Tween-20 coated nanopores (see Supple-
mentary Note 4) following the protocol of Li et al*’ This
coating is attractive because it is more straightforward to
prepare than lipid bilayer coatings of high quality. We found
that while volume estimates from a Tween-20 coated pore
agreed with reference values, the estimates for length-to-
diameter ratio were skewed toward an m value of 0.5, and
estimates for dipole moment showed a weak correlation with
reference values (see Figure SSD). Additionally, the event
frequencies and protein dwell times that we observed with
Tween-20 coated nanopores did not correspond to freely
translocating proteins. For example, we recorded an average
event frequency of 1.7 Hz for alcohol dehydrogenase (ADH)
at a protein concentration of 80 nM in a Tween-20 coated
pore. A theoretical analysis following the approach by Plesa et
al.*® predicts a detection frequency of only 0.02 Hz at this
protein concentration. The reason why we experimentally
observed almost 100-fold more frequent translocations than
theoretically expected at the bandwidth of our experiments is
that the protein’s residence times in the Tween-20 coated pore
were significantly longer than predicted. We attribute this
observation to nonspecific interactions with the pore walls,”'
possibly in combination with electroosmotic flow (EOF)
mediated by residual surface charge in nanopores coated with
Tween-20." In contrast, when we used nanopores that were
coated with a lipid bilayer, the theoretical predictions of event
frequencies were in excellent agreement with experimentally
observed event frequencies. For instance, at a concentration of
10 uM ADH, we observed an event frequency of 1.2 Hz using
a lipid bilayer coated pore; the theoretical prediction was 1-5
Hz at this protein concentration. If significant nonspecific
interactions of the protein with the pore wall would have been
present, then our experimentally observed detection frequency
would again have been significantly higher than the theoretical
prediction, and we would have expected to observe differences
in estimates of protein parameters between the shortest and
longest translocation events for a given protein (see
Supplementary Note 6 and Figures S6 and S7).

While the Tween-20 surface coating could not completely
circumvent EOF and adhesive interactions with the pore wall,
it did prevent clogging of the nanopore and enabled the
accurate estimation of protein volumes (see Figure S5C) as
reported previously.””*> When we used pores in silicon nitride
without any surface coating, we encountered clogging during
translocation experiments of ferritin and IgM proteins at
typically employed concentrations between 0.1 and 1 uM,
which terminated the experiments. Adhesive interactions with
the Tween-20-coated nanopore walls, however, led to
inaccurate quantification of protein length-to-diameter ratio
and dipole moment (see Supplementary Note 4 and Figure
SS). Therefore, the results with Tween-20 highlight the
benefits of lipid bilayer coatings in providing nonstick synthetic
nanopores with almost completely suppressed EOF.***°

Off-Axis Effects and Distortion of Resistive Pulse
Magnitudes. The analysis that we used to determine the
length-to-diameter ratio and, in particular, the dipole moment

of proteins requires that the protein is able to rotate
unperturbed within the nanopore. It follows that the diameter
of the nanopore must be larger than the largest dimension of
the protein, which inherently means that the protein has space
to diffuse laterally within the pore during its translocation.'®
Proteins that translocate untethered, therefore, may be
electrically sampled at the center of the pore, at the pore
wall, or anywhere in between, limited only by steric hindrance
and random diffusion.’>** When a particle transits a nanopore
not through the very center but at some radial distance b from
the central pore axis, it distorts the electric field within the pore
asymmetrically.”> This asymmetrical disruption produces a
larger-than-expected resistive pulse whose magnitude depends
on the particle’s off-axis distance (b) and on the ratio of
particle diameter to pore diameter (Figure 4A,B). This
phenomenon, known as an off-axis effect, has been studied
sporadically in the context of Coulter counters since the
1970s;%7*% it has attracted renewed consideration as research
groups are beginning to perform finite element simulations on
nanopore systems and as the analysis of resistive pulses from
single macromolecules is becoming increasingly sophisticated
and information-rich.>**~"*

To provide insight into the extent to which off-axis effects
influence the parameter estimates of freely translocating non-
spherical proteins, as opposed to spherical proteins, we
performed finite element simulations of ellipsoidal particles
passing through a cylindrical nanopore at various distances
from the central axis (see Supplementary Note S). Figure 4C—
F shows the results of these simulations, carried out for
relatively extreme oblate-shaped and prolate-shaped particles
in their orientations of minimum and maximum electrical
shape factor, y, relative to the electric field. We found that for
the range of nanopore and protein sizes that are typically used
for protein characterization, and in the most extreme off-axis
scenario (prolate-shaped particle, 7.0 bma), these effects can
distort the resistive pulse magnitudes of non-spherical particles
by up to 18%. An untethered protein may therefore sample its
maximum blockade orientation near the pore wall, and its
minimum blockade orientation near the central pore axis,
leading to a larger difference between maximum and minimum
blockade values and thus to a more extreme estimate for
protein length-to-diameter ratio than if the protein transited
only through the central pore axis. With regard to the resulting
error in length-to-diameter ratio estimates, this distortion falls
within the green shaded regions in Figure 3B and likely
contributes to the spread of the data in Figure 3A. We see that
off-axis translocation has a stronger influence on parameter
estimates for prolate-shaped particles than for oblate-shaped
particles; this result agrees with the uncertainty in the length-
to-diameter ratio estimates for prolate-shaped proteins (see
also Supplementary Note 2). We suggest that the off-axis effect
on resistive pulse signals can be viewed as another contributor
to the overall noise in the system, with a frequency component
related to the lateral diffusion coefhicient of the protein within
the pore. Hence, off-axis effects contributed to the variability in
calculated parameter values, especially for analyses of
individual events, but they did not preclude the determination
of protein parameters, as evidenced by the agreement of
parameter estimates with reference values in Figure 3.
Furthermore, and fortuitously for this work, off-axis effects,
which led to estimates of particle length-to-diameter ratio that
were more extreme than those from experiments without off-
axis effects, offset the effects of filtering, which led to estimates
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of particle length-to-diameter ratio that were less extreme than
those revealed from experiments with adequate bandwidth
(e.g, greater than SO0 kHz). It appears, therefore, that these
two opposing effects canceled each other to some extent and
led to the good agreement between experimental and reference
length-to-diameter ratios reported in Figure 3. Based on these
arguments, off-axis effects will become more dominant in
scenarios with higher bandwidths and lower noise levels than
the recording setup used here and will need to be considered
in future efforts to improve analysis methods of particles
translocating freely and untethered through nanopores.

CONCLUSIONS

This work estimates three distinct protein parameters from the
resistive pulses generated by single native and untethered
proteins passing through a lipid-coated synthetic nanopore.
Among these parameters is dipole moment, which can be
quantified on a single-molecule level for unmodified proteins in
solution. No other technique has this capability, and given the
increasing importance of dipole moments for formulations of
monoclonal antibodies,”" this capability may accelerate the
development of formulations for subcutaneous administration
of therapeutic antibodies; the fastest growing class of
therapeutics.””> In addition, dipole moment is an excellent
protein descriptor that is orthogonal to protein volume and
shape,'® such that simultaneous quantification of these three
parameters in sub-millisecond time frames of unmodified
proteins in solution may enable plug-and-play benchtop
protein analysis systems that characterize and count single
proteins. The approach introduced here can likely be
optimized: ongoing improvements in SNR will reduce the
spread in parameter estimates,”*”"’ and further increases in
recording bandwidth through improved CMOS current
amplifiers’® will increase event capture rates, resolve larger
fractions of t; distributions, and monitor information about
protein rotation and shape at smaller time steps. Each of these
improvements will further reduce the