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Abstract

In this work, we review the process of protein unfolding characterized by a solid-state nanopore
based device. The occupied or excluded volume of a protein molecule in a nanopore depends on
the protein’s conformation or shape. A folded protein has a larger excluded volume in a nanopore
thus it blocks more ionic current flow than its unfolded form and produces a greater current
blockage amplitude. The time duration a protein stays in a pore also depends on the protein’s
folding state. We use Bovine Serum Albumin (BSA) as a model protein to discuss this current
blockage amplitude and the time duration associated with the protein unfolding process. BSA
molecules were measured in folded, partially unfolded, and completely unfolded conformations in
solid-state nanopores. We discuss experimental results, data analysis, and theoretical
considerations of BSA protein unfolding measured with silicon nitride nanopores. We show this
nanopore method is capable of characterizing a protein’s unfolding process at single molecule
level. Problems and future studies in characterization of protein unfolding using a solid-state
nanopore device will also be discussed.
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1. Introduction

Protein molecules are made up of long chains of amino acids. The native (functional) state
of most protein molecules is in a tightly folded three-dimensional conformation. Within
cells, unfolding and refolding of proteins occurs on a continuous basis. Fluctuations between
native protein structure and partially or fully unfolded states affect key biological processes
such as binding, translocation across membranes, secretion, or degradation [1]. To be able to
characterize the folding-unfolding process of proteins is of fundamental importance not only
for basic science but also in biotechnological applications. Owing to the physiological
implications, many bulk based experimental methods as well as theoretical approaches have
been employed for analyzing the conformational changes accompanying the folded-unfolded
process: Fluorescence [2], NMR [3], and molecular dynamics simulations [4] are a few such
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techniques. In recent years, it has been demonstrated that ion channels (protein pores)
suspended in lipid membranes [5-8] and later solid-state nanopores [9] are capable of
characterizing protein unfolding at single molecule level [10].

Polypeptides and proteins measured by protein pores

Protein pores or ion channels suspended in lipid membranes were first shown to be capable
of sensing single polypeptide molecules [11, 12] or proteins [5-8, 13—-15]. Protein pores
such as ahemolysin have reproducible geometry, well-defined structure and dimensions.
However, due to their small fixed pore diameter, ~1.5 nm, only polypeptides or denatured
proteins are able to pass through, which limits protein pores being used in measuring the
process of protein unfolding. In addition, protein pores become unstable under protein
denaturing conditions.

Protein unfolding measured by solid-state nanopores

Solid-state nanopores fabricated with desired geometry and dimensions, have been
demonstrated to be capable of detecting protein molecules both in their native (folded) [16—
25] and in their denatured (unfolded) states [9, 26, 27]. Motivated to develop a solid-state
nanopore based device to identify proteins by measuring them both in their folded and
unfolded states, we have studied the process of protein unfolding with sold-state nanopores.
The protein molecules we have studied are: B-lactoglobulin (BLGa) and Hpr [9], Laminin
[10], Bovine Serum Albumin (BSA), and two sets of protein markers (NativeMark from
Invitrogen, Protein Marker from NBL) in their native and denaturing conditions. Because
the complexity of protein unfolding process and the sophistication of current signals
observed for each protein, in this review we will mainly focus on one protein, BSA
unfolding, as an example to describe the experiments, results, data analysis, and problems of
using solid-state nanopores to characterize the process of protein unfolding.

2. Principles of measuring protein unfolding by a solid-state nanopore

The center part of a solid-state nanopore device is a single nanopore fabricated in an
insulating membrane (Fig. 1a and 1b) which separates two PDMS chambers filled with salt
solution: the cis chamber in which protein samples is added, and the trans chamber where
protein molecules move into after they translocate through the nanopore. A pair of silver
chloride electrodes is embedded in the chambers. The electrodes are used to apply a constant
voltage ¥ across the membrane and to measure the ionic current flow through the nanopore.
The cischamber is often electrically grounded and the trans is positively or negatively
biased depending on the charge of the protein to be measured. The nanopores used for
protein unfolding experiments reported so far are fabricated by a Focused lon Beam (FIB)
[26] or by a combination of FIB and low energy noble gas ion beam [28-30]. The nanopores
are often 10-30 nm in thickness and 2—-25 nm in diameter depending on the size of proteins.

2.1. Parameters to be measured: current drop amplitude Al, and time duration ty

A protein molecule of ~102 amino acids in a nanopore will partially block the flow of ions in
the pore, increase the pore resistance, and cause a transient current drop event from the open
pore current lg as shown in Fig. 1c. Each current drop event in Fig. 1c represents a protein
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molecule interacting with or translocating through the pore. The current drop magnitude
caused by a translocating protein is a function of time, Aly(t). Analysis of current drop
events caused by protein molecules has been and is still a challenging task. For initial event
sorting, we often calculate the mean current drop amplitude Al and the dwell time tq4 (Fig.
1c). The dwell time tq of an event is defined as the time at half height of Al},. Below we
describe how these two parameters are connected to the protein unfolding process.

Aly(t) is proportional to the excluded volume A (t) of a protein molecule in a
nanopore—Approximately, the mean current drop amplitude Aly, is determined by the pore
geometry, conformation or shape of a protein molecule, and the solution conductivity. If we
idealize a nanopore as a cylinder with diameter Dy and length Hefr, assuming a protein
molecule occupies a volume A(t) in the pore at time t (the instantaneous excluded volume),
and further we assume that a translocating protein molecule in a nanopore driven by an
applied voltage ¥ obeys Ohm’s law, the relationship between Aly(t) and A(t) can be written
as [31-34]:

At)
v, @
P

AL(t)= — I HA;Z [14£(dy/ Dys L/ Hegg)] ~ —T
€ Z}

Where 15=V/Ry is the open pore current, Ro= Heff 0/Ay, is the pore resistance, o is the
solution conductivity, Hegs is the effective thickness of the pore taking into account the
access resistance region on both sides of the nanopore [35-37], Ay is the area of the pore
with an average diameter Dy, Vj, = HeftA the volume of the pore, and dy, and I, are the
diameter and length of the protein molecule. f(dm/Dp, Im/He) is a correction factor for the
relative size and shape of the pore and the protein molecule and is often ignored for
simplicity. For a folded protein molecule that can fit entirely inside a nanopore, f is less than
one and contributes little to the current drop [32]. For a peptide chain that is much longer
than the pore, f(dm/Dyp, In/Hesf) ~ 0, therefore Al & IgA/Vp, or A = (Alp/lg)Vp. This relates
the relative current drop amplitude, Aly(t)/1g, to the excluded volume of the protein molecule
A(t).

The simple model described in Eq. (1) shows that if a nanopore’s volume V,, is kept a
constant, the relative current drop magnitude, Aly(t)/1g, is directly proportional to a protein’s
excluded volume, A, in the nanopore. For a completely unfolded protein going through a
nanopore as a linear peptide chain with £,,>Hes, only a segment of the protein is in the pore
at any time, the excluded volume of the local segment is expected to be smaller than the
whole protein at its 3D form, Ajgcaiseg< Atolded: therefore a smaller Alp(t)/Ig is expected to
be measured for the unfolded protein than its 3D folded conformation [9]. Below we use
BSA as an example to illustrate this point more quantitatively.

BSA excluded volume A in a nanopore and its conformation state—BSA
belongs to the most abundant (with a typical concentration of ~77 mM) serum albumin
protein family which is essential to maintain many important body functions in mammals.
The BSA (66,430 D, Sigma) used in this work has 583 amino acid residues. One of the
possible shapes and dimensions of a native state BSA shown in Fig. 1d is a prolate ellipsoid
[38]. BSA is water soluble, monomeric, globular shape, and negatively charged at pH 7.4.
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Its isoelectric point at 25 °C is around 5.0 depending on the solution and salt concentration.
BSA has 17 disulphide (covalent) bonds that make it as one of the most stable proteins. BSA
is one of the most widely studied proteins and is used in numerous biochemical applications
due to its stability.

The conformation of a BSA molecule can be a folded (Fig. 1d), partially (Fig. 1e), and fully
unfolded (Fig. 1f) states. By adding the atomic volume of all 583 amino acids [39, 40], the
total atomic volume of a BSA molecule is estimated to be A= 87.0 nm3. The estimated
contour length of a completely unfolded BSA is about ¢, ~ 200 nm. When a BSA molecule
translocates a nanopore (Hef< 4, as a linear peptide chain, only a segment of the amino
acid chain will be inside the nanopore. As illustrated in Figure 2a, for a nanopore with Hggs =
20 nm, the maximum excluded volume of a BSA molecule in its folded form is A g=87.0
nm3, as a linear peptide chain, Aynfo1gR29.0 nNm3. For a Hetr = 10 nm pore, the maximum
values are Ap)g=62.2 nm3 and Aynfo1g~24.5 Nm?3 (Fig. 2a, dotted lines). The ratio of Aynfold
Asolg = 1: 9.7, this suggests that the Al (t)/1g measured for a BSA molecule in a nanopore is
expected to be 10 times smaller for a linear unfolded BSA chain comparing to a globular
shaped folded BSA molecule.

The excluded volume calculated by adding the atomic volumes of all amino acids in a
nanopore provides an easy way to estimate the relative ratio of Aynfola/ Afolg- HOWever, this
estimation has ignored complicated issues such as the space inside a folded protein,
hydration layer and territory bound water and ions on protein surface, the real excluded
volume of a protein molecule in a nanopore is expected to be larger. For example, here we
calculate Agog=87.0 nm?3 for a folded BSA, this is smaller than the value reported by
Freedman et al. [25] calculated by formula A=(4/3)ma?b =117 nm?3 using the dimensions
shown in Fig. 1d, and it is also smaller than experimentally measured value166+29 nm3.

In conclusion, if the same nanopore is used, a BSA molecule’s excluded volume is expected
to be A (folded) > A (partially unfolded) > A (unfolded). During a nanopore experiment, the
measured relative current drop magnitudes are expected to have: Aly/lg(folded) > Aly/lg
(partially unfolded) > Aly/lg (unfolded). Thus a solid-state nanopore device can be used to
characterize the process of protein unfolding.

Protein unfolding states and the time duration t4—The time duration of a current
blockage event, tq, is also related to a protein’s conformation state. When a BSA molecule in
a nanopore is folded, it is expected to behave like a particle with a total charge Q= -18e at
pH7 as shown in Fig. 2b. Under the electrical field strength of E=W/ H, the electric force
exerted on a BSA molecule is Fe=QE=QW/Hc¢, which is opposed by a viscous drag force
Farag= 7/Crv assuming a BSA molecule is moving with a terminal velocity v=Heg/ty, then tq
can be written as

2
nHeﬁ
QY

tq=C}y 2

Here nCs is the friction coefficient [41], n is the solution viscosity, and Cs is a constant. In
this case, the time duration tq is expected to be inversely proportional to the applied voltage
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¥, and the time distribution histogram for tq is expected to be a Gaussian [9, 10, 41]. This
equation also works for a uniformly charged amino acid chain, which is expected to behave
like a DNA molecule with v=(l,y+Hese)/tg.

When a protein is completely unfolded and going through a nanopore as a linear amino acid
chain, the time distribution is expected to depend on the protein’s charge sequence [9, 10].
As shown in Fig. 2b for an unfolded BSA, the net charge inside a nanopore is a function of
translocation position of the amino acid chain; and the net charge could be positive, neutral,
and negative. The net electrical driving force would change direction when the net charge of
the local segment changes sign, which could drive the protein back and forth near the
electrically neutral charged region. The polypeptide chain could be transiently trapped in the
nanopore due to a protein’s heterogeneous charge sequence, the translocation process could
be thermally activated and the time duration distribution is expected to be multiple
exponentials [9, 10] instead of a Gaussian for a folded BSA molecule.

Pore-protein interactions affect the dynamics of protein translocation—The
above discussions on Al and ty have ignored the interactions between a nanopore surface
with a passing protein molecule. Reports on protein translocation in solid-state nanopores
have shown that if the size of a protein and the diameter of the pore are close, the pore-
protein interactions could dominate a protein’s translocation dynamics [9, 19]. The pore-
protein interactions could be controlled by functionalizing a nanopore’s surface to adjust its
charge, surface hydrophobicity/hydrophilicity, and by performing a nanopore experiment at
different salt concentrations. Although these studies are critically important, understanding
and controlling pore-protein interactions are still challenging tasks today. To reduce the
pore-protein interactions, nanopores several nanometers larger in diameter than a protein is
preferred.

2.2 Methods to unfold proteins for solid-state nanopore analysis

Most native-state proteins have a well-defined 3D structure, which can be disrupted by heat,
denaturants, and extreme pH [42]. The task to completely unfold a native state protein to a
linear amino acid chain and measure it with a solid-state nanopore has been a challenge.
Here we briefly summarize several denaturing agents used in our lab: Guanidine HCI, urea,
and SDS plus DTT.

Guanidine hydrochloride

Urea

CHgCIN3 or [CHgN3]*CI™ in solution, is one of the strongest denaturants used in studies of
protein unfolding. Since it contains CI~ ions, it can be used with or without additional CI~
containing salt that is required for a nanopore experiment using AgCl electrodes. In 6M
guanidine chloride solution, all proteins lose their well-ordered structures, and most of them
become randomly coiled.

CO(NHy),, has two NH, groups joined by a carbonyl (C=0) functional group. It is highly
soluble in water and non-toxic. In 8M urea, most proteins are denatured. However, since
urea is electrically neutral, adding 8M urea decreases solution conductivity significantly [9].
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Sodium dodecyl sulfate

(SDS) +DTT, CH3(CH5)110S03Na, is an anionic surfactant and is a common component
used in cleaning products. SDS can denature a protein and coat a layer of negative charge on
a peptide chain. This would be ideal because such a negatively charged peptide chain would
go through a nanopore like a uniformly charged DNA molecule. However, attempts at
adding SDS directly to the cisand trans chambers had not been successful in our lab
because SDS can form bubbles easily. Dithiothreitol (DTT), C4H1g02S,, is an unusually
strong reducing agent and is often used to break disulfide bonds.

3. Measuring BSA unfolding with solid-state nanopores
3.1. BSAin SDS + DTT + temperature

The experiment—Below we use BSA as an example to demonstrate how a solid-state
nanopore can be used to characterize the unfolding process of a protein with disulfide bonds.
To compare Aly/lg signal of folded BSA with partially and completely unfolded, the protein
needs to be measured at least in 3 conformations, folded, partially denatured, and completely
unfolded. This requires a nanopore that is large enough to be occupied by a native state
globular shaped protein. One model of a BSA molecule has a dimension of d,=4 nm and
=14 nm (Fig. 1d), hence a pore larger than 16 nm is preferred. The nanopore used for this
BSA unfolding experiment was about ~16 nm (Fig. 1b). The electrolyte solution contains
1M KCI with 10 mM Tris and 1mM EDTA at pH 7. BSA protein (Sigma-Aldrich) was first
dissolved to make a stock solution of 1 mg/ml (~ 15 pM) in ~150 mM KCI TE buffer. The
trans chamber was positively biased to drive the negatively charged BSA (pH 7) to pass
through the nanopore. The ionic current signal was recorded using an Axopatch 200B
(Molecular Devices) in event driven and voltage-clamp mode. The low pass Bessel filter in
the Axopatch 200B was set to 10 kHz or 100 kHz as indicated.

Results—After the BSA sample was added to the cis chamber to a final concentration of
~12 nM, current blockage events were observed. Several examples of these events are
shown in Fig. 3a. After calculating the average current drop amplitude Al and the dwell
time tqy for each event, we plotted the Aly, vs tg in Fig. 3b. Fig. 3b shows the event
distribution of BSA measured in 1M KCI at room temperature ~22°C without denaturants.

To denature the BSA, 1.4 mg SDS (3.9 mM) with 2 mM DTT was added to the stock BSA
(Img BSA in 1ml) solution. This mixture was heated at 45° for 5 minutes, then immediately
cooled down in a water bath at room temperature. We then added this BSA treated with SDS
+DTT and heated at 45° to the cischamber. The resulting event distribution is shown in Fig.
3c. The same experiment was repeated for the BSA heated at higher temperatures are shown
in Fig. 3d (preheated at 60° C) and Fig. 3e (preheated at 90° C).

For native BSA at room temperature, the current drop Al histogram on the right axis of Fig.
3b shows approximately two clusters of events, consistent with our earlier observations [16].
One cluster has a smaller current drop peak at Al, =60 £ 10 pA, the other cluster has a
broader Al, = 100-300 pA (Fig. 3b). For the BSA protein preheated at 45° C, the plot of Al
Vs ty in Fig. 3c shows features similar to the native state BSA data displayed in Fig. 3b,
except more events have larger Al, and longer tq. Preheated at 60°C, the Aly, vs ty plot only
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shows one peak (Fig. 3d) at Al, =60 + 10 pA. Preheated at 90 °C, the same one peak at Aly,
=60 + 10 pA (Fig. 3e) was observed.

Discussion—The disappearance of the broader peak at Al, = 100-300 pA observed for
BSA in Figure 3b and 3c suggests that under the conditions of SDS + DTT preheated above
60 °C (Fig. 3d and 3e), the BSA molecules were unfolded and all BSA protein molecules
have lost their 3D structure. Note that the process of protein folding-unfolding is dynamic
and the time scale is in the order of milliseconds. The observed one peak at Al, =60 + 10 pA
suggests that the BSA preheated above 60 °C remained denatured measured by the
nanopore, possibly the heating treatment had permanently unfolded the protein. This also
suggests that the small current blockage peak observed at Al ~ 60 pA at all temperatures
likely belongs to the denatured BSA translocation events. This conclusion is also consistent
with our earlier studies on other protein unfolding measured with solid-state nanopores [9]
and proteins and peptides measured with protein nanopores [5, 11, 12]. In the work by
Oukhaled at el. and Merstorf et al., the authors concluded that the small Al and short tg
blockages were due to the passage of completely unfolded proteins, since their frequency
increased as the concentration of the denaturing agent increased. This frequency dependency
has also been observed with an increase of the temperature [8]. However, from this
experiment, we can’t exclusively conclude that all the events in the small Al, = 60 pA peak
represented unfolded BSA translocation, some short events could be produced by the
collision of BSA molecules with the nanopore without translocation.

The broader peak with greater Al, =100-300 pA in Fig. 3b implies larger excluded volume
of protein molecules in the pore, possibly produced by folded BSA. The same larger Al
=100-300 pA peak in Fig. 3c indicates that most BSA molecules were still having larger
excluded volumes (folded state), but could have some degree of denaturation and
aggregation. Since some events have larger Al, (400-600pA) and very longer tg, an
increased pore-protein interactions at this condition was also possible. It is puzzling why the
native state BSA in a nanopore produced such a broad peak in Aly, implying a broad
distribution of the excluded volume A and translocation configurations. Broad range of Aly,
distributions were also observed by previous reports studying BSA and other protein
translocation in solid-state nanopores [9, 16-19, 21, 25-27], suggesting some protein
molecules going through solid-state nanopores with multiple conformations, some could be
partially denatured.

Fig. 3f shows that the relative current drop amplitude Aly/lg is close to 2% for foplded BSA
and about 0.5% for unfolded. Assuming V, doesn’t change, the ratio of Aly/Io for unfolded/
folded measured in this experiment is about 1:4, not the ratio Aynfold: Afolg =~ 1:10 predicted
in Fig. 2a. Two possibilities could explain this smaller ratio: 1) if the single peak in Fig. 3d
represents the completely unfolded BSA peptide chain in the pore, then events in the broader
Aly, peak were produced by partially denatured BSA under the experimental condition; 2) if
the broader peak at Al,, = 100-300 pA represents the intact folded BSA protein translocation
in the nanopore, then the peak at Al, = 60 pA represents unfolded but looped translocation
configuration, not the linear amino acid chain imagined in Fig. 2a.
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The time duration histograms in Fig. 3g show that the peak values of ty were similar for
BSA in its native state and for BSA pretreated at 45°C. The tgs had increased and the
distributions were broader for the unfolded BSA pretreated 5 minutes at 60 °C and 90 °C. It
is not clear if the negatively charged SDS had affected the ty measured in this experiment.

This example demonstrates that by measuring the relative current drop magnitude Aly/lg, a
solid-state nanopore device can characterize a protein’s unfolding process. Next, we show
two more examples: 1) BSA in 6M GuHCI that BSA can only be partially denatured; 2)
BSA voltage dependence without chemical denaturants to see if a native state BSA behaves
like a rigid charged particle.

3.2. BSA in 6M Guanidine Chloride

Proteins can be completely or partially (if disulphide bonds exist) denatured in 6M
Guanidine Chloride (GuHCI). The conductivity of 6M Guanidine hydrochloride solution
was approximately 0=179.3 ms/cm at room temperature (22 °C) at pH=7.0 (0=114 for 1M
KCI). Using a pore with Dp ~18 nm (TEM image shown in Fig. 4) in 6M GuHCI solution at
w=120 mV, an open pore current 15=12.9 nA was measured. BSA protein was first dissolved
in 6M GuHCI, and then added into the cis chamber. The BSA concentration in the cis
chamber was ~100 nM. The trans chamber was positively biased.

Examples of current blockage events produced by the BSA sample are shown for =120
mV (Fig. 4a) and for ¥=60 mV (Fig. 4b). Comparing with the completely denatured BSA
which only showed one cluster of events in Figure 3c and 3d, the plot of Al vs tq (Fig. 4c)
shows two clusters of events at both voltages, ~80% of the events are in the cluster of longer
tq with smaller Aly, indicating not all BSA molecules are completely denatured in 6M
GUuHCI. Figure 4d shows that the peak values of current drop amplitudes are: Aly, = 34+6 pA
and the relative blockage Alp/1p=0.54% at ¥=60 mV, Iy = 5448 pA and Alp/15=0.42% at
U=120 mV. The ratio of Aly/lg is decreased at =120 mV compared to =60 mV. To see
the behavior of the two clusters of events more clearly, the time duration histograms are
shown separately in Figure 4e at both voltages. Fitting with a Gaussian to the events of
larger Al and short tg, the peak values are: tqP = 33.6 + 0.7 ps for =60 mV and t4P = 34.7 £
1.4 us for ¥=120 mV. Two exponential fittings to the events of smaller Al,, and longer tg,
the exponential decal constants are taul =26.7 + 5 s and tau2 = 125 + 37 ps for 60mV, taul
=26.1 + 4 ps and tau2 = 130 = 40 ps for 120 mV. The histograms of the waiting time
between events at both of these voltages in Figure 4f shows that the inter-event times are
longer at ¥=60 mV than ¥=120 mV.

Discussion—This measurement shows that BSA molecules in 6M GuHCI were not
completely unfolded, which is consistent with that guanidine is not capable of breaking the
disulphide bonds in a protein. The ratio of Alp/ly decreased from 0.54% at =60 mV to
0.42% at =120 mV, this suggests a BSA molecule might become more stretched at 120
mV so it blocked less amount of current flow, consistent with recent observations reported
by Cressiot et al on studying a maltose binding protein [27]. The same ratio of Alp/lg ~
0.5% was observed here suggesting that the peak at Alp, = 60 pA in Figure 3 is most likely
from looped BSA translocation configuration. The events in the slow cluster with short
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taul~226 ps could be produced by collision of BSA molecules with the pore, the longer ty
were most likely produced by partially unfolded BSA. With tau2 = 125 ps for 60mV and
tau2 = 130 ps for 120 mV, the dwell times of these events were longer at =120 mV,
suggesting that these events with longer ty4s could be produced by BSA linear translocation
as shown in Figure 2B. The translocation process could be thermally activated. Another
possibility is that BSA molecules become more stretched at higher voltage that it takes
longer time for them to translocate a nanopore. However, without a reference molecule like
a DNA that doesn’t change its shape in a pore, the BSA excluded volume in the pore can’t
be estimated precisely, therefore we can’t determine if the BSA molecules were in linear or
looped configuration in a pore. The inter-event histogram (Fig. 4f) shows that the current
drop frequency increased as the applied voltage increased from 60 mV to 120 mV,
consistent with earlier report by Cressiot et al. [27].

3.3. Voltage dependence of BSA in 1M KCI without denaturant

Recent measurements with solid-state nanopores have shown that the electric field in a
nanopore can change protein structure: folded protein molecules could be partially denatured
and partially folded proteins could be further stretched. Using p-lactoglobulin, our previous
experiment demonstrated that a fraction of B-lactoglobulin seemed partially denatured
without any denaturing agent [9]. Freedman et al. had shown that the electric field in a
nanopore did denature folded BSA [25]. Oukhaled et al. [26] and Cressiot et al. [27] had
demonstrated that unfolded protein molecules could be further stretched in hanopores with
increased applied voltage. Here we show an example of the electric field effects to folded
BSA and double stranded DNA molecules by nanopore experiment and computer
simulation.

Results—To probe if the strong electric field in a nanopore, E ~ ¥ /Hggs = 10°V/em, will
change the conformation of a very stable protein like BSA in folded state, we measured
voltage dependence of BSA in 1M KCI solution without any denaturing agent. Figure 5a
shows that when the applied voltage ¥ was increased from, 60 mV, to 120 mV and 240 mV,
the time duration tq was slightly increased (Fig. 5b, open diamond <). The same trend was
also observed when a set of native proteins (NativeMark from Invitrogen, contains IgM,
Apoferritin, Lactate Dehydrogenase, BSA, etc.) were measured with the same nanopore
(data not shown). If the BSA molecules were rigid charged particles as shown in Figure 1d,
the translocation time tq would be expected to follow Eq. 2, therefore ty would be shorter as
increased. To aid visualization, by assuming BSA molecules are rigid charged particles
(with position profile shown in Fig. 2) driven through a nanopore by voltage ¥, but
simultaneously moves randomly under thermal motion, we have simulated BSA
translocation times (Fig. 5b, open squares [0). The simulated BSA distributions (Fig. 5c)
show that the particle like BSA translocation times decreased as voltage ¥ increased. To
further validate the computer simulation program (see details in Appendix), a rigid
uniformly charged 7k dsDNA translocation time was also simulated and the results are
compared with the data measured in a nanopore (Fig. 5 def). For both folded BSA and
uniformly charged DNA molecules, as voltage ¥ increases, the time durations simulated
decrease and the time distributions are Gaussians (Fig. 5d and 5f).

Protein Pept Lett. Author manuscript; available in PMC 2014 October 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

Conclusion

Page 10

Discussion—The study in Figure 5 suggests that the highly charged native state BSA
molecules can’t be treated as rigid particles during a nanopore translocation experiment.
Highly charged protein molecules could be partially denatured upon entering a nanopore at
the voltages used, consistent with previous observation using p-lactoglobulin [9] and more
recent report using BSA [25]. This assumption is reasonable considering that some proteins
unfold at pulling forces larger than ~5 pN [43, 44]. The electrical field strength in a
nanopore is E ~ vy /Hegs = 10°V/cm. The electric force experienced per charge is estimated
to be eE ~ 1.6 pN/e. A BSA molecule has about 100 negative and positive residues each at
pH 7.0. When a BSA molecule is entering a nanopore, opposite charges in the protein will
be driven in opposite directions by the electric field (see Fig. 2b.) and this electric force is
estimated to be much larger than the strength of the hydrogen bonds and will reduce the
attractive electric force between these charges that hold a protein in a folded shape, thus a
BSA could be partially denatured. In addition, the heat produced by current flow in a pore
may also contribute to protein denaturing. This electric field effect is not an advantage for
the purpose of protein identification; it could cause a previous unfolded protein entering a
nanopore with a charged region, not one end of a peptide chain, increase the chance of
looped protein translocation configuration.

From a very limited number of reports on studying protein unfolding with solid-state
nanopores, we conclude that a solid-state nanopore device is capable of characterizing the
process of protein unfolding at single molecule level by measuring a protein’s relative
current drop amplitude that is directly proportional to the protein’s excluded volume in a
nanopore. A protein in a folded state occupies a larger excluded volume in a nanopore
therefore blocks more ionic current flow than the protein in unfolded or random coil state.
The technique of solid-state nanopore is not only sensitive enough to distinguish the folding
state of a protein; it also gives the distribution of possible states.

The disadvantage of this method is that the electric field used to drive a protein molecule
through a nanopore and to produce an ionic current signal can change protein structure,
partially unfold a native state protein or stretch an unfolded peptide chain. When an
unfolded protein molecule enters a nanopore, due to its heterogeneous charge distribution, a
negatively or positively charged region may enter first depending on the voltage polarity,
which could cause looped or multiple peptide chain translocation configurations. This
looped translocation configuration will not affect the determination of a protein’s folding
state, however, this will be a key problem for future applications such as identifying proteins
by their linear amino acid chain translocation signal in a nanopore.

Perspective of studying protein unfolding by solid-state nanopores—
Characterization of protein unfolding using solid-state nanopores is a new research field that
only started several years ago and is still at its initial developing stage. To progress further in
this field, experimental and theoretical studies are needed to understand how the
translocation dynamics and configurations of unfolded protein molecules in a nanopore are
related to protein structure, nanopore geometry, and pore-protein interactions.
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Appendix

Translocation time simulation

To better understand protein translocation time distribution, we have simulated tq in figure
5. Below is a brief description of the computer simulation. We model a BSA molecule as
rigid with charge distribution shown as in Figure 1d. When this BSA molecule is pulled
through a nanopore by the electric field in a nanopore, the BSA molecule also moves
randomly due to Brownian motion along the centerline of the pore. The motion of the BSA
molecule can be modeled by a 1-D Langevin equation:

dv

mE:FE (z) — fu+rW (1)

Where v is the speed of the molecule, Fo(X)=Eq(X) is the electric force, q(x)=3 Qin, is the
total charge of a BSA in the pore, f is the drag coefficient, related to the diffusion coefficient
by f= ky T/D, x is defined by the fluctuation-dissipation theorem, and W(t) is a ‘noise term’
or Wiener process with zero mean that represents the random thermal forces on the
molecule. The variable x is the position of the first part of the molecule that enters the pore.

To calculate time durations ty, we simulated ensembles of hundreds of molecules travelling
through the pore using the Euler-Murayama numerical methods to solve the one dimensional
Langevin equation, which includes the Wiener process term, AW, which adds a normally
distributed random number with mean zero for each timestep At. The change in speed is
calculated by

q(z;)E

V2ak, T
)) At+LAtAW
m

v(i+1)=v(i)+ (

- EU(Z

And the change in position is calculated by

x(i+1)=x(i)+v(i) At

The translocation time ty is calculated by adding all the timesteps it takes for a BSA or DNA
molecule to pass through the nanopore.
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Figure 1.
(a) Schematic diagram of a nanopore experiment setup. (b) A TEM image of a ~16 nm pore

used for BSA measurement. (c) Several recorded BSA current blockage events in partially
denatured condition (SDS+DTT+45 °C at pH 7 and 1M KCI measured with the nanopore
shown in (b). (d) lllustration of one of the possible conformations of a BSA protein at native
state (PDB, 3v03). (e) Possible partially denatured form of BSA. (f) completely unfolded
form of a BSA molecule.
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Figure 2.

(a) Predicted excluded volume of BSA in a nanopore at folded globular state and unfolded
linear shape in a Hegr=20 nm pore (solid lines) and Hes=10 nm pore (dotted lines). (b)
Predicted electrical charge of a BSA in a nanopore at folded globular state and unfolded
linear shape (without SDS) in a Hes=20 nm pore (solid lines) and Hes=10 nm pore (dotted
lines). The BSA protein sequence was obtained from: http://www.rcsh.org/pdb/explore/
remediatedSequence.do?structureld=3V03.
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Figure 3.

BSA unfolding states measured in a ~16 nm pore (Fig. 1b) in 1M KCl at pH 7. (a) Current
drop events observed for BSA in 1M KCl at pH 7 with no denaturant. The stock BSA
sample contains 1.4 mg SDS (4.85 mM) and 2mM DTT with 1 mg BSA (15uM) in 1ml 1M
KCI solution were kept for 5 minutes at the higher temperature indicated in the figures, than
immediately cooled down in a water bath kept at room temperature. The BSA protein was
then added to the cis chamber. The bias voltage was =120 mV. The open pore current was
Alg=11.5 (b), 11.5 (¢), 13.4 (d), and 8.7 (e) nA respectively. (f) Number of events
distributions vs Al/lg for data shown in panels b, c, e, and d. (g) Number of events
distributions vs tq for data shown in panels b, c, e, and d. The final concentration of the BSA

protein in the cis chamber was about 12 nM for all the measurements. The final

concentrations of SDS and DTT were 3.9 uM and 1.6 uM respectively.
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Figure4.

BSA protein in 6M Guanidine Hydrochloride solution measured by a pore of Dp=18+2 nm.
Examples of current blockage events at 120 mV (a, 15=12.9 nA), 60 mV (b, 15=6.3 nA), and
Al vs Ig (c). The nanopore used for this experiment is shown in the insert of (c). Histogram
distributions are shown for current blockage Aly, (d), time duration tq4 (e), and the interval

between events (f).
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the experiment. VVoltage dependence of the time duration distributions measured by the
nanopore (d), the most probable values of tq4 as a function of voltages (e), Computer
simulated time durations vs voltage (f). Error bars were the standard deviation from

Gaussian fit to the data.
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