Downloaded at NORTHEASTERN UNIV LIBRARY on April 21, 2021

Check for
updates

Electrical unfolding of cytochrome ¢ during
translocation through a nanopore constriction

Prabhat Tripathi®

Paul M. Champion®%"

, and Meni Wanunu®9'

, Abdelkrim Benabbas?®, Behzad Mehrafrooz®, Hirohito Yamazaki®, Aleksei Aksimentiev®<®,

2Department of Physics, Northeastern University, Boston, MA 02115; PCenter for Biophysics and Quatitative Biology, University of Illinois at
Urbana—-Champaign, Urbana, IL 61801; “Department of Physics and Beckman Institute for Advanced Science and Technology, University of lllinois at
Urbana-Champaign, Urbana, IL 61801; and 9Center for Interdisciplinary Research on Complex Systems, Northeastern University, Boston, MA 02115

Edited by William A. Eaton, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD, and approved March 13, 2021 (received for

review July 31, 2020)

Many small proteins move across cellular compartments through
narrow pores. In order to thread a protein through a constriction,
free energy must be overcome to either deform or completely
unfold the protein. In principle, the diameter of the pore, along
with the effective driving force for unfolding the protein, as well
as its barrier to translocation, should be critical factors that govern
whether the process proceeds via squeezing, unfolding/threading,
or both. To probe this for a well-established protein system, we
studied the electric-field—-driven translocation behavior of cyto-
chrome c (cyt ) through ultrathin silicon nitride (SiN,) solid-state
nanopores of diameters ranging from 1.5 to 5.5 nm. For a
2.5-nm-diameter pore, we find that, in a threshold electric-field
regime of ~30 to 100 MV/m, cyt c is able to squeeze through the
pore. As electric fields inside the pore are increased, the unfolded
state of cyt c is thermodynamically stabilized, facilitating its trans-
location. In contrast, for 1.5- and 2.0-nm-diameter pores, translo-
cation occurs only by threading of the fully unfolded protein after
it transitions through a higher energy unfolding intermediate
state at the mouth of the pore. The relative energies between
the metastable, intermediate, and unfolded protein states are
extracted using a simple thermodynamic model that is dictated
by the relatively slow (~ms) protein translocation times for pass-
ing through the nanopore. These experiments map the various
modes of protein translocation through a constriction, which
opens avenues for exploring protein folding structures, internal
contacts, and electric-field-induced deformability.

nanopore biophysics | cytochrome ¢ | protein folding |
electric field unfolding | solid-state nanopore

Protein unfolding during its translocation through a nano-
constriction, and its subsequent refolding after translocation,
are two ubiquitous processes in biology (1-6). In order to fully
understand the two processes, a plethora of experiments that use
nanopores as mimics of a real biological constriction have been
performed (7-24). In these studies, voltage applied across a pore
electrokinetically pulls a protein into and subsequentially
through it. These studies are also critical to overcoming technical
challenges associated with protein sequencing using nanopores,
where tertiary and secondary structures must be unfolded to
allow single-file threading of a protein through the nanopore
sensor. Interactions of partially and fully unfolded proteins with
biological and solid-state pores in the presence of chemical de-
naturants have been studied extensively (7-10). The use of an
enzymatic motor to achieve processive threading of unfolded
proteins was demonstrated recently (11). In other pioneering
experiments, electric-field-driven unidirectional threading was
demonstrated by tagging the end terminal of the model protein
thioredoxin with an oligonucleotide (12, 13). In these studies, the
size of the pore was smaller than that of a fully folded protein
(dpore < dprotein) and translocation of protein necessarily required
denaturing agents, an enzyme, or an oligo tag. Nanopores with
larger diameters than the folded protein (dpore > dprotein) Were
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also employed (8, 14-22), and due to the extremely fast trans-
location times of folded protein transport, only a tiny fraction of
the translocated population was detected (14, 15, 17, 19), pre-
dominantly the longer events associated with protein sticking to
the pore walls (15, 19). Slowing protein translocation by tether-
ing to a lipid coating on the pore walls achieved orders of
magnitude reduction in the translocation times and allowed ef-
ficient protein detection (18). High-bandwidth measurements
combined with the use of “tighter” pore diameters have been
used to capture the fast translocation events of folded proteins
and further utilized to estimate size (16, 20, 25), conformation
(21), and conformational flexibility (22).

Here, we report that a fully folded heme protein cytochrome ¢
(cyt ¢, Fig. 14) can pass through an ultrathin solid-state nano-
pore (dpore < dprotein) and translocate without requiring chemical
denaturants, an unfolding enzyme, or an oligonucleotide tag.
Instead, protein unfolding during translocation can be achieved
by controlling the electric field across the pore. We report how
solid-state nanopores can unfold a protein during its transloca-
tion through a nanoconstriction that is smaller than the protein
diameter. The nanoconstriction allows studying the protein in a
“trapped” mode where the native state of the protein is not
allowed to pass through, but partial unfolding and reequilibra-
tion of the protein can take place at the pore. This leads to an
outcome where unfolding of the remaining secondary a-helical
structure can be induced by an electric field during translocation.

Significance

Can localized electric fields drive the complete unfolding of a
protein molecule? Protein unfolding prior to its translocation
through a nanopore constriction is an important step in protein
transport across biological membranes and also an important
step in nanopore-based protein sequencing. We studied here
the electric-field-driven translocation behavior of a model
protein (cyt c¢) through nanopores of diameters ranging from
1.5 to 5.5 nm. These single-molecule measurements show that
electric fields at the nanopore constriction can select both
partially and fully unfolded protein conformations. Zero-field
free energy gaps between these conformations, found using a
simple thermodynamic model, are in remarkable agreement
with previously reported studies of cyt c unfolding energetics.
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Fig. 1. Cyt c squeezing/unfolding through a solid-state silicon nitride nanopore. (A) Schematic of our experimental setup; application of a negative voltage
to the trans chamber electrokinetically captures cyt ¢ molecules at the pore vicinity. (B and C) Representative ionic current recordings for a dyore = 2.5 Nnm
(Lpore = 3.4 nm), in 1 M KCl, 10 mM Hepes, pH 7.5 buffer at —100 mV (B) and at —500 mV (C), respectively. (D) Description of the parameters in a typical current
blockade event. (E) Schematic energy diagram for translocation of cyt c. In the native state (N), the energy barrier for protein translocation through the pore
is assumed to be pseudoinfinity due to steric constraints, whereas the energy barrier of a partially unfolded metastable squeezed state (M), which still has
intact a-helices, remains relatively large compared to the completely unfolded state, U. Due to interaction with an external electric field and fast a-helical
conformational transitions, the low-barrier U-state population increases leading to larger average translocation rates. (F) The conformational populations of

AAHR®

t(\e proteiS are governed by thermal excitations, the zero-field free energy gap between conformations (AAGpmy), and the effect of the external electric field

Although this experiment is fundamentally different from DNA
unzipping (26-28), stretching (29), and translocation (30), there
are certain similar outcomes in the analysis. For example, we
observed that there is a voltage or electric-field threshold to
observe transitions in the protein conformation, and we find that
the translocation rate is conformation dependent.

Cyt c Interaction with a Nanopore

We chose cyt ¢ as our model protein (SI Appendix, section 2 and
Fig. S1, i and ii) because of ample investigations concerning the
energetics of its conformationally excited metastable and un-
folded states (31-33). In its native state, cyt c is relatively small
(MW = 12 kDa, dproein ~3 nm), positively charged (+8 at
physiological pH), its structure can be modulated under the ac-
tion of electric field (34), and it can translocate through mito-
chondrial pores (6, 35, 36) and other small constrictions (37)
(dpore < 3 nm). Moreover, some conformational changes of cyt ¢
are known to involve the removal of the Met-80 heme ligand
(38-42). These conformational changes are known to be func-
tionally relevant; for example, upon interaction with the mito-
chondrial membrane, cyt ¢ loses the Met-80 heme ligand and
transitions from an electron transport protein to a peroxidase,
initiating the process of apoptosis (43-46).

Earlier studies on cyt ¢ reported that the energy required to
unfold cyt ¢ is > 21.6 kgTy (12.8 kecal/mol with T, = 298 K) (32), a
significantly high energy (> 500 meV) to achieve on a lipid-
supported biological nanopore platform, even at maximally
supported voltages of up to 350 mV (47). In contrast, solid-state
nanopores allow us to perform experiments at high voltage (~1
V) and also robustly analyze the same molecule with different
pore diameters while maintaining the electrostatic and hydro-
phobic environment of the inner pore lumen (48-50). The ar-
rangement of a solid-state nanopore within the flow cell is shown
in Fig. 14 where a negative potential is applied to the trans
compartment. The resulting steady-state ion current is tran-
siently interrupted only by cyt ¢ molecules interacting with the
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pore. The electric-field intensity is maximum inside the pore and
decays rapidly outside the pore entrance (29, 50). The positively
charged cyt c is captured at the pore entrance via a drift-diffusion
mechanism (24, 50), and following its trapping at the pore
mouth, depending upon the applied potential, it can either un-
dergo conformational transitions and translocate through the
pore or escape back to the cis compartment. Given the dipolar
nature of cyt ¢, we expect that in the applied voltage regime used
here, the resulting electric field in the pore vicinity can prefer-
entially orient and separate the differentially charged segments
of cyt ¢ prior to its translocation (SI Appendix, section 5). The
orientation-dependent energetics of the protein, due to perma-
nent and induced dipole interactions with the electric field (and
its gradient) are, for simplicity, treated here using scalar fitting
parameters. We also emphasize that rapid timescale (0.1 to
10 ps) a-helical unfolding/folding processes (51-56) are key as-
pects of the secondary structure of cyt ¢ and that these relatively
fast conformational transitions appear to govern the much
slower (~ms) translocation of the protein through pores with
diameters of 2.0 to 2.5 nm.

Example traces at —100 and —500 mV are shown in Fig. 1 B
and C, respectively (for other voltages reference SI Appendix,
section 6 and Fig. S3, i—vii). A single interaction of a protein
molecule with the pore, shown in Fig. 1D, can be characterized
by a reduction in the open pore current (/,) by some amplitude
(AI), as well as by the duration of this interaction time (esidence)-
As can be discerned from previous work (19, 57), as well as from
the molecular-dynamics (MD) simulations presented below, the
scaleless fractional blockade Al/I, provides information about
the nature of the protein occupancy in the pore (e.g., squeezed,
stretched, or unfolded), while the value of 7 eggence provides in-
formation about the rate of protein translocation and its asso-
ciated free energy barrier. We reason that translocation for
dpore < dprotein requires excitation of the native protein, N, to
higher energy, partially unfolded, conformations. Thus, in addi-
tion to N, we consider a metastable squeezed state, M, a fully
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unfolded state, U, and an intermediate state, I, on the pathway
between M and U. The residual a-helical secondary structures
associated with the M and I states are described in more detail
below. As the electric field increases, these states can intercon-
vert, either in the nanopore or at the mouth of the pore, making
the protein more flexible and reducing both the fractional
blockade (Al/I,) and the energetic barrier to translocation, AG*".

Thermodynamic Model

In the studies reported here, translocation of cyt ¢ through a 2.5-
nm pore takes place on (~ms) timescales. This means that pro-
tein secondary structures that reequilibrate on much faster ( < 10
ps) timescales can be considered within a thermodynamic quasi-
equilibrium framework (i.e., using a preequilibrium kinetic as-
sumption). The thermodynamic analysis describes the translo-
cation process under near-equilibrium conditions for the a-helix
state transitions, while the MD simulations described below
probe highly nonequilibrium transport on ~ns timescales. This
two-pronged approach allows us to consider the nonequilibrium
processes that are likely to occur, even on the experimentally
observed (~ms) translocation timescale, as well as to analyze the
thermally driven conformational reequilibration processes that
are constantly taking place on much faster timescales.

As an example, in Fig. 1E, we illustrate the energy diagram for
translocation within a pore that denies access to the N state but
allows entrance and “squeezing” of a partially unfolded M state,
which has the three residual a-helices of cyt ¢ intact (32, 58, 59).
For smaller pores, which do not allow access to M, conforma-
tional excitations due to the electric field at the mouth of the
pore can still take place and affect the ion current. Thus, for the
experiments using a 2.0-nm-diameter pore described below, a
two-state analysis was wused to describe interconversions
between M and an intermediate I state, which lies on the path-
way to U, where one of the a-helices has unfolded (32, 58, 59). In
a larger 2.5-nm pore, where the M state of cyt ¢ can enter by
squeezing, both two-state (M« U) and three-state (M« I« U)
models were used for analysis. These models are discussed in
more detail in SI Appendix, sections 7 and 15. In both models, a
flexible dynamically interconverting thermodynamic state mix-
ture, associated with rapid (51-56) a-helix folding/unfolding
transitions, facilitates translocation through the pore and affects
the observed fractional blockades.

The conformational excitation of an electrically polarized (or
polarizable) protein to a state of higher electric dipole moment
can be induced by the action of an applied electric field. This
occurs because the applied field reduces the energy gap between
conformational states with differing net dipole moments. As an
example, using just the two states M and U (in addition to N), we
depict in Fig. 1F an inherent zero-field free energy gap, AAGwy,
that is reduced by a field-dependent interaction energy. The field
dependence of the energy gap is defined as follows: AAH,\E,;"”’ =

AHZ — AHR. More specifically, the electric-field-dependent
energy gap between the states M and U can be written as follows:

Eapp _
AAH =

— ApmuE o — %AaMUEgpp. [1]
Here, Apmu = pu —pm and Aayy = ay — am are taken to be posi-
tive fitting parameters that include dipole-field orientation as
well as any associated dielectrophoretic effects (29) where the
gradient is expanded in powers of applied field. The field pri-
marily interacts with either the permanent dipole moment
(pm and py) of each state or with the conformation-dependent
induced dipoles (34) that depend on both the polarizability
and the applied field (i.e., amEqyp and ayE,y,). As the electric
field is increased, we expect the dipoles to orient along the field
so that py >pm and ayEgp, > amEqyp, due to the protein elongation
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(and the charges within it) in the U-state conformation. Under
this condition, the potential energy level associated with U will
decrease relative to M as the magnitude of the field increases.

Thus, as the applied field increases, an energy-level degener-
acy occurs, where the thermodynamic population probabilities
of M and U become equal, and M is no longer a thermody-
namically stabilized state. The resulting rapid (0.1 to 1 ps)
timescale (51-56) thermodynamic a-helix unfolding/folding leads
to a population mixture between M and U that affects the
fractional blockade. It also facilitates translocation through the
pore but on much slower (ms) timescales than the underlying
a-helix interconversion times. At still higher fields, level inver-
sion takes place, and the unfolded conformation (U) becomes
more thermodynamically stable than M. If only one of the three
a-helices unfolds (32, 58, 59), a sequential intermediate state, I,
should be included in the thermodynamic analysis. Finally, we
note that, so long as the timescale separation that allows ther-
modynamic averaging is maintained, we do not need to explicitly
consider the frictional forces that might affect the transition rates
between the folded and unfolded a-helices linking the M, I, and
U states.

Results and Analysis

We present here extensive measurements of the fractional
change in current amplitudes and residence times for many
single-molecule passage events of cyt ¢ through various solid-state
pores under native and denaturing conditions. These experiments
shed light on the kinetics and energetics of cyt ¢ translocation by
using a statistical analysis of the molecular ensemble. We use the
thermodynamic model to analyze the electric-field-dependent
fractional blockades and, for the 2.5-nm pore, we extract the
zero-field free energy gap, AAGmy = AGny — AGnuv. The results
from the 2.0-nm pore also allow AAG\; to be found. Thus, by use of
both the pore size and the external electric field, the relative en-
ergies of different partially folded conformations of cyt ¢ can be
probed. As described below, the zero-field free energy gaps
obtained with this single-molecule nanopore technique are in re-
markable agreement with prior studies of cyt ¢ unfolding energetics
(32, 58). Finally, the zero-field translocation energy barriers for
the M state (AGI), U state (AGI), and I state (AG}") can also be
estimated from the residence time (kinetic) measurements.

Smaller Pore Imposes a Free Energy Barrier during cyt ¢ Translocation.
Scatter plots of fractional blockades versus residence times for
different pore diameters are shown in Fig. 24. Example traces
for different pore diameters are shown in SI Appendix, section 8
and Fig. S4. For the 5.5-nm pore (V = 100 mV), we observe
short-lived events (~200 ps) with relatively shallow fractional
blockades (~0.36). Decreasing the pore size to 3.5 nm resulted in
similar event durations (~120 ps) yet deeper fractional blockades
(~0.8), as expected. Further decreasing the pore diameters to 3.0
and 2.5 nm increased the fractional blockades to near unity and
greatly increased event durations to 10 to 100 ms, orders of
magnitude greater than for the larger pore sizes. Moreover, in
the experiments with 3.0- and 2.5-nm pores, higher voltages were
required to observe translocation events than for the larger
pores. Given the molecular dimensions of cyt ¢, these results
suggest that decreasing the pore diameter to below 3 nm imposes
a significant free energy barrier for cyt c¢ translocation in its
native state; that is, conformational excitation is required for the
protein to move through the pore.

Threading of the Unfolded Protein after a Transition at the Mouth of
the 2.0-nm-Diameter Pore. As the pore size is further reduced, we
observe increases in the magnitude of the translocation barrier.
In Fig. 2B-F, we present results for a 2.0-nm-diameter pore. A
representative distribution of fractional blockades obtained for
the 2.0-nm pore is shown in Fig. 2B. Since we observed two
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Fig. 2. Conformationally excited states of cyt c during translocation. (A) Scatter plots of fractional current blockades and residence times for different pore
dimensions. (Insets) Snapshots from all-atom MD simulations. (B) Current blockade distribution for cyt ¢ in a 2.0-nm pore (full scatter plots are found in S/
Appendix, section 21) shows two distinct populations of blockade events. The black curve represents a double Gaussian fit. (Inset) Example multilevel events
and two-level fits (red curve) reveal levels i and ii. (C) Voltage dependence of mean fractional blockades for levels i and ii. Level ii is nearly independent of
voltage, whereas level i decreases with voltage. The blue curve is a fit using the two-state model described by Eq. 2, where the M and | state are inter-
converting at the mouth of the pore, prior to a transition to the U state and threading into the pore. Fit parameters are given in Table 1. (D-F) Distribution of
the level i lifetime with a single-exponential fit for z; (blue curve), distribution of the level ii lifetime with a double-exponential fit for zjij; and zji; (black curve),

and voltage dependence of time constants 7;, 7jj;, and i, respectively.

characteristic levels (i and ii) produced by the protein, which
often occur in succession (i — ii for the same molecule, see
Fig. 2B, Inset trace), we decoupled the two states by using a
custom script to independently quantify the durations and
blockade levels for each of these states (ST Appendix, section 1).
Based on these observations, we assigned level i to protein
docking at the pore mouth where it attempts (but fails) to
squeeze through the pore via the partially unfolded M state,
which retains its full a-helical content. Instead of squeezing,
the M state begins to undergo transitions with another unfolding
intermediate (I state, where the shortest of the three cyt c
a-helices is unfolded) at the mouth of the pore. Further a-helical
unfolding results in the U state, which either escapes back to the
cis chamber or threads deeper into the pore leading to blockage
level ii. Similar event shapes (i — ii) were observed for a
1.5-nm-diameter pore at —500 mV (SI Appendix, section 9 and
Fig. S5 A and B).

In additional studies, we did not observe a substantial number
of events with level ii at voltages weaker than —250 mV, indi-
cating that there is a significant voltage threshold necessary to
fully unfold cyt ¢ so that it is able to enter the 2.0-nm pore
constriction. As higher voltages were applied, the number of
level ii events increased up to about —400 mV and then leveled
off (SI Appendix, section 10 and Fig. S6). Furthermore, whereas
the AI/I, peak position of level ii (Fig. 2C) remains constant as a
function of voltage in the range —250 mV < V < —650 mV, we
find that the i blockade level systematically decreases with
stronger applied voltage. This behavior stands in contrast to
DNA unzipping (26-28) and translocation experiments (30),
where fractional blockades do not change with the voltage. We at-
tribute this behavior (Fig. 2C, blue curve) to electric-field-induced
transitions of cyt ¢ between the partially unfolded metastable M state
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and the more unfolded state, I, which leads to more ion permeation
depending on the field-dependent relative population of the M and
I states. When the protein fully unfolds to U, the level ii blockade
ratio is established because the protein is now finally able to enter
into the 2.0-nm pore where it blocks the ion current.

We assign the formation of the cyt ¢ M state to electric-
field-induced breakage of the salt bridge involving E62, which
subsequently releases residues 40 to 57 within an Q-loop region
(59). Because the applied field should also lead to dissociation of
Met80 (34), the unfolding of its associated Q-loop residues 70 to
87 is also assumed to take place. Thus, we suggest that the action
of the electric field at the entrance to the nanopore can induce
the lowest energy unfolding transitions of cyt ¢ (32, 58). This
produces the smaller and more compressible M state, which is
chiefly composed of the three primary a-helices of cyt c. Because
these helices are energetically stabilized, they are more difficult
to unfold (32, 58). Based on prior work (32, 58), the I state is
presumed to involve the unfolding of the short a-helix associated
with residues 61 to 69.

The blue curve in Fig. 2C is a simple two-state fit (S Appendir,
section 7) to the level i blockade of the 2.0-nm pore using the
following equation:

) Eapp
A AAGy+AMH !

(=N e T "+, [2]

where the fractional blockades for states M and I are given by ¢,
and ¢, respectively. The normalization is given by
N =1+ exp{(AAGMm1 + AAHI\E,{{’”)/kB Ty}, and Ty is room tempera-
ture. The result of a fit with only the linear E,, term in Eq. 1
is given in Table 1 because when both terms are used there are
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too many parameters for unique convergence. However, when
the opposite limiting case is employed (i.e., using only the qua-
dratic term in E,,,), the fit results in a polarizability difference
Aami = 0.4 +0.07 Debye-m/MV that translates to an induced di-
pole difference of 46.4 + 8.2 Debye (when using the midpoint
field in Fig. 2C, E,,,;; = 116.6 MV/m). The similarity between the
fits using either the linear- or quadratic-field dependence allows
us to use just the linear term as a fitting parameter, so long as we
keep in mind that differences between the induced dipoles can
also participate in altering the energy gaps between the thermo-
dynamic states. Finally, we note that, at the mouth of the pore,
the fractional blockades are much smaller than when the protein
transitions to the U state and moves inside the pore, forming the
blockade level ii.

To analyze the event durations for each level, we fit the event-
duration distribution for each state to exponentially decaying
distributions. For level i (Fig. 2D), we find a single time constant
of 7; = 23.2 + 0.9 ms at —300 mV, which reflects the lifetime at
the mouth of the 2.0-nm pore prior to formation of more fully
unfolded states that have the potential to thread and generate
the higher blockades associated with level ii. As might be
expected, there is a monotonic decrease of z; beyond —300mV
(Fig. 2F) reflecting faster conversion to the U-state conforma-
tions. In contrast, for the distribution of level ii events, we ob-
serve two distinct time constants, a fast timescale z;;; and a slower
timescale, 7 (Fig. 2F). This indicates that there must be at least
two states contributing to level ii that are not easily resolved via
their blockade current (although small deviations from the single
Gaussian fit in Fig. 2B can be discerned). The duration of ;;
monotonically decreases with increasing voltage beyond
—300 mV (Fig. 2F), which is consistent with the faster translo-
cation of a threaded state as the voltage is increased. In contrast,
the shorter lifetime component (z;;; ~ 0.5 ms) does not appre-
ciably change at lower voltages, while beyond —500 mV it cannot
be resolved from t;;; (Fig. 2F). Possible scenarios for this be-
havior are discussed in SI Appendix, section 21.

Denaturant and Electric-Field-Induced Unfolding during cyt ¢
Translocation through a 2.5-nm-Diameter Pore. To experimentally
verify electric-field-induced protein unfolding, we investigated
the fractional-blockade distributions as a function of voltage for
a 2.5-nm-diameter pore for different concentrations of guanidi-
nium hydrochloride (Gdm-Cl), a chaotropic denaturant. Not-
withstanding previous studies (60, 61) of cyt ¢ at very high (~1
mM) concentrations in 60% ethanol, we observe no evidence of
guanidinium-induced aggregation and oligomerization since
relatively low fractional blockades are observed, indicating that
cyt ¢ is in monomeric state at these very low (0.5 to 1.0 pM)
concentrations. The plotted distributions (Fig. 34) reveal a clear
transition from the native state of the protein to metastable and
unfolded states. Below a threshold voltage (<350 mV), we ob-
serve exclusively deep blockade ratios (0.8 to 0.9), attributed to
interactions of the native state (N) of cyt ¢ and conformationally
excited states M. In contrast, for voltages above 350 mV, we
observe a gradual transition to shallower fractional blockades,
indicating further conformational excitation to stretched and

Table 1. Fit parameters from the experimental data (dpore = 2.0
nm, L = 4.1 nm) in Fig. 2C at the mouth of the 2.0 nm pore using
Eq. 2 with the linear interaction term (ApwmEzpp)

Parameters Mo

dm 0.47 + 0.04

& 0.16 + 0.02
AAG\y 2.4 + 0.6 kcal/mol
Apwmi 44.0 + 11.8 Debye
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unfolded states. We also observed similar behavior in the
blockade distributions with respect to voltage for a 3.0-nm pore
(SI Appendix, section 12 and Fig. S9), where the transition oc-
curred at much lower voltage (V ~—250 mV) as compared to the
2.5-nm pore.

Next, to confirm that our observations can be attributed to
protein shape, we performed experiments in the presence of
different concentrations of Gdm-Cl (in 1 M KCI, 10 mM Hepes,
pH 7.5) using a 2.5-nm pore (SI Appendix, section 13, Table S3,
and Figs. S10-S15). In the presence of 0.5 M Gdm-Cl (Fig. 3B), a
transition to unfolded state (low Al/I,) occurs more gradually
and begins at lower voltages than in the absence of Gdm-Cl. In
contrast, in 2 M Gdm-Cl (Fig. 3C), we observe no clear pop-
ulation and no transition, indicating that random portions of the
protein are more likely to enter the pore due to its disordered
state (data for 1 M Gdm-Cl are presented in SI Appendix, Fig.
S12). Furthermore, in 3 M Gdm-Cl (S Appendix, section 13 and
Figs. S13 and S14), we find a clear peak (around 0.3) in the
fractional-blockade distribution, attributed to fully unfolded cyt ¢
conformations.

Squeezing and Electric-Field-Induced Unfolding of Distinct
Metastable States during cyt ¢ Translocation. Next, we examine
the detailed process of cyt ¢ passage through a 2.5-nm pore as a
function of voltage or electric field (E,,,). In Fig. 3D, we plot the
mean capture rates as a function of E,,,. Our finding of a linear
increase in capture rate is consistent with drift-limited capture
theory (24). Furthermore, this observation, in addition to long
measured residence times (relative to our 10 ps measurement
time resolution), rules out the possibility of any time resolution
artifacts in the entire voltage range of our experiments.

Analysis of the fractional-blockade distributions reveals a total
of four distinct populations, and they were fit using a four-
component Gaussian where the centroids identify various
states of cyt ¢ in the pore, as plotted in Fig. 3E for each E,,, (SI
Appendix, section 14 and Fig. S16). We observe two peaks cen-
tered around 0.82 (red markers) and 0.9 (blue markers), which
vanish for E,,, 2 200 MV/m. Between E,,, ~0 to 30 MV/m, there
is a gradual transition from initial native states N to squeezed
metastable states, designated as M; and M,, which may differ
from each other by how these partially unfolded configurations
are able to squeeze into the 2.5-nm pore. As E,,, is increased
into the range ~110 to 170 MV/m, large subsets of the two
populations undergo a major dynamic unfolding transition as
evidenced by a significant reduction in the fractional blockades
(triangles in Fig. 3E). These transitions are designated as
M; & U; (blue triangles) and M,<I+ U, (red triangles). Finally,
as E,,, approaches ~250 MV/m, the protein transitions to a
completely unfolded state, which is marked by very low fractional
blockades. We envision that the unfolded protein has two types
of blockade states (denoted U; and U,) within the pore
depending upon the initial squeezing configurations and the
ensuing unfolding pathway (M; & U; or M, 1< Uy).

Energetics of cyt ¢ Unfolding. To quantitatively understand the
observed electric-field-induced unfolding transition and to
evaluate the energy gaps and dipole interactions of the various
states, we have considered both a simplified two-state model
involving conformational states (M and U), separated by an
energy gap AAGwy, as well as a sequential three-state unfolding
model, which also includes the I state. Both of these models lead
to expressions that are analogous to Eq. 2, and they are discussed
more completely in ST Appendix, section 15. Because the M; & U,
transition shows a much broader distribution compared to the
M; <l U, transition (Fig. 3 E, Inset and SI Appendix, section 14
and Fig. S16), we assume that the M; < U; distribution of
blockade states is related to a more direct transition from M; to a
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Fig. 3. Electric-field-induced unfolding of cyt c: distributions of fractional current blockades as a function of applied voltage measured for pores with dpore =
2.5 nm, L = 3.4 nm. (A) In absence of Gdm-Cl ([cyt c] = 1.0 uM), distributions show a clear transition from metastable (higher Al/l,) to unfolded (lower
Al/l,) states. (B) In presence of 0.5 M Gdm-Cl ([cyt c] = 0.5 uM), distributions show transitions at a lower voltage, and (C) in presence of 2 M Gdm-Cl
solution ([cyt c] = 0.5 uM), broad distributions without any transition and no well-defined peaks indicate a disordered ensemble of protein conformations.
The total number of events collected for each experiment, n, is indicated on each panel. (D) Capture rates as a function of applied voltage and electric field,
when 1 M cyt c was placed in the cis compartment. The inset shows a typical distribution of Iog(rcaptu,e) measured at —300 mV, and the black solid line
represents a single exponential fit to the distribution. (E) The mean value of fractional change in current as a function of electric field and applied voltage for
different assigned metastable states (M,, M) and dynamically unfolding states (M1 < U4, My < | < Uj). The inset shows typical distributions of fractional
change in current, measured at —200 and —500 mV, along with the fits using the multicomponent Gaussian function. The blue curve is fit with the two-state
(M; & Uq) model, and the red curve is fit with the three-state model (M3 < | < U,). These fits yield the values of AAGmy and Apmy (see Table 2 and also S/
Appendix, section 15). (F) The rate of protein translocation as a function of applied voltage and electric field. The inset shows a typical distribution of 7 esigence
measured at —200 mV, and the solid curve represents its fit with a bimodal distribution, yielding two time constants (z1 and ;) and rates (k; and k3).
Reference SI Appendix, section 16 and Fig. S17 for 7 esigencedistributions at higher fields. Along with the fractional-blockade distributions shown in E, this
strongly indicates that there are two distinct metastable state configurations (M, and M,) that can squeeze into the pore. Upon increasing the electric field to
~30 MV/m, the protein is successfully trapped and partially unfolded to form the squeezed M states. As the field increases, transitions take place between the
metastable and fully unfolded states (M1 <& U; and M; < |« Uy). The higher field leads to a higher probability of U-state formation and much faster
translocation. Saturation of fully unfolded protein occurs above ~200 MV/m.

Eq. S7), which is constrained by the M1 parameter values
found previously (Table 1). This approach yields a similar tran-
sition energy between M and U (i.e., AAGwm,u, = 5.4 keal/mol,
Table 2).

Thus, both the M; «U; and M, < U, free energy gaps are
found to be in excellent agreement with the value of the total
free energy, 5.4 kcal/mol, previously found (32) for unfolding the
three major o-helical regions of cyt c. It is also worthwhile to
mention that a threshold voltage required to rupture a
protein-DNA complex using a solid-state nanopore was previ-
ously found to correlate well with the equilibrium free energy of

random set of unfolded conformations U;, which translocate at
differing rates centered around the mean value. This suggests a
direct, nonsequential, unfolding pathway between M; and U,
exists within the pore. For the M, I« U, transition, we assume a
sequential pathway where one of the a-helices unfolds first,
forming the I state, followed by the other two a-helices to form
the U state (32, 58). Thus, the blue triangles, which are a mea-
sure of the mean of the M, « U, blockade distribution, are fit
using a simple two-state M; < U; model (SI Appendix, section 15
and Eq. S8), which yields AAGy,u, = 5.3kcal/mol (Table 2). On

the other hand, the mean of the blockade distribution for
M,<l U, (red triangles Fig. 3F) is described using the three-
state sequential unfolding model (SI Appendix, section 15 and
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the complex formation (62). Finally, we note that the initial
breakage of the salt bridge, involving E62, and the partial
unfolding that leads to formation of the squeezed M state,
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Table 2. Fit parameters from the experimental data (dpore = 2.5
nm, L = 3.4 nm) in Fig. 3E using two-state and three-state models
(SI Appendix, section 15 and Eqs. S8 and S7, respectively)

Parameters M; - U, M; ol U;
bm 0.91 + 0.02 0.86 + 0.02

b — 0.86 + 0.02
by 0.24 + 0.02 0.18 + 0.03
AAGyy, (Table 1) — 2.4 kcal/mol
AAGwy 5.3 + 0.5 kcal/mol 5.4 + 0.6 kcal/mol
Apyy (Table 1) — 44 Debye
Apmu 70.2 + 7.4 Debye 91.4 + 8.5 Debye

should leave the free energy gap between M and U unaffected.
This is verified by independent studies using an E62G mutation
to remove the salt bridge, which demonstrated that the AAGuy
energy gap remains unchanged (32, 58).

Kinetics of cyt ¢ Translocation. In order to discern the kinetics of
translocation of metastable and unfolded states, we analyzed the
rate ky = 1/(tresidence) Of protein translocation as a function of
voltage and electric field (for E,, = 30 MV/m) where we again
make use of the fast o-helical folding/unfolding transitions
(51-56) relative to the experimental (~ms) translocation times.
Thus, the thermodynamically averaged translocation rates for
the two- and three-state models can be expressed as follows:

ktr = PMkM +PUkU (M‘-’U) [3]
or
ky = Puky + Prky + Puky (MHIHU), [4]

where P; is the E,,, dependent probability of finding cyt ¢ in the
Jhstate, and ky is the E,,, dependent translocation rate of the J*
state J =M, L, U).

For the U and I states, we assume the field-dependent trans-
location rates are given by the following:

Puapp P1Eapp

kU = kUU ek To , and kI = k()l eks To s [5]

AGH"
with koy =k, e” %7, The Arrhenius prefactor, k,, is estimated be-
low and, for simplicity, we assume that ky = 0 for the 2.5-nm
pore. The unknown parameters, gy and p;, account for the
translocation barrier reduction due to the electrophoretic
forces. This parameter can be combined with the state-
dependent dipole difference values (Eq. 1), associated with
Py, and obtained from the fits to the blockade ratio analysis
(Table 2). Thus, upon combining, we can define g = g, + Apmr
and g{, = fy + Apmu, Which become the final fitting parameters
for analysis of the translocation rates. When the zero-field free
energy gaps are constrained by the values found in Table 2, the
expression for the translocation rate in the two-state model
(with ky = 0) depends only on ko and gy = g{; — Apmu (refer-
ence SI Appendix, section 17):

[6]

_ {AAGMU 7/;[4[5,,,,”} ]
2

kemovy =N - [kou e *8To

with
_ {88Gmyu-dpmuEapp}
I

For the three-state model, we use the following equation:
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B {2800y Eapp } _ {286y Eap }
+ ko e 8Ty [7]

koo o1ouy = N - [koue *5To

with

{88GMr-8pmiEapp}
ksTo +e

/\/=[1+ e

_ {886my—tpmyEapp}
kpTy

As shown in the plot of In [k, ] (Fig. 3F), after trapping and con-
version to the squeezed M state, there is an increase in translo-
cation rate as a function of the electric field above ~30 MV/m.
Additionally, at each voltage, we observed two distinct rate dis-
tributions (Fig. 3 F, Inset and SI Appendix, section 16 and Fig.
S17), which we attribute to the translocation of two distinct con-
formationally excited states as noted in the caption of Fig. 3F.

Below 30 MV/m, 1/{zesigence) decreases with voltage, and we
attribute this behavior to the increased time spent by the N state
of cyt ¢ as it is trapped at the pore mouth. At these low electric
fields, the energy of the excited states on the unfolding pathway
of cyt ¢ are not lowered sufficiently to allow thermal excitation
from N to M. However, in the regime between 30 to 100 MV/m,
In [k,] starts to increase with the electric field, manifesting the
conformational excitation to the M state and its rapid thermodynamic
exchange with the I and U states, which also have reduced free
energy gaps due to the electric field interaction. Consistent with the
blockade ratio results presented above, we assigned two distinct
rates in this regime to the two metastable states, M; and M,, differing
by a small amount, presumably due to different trapping configura-
tions of the M state within the pore. Between 100 to 170 MV/m, the
increase of In [k, ] begins to diminish, while above 170 MV/m the
rate levels off. This is attributable to the saturation of the U-state
population (and its associated distribution of blockade ratios and
translocation times) as the electric field is increased.

The fitting parameters for the solid dark lines in Fig. 3F, found
using Eqgs. 6 and 7, are listed in Table 3. It can be seen that the U
state has the dominant rate for translocation compared to the I
state (and the M-state rate was assumed to be small enough that
it was neglected in the field-dependent kinetic analysis). More-
over, fy, which governs the field dependence of the U-state
translocation rate, is seen to be negligible compared to the di-
pole difference, suggesting that the electrophoretic work done by
the field, which lowers the U-state translocation barrier, is rel-
atively small for the 2.5-nm pore. However, it should be noted
that p; = 47 Debye is much larger than gy =2 -3 Debye, sug-
gesting there is much more resistance to the electrophoretic
forces acting to pull the I-state protein through the 2.5-nm pore.

Table 3. Parameters from the fit of kinetic data (Fig. 3F) using
Eq. 6 for k4 (triangles) and Eq. 7 for k (circles)

Parameters (Eq. 6) M; < Uy

kou 5,839 + 1,260 57"
Pu 3.0 + 1.8 Debye
Apwu (Table 2) 70.2 Debye
AAGpy (Table 2) 5.3 kcal/mol
Parameters (Eq. 7) M, ol U;
kou 10,712 + 1,290 s~°
Bu 1.75 + 1.04 Debye
Apwu (Table 2) 91.4 Debye
k0| 72 + 13 571

B 47.2 + 7 Debye
Apw (Table 2) 44 Debye
AAGpy (Table 2) 5.4 kcal/mol
AAGy (Table 2) 2.4 kcal/mol
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This is also evidenced by its much slower zero-field rate,
kot = 72 571, compared to koy = 10712 s7!. Additional analysis of
the 2.0-nm pore data (e.g., Fig. 2E) in SI Appendix, section 18
and Fig. S19 yields a low field slope indicating that g, for the 2.0-
nm pore is about an order of magnitude larger than found for the
2.5-nm pore, while the intercept at zero field suggests koy ~ 5s7!
for the 2.0-nm pore.

As can be seen in Table 3, there is a dominant kqy transloca-
tion rate extracted for the two U-state configurations. These
separate rates derive from the different configurations of their
parent states, M; and M,. To evaluate the translocation barriers
for AGY/ and AG{/, we can use a simple Arrhenius equation for
the rate in zero field:

AGY

lnk()U =lnka - kBTO ,

(8]

where k, is the rate of translocation at zero electric field without
any activation barrier (i.e., no pore). This can be calculated from
the rate at which cyt ¢ moves a distance comparable to the length
(L) of the pore. Thus, assuming Stokes-Einstein diffusion of cyt
¢ in bulk solution, k, = =& "BTt‘C 5 where 7 is the viscosity of water
(1 centipoise) and Ry 1S ‘the hydrodynamic radius of cyt ¢ (~1.5
nm). Using these values and L = 34 nm, we find
k. = 1.26 x 107s~!. The values for kyy in Table 3 for the 2.5-nm
pore, along with Eq. 8, then lead to the following: AG}/ = 7.7ksT,
and AGH ~7.1 kpTy. Using the I-state rate, ko = 72 s‘l, we can
51m11arly ‘deduce that AGY" =12 kgTy. Finally, if we extrapolate
the triangle data points in Fig. 3F to zero electric field and at-
tribute this to M, translocation, we can estimate a zero-field rate
kom, ~ 0.8 s71. Similarly, by extrapolating the circle data points in
Fig. 3F to zero field, we can estimate kom, ~ 1.3 s1. Thus, by using
Eq. 8, we can deduce AG{] ~ 17 kzT and AG}; ~ 16 ksTy.

MD Simulations. To confirm that electric field alone can indeed
produce unidirectional translocation of cyt ¢ protein through a
solid-state nanopore and to relate protein unfolding to nanopore
diameter and changes in the ionic current blockade levels, we
performed all-atom MD simulations of six nanopore systems,
varying in diameter from 5.5 to 1.5 nm (Fig. 44 and SI Appendix,
section 11, Table S2, and Figs. S7 and S8). Each simulation
system contained one SizN4 nanopore, one cyt ¢ protein placed
in front of the nanopore, and 1 M KCI solution. Following
equilibration, each system was simulated using the grid-steered
molecular dynamics (G-SMD) protocol (63), where the open-
pore electrostatic potential map, amplified by a scaling factor,
was used to drive the translocation of the cyt ¢ protein with an
accelerated rate. To eliminate the uncertainty associated with
various paths the protein could take to enter the nanopore, the
protein was additionally restrained to have its center of mass
located along the pore axis. The simulations were carried out at
effective biases of 1, 2, and 3 V, which allowed us to observe
complete permeation events for the majority of the nanopore
systems within a 100 ns time scale, Fig. 4B. Such a dramatic
acceleration of the translocation process is expected as the rate
of a forced barrier crossing exponentially depends on the mag-
nitude of the applied force (64). Fig. 4 B-G summarize the
simulation results.

We found the pore diameter to have a pronounced effect on
the time scale and the character of cyt ¢ translocation. When the
pore was slightly larger (d = 5.5 nm) than the protein, the
translocation proceeded very fast (<1 ns, Fig. 4B) and produced
well-defined shallow blockades of the nanopore current, see
Fig. 4C. The protein structure, which we characterize here as the
fraction of native contacts remaining, that is, the Q value (65),
remained largely unperturbed by the nanopore passage, see
Fig. 4D. The translocation through a nanopore that was slightly
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smaller (d = 3.5 nm) than the protein proceeded via reversible
squeezing of the protein that largely preserved the secondary
structure. The protein was found to block nearly 90% of the ionic
current when confined to the pore constriction. A qualitatively
different behavior was observed for 3.0-, 2.5-, and 2.0-nm-
diameter pore: the protein was found to partially unfold during
the translocation, with the average degree of unfolding, see
Fig. 4E, decreasing with larger pore diameters. The average
translocation time was found to exponentially depend on the pore
diameter, see Fig. 4F, whereas the maximum current blockade ratio
[computed using SEM approach (66)] during the translocation, see
Fig. 4G, reached nearly 100% of the open-pore current. Interest-
ingly, in our simulations, we did not observe cyt ¢ passage through
the 1.5-nm-diameter nanopore, unless the protein was mechanically
unfolded by the application of external force to a protein terminus
(SI Appendix, section 11 and Fig. S8).

Discussion

One striking feature of our analysis is that for a 2.5-nm pore, the
values of AG§; and AGY] (estimated by use of Eq. 8 and straight
line extrapolation of the rates to zero electric field as in SI Ap-
pendix, section 19 and Table S7) are less than that of the
unfolding barrier (AGYy >21.6kgTy, with kgTy = 0.59 keal/mol)
reported in an earlier study (32). Thus, squeezing of cyt ¢ via
metastable conformations M; and M, into the pore is an ener-
getically favorable path compared to the requirement that the
protein completely unfolds and translocates via threading. The
value of AG is also clearly greater than AGY, in the experi-
ments with the 1.5- and 2.0-nm pores (SI Appendix, section 18
and Fig. S19). Thus, for the smaller pores, excitation from M to a
higher energy conformational state, I, at the pore mouth, fol-
lowed by unfolding-mediated threading of the U state is the fa-
vorable path for translocation.

Another remarkable point is that the values of AAGyy = 2.4 keal /mol
(Table 1), AAGm,u, = 5.3 keal/mol, and AAGwm,u, = 5.4 keal/mol
(Table 2) obtained from the analysis are in very close agreement
with the cyt ¢ a-helix unfolding transitions reported in previous
work (32, 58). In the prior studies, a 2.6 kcal/mol free energy gap
was found between a partially unfolded state ~ 7.4 kcal/mol
above the N-state (which we identify as the M state with the
three main a-helices still folded) and the next higher state on the
unfolding pathway (which we identify as the I state) where the
a-helix associated with residues 61 to 68 has unfolded. Moreover,
the free energy gap from M to the fully unfolded state U was
found in prior work (32) to be 5.4 kcal/mol, almost exactly the
value found for both of the configurations (M; and M,) within
the pore.

In summary, we have demonstrated protein translocation
through a pore barrier (dpore < dprotein) Without any requirement
of chemical denaturants, an enzymatic motor, or an oligo tag.
We achieved this by electric-field manipulation of the confor-
mational energy levels of a protein in the vicinity of the pore. We
find that cyt c is able to squeeze into the 2.5-nm pore where it
can still undergo rapid conformational transitions between
folded and unfolded a-helical states. The protein then translo-
cates through the pore with a rate that depends upon the ther-
modynamic probability to completely unfold the residual
a-helices. In contrast, for 2.0- and 1.5-nm pores, cyt ¢ un-
dergoes conformational excitations at the mouth of the pore first
from state M, with all three a-helices intact (32, 58, 59), to state I,
with only a residual bihelical segment (32, 58, 59), and finally to
the fully unfolded state so that entry and translocation occurs
only via threading through the pore. These results demonstrate
that the necessity of complete unfolding for a protein to enter
and translocate depends upon the diameter of the pore. The
relatively large field strengths (~107 to 10° V/m), needed for
translocation in these experiments, owe to the more rigid nature
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Fig. 4. MD simulations of cyt ¢ passage through nanopores. (4) Snapshots illustrating five MD trajectories where a single cyt ¢ protein (shown as a cartoon
enclosed by a semitransparent surface) was forced to pass through a nanopore (gray) of specified diameter d using the G-SMD protocol (S/ Appendix, section
11, iii) under a 3 V effective bias. (B-D) Center of mass z coordinate (B), ionic current blockade (C), and the fraction of native protein contacts, Q-value (D),
versus simulation time for three G-SMD simulations carried out at the effective biases of 1 (black), 2 (cyan), and 3 (pink) V. The pore diameter d was, from top
to bottom, 5.5, 3.5, 3.0, 2.5, and 2.0 nm. The ionic currents were computed using the SEM approach (S/ Appendix, section 11, iv). Note the logarithmic scale of
the time axis. (E-G) Minimum Q-value (E), nanopore translocation time (F, logarithmic scale), and maximum blockade current amplitude (G) observed during

the MD simulations as a function of the pore diameter.

of the SiN pore as compared to biological membrane pores,
where typical electric-field values that are used in translocation
measurements are lower ($107 V/m ie., <50 mV/5 nm).

The experiments reported here set the stage for new studies
where electrical manipulations sculpt the conformational land-
scape of proteins. Detection of protein signatures and folding
patterns as they pass in unique ways through a nanopore can also
serve as the basis of their identification, and this approach requires
only a localized electric field without any additional requirements
such as enzymes, oligo tags, or chemical denaturants. Future studies
will examine the behavior of other proteins using similar experi-
ments and comparisons among protein structural variants and
proteins with and without posttranslational modifications.

Materials and Methods

We assembled the solid-state nanopore chips in a flow cell that separates
two compartments, cis and trans, each containing 1 M KCl and 10 mM Hepes
(pH 7.5) buffer solution (see Fig. 1A). To observe cyt c interactions with a
pore, we placed 0.5 or 1.0 uM of cyt ¢ (1 pM in absence of Gdm-Cl and 0.5
1M M in presence of Gdm-Cl) in the cis compartment and applied a negative
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