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ABSTRACT: Knotted proteins are rare but important species, yet how their complex topologies affect their physical properties is
not fully understood. Here we combine single molecule nanopore experiments and all-atom MD simulations to study the electric
field-driven unfolding during the translocation through a model pore of individual protein knots important for methylating transfer
RNA. One of these knots shows an unusual behavior that resembles the behavior of electrons hopping between two potential surfaces:
as the electric potential driving the translocation reaction is increased, the rate eventually plateaus or slows back down in the ‘Marcus
inverted regime’. Our results shed light on the influence of topology in knotted proteins on their forced translocation through a pore

connecting two electrostatic potential wells.

The native states of some proteins (~1% of PDB entries) con-
tain a topological knot'; for example, Haemophilus influen-
zae YibK and Escherichia coli YbeA 7 that act as methyl trans-
ferases, both contain a trefoil knot. Such proteins have inspired
scientists to understand the mechanism by which a linear poly-
peptide chain spontaneously folds to form a knot®!°. Experi-
mental studies on YibK and YbeA or other trefoil knotted me-
thyltransferases in bulk solution have indicated the existence of
several metastable intermediates and two distinct denatured
configurations” 2!, An early paper in the field suggested that,
for the 5, knotted protein, one of the knot’s functions could be
to protect it from enzymatic degradation?’. Since degradation
involves the mechanical unfolding of a protein and the subse-
quent threading of the polypeptide chain through a narrow
pore®, it has been suggested that a knot can block the translo-
cation of a knotted protein and even jam the degradation ma-
chinery such that it cannot degrade other proteins**?. In addi-
tion, some computer simulations have shown that translocation
of knotted protein chains requires applying a large mechanical
force (>50 pN) on the terminal end 2*%, and other simulations
on a long homopolymer chain have shown that knots, per se, do
not prevent translocation (through a small pore dyore =1.76 nm),
but that they introduce friction, which increases with increasing
applied force.”. In addition, a recent computational study has
investigated the effects of topology, primary sequence, native
and non-native interactions, and chain length on unfolding and
translocation of a simplified model of the cellular degradation
machinery, using repetitive on-off applied force?’. This study
demonstrated that the knotted protein frequently unfolds and

translocates, but can sometimes hinder and even stall transloca-
tion under high applied force (~600 pN) %,

In contrast, experimental studies on the degradation of knot-
ted proteins have shown that some knotted proteins, particularly
those which do not have high thermodynamic stability (as
measured by reversible unfolding in chemical denaturants), can
be degraded relatively easily by the bacterial degradation ma-
chine ClpXP?*?°, However, in one case, a shallow trefoil-knot-
ted protein MJ0366 fused to the larger more stable protein GFP,
was unable to completely degrade?®. Here, it was not clear what
the mechanism was - whether the knot prevented unfolding of
GFP, or whether the knot was difficult to translocate. Neverthe-
less, in another case, it was shown that a knotted protein chain
could penetrate and move through the translocation pore of
ClpXP ?. All of these experimental studies took an indirect ap-
proach to studying translocation by coupling it to hydrolysis of
the polypeptide chain. More importantly, they only investigated
a single pore size. As such, there remains much that is not
known about how knotted proteins translocate through narrow
pores, due to a lack of quantitative experimental studies of
translocation kinetics and thermodynamics as a function of pore
size.

In our previous single molecule-nanopore experiments, we
demonstrated that electrical potential-induced unfolding drives
the translocation of a-helical unknotted proteins through pores
of a diameter smaller than protein size, **3! and that transition-
state passage from unfolded to folded state and vice-versa at the
surface of the pore can be resolved *. In this paper, we show
experimentally that an electric field can drive the unfolding of
the YibK and YbeA proteins, which have a complex knotted a-
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Figure 1. (A) Schematic of the nanopore experiment. Application of negative trans-pore voltage drives the single protein molecules to the
pore. The interaction of a single protein molecule with a nanopore causes the blockade of ionic current. (B) Representative ionic-current
recording at -100 mV and -500 mV for 0.7 uM YibK protein with a 4 nm diameter pore in 1 M KCl, 10 mM HEPES, pH 7.5. (C)
Description of parameters in single-molecule current blockade events. The current blockade ratio Al/I, and its duration Tresidence provide
information about the state of the protein molecules (unfolded, intermediate or fully folded) and the rate of translocation (k). (D) Energy
diagram for the translocation for dpore < dprotein. In the dimeric native state (N) the barrier for the translocation is too high to be detected,
whereas the energy barrier of the monomer M or an intermediate state I lies between that for N and the unfolded state U. (E) The confor-
mational populations of proteins are governed by thermal excitation and inherent zero-field energy gaps (AAG) which are reduced and
reversed by application of external electric field due to differences in the dipole moment of the conformational states.

helix/B-sheet fold, through a pore. Our results suggest that both
YibK and YbeA unfold through multiple intermediate states,
and interestingly, for YbeA we observe translocation behavior
that resembles the Marcus-like inverted kinetics seen in electron
transport systems 3. Our goals here are (i) to understand the
transport of knotted proteins through a nanopore, and (ii) to use
nanopores for observing novel molecular signatures of knotted
proteins.

YibK and YbeA have almost identical molecular mass and
form similar trefoil-knotted structures, but differ significantly
in their stability, electric dipole moment, and charge (Table 1).
YibK has a smaller electric dipole moment than YbeA, so we
expect that YibK’s stability and orientation is harder to perturb
in the presence of the electric field. YibK is also more stable
than YbeA 7 "% 34 therefore we expect that the translocation

of YibK for dpore < dprotein, Which requires at least partial unfold-
ing, will be more difficult compared to YbeA **3!. On the other
hand, in the case of dpore > dprotein the translocation is governed
by the drift-diffusion mechanism *, where the higher net charge
on YibK protein will lead to higher drift contributions, and
hence faster translocation times than YbeA.

Figure 1A shows a schematic of our experiment (details of
the experimental system can be found in SI Methods and refs.
36-37), We form a nanoscale pore in a freestanding SiN mem-
brane that bisects a fluidic cell into ‘cis and trans’ compart-
ments, each containing an electrolyte solution of 1 M KCl in 10
mM HEPES buffer at pH 7.5. Applying an electric potential
gradient across the compartments induces an electric field
across the pore (Egp, = V/Lpore) **. The applied potential ¥ pro-
duces an ionic current through the open pore (f,). When a pro-
tein molecule blocks the pore, the magnitude of ionic current
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reduces by an amount Al for some duration (Tresidence). Typical
ionic current traces for YibK measured with a 4 nm pore at -100

mV and -500 mV are shown in Figure 1B.

Table 1. Key properties of knotted protein studied here.

Protein Knot Size Net | Dipole | Bulk
and type and char mo- unfold-
Source = Location (Resi- ge | ment*® | ing free
dues, (pH en-
dprotein) 7) ergy7'
11-14, 34
YibK Trefoil , 160, +4 241 40-50
(H. in- residues Debye ksT
fluen- 77-119 3.95 nm
zae)
YbeA Trefoil, 155, +2 749 20-30
residues Debye ksT
(E. coli) 71-119 4 nm

translocate more rapidly. Higher E,,, acts in analogy to a de-
naturant that thermodynamically stabilizes the intermediate and
unfolded states **3!' and reduces the AAG to the native state in
Figure 1E. This occurs because higher energy states (interme-
diate or unfolded) have larger electric dipole moments £, so the
energy -Au * E,pp, has a larger magnitude. Decreasing the pore
diameter (dporc) increases the free energy barrier for the translo-
cation of a given state. Thus, measurements of the distribution
of Al/l, and Tresidence @s @ function of Eg,, for different pore di-
ameter allows us to identify different intermediates and un-
folded states, AAG between states and their free energy barriers
for the translocation.

For experiments with the smallest pores (2 to 3 nm), only the
translocation rate for YbeA increases at high voltage, whereas
the more stable YibK cannot access a low-energy intermediate
able to translocate through the pore (SI: Fig. S1 and Fig. S2).
At the opposite extreme, for the experiments with the largest 7
nm pore, we found that >95 % of the YbeA and YibK popula-
tion blocks the current very little, i.e., Al/l, < 0.4 (SI: Figs. S3-
S6). We attribute this to the previously demonstrated*® weakly
bound homodimeric state N either already dissociating in 1 M

The ratio Al/I, of the magnitude of change in current (Al) to
the open pore current (/,) (Figure 1C) gives information about
the conformational state of a protein molecule (i.e., folded, in-
termediate, or unfolded), and the duration of blockade (Tresidgence
= 1/k) provides information about the rate constant k of translo-
cation of a given state 33!, Folded states block more current
than intermediates or unfolded states, which have higher ion
permeabilities. Folded states also have longer residence times
because their translocation barrier is astronomically large when
dpore < dprotein, Whereas intermediates or unfolded states can
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KCl, or dissociating to the monomeric state M when interacting
with the pore, after which M is free to move through the 7 nm
pore. There are known key electrostatic interactions in the in-
terface of both of the dimers, which would be disrupted at the 1
M ionic strength to produce fast ion conductivity in our experi-
ments.*

In experiments with intermediate pore sizes of 4 to 5 nm (Fig.
2, SI: Fig. S7), we observed shifts in the Al/I, and In k distribu-
tions. These changes are caused by electric field-induced tran-
sitions of proteins near the pore from folded to partially un-
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Figure 2. Electrical unfolding profile of YibK and YbeA. Distributions of Al/I, and In k as a function of voltage measured with different
pore diameters for YibK and YbeA; arrows point in the unfolding direction. (A-D) For dpore = 4 nm and dpore = 5 nm, between -200 mV to
-450 mV distributions show that for both proteins (YibK and YbeA) by increasing the magnitude of voltage, Al/l, decreases and In k
increases (the data for [V|<200 mV is shown in SI: Fig. S13ii). This is due to the electric-field stabilization of intermediate and unfolded
states that lead to more permeability of ions and rapid translocation. (C) Distributions also suggest that for dpore = 4 nm and dpore = 5 nm,
YibK translocates faster than the YbeA. In k distributions shown in D indicates an unexpected slowing down of the translocation rate of
YbeA for [V[>450 mV as a function of driving force, not observed for YibK. Slowing down of the translocation rate for YbeA (in D) for
|[V|>450 mV is explained by a non-linear dependence of free energy barrier for the U state translocation on electric field (Fig. 3) analogous

to the Marcus inverted region.



folded or fully unfolded conformations that have higher ion per-
meability and translocation rates®*3!. For example, in 4 nm
pores, the Al/l, distributions of YbeA (Fig. 2D) show a clear
transition to a lower value at =-450 mV, suggesting almost com-
plete stabilization of the unfolded state, whereas the YibK A//I,
distributions (Fig. 2C) show that the fully unfolded state is not
highly populated even at -1 V. These results are consistent with
the greater thermodynamic stability of YibK in comparison to
YbeA in line with prior experiments in bulk solution.”3*

We discovered an unusual new behavior for YbeA in the 4
nm pore at voltage magnitudes that exceed -200 mV (Fig. 2CD).
While the In k distribution of YibK monotonically shifts to a
higher rate as the magnitude of voltage increases from -200 mV
to -600 mV, as expected when the protein loosens and unfolds
through various intermediates **3!, in contrast, Ink of YbeA
shows a turnover in the rate starting at about -500 mV(Fig. 2D
and SI: Fig S8-S10). Remarkably, the threshold voltage for the
rate turnover is almost the same as the transition voltage in the
Al/l, distributions (Fig. 2D). The unexpected non-monotonic
shift of the In k distribution for YbeA was also reproduced in
an experiment with a slightly smaller 3.5 nm pore (See: SI: Figs.
S11-S12), so the unusual rate turnover behavior of YbeA is ro-
bust over a small range of pore diameters comparable to the
protein size.

We attribute the unexpected turnover of rate for YbeA (Fig.
3A) as a function of voltage to an inverted region of YbeA
translocation kinetics between potential minima on the cis and
trans sides, analogous to the inverted region as a function of
driving force in electron transfer (Figure 3B) **.

A simple approach that quantitatively explains the data in
Fig. 3, in direct analogy to the electron transfer rate equation,
uses the Marcus rate for a transfer reaction *' between two dia-
batic potential wells:

(A+46°)°
T aakgT |

K

= (4mAkgT)1/2 exp (1]

where A, in our case, is the energy required to reorganize the
protein structure from the initial (in cis) to final coordinates (in
trans) before translocation, and  is related to the coupling be-
tween the initial (cis side of pore) and final (trans side) states of
the protein, (see discussion section for details about k). AG? is
the driving force for the translocation and again depends line-

arly on the applied electric field E,y,,, as

AG® = _Apcisetrans-Eapp > [2]

where Ap is the difference in the dipole moment of initial and
final states of the protein in the translocation reaction coordinate
(i-e., APcisotrans = Prrans — Peis )- Using equations [1] and [2]
we can fit the kinetic data in Fig. 3 (blue and black triangles)
and obtained Kk, Ap is_,irans and A for protein translocation. As
shown in Table 2, we found the reorganization energy to be =
3.3 kgT, which is somewhat smaller than the typical reorgani-
zation energy of rigid organic molecules #, and on the order of
a low protein unfolding barrier®.

We note that in a recent computational study of the transloca-
tion of a knotted large homopolymer chain®® (N=15,000 mono-
meric units, dyore =1.76 nm), it was reported that under large
force (>30 pN) topological friction can slow down the translo-
cation. In our case of Fig. 3A, the net force on the YbeA is <5
pN (effective charge is +0.4e in 1 M KCl) and protein dimen-
sion (dprotein = 4 nm, N=153 residues) is comparable to the pore
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size dpore = 4 nm. Thus, our experimental condition is much dif-

Figure 3. Observation of inverted regime in the translocation rate.
(A) Distributions of In T,¢sjgence for YbeA with dpore = 4 nm were
fitted (SI: Fig. S8) to identify characteristic translocation rate con-
stants. Observed translocation rate constants (shown as symbols) are
plotted as a function of Eapp. As the electric field increases, YbeA
gains access to intermediate and unfolded states and translocate
through the pore. Therefore, the rate increases with Eapp up to 35
MV/m. The rate then starts decreasing above 40 MV/m. The inver-
sion is described by a non-linear dependence of the free energy bar-
rier of translocation with respect to the electric field (Equation [1],
black and blue solid line fits), analogous to Marcus’s theory yielding
a reorganization energy (Table 2) and translocation coupling con-
stant (SI: Table S1). The slowest rate constant kyim is assigned to
translocation of the M state, the folded monomer. There may be a
plateau in the rate above 55 MV/m, which could be due to alternative
transition states becoming available at high energy, as has been dis-
cussed in the Marcus theory applied to proton transfer (B) Analog
of Marcus kinetics in protein translocation. The reaction coordinate
is now translocation from a diabatic potential well on the cis side of
the pore (Xeis) to a potential well on the trans side (Xuans). The barrier
for transfer is determined by the intersection point of the two wells,
which depends on pore length Lpore and diameter dpore, and the reor-
ganization energy is the energy required to transfer the protein from
the cis well to the trans unfolded structure. The rate of this transfer
can be described by Marcus-like kinetics, as in Equation [1]. The
expanded view of the intersection of two parabolas is the adiabatic
representation of the transfer with the definition of the translocation
coupling constant H s trans-

ferent, and we ascribe the rate turnover mainly to activation in
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the inverted region, rather than a change in the prefactor k,
which is related to friction (see discussion).

Table 2. Fitting parameters for the kinetic equation [1] in Fig.3

Data Kk (kT s™) | A (kgT) APcisotrans
(Debye)
Black triangle | 2975 + 557 | 3.34 4+ 0.25 | 120 +7
data points
Blue triangle | 456 + 75 3174020 | 112+ 6
data points

In addition to the phenomenological description by linear free
energy relationships and Marcus theory, it would be useful to
have an atomistic mechanism of how YbeA and YibK deform
as they move through the pore. To gain further insight into the
mechanism, we performed all-atom MD simulations to compare
the two knotted proteins, YbeA and YibK. MD simulations re-
veal the dynamics of tightening and loosening of the knot dur-
ing translocation. The simulation system contained a SiN mem-
brane with a nanopore in it, one randomly oriented knotted
monomeric protein placed above the entrance to the nanopore,
and a 1 M KCI solution, Fig. 4A. Following the protocol de-
scribed in our previous report *, we employed grid-steered mo-
lecular dynamics (G-SMD) * to simulate the translocation of
knotted proteins. Under effective electrical biases of 1.2, 0.8, or
0.5 V, complete permeation of the knotted proteins was ob-
served for nanopores of 3.0, 3.5, and 4.0 nm diameter (Fig. 4B
and SI: Fig. S13), close to the experimental size of 3.5-4.0 nm
where YibK and YbeA behave differently.

As described below, the initial spatial orientation of the
protein had a pronounced effect on the translocation time and
the lability of the protein knot during the translocation. To eval-
uate changes in the protein knot geometry during the transloca-
tion, we measured the length of the knot core, which is defined

here as the number of residues between the start and the end
points of the knot (Fig. SA-B, SI Methods). Based on the RMSD
of the protein backbone we found that the proteins translocate
in a native-like conformation in 4 nm pores. For smaller pores
and some protein orientations in the 4 nm pore, partial or com-
plete disruption of the secondary structure was required to ena-
ble translocation (Fig. 5C). Such extensive loss of structure
could lead to a high reorganization energy.

Our knot transformation analysis shows how pore diameter
correlates with loosening, tightening, or maintenance of knot
length (Fig. 5D). First, equilibrium simulations of the knotted
proteins showed that the knot’s core length fluctuates by +1.2
residues, as measured by the standard deviation of the knot
length. We then classified as follows: upon a translocation, a
knot with a length change of less than 1.2 residues is considered
to have a fixed length; a knot whose length increases by more
than 1.2 residues is categorized as loosening; a knot whose
length decreases by more than 1.3 residues is tightening. Using
this classification scheme, we computed the knots’ transfor-
mation probability for our 24 nanopore translocation trajecto-
ries (Fig. 5E). A fixed-length translocation was mainly ob-
served for the larger pore (4.0 nm), whereas in the smaller pores
(3.0 and 3.5 nm), we predominantly observed either tightening
or loosening of the knots, correlated with the disruption of the
protein’s native fold (Fig. 5F): as the RMSD of the protein
backbone increases, the protein knot can either tighten or
loosen, depending on the protein orientation as it enters the na-
nopore.

At the microscopic level, however, we found the tightening
or loosening of a knot to be directly determined by the number
of contacts that the knot core forms with the surrounding protein
backbone: increasing the number of contacts tightens the knot
whereas decreasing that number loosens it (Fig. 5G).

Our MD simulation for the 4 nm pore produces Al /I, for
YbeA (Fig. 4B) which is in the range of the experimental dis-
tribution of Al /I, in low voltage regime (|V|~200 mV) (Fig.
2D). This was expected given that MD simulations probe the
case of the non-equilibrium response of the system where the

Figure 4. MD simulation of YbeA and YibK translocation. (A) Side view of the all-atom model of SiN nanopore (yellow) and a
knotted protein (YbeA, shown as a cartoon enclosed by a purple semitransparent surface), submerged in a 1.0 M KCI electrolyte
(transparent box with spheres as ions). (B) Protein’s center of mass z-coordinate (top) and ionic current blockade (bottom) versus
simulation time for G-SMD simulations carried out through a 4.0 nm nanopore. Each line shows an independent replica differing in
the initial spatial orientation of the protein. The dark rectangle in top plots shows the boundaries of the pore. (C) Secondary structure
of YbeA protein after the translocation through a 4.0 nm nanopore for two independent simulations. Crystal structure of the protein
in shown in gray. Color of each protein matches with the traces in panel B for YbeA protein.



translocation occurs at a time scale (~ ns) faster than the protein trans sides of the pore. More realistic is the substitution of a

can equilibrate (~ ps), whereas the experimental measurements frictional prefactor as is done in Kramers theory, such that
probe the equilibrium fluctuations of protein among different , ,
states that dictate the non-equilibrium transport through the K = M, [4]

pore. Therefore, the average of Al /I, for MD and that in exper- Lpore*ksT

iments are likely to merge in the low voltage regime where pro-

2 . . .
tein resides mostly in the monomeric folded M state. The quan- and D /Lyore” replaces ksT/h. Here, D is the translational diffu-

titative correlation between Al/I, and In k data (Fig. 2, SI: Fig sion coefficient of the protein at the transition between the two
. . ) : > : : . . . ~ 2 .
S1) of YbeA and YibK for different pore diameters supports the po'tentlal surf;ces (in the pqre), estimated to be ~2 nm’/ms in
same conformation-translocation coupling mechanism that was prior reports =, and Lp,r, is the length of the p2§§7(}50~7 nm
found previously for other proteins such as cyt ¢ and A-repressor based on the measured conductance of the pore™=" ™). This
3032 The electric field governs the probability of observing dif- yields a cis-trans coupling of 0.12 k5T, on the order of the ther-
ferent protein states via differences in their dipole moments and mgl energy. A similar but sqmewhat smaller coupling 18 ob-
hence affects the translocation rate and the average current tained when we replace the diffusional prefactor by a drift ve-
blockade ratio. locity prefactor (Vq/kzT) D/ /L,,0,* (SI: Table S1). Here the
In conclusion, the most striking behavior of a knotted protein energy scale Vg of drift velocity though the pore in the potential
in our experiment is the inverted regime in the translocation rate V replaces the thermal energy scale of diffusion through the
behavior of YbeA for 3.5 and 4 nm pores. To interpret this re- pore (g is the net charge on protein). More sophisticated Kra-
sult, we discuss the meaning of k involved in the prefactor of mers-type prefactors that include different diffusion coeffi-
equation [1] by considering three possible scenarios summa- cients and well widths at the pore surfaces, or variable friction
rized in SI: Table S1. In scenario 1, k is given by the Eyring such as the topological friction discussed in ref. % can yield
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Figure 5. Protein knot lability during nanopore translocation. (A) Overall architecture of the simulated knotted proteins (YibK and
YbeA) shown using a cartoon diagram (gray). To visualize the knot, the protein backbone is shown using a ball-and-stick represen-
tation, with the beginning of the knot shown in blue, the end in red, the knot’s core color-mapped from blue to red. The rest of the
backbone in shown in yellow. (B) Schematic representation of a 3, knot (also known as a trefoil knot) shown as a sequence of protein
residues with the start and the end residues on the knot highlighted using colors. The number of residues between the start and the
end points of the knot is the knot’s length. (C,D) Root-mean-square deviation (RMSD) of the protein backbone coordinates (C) and
the knot length (D) of a YbeA protein versus the protein’s center-of-mass z-coordinate for three representative nanopore translocation
trajectories. The boundaries of the nanopore membrane are shown schematically using vertical lines. Data is smoothed using a Sa-
vitzky-Golay filter with a window size of 250 and a polynomial order of two. (E) Knot’s lability categorized according to the differ-
ence in the knot length before and after the nanopore transport. A knot is considered fixed if the change of the knot’s length is within
the range of equilibrium fluctuations (1.2 residue). The probabilities of the knot’s transformation were determined based on the 24
independent MD trajectories. (F,G) Change in the knot length versus the RMSD of the protein backbone (F) or versus the normalized
number of contacts between the knot core and the protein backbone (G). Native fold structures are defined as those having an RMSD
of less than 3.5 A from the crystal structure coordinates. The normalized number of contacts is defined as the number of backbone
atoms within 4 A of the knot core structure divided by the knot length. Vertical dashed lines in panel F indicate the range of the
contact values seen in equilibrium simulations.

prefactor kzT/h, or k = kgT/h * 4m%|H s trans|?/kgT. This larger H ;s ¢trans ~ kT, but there is not enough data currently
yields an unrealistically small value ~ 10 k3T for the coupling to justify these more sophisticated models. The key conclusion
H_ s trans Detween the protein potential wells on the cis and is that YbeA reaches an optimum translocation rate beyond
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which additional electric field bias of the cis and ¢rans potential
wells no longer increases the rate because of the excessive
structural rearrangement required, and that the coupling be-
tween the cis and trans potential wells is on the order of thermal
fluctuations. The details of the translocation, as seen in simula-
tions, are sensitive to protein orientation and interactions of the
knot with other protein residues, which will have to be taken
into account in a quantitative theory of the Marcus-like prefac-
tor in eq. [1] or analogous equations (Table S1).

The data presented here clearly show that an electric field
alone can facilitate the translocation of knotted protein YbeA
through sub-2 nm pores without requiring a large mechanical
force or an unknotting enzyme. MD simulation suggests that
some of the intermediates in moderate-size pores (3-4 nm) re-
semble distorted native states. More detail quantitative analysis
of intermediates populated during the unfolding and transloca-
tion of YbeA and YibK will be discussed in a follow-up paper.
In future work, it would be intriguing to examine if the Marcus-
like translocation behavior observed here for YbeA is unique to
YbeA or occurs generically for proteins with low enough fold-
ing stability so that an excessive driving voltage beyond the op-
timum value increases the energy required for structural rear-
rangement and translocation.
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