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S1. Quasi-1D expression of the electrical field

In a continuum description, as a first approximation, since the dielectric constant of water is much
larger that the one of the pore and of the membrane, we can treat the membrane as a perfect isolator,
i.e. the electrical field is different from zero only in the electrolyte. Assuming that the electrolyte is
neutral, the first Gauss equation reduces to∫

S
E · n̂ dS = 0 , (1)

where S is a closed surface and n̂ its normal.
In a pore, we can use a quasi-1D approximation, i.e., indicated with z the coordinate along the

pore axis, we assume that i) the pore section A(z) smoothly changes along z, ii) the only non negligible
component of E is Ez and iii) that Ez it is constant on a given pore section, see figure 1. Using equation
eq.(1) in the volume slide of size ∆z = z2 − z1 (cyan shaded area in figure 1) and neglecting the
contributions of the flux on pore walls we get∫

S
E · n̂dS = A(z1)Ez(z1)− A(z2)Ez(z2) = 0 , (2)

i.e.
A(z1)Ez(z1) = A(z2)Ez(z2) = const . (3)

Hence, for a pore or given section profile A(z), the electrical field is more intense in the narrower
sections.

Another route to show that Ez is larger in the narrower sections is to consider the differential form
of the Ohm law

J = σE (4)
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where J is the current density and σ the electrolyte conductivity. Indeed, in the quasi 1D approximation
(J ' (0, 0, Jz), with Jz constant on the pore section), for each section of the pore, we have

Jz A(z) = I (5)

with
I =

∆V
Rp

(6)

the electric current, ∆V is the applied voltage and

Rp =
∫ L

0

1
σA(z)

dz (7)

is the total resistance of the pore with L its length. Hence, from equations (4) and (5), we get

Ez(z) =
I

σA(z)
(8)

that, again, shows that the electrical field is more intense in the pore narrower sections.

The above arguments can be generalized adding a model for the access resistances as done, for
instance, in [1,2] In this case, equations (5) and (8) still hold, while the eq. (6) reads

I =
∆V

Rp + Rcis + Rtrans
(9)

with Rcis and Rtrans the pore access resistances at the cis and the trans side. In the literature, different
models have been proposed for access resistance. If, following Wanunu et al. [1], we assumed that the
pore mouths can be treated as semi-spherical electrodes, we have

Rcis =
1

πσdcis
(10)

and
Rtrans =

1
πσdtrans

, (11)

with dcis and dtrans the diameters of cis and trans entrances. In this approximation, the current density
J and the electrical field E outside the pore are radial and constant along an semi-spherical surface.
Hence, indicated as Jr and Er their intensities, the electrical current I is obtained as the current density
Jr times the area of the semi-sphere of radius r. At the cis side, we obtained

I = 2πr2
cis Jr,cis (12)

and
Er,cis =

I
2πσr2

cis
, (13)

while at trans side
Jr,trans =

I
2πr2

trans
, Er,trans =

I
2πσr2

trans
, (14)

where rcis and rtrans are the distances from the center of the pore mouths, see figure 1.
Equation (13) and (14) clearly show that, far from the pore, the electrical field intensity depends

only on the distance rcis (or rtrans). Hence, far from the pore, no difference in the electrophoretic
contribution between the cis and the trans side is expected. Instead, into the pore, the narrower
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Figure 1. Sketch of the quasi-1D model. The only non negligible component of the electrical field E
inside the pore is along the pore axis. Colored dashed lines are isolines of the electrical potential V
(hence, E is normal to those lines). Outside the pore, a far field model, indicates that the electrical field
is radial. The matching of the two solutions, quasi-1D inside the pore and semi-spherical outside, just
outside the pore (solid semi-circles) has a certain degree of arbitrariness, see [2].

sections correspond to larger E, as demonstrated in eq. (5) and (8) and, hence, in the α-HL case, the
electrical field at the barrel entrance is expected to be larger than the field at the vestibule entrance.

As a final comment, we would like to stress that, for a cylindrical pores of length L and diameter
d, the equation (7) reduces to

Rp =
4L

πd2σ
, (15)

that, combined with (10) and (11) gives

I =
∆V(

4L
πσd2 +

2
πσd

) , (16)

that, after some algebra, is identical to the result discussed in appendix of supporting information
of [1] and in [2].

S2. Molecular dynamics simulation set-up

The membrane-αHL system has been built using the same protocol used in our previous works
[3,4] that follows the one reported in [3,5,6]. In brief, the system was assembled starting from the
αHL structure PDB_ID: 7AHL [7] taken from the OPM database [8]. The lipid membrane (POPC), the
water molecules, and the ions to neutralize the system were added using VMD [9]. Then, the system is
minimized and a 60 ps NVT simulation (time step 0.2 fs) was run with external forces applied to the
water molecules to avoid their penetration into the membrane. Lipid heads have been constrained
to their initial position by means of harmonic springs (spring constant k = 1kcal/(mol2)) acting on
the phosphorus. A second equilibration run (1 ns NPT flexible cell, time step 1f̃s) was performed to
compact the membrane. During this second run, the lipid heads were unconstrained. The third, and
last, equilibration step consists of a NPT constant area simulation (2 ns, time step 2 fs) where all the
atoms are unconstrained and no external forces act on the water molecules. The resulting triperiodic
box, after the equilibration, has Lx = 127.5 Å, Ly = 127.1 Å, and Lz = 180.0 Å, and the total number of
atoms is ∼ 302000. Initial configurations of peptides are generated by using the PEPFOLD server [10]
and then separately equilibrated in a triperiodic water box. Then, the two systems were merged, ions
(2M KCl) were added using VMD, and a short NPT equilibration is performed (2 ns, constant area NPT)
until Lz reaches a stationary value. The resulting box has dimensions Lx = 127.5 Å, Ly = 127.1 Å (i.e.
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the same as the original equilibrated αHL-membrane box) while Lz ' 186.2 Å (slightly different values
are get for each peptide) and the overall number of atom is ' 308000.

A Steered Molecular Dynamics simulations was employed to bring the peptides at the pore’s
lumen entrance (trans side) and, then, into the pore. In particular, the peptide N-terminus was placed
at ∼ 15 Å from the αHL’s trans entrance and then pulled inside the nanopore using a constant velocity
Steered Molecular Dynamics (SMD) simulation at pulling speed vSMD = 0.025Å/ps.

We selected the conformation for which the residues 15 and 16, i.e. the third and fourth residue of
the neutral central region of the peptide, are closer to the pore constriction and used this configuration
for a 32 ns equilibrium run where a spring in the z direction is applied to the Cα of the residue closer
to the pore constriction (spring constant k = 1kcal/(mol2)).

The simulations were performed using the NAMD software [11]. The CHARMM36 force field [12]
was employed to model lipid, protein, and TIP3P water molecules [13]. NBFIX corrections were
applied for ions [14].

Estimation of A(z). The protocol for the estimation of the volume available to the electrolyte transport
is the same employed in [15]. As a first step, we divided the system in cubic cells of size ∆x = ∆y =

∆z = 1Å, and, for each frame, we used the VMD Volmap plug-in [9] to compute the occupancy map
of the electrolyte, mx,y,z, where x, y, z indicate the cell, mx,y,z = 1 if the cells is within a Van der Waals
radius of at least one water or ion atoms and mx,y,z = 0 elsewhere. Then, we averaged mx,y,z over all
frames and normalized it with the bulk value, the resulting averaged and normalized occupancy map
is indicated with Mx,y,z. As already discussed in Aksimentiev and Schulten [5], “electrolyte pockets”
are present close to constriction, see figure S2. The pockets do not contribute to the ion current. To
filter out these pockets, we defined a trans→cis available channel as the pore region accessible to the
electrolyte when moving from the barrel entrance towards the vestibule. This procedure excludes
reentrant pockets directed towards the trans side. The same procedure is applied to get a cis→trans
accessible pore, and the final occupancy map M̃x,y,z is obtained as the intersection of the trans→cis and
cis→trans accessible pores. The occupancy map M̃x,y,z allows a direct estimation of the pore section
A(z) that can be calculated summing M̃x,y,z on slices of width ∆z normal to the pore axis, in formula

Az = ∑
x,y

M̃x,y,z
x,y,z∆x∆y . (17)
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