Access resistance in protein nanopores. A structure-based computational approach
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ABSTRACT

Single-channel conductance measurements in biological pores have demonstrated the
importance of interfacial effects in nanopores, particularly in protein channels with low
aspect ratio (length over aperture radius). Access resistance (AR), the contribution to the
total measured resistance arising from the electrodiffusive limitation that ions experience in
passing from bulk solution to confinement within the pore, becomes essential in the
description of ionic transport across these biological channels. Common analytical estimates
of AR are based on idealized nanopore models, cylindrical in shape, electrically neutral and
embedded in a neutral substrate. Here we calculate the AR of five protein channels by using
their atomic structure and a mean-field approach based on solving 3D Poisson and Nernst-
Planck equations. Our approach accounts for the influence of the protein charged ionizable
residues, the geometry of the pore mouth and the ion concentration gradients near the
pore. We compare numerical calculations with the few available AR measurements and
show for several protein channels that analytical predictions tend to overestimate AR for
physiological concentrations and below. We also discuss the relationship between AR and
the size of the channel aperture in single-pore channels and three-pore channels and
demonstrate that in the latter case, there is an enhancement of AR.
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1. INTRODUCTION

Recent advances in microfabrication techniques in the last decades allowed the production
of individual nanopores on thin layers of polymeric or solid-state substrates [1-4]. In
addition, single-channel electrophysiology made possible analyzing ionic current across
biological protein channels of dimensions below the nanometer as well as resolving small
current fluctuations. Both in biological and synthetic nanopores, ionic conductance
measurements reveal key information about ion-protein interactions, nanopore charge,
geometry and size, passage of neutral and charged solutes, partial blockages and other
solute properties. In parallel, there has been an increasing awareness that the convergence
of ions from bulk to any confined volume may affect the overall ionic transport rate and
even become the rate-limiting step in the system. In this connection, some recent
experimental studies have stressed the importance of this interfacial contribution for a
correct interpretation of the measured current in pores of nanometer dimensions [5-10].
Not only many protein channels but also some nanopores with low aspect ratio (length over
aperture radius) exhibit interfacial resistance comparable to the pore proper resistance. In
fact, those low aspect ratio nanopores show the best properties for sensing and sequencing
purposes. Pores drilled in graphene [11], boron nitride [12] and molybdenum disulfide [13,
14] are a token within this promising field of 2D materials [15] with important biosensing
applications.

The well-known concept of Access Resistance (AR), also called Entrance Resistance or
Convergence Resistance [16-22], first measured in 1992 for alamethicin channels [23],
becomes key in the description of ionic transport across nanopores. An analogous concept of
hydrodynamic entrance resistance applies to the viscous dissipation in pressure-driven
solvent flow [4]. AR is the contribution to the total measured resistance arising from the
electrodiffusive limitation that ions experience in passing from bulk solution to confinement
within the pore.

The method used for measuring AR is the following, with slight variations among different
labs: The measured single-channel resistance is assumed to be the sum of the resistance of
the pore itself and the AR. Experiments are designed to change the AR without affecting the
channel proper resistance. This means varying bulk solution conductivity while pore
conductivity remains constant. In practice, this is accomplished by using electrolyte solutions
of neutral polymers that are sterically excluded from the pore and only induce variations in
the AR. A series of experiments in polymer solutions of different (low) concentrations yield
as a limiting value the channel proper resistance and AR is then obtained by substracting this
value from the overall channel resistance. The result is essentially the same for polymers of
different (high enough) molecular weight. Detailed information can be found elsewhere [6,
23].

It was recently reported [6] that AR may become a dominant contribution to the total
channel resistance (nearly 80%) under conditions of low ion concentration or solute
crowding in the surrounding solutions, two conditions that are often met in the cell
environment. A milestone in the history of AR estimates is due to Hall [17], who developed
the analytical expression
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for the access resistance to a pore with a circular aperture of radius a set at constant electric
potential, in contact with an homogeneous electrolyte solution of conductivity x. Hall’s
equation is based on the analogy between resistance in conductive media and capacitance in
insulating media. Eq. (1) gives the “resistance between a conductive disk on an insulator and
a half-spherical electrode very far from the disk” [17, 24]. Because of its simplicity, Eq. (1)
has been widely used for both biological and synthetic nanopores. It was also used to size
alamethicin pores in several conductance states by measuring AR [25] However, Eq. (1)
involves several assumptions (homogeneous solutions, neutral pore and membrane, circular
aperture on the membrane plane and constant potential at the pore mouth) that are often
approximations to real nanopores [15]. Later, continuum model calculations of AR were
reported by using more realistic boundary conditions at the circular pore entrance and by
assuming the existence of fixed charges either on the membrane/substrate where the pore
is located or within the pore itself [21]. Numerically computed values for a neutral model
pore in a neutral membrane were consistent with those using Hall’s expression. It was also
found that Eq. (1) overestimated AR in charged pores [21]. Sahu and Zwolak [11] developed
a finite-size scaling analysis to make AR estimation in graphene nanopores accessible to
Molecular Dynamics (MD) simulations and highlighted the importance of AR in nanopores on
2D materials. To date all attempts to compute AR rely on idealized pore-membrane
structures and no comparison with AR measurements in protein channels has been
reported. Motivated by the fact that AR cannot be overlooked in a number of biological
channels, we focus here on a more realistic calculation in some protein channels. Our aim is
computing AR starting from their atomic 3D structure, in solutions of varying ionic
concentrations. We use a classical continuum electrodiffusion approach based on Nernst-
Planck and Poisson (PNP) equations adapted to a 3D framework capable of capturing the
actual pore geometry (particularly at the channel mouth), the spatial distribution of protein
fixed charges and, in some cases, the membrane charges. Because the channel selectivity
may induce ion concentration gradients near the channel-membrane interface, it is
necessary to consider the AR as an electrodiffusive problem, not simply the convergence of
field lines in a homogeneous medium (as done to obtain Eq. (1)). The PNP theory has been
successfully used for estimating conductance across wide channels, although mostly in its
one-dimensional version, by using cross-section averaged ion concentrations and electric
potential [26-29]. The PNP-3D code adds notable improvements to 1D mean field
approaches because it incorporates the channel 3D atomic structure and the actual location
of ionizable residues, which is largely responsible for the potential distribution along the
aqueous pore and in the surrounding solution. Notwithstanding its limitations, the PNP-3D
approach is a valuable tool and it has proved complementary to other more computationally
demanding approaches like MD simulations. It has a reasonably good predictive power when
used for calculations over a wide range of ion concentrations and solution pH.
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Figure 1. Protein channels studied. Cartoon representation from the
corresponding Protein Data Bank (PDB) structure and approximate aperture size
of a) Outer Membrane Protein F (OmpF, PDB ID = 20MF), b) Outer Membrane
Protein C (OmpC, PDB ID = 2J1N), c) Voltage-dependent anion channel (VDAC,
PDB ID = 3EMN), d) Proteolipid ring of Yeast V-ATPase enzyme (V-ATPase C-ring
PDB ID = 3J9T) and e) a-hemolysin (PDB ID = 7AHL).

The common trait of the five protein channels studied here (Fig. 1) is their multiionic
character and moderate charge selectivity. In addition, almost all of them share a relatively
low aspect ratio, so AR contribution may be important. The differences between them lie in
their oligomeric structure: the bacterial porins OmpF [30] and OmpC [31] from E. Coli are
three-pore trimers, the mitochondrial porin VDAC is a single-pore monomeric channel [32],
and the Proteolipid ring of V-ATPase enzyme [33] and the toxin a-hemolysin from S. Aureus
[34] are single-pore multimeric channels.

We perform here AR calculations based on real pore-solution interfaces and the
corresponding channel and membrane charge distributions. First, to validate our numerical
approach, we compare our AR computations with the only available experimental AR
measurements over a wide salt concentration range (5 mM-1 M KCl) reported for the
bacterial porin OmpF in neutral and charged membranes [6]. Then, we apply the same
computational procedure to the other four protein channels and show that in very diluted
solutions our numerical calculations differ from analytical (Hall's eq.) estimates in most
channels studied, whereas Eg. (1) can be safely used to estimate AR in concentrated
solutions. We discuss the particular case of a-hemolysin where some AR measurements [35]
and calculations yield values apparently inconsistent with the size of channel apertures.
Finally, we discuss AR measurements in channels where oligomerization implies that several
aqueous pores contribute to single-channel conductance. Our calculations show that pore
clustering increases the effective overall AR. This enables us to interpret correctly the
relationship between pore size and AR measurements or calculations in three-pore channels
or in other pore cluster structure.



2. MATERIAL AND METHODS

The mean field phenomenological equations describing ion transport through ionic channels
are the Poisson-Nernst-Planck equations (PNP). These equations assume than ion are point
particles that can be described through local concentration functions. PNP approach
neglects some ion-ion correlations, hydration of charged species and atom thermal
fluctuations, wich are present in all atom treatments such as molecular dynamics [28]. These
include the Poisson equation,

V(eVe)=-p/& , (2)

where ¢ is the relative dielectric constant, o is the vacuum permittivity, p is the electric
charge volume density and ¢ is the local electrostatic potential. The electric charge density
contains two main contributions arising from the protein ionizable groups and from ions in
solution, which rearrange in the presence of electric fields. Nernst-Planck equations rely on
the assumption of ion flux linearity with the electrochemical potential gradient, and are
often expressed as:

Ji=-D [vci +ZG (e/kBT)V¢] : (3)

In Eq. (3) ji stands for the flux density of ionic species i with charge number z;, diffusion
coefficient D; and concentration c;. e is the elementary charge, ks the Boltzmann's constant
and T the absolute temperature. The above equations are usually rewritten using Slotboom
variables, defined as:

¢, = ¢} exp| -z (e/k,T)¢], (4)

so that Eq. (2) becomes:

ji =—Dyexp[ -z (e/kT )4 | Vc?. (5)

Under steady state conditions, Nernst-Planck equation is numerically solved together with
Poisson’s equation and the continuity equation for each ionic species (here, K* and CI):

V-j=0 (6)

To solve numerically this coupled system of second order partial differential equations we
used FiPy [36], written in Python [37]. The cubic box used combines two different mesh
sizes: a finer one of 1 A for the protein region and a coarser one for the rest of the box. See
for details Figures S1-S2 in Supplementary Material. This is accomplished by calling the gmsh
code [38] from FiPy. An additional in-house code, developed for this purpose, allowed
reading and processing the 3D protein structures in the PQR protein format (a modification
of the PDB format to include the charge and radius of each atom in the structure). The
procedure is the following: First, the structure is oriented with the channel axis
approximately parallel to the z-axis. Then, to mimic the lipid membrane, a structureless



domain inaccessible to the electrolyte solution is added, which divides the box into two
regions connected by the protein. As a result, the integration box comprises two regions
with different dielectric constant (¢ = 80 in the solution and & = 20 in the protein and the
membrane [39, 40]) and different ion and solvent accessibilities. Since FiPy does not allow
internal boundary conditions, ionic- and solvent-accessible regions and other position-
dependent variables are built using a mask, so that the internal boundary conditions are
automatically satisfied (although with some extra numerical cost). FiPy automatically assigns
boundary conditions on the external surfaces of the integration box to no-flow/fields
(Neumann type). Therefore, we only need to define specific concentration and potential
values (Dirichlet type) on the outer surfaces perpendicular to the channel axis. We assume
that diffusion coefficients are local functions and use for OmpF and OmpC the expression
proposed by Im and Roux [28], while for the other channels we use a hydrodynamic
expression [41, 42] derived to match experiments and MD simulations.

FiPy used by default PySparse [43], which in our tests proved to be extremely stable and
robust in terms of convergence under different conditions and geometries. The solution
procedure performs a first iteration to solve (to the required accuracy) Poisson's Eq. (2) and
successive iterations to solve, using Slotboom variables, for Eqs. (2) and (5)-(6) until the
desired convergence is achieved (residual less than 5 x-107). All calculations were carried
out in a 12-core Intel-i7 workstation with 140 GB of RAM. The outputs of numerical
calculations are electric potential profiles and ionic concentrations. Additionally, we
computed the ionic fluxes and averaged the electrostatic potential over any z-crossection of
the solvent-accessible region in the simulation box. These profiles were later used to
calculate the total channel resistance (defined as the ratio between the total potential drop
across the system AV and the electric current /) and the channel AR. The access resistance on
each side R,c was defined as the ratio AVmouth/l, where AVmouth is the external potential drop
across the solution on each side of the channel. AVmouth is obtained by subtracting the
equilibrium potential profile (when AV = 0) from the total potential drop. This procedure
required to solve the PNP equations twice, both under an applied external potential and
under equilibrium conditions (AV = 0).

3. RESULTS AND DISCUSSION
3.1 Access resistance in OmpF channel: measurements vs calculations

We started by comparing the PNP-3D numerical calculations with available AR
measurements in the literature. The only AR measurements for a channel over a large
concentration range were recently reported for the OmpF channel [6]. Earlier AR
measurements focused only on concentrated (1 M) solutions. Bezrukov and colleagues
measured AR for several conductance states of Alamethicin in 1 M NaCl solutions [44] and
for a-hemolysin in 1 M KCI [45]. Aksoyoglu et al. [35] measured AR in three wide channels
(VDAC, a-hemolysin and OmpC) in 1 M KCI solutions. All these experiments were based on
measuring the single-channel conductance in neutral membranes upon changing the
conductivity of the solution with varying concentrations of neutral polymers (polyethylene
glycol (PEG) or Dextran with sufficiently high molecular weight to exclude them sterically
from the pore).
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Figure 2. Access resistance Rqc on each side of the (trimeric) OmpF channel in
neutral and charged membranes as a function of bulk KCl concentration.
Triangles and circles correspond to measurements reported by Alcaraz et al. [6]
in neutral and charged membranes, respectively. Yellow and cyan squares
correspond to our PNP calculations in neutral and charged membranes,
respectively. Dotted lines correspond to Rqc calculations (for neutral membranes)
when the selected pore region is made 4 A shorter (top curve) and 4 A longer
(see main text). Solid lines are drawn only to guide the eye. The experimental
error of the Rac measurement in PS membranes (blue circles) in 5 mM KCl is very
large and the lower part of the error bar is not drawn.

To validate our numerical approach, we first compare our Rac computations with
experimental Rac measurements reported for the bacterial porin OmpF [6] in KCI solutions
of different concentrations (5 mM-1 M). Figure 2 shows Rqc calculations (yellow squares), i.e.
AR on each pore mouth, and experimental measurements (grey triangles) reported by
Alcaraz et al. [6] for a single OmpF channel inserted in a neutral Diphytanoyl-
Phosphatidylcholine (DPhPC) membrane in KCl solutions. Because of the extracellular loops
of OmpF channel and the turns in the cytosolic side (see cartoon in Figure 1), the channel-
solution interface is not sharply defined (the channel aperture does not resemble a circle
parallel to the membrane plane as in a model pore). This poses a problem to discriminate
the AR contribution from the total calculated channel resistance. For our calculations
(squares) we assumed that the pore spans the region between axial coordinates 15-45 A (z-
coordinate from the PDB structure 20MF). Since channel openings are somewhat ill-defined,
there is some flexibility in the selection of the limits of the pore. Therefore, we also
calculated Rqc assuming that the pore spans a little longer region (13-47 A, bottom dotted
line) or a little shorter region (17-43 A, top dotted line). The shaded region indicates the
range of calculations between these two cases. The difference in R, between these two
extreme assumptions of boundary position (+0.2 nm on each side) is not that large: between
-5 MQ and +7 MQ with respect to the accepted calculation of 22.5 MQ at 1 M KCI. PNP-3D
calculations of Rqc for a neutral membrane agree reasonably well with measurements over a
wide range of concentrations, with computed values falling within the experimental error
except for 20 mM solutions.



The other two plots show Rgc calculations (cyan squares) and experimental measurements
(blue circles) [6] for a single OmpF channel inserted in a negatively charged Diphytanoyl-
Phosphatidylserine (DPhPS) membrane. Except for the membrane surface charge density of
0.36 C/m? (a standard value for DPhPS), all parameters used in numerical calculations are
the same as those used in neutral membranes. The net negative charge of lipid polar head
groups increases the conductivity of the solution near the pore mouth and this yields a lower
Rac than in the case of the channel embedded in a neutral membrane. This effect becomes
greater as ion screening is weaker, i.e. upon decreasing concentration. Note that the
standard deviation of Rsc measurements in charged membranes is considerably higher than
in neutral membranes, particularly in very diluted solutions (Note that the the lower part of
the error bar of the 5 mM KCI measurement in PS is not drawn). Numerical calculations show
agreement with R, measurements within the experimental error. This fact enables us to use
this numerical approach to calculate Rs, in other channels for which there are no Rgc
measurements or at least not over a wide range of salt concentrations.

The two series of Rqc calculations (in PC and PS membranes) plotted in Figure 2 show that
the PNP-3D numerical approach using the OmpF atomic structure captures the decrease of
conductivity in the solution next to the channel mouth due to channel charged residues (PC
membranes) and to channel and lipid charges (PS membranes). This effect, originated by
counterion accumulation at the channel-solution interface, is enhanced in low ionic strength
solutions. Both series of experiments and calculations depart from the predictions of Eq. (1)
in diluted solutions.

3.2 Access resistance in other low aspect ratio channels

Next, we calculated Rqc in other four multiionic channels with known atomic 3D structure.
The aim was a) to check whether R, computations follow a concentration dependence
pattern similar to that of OmpF and see how well those values match the predictions of Eq.
(1); and b) to compare numerical results at 1 M KCl with AR measurements in 1 M KCl
previously reported for three of them (VDAC, OmpC and a-hemolysin) in neutral
membranes. The voltage dependent anion channel of the outer mitochondrial membrane,
commonly known as VDAC [46] is a monomeric channel with beta-barrel structure and a
pore diameter around 2.4 nm (Fig. 1c). The proteolipid C-ring of the Yeast V-ATPase enzyme
forms a channel [47] with approximate cylindrical structure and a helix bundle that opens a
large pore about 3.2 nm in diameter (Fig. 1d), although each mouth is slightly different in
size. OmpC is a porin with three 16-stranded hollow B-barrels associated to form a tight
trimer (Fig 1b). Its periplasmic outlet is very similar to OmpF, whereas extracellular loops
arrange in a somewhat different manner. Rather than pore size (mouths are about 2 nm in
diameter) what differentiates OmpC from OmpF is the configuration of charged residues
that yield a little higher cationic selectivity in OmpC.
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Figure 3. Calculated Rqc (average of AR on both sides) for the protein channels
OmpF (a), OmpC (b), VDAC (c) and V-ATPase C-ring (d) in neutral membranes as a
function of bulk solution concentration. Solid symbols correspond to PNP-3D
calculations using the corresponding PDB channel structures (OmpF: 20MF;
OmpC: 2JIN; VDAC: 3EMN; V-ATPase C-ring: 3J9T) and solid lines are only to
guide the eye. Dashed lines represent Rqc values calculated using Eq. (1).

Figure 3 shows calculated Rqc (average of AR on both mouths) for OmpF, OmpC, VDAC and V-
ATPase C-ring, as labeled, in neutral membranes over a wide range of KCl concentrations,
from 1 mM up to 1 M. The calculated Rq values are very similar for both mouths in these
four channels, so that for plotting the concentration dependence we use the average Rgc of
the two mouths. Solid symbols correspond to PNP-3D calculations using as input the
corresponding PDB channel structures (OmpF: 20MF; OmpC: 2J1N; VDAC: 3EMN; V-ATPase
C-ring: 3J9T). The pattern in these four channels is similar. Upon a concentration decrease of
3 orders of magnitude, Rqc increases more than two orders of magnitude. In the two single-
pore channels (VDAC and V-ATPase C-ring) Rqc is almost inversely proportional to solution
concentration. In the three-pore channels (OmpF and OmpC), a slight deviation from the 1/«
law is predicted in very diluted solutions. This fact might be due to the enhancement of
electrostatic interactions caused by the proximity of the three monomers with their charged
residues. The effective protein charge “seen” by permeating ions in one pore is probably
higher than the sole charge of that particular monomer (and it includes buried charged
residues [39,40]). We already showed for an ideal pore in 0.1 M KCI (see figure 7 in ref. [21])
that the higher the pore charge, the greater is the overestimation of Rac by Hall’s equation.
At very low ionic strength (e.g. ¢ < 10 mM) Debye’s length is greater than 3 nm and
comparable to channel length, so this increase in the pore electrostatic potential may cause
local conductivity at the channel entrance to be higher than the bulk conductivity entering
Eq. (1). This small deviation from the 1/« law is also seen in OmpF Rsc measurements in very
diluted solutions (Figure 2). It might be tentatively explained by an enlargement of the
channel mouth in low screening conditions. However, there is no experimental evidence for



this effect. In addition, the deviation is also seen in our PNP-3D calculations, which use a
fixed size of the channel mouth given by the crystal structure. The range of concentrations
explored spans three orders of magnitude and goes from very diluted solutions (ideal
solutions) to concentrated solutions where ion activity coefficients differ considerably from
unity. Since deviations from the 1/x law occur at low concentrations where activity
coefficients approach unity, they can hardly be adscribed to non-ideality of solutions (see
Supplementary Material, Figures S3-S4). Dashed lines show Rqc values calculated from the
classical Hall’s expression, Eq. (1), using measured KCl conductivities x at each concentration
and the pore radius value obtained from the PNP-3D computation of R, for 1 M KCl. The
comparison of the two series of R values on each figure demonstrates that using Eq. (1) for
computing Rqc is equivalent to performing a more detailed structure-based numerical
computation, provided salt concentration is not very low and the aperture size is known.
Only in the case of the two trimeric channels, OmpF and OmpC, in very diluted solutions, the
differences between PNP-3D calculations and Eq. (1) predictions become large.
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Figure 4. Spatial variation of the externally applied potential (for a total AV = 100
mV) across the V-ATPase C-ring channel in concentrated and diluted solutions. a)
Contour plot of equipotential lines in 10 mM KCl; b) Contour plot in 1 M KCl.

Figure 4 helps to visualize this large change of Rqc with salt concentration seen in the above
calculations. It shows the different distribution of the external voltage drop across the V-
ATPase C-ring channel in concentrated (1 M KCl) and diluted solutions (10 mM KCl) that
causes a hundred-fold increase in Rq.. The contour plots of the externally applied potential
show a much larger potential drop outside the channel in a 10 mM solution (left) thanina 1
M solution (right), which implies a larger Rqc in the diluted solution. Equipotential lines in the
right panel are almost semicircular, which means that the assumption of hemispheric
equipotential surfaces made in the derivation of Hall’s expression for an ideal circular hole
fits well the real mouth of a single-pore channel in concentrated solutions. The above PNP-
3D calculations (Figure 3) are in good agreement with reported Rsc measurements in 1 M KCl
solutions for OmpF, OmpC and VDAC as shown in Table 1.
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Table 1

Comparison of PNP-3D calculations and measured Rqcin 1 M KCl

Channel Calculated Rac (MQY) Measured Rqc (MQ2)
OmpF 22.5 21+5 [6]
OmpC 20.5 28.1+0.1 [35]
VDAC 20.0 19.8 [35]

Additionally, we calculated Rqc in another wide, multiionic channel, the toxin a-hemolysin
from Staphylococcus aureus [34], which is not a low aspect ratio channel as the other four.
However, its mouths on each side are different in size (what implies asymmetry in Ry ) and
this deserves a separate discussion. Its importance in biosensing applications and as a
promising alternative to conventional DNA sequencing technology makes it one of the best-
studied bacterial toxins [48]. Seven heptamers oligomerize to form a mushroom-like shaped
channel (Fig. 1e), with a B-barrel stem spanning the membrane and a large cap protruding
on the extracellular side. The two openings of the aqueous pore are different in size, the cap
one (~3 nm) being wider than the stem one (~2 nm). Therefore, Rsc should be slightly
different on each side. Calculations of R, for both sides (Fig. 5) show some unexpected
results. First, the ratio between R,c on each side does not scale with the inverse of the ratio
of their mouth diameters as predicted by Eq. (1). The calculated Rq values for the stem
mouth (semi-filled right circles) follow a similar pattern to the other four channels (Fig. 3)
but Rqc calculations for the cap mouth (semi-filled left circles) yield unusually low values that
are virtually zero at high salt concentrations. Bezrukov et al. [45] reported a total AR for this
channel in 1 M KCl of 26 + 5 MQ and Aksoyoglu et al. [35] obtained 147 + 6 M2 from their 1
M KCI experiments. Our calculated value for this concentration is 35.3 MQ (which
corresponds totally to the stem mouth), not much different from the first of the two
previous measurements. However, there is no clear explanation for such disparity between
calculated Rqc on each channel mouth. Interestingly, Aksimentiev and Schulten [49] showed
in their MD simulations that the cap vestibule is practically equipotential with the adjacent
bulk solution, which implies a very small Rqc on this side of the channel. They also reported
the existence of several small side channels close to the membrane surface, connecting the
large cap vestibule with the external solution, which might act as electrical shunt and reduce
Rqc on the extracellular side opening of the channel. This fact could potentially explain why
Roc on the cap mouth of the channel becomes so small and even negligible for
concentrations of 0.5 M and above. The contour plot of equipotential lines shown in Figure
5b confirms this conjecture. There is hardly any potential drop at the cap mouth. The whole
cap vestibule is practically equipotential, in contrast with the applied potential drop near the
stem mouth. This case of a-hemolysin is an example of how Rqc calculations need to take
into account subtle structural details beyond the pore opening size. Using Eq. (1) and the
structural data [34] for the size of the two channel mouths might overestimate the value of
the total AR.

11
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Figure 5. a) Calculated Rqc on both pore sides for a-hemolysin channel in neutral
membranes as a function of solution concentration (The applied potential was
100 mV). Green semi-filled right symbols correspond to the stem mouth and red
semi-filled left symbols to the cap mouth. Solid lines are drawn only to guide the
eye. b) Contour plot of equipotential lines in 1 M KCl.

Finally, rather than the absolute value of the total AR, what is often more important is its
contribution to the overall channel conductance measurement so that interfacial effects
may be left out when the focus is on the relationship between conductance and the channel
intrinsic properties. Figure 6 summarizes our calculations in the five channels studied. It
displays the ratio of the total AR over the whole channel resistance, 2Rac/(Rp+2Rac) as
percentage (note that the total AR in the case of a-hemolysin is the sum of the Rqc values on
each side, which are different).
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Figure 6. Percentage of the total access resistance in relation to the overall
channel resistance in neutral membranes as a function of solution concentration.
Different symbols stand for each channel: VDAC (down triangles), OmpF (circles),
V-ATPase C-ring (squares), OmpC (diamonds) and a-hemolysin (up triangles).
Lines are drawn only to guide the eye.

12



At physiological concentrations (0.1 M), percentages range from 7% in a-hemolysin (a
channel with a much higher aspect ratio than the others) to 30% in VDAC and OmpF. In more
diluted solutions, the AR contribution rockets up to very high values and it becomes even
higher than the resistance R, of the pore itself. The asymptotic behavior of some of the plots
in Figure 6 for large ion concentrations is consistent with the prediction for an ideal
cylindrical, neutral (or slightly charged) pore of aspect ratio L/a .

3.3 The relationship between access resistance and the size of the channel aperture

Measurements of Ry have been used for sizing several ion channels by using PEG or Dextran
solutions [44, 45, 48]. Channel conductance measurements in PEG solutions had been used
earlier to estimate the size of the narrowest part of the channel. For a survey of references,
see [50]. Using Eq. (1) in the high concentration range (where it is valid) allows obtaining the
size of the channel aperture from measurements of Ry, and bulk solution conductivity.
Several authors have noted that such diameter value is just an approximation and it is in fact
a context-dependent value because of the limitations of the analytical expression used for
the Rqc, as made clear in our calculations. It would only make sense in channels resembling
ideally neutral cylindrical pores like VDAC, where the estimated diameter from Rac
measurements (19.8 MQ in 1 M KCl as reported in [35]) and Eq. (1) is 2.4 nm, in good
agreement with structural data. Our calculations for V-ATPase C-ring pore in 1 M KCI are
consistent with a diameter of 3.1 nm, essentially the same value from structure (see Fig.1,
d).

However, in trimeric channels like OmpF and OmpC single-channel measurements involve
the transport of ions across three aqueous pores and the measured Rq is the result of
limited electrodiffusion not to a single aperture but to three pores that belong to the same
oligomeric channel structure. Therefore, AR is the result of the converging current lines to
the three pore mouths on each side. A simplistic view could be considering the effective Rqc
like the equivalent of three resistors in parallel, each one corresponding to the R, to a single
monomer pore. According to this interpretation, for an ideal three-pore system, the
relationship between the measured Rq and the radius of a single pore would be, in
accordance with Eq. (1), Rac = (4xa)t/3. Thus, the value of Rsc = 21 MQ reported for OmpF in
1 M KCI [6] would be consistent with a pore diameter of 0.7 nm, which is considerably lower
than the actual diameter, ca. 2 nm [30]. It seems that the picture is a bit more complex in
protein channels with several openings. lon current lines may interfere with each other if
pores are closely packed together (particularly in concentrated solutions), thus producing an
effective Rqc that is slightly bigger than one third of the Rqc corresponding to each pore (i.e.
the equivalent to three independent pores). Gadaleta et al. [51] reported sub-additive ionic
transport across arrays of solid-state nanopores and discussed the overall access resistance
of a pore array by using the analogy between ion transport and electrostatic capacitance
that led to Eq. (1) [16, 17]. For a 2D array of N ideally cylindrical, neutral pores, they
obtained the following approximate expression for the effective Rac:
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Rac(N):Nm(l—"]/N %) (7)

Where v is a geometric factor (dependent on N) and d is the distance between pore
centers. Consequently, the ratio f between the Ry of each single pore and the overall R, for
three pores would be given by

st;;‘m/Rgg"":(lw%)/s (8)

For a three-pore array their approach yields a geometric factor y =~ 1.3. Then, by assuming
the three pores are closely packed together so that the distance d is very similar to the
actual pore diameter (2a/d =~ 1), we get f ~ 0.6. This gives an overall Rqc for the trimer of
more than one-half of the Ry of each single pore instead of the one-third factor anticipated
for the case of non-interacting pores. To check this prediction with our numerical approach
using the actual channel 3D structure, we calculated Rqc for an OmpF trimeric channel as well
as for a single OmpF monomer in 1 M KCI. Then, we did a series of calculations by modifying
the trimer structure so that monomers were artificially separated from each other a distance
d and we calculated the corresponding value of Rqc for the trimer for several values of d. For

each separation between monomers we obtained the ratio f = R%™/R™" .

0.7
]
Neutral OmpF . | 06 O
06 0
w— 05+ ojw 0.‘2 0j3

0.1 02 0.3
1/d / nm’

Figure 7. Calculated ratio f between Rqc for the OmpF trimer and R, for a single
OmpF monomer for different artificial separations d between monomers (yellow
filled squares). The lowest value of d corresponds to the actual distance between
pore centers in the OmpF trimer (3.36 nm). PNP-3D calculations are made for 1
M KCI solutions in a neutral membrane. Inset show calculations for an OmpF
channel with all ionizable residues set in neutral state (blue filled squares).
Regression lines correspond to linear fits of the f values for the four largest
monomer separations (d = 5-16.8 nm). The regression equations are
f=0.35+3.94/d (r? =0.998) for the main panel and f=0.36 + 2.94/d (r?> = 0.980)
for the inset.
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The results for the ratio f are plotted in Figure 7 as yellow squares. For the actual distance
between pore centers in the OmpF trimer (d ~ 3.36 nm, according to the PDB 3D structure),
the ratio f is 0.66. This means that interference between the three pores causes an increase
in the overall Rq that yields RY™ ~(2/3)Ry". When we increased five times the distance

between monomers (d = 16.8 nm), f dropped to 0.37, almost half the initial value. Therefore,
according to our calculations, the overall Rqc is sensitive to the proximity of pores. For large
enough pore separations (d = 5 nm), f scales with the inverse distance 1/d. This agrees with
the prediction of Eq. (8) for an array of equally spaced neutral nanopores, although OmpF is
not a neutral pore. According to the linear fit of PNP-3D calculations for the four largest
separations (d = 5-16.8 nm), the limiting value of f for three hypothetical OmpF monomers
separated a distance much larger than their pore diameters would be 0.35, as seen in the
intercept value. This is equivalent to RY™=R™ /3, i.e. the initial assumption of three

resistors in parallel. Comparison of this linear fit with Eq. (8) yields an effective geometric
factor for OmpF trimer of 3 = 1.2, which agrees with the same factor predicted for an array
of three neutral pores.

It might be argued that electrostatic interactions between charged residues of each OmpF
monomer could influence the overall R,c of the channel. To assess this hypothetical effect,
we wondered what the result of calculations on the same channel would be under
conditions resembling a set of three neutral pores. For this purpose, we manipulated the
ionization state of the OmpF protein to set all ionizable residues uncharged, while keeping
the atomic 3D structure of the channel unaltered. The result of this new series of PNP-3D
calculations is shown in Figure 7 as an inset (blue squares). For the neutral trimer, the ratio f
is 0.62, very similar to the 0.66 reported above. The way this ratio f changes with monomer
separation is qualitatively similar to the case of OmpF in its native (weakly charged) state. f
scales with 1/d for large monomer separation and the linear fit of the f values for the largest
separations (d = 5-16.8 nm) yields a limiting value of f = 0.36, essentially the same as the 1/3
factor for three independent pores. The similarity between both series of calculations allows
concluding that the enhancement of AR in a three-pore channel is mainly of geometric
rather than electrostatic origin. This explains why the treatment by Gadaleta et al. [51],
originally developed for neutral pores (where surface conduction is negligible), agrees with
our calculations in a moderately selective channel in concentrated solutions. Interestingly,
there is increasing experimental evidence that biological channels frequently form clusters
on membrane surfaces [52]. Berezhkovskii et al. [53] theoretically analyzed the effect of
channel clustering, which leads to single pores to compete for diffusing molecules. They
obtained simple formulas for the effective rate constants that characterize trapping of
diffusive point particles by perfectly absorbing circular disks (with different structures and
packing lattices) on a reflecting flat surface. Their treatment, although purely diffusive and
based on ideal geometries, shows interesting analogies with ours and leads to the conclusion
that the trapping efficiency of an individual disk decreases as the number of absorbing disks
of the cluster increases and/or the distance between disks increases. By considering that the
decrease in trapping efficiency goes parallel to the increase in pore AR, the analogy is clear.
In the case of tight packing, this coincidence between their reduction in the cluster trapping
efficiency and our enhanced AR underlines the importance of channel clustering in
estimation of AR.

After all these calculations of the AR enhancement for arrays of several pores we come back

15



to the initial issue raised at the beginning of this section: the use of Eq. (1) to estimate the
pore aperture radius from Rqc measurements or, vice versa, using Hall’s equation to calculate
Roc provided the pore radius is known. According to our calculations in a real weakly
selective channel, it appears that the correct relationship between the measured Rqc in
concentrated solutions and the radius of a single pore in a trimeric channel should be

R;'Cim = f /4ka . Thus, the measurement of Rec = 21 + 5 MQ for OmpF in 1 M KCI [6] (Table 1)

would yield a diameter ca. 1.5 £ 0.4 nm. Analogously, the value Rgc = 28.1 £ 0.1 MQ reported
for OmpC in 1 M KCI [35] would give a diameter about 1.12 nm. Both values are closer to
structural data than previous estimations from measured overall Rq. Finally, we want to
point out that the AR enhancement effect should be even more relevant in biological pores
of lower aspect ratio than the two trimeric channels OmpF and OmpC as well as in other
single-pore channels that are frequently clustered on membrane surfaces.

4. CONCLUSIONS

Motivated by the need of a correct interpretation of channel conductance measurements,
we have calculated the access resistance for several protein channels by using a continuum
electrodiffusion approach based on 3D Poisson-Nernst-Planck equations. The computing
procedure uses as input each channel atomic 3D structure instead of an ideal pore model.
This enables us to account for the actual pore geometry, the spatial distribution of charged
ionizable residues in the protein, the membrane lipid charges and the ion concentration
gradients near the channel-membrane interface. In this way we add specific channel
structural information to classical Rqc estimations based on idealized pore models. Rgc
calculations agree within experimental error with measurements in the bacterial porin OmpF
for a wide range of concentrations in neutral and charged membranes. Numerical
computations are also consistent with measurements performed in other mesoscopic
channels (VDAC, OmpC and a-hemolysin) in 1 M KCI solutions. In concentrated electrolyte
solutions our numerical calculations give Rqc values similar to those obtained with the widely
used Hall’s equation (Eq. (1)) [18]. In contrast, for some channels (OmpF and OmpC) the
structure-based calculations predict much lower values of Rqc in diluted solutions. We
analyze in detail the case of a-hemolysin where calculations based on Eqg. (1) and the
channel mouths size overestimate Rqc values and overlook the fact that in concentrated
solutions the access resistance to the cap mouth is virtually zero. This is especially illustrative
of the fact that considering only the size of the channel mouth and the bulk conductivity of
the adjacent solution can sometimes lead to Rqc miscalculation.

Finally, we show that the overall Ry in three-pore trimeric channels like OmpF and OmpC is
higher than the equivalent to adding up each pore R (as three resistors arranged in parallel)
because of mutual interaction between converging ionic fluxes. This fact has practical
implications in low aspect ratio nanopores when Eq. (1) is used to estimate the pore
aperture radius from Rsc measurements or, vice versa, when the pore radius is known and
Rac is calculated by using Eqg. (1). This enhancement of access resistance may be important
not only in three-pore trimeric channels but also in several monomeric pores that are known
to form tightly packed clusters on membrane surfaces [52, 53] .
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