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Molecular transport across channels and pores is critically important for multiple natural and industrial
processes. Recent advances in single-molecule techniques have allowed researchers to probe transloca-
tion through nanopores with unprecedented spatial and temporal resolution. However, our understand-
ing of the mechanisms of channel-facilitated molecular transport is still not complete. We present a
theoretical approach that investigates the role of molecular interactions in the transport through chan-
nels. It is based on the discrete-state stochastic analysis that provides a fully analytical description of this
complex process. It is found that a spatial distribution of the interactions strongly influences the translo-
cation dynamics. We predict that there is the optimal distribution that leads to the maximal flux through
the channel. It is also argued that the channel transport depends on the strength of the molecule-pore
interactions, on the shape of interaction potentials and on the relative contributions of entrance and dif-
fusion processes in the system. These observations are discussed using simple physical-chemical
arguments.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Non-equilibrium fluxes of molecules and ions are strongly reg-
ulated in biological channels, and they are critical for cell function-
ing [1]. Frequently, the channel transport processes are not
coupled to the consumption of any chemical energy from the
hydrolysis of energy rich molecules (ATP/GTP) and they are known
as passive transport processes or channel-facilitated diffusion [2,3].
These processes often occur with a high selectivity and fast translo-
cation kinetics despite the crowded nature of cells [4–7]. Measure-
ments from such biochemical pathways attribute the metabolite
selectivity by channels to the presence of strong interaction fields
between the permeating molecules and the channels. It is widely
accepted that some channels have evolved to facilitate diffusion
of specific molecules by tuning interactions with them and that
such interactions result in an optimal molecular flux through the
channels [1]. Examples include sugar transport throughmaltoporin
channels, ATP transport through VDAC channels, penicillin trans-
port through general bacterial porin OmpF channels and oligosac-
charide transport via a bacterial porin LamB inter alia, all of which
exhibit strong binding of the metabolites with their corresponding
pores [5,7–9]. It is critically important to understand the role of
these interactions in the mechanisms of biological channel-facili-
tated molecular fluxes.

Channel transport can be viewed as consisting of two stages: (1)
First, the molecular partitioning into the channel from the bulk
solution and (2) the subsequent threading through the pore to
the exit. The barrier for a molecule entering into the channel in
in vivo system is usually overcome by the potential difference
across the membranes [10], whereas in vitro systems typically rely
on external voltage driving the molecular transport [11,12]. It is
widely accepted that the threading process is enhanced due to
the presence of molecule-pore interactions [5,7–9]. For example,
electrical channel recordings by Wolfe et al. [11] and Mohammed
et al. [12] that probed the polypeptide translocation through a
aHL channel clearly highlighted the role of molecule-pore interac-
tions. Dwell times of the polypeptides were observed to be lower
when attractive sites were employed near the channel exit, which
indicated that the flux is sensitive to the spatial position of the
molecule-pore interactions. Furthermore, the strength of mole-
cule-pore interactions is shown to be a key parameter in control-
ling molecular flux through these channels. Molecular dynamics
studies by Petrone et al. that investigated gating in a ribosome exit
tunnel also revealed the existence of differential barriers for vari-
ous amino acid permeating molecules [13]. Overall, the above
studies underline the importance of molecular-pore interactions
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in the channel transport. Several theoretical models were devel-
oped to investigate channel transport by explicitly accounting for
molecule-pore interactions [14–23]. However, a comprehensive
understanding of the influence of molecule-pore interactions on
the net flux is still unavailable due to the overall complex nature
of the involved biochemical pathways.

Theoretical investigations of molecule-pore interactions in
channel transport employed continuum, discrete-state and simula-
tion approaches [14–23]. Continuum models treat molecules as
diffusing particles in one dimension and evolving under a potential
of mean force due to interactions between the molecules and the
pore. This is frequently modeled as a symmetric square-well
potential that occupies the complete volume of the channel
[4,16–19]. Another approach utilizes a discrete-state stochastic
formalism, which considers the volume of the channel as a finite
set of discrete lattice sites/states where each lattice site accommo-
dates a specific conformation of the molecule [20–23]. The diffu-
sion of the molecules inside the channel can be then mapped to
a single molecule performing a random walk motion on a lattice
for which the dynamical quantities (such as flux, velocity and dif-
fusion) can be solved exactly under the steady-state conditions
[24]. Discrete-state approaches allow rigorous evaluation of com-
plex spatial distributions of the molecule-pore interactions and
their influence on the molecular flux. An earlier discrete-state
model that accounted for molecule-pore interactions provided a
good qualitative agreement [25] for the translocation kinetic data
of polypeptide molecules threading a aHL channel in the presence
of acidic binding sites that were positioned at different locations in
the channel. However, the number of the lattice sites in the model
that incorporated molecule-pore interactions was limited to only
one site and the effect of its spatial orientation has been investi-
gated. But the role of multiple binding sites with molecule-pore
interactions has not been considered. While a model that consid-
ered sharply localized molecule-pore interactions provided
insights into the underlying mechanisms of channel transport,
the translocating molecules interact with channels everywhere,
and thus it is important to probe the effect of global molecule-pore
interactions. In this paper, we investigated the combined influence
of multiple attractive and repulsive interactions and their spatial
distributions on the channel transport. The important novelty of
our approach is that both attractive and repulsive interactions
are studied simultaneously. Furthermore, the influences of other
factors such as load-distribution factors that affect the kinetic rates
for individual transitions, size of the channel, and the numbers of
special binding sites are investigated within the proposed theoret-
ical framework.

The current model predicts: (1) a strong dependency of the
channel flux on the spatial-distribution of the molecule-pore inter-
actions as well as on the strength of the molecule-pore interac-
tions; and (2) the existence of an optimal interaction potential
between the molecules and the channel which leads to the maxi-
mal molecular flux. Significant flux enhancements are achieved
via tuning the strength of molecule-pore interactions. Further,
the flux dependencies on the load-distribution factors, the entry
rate into the channel and the diffusion rate inside the channel also
reveal the complex nature of the processes during the molecular
transport through pores.
2. Theoretical method

In our model we consider a single molecule moving through the
channel as shown in Fig. 1. The transport is viewed as a set of tran-
sitions between discrete states in the channel. We assume also that
only one molecule can be found in the pore. There are N0 total
binding sites in the channel, of which Na are attractive and Nr
are repulsive (see Fig. 1). Hence, the sum total of special binding
sites with stronger interactions Ns are equal to Na þ Nr . We assume
that these are sites in which the molecule interacts stronger with
the channel (attractively or repulsively) than at some ordinary
sites. Thus, the term ‘‘attractive” or ‘‘repulsive” refers to how larger
or smaller are specific interactions in comparison with the mole-
cule-pore interactions at the ordinary sites (see Fig. 1). A molecule
threading the channel interacts with each attractive (repulsive)
binding site with a potential ea (er), and at the ordinary sites we
take e = 0. The same zero energy is assumed for the molecule in
the bulk before entering the channel. The concentration of the
molecules on the left (right) of the channel is c1 (c2). It is important
to note that the difference in the concentrations Dc ¼ c1�c2 is the
main driving force for the molecular transport. Independent of
the strength and location of molecule-pore interactions there will
be no flux through the channel if there is no free-energy difference
between the entrance and the exit. The molecules enter the chan-
nel with the rate u0 ¼ konc1 from the left or with the ratew0 ¼ konc2
from the right (see Fig. 1). The molecule might diffuse inside the
channel from the site ‘j’ forwards (j ! jþ 1) and backwards
(j ! j� 1) with the rates uj and wj, respectively.

The probability of the molecule to be found outside the channel
at time t is denoted by P0ðtÞ, and inside the channel at the site j at
time t is labeled as PjðtÞ. There is a normalization condition for all

probabilities, P0ðtÞ þ
PN0

j¼1
PjðtÞ ¼ 1. The transport dynamics is con-

trolled by the following set of Master Equations for every site j
(j ¼ 1;2; . . . ;N0) [25],

dPjðtÞ
dt

¼ uj�1Pj�1ðtÞ þ ujþ1Pjþ1ðtÞ � ðuj þwjÞPjðtÞ: ð1Þ

The molecular flux for steady-state conditions (t ! 1) has been
quantified in earlier theoretical studies via mapping the transport
through the channel with N0 binding sites to a system of a single
particle performing a random-walk motion periodically on a lattice
with N0 þ 1 states (for N0 states inside the channel and one state
outside the channel) [25,26]. For example, the molecular flux in a
uniform channel (when all sites are identical) is given by

J0ðN0Þ ¼ uu0

ðN0 þ 1Þ uþ N0
2 u0

� � : ð2Þ

In the above situation, the uniform channel is characterized by
microscopic transition rates: uj ¼ wj ¼ u; j ¼ 1;2; . . . ;N0 that are all
equal. However, generally the exit rates from the left (w1) and the
right (uN0 ) of the channel can differ from ‘u’ in the presence of
molecule-channel interactions.

The one-dimensional random-walk description of the complex
dynamics of molecules in the channel is obviously a simplified
coarse-grained picture. However, because the channels have nar-
row entrance and exit regions and the molecules move in channels
along effectively linear structures this approximation seems to be
reasonable.

The role of molecule-pore interactions is investigated in our
model by accounting for the microscopic transition rates in the
presence of the ‘special’ (attractive or repulsive) binding sites.
The free energy landscape in the presence of such special binding
sites is tilted (comparing to a uniform channel) due to which the
individual transition rates are also affected at these special sites.
The modified chemical transition rates, specified by detailed bal-
ance, are recalculated for each chemical transition event. In what
follows, the derivation of molecular flux is based on the simple
assumption that the absolute value of the interaction of each of
the repulsive and the attractive binding site is equal to e. More
specifically, the interactions are represented as,



Fig. 1. Schematic of the free energy profile of molecular translocation: Channel volume is represented by the brown dotted rectangle. Binding sites are depicted in red
(repulsive), orange (ordinary) and green (attractive) circles. Repulsive sites cluster at the entrance and attractive ones near the exit. There are Nr (Na) number of repulsive
(attractive) sites each of which interact with the molecules with potential er (ea). The chemical rates of transitioning out of the site j are uj and wj for forward and backward
transitions, respectively. The dotted curve represents a free energy profile for a channel with no interactions and the solid curve represents a landscape where molecule
interacts with the channel at its respective binding site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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er ¼ e; ea ¼ �e; e > 0 ð3Þ
An earlier theoretical approach studied the role of interactions

only for one special binding site [25]. The presented method here
accounts for a more complex spatial distribution of interactions
in the channel. For instance, the role of both attractive and repul-
sive interaction potentials is explicitly studied in the model.

It has been shown before that maximal flux is achieved in the
channel when the repulsive sites cluster near the entrance and
attractive sites cluster near the exit [25]. The current model here
employs such an arrangement of the special binding sites. Hence,
the non-special/ordinary sites are positioned in between the
attractive and repulsive sites (see Fig. 1). For a channel of constant
size (N0 sites) and constant number of special sites (Ns ¼ Na þ Nr;
note that NaandNr may vary but Ns is fixed), there exist many com-
binatorial possibilities of spatially distributing the special sites. All
possible scenarios are classified into four distinct cases based on
the number of non-special/ordinary binding sites (Nns) in the chan-
nel. These consist of: (i) Nns ¼ 0, (ii) Nns ¼ 1, (iii) Nns ¼ 2 and (iv)
Nns P 3. Although each of the cases Nns ¼ 0;1;2 can be described
by a unique set of Master equations, leading to a unique expression
for flux, we analyze only the situation of Nns P 3 here since it rep-
resents the most generic case. It is expected that the underlying
mechanistic implications from this case will still hold true for the
former three cases as well.

In each of the above four situations, the analytical expressions
for flux inside the channel is distinct due to the ‘edge’ effects
(between the special and non-special binding sites) across the
regions of (a) repulsive and non-special sites and (b) non-special
and attractive sites. The flux in the four classified systems above
changes due to the fact that the chemical rates connecting the spe-
cial and non-special binding sites in each of the above scenario will
alter the overall flux across the channel.
2.1. Detailed balance-like conditions

The chemical reaction rates (k) for the molecule hopping across
the binding sites in the channel can be expressed in terms of the
general Arrhenius expressions as k ¼ Ae�bEact , where Eact is the acti-
vation barrier, b equals ðkBTÞ�1 with kB being the Boltzmann con-
stant, T is the temperature and A is the pre-exponential factor.
For a uniform channel with no special molecule-channel interac-
tions the pre-exponential factor corresponds to the diffusion rate
‘u’ inside the channel. It is expected that interactions will modify
the transition rates as described below.

For the case of Nns P 3 the modified chemical transition rates
specified by the detailed balance-like conditions are represented
in Eqs. 4–6 for the repulsive sites and in Eqs. 7–10 for the attractive
sites:

u0

w1
¼ u0

0

w0
1

:ebð0�erÞ ¼ u0
0

w0
1

:e�be ð4Þ

u1

w2
¼ u0

1

w0
2

:ebðer�er Þ ¼ u0
1

w0
2

:ebðe�eÞ ð5Þ
uNr

wNrþ1

¼ u0
Nr

w0
Nrþ1

:ebðer�0Þ ¼ u0
Nr

w0
Nrþ1

:ebðe�0Þ ð6Þ
uN0�Na

wN0�Naþ1
¼ u0

N0�Na

w0
N0�Naþ1

:ebð0�eaÞ ¼ u0
N0�Na

w0
N0�Naþ1

:ebðeÞ ð7Þ

uN0�Naþ1

wN0�Naþ2
¼ u0

N0�Naþ1

w0
N0�Naþ2

:ebðea�eaÞ ¼ u0
N0�Naþ1

w0
N0�Naþ2

:ebð�eþeÞ ð8Þ

uN0�1

wN0

¼ u0
N0�1

w0
N0

:ebðea�eaÞ ¼ u0
N0�1

w0
N0

:ebð�eþeÞ ð9Þ

uN0 ¼ u0
N0
:ebðea�0Þh ¼ u0

N0
:e�bðeÞh ð10Þ

The complete set of detailed balance equations is not written
here, but it is straightforward to do it. The physical meaning of
these expressions is the fact that interactions change the free-
energy difference between two states connected by the transition,
which is given by the ratio of corresponding forward and backward
transition rates.
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2.2. Microscopic rates

To obtain the full dynamic description of the molecular trans-
port through channels explicit expressions for transition rates are
needed. This can be obtained from the detailed balance-like argu-
ments by introducing a parameter ‘h’ – the load distribution factor
[25]. The distribution factor ‘h’ represents the position of the tran-
sition state (TS) for a chemical transition event along the mole-
cule’s reaction coordinate. The load-distribution factor depicts
how the (molecule-pore) interaction energy is distributed between
the forward and the backward transition rates. The individual for-
ward and backward rates are expressed in Eqs.11–21. An assump-
tion of w0 ¼ 0 is made which simplifies the final analytical form of
the molecular flux.

u0 ¼ u0
0e

�berh ¼ u0
0e

beh ð11Þ

ui ¼ u0
i ¼ u; i ¼ 2;3;4; . . . ;Nr � 1 ð12Þ

uNr ¼ u0
Nr
eberh ¼ u0

Nr
e�beh ð13Þ

w1 ¼ w0
1e

�berðh�1Þ ¼ w0
1e

beðh�1Þ ð14Þ

wi ¼ w0
i ¼ u; i ¼ 2;3;4; . . . ;Nr � 1 ð15Þ

wNrþ1 ¼ w0
Nrþ1e

berðh�1Þ ¼ w0
Nrþ1e

�beðh�1Þ ð16Þ

uN0�Na ¼ u0
N0�Na

e�beah ¼ u0
N0�Na

ebeh ð17Þ

ui ¼ u0
i ¼ u; i ¼ N0 � Na þ 1; . . . ;N0 � 1 ð18Þ

uN0 ¼ u0
N0
ebeah ¼ u0

N0
e�beh ð19Þ

wN0�Naþ1 ¼ w0
N0�Naþ1e

�beaðh�1Þ ¼ w0
N0�Naþ1e

beðh�1Þ ð20Þ

wi ¼ w0
i ¼ u; i ¼ N0 � Na þ 2; . . . ;N0 ð21Þ

w0 ¼ 0 ð22Þ
b
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Fig. 2. The normalized flux (J=J0) versus number of special sites is presented. A
channel with N0 ¼ 400 binding sites and load-distribution factor h ¼ 0:5 is
considered. (a) e ¼ 0:5kBT and (b) e ¼ 3kBT. The blue, red and black solid lines in
(a) and (b) represent u=u0 equal to 0.10, 1.0 and 10.0 respectively. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
2.3. Molecular flux

The molecular flux, J, in the channel is calculated using Eq. S1
(see SI and the derivations therein) by accounting the modified
chemical rates and is given as follows:

J ¼ uu0

uAþ u0B
ð23Þ

A ¼ 1þ e�be þ e�2beh þ ðNa � 1Þe�beðhþ1Þ þ e�beð2h�1Þ

þ ðNr � 1Þe�beðh�1Þ þ ðN0 � N � 1Þe�beh ð24Þ

B¼Na

2
ðNa�1ÞþNr

2
ðNr �1ÞþN0�N

2
ðN0�N�1ÞþNrðNa�1Þe�2be

þðN0�NaÞe�behþNre�beðhþ1Þ þNrebeðh�2Þ þðN0�NÞebeðh�1Þ

þðNa�1Þebehþe�beðh�1Þ þ ððN0�N�1ÞðN�2ÞþN0�Nr �2Þe�be ð25Þ

It can be verified that J
J0
¼ 1 for the uniform channel with no

(molecule-pore) interactions i.e., when the system parameters
are: Na ¼ Nr ¼ 0; N ¼ Ns ¼ 0; e ¼ 0; h ¼ 0. Thus, Eqs. (23)–(25)
provided are explicit expressions for the molecular flux through
the channels, and they can be effectively analyzed to understand
the role of interactions.
2.4. Optimal binding sites

Eqs. 23–25 suggest that the molecular flux depends on system
parameters such as the channel size, the number of special binding
sites, the diffusion rates, distribution factor and the molecule-pore
interactions. The flux dependence on the number of special sites
and the relative partition of attractive and repulsive binding sites
can be easily calculated. More specifically the optimal number of
sites (N�

a, N
�
r ) for a channel of the fixed length and the fixed number

of special lattice sites (Ns) can be analytically evaluated. The
expression for the optimal number of attractive (N�

a) sites is

obtained from the condition: @J
@Na

���
N0 ;Ns

¼ 0. This leads to the follow-

ing analytic expression to obtain N�
a needed for the maximal flux

through the channel.

N�
a ¼

u
u0

e�beðh�1Þ � e�beðhþ1Þ

2ð1� e�2beÞ
� �

þ N � ðN þ 1Þe�2be þ e�beh þ ebeðhþ1Þ þ ebeðh�2Þ � ebeh � e�be

2ð1� e�2beÞ
� �

ð26Þ
The optimal number of repulsive binding sites is simply

obtained via: N�
r ¼ Ns � N�

a.
3. Results and discussions

3.1. Role of molecule-channel interaction strength

In order to understand the transport mechanisms and the fac-
tors that govern the current through the pores, in Figs. 2 and 3
we present the channel flux dependence on the number of mole-
cule-pore interactions and their strength. Using Eq. (23), the nor-
malized current through the channel (J=J0) is calculated for
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Fig. 3. (a) The normalized flux as a function of the molecule-channel strength (b)
The optimal number of special sites as a function of molecule-pore interaction
energy is shown. A channel with N0 ¼ 400 binding sites and load distribution factor
h ¼ 0:5 is considered. The blue, red and black solid curves correspond to u=u0 equal
to 0.1, 1.0 and 10.0 respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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several sets of parameters. First, the flux dependence with respect
to the total number of the molecule-pore interactions, Ns, is inves-
tigated (Fig. 2). A channel with N0 ¼ 400 binding sites was ana-
lyzed. Repulsive binding sites are clustered at the entrance and
the attractive sites are near the exit of the channel such that
Na þ Nr ¼ Ns. For a channel with the fixed size (N0) and with the
fixed number of special sites (Ns), the optimal number of attractive
binding sites (N�

a) is given by Eq. (26). N�
a is plugged into Eq. (23) to

calculate the flux for a given set of system parameters. A load-dis-
tribution factor of 0.5 is assumed, but the results do not depend
much on varying this parameter (see below). To understand the
flux sensitivity to molecule-pore interactions, the normalized flux
(J=J0) versus Ns is calculated for systems with e ¼ 0:5kBT (Fig. 2a)
and e ¼ 3kBT (Fig. 2b). Here, e is simply the absolute value of the
interaction potential of the attractive/repulsive binding site but
the flux contains the combined effect of the repulsive sites (near
the entrance) and the attractive sites (near the exit). The blue,
red and black curves in Fig. 2a,b correspond to various ratios of dif-
fusion over the entrance rates, u=u0, equal to 0.1, 1.0 and 10 respec-
tively (h ¼ 0:5 in all cases). Clearly, the normalized flux reaches a
maximum in Fig. 2a,b for some optimal number of the special bind-
ing sites, N�

s , which varies with the molecule-pore interaction
strength. The percent increase in the maximal flux

( J
J0
� 1

� �
� 100%) is �50% when e ¼ 0:5kBT (Fig. 2a) and is �160%

when e ¼ 3:0kBT (Fig. 2b) compared to the uniform channel.
Our results suggest that for weak interactions (e ¼ 0:5kBT) lar-

ger number of binding sites is necessary in order to reach the max-
imal flux in comparison with the case of stronger interactions
(e ¼ 3:0kBT). Calculations suggest that N�

s � 350 when e ¼ 0:5kBT
(Fig. 2a) and �260 when e ¼ 3kBT (Fig. 2b). So, for a relatively high
e the optimal number of special sites (N�
s ) required for maximal

flux is lower, i.e., the peak for optimal Ns in Fig. 2a (e ¼ 0:5kBT)
shifts to the left when e is increased. Hence it is argued that the
flux is sensitive to the total strength of the molecule-pore interac-
tions (Ns). Modifying Ns correlates with the spatial organization of
attractive and repulsive binding sites. Overall, results from Fig. 2
strongly support the idea that the flux is sensitive to the total
strength of molecule-pore interactions in the channel and that
the molecular flux can be expedited significantly by varying the
molecule-pore interactions.

To better understand the flux dependency on the molecule-pore
interaction strength (e), the possibility for the optimal interaction
strength is explored. In order to achieve this, the normalized flux
is calculated for varying strengths of molecule-pore interactions.
It is estimated for a channel (N0 ¼ 400) with attractive sites clus-
tered near the exit and the repulsive sites near the entrance. A
load-distribution factor of h ¼ 0:5 is assumed. The plots in Fig. 3a
reveal the existence of the optimal interaction strength (e�)
between the molecules and the channel. Specifically, an interaction
strength of e� � 3kBT achieves the maximal flux in the channel. For
interaction potentials with e < e� and e > e� the flux is lower, and
J=J0 decreases rapidly as the interaction strength increases to
�5kBT . The increase in the strength of interactions imposes higher
enthalpic barriers for an incoming molecule to surmount thereby
lowering its probability to translocate. Apparently, the flux in the
system vanishes for relatively high molecule-pore interaction
strengths. Fig. 3a displays ratio of fluxes for varying values of
u=u0 equal to 0.1 (blue curve), 1.0 (red curve) and 10.0 (black
curve). The flux is similar for the cases of u=u0 equal to 0.1 and
1.0. For the case of u=u0 ¼ 10 (black curve) the maximal flux is
lower compared to the blue and red curves. A higher ratio of
u=u0 implies lowered u0 meaning that the entry rate into the chan-
nel from the entrance of the pore is lower compared to the scenario
of u=u0 ¼ 0:1. In Fig. 3b, the number of optimal special sites (N�

s ) is
calculated in a channel (N0 ¼ 400, h ¼ 0:5) with respect to the
interaction potential for maximal flux conditions. It can be seen
that for relatively weak strengths (e), the molecule-pore interac-
tions tend to occupy the whole volume of the channel (large N�

s

is predicted) and N�
s decreases with increase in the strength of

interactions. The plots in Fig. 3b correspond to varying u=u0 and
reveal the sensitivity of N�

s to the ratio of diffusion rates to the
entrance rates. For the case of u=u0 ¼ 10 fewer optimal binding
sites are needed with increasing interaction strength for optimal
flux. This trend can be rationalized by the arguing that a system
with higher u=u0 provides molecules with greater thrust or higher
diffusion rate u inside the channel to permeate the channel (owing
to native chemical interactions with the channel) thus requiring
fewer energetic gains from the interactions with the special sites.
Similar trends are seen for –u=u0 ¼ 1:0; 0:1.
3.2. Role of spatial orientation of molecule-channel interactions

The spatial organization of the special binding sites is another
control parameter for maximal flux that can be investigated. A
channel with constant number special sites has many combinato-
rial possibilities of arranging the attractive and repulsive sites
(given the criterion: Na þ Nr ¼ Ns). This leads to the task of predict-
ing the most probable combination/partition of the special sites for
which the corresponding free energy landscape will yield the opti-
mal flux through the channels. To understand the role of spatial
distribution of the special sites, the binding site fractions Na

Ns
; Nr

Ns
of

the attractive and repulsive sites are calculated, and the results
are presented in Fig. 4. To illustrate this, a channel with N0 ¼ 400
and Ns ¼ 300 special sites is considered. A load-distribution factor
of h ¼ 0:5 is chosen for all transitions. The site fractions are then
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Fig. 4. The fractions of attractive and repulsive sites are calculated with respect to
the (a) interaction energy and the (b) number of special sites. A channel with
N0 ¼ 400 binding sites, Ns ¼ 300 and load distribution factor h ¼ 0:5 is considered.
Solid lines represent the attractive site fractions whereas the dotted lines represent
the repulsive site fractions. The blue and red curves represent u=u0 equal to 0.1 and
1.0 respectively. The black curve corresponds to u=u0 equal to 5.0 in (a) and 10.0 in
(b). The interaction energy is e ¼ 2kBT in (b). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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evaluated for varying molecule-pore interaction strengths. For rel-
atively weak interaction potentials, the site fractions are almost
equal. As the interaction strength increases, the site fractions are
modified such that the fraction of attractive sites increases and
the fraction of the repulsive sites decreases. This trend is due to
the spatial positioning of these sites. Since the repulsive sites clus-
ter near the entrance, a strong interaction strength (e) will impose
a higher barrier for the molecular entering into the channel,
thereby reducing the flux. Hence, fewer repulsive sites are optimal.
As a consequence, relatively more attractive sites are needed to
overcome the effect of the repulsive sites and to successfully
translocate the molecules through the channel. Thus, the interplay
of the attractive and repulsive sites (for optimal transport) is
strongly correlated with the molecule-pore interaction strength –
stronger the interaction strength, the greater will be the number
of attractive sites employed. Plots in Fig. 4a correspond to
u=u0 = 0.1 (blue), 1.0 (red) and 5.0 (black). The site fractions are less
sensitive to the variations in u=u0 for lower values (<1.0). As u=u0

increases the attractive site fraction increases for e.g. u=u0 ¼ 5. This
can be rationalized by the argument that increasing u=u0 implies
lowered u0 which essentially lowers the molecular flux to entering
the channel. So in order to expedite the molecular flow the number
of attractive sites utilized to achieve optimal flux must be
increased. However, these increments are relatively modest for
an increase of u=u0 from 0.1, 1.0 (blue, red solid lines) to 5 (black
solid) as shown in Fig. 4a. Overall, it is evident that the mole-
cule-pore interactions modify the free energy landscape in a way
that dictates some optimal partition between the attractive and
repulsive bindingites to achieve optimal flux through the channel.
To further understand the influence of spatial distribution of
special sites, the site fractions are calculated with respect to num-
ber of special sites (Ns). In this scenario, the molecule-pore interac-
tion strength is fixed and the number of special sites is varied. A
channel (N0 ¼ 400) with interaction strength of e ¼ 2kBT and
load-distribution factor h ¼ 0:5 is considered. Calculations from
Fig. 4b show that for fewer number of special binding sites
employed in the channel the number of the molecule-pore interac-
tions is dominated by the attractive interactions. The predicted
higher attractive binding site fraction (solid lines in Fig. 4b) can
be understood as follows. Let us consider the case of fewer special
sites with significant number of them repulsive in nature then
there will be an entropic penalty for the molecules to partition into
the channel and eventually to translocate. The barriers to allow
molecules to partition into the channel can be overcome if rela-
tively more attractive sites are employed. This will not only allow
easier molecular partitioning into the channel but it will also
enhance the molecular flow due to greater number of attractive
sites at the exit of the channel. As the number of the special bind-
ing sites increases (close to the size of the channel), they influence
the tilting of the free energy landscape to allow the partition of the
attractive and repulsive binding sites to produce the maximal
molecular current in the channel. The curves in Fig. 4b show the
site fractions for varying diffusion and entrance rates, u=u0. Less
sensitivity is observed for lower values of u=u0ð0:1;1:0Þ. Again,
the site fraction is seen to be sensitive at higher values of u=u0.
The attractive site fraction for u=u0 ¼ 10 (solid black) is higher
compared to the case of u=u0 ¼ 0:1;1:0 (solid blue, red lines). This
can be rationalized once again by the argument that a higher value
of u=u0 implies a lower value of u0 which leads to a lower molec-
ular flux across the channels. In order to enhance the flux, a greater
fraction of attractive sites is optimal for higher u=u0 (u=u0 ¼ 10,
black solid line) than compared to the low values of u=u0 (0.1,
1.0; blue, red solid lines). Overall, these results suggest that the
optimal spatial organization of the attractive and repulsive sites
for maximal flux depends both on the molecule-pore interactions

and on the fraction Ns
N0

� �
of the special sites with interactions.

Next, the site fraction dependency on the load-distribution fac-
tor (h) is evaluated. The load-distribution factor dictates the shape
of the molecule-pore interactions – it relates to the position of
transition state (TS) along the reaction coordinate. A relatively
low value indicates the TS position closer to the initial configura-
tion whereas a higher value indicates its proximity to the final con-
figuration. A channel with N0 ¼ 400 sites, Ns ¼ 300 special sites
and molecule-pore strength e ¼ 2kBT is analyzed. As the load-
distribution factor increases the fraction of attractive sites also
increases (Fig. 5a). A higher h lowers the net forward transition rate
of the microscopic transitions which slows down the molecular
flux. It is predicted that with increasing the load-distribution fac-
tors the fraction of attractive sites has to increase for maximal flux.
This is intuitively clear since the attractive sites are placed near the
channel exit at which location they increase the probability of the
molecular flux. The site fractions are calculated for varying u=u0.
The variations in site fractions are less sensitive to u=u0 at lower
values (u=u0 ¼ 0:1, 1.0 – blue and red lines). However, the trend
is interesting for u=u0 ¼ 10 (black solid and dotted lines), for which
there is an initial decrease in the attractive site (black solid line,
Fig. 5a) fraction (with increase in load-distribution factor) and then
increases with the load-distribution factor. This can be understood
from the specific situation of u=u0 ¼ 5 in Fig. 5b, where the attrac-
tive site fraction initially decreases (solid blue line, Fig. 5b) with
increase in the load-distribution factor and then increases for the
higher load-distribution factors. This feature can be explained by
the effect of two competing factors, such as the diffusion rate (u)
and the load-distribution factor (h). For h < 0:5 the transport
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Fig. 5. Site fractions are calculated with respect to the load-distribution factor. A
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process is likely to be more dependent on a higher diffusion rate.
This requires fewer attractive binding sites compared to the regime
where h > 0:5 which follows similar trends with respect to the
load-distribution factor as in u=u0 ¼ 0:1;1:0 in that more attractive
sites are needed to drive transport. Overall, the molecular flux
dependency on the load-distribution factor is predicted to be
governed by competing factors of the diffusion rates inside the
channel and the channel entry rate.

4. Conclusions

In conclusion, the channel-facilitated molecular transport is
studied by considering the role of the spatial distribution and the
strength of the molecule-pore interactions. The presence of inter-
actions influences the overall free energy landscape in the mole-
cule’s translocation through the channel. Specifically, our findings
can be summarized as follows (1a) it is clearly shown that the
molecular flux in the channel is strongly dependent on the strength
of the molecule-pore interactions and (1b) that there exists an
optimal interaction potential between molecules and the pore that
yields maximal flux in the channel.

(2) The effect of the total number of the molecule-pore interac-
tions on the channel transport is analyzed. It is found that for
weaker interactions relatively greater (number of) special
binding sites are needed, whereas for stronger interactions
lesser special binding sites are required for the optimal flux
conditions.
(3) We also find that there is an optimal partitioning between
the attractive and repulsive sites that maximizes the molec-
ular flux in the channel.

(4) The model also investigated the effect of variations on the
total number of molecule-pore interactions. It is revealed
that in the system with few special sites more attractive
sites should be employed and with increasing the number
of special sites the fractions of attractive and repulsive sites
should be similar.

(5) Finally, the site fraction dependency with respect to the
load-distribution factor revealed a complex relationship
and it is found that competing factors of the diffusion rate
inside the channel and the entry rate at various load-distri-
bution factors influence the molecular transport.

Recent simulation studies pertinent to ribosomal exit channels
reported existence of differential energy barriers (� 2� 7kBT ,
attractive in nature) for various amino acids near the channel exit
and corroborate the feature of channel specificity to certain type of
metabolites [13]. The interaction energies explored in this article
as well are in a similar energy range and that the existence of an
optimal interaction between the molecules and the pore predicted
within the model framework agrees well with the simulation stud-
ies and experimental measurements. The true free energy land-
scape for molecular transport depends on the nature of the
metabolites and channels and other environmental parameters.
Although more advanced theoretical and computational models
are needed in the future, the current theoretical framework can
address and predict channel transport properties and it can also
clarify the underlying mechanisms.
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