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Free Energy Minimization for Vesicle Translocation Through
a Narrow Pore

Hamid R. Shojaei, Ahad Khaleghi Ardabili, and Murrugappan Muthukumar

Abstract

This chapter presents a mathematical formulation for the translocation process of a vesicle through a narrow
pore. The effect of the deformation of the vesicle while passing through the pore causes a penalty in the free
energy, while the existence of an external driving force assists. We formulate the free energy landscape of the
vesicle in terms of bending and stretching energy and use Fokker-Plank formalism to calculate the first-
passage translocation time. We also address various modifications that can be done to this approach to make
it work for different systems.
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1 Introduction

The control of vesicles’ translocation through pores is fundamental
to drug delivery and transdermal applications [1-3]. Although the
exact process varies based on chemical and physical details of the
system, it can be studied using a coarse-grained theoretical model
[4]. The geometric properties of vesicles as manifested by the
curvature and surface tension of the membrane fluctuate due to
the interaction with the pore and other environmental obstacles.
Analyzing the statistical mechanical properties of these macroscopic
features gives us a significant insight into the behavior of these
complex systems. In order to study the passage of a vesicle through
a pore, we adopted the method which was originally introduced by
Deserno and Gelbart [5]. In their model, they minimized the
energy of the vesicle’s adhesion, membrane tension, and curvature,
under fixed volume constraint, to describe the phenomenon of
endocytosis.

Monifa A. V. Fahie (ed.), Nanopore Technology: Methods and Protocols, Methods in Molecular Biology, vol. 2186,
https://doi.org/10.1007/978-1-0716-0806-7_13, © Springer Science+Business Media, LLC, part of Springer Nature 2021

171


http://crossmark.crossref.org/dialog/?doi=&domain=pdf
https://doi.org/10.1007/978-1-0716-0806-7_13#DOI

172 Hamid R. Shojaei et al.

2 Models

For this chapter, we assume the readers already have some knowl-
edge in mathematics and geometry. We consider the vesicle to be
initially a sphere in the form of 7y, and assume that it is incompress-
ible and only the area of the vesicle changes during the transloca-
tion thorough the pore, which has the shape of a cylinder with
radius 4 (4 < ) and length L.

2.1 Translocation We model the vesicle to undergo smooth deformations while pass-

Process Model ing through the pore. The schematics process of the whole passage

Assumption of the translocation of the vesicle from the donor to the receiver
compartment is shown in Fig. 1. When the vesicle reaches the pore
entrance (Fig. 1a), its shape starts to undergo deformation in order
to fill up the pore (Fig. 1b). The vesicle moves further into the pore,
until it completely fills up the pore and enters the receiving com-
partment (Fig. 1c). The process continues until the vesicle has
completely left the donor compartment, but has still filled the
pore partially (Fig. 1d). Finally, the vesicle completely leaves the
pore and reaches to a new relaxed state on the receiving compart-
ment (Fig. le).

(a) (b) (©)

’ » D _D

(d) (e)

c

Fig. 1 Schematics of the translocation of a spherical vesicle of initial radius ry through a narrow pore of radius
d and length L. (a) Initial state of the vesicle in the donor compartment, (b) partial penetration of the vesicle
into the pore, (c) filling of the pore with the remainder of the vesicle partitioned into both the donor and
receiver compartments, (d) partial filling of the pore in the exit stage, and (e) final state of the vesicle in the
receiver compartment



2.2 Helfrich Free
Energy

2.3 Filling Stage

(a)
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The free energy landscape of the vesicle due to the fluctuation on its
shape from the free vesicle is in the form of Helfrich free energy:

Fiy =3 k$dA(2H - co)? A A2 (1)
2A¢
The first term in Eq. 1 comes from bending the surface, while
the second term accounts for the stretching of the surface. k. and 1
are, respectively, bending modulus and stretching modulus. The
bending term in the free energy is the integral of (2H — ¢y)* over
the whole surface. Here, H z% %1 + %2 is the mean curvature,
with 7, , being the principal radii at any given point on the surface.
The spontaneous curvature ¢y comes from the molecular structure
of the surface. In general, there is an energy cost to bend a surface,
which is given by the integral of the quadratic difference between
mean curvature and spontaneous curvature over the whole surface
of the vesicle. Helfrich free energy originally included the Gaussian
curvature, which after integration gives a topological invariant.
However, its contribution to the free energy can be ignored since
in our model we do not take into consideration the topological
changes in the vesicle.
The second term in the free energy comes from the change on
the surface area from when it is relaxed.

The stage at which the vesicle starts penetrating the pore but has
not entered the receiving compartment is called the filling stage.
During this stage the deformed shape of the vesicle is shown in
Fig. 2a. To avoid edge penalty on the surface, the curvature should
be finite and smooth at all points over the surface, including the
point at which the vesicle meets the pore entrance. This can be
obtained by introducing a hypothetical torus at the contact point

Fig. 2 Various parameters used to define the free energy of the deformed vesicle. (a) Filling stage: ris the
radius of the partial sphere, bis the small radius of the toroidal vesicle. Dotted lines show the cross section of
a hypothetical torus that keeps the curvature of the vesicle smooth. @ is the angle between the center of the
spherical part and the center of the small toroidal ring. (b) Crossing stage: Two toroids are needed. b/, r, and
@' correspond to the toroid on the receiver side, and b, r, and @ correspond to the donor side as in part (a)
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2.3.1 Partial Sphere

2.3.2 Partial Torus

between the pore and the vesicle. This torus has the inner radius of
b and outer radius of & + 4, with & being an unknown parameter.
The dashed-line circle in Fig. 2a shows the cross-section of this
torus. To calculate the volume of the vesicle in the donor side we
add the volume of the partial sphere to the volume of the cone that
fits into the empty space of the partial sphere. This cone has sharp
edges that extend beyond the boundary of the completed sphere;
therefore, you then have to subtract the volume of the partial
toroidal section. The total form of the vesicle can be divided into
multiple parts: a partial sphere with radius » and cutting angle 6, a
partial torus with inner and outer radius & and & + 4 and angle 6, a
cylinder with radius 4 and length / (/ < L), and a hemisphere with
radius 4. The geometrical parameters of the partial shapes are as
follows.

The volume of a sphere with radius » and a missing conical angle 6 is
Vsphcrc = %7[( I+ cos 9) > > (2)
and the surface of this partial sphere is given by

Asphcrc = 277(1 + cos 9)7’2. (3)

The mean radius of curvature on the surface of the sphere is
constant and is equal to 7.

The volume of a partial torus with inner and outer radii fand & + 4,
between the angles v = Z + 6 and 7, as it is shown in Fig. 2a, is

Viorss = 102 [(b +d) (g - 9) - % bcos 9] : (4a)
and the volume of a cone with angle 8 and radius of & + 4 is
Veone = 5 (b + d) cot0. (4b)
The surface area is given by
Aroras = erb[(b +d) (g - 9) — beos e} . (5)

The mean radius of curvature of the surface of the torus at
angle v is

b+ d+2bcosv

H=to+d+t beosv)’ ()

where & and 0 are related to each other with geometrical
confinement:
b+d

sinf = P (7a)



2.3.3 Cylinder

2.3.4 Hemisphere

2.4 Crossing Stage

2.5 Depletion Stage
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__rsinf—d
~ 1—sinf "’

The total volume of the vesicle in the donor compartment will
be Cqual to Kphcrc + I/conc - I/torus~

b (7b)

The volume of the cylinder with length /is
Veytinder = 7 L. (8)
The surface area is given by
Agylinder = 274l 9)

The mean radius of curvature on the surface of the sphere is
constant and is equal to 5.

The volume of a hemisphere with radius 4 is

Vhemisphere = g ”ds . (10)
The surface area is given by
Ahcmisphcrc = 2”d2~ (1 1)

Now that we have set up different geometrical parameters of
various possible shapes of the vesicle in the filling stage, we can start
reviewing crossing stage.

The crossing stage starts when the vesicle enters the receiving
compartment, and it lasts until the vesicle leaves the donor com-
partment. In this stage, the vesicle occupies both the donor and
receiving compartments, as well as the pore completely. The form
of the vesicle for this stage can be defined in a similar manner as the
filling stage. The general form of the vesicle can be divided into a
partial sphere and a partial toroid for either donor or receiving
compartments with different radii and angles on each side and a
cylinder with the form of the pore and the length of L. A schematic
figure of this stage is depicted in Fig. 2b. In this stage, in addition to
b, 7, and @ in the donor compartment, we have b, 7, and 6 for the
receiving compartment. Similar to Eqs. 7a and 7b, &, 7, and 6 are
related to each other by the following formulas:

/
sing = f, iZ, (12a)
v sin@ —d

The final stage, at which the vesicle has completely left the donor
compartment but is filling the pore partially is called the depletion
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2.6 Volume
Constraint

2.7 External Force

stage. The geometrical structure of the vesicle is the same as the
filling stage, but it happens in the receiving compartment.

For most biological systems and for bilayer membranes, the vesicle
is incompressible. However, one can add the compressibility
parameter to the system. The initial volume of a spherical vesicle
with radius 7y is

Vo= %7[7‘8. (13)

In order to parametrize the translocation process, we need to
define the translocation coordinate, a, which is the ratio of the
volume of the vesicle that passed the pore entrance at any given
time ( Vpassed) to the initial volume of the vesicle during the translo-
cation process:

Vpassed
a=—y=. (14)
If we define the volume ratio of the pore to the vesicle as
Vpore ﬂﬂlzL
ﬁ - VO - VO > (15)

then a = 0 is the starting time and @ = 1 + f represents the end of
the translocation process.

Translocation only happens if there is an external force pushing the
vesicle in the donor compartment toward the receiving compart-
ment through the pore. The most common form of such a force for
vesicles is osmotic pressure. We can consider that an external pres-
sure P; is applied to the vesicle with volume Vj in the donor
compartment, which is higher than the pressure in the receiver
compartment P,. If we assume that this pressure difference
between donor and receiver compartments is constant, then the
external contribution to the free energy will be

Vpassed
Vo

Using Eq. 14 and defining an energy term
fo=APVo(L+p),

we can now write the external contribution to the free energy in
Eq. 16 as a function of the translocation coordinate

FCXt == _APV = _APV()

(16)

Fee = (17)

¥ a
0] +ﬂ .
In the process of translocation « varies between 0 and 1 + f.
However, when the vesicle is completely out of the donor



2.8 Fokker-Plank
Formalism
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compartment, a = 1. And from this time on we
take Fexe = — £ (1444) for the rest of the process.

The kinetics of the translocation process can be studied using the
free energy landscape. Using the translocation coordinate, a, and
the Fokker-Planck formalism, we can calculate the average translo-
cation time

K

1 1+ a
= / day / dagelF(@)—F@))/ksT (18)
0 0

with
F(a) = Fu + Fex, (19)

which are defined in Eqgs. 1 and 17. In order to apply Fokker-Planck
formalism we need to assume that the translocation time is longer
than the relaxation time of thevesicle, which is the time required by
the vesicle to get back to its equilibrium form after any distortion in
its shape. This will then satisty the detailed balance requirement of
Fokker-Planck formalism. As vesicle goes through the pore, there
will be a local friction, and it is incorporated in formula 18 by
parameter k. This parameter is also set as the unit of time for our
problem.

3 Methods

3.1 Filling Stage

After knowing all the details, we can calculate the free energy
landscape as a function of the translocation coordinate a. Before
the translocation process starts, the bending and the stretching
terms in the Helfrich free energy are

2
Fopens =5 [w%, (2 ] k@R ne), (200

FO,strthh =0. (20b)

The bending and stretching energy contributions to the free
energy on each stage of translocation process are calculated in the
following sections.

In the filling stage 0 < a < f. The volume constraint in Eq. 13 can
be written as

Vdonor = (1 - (1) V() = Vsphere + Vconc - Vtorus- (21)

The rest of the vesicle can be used to get the length of the
cylinder, which is filled

nd*l + %ﬂﬁls =aVop= %”W’S’
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3
1—24(2052{;— ) (22)

Using Eqs. 2, 4a and 4b and substituting & from Eq. 7b, we
obtain #(@) for any given value of a. Both 7 and 6 should be real.
Also, as it can be seen in Fig. 2a, » and 8 are bounded parameters:

a<r <, (23a)
. 4d T
1_ f—

sin =" - <0< 5 (23b)

Also, since part of the vesicle can practically pass the pore
entrance before touching the edge of the pore, we have a mathe-
matical limit for the minimum value of a:

3
14d
Omin = 5 —3 < . (23¢)
2y
0
The bending free energy is
FI,bend - Fl,b,sphere + Fl,b,torus + FI,b,cylindcr + FI,b,hcmisphere‘ (24)

The first term is

2
1 2
FI,b,sphcre = EKC / dA (; — 50>

= %K‘C (27)(2 — re9)* (1 + cosb). (25)

The second term is

1 b+d+2bcosv 2
Frp torus = ch/dA<2b(b +d+bcosv) co) ’

Fiptorus = %K‘c{—Zﬂ'(Cob +2)*cos O+ 2meo(cob+2) (% — 9) (b+d)

s o (G 6+3)]}
(26)

The last two terms in Eq. 24 are

2
1 1
Fl,b,cylindcr = EKcﬂ'dzl<E — 50)
1 72 e R
EKC<§7T> (26!;— )(1—1:0pl) , (27)

1 2 D 5
Fl,b,hcmisphcrc = EKC dA E — 0o = EKC (277-') (2 - C()ﬂl) . (28)

The stretching term is
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1 1
Fiamach = 5 4-A(A1 = Ao)” = 5-2(A4)°, (29)

with
AAI = Asphere + Atorus + Acylinder + Ahemispherc —4r 7(2)~ (30)

Each term in Eq. 29 is already calculated in the materials
section. For any given a, after substituting #(6) of the volume
constraint, the free energy will be only a function of » (or 8). Now
that we have the free energy as a function of @, we can minimize the
free energy equation with respect to € and get the free energy
landscape at any a.

3.2 Crossing Stage In the crossing stage, f < a < 1. We introduce the counterpart
parameters, which corresponds to the received compartment with
prime.

Vdonor = (1 - a) Vo= Vsphcrc + Veone — Vtorusa (31)
Vieceiver = (1 - 0(/) Vo= + V. -V (32)

!
sphere cone torus?

with(1 —a)+ (1 —a)+p=1,ora =1+ p — a. The bending
energy for this stage is

!
FII,bcnd = FII,b,sphcre + FII,b,torus + FH,b,porc + FH,b,sphcrc

+ F/H,b,torus' (33)
With assistance of Eqs. 12a and 12b, each term in Eq. 33 is as
follows
1
FH,b,sphere = EKC (2”) (2 - 7/50)2 (1 + cos 9), (343)
Fiypphere = 3% (202~ #c0) (14 cos 0),  (34b)

Fiip rorus = %KC{—zﬂ'(Cob + 2)2 cos 0+ 2rmco(cob +2) (E - 9) (b+d)

2
27(b+ d)? [ _1< Vi (9 ﬂ))”
= -2t ————tan (5 + ,
wavzira | o \Varrad \274
(34¢)
Flibrorus = %Kc{—zﬂ(ﬂobl + 2)2 cos & + 2ﬂ£0(£0b/ + 2) (g — 9') (b’ + ﬂl)
212(8 + d)’ { . ( NZ (9’ ﬂm
+ — 2tan ————tan | 5>+ R
PAV2E +d | Va4 \27%
(34d)

Frippore = %KcﬂﬂlzL(% - Co)2 = ;Kc(gﬂf)’j;) (1 - copl>2.

(34¢)
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3.3 Depletion Stage

3.4 Free Energy
Barrier

3.5 Average
Translocation Time

3.5.1 Vesicle Radius ry

3.5.2 Elastic Moduli x
and

Where Lis the length of the pore. The same as filling stage, the
stretching energy ist

1 1
Fristretch = 34, A (Al — Ag)* = TAOMAAH)Z’ (35a)

with

AAyn = Asphere + Atorus =+ Aporc =+ A, + A

sphere torus

— 4773, (35b)

with 7, b, and 6 in A, respectively, replaced by #, b,and 0 in A The
minimization process is the same as the filling stage. Since # should
monotonically and continuously reduce from 7, to 4, we can mini-
mize the free energy separately for the donor and receiver para-
meters (7 and 7) to get the free energy landscape.

For 1 <a < 1 + f, we are in the depletion stage. In this stage,
everything is completely the same as the filling stage, by replacing a
witha =1+ — a.

The general form of the free energy, as we calculated in previous
sections, is shown in Fig. 3. Figure 3a shows the free energy
landscape without an external driving force ( fo = 0). Figure 3b
shows the free energy landscape with the existence of an external
driving force ( fy # 0). While we assume the spontaneous curvature
to be 0, there is no restriction on having a nonzero ¢.

Having the free energy landscape, we can use Eq. 18 to find the first
passage translocation time. In order to solve the double integral in
Eq. 18, we need to increment a with a value §. At each step we
calculate the numerical value of the free energy and then sum over
its numerical values. The results for an arbitrary value of k. and 4 for
multiple values of 7, is shown in Fig. 4. For example, with the
driving force f; = 15 and the radius of the vesicle 7y = 1.75 with
bending modulus k. = 3 and stretching modulus 4 = 5, the trans-
location time will be equal to 500. Changing any parameter here
has a big impact on the outcomes. In the following paragraph we
give some examples.

Let us increase the radius of vesicle to twice its value (i.e., 7y = 2.5).
To achieve the same translocation as in previous example (i.e.,
7 = 500) one needs to increase the external free energy drive f; by
more than 4.6 times to fy = 70.

If all the parameters are the same except elastic modulus ., then
increasing it by a factor of 2 will increase the translocation time 7 up
to six orders of magnitude. The effect of 1 is much weaker in
comparison to K.
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(a) (b)
30 20 5
1,=2.5 —te—c,=0 =30, p=0.3
=2, A=5 =0=-c,=l/r - r=2.5,C,~0
% — ] filling NEN 0 0
- crossing stage crossing depletion
filling stage depletion stage stage
stage stage L0 Ong
F = et = 9 el el fio
K=2,A=5
-0--x =2, A=2.9
-0+ k=1, A=5
0.5 ) 1.0 13 0.0 03 05 1.0 13
a a

Fig. 3 The free energy barrier with and without an external driving force. (a) The Helfrich free energy landscape
as a function of «. There is no external driving force (f, = 0). Three different stages of the vesicle
translocation (filling, crossing, and depletion) is shown. The black line shows the curve when the spontaneous
curvature is zero, and the blue dashed line is for the case when there is a nonzero (cy # 0). Here (1o = 2.54,
p = 0.3, k. = 2 and 1 = 5). (b) The Helfrich free energy landscape as a function of « in the presence of an
external driving force ( f, # 0). While we assume the spontaneous curvature to be 0 (¢; = 0), there is no
restriction on having a nonzero c,. We plotted the curve for different values of stretching and bending moduli.
The black line shows the case when x, = 2 and A = 5, the blue dashed line has a different value, 1 = 2.5,
and the red dashed line shows the curve whenx;, =1and A =5

(a) (b)

10°

-=+0- k=3, k=1
==0=--x=3, A=2
—tr— =3, =5
—Oo—xk=3.5, A=5
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100 125

Fig. 4 The effect of the external driving force £, on translocation time z. (a) Shows the case when the vesicle’s
radius is o = 1.75 and in (b) ry = 2.5. The effect of different stretching and bending moduli is depicted in both
(@) and (b)
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4 Notes

1. In order to run the program, it is enough to have Python3 in

the system. We use Numpy, Scipy, and matplotlib libraries to
perform the calculations. The program has many comments
within itself. It is designed to be user friendly and people from
different backgrounds will be able to use it at any level they
want. The part which is for the user is at the bottom of the
program; there are possibilities for changing the parameters as
the user wishes. There are a few notes that should be consid-
ered while using the program, which are mentioned in this
section.

VesicleTranslocation(r0, g, Fext, k., 1) accepts r0, f,
Fext, k., and 1 as input, and as output it prints the energies at
each a and plots the figure which shows the relationship
between free energy and a. The user also needs to enter the
values for the «, and A, which are bending modulus and a
stretching modulus, respectively.

Users can obtain the program from Github. In order to run
the program, one needs first to go to the section which starts
with “if __name__ ==_main__”:”. In this section the user
can choose parameters in VesicleTranslocation(r0, g,
Fext, k,, 1) as inputs to start the computation. If the user has
an IDE for python, he/she can simply run the program in IDE.
Otherwise from the terminal the following command will run
the program:

Python vesicletranslocation.py

More information about the program is available at the
Github address (https://github.com/hamid-shojaei/vesicle-
translocation).

. One needs to pay attention to the range of §. If the size of the

vesicle is smaller than the pore, then # > 1 and the free energy
will not change inside the pore. If the length of the pore is zero
(/= 0), we do not have crossing stage, and it will be just filling
and depletion. When there is an external force (fy # 0), the
form of the external force will be different if it is in the deple-
tion process.

. One possible extension to this work is to consider a conical

shape instead of a cylindrical geometry for the pore. The cross-
ing stage formulas should be modified. In this case, Eqs. 4a, 8,
9, 24, and 33 will be modified. It would be interesting to see
the impact of geometry of the pore on the properties of trans-
location since the real biological environment can be far from
perfect.

. In this work we ignored the electrostatic effects of vesicle-fluid

interface on the translocation process. A more detailed and
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comprehensive study which includes the effect of a charged
vesicle is another direction for future works.

5. A different shape shape of the vesicle can be chosen, but then
one needs to change H in Eq. 1 and all the equations in
different stages of translocation, beside those which describes
a cylindrical pore. Choosing a different vesicle shaple can also
potentially impact the translocation process.

Acknowledgements

This research was supported by NSF Grant No. DMR-1713696
and AFOSR Grant No. FA9550-17-1-0160.

References

1

. Mezei MM, Gulasekharam V (1980) Lipo-

somes—a selective drug delivery system for the
topical route of administration I: lotion dosage
form. Life Sci 26:1473-1477

. Wachter C, Vierl U, Cevc G (2008) Adaptability

and elasticity of the mixed lipid bilayer vesicles
containing non-ionic surfactant designed for tar-
geted drug delivery across the skin. Drug Target
16:611-625

3. Guo X, Szoka FC (2003) Chemical approaches

to triggerable lipid vesicles for drug and gene
delivery. Chem Res 36:335-341

. Hamid SR, Murugappan M (2016) Transloca-

tion of an incompressible vesicle through a pore.
J Phys Chem B 120:6102-6109

. Deserno M, Gelbart WM (2002) Adhesion and

wrapping in colloid-vesicle complexes. Phys
Chem B 106:5543-5552



	Preface
	Contents
	Contributors
	Part I: Design and Preparation of Biological Based Nanopores
	Chapter 1: Preparation of Fragaceatoxin C (FraC) Nanopores
	1 Introduction
	2 Materials
	2.1 Transformation and Expression of FraC in Escherichia coli BL21 (DE3) Strain
	2.2 Purification of Fragaceatoxin C Monomers
	2.3 Preparation of Sphingomyelin:DPhPC Liposomes
	2.4 Oligomerization of Fragaceatoxin C Monomers

	3 Methods
	3.1 Transformation and Expression of Fragaceatoxin C in an Escherichia coli BL21 (DE3) Strain
	3.2 Purification of Fragaceatoxin C Monomers
	3.3 Preparation of Sphingomyelin:DPhPC Liposomes
	3.4 Oligomerization of Fragaceatoxin C Monomers

	4 Notes
	References

	Chapter 2: Preparation of Cytolysin A (ClyA) Nanopores
	1 Introduction
	2 Materials
	2.1 Transformation and Expression of ClyA-AS in Escherichia coli
	2.2 For Purification of ClyA-AS

	3 Methods
	3.1 Transformation and Recombinant Expression of ClyA-AS in Escherichia coli (Day 1-3)
	3.2 Purification of ClyA-AS (Day 4)
	3.3 Oligomerization and Gel Purification of ClyA-AS Nanopores (Day 4)

	4 Notes
	References

	Chapter 3: Building Synthetic Transmembrane Peptide Pores
	1 Introduction
	2 Materials
	2.1 Peptide Structure Analysis
	2.2 Gel Extraction
	2.3 Single-Channel Recording

	3 Methods
	3.1 Peptide Synthesis
	3.2 Circular Dichroism Spectroscopy
	3.3 SDS PAGE Gel Extraction of pPorA Oligomers
	3.4 Single-Channel Electrical Recordings
	3.5 Determination of Single-Channel Conductance of pPorA Peptide Pores
	3.6 Charge Selectivity
	3.7 Voltage-Dependent Gating Analysis of pPorA Pores and Substrate-Blocking Events
	3.7.1 Voltage-Dependent Gating
	3.7.2 Substrate Blocking

	3.8 Cleanup After Each Single-Channel Recording Experiment

	4 Notes
	References

	Chapter 4: Design and Assembly of Membrane-Spanning DNA Nanopores
	1 Introduction
	2 Materials
	2.1 DNA Nanopore Assembly
	2.2 Attachment to Giant Unilamellar Vesicles (GUVs)

	3 Methods
	3.1 DNA Nanopore Assembly
	3.1.1 Oligonucleotide Preparation
	3.1.2 DNA Nanopore Assembly

	3.2 Preparation of Giant Unilamellar Vesicles (GUVs) by Electroformation
	3.3 Attachment of DNA Nanopore to Giant Unilamellar Vesicles (GUVs)
	3.4 Guidelines for DNA Nanopore Design
	3.5 Guidelines for Lipid Membrane Reconstitution of DNA Nanopores

	4 Notes
	References


	Part II: Single Molecule Detection and Analysis of Protein Analytes
	Chapter 5: Determining the Orientation of Porins in Planar Lipid Bilayers
	1 Introduction
	2 Materials
	2.1 Solutions and Reagents
	2.2 Proteins
	2.3 Electrophysiology Setup

	3 Methods
	3.1 Planar lipid bilayer recording setup
	3.2 Porin Reconstitution and Establishing I-V Asymmetry
	3.3 Cysteine Mutant Labeling with mPEG-MAL-5K
	3.4 Cysteine Mutant Labeling with mPEG-OPSS-5K
	3.5 Determining Porin Orientation in a PLB from the I-V Curve

	4 Notes
	References

	Chapter 6: Revelation of Function and Inhibition of Wza Through Single-Channel Studies
	1 Introduction
	2 Materials
	2.1 Reagents and Kits for Plasmid Construction and Extraction
	2.2 Reagents for Protein Expression
	2.3 Reagents for Wza Channel Studies
	2.4 Reagents for In Vivo Blocker Inhibition (Polysaccharide Analysis)

	3 Methods
	3.1 Computational Analysis for Open-Form Wza Mutants and Blocker Design
	3.2 Mutagenesis of Wza Channels Using Molecular Biology Techniques
	3.3 Protein Expression and Purification
	3.4 Single-Molecule Electrical Channel Recording Protocols
	3.5 Live Bacteria Inhibitory Assay Protocols

	4 Notes
	References

	Chapter 7: Protein Analyte Sensing with an Outer Membrane Protein G (OmpG) Nanopore
	1 Introduction
	2 Materials
	2.1 Cloning of Cysteine Mutant  OmpG
	2.2 Protein Expression of OmpG-Cysteine Mutant
	2.3 Preparation of OmpG-Biotin or OmpG-Sulfonamide Nanopore
	2.4 Current Recording of OmpG-Biotin or OmpG-Sulfonamide Nanopore

	3 Methods
	3.1 Substitution of a Single Cysteine Mutation on OmpG Protein
	3.2 Expression and Purification of Denatured OmpG Cysteine Mutant from Inclusion Bodies
	3.2.1 Expression of OmpG Proteins
	3.2.2 Isolation of OmpG Inclusion Body
	3.2.3 Anion Exchange Purification of Denatured OmpG Cysteine Proteins

	3.3 Ligand Labeling and Refolding of OmpG Proteins
	3.3.1 Conjugation of Maleimide Ligand to OmpG Cysteine Mutant
	3.3.2 Refolding of Labeled OmpG Protein

	3.4 Testing Labeling Efficiency of Refolded or Denatured OmpG Proteins
	3.4.1 Labeling Efficiency of Biotin-Labeled OmpG (Gel Shift Assay)
	3.4.2 Proteolytic Digestion of Labeled OmpG-Sulfonamide for Mass Spectrometric Analysis

	3.5 Current Recording of OmpG Proteins
	3.6 Analysis of OmpG Current Recording Traces Post Recording

	4 Notes
	References

	Chapter 8: Nanopore Enzymology to Study Protein Kinases and Their Inhibition by Small Molecules
	1 Introduction
	2 Materials
	2.1 Nanopore Preparation
	2.2 Rabbit Erythrocyte Membranes
	2.3 Single-Channel Recording

	3 Methods
	3.1 Design of TEV Protease-Cleaved Sensor Pores
	3.2 Preparation of Rabbit Erythrocyte Membranes
	3.3 Preparation of TEV Protease-Cleaved Sensor Pores
	3.4 Reconstitution of Pores and Single-Channel Recording
	3.5 Substrate Binding Kinetics
	3.6 Nucleotide Effects and Synergistic Binding
	3.7 Determination of Inhibition Constants of Kinase Inhibitors

	4 Notes
	References

	Chapter 9: A Selective Activity-Based Approach for Analysis of Enzymes with an OmpG Nanopore
	1 Introduction
	2 Materials
	2.1 Cloning of Mutant OmpG Proteins
	2.2 Protein Expression of OmpG Mutants
	2.3 Preparation of OmpGcasp or OmpGL6neu-DNA Nanopore
	2.4 Bulk Activity Assays for Caspase or Nuclease S1 Enzymes
	2.5 Single-Channel Recording of OmpG Nanopores

	3 Methods
	3.1 Cloning of OmpG Mutants for Enzyme Sensing
	3.2 Expression of the Desired Plasmids in BL21 (DE3) Competent Cells
	3.3 Lysis and Inclusion Body Preparation
	3.4 Purification from Inclusion Body
	3.5 Refolding of Denatured OmpG Proteins
	3.6 Preparation of Nuclease Sensor OmpG Nanopore
	3.6.1 Activation of Thiolated DNA Ligand (deprotection)
	3.6.2 Conjugation of 2-PDS to Thiolated DNA
	3.6.3 Lysis and Inclusion Body Preparation of OmpGL6neu-C224
	3.6.4 Purification from Inclusion Body
	3.6.5 Labeling of OmpG Cysteine Mutant with Activated 2-PDS DNA

	3.7 Cleavage Assay of OmpG Protease Sensor
	3.8 Cleavage Assay of OmpG Nuclease Sensor
	3.9 Single-Channel Recording of OmpG Proteins
	3.10 Method for Making an Aperture for the Two-Chamber  Chip
	3.11 Method for Testing the Bilayer Formation and Stability

	4 Notes
	References

	Chapter 10: Oligonucleotide-Directed Protein Threading Through a Rigid Nanopore
	1 Introduction
	2 Materials
	2.1 For Purification of α-Hemolysin and Its Heptamers
	2.2 For Generation of Protein-Oligonucleotide Complexes for Single-Molecule Analysis with Nanopores
	2.3 For Single-Molecule Measurements

	3 Methods
	3.1 Purification of Monomeric Hemolysin
	3.2 Preparation of Rabbit Erythrocyte Membranes
	3.3 Preparation of Heptameric α-Hemolysin
	3.4 Generation of Protein-Oligonucleotide Complexes for Single-Molecule Analysis with Nanopores
	3.5 Single-Molecule Measurements
	3.5.1 Preparation of the Silver/Silver Chloride Electrodes
	3.5.2 Preparation of the aperture
	3.5.3 Preparation of the Lipid Bilayer
	3.5.4 Testing the Bilayer Formation and Stability
	3.5.5 Testing the Nanopore Activity


	4 Notes
	References

	Chapter 11: Unfolding and Translocation of Proteins Through an Alpha-Hemolysin Nanopore by ClpXP
	1 Introduction
	2 Materials
	3 Methods
	3.1 Aperture and Electrode Construction
	3.2 Aperture Preparation
	3.3 Preparation of Aperture Coating Reagent
	3.4 Aperture Assembly
	3.5 Lipid Patch Preparation
	3.6 Lipid Bilayer Formation
	3.7 Single-Pore Insertion
	3.8 Cleanup

	4 Notes
	References


	Part III: Computational Analysis of Nanopore Behavior
	Chapter 12: Simulation of pH-Dependent, Loop-Based Membrane Protein Gating Using Pretzel
	1 Introduction
	2 Materials
	2.1 Additional Equipment
	2.2 Equipment Setup

	3 Methods
	3.1 Single-Loop Fragments
	3.2 Multi-Loop Generation
	3.3 Protonate
	3.4 Relax and Score
	3.5 Assess Gating
	3.6 Conclusion

	4 Notes
	References

	Chapter 13: Free Energy Minimization for Vesicle Translocation Through a Narrow Pore
	1 Introduction
	2 Models
	2.1 Translocation Process Model Assumption
	2.2 Helfrich Free Energy
	2.3 Filling Stage
	2.3.1 Partial Sphere
	2.3.2 Partial Torus
	2.3.3 Cylinder
	2.3.4 Hemisphere

	2.4 Crossing Stage
	2.5 Depletion Stage
	2.6 Volume Constraint
	2.7 External Force
	2.8 Fokker-Plank Formalism

	3 Methods
	3.1 Filling Stage
	3.2 Crossing Stage
	3.3 Depletion Stage
	3.4 Free Energy Barrier
	3.5 Average Translocation Time
	3.5.1 Vesicle Radius r0
	3.5.2 Elastic Moduli κc and λ


	4 Notes
	References


	Part IV: Droplet Interface Bilayer System
	Chapter 14: Single Ion-Channel Analysis in Droplet Interface Bilayer
	1 Introduction
	2 Materials
	3 Methods
	3.1 Lipid-In Approach Vesicle Preparation
	3.2 Lipid-Out Approach Vesicle Preparation
	3.3 Fabrication of Droplet Interface Bilayer
	3.4 Ion Channel Activity Recording

	4 Notes
	References

	Chapter 15: Continuous and Rapid Solution Exchange in a Lipid Bilayer Perfusion System Based on Droplet-Interface Bilayer
	1 Introduction
	2 Materials
	2.1 Perfusion Device
	2.2 DIB Electrophysiology
	2.3 Buffers and Protein Solutions
	2.4 DIB

	3 Methods
	3.1 Perfusion Device Assembly and Preparation
	3.2 DIB Preparation
	3.3 Bilayer Formation and Electrical Recording
	3.4 Continuous and Rapid Solution Exchange

	4 Notes
	References

	Chapter 16: Protein Transport Studied by a Model Asymmetric Membrane Army Arranged in a Dimple Chip
	1 Introduction
	2 Materials
	2.1 Dimple Chip
	2.2 LUVs
	2.3 Translocation

	3 Methods
	3.1 Fabrication of the Dimple Chip
	3.2 Large Unilamellar Vesicles of 100 nm in  Size
	3.3 Preparation of the Dimple Chip in an Oil Bath Over the Microscope
	3.4 Preparation of Source Droplets
	3.5 Preparation of Capture Droplets
	3.6 Translocation in Dimple Chip
	3.7 Calibration and Turnover Rate Analysis of Pep-1-Assisted β-Gal Translocation

	4 Notes
	References


	Index

