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Preface

Polymers are essential to biology because they can have enough stable
degrees of freedom to store the molecular code of heredity and to express the
sequences needed to manufacture new molecules. Through these they perform
or control virtually every function in life.

Although some biopolymers are created and spend their entire career in the
relatively large free space inside cells or organelles, many biopolymers must
migrate through a narrow passageway to get to their targeted destination. This
suggests the questions: How does confining a polymer affect its behavior and
function? What does that tell us about the interactions between the monomers
that comprise the polymer and the molecules that confine it? Can we design
and build devices that mimic the functions of these nanoscale systems?

The NATO Advanced Research Workshop brought together for four days in
Bikal, Hungary over forty experts in experimental and theoretical biophysics,
molecular biology, biophysical chemistry, and biochemistry interested in these
questions. Their papers collected in this book provide insight on biological
processes involving confinement and form a basis for new biotechnological
applications using polymers.

In his paper Edmund DiMarzio asks: What is so special about polymers?
Why are polymers so prevalent in living things? The chemist says the reason
is that a protein made of N amino acids can have any of 20 different kinds at
each position along the chain, resulting in 20 different polymers, and that
the complexity of life lies in this variety. This argument is part of the answer,
but the chemist is speaking only of the variety contained in a homogeneous,
isotropic bag of stuff.

However, polymeric systems can also have many configuration degrees
of freedom that undergo phase transitions, and these have profound conse-
quences. There are 5 classes of phase transitions that occur only in polymeric
systems. DiMarzio solves the problem of a polymer threading a membrane,
shows that it has a phase transition, and uses it to explain why the other
4 classes also have phase transitions. With a suitable change of variables,
each phase transition becomes a stable coordinate useful for storing data. A
multimeric system has a very large number of these and thus can store huge
amounts of data. DiMarzio argues that this provides a basis for biological
self-assembly.

The processes of viral infection by phage, DNA transduction in bacte-
ria, RNA translation, protein secretion, and muscle contraction all require
biopolymers to migrate through, or function within, pores that are 1 to 10 nm
in size. Lucienne Letellier discusses experimental studies on the transport of
DNA across membranes by a phage, which tightly confines the molecule of

vii
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life in a capsid and delivers it into a target cell through a narrow portal. San-
ford Simon, Stephan Nussberger and Walter Neupert, and Kathleen Kinnally
extensively review the molecular mechanisms for targeting proteins to spe-
cific locations within cells and translocating them across membranes through
nanoscale protein pores. The problem’s significance is underscored by the
fact that each of the ~ 10 proteins in each cell is replaced on a more or less
regular basis. Without an efficient method to transport and target proteins to
their proper locations, the cell’s hierarchical organization would not exist.

Advances in experimental and theoretical methods have opened new op-
portunities to understand the physical properties of polymers confined in
nanometer length-scale regions. Oleg Krasilnikov shows how the partitioning
of linear, nonelectrolyte polymers can be used to deduce the diameter and
other structural features of protein ion channels. Sergey Bezrukov and John
Kasianowicz demonstrate that this simple method can also reveal information
about the interactions between a nanopore and nonelectrolyte polymers that
partition into it. Elie Rapha&l and his colleagues discuss physical theories on
how branched polymers partition into narrow pores. Nanopores might even-
tually be used to measure the physical properties of these complex polymers.

Bezrukov and Kasianowicz also observed that the mean occupancy time for
nonelectrolyte polymers in a nanopore can be much greater than that predicted
for a 1-dimensional diffusion process. These studies led to the direct mea-
surement of individual polynucleotides through threading through a single ion
channel (Kasianowicz, et. al., David Deamer, et al., Daniel Branton, et al.,
and Mark Akeson, et al.). Because of the great disparity in pore length scales
and polymer persistence lengths, it is interesting to compare the processes of
polynucleotide transport in a single nanopore with Bj 6rn Akerman’s exper-
imental results on the migration of single double-stranded DNA molecules
through gels and other microscopic porous media (e.g. track-etched mem-
branes and porous glasses). These molecules can evidently become trapped
on features of widely disparate length scales. These features behave like
snags and dominate the polymer diffusive motion through gels, whereas the
rate of polynucleotide transport through a nanopore might be dominated by
the polymer structure.

Murugappan Muthukumar, David Lubensky, and Wokyung Sung, and Di-
Marzio discuss several different theoretical approaches that describe the trans-
port of polymers through gels and narrow pores. Their theories capture some
of the essential features of polymer transport and provide a solid framework
that will aid in the design of new experiments with these systems.

Imre Derenyi and Dean Astumian describe analytically the effects of dif-
ferent confinement geometries that create Brownian ratchet potentials. They
illustrate models that use the random potentials to separate macromolecules
and other models that use them to transport molecules across membranes,
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even against a gradient in the chemical potential. Their models agree with
experiment in every detail so far.

Many biopolymers, including those in muscle, function in tightly organized
domains. Zoya Podlubnaya provides an overview of muscle structure and the
mechanisms by which muscle contracts. Mikiés Kellermayer shows how
single molecule experiments can reveal detailed physical information about
structural transitions in muscle proteins. In some cases, the results suggest
that the behavior of single molecules accounts in part for some of the bulk
tissue’s properties. Ultimately, one would like to use single molecule detection
methods to probe these polymers in a state of confinement similar to that of
their native environment. Zeno Farkas, Derenyi, and Tamas Vicsek explore
the dynamics of actin filaments using elegant motility assays.

Alexei Khoklov and his colleagues are using Monte Carlo simulations
to show that the properties of AB-copolymer globules depend strongly on
whether the primary sequence of the A and B monomers is random, random-
block, regular, or designed. A protein-like AB-copolymer is designed such
that in the most dense globular conformation, all the hydrophobic B-units are
in the core of the globule and the hydrophilic A-units form the envelope of the
core. One of their interesting results shows that the A monomers in a protein-
like 1-dimensional AB-copolymer are organized into blocks or domains of
higher relative concentration with a long-range power-law correlation, which
is fractal behavior, the signature of scale invariance.

New approaches are needed to understand the physics of polymers in ex-
treme confinement. Advances here could have a major impact in biology,
physics and chemistry and ultimately lead to the development of new methods
in biotechnology. Peter Goodwin and colleagues illustrate a method for single
molecule nucleic acid analysis by fluorescence flow cytometry. Jingyue Ju
discusses the potential use of fluorescence energy transfer reagents for DNA
sequencing. Deamer, et al., Branton and Meller, and Kasianowicz, et al.
discuss the potential for using single nanopores to rapidly sequence DNA.
Kasianowicz, et al. and Akeson et al. demonstrate how polymers and single
nanopores might be used to detect and quantitate a wide variety of analytes
in solution.

We are extremely grateful to the NATO Science Committee for its generous
financial support that made the workshop and this book possible. Also appre-
ciated is the additional financial support provided by Avanti Polar Lipids, the
Hungarian Research and Development Committee, Incyte Pharmaceuticals,
MATAV Communications, and the Biotechnology Division at NIST. Finally,
we thank the staff at the Puchner Castle for providing a lovely and com-
fortable meeting venue and Baldwin Robertson for assistance in editing this
volume.
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PROFOUND IMPLICATIONS FOR BIOPHYSICS
OF THE POLYMER THREADING A MEMBRANE
TRANSITION

Edmund A. DiMarzio
Department of Chemical Engineering, University of Maryland, College Park, MD 20742

Abstract

Keywords:

There are § phase transitions unique to polymers. They are the:

1) helix to random-coil transition in polypeptides, DNA, and collagen,
2) polymer adsorption transition,

3) collapse transition,

4) equilibrium polymerization transition, and the

5) polymer threading a membrane transition (PTM).

The derivation of the PTM transition contained here allows us to understand
why the 5 phase transitions exist. The 5 transitions, plus the 5 phase transitions
common to both polymers and non-polymeric material, plus the many couplings
of these transitions to each other give in total 1023 a priori possible transitions.
Three examples taken from the 45 a priori possible coupled pairs are described
in the paper. They are the:

1) polymerization transition coupled to the isotropic to nematic liquid crys-
tal transition,

2) helix to random-coil transition coupled to surface adsorption, and the

3) PTM transition coupled to the helix to random-coil transition.

Three areas of future work are mentioned:

a) study of the equilibrium, kinetic, and pattern formation aspects of the
10 phase transitions and their couplings

b) self-assembly viewed as polymer phase transition phenomena, and

c) a proof that all evolved life-forms must necessarily be polymeric.

Finally two applications of the PTM transition are given: 1) interpretation of
viral DNA injection into a cell as a PTM transition, and 2) the ”going fishing”
model of transport of material across a cell membrane.

Self-assembly, biological self-assembly, macromolecular phase transitions, col-
lapse transition, membrane translocation, equilibrium polymerization, helix for-
mation, adsorption of biopolymers.

1
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1. Introduction

The subject of this NATO workshop is polymer structure and dynamics in
confined spaces as they relate to biology. The polymer threading a membrane
(PTM) transition involves confined spaces in three separate senses. First, the
polymer is restricted to thread the membrane, viewed as a rigid plane partition
in which a small hole is made, only at the one place. Second, the monomers
on one side of the partition are confined to an infinite half-space so that the
number of configurations rather than being z; which is appropriate to a chain
of [; segments in free space is instead a smaller number [1,2]. The third space
confinement is the self-excluded volume: two monomers cannot occupy the
same space simultaneously. If we wished, we could also consider the partition
to have a finite thickness and the pore to be a cylinder of a given diameter.
However, the simpler model considered here (partition thickness equals zero)
is so rich in its consequences that we concentrate on it and leave the problem
of a polymer in a cylindrical pore to others.

We will gain insight to the question, so obvious and pervasive that it is often
overlooked: what is so special about polymers that they provide the basis of
living things? How the various biological polymers, DNA, the several RNA’s,
the myriad Proteins, and polysaccharides can service life-forms is the subject
of modern biology. We will provide an answer in this manuscript to the
question of why polymers are so prevalent in living things, gomg so far as to
claim that all life-forms are necessarily polymeric.

The chemist says that the reason that polymers are so important to life
is that for a protein of degree of polymerization N one can have any of 20
different kinds of amino acids at each position along the chain resulting in
20V different polymers and that the complexity of life lies in this variety.
This argument is part of the answer, but the chemist is speaking of the variety
centained in a homogeneous, isotropic bag of stuff. To get the variety of the
spatial and temporal structures that one sees in life-forms one has to do some
physics. We shall see that what is special about polymers are the 5 classes of
phase transitions that occur only in polymers. They are the:

1) polymer threading a membrane transition,

2) helix to random-coil transition,

3) isolated polymer molecule attracted to a surface transition,
4) polymer collapse transition, and the

5) equilibrium polymerization transition.

These 5 transitions, unique only to polymers, along with the 5 other classes
of transitions common to all materials (both polymeric and non-polymeric)
provide a basis for understanding the self-assembled structures of biology.

In Section 2 we discuss each of the 5 transitions unique to polymers, but
with special emphasis on the PTM transition since it gives insight into why
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these five transitions exist. We then argue in Section 3 that the transitions
individually, and coupled to each other in pairs, triplets, etc. provide the basis
for biological self-assembly. Three examples of coupled pairs of transitions
are given:

a) polymerization coupled to the isotropic liquid to nematic liquid-crystal
transition,

b) helix to random-coil transition coupled to surface adsorption, and

¢) PTM transition coupled to the helix to random-coil transition.

The number of a priori possible coupled transitions is shown to be very large.
The paradigm of Section 3, to the effect that polymeric phase transitions
model biological self-assembly, shows that there is a vast field of unsolved
problems awaiting solution. Some of these are discussed in Section 4 titled
Future Work. Finally in Section 5 two applications of the PTM transitions to
biology are given. They are the transport of viral nuclear material to inside
the cell, and the “going fishing” model of membrane translocation.

2. Theory

A unified understanding of the 5 classes of phase transitions unique to
polymers is obtained by first deriving the polymer threading a membrane
(PTM) transition, which we now do.

2.1 Polymer threading a membrane transition (PTM) [3]

The math needed is of the simplest kind, and all the thermodynamic rela-

tions are obtained from F' = —kT In(Q), where @ is the sum over all states
weighted with the Boltzmann exponential exp(—E /kT).

Q = Xexp(-Ej/kT), M

S=-8F/dT, P = OF/dV, u; =0F/ON;. @)

Here F' is the Helmholtz free energy, S the entropy, and the standard sym-
bols for thermodynamic quantities are used. Now suppose a thin rigid plane
partition separates two solutions and suppose that a polymer of [ monomers
is threaded through a small hole in the partition. The polymer can slide back
and forth through the hole so that at any one time /; monomers are on side 1
and ls monomers are on side 2 (I; + o = 1), but the solutions are not allowed
to mix. Then we can write the sum over states ) for the polymer as

Q =Sz hxth, zj = zjexp(—¢;/kT), 3)

where z; is the freedom per monomer in solution 5 and €; is the energy
of attraction of the monomer for solution j. This geometric series is easily



4 Kasianowicz et al, eds: Structure and Dynamics of Confined Polymers

1

08

06

10

20

50

100
200

04

ERRE

0.2

0.7 0.8 0.9 1 1.1 12 1.3

Y

Figure 1.  The fraction f of segments residing in region 1 versus the ratio Y of partition
functions per monomer, for polymer chains of different length . A 1st-order transition occurs
in the limit of infinite molecular weight.

summed, and we obtain

Q = (a5 — 2 /(22 — 71). )

From this expression all the thermodynamic quantities are easily derived. The
number of monomers in region one is

<h>=Y/(1-Y)-({+1)Y"H/q-yH). (5)

In Figure 1 we plot the fraction f of monomers of type 1 versus Y = z1/z2
for various values of chain length [. Notice that there is a first-order transition.
As | — oo there is a discontinuity in f atY = 1.

Now let us compare this result to that of a very similar problem, which
however does not display a transition. Consider two containers of monomers
of volumes V] and V; connected by a thin tube of very small volume compared
to that of the containers. The energy of a monomer molecule in volume j is
given by €;. We obtain for the sum over states

Q=xahal - 1)!, ;= Vjexp(—¢;/kT). (6)

The only difference between Equations 6 and 3 are the factorials in the denom-
inator of Equation 6. These factorials arise from the fact that the monomers
within each container are indistinguishable from one another. The fraction f
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of molecules in region 1 is easily calculated from Equation 6 to be
f =Viexp(—e1/kT)/[Viexp(—e1/kT) + Vaexp(—e2/kT)]. (7)

This equation shows no phase transition. Indeed, we have just solved the
problem of a perfect gas partitioned between two containers, and as is known
it does not have a phase transition. The important point is that the only
difference between the two equations, 3 and 6, is in the factorials in the
denominator of Eq. 6. So, the phase transition in the linear polymer occurs
because the covalent connectedness of the monomers makes the monomers
distinguishable from one another! The indistinguishability of the molecules
in the case of gases results in no phase transition. Thus the existence of the
transition is intimately related to the Gibbs’ paradox [4]. This is a highly
significant result because it means that for linear polymers we should expect
phase transitions in abundance.

We now wish to examine the other 4 phase transitions that occur in linear
polymers. However, before we do this we need to solve the PTM problem
more carefully. In Figure 2 we have listed the number of configurations that a
polymer of length [; sees when it is attached at one end to the plane surface.

Z12/11 12

[

242 1,32

o

A2y ] 5/2

(2]

Figure 2. Polymer threading a membrane. A polymer molecule is singly threading through
a small hole in an otherwise impermeable partition separating solutions 1 and 2. In la the
ends are free, in 1b the ends can roam freely on the surface, while in 1c the ends are fixed
to the surface. The formulas give the number of configurations of a chain of 4§ monomers
attached at one end to the surface and confined in solution 1 as described above. The number
of configurations per monomer is z, and the attractive energy of the monomer for solution
1 is 1. The thermodynamics of this system is easily derived, and a 1st-order transition is
obtained (see Figure 3).
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The presence of the surface reduces the number of possible configurations
in a simple way depending on how the other end is constrained [1,2]. When
one end is tied to the surface and the other end is free, the number of con-
figurations is 21/ l%/ %, if the free end is constrained to roam on the surface

then the number of configurations allowed to the chain is reduced to z & / lf/ 2;
finally, with both ends fixed near each other on the surface the number of

configurations is reduced even further to z/1 / l15 /2 The sum over states Qis
easily evaluated for each of these cases.

L lo
1T
Q=66 gll;ez, ©1=0,=1/2, 3/2, 5/2, ®)
1

where [, + lo = 1. Figure 3 illustrates the fraction of monomers in side
1 for a molecular weight of 50 for the various ©. Notice that the larger the
© the sharper the curve. Therefore the transition is again first-order for each
value of ©.

1.0

0.5}

0.8 1.0 v —

Figure 3. The fraction of segments residing in region 1 versus the ratio Y of partition
functions per monomer, for a chain of 50 monomer units suffering various degrees of confine-
ment. The larger the value of © = ©; = ©, the more the confinement, and the sharper the
transition.

The existence of the first-order phase transition is not affected by changes
in parameters such as ©, or by changes in geometry. To high accuracy [5],
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the only result of inter-segment excluded volume is to shift the values of ©
and z. Thus even when we include the effects of inter-segment excluded
volume as well as segment-surface excluded volume, we have a first-order
phase transition. Furthermore geometries other than plane surfaces also result
in Equation 8 but with non-integer ©’s. If the allowable volumes were the
interiors of cones [6] or wedges [7], and if the polymer were imagined to
be threaded at the apex of the cones or wedges, then Equation 8 still holds
with the values of ©, ©2 appropriate to those geometries [6,7]. Finally, the
values of ©; need not be equal; the surface of one side can be a plane while
the surface on the other side can be a cone.
We now discuss briefly the other four classes of phase transitions.

2.2 The helix to random-coil transition

By considering infinitely long single-, double-, and triple-stranded polymers
(Fig. 4), one finds the character of the helix to random coil transition. In
a polypeptide, because three hydrogen bonds need to be broken for rotation
about a covalent bond to occur, the transition is sharp, but diffuse [8,9]. The
matching model for DNA shows a second-order transition in the Ehrenfest
sense. Bruno Zimm, who derived the result [10], was initially perplexed
because in the series by Landau and Lifshitz a “proof” exists [11] to the
effect that a linear system should not show phase transitions. We now know
that because it is a linear system it shows a phase transition. Poland and
Scheraga showed that what we assume to be the entropy of the individual
loops separating the helical strands in partially denatured DNA determines
the kind of phase transition observed [12]. Using Az ™/nC for the number of
configurations of a loop of » monomers, they determined that for C' = 0 there
is no transition, for C' = 3/2 a 2nd-order transition occurs, while for C > 2
a lst-order transition obtains. Since for a single-stranded molecule C = 0,
polypeptides have no sharp transition. Simple Gaussian statistics show that
a loop of n monomers would have 2*/n3/2 configurations so that C' = 3/2,
and this results in a 2nd-order transition for the DNA molecule. If C' were
greater than 2 the transition would be 1st-order. As Applequist showed, the
perfect matching model for collagen has a first-order transition [13]. This
can be understood by treating the perfect matching model for a k stranded
infinitely long molecule. For a k-stranded loop with each strand containing
n monomers, the number of configurations is proportional to z*"/ n3k=1)/2
To obtain this result write the number of configurations W 3 of a (denatured)
k-stranded loop as

W3=/[z"(27rn12/3)exp(—3r2/2nl2)]kdr x Zn/mpdkN2 0 (g)
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Figure 4. Schematics of the helical portions of a single-stranded polypeptide, double-
stranded DNA, and triple-stranded collagen. Rotation about covalent peptide bonds occurs
when three consecutive hydrogen bonds are broken. A random coil portion in DNA occurs
when the hydrogen bonds between adenine and thymine and/or guanine and cytosine side
groups are broken. Also an alternation of helical and random coil portions of collagen occurs
when the hydrogen bonds (not shown) between strands of collagen are broken. For the perfect
matching model, the transition obtained by changing temperature or chemical potential in
collagen is Ist-order, in DNA is 2nd-order, and in polypeptides is diffuse.

The Poland-Scheraga criteria show that for £k > 3 we obtain 1st-order
transitions.

23 Polymer attached to a surface

An interesting feature of the adsorbed polymer problem in Subsection 2.1
is that it is isomorphic to the DNA problem in the limit of infinite molecular
weight [14]. The basic reason for this is that each consists of loops alternating
with different segments, which are either trains of the adsorbed polymer or
helical regions of the DNA. The trains of adsorbed polymer and the helical
regions of DNA each have entropies and energies that are proportional to their
lengths. The loops of DNA and the loops of the adsorbed molecule each have
Az™/n?/? configurations (see Section 2.2 and Figure 2.b). So an adsorbed
polymer has a 2nd-order transition just as DNA does.

Perhaps the simplest exact treatment of an adsorbed polymer molecule is
the original treatment [15]. One imagines a one-dimensional random walk to
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begin at the origin and to be confined to the positive = axis by a barrier. This
problem is readily solved. The relevant mathematics is contained completely
in Chapter 3 of Feller’s book on probability theory [16]. The crucial step [17]
is the use of the reflection principle which allows us to express the number
of configurations in the presence of a barrier in terms of the numbers in the
absence of a barrier. Suppose the two ends of a random walk are located
at points A and B on the same side of the barrier which is located at the
origin. The number of walks from A to B that do not touch or cross the
origin is equal to the total number of walks from A to B in the absence of
the barrier minus the total number of walks that touch or cross the origin.
This latter number is by the reflection principle [16] equal to the number of
walks from A’ (the reflection of point A through the origin) in the absence of
a barrier. Thus the problem of a walk in the presence of a barrier is related to
the number of walks in the absence of a barrier. By weighting each time the
walk touches the surface with an energy ¢, one can easily obtain the partition
function for this one dimensional problem and evaluate the thermodynamics
[15]. But it is clear that we have also solved the adsorption problem for
the body centered cubic lattice as well. The only difference is that in the
one-dimensional problem there is one way to step away or to step towards
the origin while in the d dimensional bcc lattice there are 2 9! ways to step
away or to step towards the surface. Rubin [18], using recurrence relation
techniques, has solved the problem of a polymer molecule near a surface for
a variety of lattices. In all cases there is a second-order transition. Figure 5
shows the adsorption curves for various lattices. The transition point is given
by [18] ¢/kT = In(2/(2 — a)), where ¢ is the contact energy of a monomer
for the surface and 1 —a is the fraction of steps running parallel to the surface.

Some of the results are not intuitive and quite surprising. This lack of
intuition derives from the lack of intuition that most people have for the
conclusions of probability theory itself, as Feller nicely explains [16]. This
being the case we can expect to be surprised!

If one end is tied to the surface, the other end free, then when there is
no monomer surface attraction the normal polymer scientist would expect the
number of contacts with the surface to be proportional to the square root
of molecular weight. In reality for an infinite chain the expected number of
monomer contacts with the surface is only 1 as Figure 6 shows! At the transi-
tion temperature the expected number of contacts is indeed proportional to the
square root of molecular weight but the fraction of contacts is zero as figure
5 clearly shows; in the adsorption region the expected number of contacts is
proportional to molecular weight. Another result [15], not shown here, is that
in the adsorption region the monomer density decreases exponentially as we
go from the surface and the adsorption profile is independent of molecular
weight for modestly large molecular weight, while in the desorption region
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Figure 5.  Polymers confined to a lattice and lying on one side of a surface, with one end
fixed to the surface, undergo a 2nd-order transition as the strength of the attraction of the
monomers for the surface is increased. A monomer has an energy zero unless it is on the
surface, in which case the energy is €. The lattice types label the curves. sc = simple cubic;
hcp = hexagonal close-packed; fcc = face-centered cubic; bee = body-centered cubic.

the monomer density increases as we go out from the surface, reaching a
maximum at a distance which is equal to the square root of two times the
molecular weight. Thus the presence of the surface swells the polymer. The
transition point occurs when the density gradient at the surface is zero per-
pendicular to the surface and is therefore given by the reflecting boundary
condition.

L. I. Klushin, A. M. Skvortsov and A. A. Gorbunov have treated the
adsorbed polymer exactly in the Gaussian limit including a consideration
of the behavior of the polymer under a force applied to one end [19, 20].
Significantly, they have shown that Landau theory fails [20]. This is an
example of an exact treatment showing that seemingly reasonable assumptions
about complex systems are often wrong.

24 The collapse transition

Flory [21] was the first to quantify the competition between the attractive
interaction among monomers wanting to collapse the polymer onto itself and
the entropy of the polymer chain wanting to expand the polymer. His treatment
gave the proper (accurate but not exact) 6/5ths law regarding the end-to-end
dimension, (R?) = An'?, in the expanded region but his method did not
establish the character or existence of the transition. Perhaps the simplest
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-¢/kT

Figure 6. Number of contacts with the surface versus monomer energy of contact with the
surface for various molecular weights. Although the fraction of contacts in the desorbed region
is zero (for infinite molecular weight) the actual number of contacts is finite as this figure
shows. For 1-dimension the number of contacts varies from 1 when the adsorption energy is
zero to (MW)I/ 2 when the adsorption energy has the value appropriate to the transition point
(—¢/kT = In 2, which is the reflection boundary condition).

approach that both displays the transition and retains the flavor of the original
Flory ideas is to deal directly with the more fundamental probabilities [22]
rather than the thermodynamic properties derived from them as Flory did. We
now give an abbreviated version of this approach.

The probability of a polymer chain having an end to end length R is given
by the product of three factors

W=[R2exp b2R2] 13(1—; 3)

X [exp (—nx (1 - "%))} : (10)

where the first factor is the Gaussian distribution function for the end-to-end

length, the second factor corrects for excluded volume, and the third factor
gives the energy. The notation is standard: b2 =3 / 2nl2, 13 is the volume of a
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bead monomer, n the number of monomer units, and  is the x parameter. The
first and third factors are clearly correct and do not need discussion although
they are approximations that can be improved. To understand the second
factor imagine that the polymer is being built up one monomer at a time. The
kth monomer can be placed if there is no interference from monomers placed
previously on the chain. To evaluate the probability of successful placement
of the jth monomer imagine that the previous (j-1) segments are distributed
at random in the volume of the sphere. This gives the factor (1 — jI3/R3),
and the product of these factors constitutes the second factor of equation 10.

From equation 10 we can find the expectation value of R through the
relation (R?) = [ RZWdR/ [ WdR, but this can not be done analytically.
Instead we find the value of R which maximizes W by differentiating equation
10 to obtain [22]

a®—a® = —nl/? [na6 (ln (1 - n"1/2a"3) +n_1/2a_3) + x] , (11)
a = R/(n*)'?
which reduces to the Flory result for large R,
a® —ad® =n'?1/2 - ¥]. (12)

Thus, the R?2 = An'? law is obtained. Additionally, equation 11 can be
solved through the transition to obtain the law R? = Bn?/3 in the col-
lapsed region. This does not mean however that the collapsed phase has unit
monomer density; it is in fact less than unity. Figure 7 shows that the transi-
tion is 2nd-order. An interesting result occurs when the solvent is polymeric.
Then, depending on the relative molecular weights and energetics, the transi-
tion can be 1st-order as well as 2nd-order [23]. A recent review of collapse
in polymers is [24].

235 Equilibrium polymerization transition

This is a classic problem that has been solved in various approximations
by Tobolsky and Eisenberg [25] and more recently and more correctly by
Wheeler and associates [26]. It seems to be a second-order transition when
we allow the molecules to compete with each other for space.

A model for an isolated polymer undergoing equilibrium polymerization,
but not in competition with other polymer molecules for space, is as follows.
Imagine placing children’s blocks one upon another in piles one block wide.
The individual blocks represent monomer units and placing them atop another
represents polymer chain growth. If the rate of adding to a pile is o and the
rate of taking off of the pile is 3, then the growth rate G is

G=a-8 (13)
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Figure 7. The normalized energy per monomer unit of a collapsing polymer versus normal-
ized temperature for various molecular weights (numbers of monomer units). The transition
displayed here is 2nd-order but if the polymer were collapsing in a field of other polymers,
rather than in low molecular weight solvent as displayed here, the transition could be 1st-order.

If @ > [ then the pile grows to infinity, while if 5 > « the pile ungrows.
From the principle of detailed balance we know that

Nya = N,418, or o/ = Ny41/N,, (14)

where N, is the number of piles of height . But the ratio N1 /N, is known
from simple statistical mechanics to be

Nyy1/Ny = exp (=(p - €)/kT), (15)

where p is the chemical potential and ¢ is the energy of attraction of the
monomers for each other. From the above equations we see that the ratio
a/f goes from being less than 1 to being greater than 1. Thus within an
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infinitesimal AT the chain goes from being finite in length to being infinite
in length. Therefore the chains undergo a first-order phase transition. This
result could have also been derived from the grand canonical ensemble.

In summary, we have displayed the 5 classes of phase transitions that
occur in linear polymers. They show 1st or 2nd-order transitions in the
Ehrenfest sense. The models we have described have been treated exactly;
were it not for self-excluded volume these would be exact solutions of real
systems; self-excluded volume, however can be treated with good accuracy.
In biology the important transition control variables are not usually pressure
P or temperature T', but more usually chemical potential 1. ;. The force on
the end of the polymer chain may also be important in some circumstances.

We reiterate that the reason these transitions occur is because the
monomers are distinguishable from one another by virtue of them being
connected covalently along the chain. This is a profound result intimately
related to the Gibbs’ paradox.

3. Coupling of the phase transitions to each other [27]

Phase transitions in polymers
The 10 classes of phase transitions in polymers comprise 5 that occur
within an isolated polymer and 5 within collections of polymer molecules.

Phase transitions of an isolated polymer

1) Helix-random coil transition
a) Single-stranded polypeptides; diffuse order

b) Double-stranded DNA; 2nd-order

c) triple-stranded collagen; 1st-order
2) Polymer threading a membrane; 1st order
3) Adsorption onto a surface; 2nd-order
4) Polymerization / 1-d crystallization; 1st-order
5) Collapse transition; 2nd- or 1st-order, depends on solvent
Phase transitions in collections of molecules
6) Liquid-liquid / polymer blends; 1st-order
7) Crystallization; 1st-order: 32 point groups, 230 space groups

8) Liquid Crystals / plastic crystals; 1st-, 2nd-order: nematic, smectic,
cholesteric, lyotropic
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9) Glass transition / sol-gel transition; 2nd-, 1st-order

10) Block copolymers / membranes / soaps / micelles / vesicles; 1st-, 2nd-
order

The first 5 phase transitions are unique to individual polymers, and the
second 5 phase transitions are common to both polymers and non-polymeric
materials. At first it may seem that we have merely doubled the number of
phase transitions allowed to biological polymers. But the number of different
classes of phase transition is not just 10. It is actually much greater because
of couplings of the phase transitions to each other and because of the manifold
ways they can express themselves in space and time.

There are oC1o = 45 ways that 2 different phase transitions can be selected
from the 10. Thus there are 45 classes of pairwise couplings of polymeric
phase transitions. Most of them are unexplored. Several that have been
investigated are listed below. Additionally, there are 3Cjg = 120 triplets
of coupled transitions, and so on. Obviously much work is required before
polymer phase transitions can be understood in their full generality.

3.1 Polymerization coupled to the isotropic to nematic
phase transition

In sickle cell anaemia, a genetic defect causes the hemoglobin molecules
which exist within red blood cells at a volume fraction of about 0.4 to aggre-
gate and form long straight hollow microtubules under low oxygen pressure.
But these microtubules cannot pack at random when the asymmetry ratio of
length to width r reaches a critical value given approximately by the Flory
formula [28]

rV; =8, (16)

where V; is the volume fraction of rods. They then form a nematic phase
within each red blood cell. This results in a distortion of the red blood cells
into their sickle shapes, which in turn impede blood flow within the fine
capillaries of the circulatory system. Minton [29] and Herzfeld [30] have
discussed this problem at some length.

3.2 Helix-random coil coupled to surface adsorption

Bringing a DNA molecule near a surface couples the two phase transitions,
that of a polymer at a surface and that of DNA. Since they both display 2nd-
order transitions one expects that the coupled transition becomes 1st-order.
Not surprisingly this is indeed the case [2]. More surprisingly, when a single-
stranded polypeptide is adsorbed, the cooperativity within the alpha helix is
enough to cause the 2nd-order surface adsorption transition to become 1st-
order even though the single-stranded transition is only diffuse. See the recent



16 Kasianowicz et al, eds: Structure and Dynamics of Confined Polymers

exact solution of this problem in the Gaussian limit by Carri and Muthukumar
[31].

One wonders how this problem relates to that of inducing or impeding
enzymatic activity of proteins near surfaces.

3.3 The PTM transition coupled to the helix-random coil
transition [27]

This problem can be solved formally by replacing z; and z5 of Eq. A by
q1(11) and g2(l2), where the g¢’s are the per monomer partition functions for
protein or DNA strands in solutions 1 and 2. For large I, the [ dependence
disappears and for sharp helix-random coil transitions we have the following
scheme, where H1 means helix in region 1, R, means random coil in region
2 etc. The horizontal arrow means transition (either translocation or helix
to random coil) and we are cooling the system. We assume that the helix
is always the low temperature phase in both solutions. The case of inverted
transitions is easily handled. We obtain

R1—HI; R1—-H2:
R2—H2; R2—HI1

R1—-R2—HI; R1—-R2—H2; R1—H1—-H2:
R2—-R1—H2; R2—R1—-HI1; R2—H1—-HI

R1—-R2—-H1—-H2; R1—-R2—H2—H1; R1-H1-R2—-H2
R2—R1—H2—H1; R2—R1—-H1—H2; R2—-H2—R1—HI

The transition behavior is extremely complicated. For example
R1—-R2—H1—H2

means that the polypeptide is a random coil in region 1 and on lowering
the temperature it translocates to region 2 where it remains a random coil.
On further cooling it moves back into region 1 becoming a helix in the process.
On cooling further it translocates again to region 2 and remains there as a he-
lix. Of course the usual method of causing a bio-transition is not by changing
temperature. It is by means of chemical potential, pH, pK, and ionic strength
changes.

Think of the complexity if we couple surface adsorption to PTM to the
helix to random coil transitions. Wow!

We now begin to appreciate the complexity of structure embodied in the
ten polymer phase transitions and their coupling into pairs, triples etc. Let us
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count the number of a priori possible transitions among the 5 isolated poly-
mer transitions There are 5 individual transitions, plus 5x4/2 =10 pairs, plus

5x4x3/2x3=10 triplets, plus 5x4x3x2/2x3x4=5 quadruplets, plus 1 one cou-

pling involving all 5 transitions. This equals 31 total. When it is recognized
that the terms listed above are binomial coefficients we see that the answer
can be written as 25 — 1 = 31. Similarly, the total number of couplings
for the ten phase transitions is 210 — 1 = 1023. There are 1013 a priori
possible couplings plus the 10 individual transitions. Thus discovering the 5

pure polymer transitions did much more than merely double the total number
available to a polymer system. Rather the complexity has been increased by
a factor of 1023/31=33.

If we count the different kinds of liquid crystals, block copolymers, liquid-
liquid phases, etc. then there are many thousands more. It is obvious to this
observer that the vast numbers of structures and kinetic pathways implicit
in these transitions are responsible for adaptive complexity (evolution) at the
molecular level in life-forms.

4. Future work

Although it usually ineffectual to attempt to predict the directions of future
work, the paradigm that we have developed to the effect that polymeric phase
transitions are central to understanding biological self-assembly allows us to
state what work is necessary to implement this paradigm

4.1 The Ten Phase Transitions

We need to study the equilibrium, kinetic and pattern formation aspects
of each the ten phase transitions and their manifold couplings into pairs,
triplets etc. The present situation is that we have a fair understanding of
the equilibrium aspects of the ten isolated transitions but very little work on
the various couplings has been attempted. All non-equilibrium aspects of the
transitions are poorly understood as are also pattern formation aspects. It is
probable that much of our understanding will come from computer modeling.
On the other hand, exact treatments whenever found provide benchmarks
that are needed to guide our thinking about these most difficult problems.
Obviously much future work is needed.

4.2 Biological self-assembly is an orchestration of
polymer phase transitions in space and time [27]

To prove this assertion we need to make a catalogue of self-assembling
structures and then show to what extent phase transitions are at the heart of
the self-assembly process. One way to test for self-assembly is to a) excise
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the structure from its biological environment, b) dissolve it in solution, c)
reconstitute it, d) reintroduce it into the environment. If it retains its biolog-
ical function it is a self-assembled entity. Tobacco mosaic virus and some
membranes are self-assembled structures in this sense. However, sometimes
formation of a self-assembled entity involves the creation of chemical bonds
and is not a reversible process. In this case phase transitions are only part of
the story. The role of chaperon molecules needs also to be examined. Obvi-
ously their role cannot be understood without first understanding the kinetics
of the self-assembly process. '

A catalog of the diseases of self-assembly might provide insights to their
treatment.

An attempt to provide the categories for the classification of the catalog
has been made [27]. Much future work is needed.

4.3 All evolved life-forms, no matter where they occur
throughout the universe must necessarily be
polymeric [27]

Plan for proof: Life requires the most complex of materials to provide the
structures and to perform the necessary functions. But the most complex of
materials are polymer materials. Therefore life requires polymer materials. It
is my belief that the chemical complexity of 20 different kinds of proteins
combined with the physical complexity of many thousands of “orchestrations”
of the polymer phase transitions are what makes the evolution of life possible.
Presumably, over eons of time, there has been a sampling of various combi-
nations of different polymers and of different orchestrations of polymer phase
transitions and viable ones have been found.

A corollary of these ideas is that evolution cannot be understood without
first understanding polymeric self-assembly.

S. Two possible applications of the PTM transition [3]
5.1 Behavior of a virus

After the virus compromises the cell wall, the end of the DNA molecule
samples the interior of the cell and if it is free-energy favorable it just gets
sucked into the cell. The PTM transition shows that this process is 1st-order.
Virtually all of the DNA is sucked into the cell. After the DNA makes many
copies of itself and the viral proteins, the viruses need to be assembled. The
shells first form and then the job of getting the DNA into the virus cores is
dealt with. This process usually requires chaperon or helper molecules. It
would be interesting to see if there are primitive viruses for which the process
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is the reverse of the infection mode. It is implied that such viruses could
never infect a dead cell.

5.2 Going fishing

Let region R be the favored region so that most of the polymer resides
in Ry, which is outside of the cell. The region R o is the inside of the cell.
Small molecules (food, medicines, poisons) bind to the molecule effectively
changing the values of z; and €;. With these values of z; and ¢; the inside
of the cell Ry is favored. So the polymer translocates to the interior of the
cell Ro. But in R the food or medicine or poison molecules peel off of the
polymer and dissolve in the protoplasm. This process can be entropic or en-
ergy driven. The polymer, now freed of its hitchhiking molecules translocates
to R1 and begins the process all over again.
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Abstract
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Phage nucleic acid transport is atypical among membrane transport and thus
poses a fascinating problem: transport is unidirectional, and it concerns a unique
molecule the size of which may represent 50 times that of the bacterium. The
rate of DNA transport can reach values as high as 3,000 to 4,000 base pairs
s~!. This raises many questions which will be addressed in this review. Is
there a single mechanism of transport for all types of phage? How does the
phage genome overcome the hydrophobic barrier of the host envelope? Is DNA
transported as a free molecule or in association with proteins? Is such transport
dependent on phage and/or host cell components? What is the driving force for
transport? Data will be presented on tailed phage which are the most common
type of phage, occurring in over 100 genera of bacteria and for which DNA
transport has been the most extensively studied. We will show that it is possible
to analyse these mechanisms both in vivo and in vitro by using biochemical as
well as biophysical approaches.

bacteriophage, cryo-electron microscopy, DNA condensation, DNA delivery,
DNA packaging, DNA transport, Escherichia coli, FhuA, liposomes, outer
membrane receptors, phage DNA, polyamines, proton electrochemical gradi-
ent.

1. Introduction

The transport of nucleic acids across cell membranes is an essential natural
process that occurs in all living organisms. In bacteria, nucleic acid trans-
port takes place at the early stages of many processes: conjugation, genetic
transformation, T-DNA transfer from bacteria to plant cells, and bacterio-
phage infection. During the last few years many genes involved in DNA
transport have been identified and sequenced, and their gene products have
been characterized. These studies have demonstrated striking functional and
structural similarities in the processes of conjugation and T-DNA transfer
and transformation (reviewed in [1]). In contrast, we still have a poor un-
derstanding of phage nucleic-acid transport mechanisms. This is particularly
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surprising having in mind that many concepts, as well as methods of modern
genetics have originated from experiments with phage. The question of how a
large, hydrophilic, polyanionic molecule crosses membranes had drawn, in the
80°s, the attention of some bioenergeticists who thought that Peter Mitchell’s
chemiosmotic theory [2] would apply to DNA transport and that there would
be a “universal” mechanism of DNA transport. The discouraging results ob-
tained (see below) in conjunction with a disinterest of scientific foundations
for projects on phage nucleic acid transport took almost all of these scientists
away from such studies. The state of the art in phage DNA transport is re-
flected in the small number of pages (10 of 500) devoted to DNA transport
in the 1994 monograph on bacteriophage T4 by Goldberg et al [3].

Phage nucleic-acid transport is atypical membrane transport and thus poses
a fascinating problem: transport is unidirectional and concerns a unique mole-
cule the length of which may be 50 times that of the bacterium (50 pm for
the double-stranded DNA of T4 phage). The rate of DNA transport, although
varying from one phage to another, can reach values as high as 3000 to 4000
base pairs/sec, a value significantly greater than that attained by DNA dur-
ing conjugation and natural transformation (100 bases/sec). This raises many
questions. Knowing that phage genomes display a great diversity ranging from
small single-stranded RNA (a few hundred bases) to large double-stranded
DNA (170 000 bp) [4], is there a single mechanism of transport for all types
of phage? How does the phage genome overcome the hydrophobic barrier of
the host envelope? Is DNA transported as a free molecule or in association
with proteins? Is the transport dependent on phage and/or host cell compo-
nents? What is the driving force for transport? Some of these questions have
been the subject of recent reviews [3,5-7]. Therefore, they will be only briefly
surveyed here. This review will essentially focus on tailed phage, which are
by far the most common type of phage, occurring in over 100 genera of bac-
teria, and for which DNA transport has been the most extensively studied. It
is our belief that some of the conclusions on these in vivo and in vitro DNA
transport studies might not be restricted to Escherichia coli phage but may
have broader significance. Indeed, Archaea are also the target of phage. Inter-
estingly, some of these phage are of the same head and tail types as T phage
and lambdoid phage. This is exemplified in the case of the haloarcheophage
#H, which resembles E. coli phage P1 in terms of structure and replication
of its DNA and lysogeny [8]. These observations strongly suggest that the
common ancestor of bacteria and archaebacteria contained viruses. Studies
on evolutionary relationships among phage virus might therefore be rich in
information [9].
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2. Tailed phage DNA: a long, linear and charged
polymer confined in a small protein capsid

2.1 Morphology of tailed phage

Tailed phage are formed of an isometric proteinaceous head (capsid), the
size of which varies generally between 50 and 100 nm and which contains
the viral genome. Almost all tailed phage contain a linear duplex DNA. The
capsid is connected to the tail by a complex protein machinery. The tail ends
with a tail tip and fibres which ensure the binding of the phage to the host
envelope. Tail length varies greatly between phage types and can be up to
200 nm.

2.2 Mechanism of packaging of DNA into phage capsids

Phage T4 has one of the largest genomes (172 kbp). When released in
aqueous solution, the DNA has a radius of gyration of about 1000 nm, and a
worm-like coil volume of 4 x 10° nm®. When confined into a 50 nm capsid,
the DNA and density occupies a volume of 5 x 10° nm3 [10]. Packing of
the DNA therefore represents an increase of its density by a factor of 10 4,
leading to an internal DNA concentration of about 450 mg/ml.

The mechanism of packaging into phage heads during morphogenesis has
been the subject of extensive studies, and many models have been proposed
(reviewed in [11-14]). Briefly, packaging of the non-condensed DNA takes
place into precursor capsids (procapsids). The DNA passes through a portal
(connector) protein located at the vertex of the procapsid in a region where the
tail will then be connected to the head. Transport of DNA is an ATP-driven
process. It is accompanied by important structural changes of the capsid
which adopts its final maturated morphology [15]. In the case of phage T3, it
was shown that DNA transport proceeds at a rate of 140 bp/sec by the action
of terminases and at the expense of 1 ATP hydrolysed per 1.8 bp packaged
[16]. Once encapsulated, the DNA is cut by terminases. This cutting is either
sequence specific or determined by the mass of the DNA inside the capsid
[17]. Morphogenesis of the phage particle ends with attachment of the tail to
the head.

The clever combination of appropriate phage mutants, of cryo-electron mi-
croscopy techniques, which makes it possible to observe objects in their native
state [18], and of image processing has led to two noteworthy studies. Tao et
al [19] have presented 3D reconstruction images of the assembly pathway of
phage $29, a tailed phage infecting Bacillus subtilis. Their study revealed the
dynamic process of nucleic acid packaging within the phage capsid and the
subsequent genome ejection. Cerritelli et al [20] have visualized the packing
of phage T7 DNA (40kbp) into isolated capsids. Their observations are in
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agreement with the coaxial spool model proposed by Harrison [21]: the DNA
is wrapped axially around the connector core into 6 concentric shells in a
quasi-crystalline packing. Based on Cerritelli’s data, Odijk [22] has formu-
lated and tested a theory of DNA packing. He concluded that the structure of
encapsulated DNA is best explained by balancing electrostatic self-repulsion
forces against curvature stress within the DNA spool.

2.3 Putative role of polyamines in DNA condensation

It was originally proposed that polyamines would participate in the neutral-
ization of the viral DNA within the phage capsids. The role of polyamines in
DNA condensation, however, is still controversial. Polyamines are found in
some phage (T4) and absent in others (T3, T7) [23]. Black [12] concluded
that polyamines are peripheral to the energetics of DNA packaging, because
E. coli mutants lacking polyamines allow phage formation.

3. Phage DNA transport across the envelope of Gram
negative bacteria

3.1 The bacterial envelope: a complex structure

A common feature of almost all bacterial viruses is that only their genome
is transferred to the host cytoplasm while the phage capsid and tail remain
bound to the cell surface. This situation is very different from that found in
most eukaryotic viruses, the envelope of which fused with the host plasma
membrane so that the genome is delivered without contacting directly the
membrane. In the case of viruses infecting Gram negative bacteria, the naked
hydrophilic DNA has to overcome two hydrophobic barriers: the outer and
the inner membrane. Furthermore, it has to cross the periplasm, the space sep-
arating the two membranes, which contains nucleases and the rigid polymeric
sugar structure of the peptidoglycan.

3.2 Phage - host cell envelope recognition and DNA
release from the phage capsid

Infection of Gram negative bacteria by tailed phage follows almost the
same general scheme: the tail fibers first make contact with the cell surface.
This non-specific binding is followed by specific and irreversible binding
of one of the proteins located at the tip of the tail to an outer membrane
component. Almost all surface components including flagella, pili, capsules,
lipopolysaccharides and proteins serve as receptors for phage [24]. Phage
binding is followed by release of the DNA from the capsid. For such release
to occur, a signal has to be transmitted from the tip of the tail to the head-
tail connector, triggering its opening. How this signal is transmitted through
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the proteinaceous coat is not understood. Interestingly, for certain phage no
component other than the phage and the receptor are required for DNA release.
This has allowed analyzing the molecular mechanisms of DNA release in a
simplified in-vitro system (see below).

33 Crossing the envelope: different phage adopt
different strategies

The phage genome begins to be transferred into the host cytoplasm within
a few seconds following binding to the receptor. Available evidence indicates
that the DNA of phage T4, TS and T7 crosses the host membranes linearly,
nucleotide pair by nucleotide pair, and in a direction opposite to that in which
it was packaged. The complexity of phage DNA transport is attested by the
fact that none of these phage use similar strategies. This is illustrated in Fig.
1.

Transport of phage T4, 75 and T7 DNA through membranes was followed
indirectly by measuring the efflux of host cytoplasmic potassium which takes
place concomitantly with DNA transport [7,25,26]. In the case of T4, binding
of the phage to the lipopolysaccharide triggers tail contraction; the tip of the
internal tube of the tail is then brought close to the cytoplasmic membrane,
and the 172 kbp of the DNA cross the membranes in about 30 sec. This

RNA pol. E coli

RNApol. T7

K'in (mM)

1

0 5 10 15
Time (min)

Figure 1. DNA transport strategies of the tailed phage T4, T5 and T7 . Phage DNA
transport is followed indirectly by measuring the concomitant efflux of cytoplasmic potassium
during DNA transport. Conditions were as described in [26]. E. coli cells(2x 10° in 3 ml)

were incubated at 37°C at physiological pH in a buffer with divalent cations, casamino acids,
a carbon source, and 0.5 mM KCl.Phage were added at time = 0 and at a multiplicity of
infections of 3 ml. Internal K" was determined by measuring the potassium concentration
in the external medium with a potassium-valinomycin selective electrode. (RNA pol: RNA
polymerase, and FST and SST: First and second step transfer DNA).
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represents the highest rate (approximately 4000 bp/sec) observed for DNA
transport. From the quantitative analysis of the KT efflux induced by phage
T4, it was concluded that DNA transport takes place through a voltage-gated
channel that opens only above a threshold of membrane potential and remains
open only during DNA transport [25].

Phage T7 and TS5, in contrast to T4, do not contain a contractile, penetrating
tail. Transport of the small phage T7 genome (40 kbp) is slow and takes
between 9 and 12 min. DNA transport is coupled first to transcription by the
bacterial RNA polymerase and then by the T7 enzyme [27]. DNA transport
is associated with an efflux in two steps of Kt [28]. A feature unique—and
mysterious—to phage TS5 is that its DNA (121 kbp) is transferred in two
steps [29]: 8% of the DNA (First Step Transfer or FST DNA) first enters
the cytoplasm. Then, there is a pause of about 4 minutes during which two
proteins (A1 and A2) encoded by this fragment are synthesized. The transfer
of the remaining DNA (92%) or second step transfer (SST) DNA, takes place
only if these proteins have been synthesized. If one prevents synthesis, then
the SST DNA still connected to the phage head and attached to the FST
fragment, crosses both membranes without being degraded, suggesting that
the DNA is protected from periplasmic nucleases during its transport. As
shown in Fig. 2, T5-induced K * efflux strictly follows the timing of DNA
penetration. Just as for T4, the amplitude of the K * efflux suggests that it is
due to the opening of a channel in the cytoplasmic membrane [26].

Figure 2. Typical cryo-electron micrographs illustrating the different steps of transfer of
phage TS DNA FhuA-containing liposomes. Liposomes were made from a mixture of phos-
phatidyl choline/phosphatidic acid (9/1 M/M) as described in [32]. (1) TS bound to proteoli-
posomes; phage DNA (electron dense material) is condensed in the capsid. (2) DNA ejection
into proteoliposomes; vesicles and capsids contain DNA. (3) empty capsid associated with a
DNA-containing proteoliposome. The straight tail fiber formed by pb2 (black arrow) crosses
the liposomal membrane. The bar represents 50 nm.
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Given the different characteristics of the T4, T5 and T7 Kt efflux, we
postulated that the channels originate from the phage rather than from the host.
Fractionation of the envelope of T5-infected E. coli cells suggested that pb2,
the protein forming phage T$ straight fiber (Fig 2) would constitute the DNA
channel [30]. pb2 (MW = 123 kDa) is an oligomeric polypeptide the length of
which (50 nm) would be sufficient to span the entire envelope and gain access
to the inner membrane. Except for a short stretch of amphiphilic amino acids,
pb2 is essentially hydrophilic. This raises the question as to how it could be
inserted into membranes. Interestingly, the region of amphiphilic amino acids
shows sequence homologies with fusogenic peptides of eukaryotic envelope
viruses [31]. What could be the function of such fusogenic sequences? It
is noteworthy that pb2 changes conformation upon binding to FhuA: the pb2
becomes sensitive to proteases, and its morphology is modified [32]. It is
tempting to propose that this change in conformation renders the peptide
accessible to the host envelope and that it contributes to the fusion of the
two membranes. This fusion may have two functions, ensuring the contact
between the two membranes and forming the DNA channel, that protect the
DNA from periplasmic nucleases.

3.4 Driving force for in vivo DNA transport

Many hypotheses of DNA injection into host cells have been formulated
since the 1960’s (for a review, see [33] and references therein). It was pro-
posed that the translocating apparatus may simply introduce DNA under suf-
ficient pressure to allow spontaneous ejection when packaging has been com-
pleted [34]. Gabashvili and Grosberg [33] have analyzed the dynamics of
DNA release theoretically: the process they considered is reptation through
the phage tail driven by the decrease of condensed DNA free energy.

On the basis of Mitchell’s chemiosmotic theory [2], Grinius [35] postulated
that the driving force for DNA transport would be the electrochemical gradient
of protons AuH+ across the cytoplasmic membrane and that the polyanionic
DNA molecule would be transported in symport with the protons. This hy-
pothesis was supported by experiments showing that phage T4 DNA transport
took place only in energized membranes and above a threshold of membrane
potential of -90 mV [36]. However, further experiments suggested that the
requirement for a membrane potential was not for transport but rather for
opening of the DNA channel [25]. Furthermore, it was shown that both the
FST and the SST DNA of phage T5 could cross the cytoplasmic membrane
of de-energized cells [37].

Experiments with phage TS have also proved that the energy for DNA
transport cannot be provided only by relief of the capsid internal pressure.
Indeed, the capsid and tail of phage T5 can be sheared off the bacterial cell
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surface once the FST DNA has been transported into the cytoplasm. Under
these conditions the SST DNA (approximately 27 um in length) floats in
the surrounding medium, but is still attached to the FST DNA crossing the
envelope. If one provides the energy for the synthesis of the FST-encoded
proteins, then the free DNA is transported through the membranes [37].

What then drives the transport of the free DNA molecule? The most
reasonable hypothesis is that the DNA crosses the membrane by facilitated
diffusion through the pb2 channel, the driving force being its condensation in
the cytoplasm by histone-like (A1 and A2) proteins.

4. In vitro studies of phage-receptor interactions
4.1 Channeling DNA through a membrane protein?

An interesting feature of TS is that DNA release from the phage can be
triggered in vitro simply by interaction of the virus with its isolated and pu-
rified outer membrane receptor, the FhuA protein [38]. DNA release was
demonstrated using a fluorescent DNA intercalant YO-PRO-1 [39], the fluo-
rescence of which increased in proportion to the amount of DNA freed from
the capsid. Phage bound to FhuA solubilized in detergent ejected virtually all
their DNA into the surrounding medium within a few seconds. Interestingly,
and in contrast to in vivo DNA transport that occurs in two steps, in vitro
DNA release proceeds in one step. Thus, there must be additional host factors
that contribute to the unusual transfer of DNA in vivo.

In vitro studies have also highlighted the peculiar properties of the recep-
tor protein. FhuA (MM: 78.9 kDa) belongs to the family of “high-affinity
transporters”, proteins of the outer membrane of Gram negative bacteria that
catalyze the transport of nutrients present at very low concentration in the
environment (iron, vitamin B12, etc.) [40,41]. These proteins have long been
considered to belong to a class separate from that of porins, the major outer
membrane proteins of Gram negative bacteria, which form large water-filled
channels allowing the diffusion of hydrophilic solutes up to 800 Da ( [42] and
references therein). Recently, however, it was shown that high-affinity trans-
porters also carry the function of channel [7,43]. FhuA showed no channel
activity when incorporated in a planar lipid bilayer. Yet, binding of phage TS
to FhuA triggered the opening of a large (single channel conductance: 4 nS
in 1.5 M KCI) channel in the protein. An estimate of its size from permeabil-
ity experiments carried out on the closely-related protein, FepA, suggested
a diameter of 2 nm [44]. This led us to propose that the FhuA channel
might be large enough to permit the passage of the phage DNA. Interestingly,
Kasianowicz et al. [45] using an electrophysiological approach, demonstrated
that polynucleotides could be transported through the channel-forming toxin
a-hemolysin (> 1.6 nm in diameter) incorporated into a lipid bilayer and upon
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applying an electric field (see also in this volume the chapters by Kasianowicz,
et al., Deamer, et al., and Branton and Meller).

The hypothesis that the channel in FhuA could be large enough for the
passage of a DNA molecule was supported by electron crystallography stud-
ies of 2-dimensional crystals of the protein. A projection map at 0.8 nm
resolution revealed the presence of a low density region approximatively 2
nm in diameter, which may correspond to this channel [48]. However, the
determination of the crystal structure at atomic resolution of FhuA [49,50]
has highlighted an unexpected feature of the protein, which is also shared by
another member of this family, FepA [51]. FhuA consists of a 22-stranded
antiparallel 3 barrel. Within the barrel is a channel, the entrance of which is
partially constricted by three surface-located hydrophilic loops, one of them
carrying the phage-binding site. The unexpected feature is that the channel
is totally obstructed on the opposite side by a domain (a ’plug” or “cork™)
which is structurally distinct from the § barrel. Unplugging of the channel
and the disruption of many interactions between the plug, the 3 barrel and
the loops is therefore required for DNA to go through FhuA. It remains an
open question whether such a drastic conformational change can take place.

4.2 Delivering a phage genome into liposomes

In an attempt to decipher the mechanisms of DNA transport, we recon-
stituted FhuA into unilamellar liposomes containing the fluorescent dye YO
PRO 1. Binding of T5 resulted in an increase in fluorescence consistent with
the transport of part of the DNA into the vesicles [52]. A cryo-electron mi-
croscopic study further allowed the visualization of the phage-proteoliposome
interactions and to demonstrate unequivocally that the phage genome was de-
livered into the liposome [32]. Fig 2 shows typical electron micrographs. T5
phage were bound to the proteoliposomes by the tip of their tails. Some of
the capsids of phage attached to the proteoliposomes were filled with a dark
grey striated material corresponding to DNA. Many were only partially filled
with DNA or totally empty as evidenced by their lower electron densities.
Phage, with partially or completely empty capsids, were associated with pro-
teoliposomes that contained the same dark grey material as in capsids and
which was identified as DNA. pb2, the protein forming the straight tail fibre
of the phage was visible inside some vesicles. Notably, the morphology of
the liposomes was not disturbed by DNA, although its concentration within
the vesicles may have reached values as high as 130 mg/ml.

The mechanism by which DNA is transported into the vesicles is not
known. The relief of the capsid internal pressure is probably the major force
driving the DNA out of the capsid and allowing it to cross the tail and to
emerge from the straight tail fiber. DNA transport, in contrast to DNA pack-
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aging into capsids, is clearly not an ATP-driven process since it takes place in
the absence of any added energy source. If it is a passive diffusion process,
then we expect DNA transport to cease when DNA concentration in the two
compartments (capsid and liposome) has reached equilibrium. Alternatively,
if polyamines are present in the phage capsid, they might diffuse with the
DNA and contribute to its condensation in the liposomes.

We have recently demonstrated that polyamines entrapped in the liposomes
can condense phage DNA [53]. FhuA was reconstituted into liposomes con-
taining variable concentrations of spermine. In the presence of 50 mM sper-
mine, typical toroidal structures of DNA wrapped circumferentially were ob-
served inside the liposomes. Their formation depended upon spermine con-
centration and their sizes varied with the amount of DNA transferred, reaching
diameters up to 300 nm. Interestingly, the progressive release of phage DNA
in a solution containing the solubilized FhuA receptor and spermine led to
the formation of hollow cylinders of DNA which increased in size with the
amount of DNA released to reach a diameter of 300 nm and a height of 100
nm.

5. Conclusions

We are far from understanding the mechanism by which a virus genome
can be delivered into a bacterial cell. In-vivo studies have been rather poorly
informative. Phage genetics has contributed to identifying and characteriz-
ing phage receptors, but similar approaches to analyzing DNA transport are
lacking because mutations affecting this specific step until now, have not
been characterized. On the other hand, in-vitro studies have been particu-
larly stimulating because they allow approaching, at a molecular level, the
functioning of receptors as well as the mechanism of DNA transport and con-
densation. These studies open new perspectives. DNA-containing liposomes
might serve as alternative vehicles to transfer foreign genes into eukaryotic
cells. Vectorization of foreign DNA is currently achieved by using cationic
lipids which form complexes with DNA through charge interactions [54].
The DNA-containing proteoliposomes described here are conceptually very
different from the DNA-cationic lipid complexes since the DNA is truly en-
trapped in the liposomes. Furthermore, since DNA does not interact with the
lipids, the lipid composition of the vesicles may be varied to contain different
ratios of neutral to charged lipids, glycosylated lipids, or even cholesterol.
The reconstitution procedure also allows other proteins and/or other mole-
cules to be co-reconstituted with the phage receptor or entrapped within the
liposomes to favor gene delivery or to protect the DNA from degradation.
Finally, the origin of the DNA allows its manipulation by means of phage
molecular biological strategies.
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For those working in the field of polymer and condensed matter physics,
the possibility of progressively delivering, base pair after base pair, a large
DNA molecule, either in a liposome or in solution will allow approaching the
mechanics of toroid formation in a way different from that of the classical
studies [10,55, 56], where a condensing agent is simply added to a highly-
dilute solution of naked DNA.
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Abstract

Keywords:

Maintaining the permeability barrier of membranes is essential for cell viabil-
ity. Cells allow the passage of small hydrophilic ions across the membrane
by selectively gating transmembrane aqueous pores. Over the past decade an
increasing amount of evidence supports a model for which transport of larger
molecules such as proteins, DNA and phage also occurs through the selective
gating of transmembrane aqueous channels. Studies are presented on the mech-
anisms by which proteins are translocated across the endoplasmic reticulum and
E. coli plasma membrane through transmembrane protein-conducting channels.
The model of a protein-conducting channel raises a number of challenging
questions. First, if proteins are moving across through a transmembrane aque-
ous channel, then what is moving the protein across the membrane? Second,
membrane proteins are synthesized using the same membrane-bound machin-
ery as is used for translocating proteins across the membranes. Thus, how
could a transmembrane protein-conducting channel account for the biogenesis
of proteins which themselves must eventually end up spanning the bilayer mul-
tiple times? The evidence for protein-conducting channels is reviewed, and the
mechanism(s) proposed for transport will be evaluated. The experiments also
focus on tests for the role of aqueous channels for the biogenesis of membrane
proteins.

protein translocation, phage export, membrane protein assembly

1. Introduction

Most proteins of the cell are synthesized on ribosomes in the cytosol. How-
ever, many proteins whose synthesis is initiated in the cytosol end up in other
cellular compartments. This includes the proteins that will be secreted as well
as those that become membrane proteins or lumenal components of organelles.
These proteins reach their destinations by one of two routes. Some go di-
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rectly from their biosynthetic ribosome to their final destination. In bacterial
cells these include all proteins of the plasma membrane or periplasm; in eu-
karyotic cells, these include proteins destined for the endoplasmic reticulum,
mitochondria or chloroplast. In a process called translocation, the proteins
are either transported across the membrane or integrated into the membrane.
Meanwhile, other proteins reach their destination taking an indirect route.
They travel from their biosynthetic ribosome to the endoplasmic reticulum.
After translocation, they traverse a series of sorting and vesicular transport
steps to their final destination [1].

A great deal is known about how proteins are targeted to an organelle.
Targeting requires a signal in the primary amino acid structure of the protein,
called a signal sequence, which is necessary and sufficient for targeting. If
a protein is synthesized without its signal sequence, it is no longer targeted.
If a signal sequence is added, the protein is then able to be targeted to an
organelle. Cytosolic factors interact with the signal sequence and facilitate
targeting. For the endoplasmic reticulum, the cytosolic factor is the signal
recognition particle (SRP) which, upon binding to a newly synthesized signal
sequence, also binds to its biosynthetic ribosome [2]. Upon interacting with
the ribosome, the SRP slows and sometimes arrests protein synthesis until
the SRP-nascent protein-ribosome complex is targeted to the proper organelle
and the SRP interacts with its receptor [3], and the entire complex engages
the translocation machinery. In a reaction requiring GTP [4,5], the SRP is
displaced from both the signal sequence and the SRP receptor, the ribosome
resumes protein synthesis [3], and the nascent protein is translocated across
the membrane. Both secretory and membrane proteins share four similar steps:
They are made with signal sequences, start their synthesis on ribosomes free
in the cytosol, target to the membrane using SRP, and translocate using the
same machinery in the membrane of the endoplasmic reticulum.

This chapter will examine the subsequent steps in this process. The first
question to be addressed is how secretory proteins cross the membrane. The
second is how membrane proteins are integrated into the lipid bilayer with
their proper topology.

2. Do proteins cross membranes through the
hydrocarbon core of the lipid bilayer, or through
transmembrane aqueous channels?

Two different models have been presented to account for the transport of
proteins across the membrane of the endoplasmic reticulum.endoplasmic retic-
ulum,membrane In 1975 Gunter Blobel proposed, as part of a refinement of the
signal hypothesis [6], that proteins translocate across the membrane through
protein-conducting channels [7]. The alternative (and until recently the gen-
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erally accepted) hypothesis was that proteins translocate directly through the
hydrocarbon core of the lipid bilayer. It was accepted that there would be a
large energy barrier for proteins to partition into the lipid bilayer. However,
this energy would be regained when the proteins exited the bilayer on the
opposite side [8].

Over one hundred years ago Overton had proposed that the rate at which
molecules cross membranes was proportional to their partitioning in oil. Based
on this, he suggested that the interior of cell membranes was a hydrocarbon
phase! Overton realized that many molecules, such as ions, did not adhere to
this relation. He further proposed that there were specific transporters in the
membrane that facilitated the transport of those molecules that did not readily
partition into the lipid.

The sequences which target proteins to membranes usually have a hy-
drophobic stretch. It was assumed that this hydrophobicity indicated an inter-
action with the hydrocarbon core of the lipid bilayer. However, most proteins
do not readily partition into lipid (and those that do, do not readily leave
once they are on the other side). Since proteins of very different physical
chemical properties could cross the membrane, Blobel proposed that proteins
translocate through an environment shielded from the lipids.

2.1 Electrophysiological analysis of mammalian
endoplasmic reticulum

Initially, several options were considered for testing the possibility that
proteins translocated through transmembrane aqueous channels. One was to
freeze a protein in the process of translocation, and then test whether it is
in an aqueous or hydrophobic environment. This experiment could be done
using two experimental tricks. First, if the protein was synthesized with an
mRNA that ended without a termination codon, when the ribosome reached
the end of the mRNA, the nascent polypeptide would remain attached via its
final amino acid to the ribosome and the mRNA (the termination codon is
normally the physiological signal to terminate protein synthesis and release
the ribosome). Second, if the protein synthesis mix contained amino acids
that are conjugated to fluorophores, then the amino acid-fluorophore conjugate
would be synthesised into the growing nascent protein. The lifetime of many
fluorophores is sensitive to their environment. This approach could indicate
the environment of the translocation chain.

There were three limitations to this approach. First, when an mRNA is
used without a termination codon, some of the nascent polypeptides remain
attached to their biosynthetic ribosomes, but many fall off. This produces
a mixed population. Thus, the fluorescent signal would come both from
those proteins that are still attached to the ribosome (and therefore trapped
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Figure 1. An electron micrograph of a vesicle derived from pancreatic endoplasmic reticu-
lum. The average size of a microsomal vesicle is 200 nm. From [9].

in the process of translocation) and from proteins that have already fallen off
the ribosome and therefore are not longer intermediates in translocation. A
second problem is that there is no independent method of telling when during
synthesis a particular amino acid has left the ribosome and is positioned within
the translocon - the machinery in the endoplasmic reticulum that is responsible
for translocation. Third, if the fluorophore reports a hydrophilic environment,
it does not mean that there is a continuous hydrophilic pathway across the
membrane.

The most direct way to test for a continuous hydrophilic pathway across
the membrane (also known as a protein-conducting channel) was to test for
an aqueous pathway that allowed ionic flow. Thus, the hypothesis that there
are protein-conducting channels was initially tested using the same electro-
physiological technologies used to test for the presence of ion-conducting
channels. It was assumed that a protein-conducting channel should be con-
siderably larger than a conventional ion-conducting channels. Since single
ion-conducting channels can be studied on a individual basis (the only true
molecular biology) it was reasonable to assume any protein-conducting chan-
nels would be similarly detectable. The purest known preparation for mem-
branes that translocate proteins is the rough microsomal preparation of en-
doplasmic reticulum from the pancreas. The pancreas is a secretory organ
and the membranes are coated with ribosomes. The term “rough” micro-
somes refers to the rough bumps that ribosomes form around the edge of
these organelles (see figure 1).

Endoplasmic reticulum vesicles were fused to a planar lipid bilayer sepa-
rating two aqueous compartments. With each fusion of a vesicle there was an
increased permeability of the membrane and the appearance of approximately
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5-10 large ion channels [10]. These channels were large based both on their
conductance (50-115 pS in 50 mM KCl) and on their permeability to mole-
cules like glutamate. However, the number of large ion channels observed
per fused vesicle (5-10) did not correlate with the hundreds of ribosomes that
were observed on these vesicles by electron microscopy (see figure 1). Each
of these ribosomes was potentially synthesizing and translocating proteins.
The discrepancy between the number of channels and the number of bound
ribosomes could be explained two ways. Potentially the channels were not
involved in the translocation of proteins. Alternatively, when a protein was
translocating through the protein-conducting channel the lumen of the channel
was occluded to the free flow of ions. This would be in a fashion similar to
the block observed in potassium channels when a peptide from the channel
enters the pore [11].

To distinguish between these two possibilities, the nascent chains were
released from their biosynthetic ribosomes. If the channels were occluded
by the translocating chains, release of the nascent chains should unblock
the channels. Nascent chains can be released from their biosynthetic ribo-
somes with the antibiotic puromycin. Puromycin has structural similarity to
an amino acid bound to a tRNA. It is recognized by the peptidyl-transferase in
the ribosome which adds puromycin to the carboxyl-terminus of the elongat-
ing nascent chain. The peptidyl-puromycin then falls off the ribosome [12].
When puromycin is added to ribosomes that are bound to the endoplasmic
reticulum and synthesizing nascent secretory proteins, the peptidyl-puromycin,
upon release from the ribosome, enters the lumen of the endoplasmic reticu-
lum [13]. This peptidyl-puromycin is then transported through the secretory
pathway and, eventually, secreted from the cell. When puromycin is added to
ribosomes bound to isolated membranes from the endoplasmic reticulum, the
peptidyl-puromycin is released from the ribosomes and enters into the lumen
of the endoplasmic reticulum vesicles. In solutions of roughly physiological
concentrations of salts ( 150 mM) , the ribosomes dissociate from the mem-
branes of the endoplasmic reticulum. However, in salt concentrations that
are substantially below physiological levels, the ribosome remains associated
with the membrane [14].

We wanted to test the effect of releasing the nascent translocating proteins,
without affecting the ribosomes. We added puromycin in the presence of 50
mM salt. Puromycin effectively blocks protein synthesis in the range of 0.1-
1.0 mM. When we added 100 mM puromycin to the cytoplasmic surface of the
endoplasmic reticulum membranes, there was an immediate and substantial
increase of the conductance of the membrane (figure 2, top).

A number of tests were done to determine if puromycin was causing a
non-specific effect on the permeability of the membrane. First, the same
concentration of puromycin was added to a pure lipid bilayer (that is, with-
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Figure 2. Puromycin reveals the presence of protein-conducting channels in the endoplasmic
reticulum. Top. After the endoplasmic reticulum vesicles fused to the bilayer, puromycin was
added up to 100 mM resulting in a very large increase of membrane conductance. Middle. In
the presence of only 0.3 mM puromycin, discrete channels of 220 pS are observed in 50 mM
KCI. Bottom. Upon raising the KCl to concentrations which dissociate the ribosome from the
membrane, the channels close. From [15].

out membranes of the endoplasmic reticulum). There was no effect on the
conductance of the membrane. Second, endoplasmic reticulum vesicles were
fused to a bilayer and 200 mM puromycin was added to the opposite face of
the membrane (the equivalent of the lumen of the endoplasmic reticulum) no
effect was seen on the conductance of the membrane. However, subsequent
addition of puromycin to the cytoplasmic face of the same bilayer elicited a
large increase of the conductance [15].

The results were consistent with puromycin releasing the nascent polypep-
tides from the ribosomes, thereby “unplugging” the putative protein-conducting
channels. If this was the case, then by lowering the concentration of puromycin,
we should be able to catch the “unplugging” of individual protein-conducting
channels. In a subsequent experiment, vesicles of endoplasmic reticulum
membranes were fused to a planar bilayer and puromycin was added to only
a concentration of 0.3 mM. In the presence of 50 mM KCIl, the conduc-
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tance was seen to increase in steps of 220 pS (see figure 2, middle). This
conductance is considerably larger than observed for most conventional ion
channels.

Under these experimental conditions, the ribosome should still be attached
to the membrane of the endoplasmic reticulum and the translocon. To test for
a role for the ribosome, the concentration of the salt in the bathing medium
was raised to physiological levels and above. Raising the salt concentration
is known to dissociate the ribosome from the endoplasmic reticulum. As
the concentration of salt was raised, the conductance of all ion channels
increased (because of the increased number of charge carriers flowing through
the channels). However, as the concentration reached the range of 150 to 450
mM, each of the large channels (that were initially 220 pS) closed down (figure
2, bottom). The results indicated that the channels, once unplugged of their
translocation nascent polypeptides, remained open as long as the ribosomes
were still bound. Only upon dissociation of the ribosomes did the channels
close.

The use of puromycin to release the nascent translocating polypeptide and
subsequent treatment of raising the salt is not a particularly physiological
treatment. However, in the context of protein biosynthesis it made sense for
the physiology of the cells that if there were protein-conducting channels,
that they would close at the termination of protein synthesis. Otherwise, a
large pore would remain between the cytosol and lumen of the endoplasmic
reticulum. This would quickly dissipate any gradients of metabolites or ions
between these two compartments.

2.2 Electrophysiological analysis of bacterial plasma
membrane

The preceding experiments suggested that proteins were translocating across
the membrane of the endoplasmic reticulum through protein-conducting chan-
nels and that these channels close when a protein completes its translocation
across the membrane. This implies that the channels must open at the ini-
tiation of translocation across the membrane. The opening could potentially
be elicited by the signal sequence, the signal recognition particle, the signal
recognition particle receptor, the ribosome, or any combination of these com-
ponents. Each one of these components was purified and tested. However,
testing for the involvement of the ribosome could be problematic. The ribo-
some is required for synthesis of the nascent chain. In mammalian systems,
proteins translocate across the membrane only while still attached to their
biosynthetic ribosome. Thus, it would be difficult to resolve between require-
ments for the ribosome in the biosynthesis of a protein from requirements
for the ribosome in translocation. To side-step this problem, we examined
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translocation across the inner membrane of Escherichia coli. Translocation
across this membrane is very homologous to translocation across mammalian
endoplasmic reticulum. When a secretory protein from a mammalian cells
is expressed in E. coli, the protein’s signal sequence is properly recognized,
the protein is targeted to the inner plasma membrane, the signal sequence is
cleaved at the appropriate spot and the protein is translocated across. Sim-
ilarly, when a bacterial protein is expressed in a mammalian cell, its signal
sequence is properly recognized by the signal recognition particle, the nascent
protein is targeted to the endoplasmic reticulum, the signal sequence is cleaved
and the protein is translocated across. One of the primary differences is that,
in the E. coli system, many proteins (as long as they are maintained in an
unfolded form) can translocate across the membrane after they have been
made. Thus, the role of the ribosome in biosynthesis can be separated from
any potential role in translocation.

Plasma membrane vesicles from E. coli were fused to a planar lipid bilayer
membrane. In general, few ion channels were observed. Upon addition of 200
nM signal peptide, there was a large increase in the membrane conductance
(figure 3, top). Because the volume of a single E. coli is ~ 1071 1, there
are ~ 125 signal peptides per bacterium. When the experiment was repeated
at lower concentrations of signal peptide (200 pM, or approximately 1 signal
peptide per eight E. coli), single discrete channels were observed of 220 pS
in 50 mM KCI (figure 3, bottom). These channels were the same size as the
channels observed after treatment with puromycin. However, these channels
observed in the presence of signal peptide flickered open and shut - that
is, they did not remain open. These results are consistent with the signal
sequence binding to a site on the translocon, which opens the channel, and
then the signal sequence dissociating, resulting in channel closure.

These experiments were repeated in varying salt conditions and membrane
potentials to correlate the behavior (conductance, gating, selectively) of the
channels observed in the presence of signal peptide with those observed after
release of the nascent chain. As was expected, at higher salt concentrations
the conductance of the channels increased (this is from increasing the number
of charge carriers available to move through the channel). What was not
expected was that at increased salt concentrations the channels remained open
for a longer period of time. There are two features common to all signal
sequences. They have positive charges near their amino terminus and they
have a stretch of hydrophobic amino acids. If the stretch of hydrophobic
amino acids is important for binding to a site on the translocon then raising
the salt should strengthen the interaction. Thus, at higher salt concentrations
the signal sequence would be expected to bind to the translocon, thereby
opening the channel, but then remaining bound for a longer period of time,
resulting in a longer open time for the channel.
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Figure 3. Effect of signal sequences of conductance of the bacterial plasma membrane.
Top. Addition of 200 nM signal peptide to the cytoplasmic surface of the bacterial plasma
membrane caused a macroscopic increase of membrane conductance. Bottom. Addition of
200 pM signal peptide opened a channel of 200 pS (in 50 mM KCl). From [16].

2.3 Studies of macromolecular transport

The two independent electrophysiological results described above are con-
sistent with the presence of protein-conducting channels for moving proteins
across the membrane. There are a number of membranes in the cell that
must function as permeability barriers, but must also allow large molecules
to selectively cross. We wanted to know if aqueous channels were used more
generally as a mechanism for transporting macromolecules and, if so, what
is the largest substrate which could cross the membrane through an aqueous
channel, while still maintaining the membrane as a permeability barrier.

The model system we examined is the assembly and export of f1 filamen-
tous phage. These exit their £. coli host without killing the bacterial cell.
Phage are secreted through the outer membrane via a phage-encoded protein,
pIV. pIV has sequence homology to proteins in type IV pilus assembly and
in transport pathways, including type II and type III secretion systems [17]
which mediate the export of folded and assembled oligomeric proteins across
the outer membrane of Gram-negative bacteria.

When plV was purified and reconstituted into planar lipid bilayers, there
was initially no indication that it formed channel. One possible interpretation
was that pIV did not form an aqueous channel for phage export. Alternatively,
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if pIV did form a channel, its opening should be tightly coupled to the export

of the filamentous phage. Otherwise, the viability of the E. coli would be

severely compromised. We reasoned that if we made random mutations in
pIV, it should be possible to generate mutations that would still allow phage

export, but would result in the channel opening more frequently - at times
even uncoupled from the export of phage. Such mutations should be detectable
by making the E. coli sensitive to environmental stresses such as bile salts,

detergents or large hydrophilic antibiotics. We studied one particular mutation

(pIVS324G) which was still permissive for phage export. However, this
mutation, increased the sensitivity of the E. coli to SDS and the hydrophilic

antibiotic vancomycin [18]. Both of these assays detect cell death. Thus they

may be indicating a channel that may only transiently and infrequently open.

However, we were able to demonstrate that the pIVS324G was frequently open
because it would allow E. coli to live on large maltodextrins (e.g. maltohexose,
maltoheptaose) normally unable to permeate through the outer membrane of
bacteria [18].

The pIVS324G was then purified and reconstituted into liposomes and
fused planar lipid bilayers. Liposomes reconstituted with this protein con-
sistently revealed ion channels of 1.2 nS in 150 mM KCIl. While these
channels were open at very low voltages, they opened more frequently as the
membrane potential was polarized [18]. The channels showed two consistent
asymmetries in their behavior. First, they tended to open more often when
the voltage on the trans side of the membrane was negative. Second, once a
channel was open, it had a greater conductance when the voltage on the trans
side was positive.

After we consistently observed channels from the pIVS324G in numerous
preparations, we returned to examining the wild-type pIV protein in bilayers.
When we increased the membrane polarization, we observed channels opening
at Vm(trans) ~ —120 mV or Vm(trans) ~ 180 mV. These channels had
five features in common with the pIVS324G. First, they had the same relative
ionic selectivity. Second, they had similar conductance of the open channel.
Third, they opened more frequently as the membrane potential was polarized.
Fourth, they tended to open more often when the voltage on the trans side of
the membrane was negative. Five, once a channel was open, it had a greater
conductance when the voltage on the trans side was positive.

The only consistent difference between the pIVwt and pIVS324G was that
the mutant protein opened more frequently. This strongly indicated that the
channels observed were from the purified pIV rather than a contaminant that
co-purified. If the channels were from a contaminant, they should show the
same conductance in both preparations. The observation that a point mutation
changed a single parameter in the channel behavior - channel gating - strongly
implies that the channel is due to pIV. The increased time in the open state
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of pIVS324G in planar lipid bilayers was consistent with its effect of making
E. coli sensitive to vancomycin, or able to grow on large maltodextrins.

Bacteria with type II or III secretion systems include such notorious animal
and plant pathogens as Yersinia, Salmonella, Shigella, and Erwinia, all of
which express a pIV homologue necessary for secretion or virulence. This
is the first direct evidence that pIV and its homologues function as outer
membrane channels. Our results demonstrate that opening these channels
inappropriately compromises the viability of the host bacteria. This suggests
two strategies for fighting these pathogens: drugs that open these channels
(thereby compromising the host bacteria) or drugs that lock these channels
closed, thereby blocking virulence.

3. What moves proteins across membranes?

If proteins are sitting in an aqueous channel, it begs the question of what is
moving the protein across. Many textbooks have presented models which are
variations on what I call the "magic fingers” or the ”wheels of karma” (see
figure 4). These are models which continue to treat proteins as gear boxes
with springs rather than polymers made of links of amino acids. The first
physical model to try to account for movement proposed that proteins in an
aqueous pore were primarily moving by thermal fluctuations. The net direc-
tion of movement would be the result of a variety of chemical modifications
of the nascent translocating protein. As proteins emerge into the lumen of the
endoplasmic reticulum they undergo numerous modifications such as bind-
ing to lumenal proteins, forming intra-chain disulfide bonds and modification
with a branched chains of sugars (asparagines-linked glycosylation). If, for
example, the energetics of the binding of the sugar chains were greater than
the energetics of thermal fluctuations, then the nascent protein would be less
likely to thermally fluctuate back out into the cytosol. Thus, eventually there
would be a net movement into the lumen of the endoplasmic reticulum.

The key issue is whether “eventually” meant that the nascent translocating
protein would move into the lumen with a time course fast enough to be of
physiological relevance. This was initially tested by modelling the movement
of the nascent polypeptide by a series of balls connected with springs. Using
either an analytical or numerical simulation, it was found that the nascent
chain would move across with a timer course of milliseconds - easily fast
enough to account for physiological rates [23].

The first experimental test of the hypothesis came from studies in which the
membranes were broken open and depleted of their lumenal contents. Under
these conditions, the nascent polypeptides would target to the endoplasmic
reticulum, sometimes even have their signal sequences cleaved, but then they
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Figure 4. “Tales from the textbooks” Variations on models presented to describe protein
translocation.

fell back out. If, on the other hand, the lumenal contents were restored to the
vesicle, the directionality of translocation was restored [24].

These results indicated that the directionality of translocation was deter-
mined by interactions with components outside the membrane. There are
two possible interpretations of these results. On one hand, the lumenal pro-
teins which bind to the nascent chains may be functioning as ratchets. By
binding to the nascent chain they block thermal fluctuations of the nascent
chains back out of the channel. An alternative model that has been proposed
to describe the movement of the nascent translocating chain is that there is
an ATP-dependent conformation change that produces a ”power-stroke” that
pulls the nascent polypeptide across the membrane [25]. There are two inde-
pendent experimental observations that are cited as consistent for this model.
One lumenal component of the endoplasmic reticulum, BiP, was shown to be
sufficient to restore the directionality of translocation of pre-pro-alpha factor
[26]. BiP is a member of the 70 kD heat-shock protein family of ATPases.
Similarly, for the translocation of proteins into mitochondria, a member of
the heat-shock protein family of ATPases is required [27,28]. The strongest
evidence cited in support of the model comes from the study of a few pro-
teins that are imported into the mitochondria that can, to a limited extent,
fold prior to translocating. Since it is generally accepted that a protein must
be in a linear “unfolded” conformation to translocate, this implies that the
protein must unfold. Calorimetry was used to determine the energy required
to completely unfold the protein. The energetics are such that thermal fluc-
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tuations are unlikely to ever result in a complete unfolding. Based on this
observation it has been argued that a protein could never completely unfold
from thermal fluctuations to be able to permeate the protein-conducting chan-
nel. However, to initiate translocation, only a fragment of the protein needs
to unfold. Once part of the polypeptide is threading across the membrane
and bound (ratcheted) inside the organelle, the protein would only need to
“unfold” in segments - not all at once. Thus, the amount of energy needed
to unfold the entire protein is not relevant. It is already been demonstrated
the vast majority of proteins cannot translocate once they have started to fold.
The critical question is whether for those rare examples that translocate once
they start to fold, what the energetics are to unfold each domain of the protein
- not the energetics to unfold the entire molecule.

The notion that BiP in the endoplasmic reticulum is an ATP-dependent
motor that pulls the nascent chain across the bilayer is currently the most
widely accepted model in the field (other organelles, such as the mitochondria,
have their own specific heat-shock type ATPases). However, there are a few
problems with this hypothesis. First, BiP is a lumenal protein. It is not clear
what BiP could be ”pulling” against for moving the nascent chain. Second,
BiP only hydrolyzes ATP upon dissociation from the nascent chain. It is
not clear how ATP hydrolysis is coupled to mechanical movement. The
Brownian ratchet hypothesis requires an energy dependent displacement of
the nascent chain to recycle the lumenal proteins to aid in the translocation
of subsequence. Finally, it has been recently demonstrated that translocation
of a protein can occur if the lumenal contents are replaced with antibodies
to the nascent translocating protein [29]. Since antibodies do not undergo
an ATP-dependent conformation change, these results indicate that ratcheting
of a nascent chain is sufficient for translocation. However, this result only
demonstrates that a thermal ratchet is efficient enough to translocate proteins,
but not that the lumenal proteins actually function only as ratchets. The result
does not rule out the possibility that in situ there are lumenal proteins that
facilitate protein translocation through a ’power-stroke” — an ATP-dependent
conformation change.

There are a number of problems with the experimental tests that have been
done so far. Perhaps the primary problem is that all of the studies have
been done on proteins that are translocated after they are made - that is,
post-translationally. In mammalian systems all known proteins can only cross
the endoplasmic reticulum while they are still attached to their biosynthetic
ribosome. In yeast, a subset of proteins can go across after they are made - but
only if they are maintained in an unfolded state. Experimentally this is done
by keeping the protein in 8M urea. However, in the cell it is possible that they
translocate across the membrane as they are being synthesized. Similarly, in
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mitochondria, many proteins can translocate after they are made if they are
maintained in an unfolded, or relatively unfolded state.

Proteins are initially synthesized inside the ribosome by the sequential ad-
dition of amino acids at the peptidyl-transferase. The nascent amino acid
chain elongates through a narrow tunnel approximately 20 nm long in the
large ribosomal subunit [30]. Given the physical constraints of the narrow
tunnel in the ribosome, it seems that the nascent polypeptide is maintained in
an extended state until it emerges from the ribosome. Thus, the nascent linear
polypeptide polymer does not have an opportunity to move in three dimensions
until it emerges from the ribosome. Movements of the polypeptide are likely
to be strongly influenced by thermal fluctuations. Any thermal fluctuation
that allows the nascent chain to move further out of the ribosome, will allow
more of the nascent chain to flop and fold in three dimensions. The parts
of the protein that have emerged from the ribosome will only very rarely be
in a fully extended conformation. Therefore, the nascent chain is unlikely to
spontaneously fluctuate back into the pore. The chemical potential gradient
that favors the polypeptide moving in three dimensions may be sufficient to
account for the nascent chain moving out of the ribosome.

The translocation complex of the endoplasmic reticulum binds to the large
ribosomal subunit right at the exit site of the nascent polypeptide [31]. The
protein-conducting channel of the endoplasmic reticulum is aligned with the
exit site of the 20 nm long tunnel through the large ribosomal subunit.
The membrane-bound protein-conducting channel would extend the ribosomal
channel by only 4 nm. Thus, when proteins translocate across the membrane
as they are being made, the movement of the protein across the membrane
may be just an extension of the movement of the protein out of the ribosome.
There may be no additional motive force. The various heat-shock protein
ATPases may only contribute (either as a ratchet or using a power stroke)
for those rare cases of post-translational translocation. Indeed, they may have
evolved, and still primarily function as part of an emergency rescue response:
In the rare cases where a nascent chain gets stuck while translocating (due to
inappropriate folding or ligation to cytosolic factors such as ubiquitin, etc.),
the heat-shock proteins bind to and contribute to extracting the translocating
chain so that the translocation machinery may be rescued. Thus, they may
not contribute to the translocation of most proteins.

For the moment, the mechanism(s) of translocation have not yet been re-
solved. It remains to be determined if protein movement is solely determined
by a ratchet, a power-stroke, or a combination of the two. More careful char-
acterization of each of the models is required to make predictions that can be
distinguished experimentally. Part of the limitation is experimental. For ex-
ample, there is no clean way to measure the speed of polypeptide translocation
or the force that would stop it completely.
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4. How are membrane proteins targeted to and
integrated into the membrane?

Integral membrane proteinsprotein,membrane appear to use the same translo-
cation machinery as secretory proteins. This is based on a number of indepen-
dent observations. First, secretory proteins and membrane proteins compete
with each other for translocation across the endoplasmic reticulum membrane
[32]. Second, they both require the signal recognition particle (SRP) for
targeting to the endoplasmic reticulum [33]. Indeed, each transmembrane do-
main of a protein that threads back-and-forth across the bilayer can use SRP
to independently target to the endoplasmic reticulum [34]. Third, there are
examples in nature that strongly support the hypothesis that a common machin-
ery is used for secretory and membrane proteins. For example, some proteins
appear in alternatively spliced forms: one which is secreted and one which
has a transmembrane segment at its carboxyl-terminus [35]. Translocation of
the amino domains of these proteins occurs before the carboxyl transmem-
brane segment is synthesized, suggesting that translocation is initiated with a
common machinery. Fourth, either translocating secretory or membrane pro-
teins can be cross-linked to a group of proteins that are believed to form the
protein-conducting channel (sec61a, sec61b, sec61g) [36,37]. Fifth, muta-
tions in sec61 affect both translocation of secretory proteins and biogenesis
of membrane proteins [38]. Finally, reconstitution of the sec61 complex into
liposomes is sufficient to either translocate secretory proteins into the lumen
of the liposome or integrate nascent membrane proteins with a single trans-
membrane domain into the lipid bilayer [37,39]. It is not yet known if such a
system is sufficient to allow biogenesis of a polytopic membrane protein into
a mature functional form.

There is one major difference in the biogenesis of secretory and mem-
brane proteins: the latter do not fully translocate across the membrane. At
some point they must stop moving across (perpendicular to the membrane)
and partition laterally to integrate their latent transmembrane segments into
the hydrocarbon core of the lipid bilayer [15]. Thus, there must be a mech-
anism by which the translocation machinery “recognizes” a transmembrane
segment. Many observations suggest that hydrophobicity alone is not suffi-
cient. First, there are numerous proteins, such as viral fusion proteins, with
long hydrophobic stretches that do not embed into the bilayer: They fully
translocate across the membrane. The translocation machinery has to ensure
that a transmembrane domain is not allowed to fully translocate across and
to protect against improperly integrating a wrong domain. Second, when a
protein, which is normally integrated in the endoplasmic reticulum membrane
is re-targeted (by changing its amino-terminus signal sequence) to the chloro-
plast, the full protein including its transmembrane domain translocates across
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both membranes [40]. When the same protein is targeted to the mitochondria,
it crosses the outer membrane and becomes an integral membrane protein of
the inner membrane [41]. Thus, there are specific and different signals that
are recognized as “’stop transfer” signals that allow a domain to move laterally
out of the protein-conducting channels and into the hydrocarbon core of the
lipid bilayer. This specificity of transmembrane domains for integrating into
specific membranes should not perhaps be surprising since: 1) transmembrane
segments are signal sequences; 2) signal sequences are specific for translo-
cating certain membranes; 3) when a signal sequence is placed in the interior
of a protein it becomes a transmembrane segment [42].

Biogenesis is even further complicated for polytopic membrane proteins -
those membrane proteins that cross the bilayer multiple times. These proteins
(usually) do not have a cleavable signal sequence at their amino terminus
[43]. Instead, the first transmembrane segment functions as the first “’signal
sequence”. Parts of the protein that are on the amino or carboyxlI-side of the
transmembrane domain are not sufficient to target a reporter protein to the
endoplasmic reticulum. However, the transmembrane segment is sufficient
to target a reporter protein to the endoplasmic reticulum [34]. Their bio-
genesis requires at least four discrete steps: 1) targeting to the endoplasmic
reticulum membrane; 2) translocating perpendicular to the membrane through
protein-conducting channels; 3) folding of the protein; 4) moving the protein
parallel to the plane of the membrane out of the protein-conducting channel
and integrating into the hydrocarbon core of the lipid bilayer.

It is not known if this is the order in which the steps occur or if the steps are
mutually independent. The situation is further complicated by the observation
that some transmembrane segments of proteins can embed in the lipid bilayer
post-translationally via mechanisms other than via the endoplasmic reticulum-
dependent translocation pathway [44,45].

The rest of this chapter focuses on the biogenesis of polytopic membrane
proteins. There are two questions that will be addressed. First, as each latent
transmembrane segment is synthesized and emerges from the ribosome, does
it sequentially translocate the endoplasmic reticulum to span the bilayer? An
alternative hypothesis is that the latent transmembrane segments first accumu-
late on the cytosolic side as pairs (to form a loop?) or larger aggregates prior
to translocating. Second, once a transmembrane segment has translocated into
the protein-conducting channels to span the membrane, does it integrate into
the bilayer immediately? In an alternative model they would accumulate in
the channel until there are pairs of latent transmembrane segments, or larger
groups, to integrate into the lipid bilayer.
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4.1 Do latent transmembrane segments cross the
membrane sequentially, one-at-a-time, as they
emerge from the ribosome?

This question was examined by studying the biogenesis of the polytopic
membrane protein P-glycoprotein (Pgp). The Pgp was initially identified in
tumor cell lines that had been selected for resistance to chemotherapeutics [46—
48]. The sequence of Pgp demonstrated homology to a group of membrane-
transporters referred to as the ATP-binding cassette proteins. Pgp has both its
amino and carboxyl-termini on the cytosolic side of the membrane. Analysis
of the sequence together with mapping of glycosylation sites suggested that
the protein had six transmembrane domains followed by a large cytoplasmic
loop with an ATP-binding site, six additional transmembrane domains and
then a final cytoplasmic domain with a second ATP-binding site [49, 50].
This structure is similar to what has been proposed for other members of the
ATP-binding cassette family.

4.2 Philosophy of approach: trapping intermediates in
translation and translocation.

Biogenesis of membrane proteins is a transient event that involves the
synthesis of the nascent protein, its movement across the membrane (translo-
cation), its folding, and its subsequent movement into the lipid bilayer (in-
tegration). More than one of these events may occur at the same time. Our
experimental strategy has been to catch “snapshots” of a membrane protein
(in this case Pgp) in incremental steps of biosynthesis and to analyze how
of much of the molecule has bound SRP, targeted to the endoplasmic retic-
ulum, translocated, folded, and integrated into the bilayer. Pgp is trapped at
defined points in its synthesis by using mRNA that is truncated within the
coding region without a termination codon. When the ribosome reaches the
end of the mRNA, protein synthesis terminates with the nascent polypeptide
chain attached to a tRNA and hanging onto the ribosome. In the absence
of a termination codon, and under carefully controlled conditions, transla-
tion is frozen at this step with the nascent Pgp still covalently attached by
its carboxyl-termimus amino acid to the tRNA and bound to its biosynthetic
ribosome. This traps Pgp as both a true translation and, as shown below, as
a true translocation intermediate. This technique requires a method that en-
sures the maintenance of the bond between the last amino acid and its tRNA.
If the tRNA bond is broken, it is no longer an intermediate, but merely a
side-reaction. Therefore a major part of the experimental technique is the op-
timization of translation under conditions that are compatible with maintaining
this bond, both during the in vitro reactions and subsequent analysis.
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4.2.1 The importance of using true intermediates in protein synthe-
sis and translocation. In all of our work we emphasize the importance
of examining Pgp during biogenesis — specifically examining nascent Pgp
that is still attached by its carboxyl-terminus amino acid to a tRNA and its
biosynthetic ribosome. We believe that examining this kind of Pgp arrested
in translation is important for understanding Pgp biogenesis.

The following is one example to support this point (data later in this chap-
ter will provide further support). The first example is from some current work
we are doing with opsin. Opsin has been synthesized as a peptide that termi-
nates (with a termination codon) 30 amino acids after the first transmembrane
segment. This shortened opsin was properly targeted to the endoplasmic retic-
ulum and integrated into the lipid bilayer. However, its topology was reversed
from normal: its amino terminus faced the cytosol. When we synthesized the
same peptide but kept it attached to its biosynthetic ribosome, it was targeted
to the endoplasmic reticulum and, similarly to native opsin, translocated its
amino terminus across the endoplasmic reticulum with 100% efficiency.

4.2.2 Evidence for true translation intermediates.  Three criteria are
used to test our translations to ensure that the nascent Pgp is a true intermediate
in translation. 1) Is the Pgp still attached to its carboxyl-terminus tRNA? If
the tRNA is still attached, the nascent peptide will migrate slower on SDS-
PAGE as if it is 25 kD heavier. 2) Is the Pgp still bound to the ribosome?
This is tested by co-migration with the ribosome in a sucrose gradient. 3)
Is the nascent Pgp still at the peptidyl-transferase site in the ribosome? This
is tested by adding puromycin which releases nascent Pgp from its tRNA
only when the Pgp is still attached to the proper site in the ribosome. When
mRNA for Pgp that was truncated after the first transmembrane segment was
synthesized, there was a translation product at 10 kD (the expected MW)
and 32 kD (figure 5, lane 1). The addition of puromycin at the end of
the translation shifts much of the 32 kD translation product to 10 kD. This
shows that the band of greater apparent MW was the tRNA bound nascent
Pgp. The sensitivity of this band to puromycin shows that it is still bound
to the ribosome at the peptidyl-transferase. When these translation reactions
are solubilized and separated on a sucrose gradient the nascent polypeptide
migrates with the ribosome [51].

4.2.3 Evidence for true translocation intermediates. = Two criteria
are used to determine whether an intermediate in translation is also an interme-
diate in translocation. First, do the translation intermediates harvest with the
membranes under conditions that discriminate polysomes from membranes?
Second, has the translation intermediate been modified by enzymes that are
restricted to the lumen of the endoplasmic reticulum such as the oligosaccha-
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Figure 5. Protein synthesized from mRNA truncated after the st transmembrane segment
of Pgp is still attached to its tRNA (gray tear drop) and ribosome (dark gray). The tRNA
bound-Pgp is a lower moving (higher band) on SDS-PAGE (lane 1). The Pgp is released from
its tRNA by puromycin demonstrating that it is still attached to its biosynthetic ribosome (lane
2). This truncated Pgp protein can translocate across the endoplasmic reticulum (as measured
by glycosylation, the higher MW band in lane 3). This glycosylated band decreases in the
presence of an acceptor peptide (lanes 5, 6) which is a competitive inhibitor of glycosylation.
From Borel and Simon [52]. The cartoons adjacent to the gel illustrate the interpretation: The
membrane is the horizontal gray line, the tRNA is a gray tear drop, the ribosome is in dark
gray and glycosylation on a nascent peptide is illustrated as a branching structure.

ryltransferase which adds sugars onto asparagines? Nascent Pgp that can be
shown to be asparagine-linked glycosylated, still bound to its tRNA, migrat-
ing with ribosome in sucrose gradients, and can be released from its tRNA
with puromycin is judged to be a true intermediate in Pgp biogenesis.

When translation intermediates of Pgp were synthesized in the presence of
endoplasmic reticulum one additional protein band was observed that migrated
slightly slower than the tRNA-conjugated Pgp (figure 5, lane 3). If this
reaction was repeated in the presence of a tripeptide (NYT) that inhibits
asparagine linked glycosylation, then this band was not present (lane 5). Thus
this slower moving band was the glycosylated Pgp bound to a tRNA. This
protein was still bound to its biosynthetic ribosome because it could still be
released by puromycin (lanes 4 and 6). Thus, this is a true intermediate in
translocation: It has been modified by the oligosaccharyltransferase in the
lumen of the endoplasmic reticulum and it is still attached to its biosynthetic
ribosome in the cytosol.
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Figure 6.  Schematic of experiment to determine if the Ist transmembrane segment of Pgp
translocates across the membrane prior to the 2nd transmembrane segment. The mRNA was
truncated at a point where the 2nd transmembrane segment is still in the ribosome. Whether
the first transmembrane segment had translocated the endoplasmic reticulum was tested by
assaying for glycosylation (addition of branched structure, bottom of loop segment).

4.3 When during synthesis does the first transmembrane
segment of P-glycoprotein translocate across the
endoplasmic reticulum membrane?

We have examined when the first transmembrane segment of Pgp translo-
cates across the membrane [51]. Specifically, we have asked if the first
transmembrane domain translocates as soon as it emerges from the ribosome,
or if it first accumulates in the cytosol and translocates only after the second
transmembrane segment is synthesized. This was tested by synthesizing Pgp
from an mRNA truncated in the coding region such that the second trans-
membrane segment has not yet been synthesized. Then the Pgp was assayed
to determine if the first transmembrane segment had translocated across the
membrane (see figure 6). To assay translocation, we looked for an asparagine-
linked glycosylation of the loop between the first and second transmembrane
segments. (This oligosaccharyltransferase glycosylates on Asp/X/Thr-Ser and
it is only localized in the lumen of the endoplasmic reticulum —a very reliable
assay for translocation).

When the truncated mRNA was translated in the absence of endoplasmic
reticulum membranes (Figure 5 lane 1), two bands are seen: A peptide at
the expected molecular weight for the shortened protein and a higher molec-
ular weight band which is the nascent peptide bound to its carboxyl-terminus
tRNA. When this sample was treated with puromycin (lane 2) the upper
band disappeared. This observation confirms that the upper band was the
nascent chain bound to its tRNA and that it was still attached to its biosyn-
thetic ribosome adjacent to the peptidyl-transferase (only this enzyme can
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add puromycin to release a tRNA bound-nascent peptide). When this same
construct was synthesized in the presence of membranes from the endoplas-
mic reticulum (lane 3), a higher molecular weight band was seen. This is
consistent with glycosylation of the loop between the first and second trans-
membrane segments. This higher molecular weight peptide was not present
when the translation mix includes a tripeptide, Asn-Tyr-Thr (a competitive
inhibitor of asparagine linked glycosylation, lane 5). This confirms that the
loop between the first and second transmembrane segments had translocated
across the bilayer. Thus, the first transmembrane segment can span the lipid
bilayer prior to emergence of the second transmembrane segment from the
ribosome: their translocation is sequential.

4.4 When during the synthesis do the transmembrane
segments integrate into the lipid bilayer?

The results of the preceding sections show that the first transmembrane
segment of Pgp spans the lipid bilayer before the second transmembrane seg-
ment has emerged from the ribosome. However, has this first transmembrane
domain integrated into the lipid bilayer or is it still sitting in the aqueous
protein-conducting channel of the translocation machinery? Two different
assays were used to determine if a transmembrane segment had integrated
into the lipid bilayer. First, was the transmembrane segment labeled by hy-
drophobic probes from within the lipid bilayer? Second, could the latent
transmembrane domain be extracted from the membrane without detergents?

44.1 Proteins with a single transmembrane segment.  The first as-
say to examine when transmembrane segments integrate into the lipid bilayer
used a hydrophobic molecule, (Trifluoromethyl)-3-(m-[1125])iodophenyl) di-
azirine ([1125]TID) [53] which, upon photoactivation, binds to any amide
bond. TID has been used to map conformational changes in the transmem-
brane domains of the ACh receptor amongst other membrane proteins [54,55].

In preliminary experiments we tested the utility of TID to assay when
during biogenesis the transmembrane domains are accessible to the hydrocar-
bon core of the lipid bilayer [9]. TID labelling of membrane proteins was
tested with a protein that has a single transmembrane segment: the vesicular
stomatitus virus glycoprotein (VSV Gprotein). Full-length VSV Gprotein is
labelled in its transmembrane segment by membrane-embedded TID (Figure 7
middle lane). A construct of the VSV Gprotein which was truncated after its
transmembrane segment and synthesized in the presence of rough microsomes
could not be labelled by membrane-bound [I125]TID (Figure 7, left lane). A
parallel sample of truncated VSV Gprotein was treated with puromycin prior
to photoactivation of the [I1125]TID. The same truncated construct, released
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Figure 7. A protein with a single transmembrane segment cannot be labelled from within
the lipid bilayer during synthesis. From [9].

from the ribosome so its transmembrane domain could interact with the bi-
layer, became labelled with [I125]TID (right lane). This indicates that the
transmembrane domain in the truncated protein had neither reached nor em-
bedded in the bilayer. The addition of puromycin demonstrated there was
enough VSV Gprotein synthesized that, if it were in contact with the lipid
domain, it would be labelled with [1125]TID. The puromycin control also
indicated that the transmembrane domain could still embed in the bilayer.
That is, it was no longer extracted from the membrane with NaOH, urea or
Na2CO3 and it could be labelled from within the lipid domain.

This technique requires immunoprecipitation of the protein after photola-
beling. Unfortunately, many immunoprecipitation conditions also hydrolyze
the tRNA-peptide bond. We are currently working on trying to optimise these
conditions for Pgp that will leave the tRNA-peptide bond intact.

4.4.2 When do the transmembrane domains of P-glycoprotein inte-
grate into the lipid bilayer?. If a protein can only be extracted from mem-
branes by solubilization with detergents, the protein is operationally defined
as being integrated into the lipid bilayer. Most extractions use base, either
hydroxide or carbonate, at pH 11. Unfortunately, base hydrolyzes the bond
between the nascent Pgp and its tRNA. Thus, we used urea to test if nascent
transmembrane Pgp was integrated into the lipid bilayer. Upon treatment with
4.5 M urea, secretory proteins fractionate away from the membranes and in-
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tegral membrane proteins continue to harvest with the membranes (Figure 8,
left).

To test whether an arrested truncated Pgp is integrated in the membrane, it
is first synthesised in the presence of endoplasmic reticulum vesicles. These
vesicles are then harvested. This ensures that we are examining only pro-
teins that have been successfully targeted to the endoplasmic reticulum. The
harvested membranes are treated with urea and then the membranes are re-
harvested. We measure extraction only for tRNA-conjugated protein.

When such a tRNA-ribosome-bound nascent Pgp was tested with urea,
this intermediate in biogenesis was almost (but not totally) extracted from the
membrane (Figure 8) [52]. In contrast, upon treating the nascent chain with
puromycin to release it from its tRNA, the nascent protein integrated into the
lipid bilayer and could no longer be extracted with urea.

Nascent translation-translocation intermediates of Pgp including up to five
transmembrane domains were tested [51]. In all cases, the intermediate in
biogenesis was predominantly extracted from the membrane and the nascent
chain, and upon release from its biosynthetic ribosome, was fully integrated
into the lipid bilayer.

There are two observations to note. First, the arrested protein does not
fractionate as a membrane protein until it is released from the ribosome. This
indicates that the transmembrane segments of translocating polypeptide do
not integrate into the lipid bilayer until the nascent chain is released from
the ribosome. Second, a translocating membrane protein extracts as neither a
secretory protein nor a membrane protein, but as something in between.

Most transmembrane domains have two distinctive characteristics: a stretch
of hydrophobic amino acids and charges on either side (see Figure 9). The
intermediates in translocation did not fully extract from the membrane. We
wondered whether they were being stabilized with the membrane via hy-
drophobic interactions (with lipids or the transmembrane segments of other
proteins) or whether they were being stabilized via electrostatic interactions.
These two hypotheses can be distinguished by varying the salt concentration.
The previously described extractions were done in physiological salt (~ 150
mM). If the translocation intermediates were stabilized by electrostatic inter-
actions, they would be de-stabilized at higher salt concentrations (facilitating
extraction) and stabilized at lower concentrations (decreasing extraction from
the membrane). In contrast, a hydrophobic interaction would be stabilized
at higher salt concentrations (decreasing extraction from the membrane) and
de-stabilized at lower salt concentrations (favoring extraction) as shown in
Figure 9.

The concentration of salt in the urea buffer had no effect on the extraction
of control membrane proteins or control secretory proteins [S1]. However,
raising the salt substantially increased the extraction of the nascent translo-
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Figure 8.  Urea extractions. Left. After treatment with 4.5 M urea, membrane proteins
remain with the membranes (M) and secretory proteins are extracted into the cytosol (C).
Right. Translocation intermediates that are still associated with their tRNA are extracted from
the membrane (C). Nascent peptides that are explicitly released from their ribosomes with
puromycin remain with the membranes (M). From Borel and Simon 1996 [51]. The cartoons
at the right characterize the results. The nascent Pgp is the black line, the membrane is the
horizontal gray line and the tRNA is the gray tear-drop shape. Glycosylation is indicated by
a branched structure on the nascent Pgp.

cation intermediates. Lowering the salt decreased the extraction (Figure 10).
Similar results have been observed on a large number of different translocation
intermediates [S1]. These results demonstrate that the nascent translocation
intermediates are in a salt accessible, and thus aqueous, compartment. These
results are consistent with the photochemical cross-linking that indicates that
the nascent intermediates in the biogenesis of membrane proteins are not in-
tegrated in the hydrocarbon core of the lipid bilayer. Further, the results
indicate that these intermediates in biogenesis are being stabilized via elec-
trostatic interactions, which would leave the transmembrane domains of a
protein available to fold amongst themselves.

4.4.3 Summary of integration.  These results with the urea extraction
and TID labelling have two significant conclusions. First, nascent translocat-
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Figure 9. Increasing the salt concentration destabilizes electro-static interactions and
strengthens hydrophobic inter-actions. If the translocation intermediates are stabilized with
the membrane by electrostatic interactions, then increasing the salt should decrease the num-
ber remaining with the membranes. If they are stabilized by hydrophobic interactions, then
increasing the salt concentration would increase the tRNA bound intermediates staying with
the membrane.

ing chains are not in contact with the hydrocarbon core of the lipid bilayer.
This both confirms our electrophysiological recordings, indicating an aqueous
protein-conducting channel [15,16], and enlarges upon them, by demonstrat-
ing that the pore is completely insulated from the lipid. Second, we can syn-
thesize a protein such that its transmembrane domain is competent to partition
into the bilayer, although it cannot do so until released from the ribosome.
The arrested protein fractionates as a transmembrane protein only after it is
released from the ribosome. Before the arrested protein is released from the
ribosome it is easily extracted from the membrane. This indicates that the
transmembrane segments of translocating polypeptides do not integrate into
the lipid bilayer until the nascent chain is released from the ribosome.

There are potential reasons for not integrating the protein in the lipid until
it is released from the ribosome. There are occasionally charged groups in
one transmembrane segment that are salt bridged to charge groups in other
transmembrane segments. Each transmembrane segment by itself might not
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Figure 10.  The effect of salt on urea extraction of translocation intermediates of Pgp. In
physiological salt 59% of the tRNA bound Pgp is extracted into the cytosol C and away
from the Membrane M. Raising the salt extracts 85% of these translocation intermediates and
lowering the salt decreases the extraction to 11%. The cartoons illustrate the bands on the
gel: the membrane is a horizontal gray line, the ribosome is dark gray, the tRNA is the gray
tear-drop shape and glycosylation is indicated by the branched structure.

be particularly stable in the lipid bilayer. It is advantageous to have all of
the transmembrane segments folded in their final orientation prior to par-
titioning into the lipid phase. Indeed, studies of the T-cell receptor have
demonstrated that charge substitutions in these domains can lead to endoplas-
mic reticulum retention and significantly lowered levels of properly inserted
membrane proteins [56]. There is no signal that we know of by which the
translocation machinery can tell if a particular transmembrane segment is
the final transmembrane segment of a protein. However, translation is over
once the nascent chain is released from the ribosome. Thus, if the translo-
cation machinery holds nascent chains until the ribosome dissociates from
the endoplasmic reticulum membrane, the protein can self-assemble prior to
partitioning into the lipid phase. While this explanation is just conjecture
at this point, it is consistent with a totally independent electrophysiological
experiment. When translocating polypeptides are prematurely released from
their ribosomes with puromycin under conditions where the ribosome remains
bound to the membrane, the transmembrane protein-conducting channels re-
main open [15]. Upon dissociation of ribosomes from the membrane, the
channels close. This supports an interaction between the ribosome and the
opening/closing of the translocating protein-conducting channels.
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PROTEIN TRANSLOCATION ACROSS THE
OUTER MEMBRANE OF MITOCHONDRIA

Structure and function of the TOM complex
of Neurospora crassa

Stephan Nussberger and Walter Neupert
Institute of Physiological Chemistry, University of Munich, Goethestrafle 33, D-80336 Miinchen,
Germany

Abstract Transport of nuclear encoded proteins into mitochondria is mediated by distinct
translocation machinery in the outer and inner mitochondrial membranes. At the
outer membrane, import is facilitated by a multi-subunit complex called TOM.
The role of individual TOM components in recognition and translocation of pre-
proteins will be discussed. Specific characteristics of the protein-conducting
channel and the three-dimensional structure of the TOM complex isolated from
Neurospora crassa and determined by electron microscopy are described.

Keywords: electron microscopy, electron tomography, electrophysiology, mitochondrial outer
membrane, molecular ratchet, Neurospora crassa, protein import, protein translo-
cation, protein-conducting channel, TIM complex, TOM complex

1. Introduction

Transport of a “chain of amino acid beads” across biological membranes
plays a central role in a multitude of cellular processes. Prominent examples
are the protein secretion pathways of bacteria as well as the movement of
proteins across membranes of eukaryotic organelles such as the endoplasmic
reticulum, chloroplast and mitochondria. These processes require a series of
proteins which (a) recognize the polypeptide to be translocated, (b) keep its
conformation in a translocation-competent form and (c) facilitate the actual
translocation across the membranes. In recent years, considerable progress
was made as numerous components involved in the targeting, insertion and
translocation of proteins into mitochondria were identified [1-3]. Genetic
and biochemical studies in Saccharomyces cerevisiae and Neurospora crassa

shed light on the molecular properties and cellular roles of these proteins
and the mechanism of the transport of preproteins into different mitochondrial
subcompartments. Recently, studies on protein translocation into mitochondria
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took another twist when the translocation machinery of the outer membrane
of mitochondria (TOM complex) was isolated. The availability of purified
TOM complex opened new ways of analyzing the structure and function of
this protein-transport system.

The focus of this chapter is on the recent insights into the molecular struc-
ture of the TOM complex. We discuss the isolation of the TOM complex
from the filamentous fungus Neurospora crassa and the specific character-
istics of the protein-conducting channel. We address its electrophysiological
properties and the structural role of the individual components. We also re-
view recent advances in characterizing the structure of the TOM complex by
electron tomography. Negative-staining electron microscopy of isolated TOM
complex revealed particles with one, two and three apparent pores of 25 A.
The pore size is similar to the protein-conducting channel of the endoplasmic
reticulum [4] indicating that substrate proteins would have to be in an, at least
partially, unfolded conformation in order to penetrate the pore. While most
preproteins traverse the outer membrane of mitochondria as extended chains,
it is intriguing that in bacteria exoproteins engaging the outer membrane ex-
port apparatus are fully folded. From a mechanistic perspective, a comparison
of the TOM complex with bacterial protein-secretion systems and the protein-
conducting channel of the endoplasmic reticulum is quite interesting (see the
chapter by Simon, this volume). Recent advances associated with the protein
translocation across the mitochondrial inner membrane are beyond the scope
of this review and are discussed elsewhere [5]. Certain aspects of the TIM
machinery are described in the chapter of K. Kinnally (this volume).

2. Protein import into mitochondria
2.1 The translocation machinery of the outer and inner
membranes

The vast majority of mitochondrial proteins are encoded by nuclear genes.
They are synthesized as precursors with specific presequences in the cytosol
on free ribosomes and imported into mitochondria through distinct proteina-
ceous channels that are embedded in the mitochondrial membranes (Fig. 1).
Cytosolic factors [6,7] maintain the precursors in an import-competent state.
The TOM complex mediates the recognition, insertion and translocation of
precursor proteins into and across the outer membrane. Binding of unfolded
protein segments to specific receptor components and protein domains at the
intermembrane space side of the TOM complex appear to provide a pulling
force for the initial translocation of the precursors across the mitochondr-
ial outer membrane. Translocation of proteins into the inner membrane or
the mitochondrial matrix is mediated by the TIM machineries. At least two
import translocases exist which differ in their substrate specificity [2, 8-11].
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Figure 1. Translocation of nuclear encoded proteins into mitochondria. Preproteins syn-
thesized in the cytosol and destined for translocation into mitochondria are transported across
or into the mitochondrial outer (OM) and inner (IM) membranes. Preproteins are targeted
to mitochondria via signals which (in most cases) are located at their N-termini or (in fewer
cases) within the preprotein. The binding of cytosolic chaperones to preproteins maintains
them in an import-competent state. Specific import receptors of the TOM complex bind to
the preproteins and pass them on to the general import pore. After translocation across the
outer membrane the preproteins bind to components of the TIM machinery located in the inter
membrane space (IMS), the innermembrane and the mitochondrial matrix. Upon transloca-
tion of the preproteins into the mitochondrial matrix, the signal sequences are proteolytically
removed by the matrix-processing peptidase MPP and proteins are folded into their native

conformation. Translocation across the inner membrane requires an inner membrane potential
(AV) and hydrolysis of ATP.

The TIM17-23 complex, together with the chaperone mt-Hsp70, mediates the
translocation across the inner membrane into the matrix [12—14]. Upon import
into the mitochondrial matrix, proteins are folded with the aid of mitochon-
drial chaperones [15]. The Tim22-54 complex is involved in the import and
membrane insertion of certain inner membrane proteins, such as the ADP/ATP
carrier and components of the TIM machinery itself. Import generally requires
a membrane potential (AW) across the mitochondrial inner membrane.
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2.2 The translocation substrates

Proteins destined for import into the mitochondrial matrix are generally
synthesized as precursor proteins (or “preproteins™) which possess so called
matrix targeting sequences (MTS) located at their N-termini. Upon import
into the matrix, these signal sequences are cleaved by the matrix process-
ing peptidase MPP [16]. Most MTS have a length of 20 to 60 amino acid
residues. They are rich in basic amino acids, generally devoid of negatively
charged amino acid side chains, and often have a high content of hydrox-
ylated residues. They are predicted to form positively charged amphiphilic
a-helices [17]. Recently, a cleavable MTS was detected at the C-terminus of
the precursor of a mitochondrial DNA helicase from yeast [18]. Proteins with
N-terminal targeting information traverse both mitochondrial membranes in a
linear fashion in a N- to C- terminal direction [19,20]; while C-terminally
targeted proteins were shown to move into mitochondria in reverse direction
[18].

Proteins which are sorted into the mitochondrial outer membrane, the inter-
membrane space and many precursor proteins destined to the inner membrane,
generally do not carry cleavable targeting signals. They contain internal tar-
geting signals. As an example, a segment of positively charged amino acid
residues close to a single transmembrane domain has been shown to func-
tion as an internal targeting signal in the inner membrane proteins, Bes1 and
cytochrome c1 [21,22]. The majority of internal targeting signals, however,
have not yet been characterized.

3. Molecular characteristics of the TOM complex
3.1 The components of the TOM complex

Genetic and biochemical studies with Neurospora crassa and Saccha-
romyces cerevisiae have shown that the TOM complex contains several import
receptors. Three receptors (the nomenclature reflects an approximate mass in
kDa) Tom20 [23,24], Tom22 [25-28] and Tom70 [29,30] were identified in
both Neurospora crassa and Saccharomyces cerevisiae. Two other compo-
nents with predicted receptor function, Tom71 [31], a homolog of Tom70,
and Tom37 [32], were found only in Saccharomyces cerevisiae to date. All
these proteins are anchored to the outer membrane by a single transmembrane
segment and contain a hydrophilic domain reaching out into the cytosol. In
addition, Tom22 has a hydrophilic domain in the intermembrane space. The
receptor molecules Tom20 and Tom22 were found to preferentially bind pre-
proteins with N-terminal matrix targeting sequences and proteins destined for
insertion into the outer membrane [33,34]. Tom70 binds preproteins with
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internal targeting information but in its absence Tom20 can also act as a
receptor for this latter class of preproteins [31,34].

Transfer of preproteins across or into the mitochondrial outer membrane
is mediated by a specific protein-conducting channel, also defined as general
import pore (GIP). Its central component is Tom40 [36-42]. Tom40 is largely
membrane-embedded [40,41]. Secondary structure prediction [43] and circu-
lar dichroism data [41] of Tom40 suggest an amphipathic (-sheet structure.
Tom22 may also constitute an essential part of the GIP because it is highly
associated with Tom40. Further components of the GIP include three smaller
proteins, Tom7 [44], Tom6 [45-47] and Tom5 [48].

The role of the small Tom proteins is not entirely clear. Tom6 and Tom7
are thought to be important for the stability of the TOM complex by modu-
lating the interaction between the individual Tom components. Tom6 might
tighten the interaction of the import receptors with the GIP acting as an as-
sembly factor for Tom22 [45-47]. On the other hand, Tom7 was suggested
to destabilize receptor GIP interactions [44]. The Tom5 protein might play
a role in the initial insertion of signal sequences into the translocation pore
[48]. Tom5 has been detected only in yeast.

Homologs of the Neurospora and yeast TOM complex proteins have been
identified in organisms including human [49, 50], rat [51], Caenorhabditis
elegans [52], and potato [53,54] indicating that the TOM machinery is con-
served in all eukaryotes. Mammalian Tom34 [55,56], a recently described
component is peripherally associated with mitochondrial outer membranes
with a possible, yet unidentified, function in protein import.

3.1.1 The isolated TOM complex of Neurospora crassa. The TOM
complex was initially identified through co-immunopreciptation of its com-
ponents. Due to the lack of isolated purified TOM complex, information
about its structure was only recently made available. To prepare the TOM
complex we uesd the filamentous fungus Neurospora crassa as a source of
the proteins. This organism was deemed particularly suitable for the isolation
of the TOM complex on a preparative scale because it can easily be culti-
vated in large quantities and it yields a large amount of mitochondria per
unit cell mass. In addition, it allows any TOM component to be genetically
modified. We have constructed a Neurospora strain in which the gene for
Tom22 was deleted and replaced by a version of Tom22 which contained
a hexahistidinyl-tag at its C-terminus. From this strain a hetero-oligomeric
protein complex containing the Tom components was isolated in the presence
of the detergent digitonin and it was termed the TOM holo complex [39,40].
SDS polyacrylamide gel electrophoresis of the TOM complex shows several
bands corresponding to the subunits Tom70, Tom40, Tom22, Tom20, Tom?7
and Tom6 (Fig. 2). The TOM holo complex has a molecular mass of ~ 450
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Figure 2. Resolution of TOM holo (left) and TOM core complex (right) from Neurospora
crassa mitochondria by SDS-PAGE. The TOM holo complex contains the receptors Tom20
and Tom70 (and its dimeric form Tom70D) as well as the constituents of the general insertion
pore (GIP) Tom40, Tom22, Tom6 and Tom7. The TOM core complex corresponding to the
GIP lacks bands corresponding to the receptors Tom70 and Tom20.

kDa as shown by non-denaturing polyacrylamide gel electrophoresis and size
exclusion chromatography [39, 40].
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Genetic studies with Neurospora and yeast have indicated that Tom40 is
the only component of the TOM holo complex which is strictly essential
for translocation and cell viability. Disruption of the ISP42 gene in yeast
was lethal to the cells [37]. By contrast, mitochondria completely lacking
Tom70, Tom22, Tom20 or the small TOM components still facilitate import
of preproteins, though at a reduced rate [23,57-60]. Tom22 might be crucial
for the structural integrity of the complex [60]. Consistent with this, treatment
of isolated TOM holo complex with non-ionic detergents such as n-dodecyl-
b,D-maltoside or Triton X-100 specifically releases Tom20 and Tom70 but
leaves a remaining "TOM core complex”, which is composed of Tom40,
Tom22, Tom6 and Tom?7, intact (Fig. 2). Tom20 and Tom70 molecules are
associated with the core components at the periphery rather than representing
integral elements of the core complex. The TOM core complex was also
directly isolated from mitochondria after solubilizing it in the presence of
the detergent n-dodecyl-b,D-maltoside. Its composition was indistinguishable
from that of complex isolated from the TOM holo complex by treatment with
the same detergent.

3.1.2 Stoichiometry of the components of the TOM complex. The
molar ratios of the individual constituents of the TOM holo and core com-
plexes was determined. Neurospora cells growing in the presence of 35S-
sulfate homogeneously label cysteine and methionine residues in the TOM
proteins. The TOM complexes were isolated and the protein components
resolved by SDS-PAGE. Phosphorimaging analysis was then used to deter-
mine the molar rations of the TOM proteins and the stoichiometry calculated
using the molecular masses of the native complexes [39,40]. The holo com-
plex contains ~ eight Tom40, three to four Tom22, two Tom20, one to two
Tom70 and two Tom6 and Tom7 molecules, each. The stoichiometry of the
TOM core complex yielded similar molar ratios for Tom40, Tom22, Tom6
and Tom?7.

Other groups [38] quantified the amounts of Tom70, Tom40, Tom22 and
Tom20 by standardized immunoblotting, comparing signals with mitochon-
drial extracts and purified recombinant Tom proteins or domains of Tom
proteins. Based on these studies, the TOM core complex of Saccharomyces
cerevisiae was reported to contain about four to six molecules of Tom40 and
three to six molecules of Tom22. A likely explanation for these diverging
results could be that yeast and Neurospora TOM complex exhibit different
structural organizations. On the other hand, it is also possible that the dif-
ferences are due to different estimates of the total molecular mass of the
TOM complex which is a prerequisite for the determination of the number of
subunits present in the complex.
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4. Functional properties of the isolated TOM complex

The protein-conducting channels of the endoplasmic reticulum and bac-
terial inner membrane open upon interaction with the signal peptide of the
translocating preprotein (for review, see [61]). In this way, ion gradients are
maintained across the membranes. In the absence of preprotein, these are
closed and the membranes sealed. By contrast, there is no need for a sealed
outer membrane of mitochondria. Small organic solutes and ions can freely
diffuse this membrane, a reaction that is mediated by porin.

The first direct evidence that the TOM complex forms a hydrophilic chan-
nel came from electrophysiology measurements. The purified TOM complex
forms large ion-conducting channels when integrated into planar lipid bilay-
ers [39]. Under low voltage conditions (| V' | < 60 mV) the TOM complex
exhibited open pores. The average conductance of the TOM complex chan-
nel is ~ 2.3 nS in the presence of 1 M KCI. Single channel recordings of
the TOM complex shows three conducting states that have been described
as closed, half-open and open. These may represent the opening and closing
states of two distinct pores in the complex (see below). Conductance mea-
surements in the presence of non-electrolyte polymers (e.g. see the chapter by
Krasilnikov, this volume) indicated that the TOM complex allows passage of
organic solutes of a molecular mass of up to about 6 kDa [40]. Higher mole-
cular mass polymers of that type did not fit into the TOM protein-conducting
channel. Another important characteristic of the TOM complex channel is
its small, but nonzero selectivity for cations. The ratio of cation to anion
permeability, ~ 3.0 [39], agrees well with the high affinity of TOM complex
to positively charged signal sequences.

Earlier reports described a cationic channel in the outer membrane of mam-
malian and yeast mitochondria, the peptide sensitive channel PSC. The PSC
has been reported to be partially blocked by basic peptides, including mito-
chondrial presequences [62]. Comparison of the electric properties of purified
TOM complex and PSC suggested that the two are identical. The isolated
TOM complex, as well as the PSC in mitochondrial membranes, binds mito-
chondrial presequences which partially block the protein-conducting channel
[63].

The removal of the solvent-exposed loops or domains of the receptor mole-
cules Tom70, Tom20 and Tom22 by limited proteolysis did not alter the elec-
tric properties of the TOM complex channel. The TOM core complex lacking
the receptor molecules Tom70 and Tom20 had practically the same electric
properties as the holo complex [40]. Apparently, the two receptors are struc-
turally not involved in the pore formation. Also the hydrophilic domains of
Tom?22 reaching out into the cytosol and the intermembrane space do not play
a major role in the formation of the translocation channel. Similar results
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were obtained with yeast Tom40 expressed in E. coli when integrated into
planar lipid bilayers [41]. It is unclear whether single molecules of Tom40,
or Tom40 assembled into a multi-subunit structure causes pore formation.
Isolation of the yeast TOM complex and analysis after insertion into a lipid
bilayer should help to resolve this issue.

Purified TOM holo complex was reconstituted into lipid vesicles and its
ability to facilitate translocation and membrane insertion of preproteins was
studied. Both reactions were reproduced in this in-vitro system [39]. In
addition, association of preproteins with the isolated TOM complexes was
observed with both the holo and the core complex [64]. Thus, the TOM
complex is sufficient for protein translocation.

5. Electron microscopy of isolated TOM complex
3.1 Projection map of the TOM holo complex

The structure of the TOM complex was investigated by electron microscopy
[39]. Analysis of negatively-stained TOM holo complex by image processing
yielded a projection map of the complex at (24 A)~! resolution. The aver-
aged projection images exhibited particles with a diameter of ~ 140 A. The
particles contained one, two and three centers of stain accumulation. This
apparent heterogeneity may be caused by the treatment of the complex with a
high detergent concentration, relative to that of the protein (the detergent was
required for column chromatography). This treatment may have weakened
the interaction between the individual protein components and led to a partial
breakdown of the three ring structure into two- and single-ring structures. It is
conceivable that column chromatography removes small molecules from the
complex (e.g. lipids) which may be essential for the stability of the complex.
The purified TOM complex may also be unstable under the conditions used
during its placement on EM grids and upon negative staining with uranyl
acetate.

5.2 3D map of the TOM protein conducting channel

Electron tomography and image analysis of the isolated TOM core complex
revealed mainly double-ring structures but a significant fraction of single ring
particles was also observed (19%) (Figs. 3 and 4) [40]. Similar structures
were observed for the TOM core complex lacking the hydrophilic domains
of Tom22 [40]. The 3D reconstruction of the TOM core complex shows
several globular elements. Given that the TOM core complex is composed of
~ eight Tom40 molecules these elements could represent dimers of Tom40
[42]. At present the cytosolic and intermembrane space sides of the TOM
core complex cannot be distinguished. Probing both surfaces of the molecule
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Figure 3. Electron micrograph of purified TOM core complex and three dimensional map
of the TOM core complex obtained by electron tomography. (A) TOM core complex was
adsorbed to carbon-coated grids and negatively stained with 2% uranylacetate. Bar, 110 A,
(B,C) Electron tomography was carried out using a Philips 200 FEG electron transmission
microscope. A total of 321 TOM core complex particles were reconstructed individually from
6741 projections by means of weighted back-projection, before the data set was subjected to
three-dimensional alignment, classification and averaging. Grey level representation of (B)
horizontal, and (C) vertical slices through the average volume of the most prominent class
containing 116 reconstructions at a distance of 3.44 A. The resolution of the data set was
(24 A)-1 based on the Fourier shell correlation function [65] of two independent averages
calculated from images with odd and even numbers. Bar, 70 A.

with tags or antibodies should help to determine the sideness. The size of
the pores of the TOM complex, as derived from single particle analysis, is
consistent with that estimated from the conductance measurements.

An interesting question is whether the two ring structure is a dynamic as-
sembly. The structural flexibility of the TOM complex, in terms of alterations
of subunit interactions upon binding of preproteins, has indeed been observed
[42]. The analysis of translocation intermediates of the ADP/ATP carrier
upon transfer across the mitochondrial outer membrane indicated that these
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Figure 4.  Isosurface representation of the TOM core complex. (A) Side view. (B) Side view
of TOM core complex cut along the x,z plane. The threshold of the isosurface representation
was set to 64 % of the molecular mass of 410 kDa in order to achieve noise free representation.
Bar = 2.8 nm.

intermediates assume a distinct folded state [66]. Therefore, the ADP/ATP
carrier upon interacting with the TOM complex may require larger pores than
those observed in electrophysiological and electron-microscopy studies. The
diameter of the protein-conducting channel of ~ 2.5 nm may be too small to
accommodate “hairpin” loops known to form during import of certain types
of preproteins. Whether the two rings can undergo a rearrangement to form a
structure with a single large pore is presently a matter of speculation [42, 66].
In the case of import of integral proteins of the outer membrane, the rings
may open to release the preprotein into the lipid phase. Extensive structure-
function studies will be required to solve this question. Furthermore it remains
to be determined whether the assembled TOM complex is in equilibrium with
its individual subunit constituents e.g. with monomers or dimers of Tom40
[67].

6. Driving force for transport into and across the outer
membrane

The forces that drive translocation preproteins into or across the mitochon-
drial outer membrane are poorly understood. Precursors of endogenous pro-
teins of the outer membrane (e.g. porin or constituents of the TOM complex)
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can be inserted via TOM directly into the lipid bilayer. Integration of their
hydrophobic, membrane spanning segments may provide sufficient energy to
drive this process.

Initial translocation of preproteins bearing matrix targeted signals across the
outer membrane does not require hydrolysis of ATP or a membrane potential
(the energy required to release the preproteins from cytosolic chaperones is
not used for the import reaction). Instead, translocation is thought to be
driven by sequential interaction of domains of the TOM complex which bind
the precursors with increasing affinity. Movement of presequences from low
affinity “cis” sites to high affinity "trans” sites located on the intermembrane
side of the TOM complex may also be required for import of preproteins
across the outer membrane [68-70]. According to the "acid chain hypothesis”
positively charged presequences may move along negatively charged patches
of amino acid residues within the TOM machinery [48,71-73]. To complete
translocation across the outer membrane, the incoming polypeptide chain has
to associate with other components, in particular the TIM machinery, that
provide the driving force for translocation and directionality of movement
through the channel. Thus, the TOM complex itself might just provide the
pore for polypeptides to cross the outer membrane.

The translocation of polypeptides across the inner membrane requires a
membrane potential AW across the inner membrane and ATP [19]. Accord-
ing to the ”Brownian ratchet model” or “hand over hand model” the precursor
chain diffuses within the pore. The binding of mitochondrial mt-Hsp70 and
the TIM component Tim44 to the lumenal portion of the chain would prevent
the polypeptide from sliding backwards into the cytosol [74]. Alternatively,
it has been suggested that mt-Hsp70 undergoes nucleotide-dependent confor-
mational changes thereby generating a pulling force on incoming preproteins
[75,76]). According to this model the mt-Hsp70 might function as the motor
fueled by the hydrolysis of ATP which drives incoming polypeptide chains
across the inner membrane.

7. Conclusions and perspectives

The recent progress in the isolation and purification of the TOM holo com-
plex and TOM core complex has advanced our understanding of the charac-
teristics of TOM mediated protein translocation. The purification of the TOM
complex in chemical amounts opened the door for studying the mechanism of
protein translocation using biophysical tools. Electrophysiology studies may
permit the further characterization of the protein-conducting channel. What
is the driving force for the protein translocation through the TOM channels?
The immobilization of isolated TOM complex on biosensor chips, e.g. plas-
mon resonance chips, may allow to study the pathway of vectorial movement
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of preproteins from binding sites of the TOM complex with low affinity to
such with larger affinity in more depth.

The tertiary structure of the TOM complex must be studied at higher res-
olution. So far, there is no clue as to how the individual components of the
TOM complex are assembled in three dimensions. One important question is
how many Tom40 molecules form the protein-conducting channel. The struc-
ture of TOM/preprotein complexes should be studied by electron tomography.
Structural details of the preprotein channel itself are essential for a deeper in-
sight into the translocation process. The conformational dynamics of TOM is
another issue of prime importance. The mechanisms of insertion of resident
proteins of the outer membrane (e.g. of the TOM complex itself) into the
lipid bilayer need to be addressed, including questions such as whether such
preproteins can exit the channel in a lateral fashion. An interdisciplinary
approach will be required to understand one of the molecular mechanisms
for directed movement of polypeptide chains across membranes. The TOM
complex might be one paradigm for such an attempt.
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PROTEIN TRANSLOCATION CHANNELS
IN MITOCHONDRIA

TIM & TOM channels
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Abstract Protein translocation across membranes is a fundamental cellular process that is
especially vital for mitochondrial biogenesis. More than 95% of all mitochon-
drial proteins must be imported from the cytoplasm. The protein-translocating
channels of mitochondria have many identical properties including conduc-
tance, voltage dependence and regulation by synthetic peptides whose sequences
mimic the targeting domains of precursors. Viewing protein translocation across
membranes as movement of polymers through confined pathways has provided
a novel perspective of channel function. These considerations suggest the ob-
served flickering of the channels in the presence of targeting peptides represents
an interaction of the peptides with the channel rather than translocation events.

Keywords:  protein import, mitochondria, TIM channel, TOM channel, targeting peptides

1. Introduction

Protein translocation across membrane barriers is important in many cel-
lular functions including signalling, secretion, biogenesis of organelles, com-
partmentation, and programmed cell death. Since about half of the proteins
synthesised in a cell must cross at least one membrane before reaching their
final destinations, protein translocation across membranes is a fundamental
cellular process [1]. This process is especially vital for mitochondrial biogen-
esis since > 95% of all mitochondrial proteins must be imported. Viewing
protein translocation across membranes as movement of polymers through
confined pathways may provide a different perspective, and, ultimately, a
better understanding of the mechanisms underlying this process.

Certain basic principles seem to apply to protein translocation regardless
of the membranes being traversed. In 1975, Blobel and Dobberstein pro-
posed that water-filled pores, or channels, play an integral role in the protein
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translocation processes and provide a pathway through which proteins may
cross membranes [2]. Evidence supporting this idea was provided by the
studies of Simon and Blobel [3,4] in which electrophysiological techniques
were used to identify potential protein-translocating channels in the endo-
plasmic reticulum and bacterial cell membranes. More recently, the protein
translocating channels of the mitochondrial outer and inner membranes were
identified [5]. In the general protein translocation scheme, targeting domains
on precursors interact with receptors and the translocation channel opens to
reveal an aqueous pathway through the hydrophobic interior of the bilayer.
Typically, the targeting regions are located at the amino-terminal end of the
precursors and are cleaved after translocation. Polypeptides are translocated in
an unfolded state, as linear polymers. A molecular motor is thought to “’pull”
the precursors through the channel and then chaperones catalyse folding of
the proteins [1].

2. Protein translocation in mitochondria

Mitochondrial proteins are, for the most part, synthesized in the cytoplasm
and carry signal sequences (or presequences) at their amino-termini. The
presequences contain the information that targets proteins to mitochondria
and they are removed during or after import into the organelles [6,7]. Pre-
sequences typically carry a net positive charge and assume an amphipathic
a-helical structure even though there is little or no sequence homology among
mitochondrial targeting regions. Synthetic peptides whose sequences mimic
these regions are referred to as “targeting peptides” and they competitively
inhibit protein import into mitochondria [8,9]. This inhibition is thought to
reflect a competition between mitochondrial precursors and targeting peptides
for binding sites on receptors on the outer membrane. More recent studies
indicate targeting peptides may also inhibit protein import across the inner
membrane by opening a channel that causes the mitochondria to depolarize
[10].

The translocation of polypeptides into mitochondria is a multi-step process
involving several proteins. These proteins are organised into complexes, called
TIM (translocase of the inner membrane) and TOM (translocase of the outer
membrane), that catalyse import across the two membranes [11] (Figure 1).
Both complexes have receptors necessary for recognition and sorting of pre-
cursors as well as a pore for selective translocation across the membranes.
The acronyms “TIM” and "TOM” followed by a molecular weight specify
components of the translocase complexes. As shown in the model of Figure
1, the MCC (multiple conductance channel) [5S] and PSC (peptide sensitive
channel) [12, 13] are the import pores of the TIM and TOM complexes, re-
spectively (reviewed in [14]). Hence, MCC and PSC are now referred to as
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Figure 1.  The protein import machinery of mitochondria. Multi-subunit complexes called
TIM and TOM are located in the mitochondrial inner (MIM) and outer (MOM) membranes.
MCC and PSC form channels in these complexes that allow the passage of precursors from
the cytoplasm to the matrix. Model was modified from [14].

the TIM and TOM channels, respectively. A comparison of the single chan-
nel behavior of these two activities as well as the effects of targeting peptides
follows a short description of the mitochondrial protein import machinery.

2.1 The TOM complex

The outer membrane is a physical barrier representing the first level of
selection for precursors synthesised in the cytoplasm, regardless of their final
destination within the mitochondrion. The TOM complex is responsible for
recognition of the mitochondrial presequences and for translocation of precur-
sors across the outer membrane (Figure 1). Importantly, protein translocation
was reconstituted in proteoliposomes containing purified TOM complex in the
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elegant studies of Kiinkele and colleagues [12]. Furthermore, incorporation
of the purified TOM complex reconstituted into planar bilayer membranes
imparted a channel activity that was modified by targeting peptides. These
findings clearly demonstrate the association of a channel activity with a com-
plex capable of translocating proteins across membranes. In addition, single
particle electron microscopic image analysis showed the presence of two, and
possibly three, apparent pores associated with each purified TOM complex
(see the chapter by Nussberger and Neupert, this volume).

While several ancillary proteins (e.g., TOM22p) act as receptors, the essen-
tial protein TOM40p was identified as the import pore of the TOM complex.
Hill et al. [15] found that bacterially expressed TOM40p imparted channel
activity to planar bilayers. Targeting peptides modified the channel activity
associated with TOM40p, like that of the TOM complex [12]. Interestingly,
none of the TOM proteins have been assigned a “motor” activity for pulling”
the precursor through the pore of the complex.

2.2 The TIM complex

The TIM complex, or translocase of the inner membrane, catalyses the
import of proteins across the inner membrane of mitochondria (see Figure
1). While import through the TIM complex can operate independently of the
TOM complex, current models favour their transient linkage at contact sites
(junctions where the two membranes are closely apposed). In an elegant,
electron-microscopic study by Schulke and colleagues [16], the inner and
outer membranes were “zippered” together by stalling precursors in the import
machinery.

It has been suggested that TIM23p and TIM17p form part of the channel
in the inner membrane through which precursors are translocated into the
matrix [17]. Both TIM23p and TIM17p are essential proteins with several
transmembrane domains that are closely associated in the TIM complex [18].
Both proteins can be chemically cross-linked to a precursor arrested in transit
across the inner membrane [19], and depletion of TIM23p from cells results
in a defect in protein import [20]. Furthermore, antibodies against TIM23p
inhibit import of several mitochondrial proteins across the inner membrane
[20]. However, TIM channel activity has the same conductance, ion se-
lectivity, and voltage dependence in the presence and absence of TIM23p.
In addition, depletion of TIM23p modifies the targeting peptide sensitivity
of the TIM channel (see below). These findings indicate TIM23p is most
likely a receptor and is not required for the basic structure of the pore of
the TIM complex. Therefore, the molecular identity of the protein(s) forming
the polypeptide translocation pathway of the TIM complex has not yet been
firmly established.
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23 Comparison of protein import through the TIM and
TOM complexes

A large electrochemical gradient across the inner membrane drives ATP
production in mitochondria. The permeability of the inner membrane must
remain very low in order to maintain this gradient. Therefore, the TIM channel
must be exquisitely regulated or its opening would short-circuit oxidative
phosphorylation. As expected, the conductance pathway through the TIM
channel is normally closed in mitochondria unless activated, e.g., by calcium
or targeting peptides [10]. The TOM channel is not subject to such limitations
and could normally remain in an open conductance state.

Other differences in import properties have emerged between the TIM and
TOM complexes. Translocation of polypeptides through the TOM complex
requires ATP. However, translocation across the inner membrane requires ATP
and an electrochemical potential which is normally established by the electron
transport chain [21-23]. The membrane potential is thought to play a role in
translocation of the presequence across the inner membrane. While none is
apparently associated with the TOM complex, the TIM complex has a motor”
to facilitate transport of the precursors through the pore. A member of the
hsp70 family (mt-hsp70p) associates with TIM44p to form a subcomplex on
the matrix face of the inner membrane [24,25]. These two proteins form, at
least in part, an ATP-driven import motor. The subcomplex binds the precur-
sor and a conformational change in mt-hsp70p (brought on by ATP hydrolysis)
generates the torque that “’pulls” precursors through the transmembrane pore
of the TIM complex [26,27]. The mt-Hsp70p retained by the precursor after
its release from TIM44p prevents the unfolded polypeptide from sliding back
through the pore.

2.4 TIM and TOM, two mitochondrial channels

TIM and TOM channel activities, previously referred to as MCC and PSC,
respectively, are recorded from mitoplasts and mitochondria using patch-clamp
techniques. The electrophysiological characteristics of the TIM and TOM
channels are virtually identical. The peak conductances are 1000 pS and
predominant sub-conductance levels are 500 pS. These values were used
to estimate diameters of 2.7 nm for single pores, and 2 nm for double
barrel pores [14]. Single particle analysis indicates the TOM complex has
a double barrel pore (see Nussburger and Neupert, this volume and [12]),
as expected from the single channel behavior. Importantly, the pores of the
TIM and TOM complexes are large enough to accommodate an unfolded
polypeptide during translocation. Both channels are slightly cation-selective
with permeability ratios for K*/CI~ of about 5. After reconstitution into
proteoliposomes, the voltage dependencies of the TIM and TOM channels
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Figure 2. The activities of two mitochondrial channels are regulated by synthetic targeting
peptides. Typical current traces of TIM and TOM were recorded at 2 kHz from patches ex-
cised from proteoliposomes containing mitochondrial inner and outer membranes, respectively.
Traces were obtained in the absence (control) and presence of targeting peptide (yCOX-IV
from cytochrome oxidase subunit IV) or control peptide (SynB2) in symmetrical 0.15 M KCl,
5 mM HEPES, pH 7.4, under voltage-clamp conditions at 20 mV. O, S, and C indicate the
open, substate and closed current levels.

are asymmetrical around zero mV with closure at voltages larger than +40
or -50 mV. These two channel activities were distinguished by mutations and
protease sensitivity as well as the effects of antibodies (reviewed in Kinnally
et al., 2000 [14]). TIM and TOM are the protein translocation channels of
the inner and outer membranes of mitochondria, respectively. Considering
that these two channels have the same function, it is not surprising that their
electrophysiological characteristics are identical.

24.1 Channel conductances are regulated by targeting peptides.
The open probability and mean open time of yeast and mammalian TIM
and TOM channels are decreased specifically by synthetic signal peptides
whose sequences mimic the targeting regions of mitochondrial precursors,
e.g., cytochrome oxidase subunit IV and VI. Two other mitochondrial chan-
nel activities, mCS and VDAC, are unperturbed by targeting peptides [28].
Furthermore, TIM and TOM channel activities are not affected by control
peptides, e.g. synB2, a cationic alpha-helical peptide whose sequence does
not support mitochondrial protein import.

TIM and TOM channel activities respond similarly to the presence of sig-
nal peptides. As shown in figure 2, the frequency of closing, visualised as
downward inflections in the current traces, dramatically increases upon intro-
duction of the targeting peptides like yCOX-IV, but not control peptides like
SynB2. As shown in Table 1, this effect is specific for targeting peptides.
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Table 1. Targeting peptides regulate TIM channel activity”

Peptide Sequence Net Pre- TIM
Charge sequence Flicker

COX-1Vi_13 'MLSLRQSIRFFKY;3 +3 +b +
COX-1V1-22 'MLSLRQSIRFFKPATRTLCSSRz2 +5 +b +
COX-VI 'MLSRAIFRNPVINRTLLRAR20 +5 +¢ +
FCOX-1V 3RAPALRRSIATTVVRCNAET:2 +3 +¢ +
SynB2 MLSRQQSQRQSRQQSQRQSR +5 4 -
PAT-III RNASVLKSSKNAKRYLRCNLKA +7 b +e
iVDAC 109R GAKFNLHFK Q119 +3 e -
nVDAC MAVPAFSDIAKSANDLLNKD;o -1 - -
cVDAC 272THKVGTSFTFES283 0 - -

aModified from [5]. ®Ref. [8]. CPredicted but not determined. dRef. [7]. ©pAT-l1ll blocked from the
bath side but not micropipette side.

The nature of the closures of these two channels is not as yet understood.
However, the peptide effect is dose- and voltage-dependent as shown in Fig-
ure 3. The frequency of closing increases with dose and the magnitude and
polarity of the potential that drives the positively charged peptide across the
membrane. The peptides have little effect if the polarity is reversed. Hence,
it has been suggested that the closures correspond to the intermittent block-
ade of the conductance pathway as the peptides are translocated across the
membrane. Alternatively, the closures have relatively long durations of mi-
croseconds, suggesting the closures represent some interaction of the peptide
with the translocation apparatus that results in a de-stabilization of the open
state. It is expected that translocation events for polypeptides of this size
would be in the 10 nanosecond time domain (personal communication, J.J.
Kasianowicz). Perhaps, the fast translocation events are obscured by the long
duration blockade associated with peptide interaction with receptors.

Deletion of receptors known to recognize signal sequences of precursors
abolishes the peptide sensitivities of the TIM and TOM channels. Depletion
of TIM23p by mutation [5] or TOM22p by protease treatment [29] eliminates
the rapid flickering induced by signal peptides for TIM and TOM channels,
respectively. These findings provide further evidence that the peptide-induced
closures do not simply represent translocation events. However, Kasianow-
icz and colleagues have demonstrated nucleotide translocation across the
hemolysin pore when current blockades were examined on a faster time scale
[30-32] (see also the chapters by Kasianowicz, et al.; Deamer, et al., Branton
and Meller, and Akeson, et al., this volume). Their work has provided the
justification to re-examine the receptor-less complexes on the ~ psecond time
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Figure 3. The effect of peptides is dose and voltage dependent. The % block (or %
decrease) in open probability of the Tim channel caused by varied levels of the targeting
peptide COX-IV peptide is shown at £40 mV. The open channel probability is calculated
from amplitude histograms (bin width of 0.4 pA) as the fraction of total time spent in the fully
open state. Activity was recorded from a patch excised from a proteoliposome derived from
inner membranes isolated from yeast mitochondria. Modified from [28]. Similar results were
observed with the Tom channel.

scale in order to determine if current blockade associated with translocation
events can be detected.

3. Conclusions

Our understanding of the mechanisms of protein translocation across mem-
branes has advanced significantly in recent years. Many components of the
mitochondrial import machinery have been discovered and their roles in pro-
tein transport have been unraveled by genetic and biochemical analysis. Elec-
trophysiology, in particular patch clamping, is now playing a major role in the
characterization of the channels of the TIM and TOM complexes. However,
several important questions remain unanswered about protein translocation in
mitochondria. In particular, what proteins make up the pore of the TIM com-
plex, what forces promote protein translocation through the TOM complex in
the apparent absence of a motor, and can polypeptide translocation be detected
as current fluctuations through pores?
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Abstract We have developed a method for determining the physical dimensions of nanome-
ter scale pores formed by protein ion channels. This was possible because of
the availability of a wide range of size-selected nonelectrolyte polymers of
poly(ethylene glycol), PEG, and because PEG decreases the bulk conductivity
of ionic solutions. The method is simple. PEGs that are sufficiently small enter
the channel’s pore and decrease the channel’s ionic conductance. PEGs that
are larger than the pore’s diameter rarely partition into the pore and therefore
do not decrease the channel conductance. Thus, the dependence of the channel
conductance on the PEG molecular weight determines the pore’s PEG molec-
ular weight cut-off, and by inference, the pore’s radius. We recently extended
the technique to determine the shape of a channel’s lumen including the sizes
of both openings and the size and location of constrictions inside the pore.
We discuss here the details of the method, the properties of PEG, and some
limitations of using the technique to determine channel size.

Keywords:  poly(ethylene glycol), PEG, a-hemolysin, a-toxin, ion channel, protein struc-
ture, nonelectrolyte polymer

1. Introduction

There are many techniques for determining protein structure. These in-
clude, but are not limited to, spectroscopies (absorbance, fluorescence, circular
dichroism, IR, and MALDI-TOF), x-ray scattering, dynamic light scattering,
size exclusion chromatography, ultracentrifugation, intrinsic viscosity, elec-
trophoresis, microscopies (electron and AFM), NMR, ESR, EPR and protein
sequencing. Some of these techniques can also be used for deducing struc-
tural features of transmembrane proteins. Solid-state NMR spectroscopy [1,2]
has proved particularly useful for studies of small polypeptides. In some in-
stances, the protein must first be modified with a probe, as is the case with
EPR and ESR [3-5], or first extracted from a lipid bilayer using detergents,
as is done in x-ray crystallography [6-9].
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A protein ion channel has a unique functional feature, a transmembrane
ion-conducting portal, that can be interrogated using electrophysiology (i.e.
measuring the channel’s conductance). For example, scanning cysteine muta-
genesis and subsequent covalent modification were used to identify amino acid
residues that line the nicotinic acetylcholine receptor channel’s pore [10]. In
addition, nonelectrolyte polymers were used to probe the geometric features of
unmodified channels. Specifically, they permitted the determination of both
the change in a channel’s pore volume upon gating [11] and the size of a
channel’s pore (e.g. it’s radius) [12]. We discuss the latter method in this
chapter.

2. Probing Ion Channels with Nonelectrolyte Polymers

The method for using nonelectrolyte polymers (herein called polymers) to
determine the physical dimensions of protein ion channels is simple. The
polymer decreases the bulk conductivity of ionic solutions. Thus, polymers
that are sufficiently small to enter the channel’s pore will decrease the chan-
nel’s conductance. Polymers with radii larger than those of the two pore
entrances rarely partition into the pore and therefore will not affect the chan-
nel conductance. Thus, the dependence of the channel conductance on the
polymer molecular mass is used to deduce the pore’s radius.

An ideal probe of channel size would be a polymer that is a hard sphere,
i.e. one that has a well-defined radius and that binds neither to the pore’s
wall nor with other substances in solution. The hydrodynamic radius of the
smallest member of that homologous polymer class should be smaller than
narrowest radius of the channel and the largest one should be larger than the
largest pore opening.

We used poly(ethylene glycol), PEG, as a probe for ion channel size be-
cause it is commercially available in a wide range of well-defined sizes with
a lower hydrodynamic radius limit of ~ 0.4 nm. However, there are some
features which could limit the use of PEG, and other nonelectrolyte poly-
mers, in estimating channel size. For example, the polymer might interact
with the channel, which would complicate the data analysis. In addition, as
mentioned above, the effect of polymer on the channel conductance is the
primary measurement in this method of estimating pore size. Unfortunately,
the method is empirical and a theory that completely describes the effects of
PEG on channels is non-extant (however, see the chapter by Bezrukov and
Kasianowicz, this volume).

In this chapter, we discuss the effects of nonelectrolyte polymers on the bulk
conductivity, viscosity and ionic activity of aqueous solutions. We also discuss
the dependence of polymer size on pH and ionic strength, the conductance
of ion channels in the absence and presence of nonelectrolyte polymers, and
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how to deduce the radius of the largest pore entrance of the channel. Finally,
we mention how polymers can be used to gain insight into the mechanisms
of ion transport through ion channels.

3. Results
3.1 Nonelectrolytes in aqueous solutions

Nonelectrolytes decrease the bulk conductivity of aqueous solutions. This
effect is virtually independent of the nonelectrolyte polymer type [12-14]. For
example, hydroxyl-containing substances (ethylene glycol, glycerol, glucose,
and sucrose) decreased the conductivity only slightly less than did PEGs.

According to the Stokes-Einstein law, the diffusion coefficient and mobility
of ions, and hence the bulk conductivity of solutions, depend on the viscosity
of the medium in which the ion is embedded. The macroscopic viscosity
of aqueous solutions increases in the presence of nonelectrolytes, and also
depends strongly on the nonelectrolyte’s type and molecular mass [15]. Be-
cause the dependence of the bulk conductivity and the macroscopic viscosity
on molecular mass are different, we conclude that the solution macroscopic
viscosity, as altered by nonelectrolyte polymers, does not completely dominate
ion diffusion.

The viscosity study permits the estimation of both the equivalent hydro-
dynamic radii R, of nonelectrolytes and the value of their molar volume in
solution. The former has a nonlinear dependence on the molecular mass M,
of the polymer. The empirical equation can be expressed as:

= 0.508 4 0.37 x 1073 M, — 0.703 x 10~8 M2 (1)

with an average deviation from the experimental values approximately 0.065
nm. The results in comparison with the nonelectrolyte crystal radius data are
shown in Table 1.

The dependence of the volume occupied by a hydrated PEG on polymer
molecular mass, estimated using eq. 1, is illustrated in Fig. 1. For solutions
containing 10%, 20% and 30% PEG (weight/volume, w/v), the total solution
volume occupied by the polymer is reached in the presence of PEG 10000,
PEG 4600 and PEG 3500 respectively. These highly concentrated PEG solu-
tions are obviously far from either the dilute or semi-dilute regimes. Because
we use an oversimplified expression of the hydrated polymer radius, the solu-
tion volume occupied by PEG can exceed 100% in the calculation presented
here (Fig. 1).
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Hydrodynamic and crystallographic radii of selected nonelectrolytes.

Nonelectrolyte Hydrodynamic Crystal Hydrodynamic volume
radius, nm radius, nm Crystal volume
Ethyleneglycol 0.26 0.28 0.93
Glycerol 0.31 0.31 1.00
Glucose 0.37 0.36 1.04
Sucrose 0.47 0.44 1.20
PEG 300 0.60 0.47 2.05
PEG 400 0.70 0.52 2.44
PEG 600 0.78 0.60 2.25
PEG 1000 0.94 0.70 2.37
PEG 1450 1.05 0.80 2.27
PEG 2000 1.22 0.89 2.59
PEG 3000 1.44 1.02 2.84
PEG 3400 1.63 1.06 3.63
PEG 4000 1.92 1.12 5.04
PEG 4600 2.10 1.17 5.73
PEG 6000 250 1.28 7.42
PEG 20000 5.10 1.92 18.89

The hydrodynamic radius is obtained using viscometry [12, 13, 15]. The crystal radius is estimated to be
(3M/4npN)Y/3, where M is the average molecular mass, p is the density (~ 1.13 for PEG, Merck),

and N is Avogadro’s number.
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Figure 1. The percentage of solution volume occupied by hydrated PEG in the aqueous
phase depends on the PEG molecular weight and the polymer concentration. The values were
calculated from the hydrodynamic radii for each of the PEGs (Table 1) using Eq. 1.

3.2 Accessibility of polymer containing solutions to

dissolved ions

We now consider the effects of nonelectrolyte polymers on ions in solution.
Dissolved electrolytes cannot occupy the volume occupied by the polymer,
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Figure 2. The apparent ion concentrations in 20% (w/v) PEG solutions in either (A) 0.1 M
KCI or NaCl or (B) 1 M KCI. The solutions also contained 5 mM Tris-citric acid and were
titrated to pH 7.5. The concentrations of K (triangles), Nat (squares) and CI™ (circles) were
measured with ion-selective electrodes. Data are the mean values of 5 to 7 experiments.

but they have access to water molecules that are free in solution. Using
ion-selective electrodes, we compared the effective concentration of ions in
solutions that contain polymers of different size (Fig. 2).

At fixed weight percent of PEG (20% w/v), the ion activities depend on
the ion type, molecular mass of PEG and the electrolyte concentration. (Figs.
2A and 2B). For the smallest PEG used and in 0.1 M KCI, the activities of
Cl~ and Nat were ~ 13% greater than that of K*. The difference in the
activities is probably due to the selective binding of ions to PEG. Some of
the ion activities increase with increasing PEG molecular mass. The increase
in CI~ activity with PEG molecular mass is consistent with the notion that
two or three water molecules are bound per PEG repeat unit [16—19] and the
gradual increase in the amount of water bound to PEG for PEG molecular
mass greater than ~ 800 to 1000 Da [19]. The smaller increase in K * activity
(in 0.1 M KClI solution) with the increase in PEG molecular mass suggests
that, under these conditions, K * binds more strongly to PEG than does CI~.
It is curious that when the concentration of KCl is increased from 0.1 M to 1
M, increasing the PEG molecular mass has a larger effect on the activity of
K* compared to that of CI~ (Fig. 2B). Also note that at lower ionic strength,
the PEG apparently binds K* more than it does C1~ (Fig. 2A). However, at
higher ionic strength, the opposite is true. It is well known that PEG forms
complexes with metal cations [20,21], apparently because PEGs can adopt
pseudo-helical conformations with cavities of preferred sizes [21-23]. The
results therefore suggest that the structure of PEG changes with ionic strength.
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33 Influence of pH and KCI concentration on the PEG
hydrodynamic radius

We and others have used relatively high concentrations of electrolytes and
different pH values when using nonelectrolytes to study the physical prop-
erties (e.g. of the “apparent” size) of ion channels [14,24-29]. In these
experiments, it is usually assumed that the hydrodynamic radius of the non-
electrolyte polymers, including PEG, is independent of the electrolyte type
and electrolyte concentration. We tested this assumption.

By measuring the viscosity of PEG solutions, we demonstrated that the
hydrodynamic radius of PEG is virtually unchanged with increasing pH. For
example, the radius of PEG3400 increased only from (1.62 & 0.15) nm at pH
3 to 1.65 & 0.16 nm at pH 10. High concentrations of 2:2 electrolytes, like
MgSOy4, have destabilizing effects on PEG [30]. We therefore wondered what
effects relatively high concentrations of 1:1 electrolytes (e.g. KCl and NaCl)
used in ion channel studies might have on the hydrodynamic radius of PEGs.
We found that increasing the electrolyte concentration only slightly decreases
PEG’s hydrodynamic radius and that the greater the PEG molecular mass, the
greater the influence the KCl concentration has on the R ;. The dependence of
Ry, on [KCI] (in M) for PEG4000 and PEG1500 can be expressed as R 14000
= 2.048 - 0.058[KCI] and R /1500 = 1.164 - 0.019[KCI]. For example, the
hydrodynamic radii of PEG4000 and PEG1500 are about 2.5% and 1.5%
smaller, respectively, in 1 M KCl than they are in 0.1 M KCI.

4. Effect of Nonelectrolytes on the Ion Current Through
Single Channels

4.1 Molecular information deduced using nonelectrolyte
polymers

PEG is commercially available in a wide-range of sizes. If the dispersion
of the polymer molecular mass of a stated size PEG is minimal, the polymer
can be used to estimate the maximum radius of the channel, as was mentioned
above. This is possible if we assume the PEG molecules act as hard spheres,
not as flexible coils [31] (i.e. they do not interact with the channel’s walls;
see below, the chapter by Bezrukov and Kasianowicz, and [26]). The polymer
can also be used to deduce information about the mechanism of ion transport
through the channels (e.g. the relation between the effect of low molecular
mass polymers on the ion channel conductance and the bulk conductivity can
help elucidate the mechanism of ion transport through the channels).
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Figure 3. The aHL channel conductance ratio (i.e. 100 times the ratio of the channel
conductance in the presence to that in the absence of nonelectrolytes) as a function of the
bulk conductivity. The bulk conductivity decreased as the nonelectrolyte concentration was
increased. The solutions on both sides of the membrane initially contained 0.1 M KCI. The
PEGs or low molecular weight sugars were subsequently added to each side. Data adapted
from [41].

4.2 Effect of PEG on S. aureus a-hemolysin channel
conductance

a-Toxin (also known as a-hemolysin, HL) is a virulent factor produced
by Staphylococcus aureus [32]. As a monomer, it contains 293-amino acid
residues with a total molecular mass of 33.2 kDa [33]. The monomer is
water-soluble, but spontaneously binds to a lipid membranes. Upon binding,
it oligomerizes into a water-filled, slightly anion-selective channel [34-39].
The channel is formed from seven identical monomers [39]. It is generally
accepted that the transmembrane pore-formation is a major mechanism by
which S. aureus damages target cells.

We demonstrated that when the concentration of low molecular mass PEGs
(e.g. 300 to 600 Da) was increased, both the conductance, g, of the cHL
channel and the bulk conductivity, o, of a KCl solution decreased in a similar
manner (Fig. 3) [12,13,15]. This suggests the mechanism of ion transport
in the channel is similar to that in the bulk. From the PEG partitioning
experiments (Fig. 3), the largest radius of the HL channel is approximately
1.3 nm. In the presence of 0.1 M KCl, this value of the maximum channel
radius is independent of pH [12,24].

By measuring the dependence of both the single channel conductance and
the polymer-induced current fluctuations, Bezrukov and Kasianowicz [26,27]
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demonstrated that in 1 M NaCl, the apparent size of the oHL channel is
smaller at pH 4.5 than at pH 7.5, even though the channel’s conductance, in
the absence of PEG, is larger at the lower pH value. Their results suggest
that, under these conditions, PEG interacts with the walls of the «HL chan-
nel. Specifically, neither a hard-spheres interaction model nor scaling theory
adequately describes their PEG partitioning data. They demonstrated that an
ad-hoc two parameter model, based on simple physical concepts, was suffi-
cient to describe their results. The authors also concluded that that interaction
between PEG and the pore’s wall is modulated by a change in the channel
induced by a change in pH. Because the properties of PEG are virtually un-
changed by changes in the solution pH and ionic strength, their conclusion
seems reasonable. However, it is conceivable that ions bound to PEG (Figs.
2A and 2B) might account, in part, for the interaction of PEG with the cHL’s
titratable side chains in the channel.

Based on the linear relationship between the channel conductance, g, and
the solution bulk conductivity, o, on the PEG concentration, we defined an
empirical parameter F, a filling factor to describe the extent to which the
pore is filled with polymer [40]:

- (42" E%) @

where the subscripts o and 7 denote the absence and presence of PEG, respec-
tively.

The value of the filling factor is greater if nonelectrolyte polymer partitions
into the pore. Figure 4 illustrates the dependence of F' on the PEG molecular
mass. We assume the value of the hydrodynamic radius at which F' starts to
increase is the largest radius of the channel.

As was shown for PEG partitioning into the oHL channel [26,27], the
dependence of the filling factor F' on the PEG hydrodynamic radius of PEG
is sharp. Because the filling factor is another representation of the PEG
partitioning data, it too cannot be described adequately by scaling theory [31]
whether or not the PEG molecules inside the channel are assumed to repel
each other (Fig. 5).

At relatively low ionic strength (0.1 M KCIl), a hard-sphere model that
excludes PEG-PEG repulsive interactions inside the channel does not fit the
data well. However, if these interactions are included in the model, the fit is
better, but still not acceptable (Fig. 5). Curiously, under certain experimental
conditions, even highly flexible PEG molecules (i.e. with a Kuhn length of
about several Angstroms) phenomenologically behave as hard spheres that re-
pel each other when confined in a nanometer-scale pore. Neverthless, despite
the lack of a complete physical understanding of how PEG interacts with the
oHL channel, and how the PEG molecules interact with each other when they
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Figure 4. The dependence of the filling factor F' on the PEG hydrodynamic radius for
the aHL channel. The arrows indicate the value of the maximum radii of the channel in 0.1
M KCI and 1 M KCl, respectively. The membranes were comprised of phosphatidylcholine-
cholesterol mixtures (3:1 mass ratio). aHL was added to the cis-compartment and the applied
potential was - 40 mV (cis side negative). The PEG solutions were prepared by mixing 2 g
of polymer with 8 ml of either of the buffered electrolyte solution at pH 7.5.
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Figure 5. PEG partitioning into the oHL channel as a function of the polymer’s hydro-
dynamic radius. The plot illustrates the experimental results for solutions that contained 0.1
M KCI (squares) and two theoretical predictions (lines) which account for polymer-polymer
repulsion: (A) the scaling approach [26, 31]; (B) the hard sphere approach [26,31]. The
numbers inside the plot indicate the excess free energy of polymer-polymer repulsion (in units

of kT
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are inside the pore, partitioning experiments still appear useful as probes for
this channel’s size.

4.3 aHL-channel asymmetry probed using
nonelectrolyte partitioning

The partitioning experiments described above were performed in the pres-
ence of identical concentrations and sizes of nonelectrolytes in both aqueous
phases bathing the oHL channel. To determine the size of each entrance of
the aHL channel, and whether the geometry of the channel varies along the
pore’s axis, we repeated the PEG partitioning experiments with non-electrolyte
solution in contact with either the cis or trans openings, but not both. The
approach here is completely empirical. To interpret the experimental results,
we will assume, for the sake of simplicity, that polymer partitioning occurs
in an “all-or-none” fashion.

The conductance of aHL ion channels in the presence of the polymer in the
cis or the trans sides of the chamber was measured (Table 2). By definition,
the protein is added to the cis chamber. This table also includes conductance
data measured in the presence of PEG on both sides of the channel (g bothy,
Note that the values of g% are almost always larger than g*#" . This is
consistent with the known structure of the oHL channel [42]. However, the
minimum molecular mass of PEG at which the maximal values g and gtrans
are reached was ~ PEG2000. Thus, the entry of PEG into the oHL channel
is limited by both of the narrow pore mouths.

If the oHL pore’s geometry is invariant along the pore axis, the dependence
of the cis and trans side filling factors on the PEG hydrodynamic radius should
be identical and vary sharply from zero to a maximum value as the polymer
radius is decreased. The results in Fig. 6 show that PEG molecules with radii
larger than 1.22 nm do not enter the channel from either entrance (i.e. F' ~
0) and the maximum values of F' observed for either case was 0.6. However,
the two filling factors differ in their dependence on PEG size and they both
exhibit a second step for PEGs with hydrodynamic radii between ~ 0.5 nm
and 1 nm.

These results can be interpreted in a simple manner. When the solution
contains PEGs that are too large to partition into a pore entrance, F' = 0. As
the R}, is decreased to a size small enough to enter the pore, F' increases. F'
continues to increase as Rj, decreases until the polymers encounter another
constriction, smaller than the channel’s mouth, further inside the pore. Here,
F remains constant with decreasing R ,. Finally, as the polymer hydrodynamic
radius is reduced further, the polymer is able to penetrate further into the pore
past the second constriction, and further increase the value of F'.
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X, mS/cm 1{7 nm gboth gcis gCrans

Standard 12.95 107.5+3.1

Glycerol 7.10 0.308 55.1+6.5 71.61+3.7 72.7+£5.6
PEG200 6.15 0.430 49.4+3.6 69.1+£5.3 65.0+£5.2
PEG300 6.00 0.600 50.0£7.4 75.8£5.5 62.5+5.0
PEG400 5.92 0.700 53.1£5.7 75.1+3.7 68.9+3.9
PEG600 5.95 0.780 57.943.5 75.1£5.1 69.0+3.2
PEG1000 5.72 0.940 59.045.1 75.9+5.8 73.7£7.4
PEG1450 5.70 1.050 68.7£5.2 81.5£5.1 83.1+4.4
PEG2000 5.71 1.220 91.946.0 100.0+4.8 104.2+6.5
PEG3000 5.73 1.440 105.6+3.2

PEG3400 5.66 1.630 105.3+4.4 105.5+4.2 104.6£7.6
PEG4600 5.65 2.100 106.4+7.3

X (mS/cm) is the bulk solution conductivity. R (nm) is the hydrodynamic radius of the non-electrolyte
obtained using viscosimetry by [12,53,54]. The single channel conductance g(pS) is expressed as mean
+ SD. The number of the single channel events counted in the main pool obtained from the computer
analysis of the histogram and the number counted in the whole cumulative histogram are all larger than
40. gboth is obtained with the same nonelectrolyte on both sides of the bilayer; g i is measured with
a given nonelectrolyte on the cis side and PEG 4600 on the trans side, and g **2"S is the conductance
measured with the given nonelectrolyte on the trans side and PEG 4600 on the cis side. Because there
is a transmembrane potential Ve, and the system is asymmetric, the conductances g €' and gtr2ns are
calculated as follows:

g

trans

cis

Il

Im/(Vim + Viev)
Im/(vm - Vrev)~

Vi is the potential applied across the membrane and Other conditions are described in the Text.
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Figure 6.  The dependence of the filling factors for the oHL channel (in the presence of
PEG in either the cis or the trans membrane side) on the PEG hydrodynamic radius. The
differences in these two results reflect the asymmetry in the channel’s structure.

4.4 Summary of Probing the aHL Channel With
Non-electrolyte Polymers

From the crystal structure, the oHL channel is 10 nm long and the radii
of the cis and trans openings are both ~ 1.4 nm. There is a large vestibule
inside the cap domain that has a maximum radius of 2.3 nm. The narrowest
constriction inside the channel has a radius of ~ 0.7 nm and is located at the
nexus between the cap and (3-barrel stem domains. The radius of the stem
segment varies from 0.7 to 1.2 nm depending on the volume of the side chains
protruding into the 1.3-nm radius (nominal) of this segment.

The results of the polymer partitioning data (Fig. 6) suggest that the cis
and trans channel entrances of the aHL channel are about the same size (~
1.25 nm) and that the inner pore geometries for the cis and trans sides of the
channel are different. The larger width of the filling factor plateau for the cis
polymer addition indicates that the cis side of the pore is more steeply conical
and than that on the trans side. The second constrictions from the cis and
trans pore entrances have radii that range from 0.9 nm to 0.6 nm and 0.8 nm
to 0.7 nm, respectively. The results also suggest that minimum radius of the
channel is ~ 0.6 to 0.7 nm. These conclusions are in good agreement with
the channel’s crystal structure [42] (Fig. 7).
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Limitations with the Method and Possible Future
Applications

S.

The simple method described here to determine the size of nanometer-
scale pores has several limitations. First, there is no complete physical theory
that adequately describes the experimentally determined polymer partitioning
results constrictions closer to the bulk solution (e.g. the vestibule in the cis
side of the oHL channel, Fig. 7) are indeterminate. Third, the interpretation of
polymer partitioning experiments may be complicated because PEG interacts
with proteins. For example, in high concentrations, it lowers the transition
temperature for some proteins [44,45].

PEG is presumed to bind to hydrophobic sites of proteins, in part, because
it has non-polar moieties [46,47] and generally is repelled by fixed charges
[30]. If the repulsion is purely electrostatic, then the interaction between
PEG and an ion channel due to charged amino acid side chains, will become
more attractive. The first evidence for this was provided by Bezrukov and
Kasianowicz [26,27] from an analysis of the low-frequency spectral density
of aHL channel current noise in the presence of differently sized PEG in 1
M NaCl. In our channel sizing experiments performed in the presence of 0.1
M KCl, we did not observe this effect.
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Figure 7. A cross-section of the aHL channel based on the crystallographic data (open
circles) [42] and the results of PEG paritioning experiments (dotted line). The structure of the
channel in lipid bilayers near the trans side entrance ( [43]) is identical to that of the crystal
structure. The radius of the large vestibule in the cis side cannot be ascertained using the
polymer partitioning method described here.
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Table 3. Transmembrane potential in Cis- and Trans-filling experiments and osmolalities with
0.1 M KCl containing 20% (w/v) PEG.

‘/rev Posm APosm
Standard 191.8 £1.0
Glycerol -3.50 3046 +14.5 2372.6
PEG200 -2.60 1905.8+£9.3 1231.8
PEG300 -1.85 1512.2+7.9 838.2
PEG400 -1.60 1292.44£2.9 618.4
PEG600 -1.50 1077.6+4.3 403.6
PEG1000 -1.00 918.6+6.0 244.6
PEG1450 -0.50 835.2+1.9 161.2
PEG2000 -0.30 789.31+20.1 1153
PEG3000 -0.30 734.5+0.7 60.5
PEG3400 0.00 721.4%3.6 47.4
PEG4600 0.00 674.0+5.0 0.0

Posm (mOsm/kg) is the osmolality of a solution prepared by mixing 20 g of the given nonelectrolyte and
80 ml of standard solution (0.1 M KCI, § mM Tris-citric acid buffer with pH 7.5. V rev (mV) - is the
potential needed on the side with the smaller nonelectrolyte to keep the current through the channel equal
to zero. The other compartment always contains PEG4600. The data are mean & SD for 5-7 experiments.
Osmolality of solutions is measured with a Fiske Mark-3 freezing-point osmometer.

There are several other issues that must be considered when using non-
electrolyte polymers to size nanometer-scale pores. We address each of these
below.

If polymer of one mass is added to the solution on one side of the pore, and
that of a different mass is added to the solution on the other side of the pore,
a transmembrane potential can develop. Using the oHL channel and high
concentrations of PEGs, we found that the value of this potential depended on
the difference in the osmolality of both solutions (Table 3). Smaller polymer
molecules that correspond to higher osmotic pressure differences [48] increase
the magnitude of the potential and the potential was negative on the side that
contained the lesser molecular mass PEG.

The observed transmembrane potential should be the sum of a) the stream-
ing potential produced by solution flow through the channel, b) the potential
generated by an electrolyte gradient caused by the dilution in an unstirred
layer from the side of higher (lower) osmotic pressure due to unidirectional
flow of water through the lipid bilayer [49,50], and c) the potential generated
by the difference in the KCI activities of the solutions on either side of the
membrane. The latter effect is small (Fig.2) and cannot explain the values of
the transmembrane potential that we measured (Table 3).

The polymer sizing method requires the single channel conductance be
measured to high accuracy. For example, a change of 1% in the mean value
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of the single channel conductance leads to a 3% change in the value of the
filling factor [40].

In one study, it was shown that a dispersion in polymer molecular mass
results in an overestimate in the effective pore radius [S1]. Experiments
with Chara coralina “ghosts” also demonstrated the need to account for the
polymer mass dispersion in channel sizing experiments [52]. However, the
dispersion of PEG molecular mass (e.g. Merck) show that standard deviation
in molecular mass and in hydrodynamic radii of nonelectrolyte, obtained from
viscosimetric studies [12,53,54], is usually small (5%).

6. Conclusion

Nonelectrolyte polymers have been used to deduce the size of a wide vari-
ety of channels reconstituted into planar bilayer membranes. These channels
include the Ca2*-channel induced by neurotoxin from black widow spider
venom [55], the Ca%*-channel formed by protein of Characeae algae Nitel-
lopsis [56], channels formed by S. aureus oHL [24,40,57,66], B-subunit of
cholera enterotoxin [58,67], Vibrio cholerae hemolysin [41, 59], Pasteurella
multocida dermonecrotic toxin [60], colicin Ia [25], mitochondrial porin [28],
malaria parasite’s nutrient channel [61], Syringomycin E [62], amphotericin
B [63], alamethicin [14], chrysospermin [64] and the nonpeptidic fungal toxin
[65].

Despite its limitations, the nonelectrolyte polymer partitioning technique is
a simple and powerful method to study the geometrical features of relatively
large ion channels.
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Abstract Polymers partitioning into highly confined spaces can be studied using single
nanometer-scale pores formed by protein ion channels. The ionic conductance
of a channel depends on the state of occupancy of the pore by polymer and
serves as a measure of polymer partitioning. Specifically, the movement of neu-
tral polymer into the pore causes a reduction of the channel’s conductance. The
mean conductance is used to determine the polymer partition coefficient and
the conductance fluctuations report the rates at which polymer exchanges be-
tween the bulk and the pore. Three theoretical approaches to describe the steric
interaction of polymer and a single pore (hard spheres, random flight model,
and scaling theory) fail to describe the partitioning of poly(ethylene glycol) into
two structurally and chemically different ion channels (Staphylococcus aureus
a-hemolysin and alamethicin). In particular, these theories cannot account for
the sharp molecular weight dependence of the partition coefficient.

Keywords:  polymer confinement, poly(ethylene glycol), PEG, PEO, structure-function

1. Introduction

The physics of polymer transport through porous media with micron-sized
apertures is important for the science and technology of separating a wide va-
riety of molecules (see the chapter by Akerman, this volume). However, most
fundamental processes of biology, including molecular interaction and recog-
nition, molecular synthesis, ion transport, and polymer translocation happen
at nanoscale dimensions. The latter typically occurs through nanometer-scale
pores in the membranes of cells and cellular organelles. It is crucial for
many biological functions including protein secretion [1-3] (see also Simon,
this volume), bacterial gene transduction, and some mechanisms of viral in-

117

J.J. Kasianowicz et al. (eds.), Structure and Dynamics of Confined Polymers, 117-130.
© 2002 Kluwer Academic Publishers.



118 Kasianowicz et al, eds: Structure and Dynamics of Confined Polymers

fection [4] (see also the chapters by Letellier and Kasianowicz, et al., this
volume). To understand the mechanism by which polymers are transported
through such small portals, we study how differently-sized molecules of a
neutral polymer, poly(ethylene glycol), partition into a nanopore of a protein
ion channel. water-soluble polymer have also been used as molecular probes
of ion channel functional structure [5-14] (see also Krasilnikov, this volume).
Interpretation of results obtained in such studies relies on either complete ex-
clusion or partial partitioning of polymers between the bulk and the channel
pore, a process that is governed by complex polymer-pore interactions.

Using the polymer-induced changes in single channel conductance as a
measure of pore occupancy by polymers, we deduce polymer partitioning as
a function of polymer size for two structurally and chemically different chan-
nels, Staphylococcus aureus a-hemolysin (oHL) and alamethicin. We com-
pare experimental results with the predictions of three theoretical approaches:
hard spheres partitioning (e.g. [15]), random flight model [16], and scaling
[17,18]. We find that for both channels, the experimentally obtained depen-
dence of polymer exclusion (or partitioning) on polymer weight is sharper
than any of these models of pure steric repulsion describes. We show that
several possible complications stemming from a) the deviation of pore shape
from that of a regular cylinder, b) the polydispersity of PEG samples, or
c) the non-ideality of concentrated polymer solutions do not solve the prob-
lem. In fact, each of them predict the opposite effect—the flartening of the
dependence of partitioning on polymer molecular weight.

2. General principles
2.1 Equilibrium partitioning

We consider here the problem of polymers partitioning into a nanometer-
scale pore. In the case of a large pore (i.e. large with respect to the character-
istic size of the polymer coil), one would expect a simple equi-partitioning of
polymer between the bulk and the pore (Fig. 1, top). It is clear that the action
of polymer on the single pore conductance would be identical to that on the
bulk conductivity because the average polymer density inside the pore is the
same as that in the bulk. Primarily, neutral polymers (e.g. PEG) reduce the
bulk conductivity of electrolyte solutions because their addition decreases the
jonic concentration and increases the solution microviscosity. Also, if ions
bind to the polymer, this will further reduce the bulk conductivity.

In contrast, for a small pore (i.e. small with respect to the characteristic
size of the polymer coil), there is a high entropic cost for confining a polymer
in the pore because a number of possible polymer configurations are lost
(Fig. 1, bottom). As a result, the average occupancy of the pore by polymer
is decreased, and the polymer concentration in the pore will be less than
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Figure 1. Polymer confinement in two idealized pores. Top: the polymer equilibrates
between the bulk and a relatively large pore without being distorted. Bottom: the polymer
partitioning into a relatively small pore is reduced by the entropic repulsion between the
polymer and the pore.

that in the bulk. Correspondingly, the relative polymer-induced conductance
reduction will be less than that for a large channel. In the case of very
large, and therefore completely excluded polymers, there is no reduction in
the conductance of the channel itself. In all cases, there is a small, and
sometimes measurable, influence of polymer on the access resistance of the
channel.

There are several approaches to formulating a quantitative description of
entropy-driven polymer exclusion. We discuss three of them which provide
analytical closed-form solutions: hard spheres partitioning [15], random flight
model [16], and scaling [17,18]. In the hard spheres model, we consider the
polymer radii 7, to scale as ~ (molecular weight)®/5. The corresponding
partition coefficient between the bulk and a cylindrical pore of radius R is
given by [15]

10 for r, > R. M

Note that even in the hard sphere model, the partition coefficient varies
smoothly and monotonically with molecular weight and is manifestly zero
for particles that are larger than the pore. The random flight model [16]
represents a polymer chain as a three dimensional random walk and accounts

pHS { (1-r4/R)? forrp, <R
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Figure 2. Comparison of three theoretical approaches to describe the steric interaction of
polymer and a single pore: hard spheres (dotted line), random flight model (dashed line),
and scaling theory (solid line). The polymer molecular weights are normalized to permit the
midpoint of the three curves to coincide.

for the walks that are lost as a result of confinement. The partition coefficient

is given by
o0

P =4y e[ (Buni/RYY]. @

where (3,, are the roots of a zero order Bessel function of the first kind and r;
is the root-mean-square radius of an ideal chain, r; ~ (molecular weight)!/2,
Unlike the hard sphere model, this description predicts a finite value of the
partition coefficient for particles that are larger than the pore.

The scaling theory approach considers the entropic cost of confining a
large polymer chain in a narrow and long cylinder. Increasing the length of
the polymer increases the number of “blobs” trapped in the cylindrical pore
and the change in entropy is proportional to the polymer length (or molecular
weight) [17,18]. Therefore, because 75, scales as ~ (molecular weight)®/5,
the partition coefficient is described by

pSC =exp [-0 (ra/R)*/?] ©)

where the parameter 6 is not definable by scaling arguments. All three de-
scriptions give rise to a smooth transition from equi-partitioning to complete
exclusion (Fig. 2). Scaling theory gives the sharpest transition between these
two regimes.
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2.2 Dynamics of partitioning

The previous descriptions do not address the fact that polymer partitioning
is a dynamic process. Even at equilibrium, polymer molecules continuously
exchange between the pore and the bulk because of Brownian motion. While
the average partitioning is characterized by the decrease in the mean pore
conductance, the polymer exchange between the bulk and the pore causes
fluctuations around the mean conductance value. The characteristic polymer
lifetime in the pore is about L2/12D [19,20], where L is the pore length and
D is the polymer diffusion coefficient in the pore. For a 5 nm long pore, and
a 1 nm radius polymer in water (D ~ 3 x 1078 cm?/s), the lifetime is ~ 10
ns. The temporal resolution of these pore conductance measurements is ~
10 us, some three orders of magnitude too slow to resolve such fast events.
Nevertheless, one does observe polymer-induced conductance fluctuations by
noise spectral analysis. As we show below, in some cases, the fluctuations
are so pronounced that they are evident even at low temporal resolution. This
occurs because the time scale of polymer partitioning is markedly increased
by polymer-pore interactions. Even when polymer exchange between the bulk
and the pore is fast, the effective diffusion coefficient of the polymer in the
pore can be estimated from the low frequency spectral density of polymer-
induced conductance (or current) fluctuations according to [21-23]:

D = Ags(Ag)L*V?/35;(0), “4)

where Ags is the reduction in pore conductance induced by a single particle
(polymer molecule), (Ag) is the average reduction in pore conductance, V' is
the transmembrane applied potential, and S ;(0) is the low-frequency power
spectral density of particle-induced current fluctuations. The main assump-
tions implicit here are that the pore is homogeneous and long (i.e. L > R,
where R is pore radius) and particle-particle interactions are negligible.

3. Experiments and their analysis
3.1 Methods

We determined the ability of differently-sized polymers to partition into
a pore that spans a lipid bilayer membrane. Specifically, we measured the
ionic current that flows through the pore at a constant applied potential in the
presence of differently-sized poly(ethylene glycols), PEGs. Single channels
were formed by adding either HL or alamethicin to one side of a planar
lipid bilayer membrane which was bathed by symmetric aqueous solutions
containing 1 M NaCl, 2.5 mM MES (or HEPES) at pH 7.5 and 15% (w/w)
of a given molecular weight PEG added to the salt solution. We used PEGs
with molecular weights between 200 and 17000 Da. Solvent-free membranes
were formed from diphytanoyl phosphatidylcholine in high purity pentane and
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Figure 3. Schematic of single channel recording apparatus. A single channel is formed
by adding pore-forming compound to the solution on one side of a SO um diameter lipid

membrane. The current flowing through the pore is measured using a high impedance, low
noise amplifier.

the current was measured and analyzed as described earlier [7,10,24]. The

temperature was T = (24.0 = 1.5) °C. An illustration of the apparatus is shown
in Fig. 3.

3.2 Experimental results from two chemically and
structurally different channels

Figure 4 illustrates the current through a fully open single oHL channel in
the absence of polymer and in the presence of differently-sized PEGs [10].
The current varies with PEG molecular weight in two ways. First, the mean
current increases with increasing polymer weight. Second, there is a marked
difference in the current noise of the pore’s open state, depending on the
polymer molecular weight. The noise corresponding to the current through
the pore in the presence of PEG 2000 is much greater compared to that in
the presence of higher and lower molecular weight polymers. Low molecu-
lar weight PEGs penetrate the pore and cause a significant decrease in the
mean channel conductance. Intermediately-sized polymers cause a smaller



Bezrukov & Kasianowicz: Dynamic partitioning of polymers into a channel 123

30 pA

NO PEG PEG 200 PEG 2000 PEG 8000

Figure 4. The effect of different molecular weight PEGs on the single oHL channel current.
The leftmost trace illustrates the current jump caused by the spontaneous formation of a pore
in the absence of polymer. The three recordings on the right show the influence of differently-
sized polymers on the open pore current. The current noise varies non-monotonically in
polymer molecular weight. The concentration of polymer was 15% for all PEGs and the
applied potential was 100 mV. The signal was filtered with a low-pass Bessel filter at 1 kHz.

decrease in the conductance but induce marked fluctuations in the channel
current. Large polymers, which are mostly excluded from the pore, increase
the mean conductance. Qualitatively similar results were observed with single
alamethicin ion channels [7,21]. However, in this case, the low-frequency
polymer-induced noise was not as pronounced.

A comparison of the steady-state mean conductance measurements for a
single oHL and alamethicin channels in the presence of differently-sized PEG
molecules is shown in Fig. 5. Level 1 of the multi-state alamethicin channel is
chosen because its conductance, about 0.7 nS in 1M NacCl, in this state is close
to that of the fully open oHL channel (~ 0.9 nS). We first consider the effect of
PEG on the oHL channel conductance. Three features are clearly seen. First,
PEGs with molecular weights < 3400 partition into the pore and decrease the
pore’s conductance. Second, higher molecular weight PEGs, which apparently
do not partition into the pore, increase the conductance. The latter effect is
caused by the water binding properties of PEG which increases the electrolyte
activity [7]. Third, the lowest molecular weight PEGs (molecular weights <
1000) decrease the pore conductance more effectively than they do the bulk
solution conductivity (compare the data with the horizontal dotted line). The
latter result suggests there is an attractive interaction between the polymer and
pore. The mean conductance of a single alamethicin channel also decreases
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Figure 5.  The dependence of single oHL and alamethicin ion channel mean conductances on
PEG molecular weight. The conductance values in the presence of PEG, g(w), are normalized
to that in the absence of polymer, go.

with decreasing PEG molecular weight. However, it does so less sharply. We
discuss the significance of this difference below.

The partitioning of polymer into a channel is a dynamic process which
causes fluctuations about the mean conductance value (Figs. 4 and 5). To
quantify the polymer-induced current noise, we use power spectrum analysis,
which facilitates the decomposition of a noise signal from different sources
[25,26]. This statistical method gives the frequency content of the mean
square fluctuation. The low-frequency current spectral density for single aHL
and alamethicin channels in the presence of PEG is illustrated in Fig. 6. The
position of the current noise peak for both channels correlates with the posi-
tion of the maximum slope in the mean conductance dependence on polymer
molecular weight (Fig. 5). However, the peak intensity observed for aHL is
more than an order of magnitude greater than that for alamethicin (note the
5-fold difference in scales used for the oHL and alamethicin data and the
difference in the applied potentials — see Fig. 6 legend). From equation 4,
it follows that the effective diffusion coefficient of the polymer in the aHL
channel is dramatically smaller than that in the alamethicin channel. This mo-
bility reduction and the time scale of the polymer-induced current fluctuations
for the oHL channel (Fig. 4 and results presented elsewhere [10]) suggest that
PEG and the aHL channel interact strongly whereas the interaction between
the polymer and the alamethicin channel is not evident.
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Figure 6.  Molecular weight dependence of the low-frequency current spectral density for
single aHL (triangles) and alamethicin (circles) channels. The peak in the current noise for
oHL is much greater than that for alamethicin’s level 1 conductance state and is shifted to
higher polymer molecular weight. The applied potential was 100 mV and 150 mV for the
experiments with aHL and alamethicin, respectively.

3.3 Comparison of experimental results to available
theories

To determine the polymer partitioning into these two channels, we use
the mean conductance data in Fig. 5 and assume that the polymer-induced
conductance reduction is proportional to the polymer partition coefficient [10].
The results are plotted in Fig. 7. There is a significant difference between
the polymer partition coefficients for oHL and alamethicin. First, for oHL,
the slope of the partition coefficient dependence on polymer weight is much
steeper. Second, for alamethicin, the midpoint of the partition coefficient is
shifted towards smaller polymer weights by at least two-fold.

The solid lines are the predictions for the partition coefficient using scaling
theory. The fit is not particularly good because it does not adequately describe
the steepness of the molecular weight dependence. Although, as is shown in
Fig. 2, scaling theory gives the sharpest transition between partitioning and
exclusion compared to the hard-spheres and random-flight models, it is not
sharp enough. The deviation is most pronounced for the HL channel, but is
also clearly seen for the alamethicin channel. We conclude that independent
of the size, structural features, and chemical composition of these two pores,
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Figure 7.  The dependence of polymer partitioning into single oHL (triangles) and alame-
thicin (circles) ion channels on PEG molecular weight. The solid lines are the least-squares
best-fit predictions for the partition coefficient using scaling theory [17,18]. The dashed lines
are drawn to guide the eye. For aHL, we used an additional multiplicative factor of 1.1 to
account for partitioning exceeding unity for small PEGs.

the three theoretical approaches do not quantitatively describe the empirically
obtained polymer partitioning data.

3.4 Possible reasons for the discrepancies between
theory and experiment

The polymer partition coefficient is obtained here from conductance data.
Implicit is the assumption that the effect of polymer on bulk conductivity and
on channel conductance are caused by the same two primary mechanisms —
an increase of the solution microviscosity and by dilution. This assumption
appears valid because channel pores are large both with respect to the PEG
monomer size and the Debye screening length in 1 M electrolytes. Second,
for small PEGs that partition easily into the channel, the relative reduction
in the pore conductance is close to the relative reduction in bulk solution
conductivity (Fig. 5). Thus, there is no compelling reason to expect any pro-
nounced non-linearity between polymer partitioning and channel conductance
reduction.

Using the above assumption, we consider three other possible complications
that, at first glance, may account for deviations from the “ideal partitioning”.
They include:

o the pore’s shape differs from that of a regular cylinder,
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o the PEG samples are poly-disperse mixtures with a number of polymer
sizes present,

e the polymer solutions are not ideal at 15% (w/w) concentrations used in
partitioning measurements.

However, it is easy to see that each of these complications results in the
opposite effect — the flattening of the dependence of partitioning on polymer
molecular weight. Indeed, deviations in the shape of the pore from a regular
cylinder (e.g., to a conical shape) will lead to a wider transition range because
the molecular weight cut-off will be converted from one value of polymer size
to a spectrum of sizes.

Polymer size polydispersity also widens the transition range. For example,
consider a polydisperse PEG sample with a primary size that is excluded from
the pore. The low molecular weight components in the PEG sample will still
partition into the pore and reduce the pore conductance, which would not
occur if the PEG sample was monodisperse. In the other extreme of polymer
partitioning (i.e. a low molecular weight PEG sample), high molecular weight
components of the sample will be excluded from the pore. Thus, the pore
conductance will decrease to a lesser extent compared to monodisperse low
molecular weight PEG sample. A recent study addressed this question [27].

The effects of polymer solution non-ideality were discussed previously [14].
It was shown that only the highly artificial hard spheres model gives some
sharpening of the transition. However, it is well known that PEG in water
forms flexible coils with a Kuhn length of several Angstroms. Polymer mod-
els (e.g. scaling arguments) predict a shift in the partition coefficient curve to
higher polymer molecular weights if polymer-polymer repulsion is included.
Moreover, if we consider the increase in this repulsion as the polymer mole-
cular weight is increased (solutions of higher weight PEGs are less ideal at
the same weight/weight concentration [28]), the polymer solution non-ideality
will broaden the transition between partitioning and exclusion. Indeed, larger
polymers are driven into the pore with a stronger force of polymer-polymer
repulsion.

4., Conclusions

The empirical study of polymer partitioning into nanometer-scale pores
reveals a simple qualitative picture. Large polymers are excluded from the
pores and thus do not significantly influence the pore conductance whereas
small polymers equi-partition into the pore and reduce its conductance to the
same degree as they decrease the bulk solution conductivity. The transition
between complete exclusion and partitioning reveal the characteristic size
of the pore. The larger the pore, the higher the polymer molecular weight
at which this transition occurs. However, a rigorous quantitative analysis
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of the data clearly shows that three available theoretical models for entropic
repulsion fail to describe the sharpness of the transition. Hard spheres, random
flight model, and scaling theory predict a smoother dependence of polymer
partition coefficient on molecular weight than is observed.

Our analysis suggests that several possible complications caused by either
the deviation of the pore shape from a regular cylinder, polydispersity of PEG
samples, or non-ideality of concentrated polymer solutions all predict the
opposite effect, i.e. a flattening of the dependence of partitioning on polymer
molecular weight.

One might ascribe the deviation of the empirical polymer partitioning (Fig.
7) from the theoretical predictions discussed here to complications due to
the finite size of the polymer. For example, polymers with small degrees
of polymerization, e.g. PEGs with molecular weight less than 1000 Da,
undoubtedly do not represent good random coils. The smallest polymers used
in our study probably have an appearance more like a curved rod than a coil.
Thus, the concepts of statistical polymer physics discussed above should be
applied with caution.

However, the results in Fig. 7 demonstrate that the larger pore (oHL) has
a steeper dependence of the partition coefficient on polymer molecular weight
than does the smaller pore (alamethicin). This shows that the deviation of the
data from theoretical predictions is greater for the larger pore and therefore
for larger polymers. Specifically, for aHL, the transition between partitioning
and exclusion occurs over a PEG molecular weight range of 1000 Da and
4000 Da. This observation seems to disagree with the finite size argument
discussed above, but does not necessarily exclude this possibility.

We conclude that more theoretical and experimental research is needed
to reach a quantitative understanding of the mechanisms controlling flexible
polymer partitioning at these biologically important length scales. New models
for polymer partitioning must consider interactions between the polymer and
the nanometer pore other than the purely entropic repulsion of polymer by an
inert geometric constriction.
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Abstract A non adsorbing, flexible polymer (in dilute solution with a good solvent)
enters a pore (of diameter D smaller than its natural size Rr only when
it is sucked in by a solvent flux J higher than a threshold value J.. For
linear polymers J. ~ kT/n (where T is the temperature and n the solvent
viscosity). We discuss here the case of statistically branched polymers, with
an average number n of monomers between branch points. We find that,
depending on the tube diameter, there are two regimes: “weak confinement”
and “strong confinement” depending on the tube diameter. By measuring J.
in both regimes, we should determine both the molecular weight of the polymer
and the number n of monomers in it.

Keywords: statistically branched polymer, threshold solvent flux, determining molecular
weight and number of monomers in a polymer.

1. Introduction

A major breakthrough in polymer production occurred some years ago with
the discovery of metallocene catalysts [1]. Thanks to these new catalysts, it is
nowadays possible to produce polyolefins with a controlled level of branching
and tacticity. The simplest object that one might think of is a statistically
branched polymer, with an overall degree of polymerization IV, and a number
n of monomers between successive branch points. The aim of characterization
is to obtain N and n from a minimum number of measurements in dilute
solutions. A new method of characterization, based on permeation studies
using nanoscale pores, was recently proposed by two of us [2]. In the present
paper, we study how this new method of characterization, initially developed
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Figure 1. A statistically branched polymer, with a overall degree of polymerization N and
a number n of monomers between branch points. The molecule is flexible and tree-like ( i.e.,
it does not contain any closed cycle).

for star polymers, can be extended to statistically branched polymers [3,4].
Througout the paper we assume that the molecule is flexible and tree-like
(i.e., it does not contain any closed loop), see Fig.1.

2. Penetration of a linear chain in a nanoscale pore
2.1 Permeation without flow

Let us start from a single linear chain, with degree of polymerization IV,
dissolved in a good solvent. The coil behaves like a self-avoiding chain with
a radius of the Flory form [5]

Rp ~ aN®/5, (1)

where a is the monomer size. We now confine the chain into a cylindrical
pore of diameter D and assume that the polymer adsorption on the solid wall
is negligible. As long as D > R, no change in the behavior of the chain
is expected. But if D < R, the chain is squeezed into the pore and can be
pictured as a sequence of blobs of size D, each containing g monomers. At
scales smaller than D the chain behaves as an unconstrained chain, and D
and g are related by

D~ a93/5. 2)
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The total number of blobs is N/ D, and the overall length of the confined chain
is L ~ (N/g)D ~ aN(a/D)*3. The free energy F required to confine the
chain is kT per blob, that is

5/3 5/3
F ~ kT% ~ kTN(%) ~ (%) . 3)

The free energy F can be obtained by measuring the partition coefficient p
(i.e. the ratio of concentration inside the pore to the concentration outside)
for a pore exchanging chains with a bulk solution

() ()]

The partition coefficient becomes rapidly negligible for D < R : chains of
size Rr larger than D do not spontaneously penetrate into the pore.

2.2 Forced penetration

We now want to force the chain to enter in the pore. In order to do that,
we impose a certain solvent flux J inside the pore. Figure 2 shows a chain
that has partially entered into the pore (over a lengthl > D). The free energy
of this state can be written

E= Econf + Edraga (5)

where Econt ~ kT(I/D) describes the confinement of the [/D blobs. The
term Eqrag represents the effect of viscous forces on the confined blobs and
can be evaluated as follows. Each blob is subject to a Stokes force of or-
der nV D, where 7 is the solvent viscosity. The flow velocity V' is simply
related to J and D by V ~ J/D? The overall hydrodynamic force is
thus nVD(l/D) ~ nVI. The work done by this force is nV12/2; hence
Egrag >~ —nV12/2. Returning now to the free energy eq. (5), we see that it
is maximum for

kT D
¥~ ——, 6
w7 (6)
corresponding to an energy barrier
kT)?
E* ~ (77 J) . @)

Aspiration occurs when E* ~ kT'. This gives a critical current [6]

Je ~ kT /n. 8)
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Figure 2. The entry process for a linear polymer: only a certain length, I, has penetrated in
the pore.

It is important to note that J. is independent of the tube diameter D and of
the molecular weight N of the polymer. At room temperature, with viscosities
comparable to the viscosity of water, J. ~ 5-107*3cm3 - s™1. For a pore of
diameter D ~ 5 nm, the corresponding velocity is V ~ J./D? ~ 20cm-s™1.
Experimentally, the crossover from zero permeation to high permeation has
been observed by Léger and coworkers for polystyrene in good solvent inside
polycarbonate nanotubes [7].

It is also possible to derive the critical current eq. (8) by considering what
happens in the entry region outside the pore [8]. There, in a naive picture, we
have a convergent flow of velocity v(r) ~ J/72, where r is the distance to
the pore entry. The velocity gradient is (r) ~ J/r3. Let 7 be the distance at
which 4(7) ~ 1/7, where 7 ~ n(R)3/kT is the coil relaxation time (Zimm

1/3
time). We have 7 ~ ('ZTJ‘) Rp. At a distance R < 7, the deformation is

fast, the chain cannot relax and deforms affinely. The lateral dimension 7 of
the distorted coil near the pore entry is of order r y >~ Rp(D/7). For the chain
to penetrate into the pore, Ry has to be smaller than D. This correponds to
J > J., where J. is again given by eq. (8).

3. Statistics of branched polymers

3.1 Overall size in dilute solution

Let us consider the overall size of a statistically branched polymer in dilute
solution. An interesting approach based on a Flory type of calculation was
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set up by Lubensky and Isaacson [9] and later implemented by Daoud and
Joanny [10]. It has been shown long ago by Zimm and Stockmayer [11]
that, in the absence of excluded volume interactions, the size of a statistically
branched object (containing no loops) was given by Ro ~ aN'/4nl/4. If we
now incorporate excluded volume (with a volume a® per monomer), we can
write a coil free energy F' in terms of the size R as follows:

R? N2 aSJ

— 4+ —.
2

R§ R3

Here the first term is an elastic energy, and the second term is the effect of in-

termonomer repulsions (Na3/R3 is the internal volume fraction). Optimizing
eq. (9) with respect to R, we arrive at [9, 10]:

F ~kT ©)

Rp ~ aN'/?p1/10 (10)

One can check that forn = N, i.e. for a linear chain, we recover the standard
result R ~ aN3/%. Some verifications of eq. (10) have been obtained (on
dilute solutions of branched polymers) by M. Adam and coworkers et al. [12].

3.2 A statistically branched polymer inside a nanoscale
pore

What happens if we now confine our statistically branched object into a
cylindrical pore of diameter D ? This problem has been first studied by Vilgis
et al. some years ago [13]. The main result can been understood in terms of
a Flory like free energy

Fo L? N2%a3

W Nty T IDY
where L is the molecule extension along the tube. The first term in eq. (11)
is an elastic energy for a molecule of extension L and unperturbed radius
Ro =~ aN'/4n1/4  The second term is the effect of intermonomer repulsions.
Optimizing (11) with respect to L, we arrive at

an

2/3 R\5/3
L ~ aN5/6,1/6 (%) ~D <5> . (12)
The internal concentration is
Na® [ Dpin\ Y3
o= 152> () (a3

where the minimum diameter
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Dmin ~ aN'/8 (14)

correspond to maximum squeezing (¢ = 1). Of particular importance is the
corresponding value of L:

Ly ~aN3/4pl/4 (15)

We call L 4 the Ariadne length. Ariadne helped Theseus through the Minoan
labyrinth by giving him a reel of thread, which kept track of his march.
L 4 represents the length of the shortest path from the starting point to the
monster: in our language, the thread distance between two arbitrary points on

the cluster. When we squeeze the polymer at its utmost, we arrive at a length
L of order Ly4.

33 The equivalent semi-dilute solution

As usual for semidilute solutions in good solvents, we can think of the
squeezed polymer as a compact stacking of blobs, each with a diameter £ [5].

There are two regimes, depending on the size of the correlation length &
when compared to the size &, ~ an®/® of one linear piece of n monomers in
good solvent.

1 When the tube diameter D is larger than a certain cross-over value D *,
we have £ > £,. We call this ”weak confinement”. In this regime, the
number g of monomer per blob of size £ is given by the relation (see

eq. (10)

¢~ agl/znl/lo. (16)

Writing that ¢ ~ ga3/€3 (compact arrangement) and comparing with
eq. (13), we arrive at the correlation length

4/3
E~a (2) N~1/6,71/30, an

a

2 The cross-over occurs when £ = £,. The corresponding tube diameter
is given by:
D* ~ aN/8p19/40, (18)
Note that D*/ Dpin >~ n3/%>1.

3 In the interval D* > D > Dy, we have a new regime of “’strong
confinement”. There are many blobs between two adjacent branch
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points, and the correlation length £ versus volume fraction ¢ follows
the classical law for semidilute solutions of linear polymers ¢ =~ a¢ /3.
Since ¢ =~ (Dpin/D)*3 we then arrive at a very simple result:

€ ~ a(D/Dupin) ~ aN~1/8p~1/8, (19)

34 Critical currents

Knowing the correlation length £, we can derive the osmotic pressure IT of
the squeezed molecule

I~ kT/¢3. (20

We now consider a branched polymer that has partially entered into the pore
over a length [. The corresponding confinement energy is

E. ~TIDI*> ~ kTDI?/£3. 3))

The hydrodynamic force acting on one blob of size £ is néV (Stokes force).
The number of blobs is DI2/¢3. The corresponding energy is thus given by

112
The total energy E. + Ej is maximum for
kT D?
I~ —— 23)
nJ € (
corresponding to an energy barrier
4
kT [ D?
E*~kT—|—/—] . (24)
nJ < ¢ )
The critical current J, corresponds to E* ~ kT and is thus given by
4
kT ( D?
Jo =~ A (~£—> . (25)
Inserting eqs. (17) and (19) into (25), we find
kT 4/3772/3,,2/15 *
Jo T(G/D) N4/Ppel2o) D>D (26)

and
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kT
J, o~ 7Nl/%,“/?, D < D*. @7

Equations (26) and (27) are the central predictions of the model.

4.

Concluding remarks

1 According to eqs. (26) and (27), a measurement of the critical current

J., performed at two diameter (D < D* and D > D*) should allow for
the determination of two unknowns: the overall number of monomers
N and the average distance n between branch points. Thus the per-
meation may be a rather powerful characterization method. However,
our discussion is still rather far from real applications. Several com-
plications can be expected : (a) The largest molecules might clog the
pore, (b) The strenght of the pore material should be quite high in order
to resist the pressure drop corresponding to the critical current, (c) In
some cases, the hydrodynamic forces may be large enough to break the
polymer. For a detailed discussion of this last point, see [4] .

In order to study the dynamics and free energy of polymers partitioning
into a nanoscale pore, Kasianowicz and coworkers [14] have recently
performed very interesting experiments where they measure, with high
resolution, the ionic conductance of a proteinaceaous channel in the
presence of water-soluble polymers. For more details, see Chapter 7 of
the present volume.

The Ariandne length (15) is related to the so-called spectral dimension
of a branched polymer. For more details, see [3].
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Abstract Polymer transport is central to many biological processes, including protein
translocation, bacterial gene transduction and some modes of viral infection. To
better understand the mechanisms of macromolecular transport, we are studying
the ability of polymers to partition into and thread through single protein ion
channels. It was recently shown in our laboratory that individual molecules of
single-stranded DNA and RNA can be detected and characterized as they are
driven electrophoretically through a single channel formed by Staphylococcus
aureus a-hemolysin. We demonstrate that polynucleotides partition more read-
ily into one entrance of this channel than the other and that the rate at which
the polymer enters the pore increases exponentially with the magnitude of the
applied electrostatic potential. A simple model provides an estimate for both
the height of the energy barrier that limits polynucleotide entry into the channel
and the number of charges on polyanionic ssDNA that initiate voltage-driven
transport through the pore. We show that polynucleotides can be used to probe
the geometric properties of an ion channel, and that the interaction between
the polynucleotides and a nanopore can be used to estimate the concentration
of analytes in solution. A statistical analysis of the current blockades provides
information about the structures of both the polymer and the nanopore.

Keywords:  alpha-hemolysin, ion channel, DNA, polynucleotide, polymer transport, protein
structure, sensor, analyte detection
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1. Introduction

Ion channels are nanometer-scale pores formed from transmembrane pro-
teins. The most well-known channels are the Na * and K+ selective pores
which provide the molecular basis of nerve activity [1-4]. More than fifty
years of research into the structure and function of ion channels has demon-
strated that the same motif, a nanopore, appears in many different roles in
cells and organelles including: antibiotic activity [5], the transduction of sig-
nals within and between cells [1—4, 6], and the selective transport of ions and
macromolecules [14, 6-19].

In order to understand the physics of macromolecular transport through
biological nanopores including, e.g.

m protein translocation [10-12] (see also the chapters by Simon, Nuss-
burger, and Kinnally, this volume),

» gene transduction between bacteria [4],

» and the transfer of genetic information from some viruses and bacterio-
phage to host cells (see Letellier, this volume),

we are studying the threading of flexible linear polymers of single stranded
RNA and DNA through single channels formed by Staphylococcus aureus
a-hemolysin (aHL) [20-23]. We describe some of these efforts below.

Experimental methods have only recently permitted the detection of either
several polymers [24-28] or single polymers [20-23] in narrow proteinaceous
pores. Theoretical analyses of polymer partitioning into simple model geome-
tries are now providing valuable insight into the physics of DNA confinement
in structures with biologically relevant length scales [29-34].

Ion channels have recently been considered as a good model system for
detecting and quantitating analytes in solution [35-43]. We demonstrate the
proof-of-concept that the interaction between polymers and a single nanometer-
scale pore provides the physical basis for a new class of sensor that is capable
of detecting simultaneously more than one analyte [44].

As is shown elsewhere in this book, nonelectrolyte polymers are good
probes for estimating the diameter of protein ion channels (see the chapters
by Krasilnikov and by Bezrukov and Kasianowicz; see also [25-28]). As
an extension of that work, we show here that polynucleotides can be used
as molecular rulers to estimate the length of a channel and the location of
constrictions along the pore axis [45].
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2. Properties of a model nanopore; the a-hemolysin ion
channel

oHL is a protein secreted by the bacteria Staphylococcus aureus as a 33.1
kDa monomer [46]. It spontaneously binds cell membranes and self-assembles
into a heptameric pore from seven identical subunits [47,48]. The channel
has a stem region that spans the membrane [32] and a large head domain that
protrudes well beyond one of the membrane-solution interfaces [48] (Fig. 1).

The oHL channel has several properties that make it ideal for studying
polymer transport in a nanometer-scale pore. Like many other protein ion
channels (e.g. [4,49]), the HL channel gates (i.e. switches) between different
conducting states [26,50,51]. Specifically, the rate at which the «HL channel
switches from a fully open state to lesser conducting states increases with the
magnitude of the applied potential. Under certain conditions, the «HL channel
can remain fully open for tens of minutes [51]. Also, aHL, unlike the Na *,
K+ and Ca?* selective ion channels, has a relatively large pore diameter that
is ~ 1.6 nm at the narrowest constriction [25-28, 48] (see also the chapters
by Krasilnikov and by Bezrukov and Kasianowicz, this volume). Finally, the
crystal structure of the channel has been resolved to 0.19 nm [48] (see Fig.

1)

Figure 1. A model nanopore for DNA transport studies. The a-hemolysin ion channel
crystal structure with a single-stranded DNA molecule superposed in the channel. The channel
is approximately 10 nm long and 10 nm wide at its widest segment. The narrowest constriction
within the pore is about 1.6 nm in diameter and is located approximately halfway down the
pore axis. The cis and trans entrances of the pore are located at the large cap domain (top)
and small stem segment (bottom), respectively.
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The oHL channel has an additional property that makes it ideal for polymer
transport studies. The residence times of some neutral and anionic polymers
in its pore are much greater than one would predict using either a one dimen-
sional diffusion equation or any other simple relationship for polymer mobility
in the bulk aqueous phase. Because of this, the transit of a single polymer
through the pore is easily detected using conventional electrophysiological
techniques. For example, random-flight polymers of poly(ethylene glycol),
i.e. PEG, that are small enough to partition into the oHL pore should diffuse
the length of the channel in about 100 nanoseconds as they apparently do in
the alamethicin channel [34]. In contrast, PEGs that enter the oHL channel
spend some 100 us in the pore [29] (see also the chapter by Bezrukov and
Kasianowicz). A similar decrease in mobility relative to the mobility in the
bulk was observed with single-stranded DNA and RNA transport through this
channel [20].

3. Methods

Details of the experimental methods for reconstituting the cHL channel
into planar lipid bilayer membranes [35,36] and for detecting polynucleotides
threading through it are described elsewhere [20,22,44] (see also Fig. 2,
Bezrukov and Kasianowicz). Briefly, a solvent-free diphytanoyl phosphatidyl-
choline lipid membrane is formed on a 20 um to 60 xm diameter hole in a
17 pum thick Teflon partition that separates two halves of a Teflon cham-
ber (after [52]). The two compartments contain identical aqueous solutions
(e.g. 1 M KCIl, 10 mM HEPES, pH 7.5). The aHL protein is added to
one compartment. After a single channel forms, excess protein is removed.
A transmembrane electric field is applied via two Ag-AgCl, electrodes and
the resulting current is converted to voltage (after [53])using a patch clamp
amplifier (Axopatch 200B, Axon Instruments). The signal is electronically
filtered and digitized by an A/D converter (Axon Instruments Digidata 1200
or 1321, or National Instruments AT-MIO16X A/D board). In our sign con-
vention for the applied potential, a negative voltage drives anions from the
cis side (i.e. top of the pore, Fig. 1) to the trans side (i.e. bottom of the
pore). Single-stranded homopolymeric DNA was initially suspended in 10
mM Tris-HCI, 1 mM EDTA, pH 7.5 and added in small aliquots (< 1% of
each chamber volume) to either the cis or trans compartments.

4. Electrically driven transport of single-stranded RNA
and DNA in a nanopore

It was shown in our laboratory that a transmembrane electric field can
drive single-stranded DNA (ssDNA) through single oHL channels [20]. The
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passage of individual polynucleotides through the channel causes transient
single channel blockades (Fig. 2).

-120 mV  + poly[U] cis

i

o
2
- e

w 1300 us

Figure 2. The transport of individual polynucleotides through a single cHL channel causes
transient ionic current blockades. (Left) In the absence of ssDNA, the single channel current
is stable. (Right) Adding 210-nucleotide long poly[U] caused transient current blockades.
The blockades are well defined in amplitude and lifetime. An all-points histogram analysis
demonstrated that the distribution of poly[U]-induced current blockade lifetimes were described
well by three Gaussians. From [20].

300 pss|,
Y

The results of several experiments suggest that ssDNA completely threads
through the pore as an extended rod and blocks the current during its tran-
sit. First, the mean lifetimes of the blockades induced by poly[U] RNA
are proportional to the polymer’s contour length (Fig. 3) [20]. Second, the
mean lifetimes decrease with an increase in the applied potential [20]. Third,
the polymerase chain reaction method confirmed that ssDNA, but not blunt-
ended double-stranded DNA, traverses the pore [20]. We discuss below a
fourth method that confirms that the polymer threads completely through this
channel.

4.1 Voltage-dependent polynucleotide entry into a single
nanopore

In general, the current-voltage relationship of the «HL channel is nonlinear
and rectifying. Thus, the ability of monovalent cations and anions (e.g. K *
and Cl7), to partition into and transport through this channel depends on an
asymmetry in the channel’s structure.
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Figure 3. Two of the three most probable lifetimes for poly[U]-induced current blockades
were proportional to the mean polymer length (filled circles and open squares). The results
suggest that the polynucleotides thread through the oHL channel as linear extended rods. The
third class of blockades (+) did not scale with the polymer length and may be caused by brief

interludes between the polymer and pore that do not result in polynucleotide transport events.
From [20].
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Figure 4. The rate of oHL channel blockade by polynucleotides is voltage dependent. In
the absence of ssDNA (leftmost recording), the single channel current is quiescent. Adding
30-nucleotide long 5’biotinylated poly[dC]: bT-poly[dC]30) to the cis side causes transient
single channel current blockades. The number of polymer-induced blockades decreases as the
magnitude of the applied voltage decreases (top). Similar results are obtained when ssDNA
is added to the trans side and applied potential is reversed (bottom). The polynucleotide
concentration is 400 nM and 800 nM on the cis and trans sides, respectively. Qualitatively
similar results are observed for a wide variety of DNA and RNA homopolymers. From [22].

In order to understand the mechanism by which individual ssDNA mole-
cules enter a nanometer-scale pore, we studied the concentration, voltage,
and sidedness dependence of polynucleotide-induced current blockades of a
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single oHL ion channel (Fig. 4). We found that for relatively short polynu-
cleotides, the blockade frequency is proportional to the polymer concentration
(Fig. 5, inset) and increases exponentially with the applied potential, and
ssDNA enters more readily into the pore from the cis side (Fig. 5) [22].
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Figure 5.  Polymer-induced current blockade rate is dependent on the polynucleotide concen-
tration and the applied potential. For |V| = 120mV and for relatively short polynucleotides,
the time-averaged blockade rate increases linearly with the polymer concentration (inset) and
exponentially with the magnitude of the applied potential. Similar results are obtained with
different DNA and RNA homopolymers. From [22].

To describe theoretically the voltage dependence of the polynucleotide-
induced blockade rate R, we used a classical Van’t Hoff-Arrhenius rate law
or transition state relation

R = kvexp|(AU — U4 /kT], 1)

where k£ ~ 1 is a probability factor, v is the frequency factor, U is the
activation energy (or barrier height) for polymer tranport through the pore
[22], AU is the energy that drives a polynucleotide into the channel, and kT
has its usual meaning. This relation can be derived from a diffusion equation
for polymer migration assuming that the barrier for polymer transport is high,
such that polymer barrier crossing is a rare event [54].

We assume that the electrostatic energy driving a polymer segment with
charge ze into the nanopore by an applied transmembrane potential is AU =
ze|V| [4], where e is the fundamental electronic charge. Thus,

R = Roexp(ze|V|/kT), )
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where R is independent of V. Fitting equation 2 to the data in Fig. 5 yields
z = 1.9 and z = 1.4 for the entry of polymer into the cis and trans sides of
the channel, respectively.

To obtain a value for the barrier height, we estimate the rate R o by using
an expression from a simple barrier penetration problem [54]. This rate is
assumed to be v = CD A/, where C, D, A and [ are the polymer concentra-
tion, polymer diffusion coefficient, channel cross sectional area and the barrier
width. When C = 400 nM (Fig. 4), cis), D =10 ~"cm? s ™!, A=3x10"14
cm?, and ! = 10 ~% cm (the length of the channel), we have R ¢ ~ 0.04 min ~}
and Ut = 8kT.

The results in Figs. 4 and 5 demonstrate that polynucleotide entry into the
oHL channel is a relatively rare event. An upper bound for polynucleotide
flux to the pore is estimated by assuming that the polymers are point particles
diffusing to a perfectly adsorbing disk with diameter d using J = 4CDd
[55,56]. If we use the bulk values for C' and D, and d = 2 nm [25-28,48],
then J ~ 3,000 min ! for C = 1,000 nM and D =10 =7 cm? s ~!. The ex-
perimental results in Fig. 4 show that for V =-120mV and C = 1,000 nM, ~
300 blockades min ~! occured. Under these experimental conditions, approx-
imately 10% of the cis-side ssDNA-pore collisions result in single channel
current blockades. This is a suprisingly high rate because the polynucleotides
are not point particles and the entropy of the chains reduces the probability
that one of the two ends will find the pore entrance.

To explain the voltage dependence of polynucleotide entry into the channel,
we assume there is a single barrier for polymer entry and ignore the barriers
or wells that are the physical cause of the asymmetric partitioning of polymer
into the two entrances (Figs. 4 and 5). The energy required for polymer
penetration into the narrow confines of the channel is evidently decreased
by an applied electrical potential. Because the electrostatic potential profile
along the pore axis is not known, we assume that the applied potential drops
linearly across the barrier. The results of fitting the data in Fig. 5 to the
above model show that the value of the polymer valence that is driven into
the barrier by the applied potential is z ~ 2. Because there is at most one
charge per nucleotide on the phosphate backbone, on average at least two
nucleotides interact with the barrier and initiate polynucleotide translocation.

The inset in Figure 5 shows that at a given polynucleotide concentration
the polymer enters the cis side more readily than it does the trans side. A
cartoon cross section of the «HL channel illustrated in Figure 6 suggests two
possible factors that could account for the asymmetry. First, the vestibule
on the cis side is larger than that on the frans side. Second, there is a
greater density of negatively charged amino acid side chains close to the trans
entrance that could inhibit polymer entry into the pore. Our preliminary results
obtained with genetically engineered versions of the oHL channel suggest that
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electrostatic repulsion plays a significant role in excluding polynucleotides
from the aHL channel (data not shown).

Figure 6. Several hypothetical mechanisms for the asymmetric partitioning of ssDNA into
the oHL ion channel. Polymer entry from the trans side may be less favorable because of
cither the negatively charged side-chains at that entrance, the smaller pore diameter on that
side, or both. From [22].

S. Sizing a nanopore with polymeric molecular rulers

The previous section demonstrated how threading ssDNA through a narrow
pore can be used to characterize some of the physical properties of both the
polymer and the pore. However, those experiments do not determine how deep
the polymer translocation barrier is located within the pore. We addressed this
problem by studying the ability of polymers that were modified with a bulky
macromolecule (e.g., a protein or antibody), herein called a cap, to partition
into either side of the channel (Fig. 7). The cap prevents the polymer from
completely threading through the channel. Different length capped polymers
were used as molecular rulers to determine both how far the polymer must
thread into the pore before it is committed to completely transport through the
channel. We also used polymers that can be capped at both ends to determine
the total length of the pore.

Figure 7 illustrates how singly capped ssDNA molecules were used to
probe the structure of the aHL channel. In the absence of the cap protein
(neutravidin), polynucleotides of different length cause transient blockades in
the single channel current. Avidin (i.e., + neutravidin), which binds to the 5°-
end of the polynucleotides, causes relatively long polynucleotides (30mers) to
occlude the pore from the cis side, whereas shorter capped ssDNA (20mers)
do not (Fig. 7, current recordings, top). Similar experiments demonstrated
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that the critical polynucleotide length to occlude the pore from the trans side
was between 10 and 20 bases (Fig. 7, current recordings, bottom)).

To determine the length of the pore, we used different length homopolynu-
cleotides with binding sites for ligands on the 5’- and 3°- ends of the polymer.
In the absence of ligands, the polynucleotides caused transient single channel
blockades. The subsequent addition of one of the ligands on the same side
the polymer was added caused the polymer to occlude the pore. Reversing the
voltage caused the current to increase to the fully open state because the poly-
mer exited the channel from the same side it entered. After adding the second
ligand to the opposite side, reversing the potential could not clear the polymer
from the channel if the polymer length was greater than 45 nucleotides (data
not shown) [45]. Because the channel length is ~ 10 nm, we conclude that
the mean distance between each base inside the pore is ~ 0.22 nm.

The latter result, and the data in Fig. 7 suggest that the segment inside
the oHL channel that commits polynucleotides to transport is located quite
close to the smallest constriction inside the pore (Fig. 6, geometric barrier).
By assuming that Ohm’s law is approximately valid inside the pore, we find
that the drop in the electrostatic potential is evidently greatest in this segment.
Because both ends of a sufficiently long polymer can become bound to ligands
on both sides of the channel, these data also confirm that polynucleotides
thread completely through the pore ( [20]).

6. Novel nanopore-based sensors

During the past decade, it was posited that single ion channels might prove
useful as components of sensors for specific analytes (e.g., [35,36,41,42]).
The principle of analyte detection and identification is simple. The binding
of analyte to a site inside the pore or near the pore mouth causes fluctuations
in the single channel current [35,36]. These conductance fluctuations could
be caused by changes in the electrostatic potential inside or near the pore,
by changes in the conformation of the channel, or by occlusion of the pore.
In a different approach, modified gramicidin channels were reconstituted into
complex membranes on solid support electrodes [39]. Because the latter
system uses a large number of channels, the kinetic information contained in
the reactions between an individual molecule and a single channel is lost.

We discuss here another mechanism by which a single nanopore can be
used to detect analytes in solution. Specifically, instead of placing the binding
site on the nanopore itself, we put it on a polymer. The ability of the polymer
to partition into the pore, or transport through it is altered by the presence of
analyte [44].
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Figure 7.  Polynucleotide molecular rulers are used to probe the aHL channel’s structure.
Left. Polynucleotides bound to avidin are driven into the pore from the cis and trans sides and
occlude the pore. Right. Cap-free polymers cause transient blockades in single channel current
(- neutravidin). The subsequent addition of a avidin as a capping protein (i.e. neutravidin),
causes the polymer to occlude the pore if the polymer is longer than a critical length. This
length is between 20 to 30 bases and 10 to 20 bases for cis- and trans-side polymer additions,
respectively. The magnitude of the applied potential was 120 mV. From [45].

6.1 Model for nanopore-based sensor

In one realization of a nanopore-based sensor, for low concentrations of
relatively short polymers and in the absence of analyte, the mean number of
current blockades is proportional to the polymer concentration (as shown Fig.
5, inset; see also Fig. 8, top). Analyte binding to a site on the polymer alters
the ability of the polymer to transport through the pore. The polymer would
either be rendered pore-impermeant (Fig. 8, middle) or occlude the pore for
a time that is commensurate with 1/k ¢y (Fig. 8, bottom). In the first case,
the analyte concentration is deduced from the decrease in the mean number
of blockades per unit time (Fig. 8, middle). For the second detection scheme
(Fig. 8, bottom), the analyte concentration is deduced from the mean time
that it takes the nanopore to be occluded by the analyte/polymer complex after
the electric field is applied [44].
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Figure 8.  Two models for analyte detection and quantitation using polymers and a single
nanopore. In the absence of analyte, polymers with covalently attached ligand binding sites
traverse the pore and cause transient current blockades (top). Analyte alters the polymer’s
ability to transport through the pore: the polymer becomes unable to partition into the pore
(Model I) or the complex blocks the pore for a time that is commensurate with the mean
lifetime of the complex (i.e. 1/ksy) (Fig. 8, bottom). From [44].

6.2 Analyte alters polymer-induced nanopore current
blockades

Proof-of-concept for the sensor scheme in Fig. 8 is shown in Fig. 9. In
the absence of polymers, the single channel current is stable (Fig. 9, left).
The addition of relatively short 5’-bT-poly[dA];o causes short-lived single
channel current blockades (Fig. 9, top middle). The subsequent addition
of avidin, in excess of the polymer concentration, essentially eliminated the
polymer-induced blockades (Fig. 9, top right). The loss of signal may be
caused either by a significant reduction in the residence time of the polymer
in the pore as it partitions into and out of the same channel entrance, or by
the polymer being rendered pore-impermeant. This result is consistent with
the first of the two sensor models shown in Fig. 8 (middle).

In a separate experiment, a relatively long biotinylated polynucleotide, 5°-
bT-poly[dA]so, also causes short-lived current blockades (Fig. 9, bottom
middle). In this case, the subsequent addition of avidin causes the channel to
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Figure 9. Proof-of-concept for the analyte detection method described in Fig. 8. The
leftmost recording shows open channel current in the absence of polymer, with an applied
potential of -120 mV. The middle recording shows the effect of adding 250 nM 10-nucleotide
bT-poly[dA] 10 (top) or 30 nM 50-nucleotide bT-poly[dA] so (bottom). Excess neutravidin
(2.6 mM to the 10-mer and 670 nM to the 50-mer) bound virtually all of the bT-poly[dA]
and caused either a reduction in blockades (10-mer, sensor in Fig. 8, middle) or long-lived
occlusions (50-mer, sensor in Fig. 8, bottom). From [44].

become occluded virtually indefinitely (Fig. 9, bottom right). This is expected
for a nanopore sensor operating as in Fig. 8 (bottom).

Longer biotinylated polymers (e.g., 5’-bT-poly[dA]s0) also cause current
blockades (Fig. 9, bottom). However, in this case, the subsequent addition
of avidin causes the channel to become occluded for times much greater than
the mean time for polynucleotide transport through the pore (Fig. 9, bottom
right).

For the first model of the nanpore sensor system (Fig. 8, middle), the mean
rate of polymer-induced transient current blockades decreases monotonically
with increasing analyte concentration. This was verified experimentally by
measuring the rate of 5’-bT-poly[dA] induced blockades as a function of
avidin concentration (Fig. 10). By the principle of mass action, for a com-
pletely irreversible reaction between analyte and sensing polymer, the blockade
rate should decrease linearly with analyte concentration. The results in Fig.
10 are consistent with this prediction over most of the analyte concentration
range. It is easy to show theoretically that if the reaction is reversible, as
the polymer concentration increases, the polymer-induced blockade rate will
decrease nonlinearly to zero.
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Figure 10.  The analyte detection method described in Fig. 8 (middle) is quantitative. The
concentration of analyte is estimated from the decrease in the time-averaged polymer-induced
single-channel current blockades. Here, adding 40 nM ssDNA (bT-poly[dA] 10) causes tran-

sient current blockades (upper left recording), and increased amounts of avidin decreased the
average number of transient blockades per unit time. Arrows indicate representative current
recordings at the indicated concentrations. From [44].

6.3 Multi-analyte detection

At relatively low polymer concentration, the oHL channel is almost always
polymer free (Fig. 9, top and bottom middle) because the rate of polymer
entry is low and the current blockades are relatively short-lived. It follows that
the sensor mechanism illustrated in Fig. 8 could be used to detect multiple
analytes if different ligand binding sites could be attached to polymers that
have unique current blockade signatures. The single channel recordings in Fig.
11 demonstrate that even identical length homopolymers comprised of 100
nucleotide long thymine, adenine, and cytosine can readily be distinguished
in both the lifetimes and amplitudes of the current blockade patterns. The
marked difference in blockade lifetimes is most likely caused by the different
structures the various homopolynucleotides adopt (e.g., [57], see also [23]
and the chapter by Akeson, et al.).

The possibility of detecting more than one analyte simultaneously with
single nanpore was tested using two different polymers, each with a unique
binding site for a specific analyte and each causing a distinctive current block-
ade pattern. The two polymers, 5’-bT-poly[dC] 10 and 5’-BRDU-poly[dT]so
could bind avidin or the antibody to BRDU (a-BRDU), respectively. In the



Kasianowicz et al:  Physics of DNA threading through a nanometer pore 155

poly[dT] poly{dC] poly[dA]

fully open M MM MMM ‘f\lf

]

2ms

Figure 11.  Identical length homopolymers of poly[dT], poly[dC] and poly[dA] cause single
channel current blockades that are characteristic of the polynucleotide. Note the distinctive
double-step polythymine blockade pattern. Qualitiatively similar results were obtained many
times using these three types of homopolynucleotides over a wide range of polymer lengths.
From [44].

absence of the two polymer types, the single channel current is stable (Fig.
12, leftmost recording). As expected, adding 400 nM bT-poly[dC] 1¢ to the cis
side causes transient current blockades that are characteristic of poly[dC] (Fig.
12, second recording). The subsequent addition of 400 nM BRDU-poly[dT] 5
to the same side further increases the mean polymer-induced blockade rate
and the additional blockades are characteristic of poly[dT] (Fig. 12, third
recording). Avidin markedly reduces the rate of current blockades because
the bT-poly[dC]o-induced blockades disappeared as expected (e.g. Fig. 8,
middle and Fig. 10). The addition of an antibody that is specific to BRDU
(a-BRDU, 240 nM) causes the pore to be occluded for relatively long times
by the complex of a-BRDU:BRDU-poly[dT]s50, as expected for a relatively
long polymer bound to a large analyte (Fig. 8, bottom). If only relatively short
polymers were used in this type of experiment, the system could be used to
detect simultaneously many analytes and is limited only by the number of
unique current blockade patterns that can be generated by the polymers.

BRDU-poly[dT]s0 further increases the total number of blockades per unit
time and causes the characteristic double-step pely[dT] signature, as seen in
the middle expanded view (Fig 12). The addition of 600 nM streptavidin
eliminates virtually all the bT-poly[dC] 1o current blockades, as expected for
the sensor shown in Fig. 8 (middle), shown both by the reduction in total
events as well as the lack of characteristic poly[dC] events in the data, (right-
most expanded curent recording). Finally, the addition of 240 nM a-BRDU
polyclonal antibody causes virtually infinite channel current blockades, most
remaining until the potential is reversed. This is expected for the sensor
shown in Fig. 8 (bottom).
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Figure 12.  Simultaneous detection of two analytes using a single nanopore and two different
polymers. The applied potential is -120 mV. See the text for details. From [44].

6.4 Alternative nanopore detector schemes

The sensor mechanism described here could detect any analyte that alters
a polymer’s ability to partition into or completely traverse the pore. The first
type of sensor illustrated in Fig. 8 (middle) sensor could also work in reverse.
For example, if an analyte converts a pore-impermeant polymer into a pore-
permeant form, then the number of blockades per unit time will increase with
analyte concentration, i.e. opposite to that suggested in Fig. 8, middle and
shown in Fig. 10. A similar principle was demonstrated by the cleavage of
RNA homopolymers (e.g. poly[U] but not poly[A]) into more numerous and
shorter polymers by ribonuclease A [20].

7. Statistical analyses of polynucleotide transport events

The aHL ion channel is used to measure current flow signatures caused by
individual molecules as they traverse a single nanopore. The diameter of the
smallest constriction in the HL channel is close to that of ssDNA. Under the
experimental conditions reported here, only several hundred ions per us flow
through the pore when it is partially occluded by a polynucleotide. Thus, there
will be significant noise caused by random fluctuations in ion concentration
within the pore (e.g. Figs. 2 and 10). Statistical techniques are therefore a
fundamental tool to estimate the blockade states associated with the molecules
as they transit.

The magnitude of the single aHL channel current is asymmetric with re-
spect to the sign of applied potential. We demonstrated above that polynu-
cleotides are more likely to enter one pore entrance than the other (Fig. 5). We
show here that the current blockade patterns for polymers threading through
the pore in one direction are different from those driven from the other direc-
tion. Specifically, using a statistical analysis, we found that the characteris-
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Figure 13.  Statistical identification of polynucleotide-induced current blockade states. The
single-channel current blockades caused by poly[dT]ioo (gray) show a rich structure with
relatively long-lived substates. Time-coherent segments in the blockades are well described
by individual Gaussian components. The solid black lines illustrate the mean current values
of the Gaussian components, that are estimated from an all-points histogram of the current
(Fig. 14), subject to the constraint imposed by a Hidden Markov state machine which applies
a penalty for state transitions (see text). Not all of the states, which seem obvious to the
eye, are estimated by the state decoder because of the need to separate closely spaced states
whose amplitude distributions overlap but are separate in time. The applied potential was
V = —120mV) which drives the polymer from the cis to the trans side of the channel. The
actual times between the blockades is random and much longer than is shown.

tics of the current blockades induced by poly[dT] depend on the direction the
polynucleotide travels through the pore. We used an Expectation Maximiza-
tion (EM) technique to fit Gaussian Mixture Models (GMMs) to the channel
amplitude distribution [58]. The channel asymmetry was pronounced for the
trans versus cis transit event characteristics including frequency, average am-
plitude, and event sub-state structure. We employ an ergodic Hidden Markov
Model (HMM) to represent the piece-wise stationary sub-state distributions
[59,60]. Figure 13 shows an example of the maximum likelihood estimate of
the sub-state sequence for a segment of data for poly[dT] o0 driven into the
cis pore entrance. The sequence of state mean current values is superimposed
on the raw current data. This state sequence is estimated from the transit
data using the HMM [61] and a Viterbi decoder [62] with the components of
the channel Gaussian mixture as the output distributions of the HMM state
transitions.

7.1 Open channel statistics

We computed the amplitude distributions for the trans and cis open channel
conditions using ~ three million time samples. The absolute mean current
values were approximately 88 pA and 120 pA, with standard deviations of
sim 4.9 pA and 4.8 pA, respectively. Under these experimental conditions,
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the aHL channel is highly asymmetric in mean open single channel current;
the cis mean current is thirty-six percent higher than that of the trans. The
Kolmogorov-Smirnov (K-S) statistic [63] shows small but significant devia-
tions from a Gaussian distribution in both the trans and cis open channel data,
with values of 3.2 and 8.4 respectively. Both support rejecting the hypothesis
that the data are Gaussian distributed at better than 0.01 probability level. We
found that a two and three component Gaussian mixture was required to fit
the cis and trans open channel data, respectively.

7.2 Transit event statistics

We have adapted signal analysis methods to characterize and decode repro-
ducible sub-states that are evident in polynucleotide-induced single channel
current blockades. We show here how this analysis was used to describe
a population of ~ 43,000 individual poly[dT] jgo-induced current blockades.
Most of the events (~40,000) were caused by polymer driven into the cis
entrance versus ~ 2,600 trans, owing to the lower rate of events per unit time
in the trans data set. The rate of polymer entry into the cis entrance was ~
16-fold greater than that for trans polymer entry. These results are consistent
with the asymmetry in bT-poly[dC] 3¢) driven into the pore (Fig. 5).

Non time coherent Gaussian mixtures can be fit to the observed amplitude
distributions for trans and cis event sets well enough that the K-S goodness
of fit tests provided no basis for rejection at the 0.05 level of confidence.
However, we found pronounced differences in the number and location of the
mixture components needed to model transit amplitude distributions for the
two channel conditions. In order to improve the resolution of closely spaced
states we applied a seven point median filter to the transit time series. For
this filtered data, a thirty nine component model was required to adequately
represent the amplitude distribution for the cis events (K-S = 1.32) while a
twenty component model was needed for cis transit event amplitude distri-
bution (K-S = 1.10). Figure 14 shows the amplitude distributions with the
estimated mixture models plotted against the observed distributions for cis
and frans transit event sets.

Generally, we also observed that the current blockades appears to be well
characterized by a piece-wise stationary multi-component Gaussian mixture
amplitude distribution. We modeled the piecewise stationarity of the states
with an HMM which favors self persistent state transitions over transitions to
other states. As shown in figure 13, this technique shows promise as a means
of measuring sub-states within transit events caused by single molecules. This
method may provide another technique to probe the structure of ion channels
[64].
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Figure 14.  All-points histogram for single oHL channel current in the presence poly[dT}oo.
The current blockade pattern for polymers threading from cis to trans (top, V = —120mV)
and vice versa (bottom, V = +120mV’) are markedly different. The solid black line represents
the best-fit nodel of the least number of Gaussian components that adequately represent the
amplitude data as measured by the Kolmogorov-Smimov statistic (see text). This fitting
procedure does not consider temporal information in the data (e.g., time-correlations of current
values). However, when combined with a Hidden Markov Temporal State Model (HMM) it
provides a good description of the segments within polynucleotide-induced current blockade
signals (see Fig. 13). The actual fraction of time the channel is occupied by polymer is
very small. However, the open channel data shown here excludes most of the time between
blockade events. The spectrum of the open channel noise is nearly flat.

Finally, although the signals caused by the polymers in Figs. 4 and S are
easy to differentiate by eye, a wide variety of statistical measures (e.g. mean,
variance, mean lifetime, autocorrelation or spectral analysis [27,28,35,36,65,
66], Hidden Markov Models [61] and Viterbi decoding algorithms [62] should
prove useful for decoding the complex structures of polynucleotide-induced
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current blockades [64] and for automatically distinguishing current blockades
caused by many different types of polymers.

8. Conclusion

We demonstrated how a protein ion channel is a good model system
for measuring directly the energetics of polynucleotide transport in a sin-
gle ahemolysin ion channel. Perhaps these techniques can also be used to
study DNA transport in other channels (e.g., [67]). It is our hope that this
new technique combined with the sophisticated theoretical approaches being
developed to describe and anticipate the physics of this process will provide
a better understanding of biological transport processes and spur the develop-
ment of new technologies for detecting a wide variety of molecules.
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Abstract Linear anionic polymers driven through the a-hemolysin channel produce ionic
current blockades. Three parameters of the blockades can be measured, in-
cluding blockade amplitude, duration and modulations of amplitude within a
single event. To test the hypothesis that blockade amplitude is related to the
molecular volume of a linear polymer traversing the pore, the effects of four
different polymers on the ionic current flowing through single a-hemolysin
channels were compared. The amplitude of the blockade is proportional to the
fraction of the pore volume occupied by the translocating polymer. We con-
clude that the primary contribution to the amplitude of a blockade is molecular
volume, although other factors may also play minor roles. These results sug-
gest that single nucleotide resolution will require a pore volume near the size of
the individual monomers in a polynucleotide (~ 0.3 nnt), which will require
an improvement of nearly two orders of magnitude over the current limiting
volume provided by the a-hemolysin pore (~ 18 nn?).

Keywords:  a-hemolysin, ion channel, polynucleotide, DNA transport

1. Introduction

As discussed in other chapters of this book, the ability of a nanoscopic pore
to detect and characterize single molecules of linear polymers has led to a va-
riety of novel applications. These range from determinations of concentration
and polymer length [1], to discriminating between monomer compositions
[2,3], detecting analytes in solution [3], and reading encoded sequences [1],
and perhaps even to DNA and RNA sequencing [1] if single nucleotide reso-
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lution can be achieved. In order to use nanopores for such applications, it is
important to understand the mechanism by which ionic current blockades are
produced when a polymer traverses a pore. Here we will use the a-hemolysin
channel as a model, but a similar analysis can be more generally applied to
any pore of nanoscopic dimensions.

2. Properties of the a-hemolysin pore

We begin by summarizing the properties of a-hemolysin and the ionic
current that is driven through the pore by an electric field. a-hemolysin is a
33 kD protein isolated from Staphylococcus aureus, which self-assembles as
heptamers in lipid bilayers to form a transmembrane ionic channel. Song et
al. determined the structure of the channel to 0.19 nm resolution [4]. Figure
1 illustrates a cross section of the channel with dimensions taken from the
X-ray crystallographic coordinates.

The cap domain of the channel has an entry of approximately 2.6 nm
diameter that contains a ring of lysine side chains. Other lysines are exposed
on the surface of the cap region that, depending on the proximity of nearby
negatively charged side chains, may provide a net positive charge that attracts
anionic polymers to the neighborhood of the pore [5]. This entry opens
into a vestibule with the largest interior dimension ~ 3.6 nm, which then
leads into the stem segment and the pore that spans the lipid bilayer. The
transmembrane pore segment has an average diameter of 2.1 nm, and the
entrance to this section of the channel from the cap region’s vestibule has a
diameter of 1.5 nm. This limiting aperture is composed of alternating lysine
and glutamatic acid side chains. The stem segment of the pore is lined with
neutral side chains of glycine, threonine, asparagine and serine, and has two
hydrophobic rings of exposed leucine and methionine side chains [4,6]. The
opening at the other end of the pore has a 2.2 nm ring of alternating lysine and
aspartate residues. At neutral pH ranges and high ionic strength, this channel
remains open even at potentials up to 200 mV [7], an essential characteristic
for the applications to be described here.

3. Ionic Current Blockades

Typical ionic current blockades caused by individual molecules of single
stranded poly(C) as they traverse the a-hemolysin pore are shown in Figure
2. Note that as each RNA molecule enters the pore, a large fraction of
the ionic current is blocked for several hundred microseconds. The pore
aperture limits the diameter of the linear polymers that produce blockades.
For instance, single stranded nucleic acid molecules can enter the pore and
produce blockades [1], but blunt-ended duplex DNA with a diameter of 2.6
nm does not thread through the pore [1].
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Figure 1. Structure of the a-hemolysin channel. A. Sagittal cross section shows the general
configuration of the pore and approximate dimensions. B. Side view of pore with single-
stranded oligo(dC) translocating from left to right. Original figure of the channel modified
from Song et al. [4]. The channel was not co-crystallized with oligo(dC).

3.1 Capture phase

For applications involving translocation through the a-hemolysin channel,
the channel and bilayer are typically bathed by 1 M KCI containing 10 mM pH
7.5 HEPES buffer. When a voltage of 120 mV is imposed on the pore, a 117
pA ionic current, caused by the movement of K* and CI~ ions through the
channel, results. If single stranded nucleic acids are present, a given molecule
will occasionally diffuse into a small volume near the mouth of the channel
and be captured by the field [5]. It is improbable that the entire molecule will
be moved by the field. It is more likely that the relatively mobile 3’ or 5’
ends of the nucleic acid strand will be captured [S]. The voltage-dependent
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Figure 2. lonic current blockades produced by deoxycytidylic acid. Data from [2]. The fact
that individual single stranded nucleic acid molecules produce detectable current blockades is
a surprising result (but see [6] and the chapter by Bezrukov and Kasianowicz, this volume),
and it is worth describing the process in sufficient detail so that the blockade mechanisms to be
described later can be clearly understood. The production of an ionic current blockade entails
three basic processes: capture, entry, and translocation. (See also [1,5,8], and the chapters by
Kasianowicz, et al., by Bezrukov and Kasianowicz, by Lubensky, and by Muthukumar).

entry of polynucleotides into the oHL channel is discussed elsewhere ( [5],
see also the chapter by Kasianowicz, et al.).

3.2 Entry phase

At this point three outcomes are possible. The first is that the diffusing nu-
cleic acid molecule simply collides with the pore’s entry. During the collision,
the ionic current is interrupted for a few tens of microseconds, but the dura-
tion of this transient blockade is independent of chain length [1]. The second
possibility is that one end of the molecule partially enters the vestibule and
remains indefinitely for periods ranging from tens of microseconds to several
milliseconds, after which it either falls out or is drawn completely into the
pore (see [5]). While the molecule occupies the vestibule it causes a partial
blockade with a characteristic amplitude about half that of the full block-
ade. The third possibility is that one end of the nucleic acid will be drawn
completely through the pore by the applied electrical field, producing a full
blockade with a duration that is a function of chain length [1].

33 Translocation phase

Translocation occurs as a result of an electrophoretic force acting on the
anionic phosphate groups of the chain. The pore is only 10 nm long, but the
nucleic acid strands can range from short oligomers to polymers thousands
of nucleotides in length. Given the small diameter of the pore, the polynu-
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cleotides must move through as extended linear polyanions [1]. We assume
that the electric field acts only on some of the oligonucleotide’s phosphate
groups within the channel, and not on the entire molecule (see [5] and the
chapter by Kasianowicz, et al.). The result is a constant force drawing the
strand through the pore. Although it may at first seem improbable that a field
of 100 mV could exert enough force to overcome diffusion, the field strength
across the membrane itself is equivalent to 2x10° volts cm™1. This electrical
field is apparently just sufficient to capture polymers, since a field half that
strength (50 mV, or 10° volts cm-1) does not produce RNA- or DNA-induced
current blockades ( [5], see also the chapter by Kasianowicz, et al.).

As each polynucleotide molecule traverses the channel, it gives rise to a
discrete ionic current blockade. The reason for the blockade is clear from Fig-
ures 1B and 1C, which show the pore with a pyrimidine oligonucleotide filling
a significant fraction of the volume available. Furthermore, the polyanion will
drag along waters of hydration, which will increase the apparent volume of
the molecule in the pore and form transient hydrogen bonds with the water
of hydration lining the channel’s polar interior.

Table 1 summarizes the physical properties of the pore that are relevant to
understanding ionic current blockades. Here we will assume that the major
component of the blockade occurs when a nucleic acid occupies the 5 nm
long pore in the stem of the channel, and neglect contributions by the larger
vestibule. The pore volume is ~ 17.9 nm3. This volume is obtained by
adding up the separate volumes of the 17 amino acid rings that compose the
pore. Each ring has a diameter varying from 1.4 (the lysine-glutamate ring
representing the limiting aperture at the entry of the pore) to 2.6 nm (the 5
glycine rings), equivalent to an average diameter of 2.1 nm.

In 1 M KCl, the pore volume contains ~ 600 water molecules and 11 K
and 11 CI~ ions if the ionic concentration in the pore reflects the bulk phase
solution. About 120 pA of current is driven through the pore by a voltage of
120 mV, which is typical for our experimental conditions. This is equivalent to
a current of 700 ionic charges per microsecond flowing through the pore, 350
ions each of K+ and Cl-, which have nearly identical transference numbers.
However, the ionic current is reduced to approximately a tenth of the open
channel current when a polynucleotide occupies the pore, so that the number
of ions decreases to 70 ionic charges per microsecond.

Polynucleotides pass through the pore at rates ranging from 1 to 3 ms per
nucleotide for DNA - poly(dC) compared to poly(dA) - and from 3 to 20 us
per nucleotide monomer for RNA - polyC compared to polyA. Clearly there
is some form of “frictional” interaction between the polynucleotide and the
pore that considerably reduces its mobility. The electrical force acting on
the polynucleotide works against the frictional drag so that a given strand is
translocated through the pore at a more or less constant velocity.
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Table 1. Properties of the a-hemolysin ion channel

Pore volume: ~17.9 nn?

Water molecules in pore: 597

Ions in pore (1 M KCI): 11 Kt and 11 CI”
Ionic current (120 mV) 120 pA

Ions passing through pore:  7x108 s~}

Tonic velocity in pore: 200 nm ms™!
Polymer velocity in pore: 0.25 - 1.7 nm ms™*
Transit time range: 1 ps/nt (poly(dC)) - 22 us/nt (poly(A))

We can also calculate the relative velocities of ions and nucleotide phos-
phates in the pore. In order to carry 120 pA of ionic current, the K+ and
CI~ ions must move through the open pore at a velocity of 200 nm ms™1,
equivalent to 20 cm s~!, a surprisingly high velocity. The corresponding
velocity of nucleotide phosphates moving through the pore ranges from 0.25
to 1.7 nm ms ™!, two orders of magnitude slower than the ionic velocity in
the open pore. It follows that, even though the polynucleotide responds elec-
trophoretically to the fixed electrical field that drive it through the pore, the

anionic phosphate groups do not contribute significantly to the total current.

4. Measurable parameters of ionic current blockades

Three parameters provide information about the nature of the linear polymer
passing through a nanopore. The first is blockade amplitude, with units of
picoamps, which simply represents the difference between the open channel
current and the current during the blockade. This parameter can be normalized
as I/1, where I is the blockade current and I, is the open channel current.
Blockade amplitude has a characteristic value for many homopolymers of
RNA and DNA, suggesting that it will be an important feature of analytical
applications of nanopore technology.

Blockade duration is the time required for a polymer to pass through the
pore. Typical values for different homopolymers range from 1 ms per nu-
cleotide monomer for oligo(dC) to 22 ms per nucleotide monomer for oligoA
RNA. Blockade signature is defined as a measurable variation in blockade
amplitude during translocation. When all three variables are taken into ac-
count, the pattern of blockades is different for virtually every linear polymer
we have tested, again suggesting that nanopore analysis of polymers will
provide useful information [1,3].
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S. What factors could affect blockade amplitude?

There are at least five factors that could contribute to the reduction in ionic
current caused by a linear polymer traversing a nanopore. It has been known
since the earliest research on particles (such as red cells) passing through 100
mm pores in cell counters that the primary contributing factor to the resulting
decrease in conductance (D) is the volume of the particle [9]. This relation
is described by the equation D, = 27r30/L?, where r is the radius of a
spherical particle, L is the length of the pore, and o is the bulk solution
conductivity. Although this equation is not directly applicable to a linear
molecule occupying the a-hemolysin pore, we can still ask whether volume
is the primary factor. For instance, ~ 20 ions are present in the open pore at
any given time, but if a molecule of DNA occupies half of the pore volume,
this number would be reduced to 10 ions with a corresponding decrease in
the ionic current. It follows that volume of the polymer in the pore is likely
to be a major factor.

However, other factors may also contribute to the blockade. For instance,
because the velocity of the molecule in the pore is much less that that of the
ions carrying the current, ions necessarily must move around the molecule,
and the longer path length could also reduce the total ionic current. Another
consideration is energy loss to the pore components. The channel’s resistance
to ionic current may be greater than that of the same volume and geometry
of free solution, so that energy available in ionic current is lost as heat.
Ions moving through the fully open pore may lose less energy than when a
molecule occupies the pore. One of the reasons is that the polyanion has
water of hydration, as do the current-carrying ions, and the ionic current does
work to make and break hydrogen bonds as they move past the polyanion.

Electrostatic interactions between the linear molecule and the ions carrying
current must also be considered. A polyanion in the pore could produce a
transient cation selectivity to the pore, so that Cl~ carry less of the total
current through the pore. The anionic phosphate groups in the polyanion may
also provide ion exchange sites for K™ ions, slowing their transit rate by the
extra time required to bind to and be released from the phosphate. Lastly,
there may be unknown effects of the polyanion on the pore’s conformation.
For instance, the phosphate groups moving past the rings of lysine at the
entry and exit of the pore could exert an electrostatic force that would tend to
reduce the diameter of these limiting apertures, thereby increasing the pore’s
resistance to ionic current.

Most of these factors are not yet amenable to experimental tests, but we do
have information related to molecular volume. If the volume of the molecule
occupying the pore is the primary factor contributing to blockade amplitude,
we should be able to measure blockades produced by polyanions having dif-
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ferent molecular volumes. If the hypothesis is correct, blockade amplitude
should vary as a function of molecular volume relative to pore volume. We
will use the molecular volumes and blockade amplitudes of oligo(dC) and
oligo(dA). We can compare the nucleic acid molecules to the blockade am-
plitudes produced by a strand of alternating deoxyribose and phosphate (the
abasic backbone of DNA) and a 65mer of polyphosphate. These linear polyan-
ions have markedly different molecular volumes, yet if they are mor or less
extended rods, they have approximately the same charge density of phosphate.

As an example, we will first estimate the volume of a poly(dA) molecule in
the pore. Assuming an average molecular weight of 300 for JAAMP in DNA,
and a density of 1.7, a mole of dAMP would have a volume of 1.76x10%
nm3, or 0.29 nm? per nucleotide. The conformation of a single strand of DNA
in the channel is unknown, but for the purposes of this calculation we can
assume 0.34 nm per base, which is the repeat distance of bases in a double
helix. About 15 nucleotides would then be in the pore at any instant. The
total volume of 15 dAMPs in the pore is then 15x0.29 = 4.35 nm 3. This is
only 27% of the pore volume, but we must also take into account water of
hydration bound to the polymer and to the pore surface that is unavailable
to conduct ionic current. We will assume that each monomer of the nucleic
acid has four waters of hydration (60 total), and that a single layer of water is
bound to the interior surface of the pore (320 total). With these assumptions,
70% of the pore volume would be occupied by a single strand of oligo(dA).

Similar calculations were made for oligo(dC), for the abasic strand, and
for polyphosphate. Figure 3 (top) shows blockades produced by polyphos-
phate 65mers, abasic strands of DNA, and oligo(dC), and the graph below
plots calculated against experimental results for blockade amphitude related
to fractional molecular volume occupied by the polymers in the a-hemolysin
pore. The slope of the plotted line is 1.4, because the experimental values are
generally somewhat larger than the calculated values. This suggests that the
other factors discussed earlier may be contributing to the absolute measured
magnitude of a blockade.

We conclude that blockade amplitude is largely a function of the fractional
volume occupied by a linear polymer traversing a nanopore. The difference
in total volume between purine and pyrimidine deoxyoligonucleotides in the
a-hemolysin pore is only 0.3 nm3, which represents a 6% difference in the
volume occupied by the molecules in the pore after correcting for water of hy-
dration. In current nanopore detectors this difference is just barely detectable
as an average signal over noise. It follows that an improved pore having a
smaller volume than that of the a-hemolysin channel is likely to be required
for single nucleotide resolution in nanopore sequencing applications.

Similar calculations were made for oligo(dC), for the abasic strand, and
for polyphosphate. Figure 4 shows a comparison of the calculated and ex-
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Figure 3. Single channel current recordings illustrating the blockades caused by

polyphophosphate, poly(abasic) and poly(dC).

perimental values. The slopes of the two plotted lines are similar, but the
experimental values are somewhat larger than the calculated values in all
cases, suggesting that one of more of the other factors discussed earlier is
contributing to the absolute magnitude of a blockade.

Comparison of calculated and measured current blockades. The upper
portion of the figure shows examples of current blockades for polyphosphate
65mers, an abasic strand of DNA, and oligo(dC). (Blockade amplitudes of
pure abasic strands have not yet been determined. The value of 77% is
taken from an abasic strand that is part of a larger synthetic DNA construct,
which produces the upward modulation of the blockade shown in the figure.)
The lower portion of the figure shows experimental and calculated blockade
amplitudes plotted against the fractional molecular volume occupied by 4
polymers in the pore - polyphosphate, abasic strands, oligo(dC) and oligo(dA).

6. Conclusions

We conclude that blockade amplitude is largely a function of the fractional
volume occupied by a linear polymer traversing a nanopore. The difference
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Figure 4.  Comparison of calculated and measured current blockades.

in total volume between purine and pyrimidine deoxyoligonucleotides in the
a-hemolysin pore is only 0.3 nm3, which represents about a 6% difference
in the volume occupied by the molecules in the pore after correcting for
water of hydration. In current nanopore detectors this difference is just barely
detectable as an average signal over noise. It follows that single nucleotide
resolution required for nucleic acid sequencing will require an improved pore
of smaller volume than that of the a-hemolysin channel.
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Abstract Discrimination and characterization of unlabeled, low copy number DNA mole-
cules may become a central requirement for many future biotechnology appli-
cations where low cost, high throughput genomic analysis is essential. To date,
approaches to such analysis usually require many copies (femto-moles or more)
of DNA that are amplified from a specific small region of DNA. In many
cases, preparing this DNA is the rate-limiting step that significantly contributes
to the overall cost of the analysis. Recently, new tools and techniques that al-
low detection and manipulation of single DNA molecules have been reported.
These tools may eliminate the necessity for DNA amplification. One example
consists of sequence-specific DNA detection using molecular beacons which
offer a superior signal-to-background efficiency compared with standard DNA
probes, and thus are much more suitable for single molecule detection [1]. Sin-
gle DNA molecules have also been sorted and sized using electric fields [2] or
stretched by electrophoretic force in a specially micro-fabricated cell [3].

Keywords:  a-hemolysin, DNA sequencing, nanopore

1. Introduction

In this volume, we have been introduced to the energetic barriers and dy-
namics that may explain aspects of polymer translocation through channels in
membranes (see the chapters by Muthukumar, Akerman, Lubensky, and Sung,
this volume). Others [4] (see also the chapters by Kasianowicz, Deamer, and
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Akeson) have shown that a biological channel in an insulating membrane
separating two ion-containing solutions can in fact be used to detect and
characterize single polynucleotide molecules. Meller et al. [5] have taken
advantage of these discoveries to show how several different DNA polymers
can each be identified by a unique pattern in event diagrams. These diagrams
are plots of translocation duration versus blockade current for an ensemble of
events. The results are an excellent example of how the coincident record-
ing of several independent parameters can provide a unique fingerprint that
distinguishes between DNA molecules which differ from each other only by
their sequence [5].

When a polynucleotide molecule is forced to traverse the a-hemolysin chan-
nel, it occupies, and thus blocks, much of the otherwise open pore, enabling
straightforward detection of the passing molecule [4]. Meller et al. [5] char-
acterized each molecule’s passage through the nanopore in an a-hemolysin
channel as an event whose duration time, ¢ p and its averaged normalized
blockade current level, I g, were recorded. Figure 1 displays two typical
events labeled by the facing arrow pairs. I p was calculated by averaging the
blockade current during the event and dividing this average by the averaged
open pore current. Although the basic apparatus Meller et al. [5] used was
similar to the horizontal bilayer apparatus described by Akeson et al. [6], a
special heat-conducting design and the use of a thermoelectric device made
it possible to maintain the buffer solutions, bilayer, and channel at any fixed
temperature between 0°C and 50°C. The effects of temperature on the move-
ment of DNA polymers through a nanopore were found to be stronger than
the those expected due to frictional drag alone, and, as we shall see below,
have provided several new insights into the translocation process.

¥ ]
100} owe
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l‘ 1 1 J
500 psec

Figure 1. Definition of the translocation duration time ,tp, and the normalized blockade
level,I g, for two typical events.

At room temperature some polymers, such as poly(dA) and poly(dC),
translocate through the a-hemolysin channel at rates that differ from each
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other markedly. As a consequence, an event diagram (fig. 2), in which each
translocating DNA molecule is characterized by the duration of the blockade
it produces, t p, and the average blockade current, I g, show that the events
corresponding to the two polymers each cluster in well-separated regions.
Less than 1% of the poly(dA) 100 events fall in the poly(dC) ;00 region and
vice versa. Thus, discrimination between the two polymer types is readily
achieved. Strikingly, the poly(dA) 00 events separate into two groups, as do
also the poly(dC) 1090 events. The two separate groups are evident as two peaks
in the current histograms for each polymer type (fig. 2b). The histograms
also show that the current peaks are well fitted by the sum of two Gaussian
curves whose peak values (I p; and I py) are among the statistical translo-
cation properties that can be measured for each polymer, e.g. for poly(dA)
Ip1=0.115 and I ps= 0.152.

Histograms of the translocation durations for groups 1 and 2 also exhibit
clear peak values which are defined as ¢ p; and ¢ pp. For events of short
duration (e.g., t p < tpj) the distributions display Gaussian behavior as
shown by the fits (solid lines in fig. 2¢). But for events of long duration (e.g.,
t p >t p1), the distribution of ¢ p values is not Gaussian (fig. 2c) and is most
reliably approximated by an exponential with time constant ¢ .. As shown in
figure 2c, which plots the translocation duration histograms for groups 1, this
time constant was found to be much longer for the poly(dA) 109 events than for
the poly(dC) 100 events. (Likewise, the group 2 values of 7 1o were greater for
poly(dA) than for poly(dC)). Other polymer types, reported below, as well as
many other polymers (unpublished data) exhibit a similar non-Gaussian time
distribution of ¢t p. Because this non-Gaussian time distribution is observed
for all the polymers that have been tested, it most likely a reflection of the
basic underlying mechanism responsible for polymer translocation rather than
of the particular base sequence traversing the nanopore. This non-Gaussian
time distribution should be taken into account in future attempts to model
polymer translocation through small diameter channels.

Although the separation into 2 groups is not as clear for poly(dC) 1g9 as
it is for poly(dA) 100, the tendency of these DNA polymers to fall into two
groups begs the obvious question: Why two groups? The same question has
been raised with respect to the similar phenomena observed for many RNA
polymers [4] (see also the chapter by Kasianowicz), where it was suggested
the two groups seen for many polymers could represent translocation of the
same structure in either of two orientations (3’ to 5’ or 5’ to 3”). If this were
the case, one might expect that all DNA polymers, which contain the same
deoxyribophosate backbone would, irrespective of their base composition, give
rise to two groups in event plots such as shown in figure 2. In fact, several
polymers, such as poly(dCdT)sp, were found to produce only one group,
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Figure 2. (a) Event diagram showing translocation duration versus blockade level for

poly(dA)100 (black) and poly(dC)i00 (gray) at 20°C. Each point on this diagram represent the
translocation of a single molecule that was characterized by its translocation duration, ¢, and
blockade current, Ig. (b) Current histogram projected from the above event diagram, same
color codes. The two peaks corresponding to the two groups of events are denoted by Ip1 and
Ipa. The solid lines are fits of the data to a sum of two Gaussians. (c) Duration histogram
projected from (a) for the first group of events. The solid lines are fits, see text. From [5].

suggesting that the grouping phenomena may be a function of the particular
purines or pyrimidines that are attached to the backbone sugars.

Using the procedure described above for poly(dA) and poly(dC), we mea-
sured the translocation properties of six different polymers. By fitting the
translocation duration time and blockade current distribution we obtained the
characteristic parameters of each of the polymer shown in Table 1. Together,



Branton and Meller:  Using nanopores to discriminate DNA molecules 181

Table 1.
Polymer Ip: tp1 TT1 Ipo tp2 TT2
(ps) (us) (us) (us)
(dA)100 0.126+0.012 192410 5543  0.1784+0.013 291420 111+7
(dChoo 0.134£0.010 76+4 15+1 0.170+0.013 64+4 10£1
(dA)s0(dC)so 0.128+0.010 13617 3242  0.168+0.014  231t16 17612
(dAdC)50 0.141+0.011 177+9 38+2  0.182+0.011 163111 41+3
(dC)s0(dT)s0 0.140£0.011 13717 251 No group 2 - -
(dCdT)so 0.144+0.012 82+4 9115 No group 2 - -

Summary of the statistical translocation properties of six different polymers characterized at 25.0 deg C.
The standard error of the mean is shown for at least 5 groups of measurements of the same polymer. From

[5].

these ensemble properties can provide a unique fingerprint that distinguishes

between DNA molecules, several of which differ from each other only by their
sequence. The I p, t p and 77 values for the group 1 and group 2 events of
six different polymers unambiguously characterizes each of the polymer types.

The differences between the translocation behavior of polymers measured
at 25°C are accentuated at lower temperature. Using again poly(dA) oo and
poly(dC) 100 as an example, examination of representative data at 15.0°C,
25.0°C and 33.0°C (fig 3), make it clear that the two polymers show different
trends:

The poly(dA) events remain as two separate groups throughout the entire
temperature range, but the poly(dC) events that begin to fall into two groups
at 20°C (fig. 2) merge into a single widely dispersed group above 25° (fig.
3b and 3c).

The relative number of events in the two poly(dA) groups varies with tem-
perature. At 15°C, nearly 50% of the total number of events are in the second
group while at 40°C this fraction is reduced to only 20-25%. Particularly for
poly(dA), the scattered events in group 2 become even more dispersed at low
temperatures (fig. 3a).

An extensive series of measurements from 15°C to 40°C with five polymer
types showed that for all of the polymers tested, the temperature dependence
of t py is best approximated by ~ a/T? + b (figure 4, full lines) where a is a
constant that depends on the polymer type, T is the temperature in °C and b is
an additive constant. Exponential and 7'~ temperature dependencies failed
to fit this data. The T ~! temperature dependence of cannot be accounted for
by viscous drag alone since viscosity would be expected to contribute only
a factor of T~!. The strong temperature dependence of t p; probably arises
from a complex of factors affecting those portions of the polymer that are in
the channel and those that are outside of the channel. We thus would expect
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Figure 3. Event diagrams for poly(dA)ioo (black) and poly(dC)ioo (gray) at: (a) 15°C, (b)
25°C and (c) 33°C. The insets are the corresponding translocation current (top) and duration
time histograms, same color codes. The solid lines are fits similar to those shown in figure 2.
From [5].

weaker temperature dependence for shorter polymer, especially those that are
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Figure 4. Dependence of tp for group 1 events for poly(dAhoo, poly(dC)ioo,

poly(dAs0dCso), poly(dAdC)so, and poly(dCdT)so). The error bars indicate the standard

error of the mean of more than 5 groups of measurements. With rising temperature between
15°C and 40°C there is a 12-fold decrease of tp; for the slowest polymer poly(dA), and an
8 fold decrease of tp for the fastest poly(dC). The dotted black line that matches closely to
the poly(dAsodCso) data is the algebraic average between tp of poly(dA)ioo and tpi of

poly(dC)100. Note that the temperature dependence is not exponential; rather, 772 scaling

(solid lines) yielded the best fit to the data. From [5].

short enough to reside entirely within the pore. This is indeed confirmed
by a preliminary set of measurements with polymers as short as 10 bases
(unpublished).

Inspection of Figure 4 makes it clear that at high temperatures, the dif-
ferences between polymers are diminished. For example, the ratio of ¢ p;
for poly(dA) 100 to t p1 for poly(dC)ioo (the slowest and fastest polymers in
our experiments) decreases with temperature from ~ 3.2 at 15°C to ~ 2.1
at 40°C. Further experiments at higher temperatures will be needed to deter-
mine if all polymers approach a common value. If so, translocation through
a nanopore could be used as a rapid measure of polymer length regardless
of the polynucleotide’s composition or sequence.

At low temperatures, the differences between polymers are striking. This
implies that experiments at 15°C or lower should optimize the identification of
individual polymers in a mixed population. For example, the discrimination
between poly(dA) ;00 and poly(dC) 100 at 20°C shown in figure 2¢ is enhanced
at 15°C where there is less overlap in the distribution of ¢ p values of the two
components. Other experiments with poly(dC) 100 and poly(dCdT) 5o show
that the ¢ p; values for these polymers differ by 50% (300us versus 200
us) at 15°C even though both polymers contain only pyrimidines. Recent
experiments at low temperatures demonstrate that as few as 10 substitutions
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of thymines spaced evenly throughout a 100 nucleotide poly(dC) polymer are
readily detectable (unpublished data).

The effects of temperature on the movement of DNA polymers through a
nanopore have begun to provide new insights into the origin of the two event
groups observed with many polymers, such as poly(dA) 100 and poly(dC) 100
at low temperatures. Originally, the presence of two groups was interpreted as
translocation of similarly structured polymers in either of two orientations, 3’
to 5’ or 5’ to 3°. But the measurements of temperature dependent translocation
parameter values have now begun to suggest that the presence of two groups
may be the result of an equilibrium between polymers that contain stacked
structures and polymers that are in an essentially random coil [7-10]. The
stacked structure is favored at low temperature, whereas the unstacked ran-
dom state is favored at high temperature. If, at low temperatures, any existing
stacked structure must be broken as the DNA is translocated through the nar-
row a-hemolysin pore, the added time to disrupt this structure would shift
t p to longer times and broaden the distribution of translocation durations, as
measured by 77. At the high salt concentrations used for our experiments,
the time scales for unstacking the polymer bases are commensurate with the
difference between the ¢ p; and ¢ po values we observed [5].

Meller et al. [5] advanced four observations that implied secondary struc-
ture and base stacking could be a major explanation for the existence and
the statistical properties of group 2 events: There is a particularly strong tem-
perature dependence of ¢ po and 712 in those polymers which contain long
poly(dA) sequences. This phenomena is pronounced with poly(dA) 100, which
is known to have a strong tendency for base stacking at low temperatures.
In contrast, the translocation duration of poly(dAdC) 5o, which cannot form
strong purine-purine base stacking, is approximated by an exponential over
the entire temperature range.

If entry into the narrow space of the a-hemolysin requires that DNA base
stacking structure be broken, the energy associated with this process should
yield events with a greater temporal scattering. Indeed, T 72 , (which provides
a direct measure of temporal dispersion in group 2) for poly(dA) 100 and
poly(dA 50dC 50) diverges at low temperatures to much larger values compared
with 71, for poly(dA)i00 and poly(dA 50dCsp) whereas the T2 values for
poly(dAdC) 199, which cannot form strong purine-purine base stacking, did
not show such divergence.

If lower temperatures stabilize purine stacking, it is expected that the num-
ber of the events associated with structured polymers will grow with de-
creasing temperature. This is observed. The fraction of the events in group
2 increase from about 20% at 25°C to 45% at 15° for poly(dA) 100 and
poly(dA 50dC 50), while remaining nearly constant for poly(dAdC) 5. For both
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poly(dC 50dT 50) and poly(dCdT) 50, in which only weak pyrimidine stacking
is possible [11], the pattern of translocation events do not exhibit two groups,
even at 15°C.

Thus, the group 2 events may represent the mostly structured (base-stacked)
polymers and the group 1 events the more unstructured, randomly conformed
polymers. While Meller et al.’s [5] data does not exclude specific polymer-
pore interactions that could explain the two groups as two states of the channel,
such interactions would not readily explain the strong temperature effects.
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Abstract

Keywords:

Single-stranded polynucleotide molecules impede ionic current when they are
driven through a nanoscale pore formed by the a-hemolysin heptameric channel
(see J. Kasianowicz, D. Deamer, D. Branton, this volume). The duration and
frequency of these blockades correlate with the length and concentration of the
polymer examined. This suggests that translocation of RNA and DNA strands
through the nanopore might also be used to derive a direct, high-speed read-
out of each molecule’s linear composition. We have recently shown that this
is possible. Homopolymers of polycytidylic acid (poly C), polyadenylic acid
(poly A), and polyuridylic acid (poly U) cause blockades of current through the
a-hemolysin pore that are distinguishable from one-another based on amplitude
and duration. These differences are due to the predominant secondary structure
adopted by each homopolymer at room temperature in neutral buffer. We have
also demonstrated that the nanopore instrument has sufficient sensitivity and
resolution to detect short, discrete blocks within single polynucleotide mole-
cules during translocation. For example, within an individual RNA strand,
the transition from a 30-nucleotide poly A segment to a 70-nucleotide poly
C segment can be read as an abrupt, 10 pA current change. A larger current
change can also be observed at the transition between nucleotides and an abasic
deoxyribose-phosphate segment inserted into a synthetic DNA strand. These
polymers may be used to encode targeting molecules such as antibodies, gene
specific oligonucleotides, and peptide agonists.

a-hemolysin, nanopore, polycytidylic acid, polyadenylic acid, polyuridylic acid,
sequencing DNA

1. Introduction

We and our colleagues (Deamer et al., Branton et al., Kasianowicz et al.,
this volume) are developing nanopore instruments designed to read the lin-
ear composition of individual encoded polymers including RNA and DNA.
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David Deamer and Daniel Branton first proposed that this technology might
one-day achieve single nucleotide resolution, thus permitting sequencing at
rates approaching 1000 nucleotides per pore per second [1]. This will require
a detector associated with the nanopore that can resolve modest structural dif-
ferences between two pyrimidines (T and C in DNA) or between two purines
(G and A in DNA), at 7 angstrom spatial resolution in 1 to 10 milliseconds
per nucleotide. As a preliminary step toward this end, we have used the a-
hemolysin prototype nanopore to establish current blockade patterns caused
by linear block copoylmers (Deamer et al., this volume, Fig. 1). The blocks
in these copolymers are composed of identical repeated monomers in series
(20mers or greater) including RNA nucleotides, DNA nucleotides, and syn-
thetic monomers linked by phosphodiester bonds. In this chapter, we describe
the signatures of these block copolymers as they traverse the a-hemolysin un-
der an applied voltage. We also describe a new application of the encoded
molecules that we refer to as targeted molecular bar codes.

2. Discrimination between RNA homopolymers based on
blockade amplitude and duration.

One of our first aims was to determine if the prototype nanopore instru-
ment could distinguish between homopolymers of any of the five common
nucleotides (G, A, C, T or U). Based upon differences in molar volume
(Deamer et al., this volume) we reasoned that comparisons between a purine
polyribonucleotide and a pyrimidine polyribonucleotide would be most likely
to result in measurable current differences. Our experimental set-up has been
described previously [1,2]. Briefly, single a-hemolysin channels were intro-
duced into high-resistance lipid bilayers formed across a horizontal, conical
aperture on a Teflon patch tip separating two baths containing 1M KCI at
pH 7.5 to 8.0 (HEPES/KOH). Ribonucleic acid homopolymers (poly A or
poly C of about 150 nt in length) were added to the cis bath and ionic current
blockades were measured at 120 mV applied potential. Poly A homopolymers
caused three classes of blockades [2] (See Fig. 1, dashed arrows). Among
these, the larger amplitude blockades reduced the channel current by about
107 pA to 19 pA of residual current (85 % blockades) with durations in the
range of 1.5 to 2.5 ms. These blockades were strand-length dependent, a
characteristic that correlates with vectorial translocation through the nanopore
[1].

The pattern of blockades caused by poly C was easily distinguished from
the pattern caused by poly A (Figure 1, solid arrows). Most notably, of the
blockades whose duration was strand-length dependent, two distinguishing
characteristics emerged: i) poly C RNA reduced the channel current signif-
icantly more than did poly A RNA ( 95 % blockades vs 85 % blockades,
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Figure 1. Blockades of the a-hemolysin nanopore caused by poly A or poly C homopoly-
mers. The RNA strands (~ 2009 /ml) were captured and driven through a single a-hemolysin
pore by a 120 mV applied potential at room temperature. The buffer was 1M KCl at pH 7.5
(HEPES/KOH). From [2].

respectively); and ii) the 95 % blockades caused by poly C were shorter in
duration (ca. 3us per nucleotide) than were the 85 % blockades caused by
poly A (ca. 20us per nucleotide). Using these two parameters alone, it was
possible to identify each individual blockade in a population of several thou-
sand as due to poly C translocation or due to poly A translocation. This result
set the stage for construction of RNA block copolymers that could be read
directly by the a-hemolysin nanopore (see below), but it was also opposite of
what we expected: the adenylic acid monomer in poly A has a larger molar
volume than does the cytidylic acid monomer in poly C, and yet the poly
A blockade amplitude was less than the poly C blockade amplitude. Fur-

thermore, on average, poly C RNA translocated across the pore more rapidly
than did poly A RNA of similar length despite greater resistance to poly C
translocation implied by the larger blockade amplitude. This unexpected re-

sult is most likely explained by the predominant secondary structure adopted
by each RNA homopolymer in neutral solution at room temperature. X-ray
diffraction analysis of poly C fibers (See Fig. 2a, left) [3]

reveals a right-handed helix with six nucleotides per turn and a 1.34 nm

diameter which is sufficiently narrow to fit into the a-hemolysin pore without
unstacking. In other words, poly C could translocate across the a-hemolysin
pore as a narrow single-stranded helix rather than as an extended, random coil
(Figure 2b, left). By comparison, X-ray diffraction analysis of poly A RNA
[6] (See Fig. 2a right) suggests a right-handed helix with nine nucleotides
per turn and a 2.2 nm diameter. This structure is sufficiently narrow to fit

into the vestibule of the a-hemolysin pore (see the chapters by Kasianowicz,
et al. and by Deamer et al.), accounting for the numerous, long-lived partial
blockades associated with this polymer (Fig. 1). However, at 2.2 nm diameter
the poly A helix is too large to fit through the 1.5 nm limiting aperture of
the a-hemolysin pore. Thus poly A RNA would typically be captured as a
helix, but translocated as an extended strand as it is slowly unstacked by the

electric field across the nanopore (Figure 2b, right).
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Figure 2. Structure of poly C and poly A RNA homopolymers based on X-ray diffraction
analysis. The structure at left is from [3]. The structure at right is from [4]. Dimensions of
the a-hemolysin pore are from [5].

Two additional experimental results support this model. First, Adler et al.

[7] used circular dichroism to show that poly dC is relatively unstructured
compared to poly C at room temperature in neutral buffer. Therefore, if the
model in Figure 2b is correct, current blockades caused by poly dC should be
faster and of lesser amplitude on average than are blockades caused by equal
length poly C. This is in fact the case (Figure 3).
Second, if poly A penetrates the limiting aperture of the a-hemolysin pore as
an extended strand formed when a helix unstacks (Figure 2b), then current
blockades caused by poly A should be similar in amplitude to those caused by
an extended random RNA coil such as poly U [6,8,9] but significantly longer
in duration. This is supported by experiment as well: current blockades during
poly A translocation cannot be distinguished from poly U translocations based
on amplitude, but they can be distinguished from poly U based on average
blockade duration [2].
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Figure 3. Comparison of the ionic current blockades caused by poly C RNA and by poly
dC DNA homopolymers. The polymers (~ 100 nucleotides long) were captured and driven
through a single a-hemolysin pore by a 120 mV applied potential at room temperature. The
buffer was 1M KCI at pH 8.0 (HEPES/KOH). From [2]. Reading of a poly A/poly C RNA
block copolymer using ionic current through the a-hemolysin pore.

The homopolymer data (preceding section) lead us to believe that a tran-
sition from poly A to poly C segments within an individual RNA molecule
should be detectable by the a-hemolysin pore. We therefore examined block-
ades caused by an RNA strand composed of covalently linked poly A and
poly C blocks (Fig. 4a).
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Figure 4. lonic current blockades caused by a poly A(30)poly C(70) RNA block copolymer.
The RNA strands (50 ug/ml) were captured and driven through a single a-hemolysin pore by
a 120 mV applied potential at room temperature in 1M KCI.

As predicted by the homopolymer data, translocation of this RNA block
copolymer resulted in blockades with two components (Figure 4b), one of
which reduced the channel current by ~ 95 % (consistent with poly C), and
the other of which reduced the current by ~ 85 % (consistent with poly A). To
establish that the two part blockade signature was due to the poly C-to-poly
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A transition in A(30)C(70)Gp, we repeated the experiment with the addition
of ribonuclease A. Ribonuclease A cuts 3’ of pyrimidine nucleotides in RNA,
but it does not cut at purine residues. When added to an A(30)C(70)Gp
preparation, this would result in a rapid decrease in intact block copolymers,
and ultimately result in a mixture of intact poly A 30mers and cytidylic acid
monomers (Fig. 5a).
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Figure 5. Effect of RNAse A digestion on the proportion of two level vs single level
blockade signatures in a solution containing poly A(30)poly C(70) at time zero. The filled
circles represent C-to-A bilevel blockades, the open circles represent poly A blockades, and
the triangles represent poly C blockades. Experimental conditions described in Fig. 4.

Figure 5b shows that current blockade patterns read by the nanopore in-
strument follow this pattern. This confirms that current blockades in the
a-hemolysin pore accurately report the transition from a poly C helix to a
poly A extended strand during translocation of individual RNA molecules.
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3. Design and testing of a synthetic DNA strand
containing an abasic segment.

The A(30)C(70)Gp data were evidence that an individual encoded linear
polymer could be read by a nanopore instrument. However, our ability to read
the poly C-to-poly A transition relied upon differences in secondary structure
between the two segments. Ultimately, our ability to read polynucleotide
sequences (Deamer et al., Branton et al., this volume), or to read the sequence
of targeted molecular bar codes (see below), will be optimized if we can
detect the primary structure of linear polymers. The synthetic strand depicted
in Figure 6 was designed to maximize our ability to read primary structure
within a synthetic DNA strand.

DNA Hairpins With ke
6 Base-Pair St T.T
ase-Pair Stems GC
\ CG
TA
AT
CG
T ABASIC GCCCCCCCCCCCC.....dCao
T CGATGCessssssssassssssssan ssasssassssssssssans 3
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- 5 5 >
140 A 140 A

Figure 6. A synthetic DNA strand containing hairpins and an abasic polydeoxyribose-
phosphate insert.

This molecule was constructed with three key features: i) a block of twenty
dC nucleotides at the 3’ end of the molecule to facilitate efficient capture and
to provide a well characterized blockade amplitude at the start of translocation.
ii) A block composed of twenty ’abasic’ monomers in which the base normally
found at C1 of the deoxyribose sugar in DNA is replaced by a hydrogen atom
(Figure 7).

The molar volume of the abasic monomer is significantly less than that of
DNA nucleotides (Deamer et al., this volume) and would therefore be likely
to cause a measureably different blockade amplitude than does poly dC. In
addition, twenty abasic monomers strung end-to-end would be about 140
angstroms, which is sufficient to span the a-hemolysin pore. iii) DNA hair-
pins were inserted at the 5” end of each homopolymer segment. These hairpins
were inserted because random coils of polynucleotide traverse the a-hemolysin
nanopore at 1-3 nucleotide per us, and it is likely that the abasic segment
would traverse the pore much more rapidly than this. Gueron and Leroy [10]
have shown that H-bonded base pairs in duplex DNA (such as hairpin stems)
have finite lifetimes ranging from 10 ms for G-C pairs internal to a duplex, to
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Figure 7. Structure of an abasic deoxyribose-phosphate backbone compared to polydeoxy-
cytidylic acid (poly dC).

substantially less than 1 ms per base pair at the end of a duplex, as would be

encountered by a polymerase at a replication fork in DNA, or by a nanopore
translocating DNA up to an internal hairpin. Thus, on a molecular scale,
transport of DNA in an electric field across a nanopore would be expected to
pause at each base-pair in a hairpin stem and only proceed when each of the
base-pairs sequentially dissociates. This model is supported by the results in

Figure 8, which show that a 10 base-pair hairpin stem inserted into a poly

dC synthetic strand slows translocation by about 10 us per base pair relative

to a randomized control [11].
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Figure 8.  Comparison between blockade durations caused by an oligomer with a 10 bp
hairpin insert between two poly dC 20mer overhangs, and a randomized control. Conditions
for the experiment are described in the legend to Figure 3.

When the polymer in Figure 6 was examined by the nanopore, a distinct,
reproducible three-part blockade signature was observed in 40% of measured
events (Figure 9). The first and third components of these events were char-
acterized by 86% current reductions relative to the open channel, consistent
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with blockades caused by DNA random coils. The intermediate segment (Fig-
ure 9 arrows) was characterized by a 71% current reduction relative to the
open channel. This intermediate segment was absent in a control polymer in
which the abasic segment was replaced by a poly dC 20mer, therefore the
71% blockade amplitude correlates with translocation of the abasic segment.
This constitutes evidence that a nanopore can be used to read the primary
structure of a linear polymer.
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Figure 9.  Characteristic blockades caused by the synthetic strand in Figure 6. Conditions
for the experiment are described in the legend to Figure 3. The spike in the middle of each
event (arrows) was absent in a control where the abasic insert (Figure 6) was replaced by poly
dC.

4. Use of synthetic encoded polymers as ’molecular bar
codes’ targeted to cell surface antigens

We are using synthetic polymers similar to the one described in Figure
6 to examine details of DNA translocation that will be important in devel-
opment of a sequencing nanopore. These encoded polymers could also be
used to tag antibodies, agonists, gene specific sequence and other molecules
specifically targeted to biologically important macromolecules. In principle,
this technology would permit simultaneous quantification of several thousand
polynucleotides or proteins expressed in a human tissue sample at rates ap-
proaching ten thousand molecules per second. This speed would require only
a small array of nanopores and femtomole amounts of encoded polymers. Our
approach can be summarized as follows. Each ’targeted molecular bar code’
is a macromolecule comprised of a unique readable segment (a synthetic en-
coded polymer as in Figure 6) attached through a cleaveable linker to a second
segment that specifically targets a macromolecule. Figure 10 illustrates one
hypothetical example in which the encoded polymers are attached to anti-
bodies or agonists directed against cell surface proteins. An array of several
thousand unique molecular bar codes can be designed using an ’alphabet’
composed of interchangeable blocks at each position in series along a linear
polymer. For example, an alphabet of four in a series of five blocks can give
45 ~ 1000 unique codes each of which could be attached to a unique agonist
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or antibody. The signature used to identify each segment of the alphabet may
include: 1) average current through or across the nanopore during occupancy
of the pore by that segment; ii) duration of pore occupancy by the segment;
iii) segment-specific current noise; and iv) catalytic or fluorescent moieties
associated with the segment that are detected upon translocation through the
pore. In a typical assay, a mixture of targeted molecular bar codes would
be added to a population of cells (for example a blood sample or a tissue
biopsy) and allowed to bind (Figure 10). Unbound targeted molecular bar
codes are washed from the surface, then the bound molecular bar codes are
cleaved from the surface at the linker. The recovered molecular bar codes are
subsequently read and quantified using a nanoscale pore, thus reporting the
amount of each targeted cell surface protein (see also Kasianowicz, et al.).
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Figure 10.  Targeted molecular bar code strategy. Each targeted molecular bar code is a
macromolecule comprised of a unique encoded polymer attached through a cleaveable linker
to a second segment that specifically binds to a target macromolecule such as a cell surface
protein. In the example shown, a mixture of antigen-specific molecular bar codes is added
to a population of cells (for example a blood sample or a suspected pathogen) and allowed
to bind (A). Unbound molecular bar codes are washed from the surface (B), after which the
bound molecular bar codes are cleaved from the surface at the linker and translocated through
the nanopore under an applied field (C). Each current signature reported by the nanopore (D)
is identified by computational methods (e.g. Hidden Markov Models (HMM) and Support
Vector Machine (SVM)), thus quantifying the targeted antigens (E). Using an alphabet of
four discernible, interchangeable segments linked in a five-segment-long series would allow
construction of 4 ~ 1,000) unique codes.

We designed a simple experiment to demonstrate that a single-polymer
bar code could be specifically targeted to a macromolecule (Figure 11a). In
brief, DNA oligonucleotides corresponding to 50 base segments of human
p53 and N-ras open reading frames were synthesized on polystyrene beads.
These sequences served as targets. We then synthesized a targeted single-
polymer bar code comprised of a poly dT 18mer that served as the code,
coupled through a disulfide linkage to an antisense complement to the N-ras
target. This N-ras targeted bar code was hybridized to the N-ras and p53
polystyrene beads using standard conditions. The beads were then rinsed
twice in 0.2X SSC, followed by 0.1 M DTT for 30 minutes at 37 degrees
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C to cleave the disulfide linkage between the targeting strand and the dT
18mer bar code. The product of each reaction was then added separately to
the nanopore. The results are shown in Figure 11b. There was more than a
fifty-fold excess of the characteristic dT 18mer signature in the N-ras sample
compared to the non-specific p53 sample. This demonstrates that an encoded

polymer can be targeted to a macromolecule and used to specifically detect
that macromolecule.
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Figure 11.  Nanopore detection of a molecular bar code directed against N-ras.

S. Future directions: synthesis of encoded polymers
using nitroxide-mediated free-radical polymerization

The phosphodiester-based encoded polymers we have used to date will
substantially increase our knowledge of the nanopore detector. One-hundred
of such phosphodiester-based bar codes should be easily designed and syn-
thesized providing a foundation for the molecular bar code library. However,
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two possible drawbacks are that the phosphodiester bonds may be cut by
a variety of enzymes in biological solutions, and the selection of phospho-
ramidite monomers we can use in our syntheses is limited. For these reasons,
we are also now using nitroxide-mediated free radical polymerization to pre-
pare synthetic polymers. A variation on conventional strategies using the
’Braslau/Vladimir Initiator’ (Figure 12) effects living polymerization with ex-
tremely low polydispersities and controlled molecular weights for a number
of monomer families, including styrenes, acrylates, acrylic acids, acrylamides
and acrylonitriles [12].

N N g
o}‘ P 120 °C 0)' o | =" .
— = ' =l |—

Ph . Ph ‘0oL
Braslau/Viadimir Ph
Initiator Ph

Pr

R Y
_& 4 k 120°C R
O\Nk B o~ - _(—<°\N/é
b == T Y
oh ol Ph o Ph Doen

“living” polymer

Figure 12. Mechanism of nitroxide-mediated living polymerization using the
Braslau/Vladimir Initiator.

The previous "TEMPO” nitroxide based initiator was effective only with
styrene monomers. The excellent performance of the Braslau/Vladimir initia-
tor allows preparation of controlled polymers (including block copolymers)
bearing a variety of functionalities, including carboxylic acids, epoxides,
amines, perfluoroalkyl groups, ethers, esters, amides, nitriles and substituted
aromatic groups. A few examples of each monomer class are shown here,
all of which are commercially available (Figure 13 top, middle). Derivatiz-
able monomers (Figure 13, bottom) may also be introduced into the polymer
bar codes. These can be protected forms of ionizable species. For exam-
ple, t-butyl acrylate can be used as a protected form of acrylic acid, which
upon treatment with TFA should liberate the carboxylic acid. Alternatively,
these derivatizable monomers can be used as handles for the introduction of
additional charged or fluorescent moieties that can be added once the poly-
merization has been effected. In addition, the use of monomers with reactive
functionality offers the opportunity to introduce graphed arms onto the poly-
mer chain. This can be used to manipulate the effective diameter of the
polymer chain, or to design more complex structures such as branched or
comb polymers.
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Figure 13. Classes of monomers that may be incorporated into polymers using the
Braslaw/Vladimir Initiator.

6. Conclusions

We have demonstrated that segments of linear polymers can be read as
they are driven through the pore formed by a-hemolysin. To date the en-
coded polymers we have used were primarily RNA and DNA, but recently
we have prepared synthetic polymers using an innovative nitroxide-mediated
free radical polymerization strategy. These encoded polymers may be used to
tag molecules such as antibodies, peptide agonists and gene specific oligonu-
cleotides in complex mixtures.
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POLYMER DYNAMICS IN MICROPOROUS
MEDIA

Bjorn Akerman
Department of Physical Chemistry, Chalmers University of Technology, Goteborg, Sweden

Abstract The transport and conformational dynamics of polymers confined in porous
media is reviewed, with emphasis on DNA in gels and polystyrene in track-
etched membranes and porous glasses. These systems are used to illustrate
the reptation concept, diffusive and electrophoretic transport under different
degrees of confinement, and the effect of polymer topology and polymer-pore
affinity on such processes.

Keywords:  polymer confinement, DNA, polystyrene, gels, porous glass, track-etched mem-
branes, reptation, diffusion, electrophoresis, threading, affinity, electrosmosis

1. Introduction

The motion of polymers in porous systems such as gels have impor-
tant biotechnical applications in separation science as exemplified by size-
exclusion chromatography and gel electrophoresis of biopolymers. Gel sys-
tems have a long tradition because they are easy to use for analytical and
preparative purposes since they have good resolution and capacity. From the
point of view of mechanisms for polymer transport these systems are relatively
complicated however, because they are heterogeneous structures usually with
a wide pore-size distribution. More recently polymer transport in more well-
defined pores such as channels through lipid or inorganic membranes has be-
come an important field of research. These systems usually offer well-defined
pore geometry (radius and length), and sometimes even the crystallographic
structure is known. The practical use of such channels for instance in ana-
lytical applications still remains to be demonstrated, but it is clear they form
very interesting systems for mechanistic studies and in addition often have
important but poorly understood biological functions of polymer transport.

One aim of this review is to demonstrate that polymer motion in membrane-
spanning channels on one hand and in gels (and in porous glasses which have
similar characteristics) on the other often is similar in nature. For instance,
a polymer which is long compared to the membrane is threaded through a
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Figure 1. Polymer (solid) reptating in a gel with reptation tube (dotted) connecting the
confining gel fibers (circles).

narrow channel end-on. Similarly, the motion of a polymer in a gel is often
well-described by reptation, the snake-like end-on motion originally proposed
by deGennes [1]. The nearest gel fibers have a confining effect which restrains
the lateral motion of the polymer, and the motion is essentially along an
imaginary tube (Figure 1) which is channel-like in nature.

Studies in the two types of system therefore can complement each other,
and the second aim is to illustrate this. Membrane-based channels are often
superior for realising the well-defined geometries commonly used in theoret-
ical work. On the other hand, the range of available experimental techniques
is much wider in the gels and glasses. In particular, spectroscopic techniques
such as light scattering, fluorescence recovery after photobleaching (FRAP),
linear dichroism spectroscopy and dielectric relaxation have been used in gels
and porous glasses to establish important concepts such as polymer reptation.
A spectroscopic approach is considerably more difficult in membrane-based
systems, which in effect are two-dimensional and therefore offer very short
optical paths. The combination of spectroscopy with single-molecule obser-
vation of the polymer by optical microscopy has proven especially powerful
[2,3]. Microscopy gives mechanistic insight but at the price of a limited
spatial resolution, whereas spectroscopy provides high-resolution data at the
expense of lost information due to ensemble averaging. The question of spa-
tial and temporal resolution is an important one because usually the pore size
is on a length-scale that is below the resolution of the microscope and be-
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cause important polymer processes on this length-scale occur in a time range
of milliseconds not accessible to video-microscopy.

The present review compares the dynamics of polymers in porous mem-
branes and porous gels/glasses and includes conformational dynamics as well
as diffusive and electrophoretic transport. The equally important question of
partitioning, the equilibrium distribution of polymer between the pores and
the outside bulk-solution, was recently reviewed extensively by Teraoka [4].

2. Principles of Confinement
2.1 Interactions in confining pores

All applications of polymer transport in pores rely on interactions with the
matrix. Most basic is the steric type of interaction, which leads to reptation
and which underlies the separation according to molecular size obtained by
size-exclusion in gel filtration and by sieving in gel electrophoresis [5]. Steric
interactions are often also responsible for the difference in behaviour between
polymers of the same molecular weight but different shape, such as circular
polymers. A gate formed by two gel-obstacles will generally slow down
or even stop a circular molecule more than the corresponding linear form
because the circle has to bend to pass between the obstacles whereas the
linear counterpart can reptate through the narrow passage (Fig. 2a).

Figure 2. Type of interactions for polymer confined in a gel. a) Steric exclusion of a
circular polymer. b) Impalement of circle on dangling gel fibre. c¢) Affinity between polymer
and gel-attached probe.
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In addition a circular topology allows for qualitatively new types of polymer-
matrix interactions, such as impalement (Fig. 2b). Finally there is the pos-
sibility of designing attractive or repulsive interactions between polymer and
the pore-wall, as exemplified by a gel modified with a DNA-binding probe
used in affinity electrophoresis as is illustrated in Fig. 2c¢ [6].

2.2 Modes of confinement

Because of the omnipresent steric interactions the motion of a polymer in a
porous matrix or any other confining geometry will be perturbed compared to
the behaviour in free solution. Generally speaking a polymer can be consid-
ered to be confined if at least one dimension of the space available to it has
an extension which is comparable to or smaller than the radius of gyration
R of the polymer in the absence of any confinement. The degree of pertur-
bation will depend on the type and degree of confinement. The confinement
can be one-dimensional (slit), two-dimensional (pore) or three-dimensional
(box or cavity) (Fig. 3a-c). We will also include the situation of a point-like
confinement, a slip-ring, through which the polymer is threaded (Fig. 3d).

/

Figure 3. Modes of confinement. a) slit. b) pore. c) cavity. d) slip-link.

In the latter case the confinement is limited to a short piece of the chain (in
the ideal slip-link case it is of negligible extension), but it still has interesting
and sometimes strong effects on the conformation and dynamics of the rest
of the polymer. The slip-link model is often used as a limiting model for the
threading of a polymer through a porous membrane. A real membrane Ly,
will have a finite thickness L ,, but when the polymer contour length L. is
long compared to Ly, the fraction of polymer segments which are actually in
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Figure 4. Degrees of confinement in a cylindrical pore

the membrane at any given time is so small that the slip-link model can be
considered a good approximation.

For cases where the finite membrane thickness is relevant, such as the
opposite limiting case that L . << L, (when the pore can be considered to
be infinitely long), one can discern several regimes corresponding to different
degrees of confinement (Fig. 4).

We will call the confinement intermediate if the pore radius R , is in the
range P < R, < Rg, where P is the persistence length of the chain (Fig.
4b). In this regime the polymer coil will generally be deformed in shape, but
the chain is still able to fold inside the channel. The chain is considered to be
strongly confined if R, < P, a situation where the polymer stiffness prevents
it from doubling over inside the pore (Fig. 4a). This criterion is independent
of the polymer length L., and the additional relation between P and L
define different types of strongly confined polymers. The case L. << P
corresponds to a strongly confined rigid rod. However, more relevant to the
present discussion is the case L . > P. In this case the polymer is flexible
(i.e. has internal degrees of freedom) but the strong confinement means that
the pore severely limits its conformational space (Fig. 4a).

When Ry, is larger than but comparable to Ry (Fig. 4c), there is still an
effect on the motion of the polymer compared to the free solution because the
whole pore cross-section is not equally accessible—even if the coil fits inside
the pore. In this regime of weak (non-deformed) confinement the polymer
can often be modelled as an equivalent sphere.
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For a given polymer the mean-square radius of gyration according to the
worm-like model can be calculated from P and L. as [7]

1 P p?2 p3
2 = _—— — — e — — "Lc/ P
(Rg) =2PLe |5~ 57+ 7 I3 (1-e )] : 1)
The use of the root-mean-square radius of gyration R as the effective
polymer size is not undisputed. It is often replaced by the hydrodynamic radius
Ry, defined as the radius of the rigid sphere that has the same translational
diffusion coefficient D as measured for the polymer in free solution [8],

kT
- 2
GerD’ @)
where k is the Boltzmann constant, T the absolute temperature, and 7 the

sample viscosity. We will be using the convenient dimensionless size ratios
A = Rg/Rp, and Ay = Rp/Ry.

h

3. Experimental systems
3.1 The polymer

Confined polymers have been studied in a wide range of experimental
systems. A commonly used synthetic polymer is polystyrene, which has a
persistence length of P = 0.9 nm in the melt [9] or 1.7 nm in terahydrofuran
[10]. The contour length is given by L. = 0.0243M, where M is the
molecular weight [10], so typical contour lengths are below 5000 nm [8],
corresponding to Rg-values (in THF) up to about 50 nm and Ry values up
to 40 nm.

The biopolymer DNA is another very useful model polymer for several
reasons. The electrostatic, hydrodynamic and polymer statistical (flexibility)
properties of DNA have been characterized in great detail. For double-helical
DNA the persistence length varies between 100 and 50 nm for ionic strengths
between 1 and 1000 mM [11]. For single-stranded DNA it is sequence-
dependent, but when averaged over mixed sequences P is in the range of
3 to 5 nm at 100 mM ionic strength (and 8 M urea) [12]. The polymer is
available as truly monodisperse samples in essentially any size-range, from
oligonucleotides to chromosomal DNA containing millions of basepairs. The
contour length is L, = 340 nm per thousand base pairs (kbp). Commonly
used are phage DNA because each phage particle contains exactly one DNA
molecule of well-defined size and sequence. Interesting contour lengths are
provided by the T7 (39 kbp; L. = 13.3 um), A (48 kbp; L. = 16.3 um)
and T2/T4 (166 kbp; L . = 56.4 um) phages, where the latter has R as high
as 1 um. Plasmids are smaller and typically contain 3 - 11 kbp. Also the
chemical properties are well established since for any sequenced DNA the
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atomic structure is known. DNA can bind ligands such as small ions, dyes,
drugs and proteins through groove-binding and/or intercalation between the
base pairs [13]. This wide array of reversible interactions can be used to
design interactions with the channel walls.

Finally DNA can be long enough so that the global shape of individual
molecules can be imaged by fluorescence microscopy, if the DNA is stained
with a fluorescent dye. With the usually employed dyes such as the cyanine
dye YOYO, the contour length is approximately 50% longer than for native
DNA due to the helix-extension by intercalation [14], the charge density
(which is very high for DNA anyway) is lower by 15% because the dyes are
cationic [15] whereas the persistence length seems to be only little affected
[16].

3.2 The channel

3.2.1 Inorganic porous membranes.  Track-etched membranes [17]

are formed by bombarding polycarbonate membranes with ionic particles such
as Kr25+ which creates very small holes of a density which depends on the
irradiation time. In the next step the holes are etched to cylindrical pores

of suitable radius determined by the etching time. The result is a membrane

with well-defined thickness (typically 10 pm), porosity (4 to 20%) and of
very narrow distribution of pore-sizes. Typical (average) pore radii are in
the range 10 nm up to micrometers, and are readily measured by electron
microscopy or atomic force microscopy [18,19]. Mica can be used instead of
polycarbonate, but then the holes are rhomboidal in shape [10]. In membrane-
based channels the confinement is pore-like (Fig. 3b) or like a slip-link (Fig.

3d) depending on the contour length of the polymer compared to the thickness
L, of the membrane. In a typical track-etched membrane (L, = 10 um)
confinement of most synthetic polymers such as polystyrene would be pore-
like (L. < Lp,), whereas the typical phage DNAs (L. = 15 ym to 60 um)
would be an interesting intermediate case.

3.2.2 Gels.  Gels exhibit much stronger heterogeneity than porous mem-
branes do. Agarose [5] is a polysaccharide that forms hydrogen-bonded fi-
brous gels, which are thermo-reversible. The pore size distribution of agarose
gels as determined by atomic force microscopy is wide, but exhibits a well-
defined single maximum [20]. The average pore radius is approximately given
by

R, = 250nm - C7%5 3)
where C is the percentage of the gel.
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Polyacrylamide forms by free radical polymerization. Pore sizes as small
as a few nm are found in the denser parts of the gel, which form around
the nucleation points. However, due to monomer depletion these kernels are
surrounded by larger cavities which may approach pum in size [21]. The
pore-size distribution is thus bimodal in nature, and it is therefore difficult to
ascertain the degree of confinement of a given polymer in a polyacrylamide
gel.

The random nature of native gels can be important. The size-separation
by sieving of biomolecules during electrophoretic migration in gels relies on
there being a distribution of pore sizes. Gel heterogeneity also has other
fundamental implications (see review [22]). For example, it can cause a
confined polymer to adopt a more compact size. This does not occur in a
regular gel [23].

323 Porous glasses. The channels of controlled porous glasses form
a maze which in electron micrographs resembles a porous gel [8]. The pore-
size distribution is again wide, and the average pore radii ranges from as small
as 7 nm to several hundreds of nm [24]. The pore cross section is irregular in
shape, and the pores are neither straight nor much longer than their radii, so
in terms of polymer confinement, porous glasses and gels can be considered
to be rather similar.

4. Concepts
4.1 The nature of confinement in gels - reptation

The membrane-based channels are easy to identify with the ideal cases
outlined in Figures 3 and 4 because the pores in these experimental systems
have a well-defined geometry in terms of length and direction. The porous
gels and glasses differ from porous membranes in that they have pores in all
directions. In these three-dimensional structures one can imagine two types
of confinement situations for a polymer, and so one should take into account
that there is a distribution of pore-sizes in these systems. For entropic reasons
the polymer will seek out larger than average cavities because in those the
conformational freedom of the chain is larger. If the radius of gyration is
comparable to the (average) pore size the polymer will move between such
cavities in the matrix, sometimes passing through restrictions that requires
some coil-deformation. This situation corresponds to a three-dimensional
confinement in cavities (Fig. 4c) linked by channels. On the other hand, if the
radius of gyration is much larger than the average pore size the polymer will
split between many cavities, which together with the linking restrictions form
a channel in which the polymer is confined in essentially a one-dimensional
fashion. This resembles a pore-like confinement (Fig. 4b), but the channel
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Figure 5.  Reptation-tube leakage by loop formation.

is neither straight nor of constant geometry. The shape is in fact defined by
the (instantaneous) path of the polymer itself through the three dimensional
network. However, if the polymer moves by end-on motion there is little
conceptual difference compared to a polymer in a straight channel. In both
cases the motion is in effect one-dimensional in the sense that if the polymer
slides like an inextensible rope only one co-ordinate is required to describe
its motion in both cases, albeit a curvilinear one in the gel case.

A more important difference is that in the gel-case the channel-geometry
is not constant, the diameter varies along the channel depending on whether
the corresponding part of the polymer is in a cavity or in a restriction. In-
terestingly, with DNA as the polymer, fluorescence microscopy can be used
to visualise both the channels and the polymer path. If the polymer is pulled
tight (by say an electric field) the chain will trace the path between the confin-
ing gel-fibers thus visualizing the channel topology. If the DNA is allowed to
relax locally (by removing the extending force) the chain will fill the channel
almost like a liquid, and cavities can be seen as bright spots along the channel
[16,25]. The reptation tube can thus be viewed as a confining cylinder of
varying radius, or alternatively as a set of larger cavities connected by tighter
passages acting essentially as slip-links, the so called lakes-and-straits model
[26].

Generally polymers in gels do not move exclusively by reptation. De-
pending on the height of the confining energy barrier (“the thickness of the
tube wall”) the polymer can leak out of the tube by forming a loop between
gel-fibers (Fig. 5) and thus violate the reptation concept. Both theory [27]
and experiments [16] support that the confining energy barrier is determined
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by the ratio between the persistence length of the polymer and the interfiber
distance (pore size). If the interfiber distance is small compared to P the
entropic and/or enthalpic cost for forming a loop is too high, and the polymer
has to move end-on. In a gel the effective channel diameter 2R, is equal to
the interfiber distance. Since this is also the distance that when compared to

P determines the confining barrier, a polymer can in principle be reptating
only if it also fulfils the criterion for strong confinement, R, < P. The
typical average pore radii of 40 nm to 400 nm in agarose gels are larger than
the persistence length of double-stranded DNA. However, reptation has still
been unequivocally demonstrated [28], and agarose gels are therefore useful
model systems for studying the motion of intermediately confined DNA. The
polymer can shrivel up inside the reptation tube but is still confined to a

predominantly end-on type of motion.

4.2 Diffusive transport in the weakly confined regime

4.2.1 Theory. In the weakly confined regime the polymer traverses the
pore essentially as a spherical coil, and an often used model is that developed
by Renkin [29] for a rigid object translocating a cylindrical tube. The ratio
of diffusion coefficients in the pore D, and the bulk Dy, is given by

DP fb 2 3 5
=== — - 2. . —0. 4
N fp (1 /\) (1 21X+ 22.1\ 0.95X ) ’ ( )

which takes into account: (1) that the solute concentration is lower in the pore
than the bulk through the partitioning coefficient ¢; and (2) the additional
drag caused by the viscous interaction with the cylinder walls giving rise
to a higher friction coefficient in the pore f, than in the bulk fy. Both ¢
and the ratio f,/f, depend on the confinement parameter A, as shown for a
spherical particle by the last part of eq (4). This model has been confirmed
for rigid solutes such as proteins and latex spheres [30]. It is often used for
polymers as well, but then the exact meaning of the “particle” size is not
settled. Simulations suggest that R is a better descriptor than Ry, [31].

A model specifically designed for polymers is the scaling theory of Daoud
and deGennes, which again by combining partitioning [32] and enhanced drag
[33] effects results in [29]

Dy _
Dy

5/3
b

a(kX)~2/3e~ N (5)
where a and k are proportionality constants which are not quantified by
the scaling theory. Harding and Doi [34] have confirmed the scaling-law
predictions in a full hydrodynamic treatment and also calculate the prefactors
under certain conditions. The scaling model is derived under the condition
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Figure 6.  Retardation of weakly confined polystyrene in track-etched polycarbonate mem-
brane. Data from [29]. Curve is calculated from eq. 4.

that the chain has to elongate as it enters the pore. Therefore it applies strictly
only for the case of intermediate confinement, but sometimes applies also in
the weakly confined case.

4.2.2 Track-etched membranes.  Early studies in track-etched mem-
branes [29] showed that in the weakly confined regime (A, < 1) the rate of
diffusive transport of polystyrene through the pores decreases in good agree-
ment with the Renkin equation (4) as the polymer size R}, approaches the
pore radius (A, — 1). Their results show that the behaviour of different
polymer and membrane pairs can be described by a universal curve (Fig. 6)
if plotted using the dimensionless A1, parameter, but in their case only by
defining A\ = 1.45Ry/ Ry, i.e. the effective polymer size is taken to be KRy,
where k is in effect used as a fitting parameter.

The value of k being larger than 1 suggests that a polymer diffuses more
slowly than a rigid sphere of the same hydrodynamic radius. This interpreta-
tion seems to be supported by a study [10], which directly compares a rigid
and a flexible solute and their permeation through the same porous mica mem-
branes (again in the weakly confined range Ay, < 1). The results show that
a rigid porphyrine molecule obeys the equation for a rigid sphere whereas
polystyrene is more strongly retarded for the same A-value in the range 0-0.5.
However, when polymers of different degrees of flexibility are compared in
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the same porous membrane, another picture emerges. Bohrer and colleagues
[35] find good agreement with eq. (4) (with & = 1) for a cross-linked polymer
ficoll, which can be expected to act as a comparatively rigid object, whereas
the highly flexible dextran diffuses more rapidly through the membrane for
a given ratio of polymer-to-pore size ratio. The authors conclude that the
possibility of the polymer to change its configuration is an important factor
for rapid pore-translocation. Canell and Rondelez [29] also compared with
the theory of Daoud-deGennes and found that eq. (5) describes their data
well, but it should be remembered that in this case there is an additional

fitting parameter . Guillot [36] demonstrated that the limiting factor in the

accuracy of measuring the diffusion rate in the membrane pores is the bound-
ary layer of gradients in solute concentration outside the pore entrance. This
effect can be avoided by direct measurements of polymer motion in-situ in
the pores by dynamic light scattering. This approach is difficult in the porous
membranes because of their own turbidity and short optical paths but have
been successfully applied in porous glasses.

4.2.3 Porous glasses.  Porous glasses offer an interesting system where
light scattering can be performed if the solvent is indexed-matched to the glass-
material [37], and this experimental technique has recently been reviewed [4].

Dynamic light scattering is particularly suitable for studying polymer diffusion
in porous media because by changing the wavelength and/or scattering angle
(g-vector) it is possible to probe polymer motion on different length scales.
In their first application of dynamic light scattering Karasz and co-workers
studied polystyrene diffusion in porous glasses [8] and demonstrated the ex-
istence of two diffusion regimes for weakly confined chains (A < 0.5). One
was considerably slower than in bulk and ascribed to diffusion over distances
large compared to the pore size. This component exhibits the same decreas-
ing dependence on an increase of A (still below 1) as has been measured by
macroscopic approaches (Fig. 6). This shows that the two techniques moni-
tor the same process, and that the (long-range) diffusion of weakly confined
chains in porous glasses is well described by modelling them as equivalent
spheres with a radius close to Ry. A second faster diffusion mode most
likely corresponds to short-range motion within one pore since the transition
between the two modes occurs for a g-value (probing distance) corresponding
to the pore radius Rp,. As expected the corresponding effective diffusion co-
efficient increases as the g-vector value increases. The polymer (segmental)
diffusion is faster the shorter the probed distance is since confinement plays
less and less role then. This second effective diffusion coefficient always re-
mains lower than the bulk-value (measured with the same g-value). The glass
thus slows down diffusion at all the probed length-scales, which typically can

be as small as about R,/6. As an example, under conditions (A = 0.25)
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where the macroscopic diffusion is retarded by 40%, the diffusion coefficient
at this shortest length scale is about 90% of that of a free polymer measured
at the same g-value.

In an extended study of the macroscopic polymer diffusion process, A-
values between 0 and 1.4 were covered [38]. Three regimes were identified
based on the dependence of the macroscopic diffusion coefficient on molecular
weight. For A < 0.3 the equivalent-sphere model (eq. 4) was appropriate,
while for 0.2 < A < 0.5 the polymer behaves as a Rouse chain. This
free-draining behavior is ascribed to screening of hydrodynamic interactions
between chain segments by the pore-walls. As A\ approaches and exceeds
1 the macroscopic diffusion coefficient exhibits a stronger molecular weight
dependence than the 1/L. expected for a Rouse-chain [33] in an infinitely
long pore. The third regime is consistent with entropic-trapping predictions,
but reptation was also proposed as a possibility. Both explanations seem
possible in view of the fact that SEM pictures show that the pores are not
much longer than their width, i.e. that the matrix is highly connected. A long
enough polymer can form a randomly-oriented three-dimensional path through
the matrix and thus exhibit the stronger L -2 dependence that follows from
reptation [1]. Alternatively the connection-points between the pores provide
cavities connected by more restricted passages (the pores), an environment
heterogeneous enough to be potentially capable of entropic trapping [23].

Stapf and Kimmich [39] used NMR-spectroscopy to investigate the possi-
bility of polymer reptation in porous glass by exploiting one of the original pre-
dictions of the reptation theory [40], namely for the spin-lattice relaxation time
T of a confined polymer. For a L = 450 nm long poly(dimethylsiloxane)
the predicted T, ~ v %7° scaling with the NMR-frequency v was observed in
2 nm porous glass (A = 3.0). In agreement with this interpretation the scaling
was considerably weaker (0.25 to 0.5 instead of 0.75) for shorter polymers or
in wider pores, and in non-crosslinked polymer solutions where the chain un-
dergoes Rouse dynamics. The evaluation requires non-trivial corrections for
adsorption-effects, however, so the support for reptation must be considered
indirect.

Only quite recently has static light scattering been performed in order to
measure the structure of a confined polymer chain. Scattering for small g-
values show that the radius-of-gyration of polystyrene of a given polymer
molecular weight is smaller in the glass than in the bulk [41].

424 Gels. In gels, weakly confined polymers correspond to what is
called the Ogston regime [5]. This is an important case from an application
point of view because DNA and proteins in this regime can be separated by
electrophoretic filtration (sieving).



214 Kasianowicz et al, eds: Structure and Dynamics of Confined Polymers

10 LA a—

08 4

06 4

DyD,

04

02

0.0 " 1 L i n 1 A It
0.0 0.2 04 0.6 08 1.0

W=RIR,

Figure 7.  Retardation of rotational diffusion of weakly confined double-stranded DNA in
agarose gels. Data from [43].

Gosnell and Zimm [42] measured the translational diffusion coefficient
D of weakly confined DNA in 0.5% agarose gels for which R, = 380 nm
according to eq. (3). The reduction in diffusion rate compared to free solution
agrees with eq. (4), and the L} scaling of D deviates significantly from the
reptation prediction [1] L 2 as expected since the chains are only weakly
confined. Only three DNA sizes were studied however, so the number of
polymer/pore-size combinations is too limited to confirm universal behavior
in terms of the confinment parameter ), as in Fig. 6.

A larger set of experimental conditions were studied by Stellwagen [43]
who in an instructive demonstration used an electric field to monitor Brownian
rotational motion of weakly confined DNA in agarose gels. An electric field
is used to align monodisperse samples of DNA, and the field-free relaxation
back to an isotropic state of the DNA is then monitored by measuring the
linear dichroism (or rather birefringence) decay after the field is removed.
The relaxation is considerably slower than for the same DNA outside the gel,
suggesting a strong confining effect on DNA motion. She studied DNA of
sizes 622 to 2936 base pairs in 0.5% to 1.5% agarose gels, a range which
corresponds to the A = Rg /R, range 0.13 to 0.85, where R, is based on the
pore sizes measured with AFM by Tinland and coworkers [20]. The decay
is mono-exponential, and Figure 7 shows the ratio of the relaxation rates in
gel and in free solution vs A for the DNA-gel combinations investigated.
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The data points fall essentially on a common curve which approaches 0
as A approaches 1. This shows that the hindering of the rotational motion is
very similar to that of the translational diffusion of weakly confined polymers
in track-etched membranes and porous glasses (Fig. 6).

Together the two studies show that DNA molecules, which according to
the Rg-criterion are weakly confined in agarose, behave as expected when
compared to other polymer/matrix combinations.

4.3 Diffusive motion of intermediately and strongly
confined polymers

Almost all studies in porous glass have been on weakly confined chains.
This is probably because the longer chains that are required to reach the
intermediately confined regime usually enter to such low a degree that mea-
surements become difficult. In addition the penetration time can be as long
as months [41] for polymers with A > 1. Secondly the typical pore-size of a
few nanometers in porous glasses is not narrow enough to strongly confine the
synthetic polymer polystyrene (P = 0.9 nm) typically used in these systems.
Double-stranded DNA (P = 50 nm) would indeed be strongly confined in
this system, but to our knowledge no such studies exist.

In contrast, gels have been used extensively to study intermediately and
strongly confined polymers, especially DNA. The difference in focus com-
pared to porous glasses perhaps stems from the strong tradition of using
electric fields in electrophoretic applications of gels. In confinement studies
electric fields drive the polymer into the gel under conditions where diffu-
sive entering would be very slow and only to a low degree. In diffusive
motion studies, electric fields perturb the polymer from equilibrium, and then
the Brownian motion is monitored during the field-free relaxation back to
equilibrium as described for weakly confined DNA above.

4.3.1 Intermediate confinement. The Brownian motion of intermedi-
ately confined double-stranded DNA was studied in agarose gels using phage
DNA, such as T4, which has R about 1000 nm at 50 mM ionic strength
compared to an average pore radius of 250 nm in a 1% gel, i.e. A = 4. As
measured by FRAP in 0.7 and 2% agarose gels, translational motion of 6
different intermediately confined DNA (10 kbp - 164 kbp) is 7 to 500 times
slower compared to that in free solution [42]. The observed effect of DNA
size is in agreement with the L J2-prediction of reptation [1], except for the
longest DNA in the denser gel (2%), suggesting that entropic-trapping effects
may become important in this case.

The relaxation by Brownian motion of such long DNA chains after field-
perturbation is complex. Even a field as low as a few V/cm strongly perturbs
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the coil from its equilibrium shape, and forces the molecules to adapt to the
gel by converting into extended and field-aligned conformations. As the field
is turned off the molecule returns to the equilibrium isotropic coil by two
processes (see review [3]). Most rapid is a relaxation of the stretching by a
translational retraction of the extended chain along its path in the gel, like
a rubber band snapping back inside a tube. This is what happens during
the fast step. Then, by a much slower process, the chain reptates out of the
original field-aligned tube and adopts an isotropic coil-conformation. The
latter process is monoexponential in nature and exhibits a field-independent
relaxation time constant which scales [28,42] as L 3 as expected for reptation.
The faster de-stretching process exhibits a much more complicated multi-
exponential time-dependence which is still not fully understood, but most
likely involves transfer of DNA segments from smaller to larger cavities along
the path of the chain. Taken together the two processes well illustrate the state
of DNA-confinement in agarose. The intermediate degree of confinement
means the pore-size is big enough compared to the DNA stiffness to allow
the chain to relax locally by shrivelling up inside the pores. Still the gel fibers
are close enough to prevent the chain from randomizing its conformation by
loop-formation between gel fibers [16], and it instead has to rely on an end-on
type of diffusive motion to return to the equilibrium coil.

43.2 Strong confinement.  There are only a few studies of the dynam-
ics of strongly confined chains (P > Rp). Polyacrylamide gels contain regions
where pore sizes are smaller than the persistence length of double-stranded
DNA. Wijmenga and Maxwell [44] have used the electric-field perturbation
method to study rotational diffusion of monodisperse DNA in size range of 55
to 256 basepairs (L. = 19 nm to 87 nm) in 4 and 10% polyacrylamide gels
with estimated pore radii R of 1.5 and 3.2 nm respectively. The field-free
relaxation was considerably slower than for the same DNA outside the gel,
suggesting a strong confining effect on DNA motion. The measured effect
of DNA size on the relaxation time constant was in good agreement with
the L2-scaling predicted by Odijk in a theory for a long (L > P) wormlike
chain which is strongly confined (P > Rp) in a cylinder of radius R, [45].
There was a clear deviation from the reptation prediction (L2 scaling) and
from a Doi-Edwards theory for rigid-rod relaxation which predicts a L de-
pendence in the relaxation time constant, as expected if the inferred strong
confinement is correct. By contrast, Pajevic and coworkers [46] have used
light scattering to show that poly(styrene-sulphonate) most likely reptates in
a 11% polyacrylamide gel, because the diffusion coefficient scales as L?in
agreement with the reptation prediction (they did not measure the alignment
relaxation time-constant). This observation is consistent with the fact that
poly(styrenesulphonate) has a persistence length of P = 4.8 nm at the used
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ionic strength of 0.1 M [47]. This is much closer to the pore size (4.1 nm)
than is the case for DNA which has P =50 nm, and polystyrene is thus close

to be only intermediately confined. Double-stranded DNA cannot be studied
in a strongly confined state in normal agarose gels because pore sizes below
the typical persistence length of 50 nm are difficult to achieve without having
such high gel concentrations that the turbidity tends to preclude spectroscopic

studies. The lack of strong confinement is also supported by the fast segmen-
tal motion of significant amplitude that occurs both in the millisecond [48]

and in the micosecond [49] time ranges. In 2% hydroxyethylated agarose the
average pore size is about I, = 38 nm [50], as evaluated through application
of the Ogston model, and this would indicate a case on the border between
intermediate and strong confinement. Field-free de-stretching of T2-DNA
(Lc = 56mm) is indeed somewhat slower than in 1% gel (R, = 90nm by
the same method), but there is no qualitative difference in the behaviour in
the two gels. In fact the reptation time constants were indistinguishable, and

the lack of distinguishing relaxation behaviour may be due to that the Ogston
model seems to underestimate the average pore size. The more direct (model-
independent) AFM measurements [20] indicate about 4 times larger pore sizes

in native agarose gels than those derived by the Ogston method. If this is true
also for hydroxyethylated gels double-stranded DNA is only intermediately or
weakly confined in this gel too, as is the case in non-modified agarose.

4.4 Electrophoretic transport in gels, membranes and
porous glasses

Electrophoretic transport of DNA in agarose gels (Fig. 8) clearly reflects
the transition from weakly to intermediately confined polymers.

The velocity of a weakly confined chain (Rg < R, and L. < 20 kbp) de-
pends on molecular weight due to a sieving effect of the gel, often referred to
as Ogston migration. The smaller the DNA coil the easier to find a connected
path of cavities that are big enough to allow its passage. Intermediately con-
fined DNA (Rg < Rp and L. > 50 kbp), on the other hand, migrates with
a velocity that is independent of size because it moves essentially end-on. In
simple terms, an extended reptating chain (as opposed to a coiled chain) has
a friction coefficient that is proportional to L. Since this is also true for the
total charge @), the steady state velocity v = @/ f will be independent of L .
A more detailed picture of the different regimes is given by analysis of the
field-induced deformation of the DNA coils during migration, as monitored
by linear dichroism or birefrigence [28,42,52]. The coils of weakly con-
fined DNA are essentially unperturbed. The intermediately confined chains
are strongly perturbed and exhibit a characteristic cyclic migration between
extended conformations when the coil is hooked around a gel fibre. They
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Figure 8.  Electrophoretic velocity (v) of double-stranded DNA in 0.8% agarose gel. Radius-
of-gyration calculated by eq. 1 using P=50 nm. DNA size is given in kilo base pairs. Data
from [51] and B. Akerman (unpublished results).

exhibit compact states that result as the chain slides off the hooking point and
contracts due to entropic tension in the chain [53]. The transition between
the two regimes occurs around R; = R, and is characterised by the coils
being deformed without exhibiting cyclic migration [52]. The coils are large
enough to be occasionally squeezed through narrow passages between cavi-
ties, but not large enough to have to split between several cavities, which is
the requirement for hooking.

Intermediately confined DNA in agarose has also been used to mimic the
initial phases of the threading of a polymer through several pores in a mem-
brane [54]. The DNA is arranged in a extended but locally relaxed state and
then a field is applied perpendicular to the direction of extension. Initially
many loops form through different parallel pores, but soon the loops start to
compete and finally the chain is threaded in a sliding fashion through one of
the pores. A theory by Long and Viovy [27] explains the loop-formation and
competition well, and the experimental gel-system was used to demonstrate
that the principles of a threading-based separation scheme proposed by the
same authors [55] could be realised in agarose. A real device could perhaps
be based on gel-filled nylon membranes [56].

To our knowledge no experiment has been performed on the interesting pos-
sibility of electrophoretic translocation of a polymer through a track-etched
membrane. O’Connor and colleagues [57] have shown that the electrophoretic
mass-flux of proteins through a track-etched membrane is the same as the
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flux in the absence of a membrane because the enhanced field strength in the
pores compensates for the reduced area available for transport through the
membrane. The effect of an enhanced field in the pores becomes particularly
significant in the case of a single pore, where the whole voltage drop between
the electrodes in the two bulk solutions occurs essentially solely over the
membrane. Electro-osmosis is often significant in track-etched membranes,
because the pore walls are charged. This has been elegantly exploited for
analysing rigid particles by electrophoretic transport through membranes with
a single pore [58] but so far it has not been applied to polymers. The pos-
sibility of imaging and measuring the electro-osmotic flow out of a single
membrane pore with a scanning electrochemical microscope [59] may prove
valuable for a better understanding of this phenomenon.

4.5 Polymer topology and channel affinity

The effect of circular topology on the behaviour of confined polymers has
been investigated by using plasmid DNA in polyacrylamide and agarose gels
[60,61]. In agarose both the linear and circular form of the 11 kbp plasmid
are only weakly confined, but still their behaviour is quite different. Circular
DNA is impaled on protruding gel-fibers (Fig. 2b), a form of interaction
which is not available to the linear form. During electrophoresis in strong
fields (> 15 V/cm) impaling is detected as a full arrest of the circles and
as a strong field alignment because the electric force pulls on the anchored
circles. By contrast the linear form migrates essentially nondeformed because
it is only weakly confined, as discussed in connection with Figure 8. Also
in polyacrylamide gels there is circle-specific impaling and aligning at high
fields of a occurs. Figure 9 compares the kinetics of electrophoretic alignment
(measured by linear dichroism) of a 5.4 kbp plasmid DNA (L . = 1800 nm
and Ry = 120 nm) in circular and linear form in a 5% gel, by presenting the
degree of orientation S, where S = 1 corresponds to perfect field-alignment
and S = 0 to an isotropic coil. Again the circles are more strongly aligned
because of anchoring but orient slowly (minutes) because they have to find
gelfibers to impale. The linear form becomes field-aligned much faster (about
30 ms) by cyclic reptation, as reflected by a weak oscillation in S in the early
stage of the process shown in the right hand part of Figure 9. The circles
also become field-aligned (S > 0) by migration on this fast timescale, but to
a small degree (S = 0.008) compared to the final alignment (S = 0.031),
which results from anchoring by impalement. The lack of oscillation suggests
the circle only becomes compressed without cyclic migration.

At low fields, however, the circles align preferentially perpendicular to the
field whereas the linear form is still field-aligned [61]. This surprising effect
has been ascribed to flattening of the circles against down-field bottoms of
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Figure 9.  (a) Electrophoretic alignment response S(t) of circular and linear DNA in poly-
acrylamide gel to a constant field (22.5 V/cm) applied at t = 0 and turned off at the time
denoted by the arrow. S = +1 corresponds to perfect parallel alignment, and non-oriented
DNA has S = 0. (b) Expansion of initial phase. Data from [60].

lobster-trap” types of restrictions in the denser parts of the gel, where the
average pore size is much smaller the persistence length of the DNA. The
circles cannot penetrate such constrictions (c.f. Fig. 2a) because they have
to double over, whereas the linear counterpart can reptate between gel-fibers
since the pore size is larger than the helix diameter (2 nm).

Bohrer and coworkers [62] compared the diffusion of starshaped and linear
poly(isopropene) of various molecular weights in track-etched membranes.
When the linear and the 8, 12 or 18 arm stars are all in the weakly confined
regime (A, < 1), the branched polymers have very similar diffusivities, but
they all diffuse considerably slower than the linear form with the same R p.
The linear polymer satisfies the Renkin equation as was the case for linear
polystyrene, but the authors could not determine if the deviating behaviour for
the stars stemmed from the partition- or friction-part of eq (4). Direct light-
scattering measurements of the diffusion coefficient of weakly confined linear
and star-shaped poly(isopropene) in porous glass [63] showed a similar lower
diffusivity of the star-shaped forms, indicating that the slower star diffusion
is related to the friction factor. Importantly, since the chemistry of the chain
is independent of its topology it seems unlikely the difference is related to
differences in the interaction with the pore walls.

The importance of designed interaction between the pore wall and the con-
fined polymer has been studied only in a few cases. In an interesting study



Akerman:  Polymer dynamics in microporous media 221

Kluijtmans and coworkers [64] used FRAP to study the diffusion of charged
silica spheres in (negatively charged) porous glass. Several observations re-
garding the effect of the repulsive interaction on the motion of this rigid solute
are likely to be general enough to apply also to polymers. The ratio of dif-
fusion coefficients in the glass and the bulk fulfils a Renkin-type of behavior
(eq. 4, Fig. 7.) if in the size-parameter A the effective particle-radius is taken
to be the sum of the geometric radius and the Debye screening length, i.e. the
repulsive interaction can be modeled as an increase in particle size equal to

the double-layer thickness. Secondly, at high salt the particles diffuse faster

than neutral particles, probably because the repulsive interactions tend to push

the particles towards the centre of the pore where the added drag from the
wall is minimal.

Attractive polymer-pore interactions have been studied for intermediately
confined DNA in agarose gels covalently modified with the DNA-binding
intercalator-dye ethidium bromide [6]. The dye is capable of binding to
DNA also after immobilisation to the gel, as suggested by a decrease in
electrophoretic mobility (compared to the unmodified gel) as the density of
attached affinity-label is increased (Fig. 10, left). In a control experiment the
same type of gel was covalently modified with fluorescein to a similar extent
(Fig. 10, right). In this case the DNA was not retarded, as expected since
fluorescein is negatively charged and will repel DNA electrostatically.

Again, several observations [6], made using linear dichroism spectroscopy,
are likely to be generally valid for polymers confined in attracting channels.
The retarding effect of the affinity on the migration of T4 DNA can be
decreased by increasing the field strength, to the extent that the behaviour
is essentially indistinguishable from that in the unmodified control gel at 30
V/cm. The simplest explanation is that the strong force field overcomes the
affinity forces, in qualitative agreement with simulations of polymer reptation
in affinity-gels [65]. Second, the affinity points act as reversible anchors
against which the polymer is extended by the field considerably more than in
the control gel. The effect resembles the enhanced field alignment observed
for permanently anchored DNA [66], with the important difference that with
the reversible ethidium-affinity the enhancment effect again disappears at high
fields because the anchoring yields. Finally, fast changes in the polymer
conformation, such as field-free destretching, which occur on time scales
comparable to the dissociation time for the affinity label are strongly retarded.
On the contrary, processes which are much slower, such as reptation, are not
affected because the anchoring points are released many times on the time
scale of polymer motion. Similar retardation of fast polymer motions by
adsorption effects has been observed by dielectric relaxation spectroscopy on
poly(propylene glycol) in porous glass [67].
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to unmodified gel. Data from [9] and B. Akerman (unpublished).
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ENTROPIC BARRIER THEORY OF
POLYMER TRANSLOCATION

Murugappan Muthukumar
Dept. of Polymer Science and Engineering, U. Massachusetts at Amherst, Amherst, MA

1. Introduction

One of the inherent properties of an isolated flexible polymer chain in so-
lutions is its ability to assume very large number of configurations A. Con-
sequently the chain entropy S (k gIn A/, k g being the Boltzmann constant)
can be very high and its free energy F' is given by

F=F-TS=F—-kgThhN 1)

where E is the energy of interaction among monomers and the surrounding
solvent molecules and 7" is the absolute temperature. When such a chain is
exposed to a restricted environment such as a pore or a channel, the number of
configurations that can be assumed by the chain is reduced and consequently
the chain entropy decreases and chain free energy increases. This effect is
depicted in Fig. 1,

Fq,Fq, and F'3 are the free energies of the chain in regions I, II, and
I11, respectively. Due to the reduction in number of configurations in region
I, F'3 is higher than F'; and Fo. We call F'3 — F'; the entropic barrier
for the passage of the chain out of region I. Although this barrier is termed
entropic barrier [1-3], it is indeed a free energy barrier, because there can
be additional enthalpic contributions to F 3 arising from the interactions of
monomers with the pore. In general, the environment of chain in region II can
be different from that in region I (due to different electrochemical potentials
in these regions) so that F'5 is not necessarily equal to F';. The net driving
potential for polymer transport from I to Il is (F'; — F'3). The polymer chain
must negotiate the entropic barrier in order for it to successfully arrive at the
opposite side of the pore.

Entropic barriers play a crucial role in dictating polymer transport in me-
dia of heterogenous length scales, such as controlled pore glasses and swollen
gels in the context of size exclusion chromatography and gel electrophore-
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Figure 1.  Genesis of entropic barrier due to reduction in number of configurations of the
chain by a pore.

sis. These systems consist of cavities with a broad size distribution and large
cavities act as entropic traps while narrow passages set up entropic barriers.
The calculation of the entropic barrier (F'3 — F'1) and the driving potential
(Fy — F9) for the above mentioned situations has enabled us to understand
the main features of experimental results on polymer diffusion in random
media, gel electrophoresis, and polymer threading through protein ion chan-
nels. The essential results of the entropic barrier theory and their experimental
correspondence are briefly summarized in the following sections.

Since we are interested in large length scale behaviour of the polymer, we
have employed polymer physics concepts [4-6] in calculating F' 1, F'a, and F'3
by surrogating monomeric chemical details into parameters such as effective
segment length [. As an example a homopolymer chain of Ny monomers
with bond length a is considered to be a Kuhn model chain with N segments
and segment-to-segment length being I. N is proportional to the molecular
weight of the polymer. The chemical details of monomers appear through [.
There are three essential polymer concepts required to compute the free energy
landscape associated with polymer translocation through narrow constrictions.
These are briefly reviewed here for the convenience of the reader.
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Figure 2. Polymer confinement inside a pore. The length of the cylinder A is long enough
to fully confine the polymer.

(i) When an isolated polymer chain is in a dilute solution, its average radius
of gyration R, is given by
Rg ~ N" )

where the effective size exponent v and the numerical prefactor (not shown
in the equation) depend on the nature of the solution. For example,

3,  ideal 6 solution
v=1q~32 good solutions (high salt) 3)
~ 1, low salt.

As the salt concentration of a dilute solution containing uniformly charged
flexible polyelectrolytes is reduced, the polymer chain expands due to electro-
static repulsion between monomers and consequently the effective exponent
increases from 3/5 towards 1.

(i) When a polymer chain with N segments is confined (Fig. 2) to a
restricted space such as a spherical cavity or a cylindrical pore of radius R,
the free energy of confinement F'. is

F. N

kgT ~ R/ @

where v is the value appropriate to the quality of the solution inside the
pore.

(iii) The free energy F's. of a polymer chain of N segments in a semi-

infinite space with a hard impenetrable surface at the origin and one end of

the polymer permanently anchored at the center of the wall (Fig. 3) is given
by

1

kBT=(1~'y')1nN+Nu ®)
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e

Figure 3.  Polymer tail in semi-infinite space with one end attached permanently to an
impenetrable surface.

2R

Figure 4.  Two-dimensional projection of a cubic cavity.

where u is the chemical potential of the polymer per segment in the semi-
infinite space containing the polymer. ~’ is a critical exponent and its effective
value is

3 ideal § solution
7' =< ~0.69, good solution (high salt) 6)
1, low salt.

We now proceed to employ these concepts [4-6] in the calculation of
entropic barriers and then apply the results to understand polymer transport in
random media, gel electrophoresis, and DNA translocation through protein
channels.

2. Polymer escape from a cavity in random media

Consider the escape [1-3] of a self avoiding chain (v =~ %) of N segments
from a cubic cavity of inner side 2R; through the gates at the centers of the
walls of the cavity as shown in Fig. 4.
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Each of the six gates is taken to be a cylindrical pore of radius R3 and
length \. The system under consideration is a periodic three-dimentional array
of this cavity as sketched in Fig. 5.

Figure 5. Polymer escape from entropic traps through gates.

Under these conditions, the diffusion coefficient D of the polymer is given
by [7,8]

AF
D =D - 7
weap( 1) 0
where Dy is the diffusion coefficient (Do ~ N~!, if hydrodynamics is
screened) without any geometrical constraints and AF' is the change in con-
finement free energy arising from the entropic barrier. If f is the fraction
of segments in one of the pores and z is the average number of cavities that

contain (1 — f)N segments per pore,

AF = fFagt (3—;1 ~1) Fa ®)

where F,; and F_3 are the confinement free energies for fully containing
the chain in the cavity and the gate, respectively. The above result is only
an average result. The precise value of the prefactor in the second term
should account for the simultaneous residence of the chain in several cavities
and gates. Furthermore, sizes of cavities and gates are broadly distributed
in realistic disordered media. Although prefactors will be altered by such
distributions, the essential physics will remain unaltered.

For the “toy” addressed in Fig. 4, substitution of Eq.(4) into Eq.(8) gives

—1/v 1- —
D20=exp{~N [fR31/ +<—;l-1) R ”"H )

To verify the concept of entropic barriers and the validity of Eq.(9), Monte
Carlo simulations [1-3] were carried out and the agreement with the predic-
tions of Eq.(9) was excellent. When the pores are not long enough, f is a
function of N~!, and consequently D/Dy is not a simple exponential de-
crease with N. It can be shown [1-3] that, if the volume of the cylindrical
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1_
pore is much smaller than the volume of the polymer then f ~ %Rg 1, SO

that

D
— =exp[~(BN +s)] (10)
Dq
where s is proportional to AR3'[1 — 271(R3/R;)'/¥] and B is positive
Jv

and proportional to Rl—1 . Thus A and Rj3 play significant roles in poly-
mer transport. The Monte Carlo data are in agreement with these scaling
predictions, and the reader is referred to Refs. [1,2].

If the typical sizes of the cavity and pore are comparable to the segmental
length [, then the entropic trap is eliminated and the dominant chain dynamics
is via chain ends. Under such extreme conditions, reptation dynamics [4, 5],
where D ~ N72, is expected to be valid. On the other hand, if there are
no pores in the system (R; — 00), D = Do ~ N~!. This is the Rouse
dynamics [5], where hydrodynamic interactions are ignored (if hydrodynamic
interactions are included, Do ~ N~¥, called the Zimm dynamics.). For a
given random medium, Rouse regime, entropic barrier regime, and the repta-
tion regime can be realized as the molecular weight of the trapped polymer
is increased progressively.

In D

Figure 6.  Entropic barrier regime intervenes the Rouse/Zimm and reptation regimes.

This behavior is illustrated in Fig. 6. In Regime I, Rouse’s law D ~ N ~!
is observed. Regime II corresponds to the situation where the chain dynamics
is dominated by entropic barriers. In this regime, D has an apparent power
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law N~% with o around 3. Instead of such an apparent power law, an expo-
nential law D ~ exp(—N) can also be approximately fitted to simulation and
experimental data. For infinitely long chains, the reptation regime III is ex-
pected. The conclusion that there is a pronounced intermediate regime due to
entropic barriers, between the Rouse and reptation regimes is consistent with
all known experimental data [9-17] on D for polymer diffusion in swollen
gels and controlled pore glasses.

3. Gel electrophoresis

Gel electrophoresis consists of a sample of electrically charged polymers
with different molecular weights being introduced into a gel with an external
electric field accross the gel. The seperation of different polymers is achieved
due to the differing rates with which charged polymers of diffrent molec-
ular weights migrate through the gel. The gel (e.g., agarose gel) is highly
heterogeneous in space and consequently polymer mobility is expected to be
dominated by entropic barriers. According to mean field theories [18-21] of
electrophoretic mobility . (originally from Hiuickel),

pe ~ QD (11)

where the charge @) of the polymer is proportional to N. (Significant devia-
tions [22,23] from this formula occur in capillary electrophoresis.)

Therefore, by substituting the result of Fig.6 for D in Eq.(11), we can iden-
tify three regimes for the molecular weight dependence of the electrophoretic
mobility in gel electrophoresis (Fig.7).

We take e ~ N17% where a is the effective exponent discussed in the
preceding section. Then the N dependence of . in the intermediate regime
dominated by entropic barriers is expected [24] to be steeper than the Rouse or
reptation regime results. Calladine and coworkers [25] found that y1 o ~ N2
for DNA in various gels, and Arvanitidou and Hoagland [26] found that
pe ~ N714 for poly(styrene sulfonate) in polyacrylamide gels, in conformity
with the entropic barrier model of gel electrophoresis. These experimental
observations are in disagreement with the earlier theoretical prediction, p ¢ ~
N1, based on the reptation model. Furthermore, if the entropic barriers
dominate the polymer dynamics, we expect the topology (such as branching)
of the polymer to play an insignificant role in the molecular weight dependence
of p. in agreement with experimental observations [27, 28].

The elegant work of Zimm and coworkers [29] on ‘lake and straits’ is
based on the same theme of dominance of entropic barriers described above.
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In p,

In N

Figure 7. In the intermediate entropic barrier regime, e ~ N™(*~1, where (a—1)is
greater than 1.

4. Polymer translocation through a hole

Threading a polymer through narrow ion channels and pores under external
fields [30-37] involves the transport of the polymer across an entropic barrier
as described in section 1. In this section we [37] calculate the entropic barrier
and the associated dynamics of a polymer of N segments transporting through
a narrow pore (Fig.8)

N-m m ,4
Bt

Figure 8.  Polymer escape in transition and associated free energy barrier.

from region I to region II under an electrochemical potential gradient A p.
Let these regions be devided by a partition which is taken to be an infinite two-
dimentional sheet with a hole in the middle to allow the passage of the chain.
As suggested by experimental systems, the hole size is such that hairpins are
not allowed. Let m segments be present in region Il and N — m segments
be in region I. The free energy of this polymer configuration (a tail of m
segments in II and a tail of N — m segments in I) follows from Eq.(5) as
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Figure 9.  Plot of F,/kgT against m/N. Curves represent: solid line, NAu/ksT =
0, v = 0.5 = ~3; long-dashed line, NAu/kgT = 3, v; = 0.9, 73 = 0.5; dashed-
line, NAp/ksT = 3,7, = 0.5, 75 = 0.9.

Ii—mTz (1—7§)1nm+(1-—’7{)1n(N—m)—-mk—ABiT (12)

where the unnecessary constant terms are ignored and Ay = p; — pg.y]
and 75 are the values of 4 in regions I and I, respectively. Similarly x; and
o are the chemical potentials of the polymer per segment in regions I and II,
respectively. F, given by Eq.(12) exhibits a free energy barrier as a function
of m.

The nature of the free energy barrier depends on (i) conformational statistics
on both regions, and (ii) degree of chemical potential mismatch Ay relative
to the entropic part (first two terms on the right hand side of Eq(12)). The
barrier is illustrated in Fig. 9 where F',/kgT is plotted againstm /N for y; =
0.69 = ~5. The presence of a free energy barrier implies that a critical number
of monomers m* must be nucleated for the successful polymer translocation
to occur. The rate of nucleation of a chain portion larger than m* in region
II is dictated by the free energy F'* at the barrier height. The critical number
m* and the free energy F™* are sensitive functions of NApu/kpgT as shown
in Figs. 10 and 11.

Thus a very small change in the electrochemical potential gradient can
change F™* by an order of magnitude of kgT. Similar sensitivity of F'* can
also be realized by changing the solution conditions in regions I and II. As
an example, Fig. 11 gives the dependence of m* and F™* on 7 while vj is
kept at 0.69 and NAp = 2k gT.
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Figure 10.  Dependence of critical number n?" of nucleated monomers and free energy F*
at the barrier height on NAy/ksT for v = 0.69 = 5.
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Figure 11.  Dependence of m* and F* on «; for 45 = 0.69 and NAu/ksT = 2.

Following the standard arguments of the theory of nucleation and growth,

the transport of the chain through the barrier can be described by (for details,
see [37]).

5 Winlt) = g [ S Wi )+ bo g Wonl®)] (19
where Wy, is the probability of finding m segments in region II at time ¢
and ko is the rate constant for pushing one segment into region II. kg is a
nonuniversal parameter and is dictated by the chemical interactions between
the segment and the pore. The distribution function W ,,, and its moments can
be calculated from Eq.(13). In particular, the mean first passage time 7 (i.e,
the average time required by the polymer, having already placed at least one
segment in region II, to go from region I to region II) is shown in Fig. 12.
Tko is plotted against N for different values of B While for symmetric

k5T
barriers (Ap = 0), ko ~ N2,
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Figure 12.  Dependence of 7 in units of 1/k on N for different values of Ap/ksT = 0.1,
long-dashed line; 0.01, dotted-line; 0, dotted-dashed line; -0.01, dashed-line; and -0.1, solid
line.

. kAB;f_N, Ap>> 0. (14)
0T 2 _
(k—f—E) exp (k—A;?—Ji) , Ap<<0.

If the entropic terms in Eq.(12) are weak compared to the third term on
the right hand side, 7 for translocation along the favorable chemical potential
gradient (Ap > 0) is given by

N kgT kT [ ( NA/A)}}
=27 1 2E° 11 - _=F
T ko D {1 NAg erp aT (15)

with the limits

koA p

%20-, NAp<1 (16)
Therefore, for sufficiently large values of N such that NAy > 1,7 is pro-
portional to N and inversely proportional to Ap/T, in agreement with exper-
imental results of Kasianowicz et al. [30] on the blockade of a- hemolysin
channel by single stranded DNA and RNA. Furthermore, the above theory
predicts that 7 ~ N2, for shorter polymers provided NAy < 1, even if
Ap # 0. This prediction has also been seen in recent experiments [34].

{MN, NAp>1
T ~
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5. Conclusions

The entropic barrier model described above explains the major scaling fea-
tures of polymer dynamics in heterogenous media and polymer translocation
through narrow channels. The local details, such as the nature of interaction
between monomers and pores, are taken only as phenomenological parameters.
One approach in the future is to actually compute these details of chemistry
to obtain a firm relationship between the parameters of the entropic barrier
theory and their origin. Another approach is to measure these parameters
(e.g, the rate constant ko to push a monomer through the channel) by fitting
the experimental data with formulas derived above and then use the theory
to predict behaviours at large length scales. It is hoped that progress will be
made on both fronts in the future.
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POLYMER TRANSLOCATION THROUGH
A “COMPLICATED” PORE

David K. Lubensky *
Department of Physics, Harvard University, Cambridge, MA 02138

Abstract Motivated by experiments in which a polynucleotide is driven through a pro-
teinaceous pore by an electric field, we study the diffusive motion of a polymer
threaded through a narrow channel with which it may have strong interactions.
We show that there is a range of polymer lengths in which the system is approx-
imately translationally invariant, and we develop a coarse-grained description of
this regime. In contrast to previous models, this description holds even when
some pore degrees of freedom do not remain equilibrated. General features
of the distribution of times for the polymer to pass through the pore are then
deduced. Finally, we consider more microscopic models and argue that the
available data suggests a translocation mechanism involving coupling between
the polymer backbone and other slow degrees of freedom.

1. Introduction

Modern polymer physics has achieved great success with models in which
the polymer is regarded as a flexible, uniform “string” whose conformational
entropy dominates the system’s behavior [1,2]. Although this is usually an
excellent description, in some situations other interactions can become im-
portant. One example is the insertion of a polymer into a pore of diameter
comparable to the size of the chemical repeat units that make up the poly-
mer. Although perhaps unusual with synthetic polymers, such a situation
can easily occur in biological systems. For example, Kasianowicz, Brandin,
Branton, and Deamer have detected single strands of RNA passing through
a 1.5 nm pore formed by the membrane-bound protein Staphylococcus au-
reus a-hemolysin [3]. Further experiments have generated a wealth of data
on this polynucleotide in a-hemolysin (herein PAHL) system [4-8]. Szabo
and coworkers [9-11] and Hanss and coworkers [12] have studied similar
systems. In addition to their intrinsic interest, these experiments may even-

*Much of this contribution represents work done in collaboration with David Nelson and has been reported
previously in [43]. Sections 5 and 6 are new work.
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tually lead to a single-molecule DNA sequencing technique. More generally,
most cells must transport macromolecules across membranes in order to func-
tion; in a number of cases, relatively “thick” molecules are believed to pass
through nanometer-scale channels [12-16]. Several such biological systems
are examined elsewhere in this volume [17-21].

There exists a considerable theoretical literature on the confinement of
polymers in inert channels that interact with the polymer only through hard-
wall potentials [22-36]. Many of the standard techniques of polymer theory
then apply. Inspired largely by the experiments on PAHL, in this paper we
consider a different scenario: We study the motion of a homopolymer threaded
through a narrow pore with which it has strong interactions. The pore is
taken to be sufficiently small that no more than one polymer diameter can
fit in it at a given time; in particular, hairpin bends are not allowed to pass
through the channel. We also put aside the question of how the polymer
first enters the hole, focusing instead on the dynamics once one end has
been inserted. We then argue that, in the presence of a force driving the
polymer through the pore, there should be a regime in which the polymeric
degrees of freedom outside of the pore can be neglected, and the system is
effectively one-dimensional and translationally invariant. In this limiting case,
very general arguments allow us to propose a coarse-grained description of
the chain dynamics. Our approach follows several authors [27-31] in viewing
the translocation process as essentially diffusion in one dimension; we differ,
however, in emphasizing the role that the protein pore itself plays in this
diffusion process. The importance of polymer-pore interactions has previously
been emphasized by Bezrukov, Kasianowicz, and coworkers [5,37-39].

Since our analysis relies heavily on the results of PAHL, the next section
sketches some salient features of the experiments. We then introduce a long
length scale “hydrodynamic” description of one-dimensional diffusion and use
it to calculate the distribution of passage times for a polymer being driven
through a pore. A more microscopic model and its predictions for the transport
coefficients appearing in the coarse-grained description are then analyzed; we
find that the available data are not well-described by a picture in which the
polymer backbone position is the only degree of freedom. We conclude by
looking at what happens outside of the quasi-one-dimensional regime and by
giving a more detailed comparison of our theory to other available models.

2. Experimental background

The experiments of interest to us have been amply discussed elsewhere
[3-8]. Briefly, the a-hemolysin channel is inserted into a lipid membrane;
Kasianowicz and Bezrukov have demonstrated that in concentrated salt solu-
tions it can remain open for periods on the order of tens of seconds [40,41].
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While passing through the pore under the influence of an electric field across
the membrane ( 120mV), single-stranded DNA or RNA partially block the
narrow (1.5-2 nm diameter [42]) transmembrane channel, resulting in a de-
tectable decrease in the current flowing through the pore. One can thus obtain
a histogram of the times required for individual polynucleotides to traverse the
membrane. Since the size of the channel at its smallest constriction is barely
larger than the diameter of a single-stranded polynucleotide, one might expect
that the physics in the vicinity of the pore would play an important role in
determining how the polymer translocates. Indeed, the observed translocation
speeds are far slower than predicted by simple hydrodynamic estimates [43],
supporting the idea that one must take polymer-pore interactions into account
when modeling the PAHL system.

A quantity of considerable interest in what follows will be the mean force
F driving the polymer through the pore.! Clearly F is primarily the result of
the electric field acting on the polymer. Any voltage V' applied to the system
should fall almost entirely across the narrow a-hemolysin pore. The charge
on each nucleotide is just the electron charge e, so the electrostatic energy
gained by moving one nucleotide completely through the pore is eV'. This
suggests that F' is roughly

Vv k
Fa nshel M

a a

where a =~ 0.6 nm is the length of a nucleotide, and the second equality holds
for V =~ 125mV. This figure of course is a crude estimate and is almost
certainly larger than the true force. Nonetheless, mounting indirect evidence
supports the idea that F' is of the order of a few k gT"/a, and thus is quite
large when expressed in appropriate units. For example, Kasianowicz and
coworkers [44] and Branton and coworkers have observed current blockades
in the PAHL system suggestive of the pulling apart of paired polynucleotide
strands; this would require that F'a be larger than the free energy cost of
opening a base pair. Similarly, the very fact that the polymers insert into the
pore means that they must gain enough electrostatic energy to overcome the
entropic cost of confinement [33]. Thus, for most of the rest of the paper,
we will assume that F' &~ 5k gT/a and explore the consequences of this
hypothesis.

'One can define F more precisely as the mean force required to immobilize a given monomer in the pore,
where the average is taken over time and over all of the monomers in a given polymer. Thus F' does not
include hydrodynamic drag forces, nor forces that vanish when averaged over all the monomers.
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3. Coarse-grained description

This section and the next are concerned with predicting distributions of
translocation times of the sort measured in the PAHL system. To do this, we
rely on the fact that if the translocation is sufficiently slow and the polymer is
being driven sufficiently strongly, the system is approximately invariant under
a discrete set of translations—that is, it is essentially unchanged if the polymer
moves an integer number of nucleotides forwards or backwards through the
pore. We first establish this symmetry, then use it to derive an effective
diffusion equation from which the desired distribution may be calculated.

3.1 Regime of validity of translational symmetry

Begin by dividing the polymer into three parts: the roughly ten nucleotide
long piece that is actually inside the channel, and the two “ends”, comprising
the majority of the nucleotides, outside the channel. The pore always contains
the same number of bases, so, for homopolymers, this part of the polymer
always satisfies the requirement of translational symmetry. The length of
each end “dangling” outside the pore, in contrast, changes with the = of the
polymer’s backbone that has passed through the pore, destroying translational
invariance (The variable z is defined so that if the polymer backbone has
length L, x = 0 when the polymer has just started in the pore and z = L
when it has reached the other side). In what follows, we shall argue that under
certain conditions this variation may be neglected. Our arguments assume
that the parts of the polynucleotide outside the pore may be described by the
theories usually applied to long, flexible polymers [1,2]; we thus ignore, for
example, base-stacking and other specific interactions [45]. We also assume
that the ion channel is sufficiently long and narrow that any voltage drop falls
entirely across the channel.

There are two criteria for ignoring the ends of the polymer outside of the
pore. They should have a characteristic relaxation time that is much faster
than the characteristic time for the motion of a monomer through the channel,
and the derivative of their free energy with respect to = should be much less
than the driving force F'. In the absence of interactions between the polymer
and the pore, one would expect diffusion on the scale of a few monomers to be
much faster than the relaxation of a long polymer coil, and the first inequality
could never be satisfied. However, since the nucleotides in the pore can be
expected to interact strongly with the confining protein, the requirement is
not implausible. The longest time scale of an isolated polymer in a good
solvent is the Zimm time tz ~ 0.4nR%,/(kgT) ~ 0.4nN3b®/(ksT), where
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v is the Flory exponent,? b is the Kuhn segment length (equal to twice the
persistence length), 7 is the solvent viscosity, and N = L/b.3 If we imagine
that the polymer moves a monomer through the channel by hopping over an
energetic barrier (an idea to be considered in more detail when we introduce
our microscopic model), then in the limit of strong driving, the translocation
speed is simply v = a/t pore; Where tpqre is the longest relaxation time of the
part of the polymer in the pore. Substituting numerical values for poly[U],
we see that tz and tpore become of the same order when N is of order 150,
corresponding to a length of polymer of roughly 300 nucleotides protruding
from each side of the pore. Of course, for polymers that traverse the mem-
brane more slowly, as is the case for poly[dA], the value of N below which
tz < tpore can be significantly larger.

As long as the dynamics of the polymer outside of the pore are fast com-
pared to the dynamics in the pore, one need not treat the external degrees
of freedom explicitly. Instead, they affect the motion of the polymer only
through a contribution F () to its free energy and through the increased drag
they contribute. Here, we assume that v is sufficiently small that the parts
of the polymer outside the pore are essentially in equilibrium. On purely
dimensional grounds, this must be true when t 7 < N¥(b/v) for some non-
negative exponent y, a requirement that is clearly met whenever t7 < a/v.
(Arguments based on the breakdown of the strong pulling limit of section 5
suggest that y = 1.) Lee and Obukhov’s scaling argument [26] implies that
their effect on the drag is independent of the length of polymer on a given side
of the membrane. On the other hand, in order for us to be able to neglect F,
dF /dxz must be small compared to the force F' driving translocation. Denote
the free energy of the coil on the cis side of the membrane by F¢(z) and
that of the coil on the trans side by F t(z); their sum is F(x). Sung and
Park pointed out that 7 ¢ and F are simply the free energies of a polymer
grafted by one end to a planar surface [31]. For a polymer of length z, this
entropic free energy is known to be proportional to kg7 In(z/b), with a co-
efficient of order unity that depends on whether excluded volume effects are
important [46]. Ignoring the few monomers actually in the channel, we have

Flz) o kgT [m (%) +ln<L;$>] . Q)

For a chain that is a fixed fraction of the way through the hole (i.e. for fixed
z/L), dF /dz vanishes like 1/L. Further, it makes little sense to consider

2In principle, v = 0.6 for a long polymer in a good solvent. However, even with the longest available
chains, v is never observed in dynamics experiments to be larger than 0.55 [2], so we use this value for
specific numerical calculations.

3If base-stacking or similar effects are important, the appropriate relaxation time should be substituted for

the Zimm time.
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T < a, where a is the length of a single monomer, so we must always have
dF/dz < kpT/a. Typical values will be much smaller than this bound. The
driving force F' ~ 5kgT/a thus greatly exceeds dF /dz. In sum, we have
shown that in the window of polymer lengths

kgT (kBTa)1/3”

Fa
the polymer is short enough to relax quickly, but long enough that the entropic
barrier to crossing the membrane is not too steep. For lengths between these
bounds, the ends of the chain hanging outside of the pore can be neglected
compared to the monomers inside the pore. Typical PAHL systems fall within
this regime, and thus possess an approximate translational symmetry.

3.2 Governing equation

It is now well-established in condensed matter physics that the form of
the slow, long length-scale dynamics of a system is often determined by the
system’s symmetries and conservation laws. All microscopic details are sub-
sumed in phenomenological coupling constants and transport coefficients. In
this spirit, we would like to obtain a coarse-grained equation for the proba-
bility P(z,t) that a contour length = of the polymer’s backbone has passed
through the pore at time ¢. Such a description should be valid as long as
the polymer length L is much larger than the size a of a nucleotide. Af-
ter averaging over variations on the scale of a single nucleotide, the discrete
translational invariance discussed in the last section will give rise to a transla-
tionally invariant coarse-grained equation. The (probability) density P(x,t) is
the only conserved variable, so it is relatively straight-forward to write down
the coarse-grained hydrodynamic equation. Because there is only a single
polymer (or, equivalently, a “gas” of non-interacting polymers going through
the same hole), the probability current j(z,t) must be linear in P. The lowest
order allowed terms in j are then proportional to P and to O0P/0x, and the
conservation of probability is expressed as the familiar equation for diffusion

with drift. op 51 2p op
J

We emphasize that, beyond those implicit in the requirements for ignoring the
polymer outside the pore, the arguments leading to Eq. 4 make no assumptions
about how the pore and the polymer interact. The price paid for this generality
is that the average drift velocity v and effective diffusion coefficient D are not
known. a priori. Their values are determined by more microscopic physics
depending on the specific properties of the pore and the particular polymer

used; in particular, they may depend nonlinearly on the applied electric field



Lubensky: Polymer translocation through a “complicated” pore 247

and need not be related by an Einstein relation. Usually, polymer translocation
events in the PAHL system fall into two distinct groups, distinguished by
different translocation times or blockade currents [3,4,6]. These two groups
may in general be characterized by different values of v and D.

On the macroscopic level of Eq. 4, all information on the competition
between driving and diffusive spreading is encoded in a parameter that we
call the diffusive length [4 = D/v. Roughly speaking, on length scales less
than l4, the polymer’s motion is little affected by the presence of the bias
from the electric field, while on scales larger than [ 4, the driving dominates.
We will often assume that the length L of the polymer is larger than 4, a
condition satisfied by the data on PAHL.

33 Distribution of passage times

We now propose to calculate a distribution 1(t) of passage times of the
sort measured by experiments on PAHL. One can easily estimate the first few
cumulants of this distribution. If a polymer of length L moves with average
velocity v, the mean time to pass through the channel should be (t) ~ L/v.
Likewise, the variance in the distance traveled in a time (t) is (Az) 2 = 2D(t),
leading to the estimate At? = ((t — (t))?) ~ (Az)?/v? ~ 2DL/v® for the
variance in arrival times. These conclusions are correct for a sufficiently long
polymer. One might expect corrections, however, because some fraction of
the polymers that enter the pore will leave again from the same side instead of
passing all the way through. On average, these will be the “slower” molecules:
Those that spend a significant time with only the tip of the polymer inserted
in the channel are far more likely to fall back out than are those that are
quickly driven through the hole. Thus, only “faster” chains tend to enter into
the calculation of the mean transit time, decreasing (t). This effect is most
pronounced for small L/l4, because only molecules within {4 of the cis side
have an appreciable chance of “backing out” instead of exiting on the trans
side. Indeed, when L < [4, the driving should be negligible, and we expect
(t) to approach its v = 0 value L2/6D. To determine the precise form of
this crossover, we must turn to a more detailed calculation.

This calculation can be formulated as one of a well-studied class of prob-
lems known as first-passage problems [47,48].* For arbitrary L/ly, one
obtains an exact expression for ¢(t) as an infinite series. If terms that be-
come exponentially small as L?/(vtly) — oo are neglected, a comparatively

4Details of the calculation may be found in [43].
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vt/L

Figure 1. The distribution 1 of passage times plotted versus ¢ for L/l; = 5. Both
quantities are appropriately non-dimensionalized, ¢ as vt/L and v as Ly/v. The dashed
curve is a Gaussian with the same mean and variance as ¥ (vt/L).

simple analytic expression results:

v [l4 L? 2 —(vt—L)? /(4utly) L’
Y(t) = 5\/; (ld(vt)5/2 - (vt)3/2) ¢ g )

&)

Note that this expression is not valid for sufficiently large ¢, and in particular
not for ¢ so large that it predicts that 1)(t) becomes negative. Nonetheless,
for reasonable parameter values it is quite accurate as long as vt/L ~ O(1).
Figure 1 plots ¢(t) for L/l = 5; a Gaussian with the same mean and
variance is included for comparison. Evidently, ¢(t) is quite skewed, and its
mean and maximum are correspondingly well-separated. Thus, (t) and At
are not the best parameters for describing experimental data. Indeed, both
cumulants are sensitive to how (t) decays for large ¢, making them very
hard to extract accurately from realistic data sets. A more useful choice of
parameters to characterize 1(t) are the position ¢ max of its maximum (which
satisfies dip/dt|; = 0) and the width 6t of the peak. The latter is defined
as 6t = (tg — t)/2, where tg and t1, satisfy ¥ (tg,tL) = €™/ 2¢(tmax); We
have chosen a factor of e /2 instead of the more conventional 1/2 to facilitate
comparison with fits of data to a Gaussian. One expects that as L/l 4 — oo,
tmax and 6t should approach (t) and At, respectively. For example, for large
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Figure 2. vtmax/L plotted versus L/lj. Note that vtmax/L varies significantly over the
range of L/l relevant to the experiments on PAHL, and in particular that it does not reach its
asymptotic value of unity until well outside the range of this plot. (Insef) Plot of the relative
width §t/tmax of the peak in the distribution of passage times, versus §/L. This curve may
be used to obtain the quick estimate {; ~ (0(10) nucleotides for the PAHL system. The dashed

curve gives the L — oo asymptotic behavior, 6t/tmax ~ /2l4/L. We have chosen to put
la/ L instead of L/l; along the ordinate to allow smooth contact with this large L behavior.

L/l; we have,

2 3
tmax=§(1—5%+};%+32%+---) . (6)
The rapidly growing coefficients indicate that although ¢ 1,,,x approaches L /v
as L approaches infinity, it falls away from its asymptotic form quite rapidly
for finite L.

More generally, one can easily find ¢max and 6¢ by numerically solving the
equations that define them. The inset of figure 2 plots dt/t max versus the
polymer length L. This ratio is especially interesting because it depends only
on L/l4, and not on v and D separately; one can thus use it quickly to estimate
L/l4. One finds that [ is on the order of tens of nucleotides for a typical
PAHL experiment. As figure 2 indicates, in this range t ,,x already deviates
significantly from the naive guess t max ~ L/v. In particular, ¢ y,x/ L varies by
a factor of 2 as L/l4 increases from 5 to 25. With sufficiently good data, this
deviation from a strict proportionality to L might well be observable, providing
strong confirmation of our translationally invariant, quasi one-dimensional
picture.
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4. Microscopic models of the pore

Until now, we have avoided specifying the physics of the interactions within
the pore. The parameters v and D have thus been left completely undeter-
mined. In this section, show how they may be determined from a more mi-
croscopic model. We begin by studying a “straw man” model that will turn
out not to reproduce the observed values of [;; we will then speculate on what
changes might be necessary to obtain results more in line with experiment.

4.1 One degree of freedom

Start by focusing on the polymer backbone, whose coordinate x tells us
what length of the chain has translocated. If we simply assume that the motion
of the backbone is slow compared to all the other degrees of freedom in the
pore, then we can take x to be the only dynamical variable in the problem.
The remaining degrees of freedom are then described by a free energy ®(z)
that depends on the polymer translocation parameter x. We split @ into a mean
slope F' determined by the applied voltage drop and a part U(z) that captures
the details of the polymer’s interactions with the pore: ®(x) = U(z) — Fz.’
For homopolymers (provided we continue to neglect the degrees of freedom
outside the pore, as described in section 3.1), U(z) is periodic, with period
a = lnucleotide. F' is precisely the mean force introduced in Eq. 1. Our
problem is now formally no different from that of a point particle diffusing
in a periodic potential U and driven by a constant force F'. The probability
P(z) of finding such a particle at a point = is governed by a Smoluchowski
equation,

opP _D o [0P U'(z)-F

ot %3z | oz kgT
The “bare” diffusion constant Dy is related through an Einstein relation to
some suitable hydrodynamic drag force on the polymer in the channel. It is
not to be confused with the “effective” diffusion constant D that includes the
effects of U and describes the polymer’s motion on length scales much larger
than a. As is common in theories of electrophoresis, we assume that D g is
unaffected by the counterion flow.

The parameters v and D that describe the behavior of the PAHL system
on long length scales can be calculated from Eq. 7. An approach that relies
heavily on ideas of Risken [47] has been described in previous work [43],
where mathematical details may be found. In the most general case, v and
D have fairly complicated forms, but relatively simple limiting cases capture
most of the relevant behavior. Three cases are particularly of interest: large

P| . )

5In principle, U could depend on the applied voltage (and hence on F). We ignore this effect; many of
our conclusions will in any case turn out to be insensitive to it.
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and small driving force F', and large potential barriers U, where Uy is defined
as the difference between the minimum and maximum values of U(z) in a
period. For small F', v and D must satisfy an Einstein relation. Indeed, in
this limit one finds,
DyF

= g2
v el {1 + O(

Fa
kgT

Fa
ksT

)] and D = KDy [1 +0( )] . ®
where K is a constant defined in terms of integrals of the exponential of U (z).
Thus, v/ D = F/k T, as the fluctuation-dissipation theorem requires, but the
effective diffusion coefficient D is in general reduced from its bare value D .
Perhaps more surprising is the fact that a linear-response-like regime is also
reached for sufficiently large F'. As F' — oo,

v = DoF [1+0(%)2] and D = Dy [1+0(%)2] o

The physical content of this result is that when F is much larger than a typical
force derived from U(z), ®(z) ~ —F, and contributions from U may be
neglected entirely. In the opposite limit of large U o, one might expect that the
diffusion process can essentially be described as hopping from one potential
minimum to the next. Approximate formulas based on the Kramers escape
rate [48] should then apply. In fact, for large U one finds

v~ K& [eaFa/k:BT _ e—(l—a)Fa/kBT] (10)
a

and
D ~ K% [eaFa/kBT+e—(1—a)Fa/kBT] , a1

where K is the same constant as in Eq. 8, and o is a parameter varying
between 0 and 1 that describes the degree of asymmetry of U(x).

We have already estimated thatl; = D /v ~ (O(10a) from data on previous
PAHL experiments. A striking feature of the asymptotic forms Eq. 8 through
Eq. 11 just obtained is that all three imply a much smaller value. The linear
response results both yield | ; = kgT'/ F'; given our naive estimate Fa/k T ~
5, we find 4 ~ a/5. For Uy large enough that the “hopping” approximation
of Eq. 11 applies, this order of magnitude is little changed even as F' — oo.
Indeed, in this limit Eq. 11 gives 4 = a/2. It is of course possible that
some particular form of U(xz) with finite Up and F' might lead to a value
of I larger than 10a. It seems more likely, however, that [4 interpolates
reasonably smoothly among its various limiting values. Although v and D
each separately can depend strongly on the shape of U(z), their ratio is thus
far less sensitive. This is essentially a consequence of dimensional analysis:
The two length scales available in the problem are a and k g7/ F, which are
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both of order a for the values of F' that prevail in experiments on PAHL.
We are thus led to an important conclusion: While many aspects of the
experimental data agree qualitatively with a model of diffusion in a one-
dimensional periodic potential, the observed widths of the translocation time
distributions are inconsistent with this model if one takes F'a =~ 5k gT.

4.2 Several degrees of freedom

It is not difficult to suggest reasons for this discrepancy between the ob-
served and the predicted values of /4. Many, such as the possibility that
Fa/kgT might differ significantly from 5, deserve further investigation.
Here, however, we would like to focus on one that seems especially inter-
esting. Our assumption that the motion of the polymer backbone is much
slower than the relaxation of every other degree of freedom in the pore was
essentially unjustified. In fact, several reasonable scenarios for the micro-
scopic dynamics of translocation violate this assumption. For example, the
neutral polymer polyethylene glycol has been shown to specifically bind to
certain amino acid residues in the a-hemolysin barrel [5], and something
similar could certainly occur with polynucleotides. Or, a polynucleotide with
significant base stacking might have to undergo a local unstacking in order to
pass through the channel’s 1. nm constriction [4]. It is instructive to consider
a naive extension of our one-dimensional model meant crudely to describe
such situations. Suppose that the pore + polymer system can be in one of
two states, state 1, in which the polymer backbone can diffuse freely, and
state 2, in which the backbone is trapped and cannot move. Let there be a
transition rate (per time) w;; from state ¢ to state 5. This situation bears some
similarities to popular models of motor proteins [49], but with the important
difference that the ratio wi2/w21 need not violate detailed balance; a similar
description has also recently been proposed for the one-dimensional motion
of RNA polymerase along a polynucleotide [50]. If P;(z) is the probability
that the system is in state ¢ and that a length z of polymer has passed through
the pore, the long time diffusion of the system is governed by equations of
the form

2
0P, D 0P 0P,

9 _ o _ 9 P
5 15,2 ~ Vg, wi2P1 + wo1 Py (12)
OP:

_6—t2 = wieP —wuPy. (13)

In state 2, the motion is arrested, so both the velocity and the diffusion
coefficient vanish. Just as in the one-dimensional, periodic case [43], this
model leads to a spreading Gaussian wave packet, with velocity and diffusion
coefficient determined by the behavior of the eigenvalues near zero. One finds
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a velocity
_u (1 4 A“’) (14
v = 2 W ] )
and a diffusion coefficient
2 2
D= (14 88) it (00l i)
2 w 2w w?

where Aw = w9 — wy2 and w = wi2 + wo1. Thus, if v # 0 and w and
Aw are chosen properly, 4 = D/v can be made arbitrarily large. This is
true even if D;/v; remains of order a. Even in this simple example, broad
peaks are possible as soon as one relaxes the constraint that the model only
contain one degree of freedom. That the experimentally observed peaks are
in fact broad is thus an intriguing hint as to the microscopic mechanism of
translocation.

S. The strong pulling limit

So far we have always assumed, in accordance with section 3.1, that the
parts of the polymer outside the pore relax faster than the degrees of freedom
inside the pore. While experiments on relatively short (hundreds of nucleotide)
polynucleotides probably fall within this limit, it is interesting to consider
what happens when the polymer becomes as slow as the pore. One expects
at least two additional regimes: one in which the polymer is still close to
equilibrium, but is slower than the pore (a/v < tz <« Nb/v), and one
in which the polymer is far from equilibrium (tz > Nb/v). This section
presents preliminary results on the latter case, in the limit in which the polymer
is pulled through the pore so fast that it is essentially unable to respond.
This is analogous to some situations encountered in gel electrophoresis in
high fields, allowing us to adapt theoretical techniques developed to study
electrophoresis [51,52] to our problem.

Begin by considering a polymer that has just inserted into the pore. Once
the first monomer feels the electric field across the membrane, it exerts a
very large tension on the next monomer, which in turn exerts a tension on the
third monomer, and so on. The effects of the strong pulling at the pore thus
propagate like a front into the quiescent polymer. As sketched in figure 3,
behind the front, at distances less than R from the pore, the polymer segments
are almost fully aligned by the pulling force, while ahead of the front they
retain their unstressed configuration. The radial speed v ¢ of the front can
be related to the speed at which the polymer is pulled through the pore by
mass conservation. In a time dt, the number of aligned monomers (including
those in the pore) changes by (v + v¢)dt/b, and the number of unstressed
monomers changes by (dN/dR)vdt, where N(R) = (R/b)'/? is the number
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Figure 3. Schematic of polymer translocation in the strong pulling limit. A front, represented
by a dotted line, has propagated a distance R into the unstretched, quiescent polymer. Behind
the front, the polymer is almost fully stretched by a force that pulls it with a speed v.

of monomers within a distance R of the pore in an equilibrated polymer, and
v is the Flory exponent. Equating these fluxes, we find

- [1 N (%)1/11—1} o o <_§>1/u—1 | a16)

where we are mostly interested in the limit R > b. The force balance on the
aligned section of the polymer then determines the velocities v and v¢. The
aligned polymer, of length R, between the front and the pore contributes a
hydrodynamic drag ~ nR, where 7 is the solvent viscosity.® For simplicity,
we lump all of the effects of the pore into an additional drag coefficient ¢.
This is expected to be correct in the limit in which an extremely strong force
is applied to the polymer; at any rate, it should give at least qualitatively
reasonable results. These two drag forces must equal the applied force F,
whence F

U=C+17R' a7)

Using Egs. 16 and 17 to express v in terms of R, we can then solve the dif-
ferential equation dR/dt = vs to find R, and thus the translocation parameter
z/b~ (R/b)}/¥ — R/b, as a function of time. We find the two regimes

T ~ tl/(2"+1) ("7R > O
z ~ t1/(+1) (nR< (). (18)

6One can estimate that the rate of dissipation associated with accelerating the equilibrated polymer to a
speed v scales like nRv 2. so we need not account for this effect separately.
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Of course, these arguments have left out a number of effects. Most notably,
we have not taken account of the fact that monomers will “pile up” on the
trans side of the pore as they translocate. This is a much more difficult
problem to understand than the “pulling out” from the cis side, but likely
leads to significant additional slowing of the translocation. Even without
this effect, however, the non-trivial exponents appearing in Eq. 18 make the
important qualitative point that the experimentally observed scaling z ~ t
need not occur when the dynamics is not dominated by the pore.

6. Discussion and comparison with other approaches

As a quick perusal of this volume reveals, a number of theories have been
proposed to model the behavior of polymers in pores. Despite often treating
situations that differ in important particulars, many arrive at results that are at
least superficially similar. For example, several authors use one-dimensional
Fokker-Planck equations or find that, in the presence of a bias, the polymer’s
translocation time should be proportional to its length. The reader might easily
wonder how (or whether) these theories differ. This section tries to address
such questions. In particular we will attempt to clarify how the theory just
presented relates to various other approaches in the literature.

Many of the theoretical treatments of polymers in pores are concerned with
different questions from those addressed here. For example, di Marzio and
Mandell [25,36] are interested in the equilibrium properties of a polymer
that is constrained always to remain threaded through a membrane. While
their results guarantee that, if there is any electro-chemical potential differ-
ence across the membrane, the polymer will eventually translocate, they give
very little information about how long this translocation will take. Lee and
Obukhov [26] and Yoon and Deutsch [32] consider polymers that are threaded
multiple times through a membrane with a very large number of pores. We
do not believe that the reptation-inspired arguments used in this case are ap-
propriate when there is only a single pore. A number of authors have studied
when the initial insertion of a polymer in a pore is dynamically allowed. In
contrast, we ignore this issue and assume that the insertion has already taken
place; this assumption should be valid when the applied voltage is sufficiently
large. Most of the work on insertion is limited to comparatively large pores
with only hard wall interactions with the polymer [22,33]; Sebastian’s study
of the dynamics after insertion [53] effectively assumes the same situation by
taking the polymer chain to be described by the Rouse model, even within
the pore. De Gennes, however, has recently treated both the insertion and the
translocation stages for the more biologically relevant situation of a narrow
pore that can exert a drag force on the polymer [54]. He argues that, at least
when the pore is a transient hole in a bare membrane (produced, for exam-
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ple, by electroporation), the dominant source of dissipation is the parts of the
polymer outside of the membrane, rather than membrane-pore interactions.
We believe the opposite to be true for polynucleotides in a-hemolysin.

In addition to de Gennes, two other groups have considered polymers
threaded through single, narrow pores. Both ultimately arrived at descriptions
in terms of one-dimensional Fokker-Planck equations. Like us, Muthuku-
mar [35] assumes that the translocation dynamics are dominated by the vicin-
ity of the pore, in effect working in our pore-dominated regime. Quantities
like drag coefficients are then independent of polymer length. Sung and
Park [27,28,31,34], on the other hand, postulate that the standard Rouse or
Zimm expressions for polymer mobilities apply to translocation. Despite con-
siderable mathematical and physical similarities, both of these theories differ
from ours in important respects. One obvious difference is that, whereas
Sung and Park and Muthukumar present results for arbitrary chemical poten-
tial difference across the membrane, we have chosen to focus on the limit
of strong driving (Fa/kgT > 1/N) appropriate to experiments in which
polynucleotides are subjected to a 100 mV potential drop. In so doing, we
sacrifice generality’, but gain the ability to make detailed analytic predictions
about the shape of the first passage time distribution as well as its moments.
More fundamentally, both Sung and Park and Muthukumar implicitly assume
that the translocation parameter x (equal to the length of polymer backbone
that has passed through the pore) is the only slow degree of freedom, even
within the pore. As a result, diffusion coefficients and velocities in their mod-
els cannot vary independently, but are related by an Einstein relation or by
detailed balance. In contrast, we have taken the point of view that biological
pores are complex and incompletely-understood systems; it may not be reason-
able to assume that all of their and the polymer’s internal degrees of freedom
are close to equilibrium during translocation. Although we have argued that
a Fokker-Planck-like description still holds without this assumption—at least
in the regime where there is an (approximate) translational symmetry—the
coefficients D and v are then related in a simple way only in the limit of
a very small applied voltage. An Einstein relation is in many ways a very
natural assumption, and it is probably valid for many systems. We firmly
believe, however, that its predictions are inconsistent with the available data
on polynucleotides in the a-hemolysin pore: As discussed in section 4.2, the
peaks in the observed distributions of passage times are far broader than the
Einstein relation predicts.

"Indeed, once gradients of the polymer free energy F are reintroduced, breaking translational invariance,
it is not trivial to come up with a kinetic equation that is always valid, even when there are arbitrary slow
degrees of freedom in the pore.
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7. Conclusion

The central idea of this paper was first presented in the introduction: In
the experiments on PAHL, and likely in other examples of the translocation of
biopolymers, the channel through which the polymer passes cannot be taken
to be simply a set of hard, homogeneous walls. Rather, any theory that hopes
for quantitative accuracy must take into account the fact that the protein pore
can both interact with the polymer and have its own dynamics. Indeed, we
have argued that there is a regime in which polymer-pore interactions dom-
inate, allowing a quasi-one-dimensional, translationally invariant description
of the translocation process. One immediate consequence of this observation
is that on long enough length scales, the transport of the polymer through the
pore is governed by a simple phenomenological equation. Starting from this
equation, we have derived several predictions about the polymer’s distribution
of passage times. For example, we have shown that deviations from a linear
dependence of the polymer’s mean translocation time on its length should
be observable even for fairly long polymers. It is perhaps worth reempha-
sizing that these results require neither that the system be near equilibrium
nor that any particular microscopic model of the pore be valid. In contrast,
to predict the values of the transport coefficients v and D, one must have a
more detailed understanding of what goes on within the channel. An analy-
sis of some simple microscopic models hinted that this understanding might
eventually involve several slow degrees of freedom in the pore.

Our conclusions suggest several experimental avenues that might be ex-
plored in the PAHL system. Perhaps most obvious would be to try to elu-
cidate how translocation occurs on a more microscopic level. For example,
site-directed mutagenesis might reveal that the polynucleotides have a ten-
dency to bind to certain amino acid residues. Other experiments of interest
could test the existence of a quasi-one-dimensional, translationally invariant
regime. With enough data on the length dependence of ¢ ayx, it should be
possible to observe the predicted deviation from the simple guess ¢ ,,x o< L.
Further, if this data could be extended to sufficiently long polymers, deviations
from the curve of figure 2 would provide information on the crossover to a
regime in which the dynamics of the polymer outside the pore are slower than
those inside the pore. Once experimental data of this sort becomes available,
a number of new and exciting theoretical problems will doubtless become
apparent.
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1. Introduction

Dynamics of polymers crossing barriers is not only a basic problem in soft
matter physics but also important in biological situations and applications
such as polymer transport across membranes, DNA gel electrophoresis etc.
While the theories of polymer dynamics in bulk situations have been suc-
cessful [1], recent developments paid increasing attention to the biologically
relevant situations involving polymer interactions with environments as well
as the geometric confinements [2]. In this paper we review our theoretical
investigations on (1) polymer translocation through a narrow pore in a mem-
brane [3-7] and (2) dynamics of a polymer surmounting a potential barrier
[8].

An important characteristic in the biopolymer translocation is the sequential
transport of individual nucleic acids or amino acids through a narrow chan-
nel in a biomembrane. Once a front segment (N-terminal) passed through
the channel, subsequent segments follow until the whole chain is transported
completely [9]. To get an insight and relevant informations on this phenom-
ena, simple theoretical models have been suggested and special situations have
been explored experimentally. Simon, Peskin, and Oster introduced a naive
picture of protein translocation, focusing on the longitudinal diffusion of a
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Figure 1. Translocation of (A) small molecules, (B) a flexible polymer, and (C) a rigid rod.
n is the number of translocated particles and F(n) is the free energy of translocation.

rigid rod in one-dimension [10]. Although their investigation is successful in
demonstrating some important features relevant to the protein translocation,
more realistic elements are worth to be considered. To this end, we introduced
a model of polymer translocation which can readily be extended to examine
much of the relevant driving mechanisms in reality as well as the chain flex-
ibility effects. Experimentally, threading a polymer through a narrow pore
under external driving force was investigated in some situations by [11] and
in other reports in this book.

Polymers have unique features manifested in crossing barriers, namely, the
connectivity, flexibility, and sensitivity to external bias. In contrast to the
gas of particles, the linear connectivity of polymers makes the cooperative
translocation possible. Consider a textbook example that NV gas particles are
confined initially in a compartment with a small pore connected to another
compartment as shown in Fig. 1 A. Then the molecules spontaneously redis-
tribute to maximize the total entropy of the system, resulting in the equally
distributed state in the two compartments. However, a polymer, a linear array
of N interconnected particles, threading a pore exhibits completely different
behavior. When half of the segments are located in each compartment, the
conformational free energy of the polymer has a maximum value. Therefore,
the threading polymer will spontaneously be released to either side of the two
compartments with equal probability. The polymer translocation from one
compartment to the other is essentially a process crossing over an entropic
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barrier shown in Fig. 1 B (calculated in Eq. 11), arising from the chain con-
nectivity and also from its flexibility. If, on the other hand, the polymer loses
its flexibility and looks like a rigid rod as depicted in Fig. 1 C, the translo-
cation does not accompany any change in its conformational entropy since it
has only the translational and rotational degrees of freedom of the whole rod.

Similar effects also manifest in the potential barrier crossing of polymers.
In contrast to the gas of NV independent particles, or the opposite limit, a rigid
globule composed of N beads, a polymer has internal collective degrees of
freedom arising from the flexibility and connectivity. These features cause
a conformational transition at the barrier peak, depending upon the chain
length and the curvature of the potential barrier. Beyond threshold values
of the chain length or the potential parameters, for instance, the polymer at
the barrier peak assumes a stretched conformation to lower the activation
free energy associated with the barrier crossing. This eventually gives rise
to a crossing rate of polymers significantly enhanced over those of the two
limiting situations. Moreover, the crossing rate may have a resonance behavior
as either the chain length or the potential parameters change, which has a
potential applicability to the macromolecular separation in practice.

Another related feature to emphasize is the sensitivity of the long chain
to an external bias, which is originated from the chain connectivity. In the
presence of an external driving, the chain segments respond all hand in hand
rather than as individuals. Therefore, a minute strength of external fields
may result in a dramatic effect on the dynamics of the whole chain. This
cooperativity of chains is the manifestation of the first order phase transition
[12] in the chain partitioning behavior between the two compartments, as
elsewhere discussed by Di Marzio in this book.

The external biases or the external fields can be time-dependent and fluctu-
ating in general. Recently the noise-assisted phenomena, such as the stochas-
tic resonance or coherence to time-dependent fields and the stochastic ratchet
driving the rectified motion [13], have been active research areas. How can
these novel stochastic phenomena manifest in polymers? As is well-known,
the polymer conformation is a stochastic process in imaginary time and its
interplay with the real time stochastic process of barrier crossing is expected
to result in many interesting features as will be discussed in this paper.

We are interested in the mean time 7 or the rate R of thermally activated
barrier crossing of the whole chain from one side of a membrane or free
energy curve to the other side. In dealing with dynamics of complex systems
in that level, we must project the description (coarse grain) in terms of a few
relevant variables. Assuming that the translocation is the only slow process
described by a variable g, we model the process in terms of the overdamped
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Langevin equation

OF (q)

[(q)q = g +&(t), 1)

where I'(¢) and F(q) are the damping coefficient and the free energy asso-
ciated with (change of) q. The £(t) is the (equilibrium) thermal noise that
underlies g, i.e., the white and Gaussian noise that satisfies the fluctuation-

dissipation theorem,

(€(2)€(0)) = 2T'(q)T4(2), @

where (- - -) is the thermal average and T is the noise strength or the thermal
energy (T = f1).

A description equivalent to the above Langevin equation is given by the
Fokker-Planck equation

2 Pla,t)= LrpP(g,1) ®)

where P(q, t) is the time-dependent probability density of the variable ¢, and
Lpp is given by

9 () O
Lrp(q) = 3 D(q)e BF(q)%eﬂF(q) @

with D(q) = T/T'(q). The average time to cross the free energy barrier from
the initial state g¢ to the final state g is the mean first passage time, 7(q o, q),
satisfying the equation [14]

Lhp(a0)7(q0,9) = 1, (5)

where E} p is the adjoint Fokker-Planck operator

9
oq
In finding the 7 for a variety of situations as next, it remains essential to
determine ¢ and to model the F'(q) and the ['(q).

o0 _
Lrp(q) =e”“”a—qe PF@ D(q) (6)

2. Translocation through a narrow pore
2.1 Free energy of polymer translocation

Let us assume that the translocation pore is (fixed to be) small enough
to allow only a single segment passage and the membrane has a negligible
thickness. We choose the g, the relevant coordinate of polymer translocation,
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to be n, the number of segments translocated into the trans side. Then the
threading chain consisting of N segments can be considered as two indepen-
dent chains of n and N — n segments in trans and cis sides with one end
anchored on the membrane surface, respectively. We calculate the associated
free energy, F'(n), using polymer partition function Z, which is obtained by
the Green’s functions G, (r, rg) and Gn_(r, ro), the probability densities of
finding the free ends at r given the anchors at r on the surface with n and
N — n segments respectively [3]:

Z = /erN-n(r,rg)/dr'Gn(r',rO) ™
F(n) = -ThhZ ®)
= %Tln [n(N — n)] + const. )

In the above the Green’s function is given by

2 _3/2 3(r—r )2 3(r+r )2
Gn(r, l‘o) = I:Qﬂ’nb :| [e_ 2nbg —6_%} (10)

3

with b defined as the Kuhn segmental length. We assumed the Gaussian
chain statistics and included the steric interaction between the chain and the
membrane by imposing the absorbing boundary condition on the membrane
surface in calculating the Green’s function. Consideration of self-avoiding
chain can be easily implemented (M. Muthukumar in this book) but does not
incur significant changes in the translocation behavior. With the chemical
potential difference Ay = p; — po per segment between inside and outside
of a cell, the free energy function associated to the polymer translocation is
obtained as

F(n) = %Tln [n(N —n)] + nAp. (11)

The shape of the free energy, with Ay = 0, is symmetric as shown in Fig.
1 B, but, remarkably, a minute chemical potential difference per segment can
easily break the symmetry for a very long chain, because the first term in Eq.
11 arising from the chain entropy is dominated by the second. For the case
of a rigid rod, the entropic term in Eq. 11 is simply vanishing and the free
energy is linear in n.

2.2 Analysis of translocation time: the effect of chemical

potential bias

The translocation of the whole chain from cis to trans side can be regarded
as a stochastic process n(t) crossing over the free energy barrier given by Eq.
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11. Then the translocation time, 7, defined as the mean first passage time
from n = 0 (reflecting boundary) to n = N (absorbing boundary) can be
obtained from the solution of Eq. 5 as follows

b2 (N /
T= ——/ dnePF®) fdn’e—ﬂF("). (12)
D Jo 0
Here D is the constant diffusion coefficient of the whole chain given as
D =T/T.
For Ap =0, 7 is integrated to be
7% L?
= 1
TT R (13)
which can be compared to the translocation time of a rigid rod given by
L2
T0 = 2—5 (14)

Here L = Nb is the chain contour length. Comparing Eq. 13 and Eq. 14,
one can see that the chain flexibility retards the translocation by the factor
of m2/8 ~ 1.23. Now let us focus upon the D, or T, the total friction of
translocating chain, which should be a sum of contributions from the solvent,
I's, and from the pore, I'p. In the regime where I's > I'p, we have D =
T/T's, and then by assuming the Rouse model, I's = N+ (y: segmental
friction),

T ~ N3, @15)
In the opposite regime where I's < T'p,
T ~ N? (16)

since the ' p should be independent of N. Depending upon how the friction
is modeled, therefore, the scaling behavior of 7 appears different. Unless
specified, we will consider the case of solvent-dominated friction.

For Ap #0,

/7= QW) =

{ i W <=1 a7

exput (ur>1)

where pu* = NAup/T. As Q(p*) is a function of the scaling variable p*,
rather than Ay, it is found that a minute chemical potential asymmetry with
|Ap| > T/N can make a dramatic change in 7. Regardless of chain flex-
ibility, this extreme sensitivity, already implied in F'(n), is a cooperative
phenomenon arising from chain connectivity; the segments respond all hand
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Figure 2.  Q(u*, M) as a function of M for different values of 4 (N = 1026, and
u® = 100.(A), 10.74(B), 0.(C), —10.74(D), —100.(E)). Note that Q(u', M) goes to 1, when
M is sufficiently large (M > |u*|).

in hand rather than as an individual to an external bias. Depending upon I" the
scaling behavior for a negative chemical potential difference with magnitudes
|Au| > T/N also changes; in the regime of I's > I'p,

T~ N?/|Ayl. (18)
In the pore friction dominated regime ['s < I'p,
T~ N/|Apl, 19)

in agreements with the experiment of Kasianowicz et al. for single-stranded
DNA or RNA translocating through an a-hemolysin channel [11].

23 Many ratchet effect

The Brownian ratchet (BR) originally suggested by Simon et al. [10] as a
nonspecific driving mechanism assumes fast binding of chaperone molecules
on the chain. We assume here that the chaperones, which is present only in
the trans side, bind instantaneously and irreversibly on M discrete binding
sites distributed uniformly over the contour of the translocating polymer. With
this simplified view, the translocation dynamics is reduced to a consecutive
unidirectional diffusion within the interval between neighboring binding sites
with the boundary conditions that are reflecting and absorbing at left and right
edges of each interval. The translocation time can then be written as [3]

/70 = 300, M), (20)
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which shows that the BR enhances the translocation efficiently by the factor
of M. In addition, the BR affects the efficiency via the factor Q(u*, M)
which includes the effects of chemical potential difference as well as chain
flexibility (Fig. 2). If there are small number of binding sites such that
M < |p*|, the Q(u*, M) behaves in accordance with the sign of Ap; With
the reverse bias (Ap > 0), the ratchets accelerate the translocation more
effectively while the forward bias (Ap < 0) does not affect the translocation
significantly as discussed before. On the other hand, for large enough values
of M (> |u*|), the result, Q(u*, M) ~ 1, implies that the BR suppresses the
effect of Ay, irrespective of its sign, and the entropic barrier arising from the
chain flexibility.

24 Polymer adsorption effect

One important factor in the polymer translocation is the polymer interac-
tion with the membrane surface apart from the interaction with the pore. In
addition to the steric repulsion, which is the origin of the entropic barrier dis-
cussed earlier, membranes can have attractive interaction with the polymer. If
a polymer, as the result, can be adsorbed on membrane in the trans side but
not in the cis side, it would be driven to the trans side to minimize the total
free energy. To quantitatively examine this adsorption effect, we consider a
well-known theory of polymer adsorption in terms of the boundary condition:

[g;ln Ghn(r, r')] =c. O3y

membrane sur face

Here c is the interaction parameter in a function of temperature as well as
attraction strength and range, which can be determined using a microscopic
description of polymer adsorption on a short-range attractive surface. By
integrating the Green’s function of the polymer, the free energy as a function
of the translocation coordinate n can be obtained as [5]

F(n) = %Tln(N —n) =T ["b202 +1n erfc(\/gbc)] 22)

where erfc(z) is the complementary error function. For T > T¢, with T¢
defined as the adsorption-desorption temperature, ¢ — oo and the transmem-
brane polymer does not feel attractive interaction, yielding the free energy and
the resulting translocation time given by Eqgs. 9 and 13, respectively.

As the temperature is lowered, the attractive interaction drives the polymer
to the trans side. At T =T, ¢ = 0 and Eq. 22 is reduced to

1

F(n)= §T In(N —n) (23)
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yielding a downhill to the trans side in the free energy landscape. Then the
translocation time for the solvent dominated friction (I' g > I'p) becomes

2 [ L2
T=3 <@) ~ N3, (24)

with the prefactor reduced from 72/8 to 2/3 compared to the high temperature
limit. In this case, the steric interaction in the trans side is canceled off by
the attractive interaction, but 7 still remains proportional to N 3.

For T < T, c behaves as ¢ ~ —(uo/T)Y/2/b, with uo the attraction
potential strength per segment [5], and the free energy becomes

F(n) ~ -;—Tln(N —n)-T [”’?l . 25)

Then the translocation time is obtained as

L? 2 L2\ 2
==)—=—5==|—=]~—>— ~N? 26
<2D> Nb2c?/6 (2D> NpBug ’ (26)
In this low temperature regime, the free energy of transmembrane polymer is
dominated by the attraction energy which is linearly proportional to 2, where
the prefactor of n, the ug, can be interpreted as the energy per segment in
trans side, or transmembrane segmental energy bias that features as ”chemical

potential difference” between the two sides of the membrane, as studied in
the earlier section.

2.5 Membrane-curvature effect

Suppose that a polymer of N segments is translocating out of a spherical
vesicle of radius R through a pore. When n segments are in the outside and
N — n segments inside, the polymer free energy is given by [6]

F(n) = F°(n;R)+ F™(N —n;R)

72b2 (N —n)
+,/6R| Tane T )

For R > N/?, F(n) exhibits nearly symmetric barrier as in the case of
planar membrane, i.e. F'(n) becomes identical to Eq. 9 in the limit R — oo.
However, for R approximately smaller than the radius of gyration Rg ~
N'/2b, F(n) becomes a decreasing function of n

= —-Tln

6R? m26%(N — n)

F(n)~-Tln |1+ p—s) +T 6R? ,

(28)
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thereby the polymer release is favorable due to the polymer confinement en-
tropy. Neglecting the pore friction, the translocation time again exhibits a
crossover from 7 ~ N3 to 7 ~ N? when R¢ exceeds R.

For a chain going into the sphere, the uphill of the free energy due to the
confinement entropy gives the translocation time as 7 ~ exp(N). However,
the process of polymer capture into a small bud can be achieved easily when
a minute chemical potential bias is applied. The critical strength is given
by Apc ~ (b/R)?*T, beyond which the capture time goes algebraically as
7 ~ N3 or 7 ~ N2, The excluded volume effect should be important for
R < Rg, but the scaling behavior discussed remains unaltered as argued in

[6].

2.6 Effects of nonequilibrium fluctuations

Since the membrane is subject to ceaseless fluctuations due to molecules
of the embedding solvent as well as the membrane, the chemical potential
of each segment can change in a random fashion. We model the fluctuating
chemical potential difference as

Ap(t) = Ap+aft), 29

where a(t) = ta is a bistable random process with flipping rate v. It has
been extensively studied how the fluctuations in force or potential influence
the diffusive process of a Brownian particle [15]. An important finding is
the phenomena of resonant activation, that is, minimal 7 or maximal flux of
particle occurs when the flipping rate becomes comparable to the inverse of
the intrinsic characteristic time scale.

Confining ourselves to the translocation of a rigid chain, we introduce a
joint probability density P4(n,t) to find n(t) = n and a(t) = +a simulta-
neously [7]. Then the Fokker-Planck equation for P4 (n,t) is given by

d [ Py(n,t) J _ [ v+ Ly v J [ ?:En, t) ] (30)

dt | P-(n,t) v -v+L_ n,t)

where L is the Fokker-Planck operators for n(t) when a(t) = *a,
Do [0
= —=—|= Ap =+ .
¥ on [an“Lﬂ( H "‘)}
By solving the Eq. 5, the translocation time 7 is found to exhibit a local
minimum at some flipping rate, e.g. v ~ (L2/2D)™?, as mentioned above.
The resonant (minimum) translocation time as a function of the scaled fluc-
tuation amplitude ¢* = Na/T in chemical potential difference is shown in

Fig. 3. It can be seen that the translocation tends to be more rapid as the
fluctuation amplitude ¢* increases. For the reverse chemical potential bias of

Ly €2
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Figure 3. Resonant (minimal) translocation time 7r in units of © = L2?/(2D) versus
chemical potential fluctuation amplitude ¢ = No/T (A: NAp/T =10, B: NAp/T = 0).
For large fluctuation amplitude, 7 is determined mainly by ¢".

the magnitude, e.g. Ay = 107'/N as shown in Fig. 3 A, the speed-up due
to the fluctuation is dramatic. Compared with single particle transport, the
resonant value of the translocation time becomes much more sensitive to the
nonequilibrium fluctuations of chemical potential difference, as much as it
does to the constant chemical potential bias, which is another aspect of the
cooperativity due to chain connectivity.

3. Crossing a potential barrier
3.1 Generalization of the Kramers problem to polymers

In order to study the effects of the pore on the translocating chain beyond
the simple geometrical constraint considered in the last section, we identify
the problem as an activated crossing over a potential barrier. A broad class
of polymer dynamics in nonhomogeneous media or under external fields fall
into this category. As a prototype example, we consider that each monomer
is subject to a Kramers metastable potential U(z) (Fig. 4)

1,22
_ ] 3wz near x = 0,
U(z) { AU - Lw¥(z — z)? near T = rp, (32)

Solving Eq. 5 for the potential with the barrier height AU much larger than
T, the barrier crossing rate of a Brownian particle (Fig. 4 (a)) initially located
in the well is given by the well-known Kramers formula [16,17]
_ wWowpB e__'@AU

K 27y

(33)
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Figure 4. Schematic view of a particle and a polymer escaping from the Kramers metastable
potential.

The generalization of this formula to the case of a flexible polymer is in
progress. For the potential varying smoothly over the polymer length (zp >
L), it has been already worked out within the multi-dimensional barrier cross-
ing theory [8]. Since the involved formalism is rather complicated, we give
here a more straightforward consideration in the context of the theoretical
methodology given in the Introduction. It is important to identify g as the
center of mass of the polymer and to consider the polymer free energy with a
given value of g, which will be discussed in a later section.

Consider a rigid, collapsed, globule composed of N beads (monomers).
Rescaling the parameters, U(z) — NU(x), v — N, wo — N'/?wg, wp —
N'/2up, in Eq. 33, the crossing rate of the globule is given by

wowB

e ANAU. (34)
2Ty

|
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Now suppose that the globule is fully unfolded into a flexible chain. We then
expect the rate to be modified to

WoWB | _BAF
R ——|e? 35
E=E 35)
_  |WOYB | —BNAU+AF’)
27y e . (36)

Here AF = Fg — Fy is the free energy barrier for a polymer to cross, which
is much different from N AU, due to polymer fluctuation. Equation 36 can
also be derived on the basis of the multi-dimensional barrier crossing theory
[8,18]. Therefore, within the formula (Eq. 36), it remains to determine F g
and Fj, the polymer free energies with the center of mass fixed at the well
bottom, x = 0, and at the barrier top, z = z p.

3.2 The bead-spring polymer under the Kramers

potential
In order to calculate the polymer free energies, we first invoke the Rouse
model, where the beads (z,, n = 1,2,---, N) are harmonically coupled in
the nearest neighbors:
dz oU(z
'Yd_tn = - 8§3nn) - K(2Tp — Tp_1 — Tpg1) + En(t)- (37)

Here K = 3T/b? is the entropic spring constant, and £, (t) is the ther-
mal Gaussian noise on the n-th segment, characterized by ({,(t)) = 0 and
(€n(t)€m(0)) = 29T 0nmd(t). In terms of the N Rouse modes,

1 N
a:k=Nnglzncos(k:n), k=7j/N (j=0,1,2,---,N-1), (38)

the effective Hamiltonian that generate the motion can be written as

N-1
H= % > [Qo(k)]?x;  (near z = 0) (39)
k=0
and
1Nl
H=NAU -5 > [Qs(k)*(zk — z80k0)* (nearz =zg).  (40)
k=0
Here, the modes Q(k) and Q2 g(k) are:

Nuw? fork=0
2 _ 0 ’
[Qo(k))* = { Kip +2Nw?  fork #0, “n
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and
2 NwQB for k=0,
(k)" = { —(Kx—2Nw})  fork £0, (42)
with
Ky = 8N K sin?(k/2). 43)
In terms of zx, Eq. 37 can be rewritten as
dl‘k 2
de— = —[Qo(k)])*zk + &k(t) (near z = 0) (44)
and
Th— = [QB(k)]*(xk — Bk,0) + Ek(t) (near z =z p) (45)

where ['y=o = N and x40 = 2Ny and £ (t) is the Gaussian random force
which satisfies (€x(t)) = 0 and (€x()&x(0)) = 2T 0 k16(2).

The Rouse mode xi— is the center of mass coordinate and x o are the
collective conformational coordinate of the chain. The polymer free energy
with the center of mass fixed at zx—o = ¢ is given by

F(g)=-Tln [ / I1 dax exp(—ﬂﬁ)} (46)
k#0 Te=0=9

where we exclude k£ = 0 mode from the variables to integrate. The equation
of motion for the polymer center of mass can be explicitly written as

dq 9F(q)

(N’Y)E = 8—q+§ o(?) “47)
_ { —Nwq + &=o(t) (near g=0) g
Nuwk(q—2B) + Ek=0(t)  (near ¢ =zp)

which clearly shows that the center of mass mode is stable near z = 0 and
unstable near z = z g. In view of Eq. 48, the dynamics of the center of mass
mode alone yields the escape rate given in Eq. 34. To get the correct rate
R, however, we must know AF which can be modified by collective Rouse
modes zj other than x;—g.

When the center of mass is within the well, the free energy with its free
space value taken out is

_ ——Z [m] (49)

k+£0
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1 [sinh(Nwo/\/?)}

1

5 (50

N2W2T/12K = N%w3b?/36 for so < 1, 1)
TNuwo/2VK = NwobT/?/2v/3  for 5o > 1.

—TlIn
Nuwo/VK

Here, so = N%w3/n?K = N?b?w3/3n2T, roughly the ratio of the polymer
potential energy in the well to “kinetic energy,” is a measure of crossover
in the length scaling behavior. The Eq. 49 is in complete agreements with

our numerical result of lattice statistics using transfer matrix method [8].

It is noteworthy that the free energy when sg > 1 is the free energy of
confinement in the well as confirmed in a scaling theory [8], which is an

outcome of polymer flexibility in response to the potential.

The free energy with the center fixed at the barrier top is written

Fg = NAU+ Fb, (52)
Fl = _Zl [ ZN“’B} (53)
k0 Kk

One remarkable feature to note is that in order to attain the conformational
stability of the polymer at the barrier top one must assure (K ; — 2Nw%) to
be positive for k # 0. If 2Nw? can be large enough to be equal to Kk, say,
Ky—r/n corresponding to the lowest Rouse mode, that is,

2,2
N LLJB
mK

the instability sets in, leading to coil-stretch transition. The transition within
the Rouse model results in infinitely negative free energy due to infinite exten-
sibility, yielding the infinite rate! This can be regarded as as a novel resonance
phenomena that a soft matter like ideally flexible polymer can reveal in re-
sponse to external fields. For real polymers of finite extensibility, however,
such a singular behavior would not happen, but the coil-stretch transition
nevertheless sets in due to the flexible degrees of freedom yet responsive to
external fields.

SB: :1’ (54)

33 The polymer free energy and the barrier crossing
rate

In order to avoid the infinite extensibility and rate in describing the stretch-
ing behavior of polymers, we employ scaling arguments and numerical calcu-
lations using the lattice statistics. The free energy F' g is approximately given
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Figure 5. Barrier crossing rate R (in units of T/v#) vs. N with BAU = 0.05. (a)
Bwib? = 1077 (A: Bwib® = 1073, B: fwdb® = 1074, C: fwdb® = 1075, D: fwdb® =
10~%). The dotted line represents Ry, the rate in the globular limit, with the same Bugb? as
in D. (b) Bulb® = 107¢ (A: Bwb® = 107°, B: Buwib? = 1075, C: fwhbd® = 1077). The
dotted line represents Ro with the same Bw?b? as in C.

as

N
1
Fp ~ —Ew% <Z(xn - m3)2> (55)
n=1
—NwjR%/2 ~ —spgT  for sp < 1 (coiled state),

= { —Nw$e2/2 ~ —N3 for sg > 1 (stretched state), (56)
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where we have used that the average chain length along the z-axis

[N—l 5 ]
n=1

assumes the free radius of gyration R ~ N1/2b in the coiled state and the
extended length £ ~ Nb in the stretched state, respectively [19]. The length
scaling behavior is indeed in agreement with the numerical result [8], which
we will use below.

In terms of the free energies F;; and F', the rate can be written as
R =Roexp [-(Fp — Fy)] . (7)

The free energy difference AF' = (Fj; — Fy), which vanishes in the N = 1
limit and in the globule limit, represents the interplay of the conformational
degrees of freedom in response to external fields, which is the Kramers po-
tential here. Figure 5 depicts the rate for various values of the potential
curvatures as a function of IV, as given by the numerical results of the free
energies. In any case the rate enhancement due to the fluctuation, R/R o, is
larger than unity, and increases as the chain length gets larger. Figure 5 (a)
shows that as wq increases the rate is more enhanced due to the increased
free energy of chain confinement at the well. Similar trends obtains for the
increases of wp due to decreases of stretch free energy to — N 3 scaling be-
havior along with turnover with a minimum around s g ~ 1, i.e. coil-stretch
transition point as shown in Fig. 5 (b). The details are given below.

For the case of short chains or small curvatures, such that sg < 1 and
sp < 1, the polymer will behave as a Brownian particle (globule) of size
Rg ~ N'/2b during the whole process of barrier crossing. Because Fj ~
Fp ~ 0 in this regime, the activation free energy is simply given by NAU
and the crossing rate reads

wowB

R= 21y

exp(—BNAU). (58)

In B, C and D of Fig. 5 (a) and in A, B, C of Fig. 5 (b), Arrhenius behavior,
ie. R ~ exp(—FBNAU), can be seen in small N regimes for all potential
parameters.

For chain lengths and curvatures such that sg > 1 and sp < 1, F§ > T
and Fg ~ 0, yielding an activation free energy

AF ~ NAU - F| (59)
~ N [AU - wobT"?/2V3] . (60)
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The confinement of the polymer in the metastable well reduces AF' and, as
a result, enhances the crossing rate

_ wowB

R= e [-N (AU - 8"/%wob/2V3)| . (61)

This is shown most markedly in A of Fig. 5 (a) for small N. The polymer is
confined along the z-axis in the metastable well, while it restores the isotropic
Gaussian form at the barrier top.

For sp < 1 and sg > 1, the internal degrees of freedom of the polymer
little affect F, while F'); becomes large and negative, yielding the activation
free energy

AF

1R

NAU + Fg (62)
NAU — gN3w3b? (63)

1

where g is a constant of the order unity. It is remarkable that F' ; can change
much faster than NAU as N varies, giving rise to a local minimum of the
escape rate at an intermediate value of IV as shown in C and D of Fig. 5 (a),
as well as in A, B, C of Fig. 5 (b). The polymer conformation near z ~ 0 is
isotropic Gaussian, while it is stretched along the z-direction near z >~ = pg.

Finally, for sp > 1 and sg >> 1, both the effects of confinement by the well
and stretching by the barrier become important in determining the activation
free energy, yielding

AF ~ NAU+ Fj— F} (64)
~ N|[AU- wobT1/2/2\/§] — gN3wib2 (65)

The resulting escape rate in this case can be significantly enhanced compared
with the one given by the bare Arrhenius factor exp(—8NAU), since Fg > T
and |Fjp| > T. Due to the competition between surmounting the potential
barrier and stretching the polymer at the barrier top, it also exhibits a minimum
at a critical N, N, determined by the crossover condition s g ~ 1, as shown
in A and B of Fig. 5 (a). The effects of self-avoidance can be assessed using
scaling arguments and is found to be minor for all parameter values.

4. Summary and conclusion

We have reviewed our theoretical investigations on the polymer transloca-
tion across a membrane and more general potential barriers. Various relevant
effects have been discussed and quantitatively analyzed within our simplified
models. The most important lesson from these studies is that the linear con-
nectivity and the conformational flexibility are the characteristics unique to
the polymer that are revealed in the barrier crossing under realistic situations.
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Due to these characteristics, the polymer behaves in a different way compared
with small molecules as well as with a rigid macromolecule. Consequently
the novel features involved are conformational adjustments and resonance be-
havior of polymers in response to the external bias or the environments. Also,
it is found genuine crossover behaviors in length scaling of translocation time
arise due to the cooperativity, which may have a significance in many practical
applications as well as in the natural processes in a living cell.

Possible future issues include the influences from the pore, which has its
own complicated structures and dynamics coupled to translocating chain. The
theoretical paradigms may have to be changed in incorporating its specific
interaction with the inhomogeneous sequence of the biopolymers. Also, more
realistic polymer models are worth to be considered to examine the chain
semiflexibility as well as the intrachain interactions of various origin. The
nonMarkovian and nonequilibrium fluctuation dynamics of the environments
requires a special attention. As the living system inherently possesses these
characteristics, the dynamics of biopolymers utilizes or fights against them
by consuming thermodynamic energy sources in a form of ATP, for instance.
Our studies reviewed in this paper may be a starting point to explore this
challenging direction.
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Abstract

Keywords:

Non-equilibrium fluctuations, whether generated externally or by a chemical
reaction far-from-equilibrium, can drive directed motion along an anisotropic
structure without thermal gradients or net macroscopic forces, simply by bias-
ing Brownian motion. Systems operating on this principle are often referred
to as “Brownian ratchets”, and the transport in such systems is called “fluc-
tuation driven transport”. Brownian ratchets have been invoked as a possible
explanation of the operation of molecular motors and pumps, but may also find
application in other fields, such as particle separation or the design of nano-
scale motors. Here we present a specific ratchet model for the operation of two
microtubule based molecular motors, kinesin and ncd. This model can repro-
duce all the available mechanical data on the motion of these motors and, in
addition, accounts for their directionality. We will also summarize some of the
recently proposed macromolecular separation techniques based on geometrical
ratchets. The main advantages of these new techniques are that the geometry
of the devices can be chosen at will, the devices can be reused, molecules can
be sorted continuously, and the separation can be easily automated.

Brownian motion, Brownian ratchets, chemical kinetics, fluctuation driven
transport, geometrical ratchets, kinesin, membrane transporters, microtubule,
molecular motors, ncd, separation, transport processes.

1. Introduction

1.1

Molecular motors

The tiny machines in a living cell that are responsible for transport processes
other than pure diffusion are motors—molecular motors. Some well known
examples are kinesins that walk along microtubules carrying organelles, and
myosins that move along actin filaments inducing muscle contraction. But
molecular motors are also responsible for the transcription of the genetic code,
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the synthesis of ATP, and many transport processes across membranes. In gen-
eral molecular motors use far-from-equilibrium chemical processes (such as
ATP hydrolysis, or proton flow through a membrane) to drive a number of
processes.

1.2 Physics of microscopic objects

The physics of a microscopic motor is fundamentally different from the
physics of its macroscopic counterpart, and requires a completely different
description. First, at molecular length and velocity scales, the Reynolds num-
ber is small, the motion is overdamped, and inertia plays no role: the velocity
and not the acceleration of the objects is proportional to the force acting on
it [1]. Second, there is Brownian motion: microscopic objects are randomly
kicked around by molecules of the surrounding medium, and any deterministic
motion is on top of thermal noise.

The time scale of a motor is determined by that of the velocity and ac-
celeration as well as the electromagnetic properties of its moving parts. For
a macroscopic motor the parts and coils are all large so the time constants
are long and the thermal fluctuations are usually negligible. These motors
suppress stochasticity by design. On the other hand, for a microscopic motor
every degree of freedom has inevitably a significant thermal energy %kBT on
average (T denotes here the absolute temperature and kg is the Boltzmann
coefficient), and the timing of the process is set by thermally assisted events
(such as diffusion or activated transitions over energy barriers). Microscopic
motors are designed to operate in a stochastic, overdamped environment and
harvest rather than suppress thermal fluctuations.

1.3 Brownian ratchets

For the description of molecular motors a new statistical physical princi-
ple, the so called “fluctuation driven transport” has been developed [2—4]. To
understand this principle, let us imagine a periodic but spatially asymmetric
potential, as illustrated by the sawtooth potential in Fig. la, and an over-
damped Brownian particle moving in it. Such systems are often referred to
as “Brownian ratchets”. If a Brownian ratchet is in thermal equilibrium, the
second law of thermodynamics states that no net motion of the particle can
occur, i.e., the average displacement of the particle must be zero. This was
illustrated in the famous lectures of Feynman [5]. To generate net motion
non-equilibrium fluctuations must be applied. For molecular motors these
non-equilibrium fluctuations are supplied by far-from-equilibrium chemical
processes, and the interaction between the motor and its track plays the role
of the periodic and asymmetric ratchet potential.
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Figure 1.  The motion of a Brownian particle (a) in a sawtooth shaped potential due to
the effect of (b) a fluctuating potential (flashing ratchet), and (c) a fluctuating external force
(rocking ratchet).

One example for Brownian ratchets is the “flashing ratchet”, where the
ratchet potential fluctuates between two states. In Fig. 1b one of the two
states has a sawtooth shape and the other one is flat. Let us now follow
the time evolution of the probability density of the particle, illustrated by
the Gaussian curves. If the temperature is small enough and the potential
is in the sawtooth shaped state, the particle stays near the bottom of a well
(solid line). When the potential changes to the flat state, the particle starts
to diffuse. After some time, changing back to the sawtooth shaped state,
the particle will be captured by the neighboring well on the left with larger
probability than on the right (dashed lines). This leads to a net motion to
the left. Not surprisingly, when this system is in thermal equilibrium, i.e.
when the transition rates between the two states obey detailed balance, the
net motion is zero. The non-equilibrium transition rates, required for net
motion, can be imposed either externally or by far-from-equilibrium chemical
processes.

Another basic example is the “rocking ratchet”, where the ratchet potential
is tilted to the right and left alternately by an external force with zero time
average. When a force F' in Fig. lc points to the right, the energy barrier
for jumping to the right becomes shorter by F' times the longer distance ).
When the same force points to the left, the energy barrier for jumping to
the left becomes also shorter but only by F' times the shorter distance A ;.
Thus, a net motion to the right is expected. When the fluctuating force is an
equilibrium white noise, the net motion is zero. This type of non-equilibrium
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fluctuating force is hard to generate by chemical reactions, however, it can be
easily realized in man-made devices, such as in particle separators.

2. Kinesin and ncd

Kinesin, a motor protein that moves along microtubules, was discovered in
the mid-1980’s [6]. Further studies have led to the identification of a large
number of proteins that are related in structure to kinesin and constitute the
kinesin superfamily of motor proteins. Native kinesin is a dimeric molecule
with a tail and two globular head domains (Fig. 2a). The heads are highly
conserved, and each contains an ATP and a tubulin binding site. The more
or less extended tail interacts with the cargo.

2.1 Experimental results

Recent experimental studies [7—13] have revealed that kinesin moves uni-
directionally parallel to the microtubule protofilaments towards the “+” end
of the microtubule with discrete steps hydrolyzing one ATP during each step.
The step size (~ 8 nm) is identical to the periodicity of the protofilaments, and

(@)
neck
kinesin
domain \ ATP binding
socket
1
\
' microtubule
binding site
b
® ncd kinesin
_’.

Figure 2. (@) Schematic drawing of the two-headed kinesin molecule. (b) Kinesin and ncd
are structurally very similar proteins and bind on the microtubule with similar orientations,
yet, they move in opposite directions.
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the kinesin heads can bind only to the 3-tubulins (black circles in Fig. 2b).
Under an increasing load the speed of the kinesin decreases almost linearly
and comes to a halt at the stall force (~ 5 pN).

Most of the models based on Brownian ratchets [14—17] are able to re-
produce the experimentally measured mechanical data. These models assume
that the asymmetry of the interaction potential between the kinesin head and
the microtubule determines the direction of motion.

However, several members of the kinesin superfamily, such as ncd (non-
claret disjunctional protein) move in the opposite direction, towards the “—”
end of the microtubule (Fig. 2b). This raises a big question: What is the
origin of the opposite directionality? The motor domains of kinesin and
ncd are structurally very similar and bind on the microtubule with similar
orientations [18-20]. So it is hard to imagine that the interaction potential
between the motor domain and the microtubule is significantly different for
these two motors. The mystery was deepened by a recent elegant experiment
[21], in which a chimera was formed by attaching the motor domain of ncd
to the neck region of kinesin. Surprisingly, the resulting motor catalyzed
“+” end directed motion characteristic of kinesin, from which the neck (and
not the motor) region was taken. Attaching the motor domain of kinesin to
the neck region of ncd [22] led to similar results: the directionality of the
chimera was determined by the neck region. Moreover, changing just a few
amino acids in the neck can reverse the directionality of the motor [22,23].
Structural studies also show that it is the neck region, where kinesin and ncd
differ the most [23].

For the explanation of the directionality we propose a ratchet model, based
on the flashing ratchets, where the direction of motion is controlled by subtle
differences in the chemical mechanism of ATP hydrolysis, rather than by
differences in the interaction with the microtubule [24,25].

2.2 Chemically reversible model

To understand the model, let us first consider the enzymatic cycle shown
in Fig. 3. The enzyme (E) binds a substrate (S), converts it to product
(P), then releases it. Assuming that this reaction is far from equilibrium,
the reverse processes can be neglected. The interaction between the enzyme
and the polymeric filament, along which the enzyme moves, is described by
two ratchet potentials. Each period of the ratchet potentials has two energy
minima. One of them has a relatively low energy (denoted by L) and the
other one has a relatively high energy (denoted by H).

In this system, if substrate binding is slow and the product release is fast,
the enzyme moves one period to the right for every cycle. This can be seen
easily by following the solid arrows in Fig. 3. Because substrate binding



286 Kasianowicz et al, eds: Structure and Dynamics of Confined Polymers

Slow substrate binding and fast product release: —
Fast substrate binding and slow product release: ~-----

OR

L is specific for substrate binding and H is specific for product release: —
H is specific for substrate binding and L is specific for product release: -

Figure 3.  Brownian ratchet description of a chemically reversible motor. The direction can
be controlled either by the relative rates of substrate binding and product release, or by the
specificity of the H and L states.

is slow, the enzyme in state E has enough time to relax to the position L.
Upon binding the substrate the enzyme gets into the position H of state EP.
But because the release of the product is fast, the enzyme in state EP cannot
spend enough time to relax to position L. Thus, upon releasing the product
the enzyme gets into the position H of state E, which is exactly one period to
right from the initial position.

On the other hand, if substrate binding is fast and the release of the product
is slow, the enzyme moves one period to the left for every cycle (as illustrated
by the dotted arrows in Fig. 3): Because substrate binding is fast, the enzyme
in state E does not have enough time to relax to position L. Thus, upon
binding the substrate the enzyme gets into the position H of state EP. But
because now the release of the product is slow, the enzyme in state EP has
enough time to relax to the position L. Upon releasing the product the enzyme
gets into the position H of state E, which is now exactly one period to left
from the initial position.
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Figure 4. The chemically reversible ratchet model of Fig. 3 incorporated into the ATP
hydrolysis cycle of kinesin (or ncd).

Thus, by simply changing the chemical transition rates relative to the me-
chanical transition rates, one can reverse the direction of the motion. Basi-
cally, we have two different asymmetric potentials, and the direction of the
enzyme’s motion is determined by the amount of time the enzyme spends on
these potentials.

But there is a second, even simpler way of reversing the directionality, by
changing the chemical specificity of the enzyme in the H and L positions. It is
easy to see that if the position L of state E is specific for binding the substrate
and the position H of state EP is specific for the release of the product, the
motor moves to the right. Or, if the position H of state E is specific for
binding the substrate and the position L of state EP is specific for the release
of the product, the motor moves to the left.

This simple enzymatic cycle can be easily incorporated into the complicated
chemical cycle of kinesin and ncd, as illustrated in Fig. 4. Here a slight change
in the release rates of the inorganic phosphate P ; and the ADP molecules can
reverse the direction of motion. This is consistent with experimental results:
Since the neck region of kinesin is very close to the ATP binding socket,
the neck has the potential to modify the chemistry of the ATP hydrolysis
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cycle, but has no chance to significantly modify the interaction between the
microtubule and kinesin.

Introducing some cooperativity between the two heads of kinesin [25],
all the measured mechanical data can be reproduced. For instance, in one
possible cooperative two-headed model ATP hydrolysis at the active site of
one head cooperatively induces binding of ATP to the other but ATP hydrolysis
at this second head cannot proceed until ADP dissociates on the first head.
This ensures alternating site kinetics for the ATP hydrolysis which is well
established experimentally [26], and also explains how kinesin can advance
8 nm for the hydrolysis of each ATP: Let us imagine that one of the two
heads at random binds ATP. Hydrolysis of this ATP induces binding of ATP
to the other head, reducing the activation barrier (see EATF state in Fig. 4) for
transition to a neighboring binding site. As the first head continues through
its catalytic cycle, moving a period to the right, the second head is more or
less “dragged” along for the ride. Then the heads change their role and the
cycle starts again.

One prediction of this model, in contrast to previous models, is that a
single headed kinesin or ncd should display processivity. This prediction
proved to be true in a recent experiment [27] that revealed the average speed
of a single headed kinesin is similar to that of a dimer, but the motion is much
more erratic. In our model this erratic motion is the consequence of the low
barriers in the E ATP state,

3. Membrane transporters

Although Brownian ratchets and the fluctuation driven transport have been
introduced to explain the operation of molecular motors, they are also very
efficient in describing molecular pumps. Let us just take a look at Fig. 5.
Here also a substrate-product reaction powers the fluctuation of a transporter
enzyme between two states, E and EP. In most cases this far-from-equilibrium
substrate-product reaction is the ATP hydrolysis. The transported particle
sees two different potentials in the two states of the transporter. When the
transporter is in state E a particle can easily jump from the left side of the
membrane to the potential well. A jump from the right is impeded by a
high energy barrier. After transition from state E to state EP, the particle
will most likely leave the transporter to the right. Thus, if the chemical
and mechanical transition rates are in harmony, with this mechanism a far-
from-equilibrium chemical reaction can drive the transport of molecules even
against an electrochemical gradient Apu.
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Figure 5. Illustration of a membrane transporter enzyme with two conformational states —
one with a high affinity and easy access from the left, and one with low affinity and easy access
from the right. Switching between the two conformations is driven by a far-from-equilibrium
substrate-product reaction and leads to pumping from left to right.

4. Macromolecular separation

The concept of fluctuation driven transport has inspired researchers to find
technological applications of this principle. The applications are particularly
promising in particle separation [28-34]. In this section we will present
some of the recently proposed macromolecular separation techniques based
on geometrical ratchets.

4.1 Separation with microfabricated sieves

A recently introduced microlithographic technique [35] makes it possible
to use Brownian ratchets for the separation of macromolecules with quasi-
two-dimensional sieves [30-32]. The idea is to etch a two-dimensional array
of micron sized obstacles on a silicon chip, which is then sealed and filled up
with a medium containing the macromolecules. Fig. 6 depicts two examples
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for such arrays. The molecules in these systems can move only in the space
between the obstacles. If we apply a constant electrophoretic force in the y
direction downwards, the molecules will migrate down. But in the course
of their migration they are sometimes able to diffuse freely in the = (lateral)
direction, other times they feel the asymmetric geometric constraints imposed
by the obstacles. This is analogous to the flashing ratchets.

Let us follow the trajectory of a molecule with a large diffusion coefficient
in Fig. 6a. After going through a hole between two obstacles, its probability
density starts to spread out, as illustrated with the wider Gaussian curve. So
when the molecule reaches the next row of obstacles it gets captured either
by the funnel below its starting position or by the next funnel on the right.
Thus, on average the molecule will drift to the right. Now let us follow
the trajectory of a molecule with a smaller diffusion coefficient. Because its
probability density spreads out more slowly, as illustrated with the narrower
Gaussian, it will most likely be captured by the funnel below. Thus, the
lateral drift of the molecule depends on its diffusion coefficient. Molecules
with larger diffusion coefficients have larger lateral drift velocity, providing
the basis for separation.

An important feature of this system is that it has a mirror symmetry in the
y direction. This means that the lateral drift velocity of the molecules (in
the x direction) is independent of the sign of the electrophoretic force (in the
y direction), and hence, an alternating force in the y direction has the same

Figure 6.  Schematic illustrations of the basic principle of separation with microfabricated
sieves. Particles are driven downwards by an external force and drift to the right with different
velocities depending on their diffusion coefficient (D).
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Figure 7. lllustration of how the combination of the sieves in Fig. 6 (a) and (b) can lead to
a system in which particles below and above a threshold diffusion coefficient drift in opposite
directions.

effect as a constant force. To achieve good lateral segregation it is enough
to pull the molecules back and forth across a few rows. This allows to use
systems with a very small size in the y direction.

Looking at the system in Fig. 6b one can conclude, that molecules with
small diffusion coefficient have large lateral drift velocities, because they
basically follow a deterministic trajectory, but molecules with larger diffusion
coefficient have a chance to diffuse to the neighboring funnel on the left,
reducing the lateral drift velocity. Thus, as opposed to the previous system,
here the molecules with larger diffusion coefficients have smaller lateral drift
velocity.

This difference between the two systems can be exploited by mixing them
with opposite directionality, as indicated in Fig. 7 A remarkable feature of
this combined system is, that applying an alternating field in the y direction,
molecules with large diffusion coefficient drift to the left, while molecules
with small diffusion coefficient drift to the right. The threshold diffusion
coefficient, above which molecules drift to the left and below which molecules
drift to the right can be controlled by the size and shape of the obstacles, by the
ratio of the two different kinds of rows, or by the amplitude of the alternating
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Figure 8.  Devices (A, B, and C) from Fig. 7 with different thresholds (D < Da < Dc)
arranged in a tree topology can be used to sort large amounts of different particles continuously.

field. Such systems can be very useful in the separation of two different
kinds of macromolecules. One just has to feed the system continuously in the
middle with the solution of the two molecules, and extract the two purified
solutions on the left and right sides of the chip.

For the separation of more than two kinds of molecules several chips with
different thresholds can be used simultaneously, arranged, e.g., in a tree topol-
ogy as shown in Fig. 8. The first chip (A) would separate one half of the
particles from the other half, then the next two chips (B and C) would continue
the separation on these two outputs, and so on.

The resolution or sensitivity of the separation with such microfabricated
sieves competes with the resolution of standard gel electrophoresis. The main
advantages of this new method of electrophoretic separation are that the shape
of the obstacles can be chosen at will, the chips can be reused, the molecules
can be sorted continuously, and the separation can be easily automated.

The first experimental realization of a microfabricated sieve was reported
recently [33].

4.2 Separation with entropic ratchet

Another separation technique based on geometric ratchets uses the rocking
ratchet principle [29]. Here the idea is to manufacture narrow tubes, the
width of which is modulated periodically but asymmetrically as illustrated
in Fig. 9. If the radius of gyration of a macromolecule is larger than the
width of the narrow region, the molecule does not like to be there, because
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its internal entropy is smaller due to the geometric confinement. Thus the
entropic forces try to push the molecule out of the narrow regions. But
because the modulation of the width of the tube is asymmetric, the molecule
feels an asymmetric potential. Now, applying an alternating electrophoretic
force parallel to the tube, the molecule gets a net velocity, just as we expect
from a rocking ratchet. And because molecules with different radii of gyration
experience different ratchet potentials, they will drift with different velocities,
leading to separation.

Figure 9. Cartoon of an entropic ratchet. Application of an alternating horizontal force on
the macromolecules results in a net velocity, which depends on molecules’ radius of gyration.
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COMPOSITION AND STRUCTURAL DYNAMICS
OF VERTEBRATE STRIATED MUSCLE
THICK FILAMENTS

Role of myosin-associated proteins

Zoya A. Podlubnaya
Institute of Theoretical and Experimental Biophysics of Russian Academy of Sciences, Pushchino,
Moscow Region, 142292, Russia

Abstract We discuss recent data on integral and dynamic (muscle state-dependent) protein
components of vertebrate striated muscles thick filaments. Their contribution to
the structural dynamics of the filaments and in particular, to Ca >t -dependent
reversible structural transitions involving the domains of myosin molecules
arranged on the filament surface, is analyzed. The functional importance of
these transitions is considered in the context of the mechanisms regulating the
contractile process and its coupling with energy metabolism.

Keywords:  Skeletal and cardiac muscle, force generation, regulation, structural transitions,
myosin filaments, enzymes of energy metabolism, titin and titin-like proteins

1. Introduction
1.1 Structure of vertebrate striated muscle thick
filaments

Muscle contraction is usually considered in terms of the “sliding filament
model” [1]. According to this model, two systems of contractile filaments
(thick, myosin-containing and thin, actin-containing) actively slide past each
other, producing the shortening of sarcomeres and thereby of the whole mus-
cle. The interaction of thick and thin filaments, coupled with ATP hydrolysis
by the myosin ATPase and regulated by Ca2*, is the central event of this
process.

Thick filaments of vertebrate striated muscle consist of bipolar arrays of
myosin molecules [2]. The tails of the molecules form the backbone of the
filament while the heads (subfragments-1, S1) and the adjacent part of the
tail of each myosin molecule (subfragment-2, S2) are located on the filament
surface. Bipolar (in the center of the filament) and polar (in each half of the
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Figure 1.  Schematic representation of the myosin molecule. The molecule is a hexamer,
containing two heavy chains folded together in coiled-coil tail at the C-terminus and separately
in two globular heads at the N-terminus, and four light chains. Each head is composed of the
heavy chain and an essential (ELC) and a regulatory (RLC) light chain. There are two hinges
in the molecule, one is between LMM and S2, and one between S1 and S2. These allow the
head and S2 to change orientation (modified from {3])

filament) packing of myosin molecules creates an assembly that has several
zones (see below) with different binding properties for adsorption of different
non-myosin proteins.

In accordance with the three-dimensional structure of S1 determined at
the atomic level [4] each myosin head consists of the motor domain (N-
terminus of heavy chain), containing the actin-binding site and active site,
and a regulatory domain composed of a long a-helix of the heavy chain and
of two light chains (one regulatory light chain, RLC; and one essential light
chain, ELC). The ELC is located close to the motor domain (Fig. 1) while
the RLC is arranged near the myosin head-S2 junction. Both ELC and RLC
are clamped sequentially around an 8.5 nm stretch of a-helical heavy chain,
providing the communication between the motor domain of the head and the
tail of myosin molecule in the backbone.

In relaxed muscle, the heads are arranged close to the filament backbone, in-
teracting with each other and with the backbone and forming a three-stranded
helix with an axial period of 43 nm and a subunit period of 14.5 nm [5-7].
All levels of structural organization of the thick filament assemblies are sub-
ordinated to their physiological functions.

1.2 Structural dynamics of the surface domains of the
thick filaments

Upon activation of muscle, the myosin heads move away from the back-
bone and bind to actin, thereby forming cross-bridges that are required to
produce force and the relative sliding of the filaments [8]. Recent data on
the crystal structure of the myosin head and actin, and the image reconstruc-
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tion of actomyosin complex [4,9-11], clarified the structural basis of myosin
functioning as a molecular motor.

It is noteworthy that the above localization of the light chains (LCs) between
the motor domain and the S2 “neck” region of myosin allows them to confer
stiffness and stability of the a-helix, which is necessary to transmit internal
movement of S1 to the backbone of the thick filaments and to amplify this
movement in accordance with a revised "tilting crossbridge model” [9,10,12].
In this model, small structural changes which occur in the motor domain of
the myosin head upon ATP hydrolysis are magnified by the pivoting of the
myosin light-chain domain, which acts as a lever arm. The main structural
event accompanying the force generation is not the change in the angle at
which the whole head binds to actin filament, as was initially assumed in the
“tilting cross-bridge” model [1,13], instead it is the change in the orientation
of the light-chain region of the head.

2. Regulation of contraction of vertebrate striated
muscles: enzymatic and structural events

2.1 Types of regulation

It is well known that an increase in the intracellular concentration of Ca 2+
triggers the contraction of all muscle types. Myofibrillar components respon-
sible for Ca?*-binding are located on the thin or thick filaments or both,
depending on the muscle type and species [14]. For instance, contraction of
molluscan striated muscle is regulated via direct binding of Ca 2% to the bind-
ing site in the myosin regulatory domain (myosin-linked regulation) [15]. In
vertebrate smooth muscle, at least two regulatory mechanisms operate. The
primary one is myosin-linked, in which interaction of Ca2* with myosin light
chain kinase results in activation of the latter and in myosin RLC phospho-
rylation which triggers the cycling of myosin crossbridges and the generation
of force. The complementary actin-linked mechanism of regulation in these
muscle is also proposed (see references within [16]). An unanswered question
is whether a direct binding of Ca?* to RLC may contribute to this process
in vertebrate smooth muscle. The contraction of vertebrate striated muscles
is believed to be regulated by the binding of Ca?* to troponin C, the Ca?*
binding subunits of troponin, which together with tropomyosin forms regula-
tory system of contractile apparatus (actin-linked regulation). However, some
data suggest that the regulation process in these muscles is more complicated,
and may involve modification of the myosin by RLC-phosphorylation [17]
and direct Ca®* binding to RLC [18,19].

Numerous biochemical, physiological, structural and in vitro motility stud-
ies have provided evidence that myosin light chains in the regulatory domain
and their interactions with the motor domain appear to be critical not only
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for energy transduction but for regulation of myosin enzymatic properties
[20-25]. Some authors even assume that S1 is a sufficient structure to move
actin filaments and to generate force [26,27]. However the rate of movement
induced by S1 appeared to be less than that induced by heavy meromyosin
(HMM) or myosin in which the S2 region is present [23,24,26,28].

In Huxley’s model [1], the heads and S2 move away from the filament
backbone during contraction and that the hinge regions between S1 and S2 as
well as between S2 and light meromyosin (LMM) in myosin molecules (Figs.
1 and 2) can maintain the correct orientation of the head binding to actin
for force generation. The possible contribution of S2 to force production and
regulation is supported by data from various indirect methods [24,28-33].
Moreover, recent papers have reinforced the need for head-head interactions
in the processes of force production and regulation, and for S2 being the
common element of both heads [24,33,34]. For instance, it has been shown
that not only the ”neck” region of the myosin molecule, where LCs are located,
but also portions of S2 not less than 20 nm long are necessary for normal
regulatory ability of myosin. New models of the regulation of vertebrate
striated muscles involving the participation of myosin have been suggested
[35,36], but the role of the S2 region is still not considered.

2.2 Electron microscopic approaches for studying the
structural behavior of the myosin heads on the
surface of the thick filaments

Despite the great progress in determining the structure of S1 and actin fil-
aments at atomic resolution, the nature of structural changes in myosin and
actin underlying force generation and regulation remains the principal aim of
work in the field. Electron microscopy (EM), with its numerous approaches
including various cryo procedures, is a promising method for obtaining di-
rect evidence of changes in the structure and disposition of the myosin heads
and S2 regions on the surface of myosin filaments under physiological condi-
tions. For example, physiological effectors (e.g. Ca?*) and phosphorylation
of the RLC were found to govern the position of the heads, inducing their
movement away from the backbone of isolated native or reconstituted myosin
filaments of invertebrate muscles (“order - disorder” transitions) [37-39].
Similar phosphorylation-induced “activation” of the structure has been also
revealed in isolated skeletal muscle thick filaments [17,40] which correlates
with the increased tension developed by the muscle fibre. It follows that
phosphorylation of myosin RLC modulates control of contraction of these
muscles. Attempts to investigage similar transitions induced by Ca 2% in the
thick filaments from skeletal and cardiac muscles were unsuccessful so far
[17].
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Figure 2. Electron micrographs of synthetic myosin filaments with compact ordered struc-
ture in the absence of Ca®* (top) and with spread disordered structure in the presence of
Ca®*(middle). The images of the filaments are typical for vertebrate skeletal, cardiac and
smooth muscle myosin filaments. Bar, 100 nm. (bottom) - Schematic representation of struc-
tural behavior of myosin S2s with the heads in the absence and in the presence of Ca*.

Synthetic myosin filaments for EM examination were prepared from column-purified unphos-
phorylated myosins (0.2 mg/ml in 0.5 M KCIl) by overnight dialysis against the solutions
containing: 120 mM KCI, 1 mM MgCl ?*, 10 mM imidazole-HCI (pH 7.0) and either 0.1-

0.01 mM CaCl 2%, or 1| mM EGTA at 4°C. The suspension of the filaments was placed on

collodion or formvar and carbon-coated grids and negatively stained with 1% aqueous uranyl
acetate. The same results were obtained with relaxing and activating solutions used by Frado
and Craig [39] for demonstration of Ca?*-induced structural transitions in the filaments of
“regulated” myosin from molluscan striated muscle.

2.3 Ca?*-induced reversible structural transitions in
synthetic myosin filaments

In contrast to previous reports, by the use of negative staining and freeze-
drying techniques in EM, we observed that synthetic filaments formed by
skeletal, cardiac and smooth muscle myosins with unphosphorylated RLC
exhibit Ca?*-induced reversible movement of both the heads and S2s from
the backbone of the filaments at neutral pH and physiological ionic strength
[16,41]. In the absence of Ca%t(pCa 7-8) the filaments of the above myosins
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display prominent rows (crowns) of the heads arranged with an interval of
~ 14.5 nm along the filament (image characteristic for thick filaments in re-
laxed muscle). Their compact, ordered structure is likely formed by myosin
heads and S2s disposed close to the filaments surface due to the interaction
of S2s with the backbone and of the heads with each other and with back-
bone (Figs. 2a, 2c). On the contrary, in the presence of Ca2t(pCa 4.5-5)
disordered filaments are usually observed (Figs. 2b, 2¢). The myosin heads
and S2 subfragments are scattered around the filament, perhaps, due to the
weak binding to, and detachment from, the backbone (activated state” of
the filament). This is evidenced by the absence of 14.5 nm axial periodic-
ity in the filaments and by the long distance of heads (up to 50 nm) from
the backbone, suggesting that both the heads and S2s move away from the
backbone. These transitions are not simply the result of myosin filaments
formation during dialysis. They are easily reversible and are due to the ef-
fect of Ca®*. Rinsing the filaments with ordered or disordered structure with
Ca?*-containing or Ca?*-depleted solutions on EM-grids transforms them tp
the “disordered” or “ordered” state, respectively. Because this system, unlike
the suspension of isolated native thick filaments usually used for such investi-
gations, did not contain actin and myosin-associated proteins (see below), one
can conclude that the Ca?*-dependent S2 release is an intrinsic property of
the myosin and is the result of direct Ca2?*-binding to its RLC. Perhaps, this is
a common property of vertebrate skeletal, cardiac and smooth muscle myosins
independently of the regulation type supposed for these muscles (actin-linked
regulation in vertebrate striated muscles, or myosin-linked regulation through
RLC-phosphorylation in vertebrate smooth muscles).

The reversibility of the Ca®*-induced transitions supports similar effects
occuring in vivo and the possible contribution of Ca2* sensitivity of myosin
of vertebrate striated and smooth muscles to regulation or modulation of the
contractile process. In vivo the Ca%*-induced S2 release from the backbone of
thick filaments could lead to facilitating the interaction of the heads with actin
due to the increase in the freedom of their movement and accessibility to thin
filaments. Thus, Ca2*-induced structural transitions could regulate the func-
tion of the myosin motor due to the communication between the head domains
and tails of myosin molecules in thick filaments. Ca2*-induced S2 release
itself may result from such a communication route and other EM observations
support this assumption. Synthetic filaments formed by skeletal and cardiac
myosins with RLC or ELC, in which small peptides at the N-terminus were
removed by limited proteolysis, did not display the Ca?*-induced movement
of S2: both in the absence and in the presence of Ca2* the filaments re-
tained ordered structure [42]. Unlike RLC, ELC does not bind Ca 2* and its
truncation does not influence the Ca2* sensitivity of myosin. However if we
take into consideration the interaction between LCs sequentially arranged in
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the regulatory domain [15], the removal of even small N-terminal fragments
in ELC can lead to the loss of functional communication specific to native
myosin molecule.

Thus, EM studies reveal the Ca2*-induced movement of functionally im-
portant domains of myosin molecules in the highly confined space between
the contractile filaments required for their interaction with each other, hy-
drolysis of ATP, generation of force and shortening of muscle. It should be
noted that the above Ca®*-dependent transitions have been revealed in systems
containing purified myosins, in the absence of myosin-associated proteins. It
is possible that the proteins bound to the myosin filaments in muscle could
change their enzymatic and/or structural Ca%* sensitivity.

3. Non-myosin proteins in the thick filament: Structural
dynamics and coupling between the contractile
(energy-consuming) and energy-supplying systems

3.1 Titin and titin-like proteins

Thick filaments of vertebrate striated muscle contain a number of proteins,
usually referred to as minor proteins because of their relatively low concentra-
tion, are listed in Table 1. These include enzymes of energy metabolism such
as creatine kinase (CK), phosphofructokinase (PFK) and AMP-deaminase
(DA) (see review [43]). Other proteins are components of the sarcomeric
cytoskeleton and, like the giant <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>