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ABSTRACT

VOLTAGE-DRIVEN POLYELECTROLYTE COMPLEXATION INSIDE A
NANOPORE

SEPTEMBER 2018
PRABHAT TRIPATHI
MSc., INDIAN INSTITUTE OF TECHNOLOGY (ISM), DHANBAD
BS., INDIAN INSTITUTE OF TECHNOLOGY (ISM), DHANBAD
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Murugappan Muthukumar

This thesis investigates how a pair of oppositely charged macromolecules can be
driven by an electric field to form a polyelectrolyte complex inside a nanopore. To observe
and isolate an individual complex pair, a model protein nanopore, embedded in artificial
phospholipid membrane, allowing compartmentalization (cis/trans) is employed. A
polyanion in the cis and a polycation in the trans compartments are subjected to
electrophoretic capture by the pore. We find that the measured ionic current across the pore
has a distinguishable signature of complex formation, which is different from the signature
of the passage of individual molecules through the pore. The ionic current signature allows
us to detect the interaction between the two oppositely charged macromolecules and thus,
enables us to measure the lifetime of the complex inside the nanopore.

After showing that we can isolate a complex pair in the nanopore, we studied the
effects of molecular identity on the nature of interaction in different complex pairs. In
contrast to the irreversible conductance state of the alpha-hemolysin ( HL) channel in the

complexation of poly-styrene-sulfonate (PSS) and poly-L-lysine (PLL), a reversible
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conductance state is observed during complexation between single stranded DNA (ssDNA)
and PLL. This suggests that there is a weak interaction between ssDNA and PLL, when
compared to the interaction in a PSS—-PLL complex.

Analysis of the PSS-PLL complexation events and its lifetime inside the nanopore
supports a four step-mechanism: (i) The polyanion is captured by the pore, (ii) the
polyanion starts threading through the pore. (iii) The polycation is captured, a complex pair
is formed in the pore, and the polyanion slides along the polycation. (iv) The complex pair
can be pulled through the pore into the trans compartment or it can dissociate. Additionally,
we have developed a simple theoretical model, which describes the lifetime of the complex
inside the pore.

The observed reversible two-state conductance across HL channel during sSDNA-
PLL complexation, is described as the binding/unbinding of PLL during the translocation
of ssDNA. This enables us to evaluate the apparent rate constants for
association/dissociation and equilibrium dissociation constants for the interaction of PLL
with ssDNA.

This thesis throws light on the behavior of polyelectrolyte complexes in an electric
field and enhances our understanding of the electrical aspects of inter-macromolecular
interactions, which plays an extremely important role in the organization of

macromolecules in the crowded and confined cellular environment.
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CHAPTER 1

INTRODUCTION

1.1 Macromolecular Complexation

If we zoom inside the cells of any living organisms, we are likely to meet large and
electrically charged molecules (Figure 1.1 (a)). These molecules are the building blocks of
life and are called macromolecules, which include proteins, DNA, and RNA, for example.
In the crowded cellular environment these macromolecules do not work in isolation. On
the contrary, they usually assemble into larger functional units, consisting of anything from
several molecules to a few hundreds or even thousands of individual macromolecules.
Many of these macromolecular complexes can be thought of as molecular machines, in the
sense that they are modular and, complex, they have moving parts that carry out the same
process many times over, and they consume energy*. For the survival of living organism
macromolecules need to perform essential tasks in the cell, such as reading out and
translating the genetic code, generating or converting metabolic energy, generating force
to enable the cell to move, taking up, synthesizing or secreting metabolites and other
macromolecules, and recognizing and reacting to signals from the outside world®. The
success and failure of all these essential tasks relies on the nature and strength of the inter-
macromolecular interactions. Ultimately, the sum of all the intermolecular interactions and
assemblies of macromolecules defines the uniqueness of a cell, an organism or an
individual. Understanding these natural nano-machines and how they work is not only a
fundamental and fascinating problem but also one of the most challenging tasks for the
future of basic science and medicine. From a conceptual point of view, the challenge for

understanding arises from the fact that the whole system is strongly correlated and every
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Figure 1.1 (a) A cell is a crowded "Coulomb soup,” with charged macromolecules and
their assemblies moving between different compartments. Image is adapted from “The
world of the cell” (Benjamin/Cummings Series in the Life Sciences). (b) Sketch of the
natural polyelectrolyte, RNA. Many factors contribute to the structures, and functions of
such polyelectrolytes, including, chain connectivity, charges on the polymer, counterions,
salt ions, excluded volume effects, hydrogen bonding, and structure of water?.
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macromolecule interacts with every other one in the system.

Let us consider an isolated molecule of RNA in an electrolyte solution. A small portion
of single-stranded RNA (ssSRNA) molecule is sketched in Figure 1.1 (b). The primary
confounding forces operative in polyelectrolyte systems are evident even in such a single
molecule situation. One of the most important properties of these macromolecules is that
they carry electrical charges; The system is endowed with long-ranged electrostatic forces
due to charged group along the chain (the phosphate groups for RNA, in conjunction with
highly mobile charges due to counterions, and salt ions). Additionally, the chain can
interact through hydrogen-bonding, dipolar interactions (via water), van der Waals
interactions (via excluded volume effects), chain connectivity and confinement?. While
there has already been huge progress made in understanding the behavior of a single

polyelectrolyte chain in an electrolyte solution? 3, when multiple chains of different kinds



are present in the system, the challenge increases exponentially. The collective behavior of
the above-mentioned interactions is not yet fully understood.

To take a step closer towards understanding the assembly of macromolecules and
their dynamics in cellular environments, we must know how two oppositely charged
macromolecules (polyelectrolytes) interact with each other to form a complex. In order to
build intuition about the energetics of the complexation of two oppositely charged
polymers in an electrolyte solution, let us consider the simplest known case; the energetics

associated with the formation of a small ion-pair.

1.2 lon-Pair Formation

Consider the electrostatic interaction energy Uijj between a pair of oppositely
charged ions with charges zi e and -zj e separated by a distance ri;in a medium with uniform
dielectric constant € (in the absence of any other charges). This interaction is given by

Coulomb’s law

T T, T @)

where kgT is the Boltzmann constant times the absolute temperature, z; is the valency of
the i ion, e is the electronic charge, and o is the permittivity of the vacuum. The middle

factor in the above equation has the dimension of length and is called the Bjerrum length
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If the separation distance rijis comparable to Ig, then the electrostatic interaction
energy of two monovalent ions is comparable to the thermal energy kgT, as evident from
Eq. 1. Thus, for oppositely charged ions, if the separation is shorter than Ig, the attraction
is stronger than the thermal energy (ksT) and the ions are likely to form ion pairs, rather
than being completely dissociated ions. The Bjerrum length sets the scale for energy. It is

inversely proportional to €T, where € is also temperature dependent. For aqueous solutions

at 25°C, the Bjerrum length (with € =80) isls 0.7 nm.

1.3 Question of Polyion-Pair Formation (Polycation-Polyanion Complexation)

Now, let us consider the electrostatic interaction energy Ui between a pair of
oppositely charged macromolecules (Figure 1.2). The individual behavior of the polycation
and polyanion; during pair formation is difficult to imagine, and hence the interaction
energy is also difficult to predict. The only thing we can imagine is that if a complex form,
then the interaction energy will be greater than the thermal energy ksT. Therefore, we need
an experimental measurement to gain more insight about the electrical aspects of the

interactions between the polycation and polyanion.

Another important point is that for ion-pair formation as in the case of atomic salts,
the assumption that the ions are point charge is reasonable. However, if we look at the
chemical structure (Figure 1.2 (b), (c) and (d)) of natural (sSDNA/RNA) and synthetic
polystyrenesulfonate (PSS), poly-L-lysine (PLL) polyions, their monomers are not like
point charges and the effective dielectric constant in the neighborhood of the chain

backbone can be quite different and
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Figure 1.2 (a) A cartoon representation for the formation of a polyanion—polycation pair.
(b—d) Sketches of the chemical structures of (b) poly-styrene-sulfonate (PSS), (c) single-
stranded DNA (ssDNA) and (d) poly-L-lysine (PLL).

therefore, the interaction energy in the formation of poly-ion pair can quite different from
the solvent. Therefore, the interaction energy in formation of a poly-ion pair can be
different. For example, consider two polycation-polyanion complex pairs: (i) the complex
of negatively charged PSS with positively charged PLL (ii) the complex of negatively
charged ssDNA with positively charged PLL. In both cases the complex pairs might be
considered as electrically identical; - meaning that if one replaces monomers with point
charge then one would expect to have same interaction energy in both cases, since the net
electric charge present on each monomer is identical. One can also imagine that based on
the identity of the macromolecule, that steric effects and the local effective dielectric

constant in the complexes are different and therefore the interaction energies in the

different complex pairs may also be different.

Since, we are interested in understanding the electrical aspects of macromolecular

interactions, it is also reasonable to ask what happens to a complex of a polycation and



polyanion when an external electric field is applied. We discuss the possible behaviors of

the polyelectrolyte complex in an electric field in the next section.

1.4 Polyelectrolyte Complex in an Electric Field
Let us consider a already formed, isolated complex of polycation-polyanion in an
aqueous electrolytic medium. the polycation would like to go in the direction of electric

field, where as polyanion would like to go in the direction of opposite to the electric field

Figure 1.3 A cartoon representation for the behavior of polyanion-polycation
complex in an electric field?.

-(Figure 1.3). Thus, we can expect three possibilities: (i) there may exist a threshold electric
field at which complex may dissociate. (ii) the charges on the chain may be neutralized and
thus entire complex may act as a neutral particle; it would not be influenced by electric
field. (iii) There may be the formation of a collection of dipoles and the behavior of the
complex in electric field will be dictated by the collective response of these dipoles. An
experimental observation for the behavior of the polycation—polyanion complex in an
electric field may give us valuable insight about the energetics of complex formation. For

example, the threshold electric field at which a complex dissociates may give us insight



about the net interaction energy and the effects of the local dielectric constant on the

interactions.

That being said, observing the behavior of the polyelectrolyte complex in an electric
field is extremely difficult, if we simply mix two aqueous solutions of oppositely charged
polymers, it is very difficult to isolate a single polyelectrolyte complex pair as every
macromolecule electrostatically interacts with many others. Additionally, to observe all of
the electrical aspects of the interactions, we must apply a sufficiently high electric field. In
an electrolyte solution, an electric field can be induced by applying an electric potential

gradient given by:

=——, 3)
Where ™ is unit vector in the direction of the region of higher electric potential to

the region of lower electric potential. Applying an electric potential gradient in a beaker
across long distances is not going to create large enough electric field; we must find a way
to apply the potential gradient across shorter distances, so that we can produce an enough

electric field that is stronger than the interaction forces in the complex pair.

To correct for both of these issues we must isolate two oppositely ch