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DNA-BASED MIMICS OF MEMBRANE PROTEINS
LIPID-DNA INTERACTIONS DETERMINE FUNCTION

Diana Kornelia Morzy

ABSTRACT

Nucleic acids, particularly DNA, are used as a nanoscale building material, due to their unique
controllability via complementarity of base pairing. One of the potential applications of DNA
nanotechnology is creating synthetic constructs mimicking function of membrane proteins. These
natural molecular machines function embedded in the lipid bilayer. Similar membrane attachment
of DNA-based structures is achieved by modifying the nucleic acid with hydrophobic anchors,
most commonly cholesterol. Aiming at developing a fully functional and controllable synthetic
membrane construct, the first step I undertook was to understand and utilize fundamental

interactions between molecules: DNA, cholesterol and lipids.

Instead of starting with a complicated DNA-based model mimicking protein architecture, here I
have created a set of simple systems that allowed me to examine the major interactions between
involved molecules. This work describes four aspects of the DNA-lipid systems that I have built
and studied experimentally. Firstly, I have analysed the effects of membrane-spanning DNA duplex
on the lipids’ arrangement in the pore and presented how this arrangement can be remodelled
depending on the hydrophilicity of the DNA design. Secondly, I have looked at the same system
from the opposite perspective - studied and prevented the distortion of the transmembrane DNA
construct induced by the surrounding lipids. Thirdly, I have evaluated the importance of ions in
mediating DNA-lipid interactions, reporting analysis of two electrostatic phenomena: screening
and bridging. Finally, utilizing a nanoengineered four-helix structure, I discussed surfactant’s
influence on DNA membrane insertion efficiency, showing that aggregation of the nanostructures
is one of the major factors determining their spontaneous membrane-spanning. While the
understanding of phenomena in minimalistic systems is crucial for further development of complex
pore-forming constructs, here I showed that even simple DNA nanostructures, when rationally

designed, can mimic functionality of natural membrane proteins.
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CHAPTER 1

Introduction

As an interface between a cell and its environment, the lipid membrane is responsible for a vast
range of activities in every cell of every organism. To create a platform that can interact with this
interface and take active part in cell-environment signalling, is an idea as appealing as it is
challenging. It would be a huge step towards building a functional synthetic cell. It would provide
a whole new class of cytotoxic drugs, targeting and manipulating membranes of microbes or cancer
cells. It would push the boundaries of our understanding of cell’s functioning. It would allow us to

design new therapeutics for numerous systematic diseases.

Such platforms were provided by nature in a form of membrane proteins. Yet, they are
sophisticated molecular machines, and their manipulation is not trivial. However, there is another
molecule that has been thoroughly studied and can be designed into complex, nanoscale shapes: the
nucleic acid. In this work I will elaborate on the idea of using DNA as a building material to create

functional membrane-interacting protein mimics.

Building a complex system, at any scale, is never an easy task. It took nature thousands of years of
evolution to reach the level of infallibility that proteins display today. Importantly, the evolution
proceeded from simple - but working - structures, adding more and more features that in the end

resulted in such efficient and complex machines. In fact, evolution is a great example of Gall’s law:

A complex system that works is invariably found to have evolved from a simple system
that worked. A complex system designed from scratch never works and cannot be

patched up to make it work. You have to start over with a working simple system.

John Gall, Systemantics: How Systems Really Work and How They Fail

This statement determined how I decided to tackle the problem. Having in mind the ultimate goal:
to create a functional membrane protein mimic, let me guide you towards the one-person’s PhD
goal: to understand the foundations of creating such a mimic, and to leave behind this book:
a comprehensive guide to whoever will come next to further develop DNA-based membrane

structures.
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Firstly, I will collect here what we know about the chemistry and function of the relevant molecules:
lipids - because we need to know the targeted environment, membrane proteins - because we can
(and should) learn from what we know is working, and DNA - because we need to know our
building material. Only then I will look closer into the interactions between nucleic acids and lipids,

as well as previous attempts to design membrane-interacting structures.

In the following chapters I will introduce four aspects of the DNA-lipid systems that I studied
experimentally. Instead of building a complicated DNA-based model of a fully functional
membrane protein, I focused on building a set of simple systems that will allow me to understand
thoroughly the interactions between involved molecules. More specifically, I looked at the effects
of membrane-spanning DNA on the lipids’ arrangement in the pore (Chapter 4) and vice versa:
the effects of the lipids on the stability of transmembrane DNA constructs (Chapter 5). I also
evaluated the importance of ions in the system (Chapter 6) and the details of surfactant’s influence
on insertion efficiency (Chapter 7). Finally, I will talk more about further ideas and the future of

these studies (Chapter 8).

You will soon see that this book is scaffolded on questions budding from one another, which is
a very accurate illustration of the three years of PhD work that it describes. Having so many to

come, let us start by asking the first one.



CHAPTER 2

Of molecules and interactions

Why are cells enveloped in lipid membranes? While providing a barrier from the environment,
the membrane ensures that each cell has an ability to communicate and controllably exchange
molecules with the world beyond its boundaries. In other words, each membrane represents
a controllable interface, through which the cells can gather information of their environment, adapt

their state and signal their response.

Even though the exact structure of membranes varies between species, it can always be described
as a lipid scaffolding with proteins and other molecules embedded in it. To fulfil its functions,
membrane needs both these components, with lipids acting as a barrier and proteins providing
controllable signalling and transport through it. Both are intertwined in a complex relationship of
interactions, mediated by the environment. Still, before these interactions can be studied, it is
important to understand the nature of the two main components, namely lipids and

transmembrane proteins, separately.

2.1. Cell membrane components: lipids

The previous paragraph requires some clarification, as it belittled lipids’ contribution to
the organism’s functioning, calling it a mere scaffold for the “significant” molecules. In fact, lipids
are an important energy storage medium'~ and can themselves also act as signalling platforms*”’ —
I will touch upon this in further chapters. Here, I will discuss mainly their structural application,
focusing on the formation of a cell membrane, driven by a simple (and yet conserved across

taxonomic kingdoms) mechanism.

Lipids are defined by their solubility: they are biomolecules soluble in non-polar solvents. This
definition already suggests what a vast field of biochemistry we are stepping into in this chapter.
In order to make the task of describing membrane-forming lipids feasible, I will limit the discussion
to one of the eight lipid categories®, namely glycerophospholipids (also referred to as
phospholipids, here PLs)®.

*The other seven being: fatty acyls, glycerolipids, sphingolipids, sterol lipids, prenol lipids, sachatrolipids and
polyketides®.
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Phospholipids are without exception amphiphilic molecules, having both hydro- and lipophilic
groups. Cell membrane, the bilayer, forms in aqueous solutions, where PLs arrange themselves
with the hydrophilic groups facing the water and the hydrophobic ones aggregating together
(Figure 2.1a). We distinguish these two domains of a lipid as a headgroup with an affinity to water
and a tail repelled by it (Figure 2.1b). The names, even though colloquial, describe accurately
the molecular structure of a PL (Figure 2.1c). Glycerol and negatively charged phosphate form
a hydrophilic “head”, and long fatty acids (FAs) - non-polar chains of carbon atoms - are like “tails”

tucked between each other in their pursuit of a water-free environment™*’.

phosphate

glycerol

fatty acids

hydrophilic
(headgroup)

unsaturated

hydrophobic
(tails)

saturated

Figure 2.1 Amphiphilic structure of phospholipids is driving bilayer formation. (a) All-atom model
of a POPC lipid bilayer (simulated model adapted from Heller et al.,1993), where black dashed
lines separate hydro- and lipophilic parts of a membrane. (b) lllustration of a single lipid showing
its two parts: hydrophilic headgroup and hydrophobic tails. (c) Molecular structure of
a glycerophospholipid with black dashed line separating the headgroup from the tails.

Held in a membrane by hydrophobic interactions rather than strong covalent bonds, no single
phospholipid will be immobilized in the bilayet’s structure. Due to the thermal fluctuations of fairly
flexible lipid molecules, the membrane has a liquid-like 2D structure. In fact, this model is even

referred to as a fluid-mosaic, with the proteins freely diffusing in the “sea” of phospholipids.
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The latter exhibit a whole range of their own movements: rotation, flexion, continuous lateral

8-10

diffusion, as well as rare interleaflet flip-flop transfer™ ", sketched in Figure 2.2.

This freedom of movement in the bilayer depends strongly on the membrane hydration, pressure
and especially - temperature. Below a certain, lipid-specific temperature called transition
temperature (T the bilayer undergoes a phase transition (Figure 2.2). The thermal energy is then
not enough to overcome hydrocarbons’ ordering tendency, resulting from van der Waals attraction
between FAs. In such conditions the bilayer will exhibit less mobility and behave more like a gel''.
The transition temperature of a membrane depends on its lipid composition. Although most
biological bilayer-forming lipid mixtures tend to be in the liquid phase, with FAs freely mobile and

taking up more space, the presence of a rigid phase has also been reported'*" .

lateral diffusion

den N

rotation flexion

flip-flop

liquid phase gel phase

Figure 2.2 Lipid bilayer is a 2D fluid. All-atom models of the POPC lipid bilayer in liquid
and gel phase, above and below transition temperature respectively (simulated models
adapted from Heller et al., 1993). Possible phospholipid movements are sketched on
the liquid phase model.

The fact that various lipid phases coexist in cell membranes is of great importance for
the functioning of an organism. The concept of lateral compartmentalization of the membrane
with “lipid raft” structures is an excellent example. These lipid patches with a composition enriched
in sterols, saturated lipids and sphingolipids give rise to spontaneous separation of the bilayer into
coexisting domains of distinct physical properties. The rafts provide an enclosed platform for
populations of proteins coupled in specific localized processes, as well as take part in cell’s

16—

signalling'*™"®. Another interesting concept of phase-dependency in biological membranes points

out the fact that T:of many cellular bilayers can be only 10 °C lower than the body temperature'”,
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which lead to the development of a theory attributing the neural impulse to the local changes in

bilayer phase - solitary density pulses® - travelling along the axon" .

As mentioned above, membrane structure and properties depend strongly on the lipid
composition. Although all phospholipids can be described by the head-tail model, each type of PL
will differ in further chemical nuances: (I) the length and (II) the saturation of fatty acid chains,
and (III) the group attached to the glycerol by the phosphate bond (R in Figure 2.1c). Since each
of these features has an impact on the formed bilayer, the next part of this chapter will be dedicated

to understanding the aspects of molecular structure of phospholipids.

(D The length of the fatty acid chain. FAs containing from 2 to >30 carbon atoms have been
reported. However, 12-22 is the most common range for naturally occurring PLs, with most of

the animal FAs being unbranched, 16- or 18-carbon long chains*".

Naturally, the length of a FA will influence the thickness of the membrane. Furthermore, it also
influences the T the more “points of contact” there are between the neighbouring lipid tails,
the stronger the van der Waals attraction that keeps them in the ordered (gel) phase, thus the higher

3,11

thermal energy is required to cause a transition into a liquid state™ . This has been schematically

illustrated in Figure 2.3a.

(II) A saturation of the fatty acid chain. Saturation of the FA is particularly important, as it is
the main feature determining transition temperature and thus, the phase of cell membranes, where
lipid tails are more or less of the same length. A saturated FA chain has solely single bonds, while
an unsaturated chain has at least one double bond between two carbon molecules. Two parts of
the chain separated by the double bond can either be on the same side (cis) or the opposite sides
(trans) of it. For both isomers, an extra bond changes the way the molecule orients itself in space,
introducing a kink in its linear structure. Furthermore, even though single bonds can rotate freely,
the rotation around the double bond is restricted. This results in unsaturated lipids exhibiting
considerably different interactions between lipid tails compared with the saturated ones. Similar as
in the case of chain length, the saturation will determine the number of “points of contact” between
neighbouring lipid tails and through that the transition temperature of the corresponding bilayer,

as shown in Figure 2.3b. Chains’ asymmetry will also have an analogous effect®”".

*So-called soliton model in neuroscience is proposed as an alternative to the generally-accepted Hodgkin-
Huxley model.
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Figure 2.3 The effect of (a) fatty acid chain length and (b) fatty acid chain unsaturation on
the transition temperature of the bilayer. The sketches at the bottom illustrate the origin of
the plotted dependency, with the number of “points of contact” - number of van der Waals

interactions - changing with length and saturation of the FA.

Here, I need to digress from the topic of phospholipids. While discussing the factors that determine
the mechanical properties of a bilayer, it is important to mention another type of lipid - or rather
a single very specific molecular specie: cholesterol. It is the most familiar example of steroid lipids,
which are group of molecules detived from sterol: tetracyclic carbon ting®, called steroid nucleus.
The chemical formula of cholesterol, C»;H4O, as well as careful analysis of its structure presented
in Figure 2.4a, make one realize that the molecule consists almost entirely of carbon and hydrogen
atoms - exactly like fatty acid chains. Indeed, it is this abundance of carbon atoms, or rather lack
of polar functional groups that makes these molecules strongly hydrophobic. The sole oxygen atom
is present on a hydroxyl group on one end of the molecule. With its -1 charge when deprotonated,
in the membrane the hydroxyl group faces the aqueous environment, determining the direction of
cholesterol in a bilayer. On the other end, the sterol group and the hydrocarbon chain will be
tucked in between lipid tails and change bilayer packing. By wedging itself between FA chains,
cholesterol limits the freedom of movement of liquid disordered (La) lipids and forces them into

a less fluid, liquid ordered (I.,) phase® . An illustration of this effect is shown in Figure 2.4b.

The presence of a L, phase is especially significant for animal cells. The membrane in a gel phase
is very rigid (making it prone to breaking) and non-diffusive (preventing movement of membrane
proteins, which disrupts their activity), while in liquid disordered phase the membrane is so fluid
that it may not hold the proper shape of a cell. And while the latter may not be of such importance

for bacterial or plant cells featuring a cell wall, for animals the plasma membrane is what determines
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the cell structure and often also its mobility. For that reason, animal membranes have a 40%
content of cholesterol®, which ensures stability of the shape, while preserving the flexibility and
diffusivity of a liquid bilayer”. Besides, when fitting in spaces between phospholipid tails,

cholesterol additionally seals the membrane against any water-soluble molecules, reducing its

i e AR

28-30

permeability

a b
hydrocarbon chain

-
2,
-

steroid nucleus gel liquid disordered
+
+ o
s} 3
=X
cholesterol
hydrophilic v phospholipid liquid ordered

Figure 2.4 Structure and membrane function of cholesterol. (a) Chemical structure of
a cholesterol molecule. The only hydrophilic moiety - hydroxyl group - is highlighted in red.
(b) The effect of cholesterol on the structure of lipid bilayers; with an addition of cholesterol,

membranes transition to liquid ordered phase.

(III) A chemical structure of the headgroup. As presented in Figure 2.1c, the headgroup of PLs
consists of glycerol, a branched group providing an attachment site for lipid tails, and a phosphate
bond, connecting glycerol with a lipid-specific group. There are six such groups commonly present
in cell membranes, corresponding to six categories of phospholipids differing in chemistry and
electrostatic properties. First five can be generally found in mammalian cells (Figure 2.5a), while
PG lipids are typical components of bacterial membranes™®. The molecular structure of each listed

phospholipid is shown in Figure 2.5b.

1. Phosphatidic acid (PA): The simplest of PLs headgroups, with no additional functional groups
attached to the phosphate. It serves as a precursor in biosynthesis of other phospholipids, but also
plays a signalling role in a cell membrane. In physiological conditions phosphate is partially

protonated, resulting in a -1 charge on a PA lipid™".
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2. Phosphatidylcholine (PC): The most abundant of mammalian phospholipids, can comprise up
to 50% of PLs in a cell membrane. Choline consists of alkyl groups centred around a nitrogen
atom, which carries a positive charge +1. Along with the phosphate (-1), the PC lipid has no net

charge and is one of the most common examples of zwitterionic lipids™.

3. Phosphatidylethanolamine (PE): While PC lipids are localized mainly in the outer leaflet,
the majority of PE lipids - the second most plentiful PL type in mammalian cells - can be found in
the inner leaflet. Its chemical structure is somewhat similar to the PC: it is a zwitterionic lipid, with
an additional positively charged nitrogen atom. However, ethanolamine is a much smaller molecule
than choline, resulting in a conical, rather than cylindrical shape of the lipid, which plays a role in

shaping the membrane®,

4. Phosphatidylinesitol (PI): Inositol is a cyclohexane, with a unique property: three of its six
carbon atoms can be enzymatically phosphorylated, resulting in a headgroup with a relatively strong
charge of -4. PIs comprise a small percentage of the total lipid composition and nearly all of them

are located in the inner leaflet, taking part in cell signalling and protein interactions™.

5. Phosphatidylserine (PS): Serine is an amino acid, attached with its hydroxyl group to
the phosphate of the headgroup. That makes the headgroup consist of amine (NH;*) and carboxyl
(COO") groups, which alongside the phosphate (POy4) results in a lipid carrying a net charge

of 1%,

6. Phosphatidylglycerol (PG): This headgroup is really two glycerol molecules linked with
a phosphate bond. Abundant in bacterial membranes, it is rarely found in human cells>"*,
The exception being pulmonary surfactants, where it plays a signalling, rather than a structural

role”.
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Figure 2.5 The chemistry of headgroups of cell membrane lipids. (a) The lipid composition of
an erythrocyte membrane, adapted with permission from Lorent et al., 2020". Alongside with
phospholipids (P), the membrane contains ceramide (Cer) and sphingomyelin (SM).
The cholesterol content of the membrane has not been shown (* 40%)%°. (b) The chemical
structure of six most common types of phospholipid headgroups. The part of a molecule that is

varied for each phospholipid is highlighted in blue.

A few additional notes on the chemical structure of a PL’s headgroup: Firstly, the charge of a lipid,
as for any other organic molecule, depends on pH. Functional groups can be described by their
pKa value: pH below which they get protonated in an aqueous solution. The amine group (NH3*)
has pKa above neutral one and is protonated in physiological condition, making it most often
responsible for the presence of a positive charge. On the other hand, phosphate groups are
deprotonated and carry a negative charge in physiological conditions, as their pKa is relatively

1 OW4O,41

. (In fact, phosphate can even be further deprotonated above pH 12, allowing the lipid to
carry a net charge of -2.)” When working in extreme conditions, either below pKa of the phosphate
groups or above pKa of the amine group, the effects of pH on the structure and functionality of

headgroups cannot be neglected**.

“Marked panel has been reused from the cited article (https://www.nature.com/articles/s41589-020-0529-62proof=t)
with permission. Further permissions related to this material should be directed to the copyrights’ owner.


https://www.nature.com/articles/s41589-020-0529-6?proof=t
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Secondly, the phosphate group results in a negative charge always being present on the molecule
(in physiological conditions). Therefore, in nature we can find zwitterionic and negatively charged
PLs, but no purely positively charged ones. There is, however, a growing library of cationic
phospholipids, obtained through chemical modification of natural lipids, where an additional ethyl
group caps the negatively charged oxygen on a phosphate. These cationic analogues of
phospholipids are used as transfecting or gene-delivery agents, as an alternative to synthetic cationic

detergents‘“"45 .

Furthermore, the orientation of a zwitterionic lipid’s headgroup is not fixed but will vary with salt
and pH conditions. Depending on the surface charge, the N(+) component of a P-N dipole that
forms a zwitterionic headgroup will be oriented either towards or away from the water®.
Interestingly, in a neutral environment the P-N dipole is either nearly parallel to the surface of

a bilayer* or even have the phosphate exposed more**.

There is another interesting observation one can make about zwitterionic lipids: even though they
are chemically comparable, there is a strong preference towards outer or inner leaflet for PC and
PE lipids, respectively*>*”’. Hence, the three neutral methyl groups carried by PC and absent in
PE lipid are identified by the organism as an important structural difference. Indeed, on a molecular
scale these extra groups change the geometry of a lipid entirely: the smaller headgroup of a PE
results in a conical shape of the molecule, while PC is cylindrical. In fact, we could approximate all
lipid species as building blocks of different geometries, and based on their shape assemble them

into membranes of certain packing and curvature™' (Figure 2.6).

This seemingly straightforward task (picture building with Lego) gets far less trivial when the target
membrane contains not only lipid building blocks, but also a vast library of sophisticated protein
structures. Furthermore, these structures not only need to be present in a membrane — they need
to be present in a specific part of it. The huge number of lipid variations exist partly as an answer

to the variety and complexity of protein architectures.

Considering the graph in Figure 2.5a, note also the membrane asymmetry in unsaturation, with
inner leaflet having roughly twice as many double bonds as the outer one. As we discussed a few
paragraphs before, unsaturation changes lipid arrangement, and therefore an unsaturation
asymmetry will lead to a difference in lipid packing between two leaflets. This is yet another

example of how lipid scaffold is compatible with the transmembrane structures embedded in it;
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the asymmetry in the lipid packing of a membrane correlates with the asymmetric structures of

proteins spanning it*.

PC PE sphingomyelin cholesterol
-
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Figure 2.6 Geometry of a lipid affects membrane curvature and packing. Lipid structures can
be described using three dimensions: its headgroup area (a), length of the tail (I) and volume (v).
Depending on the relation between these three parameters, each lipid can be approximated as
a membrane-building block facilitating certain curvature. All-atom lipid models adapted from

the website of a lipid provider: Avanti® Polar Lipids [avantilipids.com].

In summary, the molecular structure of a lipid corresponds strongly with the properties of a bilayer
it forms. Lipophilic tails of PLs are what determines the bilayer’s mechanical properties: its
thickness, lipid density, diffusivity, rigidity, and provide structure to the scaffold of a membrane.
Lipid headgroups, as the aqueous-facing domains, are responsible for the active response of
the membrane to signals from both inside and outside of the cell. Note, that this division of tasks
between the two parts of the molecule is only a rough approximation. Still, it is sufficient to grasp
the basics of lipids’ nature and allows understanding of what is presented in next paragraphs:

the origin of the structure of membrane proteins.

2.2. Cell membrane components: proteins

As mentioned previously, lipid membranes evolved as a barrier between the environment and
the balanced network of cellular components. Cell’s machineries are intricate and their working
conditions - precisely determined. Their variation with each small change in the environment would
disturb their functioning, and such complex metabolisms as ours could never have emerged.

Therefore, one of the roles of a cell membrane is control over what ions and organic molecules
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will the cellular components be exposed to. Figure 2.7 schematically presents bilayer’s selective
permeability to various molecular species found in the solution. We can form a conclusion that
the larger and more charged the molecule is, the less likely it is to cross the membrane by

diffusion®

small small large small large
nonpolar uncharged uncharged charged charged
0, CO,, N,  H,0, NH; glucose, N*, K*, CI DNA
sucrose

Figure 2.7 Sketch illustrating membrane permeability to various molecules>?. Simulated POPC

bilayer model adapted from Heller et al., 1993.

Yet, a cell cannot develop in a complete isolation from the environment, not to mention other cells
forming the organism. It needs nutrients and it needs information. Ions are of particular
importance, as they act as messengers in many signalling pathways, are responsible for membrane
potential, driving neuronal and muscular response, and as proteins’ cofactors are required for their
functioning. Therefore, their concentration in a cell must not only be precisely controlled, but also

constantly changed, in order to maintain homeostasis in the organism> .

This notion lead to the development of transmembrane proteins’, responsible for transport of
crucial molecules through the bilayer. The importance of their role makes them indispensable for

sustaining life, as very well known in the medical field, where channelopathies - diseases caused by

"Actually, the evolution of lipid bilayers and membrane proteins was coupled, as none could play its role
without the other?%. Here, I simplify this co-evolution process by only describing it from one end: proteins
evolving with respect to bilayers. This is not an account of the evolutionary origins of molecular structure
of membrane proteins, but an illustration of contextual architecture in biology.
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the disruption in functioning of membrane channels - are numerous and affect nearly every system
in a body™. This is hardly surprising, as transmembrane proteins are present in a membrane of

every cell.

The analysis of lipid membranes presented in the previous paragraphs provides foundations for
understanding the nature of transmembrane constructs. All of the membrane proteins evolved
with respect to the membrane’s features. When analysing why do natural transmembrane proteins
have a particular molecular structure, and which of their properties are crucial for building a pore,
the answer is invariably given in the context of the lipid membrane. In this subchapter I will discuss

these questions, starting from the general structure of proteins.

Proteins are polymers, long chains of similar building blocks, connected together via a particular
type of bond, known as the peptide bond. The building blocks are called amino acids, having two
parts: the amino part (NH») and the acidic part (COOH). The bond between nitrogen (N) and
carbon (C) atoms of these two parts forms the peptide bond ((O)C-N(H))™".

Proteins are not just chains of amino acids — they are particularly folded chains of amino acids.
Complexity is one of the most prominent features of these molecules. Interestingly, due to
the nature of the amino acids, proteins can only be linear. Even though amino acids will differ in
their side chains, the essential backbone of the molecule remains a single thread of peptide bonds.
This means that their complicated architecture is a result of folding the linear strand of amino acids
(primary structure) into particular domains (secondary structure: helices, sheets, etc.), that further
arrange into a complex biological platform (tertiary structure) with geometry defined by its

function’.

What then are membrane proteins? Simply put, these are all of the proteins located at
the membrane. We distinguish integral proteins (interacting with the hydrophobic core of the
bilayer), as well as peripheral ones (not anchored in the hydrophobic core). Integral proteins are
further divided into transmembrane and monotopic, depending on whether they span two or only
one leaflet of the membrane'””"". Figure 2.8 illustrates these classes of proteins, showing their

interactions with the bilayer.
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integral peripheral
(interacts with the hydrophobic core) (no interactions with the hydrophobic core)

transmembrane monotopic indirect membrane contact

Figure 2.8 Models of membrane-interacting proteins, schematically representing classes of
molecules based on the degree to which they interact with the bilayer (simulated POPC bilayer
model adapted from Heller et al., 1993). The structures of proteins were adapted from the PDB
entries (left to right): 2m6b>°, 5Sw7I%0, 4bvmbol.

Membrane proteins on the extracellular side are often responsible for the cell-to-cell interactions
and signalling, while the ones facing the inside of the cell provide an anchoring point for
cytoskeleton and trigger intracellular signalling. The transmembrane molecules are most
importantly responsible for the membrane transport. Amongst many other functions of
the membrane proteins, the catalytic one needs to be mentioned; enzymatic proteins can be found

bound to the membrane surface, as well as spanning the bilayer™".

Molecular structures of the three classes of proteins will differ considerably, as each will be adapted
to its function. In this work I focus on membrane-spanning molecules, and therefore I will analyse
them more closely. The term “transmembrane” is attributed to proteins that are stably incorporated
within the bilayer. The details contained in the first part of this introduction (How does the lipid
bilayer look like?) combined with chemistry knowledge (How does the chemical structure result in
particular properties?) paint the image of the evolution of these constructs. We have already
appreciated the simplicity behind the bilayer formation: amphiphilic lipid molecules arrange into
membranes with hydrophilic surfaces facing aqueous environment and a hydrophobic core hidden
inside. Hence, each membrane is essentially a sandwich of hydrophilic-hydrophobic-hydrophilic
layers. The structure stably incorporated within these layers should have a similar composition, in
order to minimize the energetic costs of forming such systems. We will discuss this further taking
as an example glycophorin, a transmembrane protein present in the bilayer of human red blood

cells®>®,
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Since peptide bonds are polar, in aqueous solution they face the water molecules. In turn, when
embedded in lipids, peptide bonds turn towards each other and link with hydrogen bonds, “hiding”
their polarity. Otherwise, their position in a membrane would be an unstable one, their orientation
not so well-defined, and as a result — their function disturbed. The formation of the hydrogen
bonds within the amino acid chain is maximized in a conformation of an « helix. Therefore, most

of the transmembrane proteins cross the bilayer in a helical form’.

This is exceptionally illustrative in the architecture of glycophorin: the atomic representation in
Figure 2.9a shows that the membrane-spanning domain does not have nitrogen or oxygen atoms
exposed, suggesting that the functional groups that can carry the charge in a solution (amine NH3*
and carboxyl COO") are hidden. This is enabled by the formation of a helical section in the
hydrophobic region, as shown by the ribbon representation in Figure 2.9b. The a helix is stabilized
by the hydrogen bonds between the atoms forming a peptide bond within a single amino acid

chain, schematically sketched in Figure 2.9c.
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Figure 2.9 Structure of the membrane-spanning proteins: glycophorin A (GpA). (a) All-atom
model of a representative transmembrane protein glycophorin A. Hydrogen atoms not shown for
clarity. Most of the visible red and blue atoms represent polar carbonyl (C=0) and amino (NH)
groups exposed to aqueous environment, and “hidden” in the membrane spanning domain.
The molecular structure was adapted from the PDB entry: 1afo®*. (b) The membrane-spanning
domain is formed of two alpha-helices, as shown by the ribbon representation (l1afo®).
(c) Schematic chemical structure of an alpha helix showing hydrogen bonds between polar

amino and carbonyl groups. Adapted from B. A. Russel, 2017".

“Marked panel has been reused from the cited doctoral thesis (DOI: 10.13140/RG.2.2.36594.40645) with permission.
Further permissions related to this material should be directed to the copyrights’ owner.


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.13140%2FRG.2.2.36594.40645
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Alpha helices are capped from both sides with polar domains, preventing the construct from
slipping through the membrane, stabilizing its position. In the case of glycophorin, note
the relatively massive “fringe” of polar residues facing the extracellular side of the membrane
(Figure 2.9b). It forms a highly charged coating of the cells, preventing them from adhering to
other parts of an organism, which facilitates circulation in the blood stream. Glycophorin is
a perfect example illustrating how the structure of the transmembrane proteins always follows their
functionality. Note that the same ideas can be extrapolated to other structures: only one
hydrophobic part of monotopic proteins exhibits membrane affinity, while peripheral proteins

have no hydrophobic domains, since they do not interact with the core of the bilayer.

To realize how the molecular structure of membrane proteins looks like is what I consider one of
the most important points of this introduction. Firstly, it illustrates the idea that I will stress
repeatedly in the course of this work: a molecule is never designed in isolation, but always in
the context of its surroundings. The architecture of natural structures evolved with respect to their
function, as well as their environment. What is more, by observing the natural constructs we know

what solutions workin the system. Evolution was kind enough to run statistical simulations for us.

Seeing their significance and the overwhelming control they exert over living life forms, membrane
proteins are often mimicked®, with an aim of substituting a damaged natural analogue, creating
a synthetic cell or to understand the molecular details of cell’s activity. Nucleic acid nanotechnology
is one of the promising pathways towards synthetic membrane structures, offering a unique ability

of controlling the shape at the nanoscale.

However, looking again at Figure 2.7, we realize that what makes these membrane-spanning
structures in demand - bilayer’s selective permeability - is a source of issues in their use: DNA and
lipids are not made to function in close proximity. Nevertheless, unique features of DNA drive
researchers, including myself, to find modifications necessary to overcome the unfavourable

interactions, while preserving the structural controllability.

With this in mind, I aim at creating a hierarchy of interactions in DNA-lipid system, learning about
each by opposing it with another. I will give an account of this approach in Chapters 4-7. First,

however, I will introduce one more topic: the properties of DNA.
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2.3. Synthetic cell membrane components: DNA

At the end of this part, you will realize that building something with DNA is extremely easy. There
are simple rules that one has to follow, and the rest is left to logical thinking. As a matter of fact,

no knowledge above what was introduced in high school biology classes seems to be required.

Unless one wants to invent something new. DNA nanotechnology is a field still packed with
potential new solutions, waiting to be developed. For that, one will need creativity,
an understanding of the building material (Section 2.3.1), as well as the library of previously

reported concepts and ideas (Section 2.3.2).

In this subchapter I will focus on key details concerning this thesis, rather than attempt to present
a full account of DNA nanotechnology. Still, some of the notions described here may spark an idea,

and what better reason for writing a scientific text can one have?

2.3.1. DNA as a building material

Alongside lipids and proteins, nucleic acids make one of the most important group of biomolecules.
Like proteins, they are unbranched polymers, long strands of analogous domains called nucleotides

(Figure 2.10a), that fold in a characteristic way, ensuring their functionality>**".

The acidity of nucleic acids comes from their phosphate group PO4*, very similar to phosphatidic
acid described eatlier. This group provides a linkage between neighbouring monomers, with one
of the oxygen atoms (O-) used to form a phosphodiester bond. The remaining oxygen is
responsible for the acidity of the molecule, introducing hydrogen ions (H*) upon its deprotonation
in aqueous solution. Phosphate links together pentose sugars of two monomers (Figure 2.10b).
Such five-carbon sugars are called riboses: the unmodified ribose is a component of the ribonucleic
acid (RNA), while its structural analogue, deoxyribose, gives name to the deoxyribonucleic acid
(DNA). These sugars are cyclic “stems” of the molecule, a central group of carbon atoms linked
together with phosphodiester bonds, forming a sugar-phosphate backbone of the polymer:

the single-stranded (ss) nucleic acid™"’.

Unlike proteins, a single thread of nucleotides (most often) does not form secondary structures,

but remains flexible and disordered in a solution. The well-known twisted structure of DNA forms
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only when two matching single strands come together, forming a double-stranded (ds) DNA -
a double helix.

Ultimately, we aim at using DNA as a building material to design constructs at the nanoscale.
Understanding its ability to self-assemble into a double helix is the key to achieve self-assembly
into whatever-shape-one-can-imagine. Therefore, let us analyse how does the dsDNA structure
spontaneously form, splitting the process into two steps: (1) connecting two ssDNA molecules and

(2) twisting into a helix.

a NH, b 5 3 c H

N guanine
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Figure 2.10 Formation of a connection between two complementary ssDNA. (a) The chemical
structure of a DNA nucleotide. Symbols written in grey are a conventional numbering of carbons
in a pentameric ring of a sugar. (b) A sketch highlighting the interactions in dsDNA. The covalent
phosphodiester bonds between sugars form the backbone of each strand. Formation of
a connection between matching oligonucleotides is ensured by the hydrogen bonds between
complementary bases, as well as stacking between the adjacent ones. Note the antiparallel
direction of the two connected strands, with each end labelled after the unbound carbon: either
3’ or 5°. (c) The basis of the complementarity between G-C and A-T bases, with respective base

pairs formed with either three or two hydrogen bonds.

1) The variable domain of a nucleotide - the nitrogenous base - typically occurs in DNA either as
a single-ring pyrimidine (thymine (T) or cytosine (C)) or a double-ring purine (adenine (A) or
guanine (G)). These four nucleobases, presented in Figure 2.10c, provide chemical groups through
which they can be linked together in pairs; the connection between two ssDNA comprises of

hydrogen bonds between bases of the opposite strands (Figure 2.10b).
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Note, that every single strand has two ends with different terminal functional groups, indicated by
the chemical convention of naming carbon atoms in the nucleotide’s sugar: the 5’ end has a terminal
phosphate group, while the 3’ end terminates with a hydroxyl group (Figure 2.10a). This is
especially important, since a connection forms only between strands going in opposite directions,

making the double helix an antiparallel construct.

Most importantly, base pairing in DNA strands is highly selective and occurs only between AT
and GC bases. This specific bond formation, known as the Watson-Crick base pairing, is
responsible for the most common DNA structure, mainly due to the steric hindrance preventing
other combinations’. Simplifying, AT pair takes up as much space as GC pair, therefore these
specific combinations are favourable, because they do not introduce any distortion into the helix.
The chemical structures of the two types of base pairs are shown in Figure 2.10c, where one can
also notice the different number of formed hydrogen bonds: three and two for GC and AT pairs,

respectively™”.

The hydrogen bonds are commonly considered a factor determining the double-helix folding,
which is seemingly confirmed by higher thermal stability of GC-rich duplexes (more H-bonds)
than that of AT-rich structures (less H-bonds)™. Yet, thermodynamic analysis combined with
calorimetric studies show that hydrogen bonds do not contribute to the maintaining of the double

strand as much as another interaction - base stacking”®.

Aromatic rings of bases are oriented perpendiculatly to the strand, parallel to each other. These
flat, apolar groups pack tightly in the core of a helix, linked with non-covalent bonds. Additionally,
the clouds of 7 electrons of adjacent bases merge, giving rise to the so-called n-stacking interactions.
Even though H-bonds are considered the determinant of the duplex structure, stacking was shown

to contribute to its stability more significantly®.

Both base pairing and base stacking are intertwined in the process of DNA folding. They are
mutually dependent on their spatial orientation determined by one another, and are crucial for
the proper helix structure®. I will discuss the thermodynamics of a duplex formation in detail in

Chapter 5. For now, we will focus on the specificity of connection between two oligonucleotides,

*Other combinations are possible and do actually provide a huge field for manipulating the structure. For example,
there are Hoogsteen pairs enabling a formation of triple helices?*¢ or Wobble pairs between the nucleotides of RNA3.
“In fact, this difference in thermal stability is strongly determined by the water molecules immobilized by AT pairs.
For a detailed analysis of the duplex formation see Chapter 5.
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regardless of its driving factor. Only the strands with matching sequences of A, T, C, G bases -
complementary strands (running in opposite directions) - will come together and form a double-

helix.

a . - ; . c
skew / |base|base|
Q Q » O O
{ base [ base |- base [oase

---O--- phosphate bond "void" between bases

b

skewed ladder helix

Figure 2.11 Formation of a twisted DNA double-helix. (a) A schematic representation of
an emergence of a “void” between bases hindering dsDNA from adapting a stretched, non-
twisted structure, and a possible solution in skewing the bond. (b) A conceptual sketch showing
how twisting into a helix allows to “fill the voids” similarly to single-directional skewing.
(c) Molecular structures of A-, B- and Z-DNA. The crystallographic data were adapted from PDB
entries lana’®, 1bna’l, 2dcg? for the three respective forms, while the grey image is adapted
from David S. Goodsell (RCSB PDB, Molecule of the Month series). The directionality of the twist

(right-handed for A and B forms, left-handed for Z form) is schematically shown with an arrow.

2) Having determined the interactions responsible for establishing a connection between two
strands of DNA, we should now understand what drives the twist of such duplex. How is

the helical structure formed?

The distance between adjacent base pairs is 2.7 A”, which results in a significant space for water
molecules to nestle near the bases. However, the bases, and therefore the core of the dsDNA, are
hydrophobic - presence of water within the centre is strongly unfavourable. One way of arranging
the strands to remove the “voids” between base pairs is to skew the bonds, as shown in
Figure 2.11a. In order to avoid certain steric hindrance issues coming from this arrangement, a twist
is introduced into such skewed ladder model, resulting in the known double-helix structure

(Figure 2.11b)".

*Centre-to-centre it is 3.4 A% while 2.7 A is the distance between the bases’ edges.



Of molecules and interactions | 38

We can twist the ladder in two directions, however, the commonly-occurring DNA is twisted to
the right, with 10-10.5 bp per twist”. This form, called B-helix, is adapted by DNA in conditions
typically found in living cells. The other right-handed structure, A-DNA with a “tighter” twist of
11 bp, forms under dehydrating conditions. RNA, unstable in a B form due to an extra hydroxyl
group causing a steric hindrance, also adopts an A structure. In high salt concentrations DNA with
alternating guanine and cytosine nucleotides can also twist to the left in a Z form with 12 bp per

twist’". Models of these three DNA architectures are presented in Figure 2.11c.

In the two-step process of double-helix formation, nature allows for variation on both pairing and
twisting. Yet, most commonly, Watson-Crick base pairing (A=T, G=C) leads to the formation of
a right-handed B-DNA structure, and this is the structure we will discuss by default. We know that
when two single strands with complementary bases are mixed they form base pairs and twist
together into a helix of a dsSDNA molecule. In nature these entwine a set of globular proteins, and
are tightly folded into bundles - chromosomes - comprising the genetic material of a cell.
The specificity of interactions between complementary bases of nucleic acids is the foundation

under encoding information in a linear structure of a double helix.

However, there is nothing that limits a DNA construct to just two components. Knowing
the principle behind the nucleic acid hybridization, one can take DNA structures to the next level
of complexity: instead of using them to carry genetic information, think of it as a building material
to fold into any desired shape. Designing the oligonucleotide sequences that bind more than one
strand allows to program the shape of the structure, leading to the development of a vast library of

such DNA-based constructs (Figure 2.12a).

In short, spontaneous double-helix formation is the basis of DNA nanotechnology. However, it
mainly explores possibilities related to the first “step” of the process: complementarity of
nucleotides. The second “step”, the twist, remains mostly unharnessed in DNA nanoengineering
(although it must be mentioned that B-DNA to Z-DNA transition has been utilized to build
mechanical molecular machines out of nucleic acids™"). Looking at Figure 2.11c and comparing
the structures of A-DNA and B-DNA, there is a potential for introducing an additional fine-tuning
mechanism, where the distances between modifications along the long axis of the strands can be

changed by over- and untwisting of the double-helix. In fact, while exploring its biological

significance, scientists have studied B¢?A, as well as right- to left-handed

transitions thoroughly””. However, the microscopic level of changes, combined with many
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problems still to be faced when controlling the structure at a larger scale, make it a largely
unexplored pathway in DNA nanotechnology. I will discuss the helical twist more in Chapter 5, as
well as in the outlook in Chapter 8. Here, I will focus on describing what can be considered the
very foundation of DNA nanotechnology: how complementarity of the nucleotides is used to build

desired shapes at the nanoscale.
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Figure 2.12 Folding DNA into complex shapes. (a) Sketch showing the concept behind building
with DNA. The crystallographic data for the DNA dodecamer and Holliday junction were
adapted from PDB entries 1bna’! and 2crx80, respectively. (b) Sketch comparing a DNA-based
synthetic channel with a natural membrane spanning protein, «o-hemolysin.

The crystallographic data for the protein was adapted from PDB entry 7ahl8l.

As mentioned eatlier, in biological systems DNA forms a linear, double-stranded structure, yet no
physical hindrance limits the design to just two strands. Taking it just one step further: a few
strands, each complementary to parts of two others, can be designed to form a branched motif**™.
The schematic design of an exemplary four-way (Holliday) junction construct is featured in
Figure 2.12a - note the elongated ssDNA at the end of each arm. These so called sticky ends, as
opposed to blunt ends, allow to program 2D DNA tiles into a bigger lattice®>®. A network that
could be spatially controlled through programming the sequences of branched DNA motifs was

in fact an inspiration that gave tise to the whole field of DNA nanotechnology”.

Many new ideas formed since nucleic acid engineering emerged for the first time. Here,

I distinguish three approaches used to create DNA-based constructs: (I) Both in 2D, as well as 3D,

“Nadrian Seeman invented the field of DNA nanotechnology inspited by an arrangement of fish flying in the eerie
artwork Depth by Maurits Escher3%.
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branched junctions can be used to form bigger, modular constructs® ™. (II) A single long strand
of DNA - “scaffold” - can be arranged in a desired shape by binding it in various places with short
DNA “staples”. This so-called DNA origami technique™ is used for building relatively large
structures, with a typical scaffold strand being a bacteriophage m13 of more than 6k nucleotides.
(III) Smaller designs do not feature a single strand as a scaffold for the whole structure, but rather
consist of a set of oligonucleotides that form the desired shape when bound together; DNA
nanoengineering uses shorter strands of similar lengths to build simple shapes like DNA duplexes

or multi-helix bundles.

As emphasized in the previous sections, membrane proteins have complex molecular structures,
with a lot of functionality incorporated within a small space. Building with DNA carries two unique
advantages: ease of chemical modification and a high level of control over the structure’s geometry.
Therefore, it is a powerful tool for synthesising nature-inspired molecular machines like ion

channels (Figure 2.12b) or other membrane proteins.

2.3.2. DNA-based synthetic membrane structures

Similar to proteins, DNA constructs can interact with membranes in different ways; we distinguish
between the transmembrane (spanning the bilayer) and monotopic (attached on one side)
structures. I will briefly summarize reported constructs of both types, focusing, however, on

the membrane-spanning ones, as they relate to the topic of this work more.

2.3.2.1. Transmembrane DNA structures

Knowing the important role of natural membrane proteins, scientists embarked on a quest to build
their artificial analogues. The idea of building a synthetic transmembrane construct is by no means
attributed to DNA nanoengineers. The work of Alan Hodgkin and Andrew Huxley on the ionic
basis of nerve impulses (Nobel Prize in Physiology and Medicine, 1963”") seems to have given rise
to the emergence of synthetic ion channels. Amongst many published examples™, let me briefly

describe three that in one way or another carry an insight that I consider important.

The first attempt to form synthetic channels was made with the use of beta-cyclodextrin, reported
in 1982. The design was mimicking what was believed to be the regulatory mechanism of peptidic

gramicidin - two subunits diffusing within opposite leaflets of a cell membrane, only forming a pore
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when aligned”. This very first pore was directly inspired by the mechanism of natural proteins.
Ten years later, still in the times of the first synthetic ion channels, it was shown that ionic transport
may be obtained without using tube-shaped constructs, simply by inserting an ion pair
(ether(-)/alkyl(+) tails) into the membrane™. This work proved that structures with a cavity are
not required to observe a stable transmembrane ion flow. Finally, the idea of using crown ethers
was evolving for years, spanning a few reports on consecutive generations of ion channels®”™",
Crown ethers are cyclic oligomers of ethylene oxide, with a repeating —CH,CH>O- unit.
The arrangement of oxygen atoms in a crown spatially mimics oxygen from H>O molecules of
a hydration shell around monovalent ions. Therefore, crown ethers are known to coordinate
cations in a very selective way: tetrameric, pentameric and hexameric crown ether will coordinate

Li",Na", K" respectively. Thus, crown ethers can provide foundation for ion selectivity of synthetic

channels.

After MacKinnon was awarded the Nobel Prize in 2003 for his studies on the selectivity of
potassium channels™, synthetic transmembrane structures became a hot-topic in the field of
biomimetics. New approaches to pore formation were appearing continuously throughout the 21st
century. In 2012, 30 years after the first synthetic ion channel, the difficulty of reliable design at the

nanoscale was addressed using a state-of-the-art technique - building with DNAY.

The first nucleic acid-based ion channel was folded using DNA origami method, measured nearly
50 nm in height and had a pore-forming domain of a diameter @ = 6 nm. Importantly, it was
the first attempt of overcoming unfavourable interactions between hydrophilic DNA and lipid
membranes by introducing strongly hydrophobic anchors - cholesterol molecules. At the time of
writing such anchors, whether cholesterol or other hydrophobic moieties, are still the most

common way of ensuring the structure’s affinity towards membranes.
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Figure 2.13 Structure and chemistry of DNA-based pores. (a) Geometries of reported membrane-
spanning domains of DNA-based channels. (b) Two modes of binding to the membrane: top-
bound structures have hydrophobic anchors on an additional platform, while side-bound are
attached within the membrane-spanning part. Chemical structures of some of the hydrophobic
modifications: (c) alkyl chains like dodecane (d) distearoyl-lipid, (e) cholesterol, (f) tocopherol.
Note that modifications are often attached to the DNA backbone through an additional linker
(C6/C8/TEG).

Many new constructs have been designed after the first DNA ion channel was published, but none
went too far from this leading idea: DNA helices are arranged in various number, from a single
helix of 2 nm in width'”, to a structure of almost 15 nm in diameter'”" (Figure 2.13a). Nearly all of
them rely on hydrophobic modifications to ensure membrane attachment. However, structures can
be anchored in a bilayer in two different ways: from the top, featuring an additional DNA
platform™'”", or from the inside of the pore'*'” (Figure 2.13b). The library of hydrophobic

modifications includes various lipophilic molecules (Figure 2.13c-f): fatty acid chains'™,
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19 and cholesterol'™. The latter is still the most popular choice in DNA

tocopherol'”, alkyl chains
designs. As a matter of fact, when one looks at Figure 2.13, which sums up the general design
principles of membrane-spanning DNA constructs, it seems that even though the shape, size and

chemistry were varied, the basic idea remains unchanged since the first report in 2012.

However, seemingly small variations in the design often lead to a deeper understanding of

the system. Studies made on the membrane-spanning DNA duplex'”

were especially insightful.
They revealed the lipids’ arrangement within the pore, as well as the hydrophilic environment at
the DNA-lipid interface, which results in an ion transport even in the absence of a cavity. As in
the case of the simple ether(-)/alkyl(+) ion pair from the early 1990s™ mentioned before,
researchers realized that an ion channel does not necessarily need to feature a tunnel through which
the ions flow. The DNA-lipid interface in a pore was further studied with a bigger 4-helix bundle,
which showed that not only the ion transport, but also an interleaflet lipid movement is induced

102

upon pore formation . Both these studies laid foundations for Chapter 4 of this thesis and will be

discussed more thoroughly there.

These “side effects” of building a transmembrane domain with DNA prevent us from creating
a reliable active structure, e.g. any gating mechanisms that block the cavity are futile, if ions can
simply bypass them using the pore’s interface. Therefore, another design seems very compelling:
a 6-helix pore with a modified DNA backbone'”. The membrane-spanning part of the pore’s
structure features charge-neutral phosphorothioate-ethyl groups instead of phosphates.
Eliminating negative charges from the DNA-lipid interface is a considerable step towards
a controllable bilayer pore and could significantly improve pore-forming activity of all nucleic acid
membrane designs. Especially since, as we have seen in previous section, a hydrophobic

membrane-spanning domain is already a “standard” in the transmembrane proteins’ architecture.

Apart from multi-helix bundles, big origami structures (similar to the first one from 2012) were
also shown to induce membrane transport'"'*!" Their large cavities evoke antimicrobial peptides
and perhaps may be applied in a similar, cytotoxic manner. Note, that typical, m13-based origami
constructs are twice larger (6 kbp =4 MDa)  than even the biggest natural ion channel

(RyR, m = 2 MDa)""’.

*An average mass of a base pair 660 Da33® and 6407 nt-long m13 bacteriophage scaffold33? make it a construct weighting
4.23 MDa.
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2.3.2.2. Monotopic DNA structures

Inserting nucleic acids into a lipid membrane is intrinsically difficult. It is far easier to achieve DNA
structures simply attached on one side of the bilayer. Therefore, the reports on monotopic DNA

constructs are numerous and varied.

Every cell membrane is a crucial sensing platform and from viral units'"' to immune systems'"
the functionality of many molecules is based on their interactions with membrane receptors. Often
the same receptor is present on a range of cells but in varying concentrations and distances.
Monovalent binding would not discriminate between these different cells. However, if a protein
binds to many receptors simultaneously, and its structure favours certain distances between them,
super-selectivity can be achieved'*™'".

Such multivalent binding is a concept using pattern recognition to enhance the selectivity of
interactions. Taking advantage of the most prominent asset of DNA engineering - nanoscale design
precision - researchers have built constructs with well-defined spacing between ligands, to mimic
proteins’ enhanced selectivity and sensing efficiency''®""". However, an important thing to notice
is that this binding is truly effective only when the distances between the receptors are
approximately known. The more knowledge is gathered on the spacing between receptors,
the more one can benefit from the idea of multivalent targeting. Therefore, DNA domains were

118,119

also used to measure the distances between receptors - an application to which DNA

nanotechnology seems to be a perfect candidate.

Nucleic acids were also used to exert a more profound effect on the structural properties of
the membrane: remodelling proteins have inspired many designs of DNA structures, and soon they

could potentially enable controllable liposome division - an important step towards building

11 20

a synthetic cell'. Arched BAR protein domains have been mimicked by curved DNA origamis'?'.

The straight DNA filaments have also induced bilayer deformation'*’. Not only reshaping but also

self-assembly and templating of liposomes were achieved by nucleic acid-based constructs'>"".

24-helix nanosprings that can tubulate membranes resemble spiral-like dynamin and ESCRT

proteins'’.

Interestingly, tubulation was also induced by smaller 6-helix pores'”; as well as 4-helix DNA-tile

128

structures ©°. However, for the purpose of controlled reshaping of the membrane, big DNA
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origami constructs are usually a more obvious choice. The reason these structures have such
a prominent effect on the shape of cell-sized vesicles is a combination between a rational design of
membrane-anchoring modifications and the stiffness of nucleic acid’s double-stranded form. Upon
DNA binding to the lipids, the flexible membrane is forced to follow the structure’s shape.
Therefore, the scale of the constructs will determine the scale of the deformation, which justifies
why DNA origami is a popular design choice but leads to a troublesome conclusion: there is a high
chance that all of the hydrophobically-modified DNA structures of a well-defined shape will cause
membrane deformation. The distortion may not be visible on a scale that is easily detected with
standard imaging techniques, yet it may have an effect on bilayer’s behaviour that should not be

neglected.

Another protein - clathtin - is also known to deform membranes, as well as facilitate endocytosis'>.
DNA nanoengineering is a perfect tool to mimic its rather unique structure of triskelion monomers
polymerizing into a cage-like scaffold around a cell. Wide DNA origamis'”, as well as simple
three-arm junctions"’, were employed to build a synthetic clathrin monomer, which upon their
polymerisation create a cage-like coating of vesicles. The former are reported to be “20 times more
massive than their natural counterparts”, making them presumably very stiff, while simple three-
arms junctions are known to be flexible*’. We can hypothesize on their effects on the liposomes:
the DNA origamis will probably have a more profound deforming effect, while the smaller
junctions will coat the vesicle in a more accurate manner. This is, of course, difficult to predict.

Therefore, in mimicking clathrin, the choice of DNA nanotechnology is not trivial, and

comparative studies could bring a lot of insight.

Apart from deforming liposomes and moving towards their division, the antagonistic, fusion-
mediating protein system - SNARE - was also mimicked; membrane-bound DNA was used to

induce vesicle fusion'**'%

as well as coupling'™. A key to fusion is bringing two membrane patches
in a close proximity, which is achieved by anchoring complementary oligonucleotides in respective
liposomes. The formation of a favourable double helix drives vesicle contact and consequently -

fusion.

Mimicking SNARE system is a particular favourite of mine because it illustrates the main design
principle in DNA-membrane nanotechnology: balancing the forces in a complex system. The task
is to overcome the repulsive hydration forces between lipid headgroups by applying a stronger

stimulus - DNA duplex formation (which in turn is driven by unfavourable exposure of
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hydrophobic nitrogenous bases to water). Effectively, researchers are playing tug-of-war with
molecules: trying to assess the strength on one side and then either balance or surpass it on
the other. If the anchor is too weak, the duplex will fall out of the membrane instead of bringing
them closer. If the duplex is too short, the force will not be strong enough to exert any influence

over the membranes. Figure 2.14 illustrates the fusion problem in a simplified sketch.
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Figure 2.14 Balancing forces in DNA-mediated vesicles fusion. By changing the length of a DNA
duplex (strength of the double helix formation) and the number/strength of the membrane

anchor one can facilitate fusion of vesicles, by overcoming repulsion between their membranes.

Principles analogous to those followed and studied in pursuit of the DNA-mediated fusion are
guiding the structure of this thesis, which aims at describing and balancing interactions in
a molecular system. No complex origami-based constructs appear here - a simple, well-designed,
membrane-tethered oligonucleotide is sometimes effective enough. Still, even in a seemingly simple
arrangement there are many interactions that have not yet been studied, and that can uncover some

fascinating new possibilities.

2.4. Interactions in DNA-Ilipid systems

For years now the idea of membrane protein-mimicking DNA constructs has been present in
the scientific community. It is an appealing one indeed. Sharing an enthusiasm for such prospect,
I have asked myself what steps should we, as researchers, take that will bring us closer to this goal.
And even though I too, praise an ease with which DNA can be folded into sophisticated
nanostructures, | decided that first of all one needs to understand the foundations: interactions

between molecules comprising the studied system.



47

Here, I turn away from complex constructs with elaborate control mechanisms and ask questions
about the simplest membrane-spanning nucleic acid there is: cholesterol-modified dsDNA
(Figure 2.15a). The three components of such system: lipids, cholesterol and DNA, are intertwined
in a network of relationships. Each can be affected by changes in the environment, each has
intrinsic phenomena attributed to it. In this thesis, I will guide you through this interplay of

molecules, using the triangle of interactions from Figure 2.15b as a graphical table of content.
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Figure 2.15 Schematic overview of the model DNA-lipid system and interactions within.
(a) Molecular structure of the system studied: cholesterol-labelled DNA embedded in a lipid
bilayer (all-atom simulation built by Himanshu Joshi, PhD from Aleksei Aksimentiev’s group
(University of Illinois)). Lipid tails, water and ions are omitted in the sketch for clarity. (b) Three
components of the system from (a) in the triangle of interactions. Colour-coded points refer to

four chapters of this work. All-atom model of the POPC bilayer adapted from Heller et al., 1993.

The work described here is mainly hands-on research, therefore in the next chapter, Chapter 3,

I will sum up all the techniques and methods used in the experiments.

o In Chapter 4 I will look at the direct consequences of DNA’s hydrophilicity, resulting in
a repulsion from lipid membranes. This hydrophilicity affects the arrangement of lipids in DNA-
induced pores, causing ion flow and lipid transfer at the interface. By introducing modifications in
the membrane-spanning domain, I tailor both these transport phenomena, illustrating
the importance and use of protein-inspired insight into the details of the molecular design of

synthetic structures.

e In Chapter 5 I will elaborate on the hierarchy of forces in the system presented in Figure 2.15a.

The struggle between cholesterol pulling towards and nucleotides pulling away from the membrane
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results in a distorted DNA structure, different than the one designed. Especially the relatively weak
bonds keeping the two sSDNA strands together in a helix get affected or even broken. I show how

a careful design can prevent it and allow the formation of effective pores.

e Chapter 6 discusses the role of cations in DNA-lipid systems. The dual importance of DNA’s
interactions with the ions is shown in mediating membrane attachment through bridging, as well
as regulating it via screening of negatively charged DNA phosphates. Additionally, I discuss
the dependency of ion-mediated interactions on the mechanical properties of bilayers - influenced

by the temperature and lipid composition.

In Chapter 7 I will introduce a more complicated DNA design: a 4-helix pore, that carties up to
four cholesterol moieties. I will use this design to study the insertion efficiency of DNA constructs,
and how it is aided by surfactants. Additionally, I will discuss the influence of cholesterol-mediated

clustering on the pore-forming activity of these DNA structures.

There certainly are many more questions and issues that have to be addressed before we ever see
DNA-based constructs applied in biomedicine. I will discuss them in more detail in Chapter 8,

which contains a summary of this work and presents a more extensive outlook.



CHAPTER 3

Experimental design

While the previous chapter provides knowledge about molecules comprising the DNA-lipid
system, this one gives an overview of methods used for their characterization and studying. All of
the experiments described here were employed to realize the findings discussed in the four
consecutive chapters (Chapters 4 - 7); here is where you can find all the details of measurements

and analysis”, while the discoveries themselves are presented in the next part of the thesis.

I structured this chapter on three main sections: (Section 3.1) creating DNA nanoconstructs,
(Section 3.2) forming lipid structures, and (Sections 3.3 - 3.5) experimental techniques used to

study their interactions.

3.1. DNA structures

In this work, two types of design were used: DNA duplexes (D) and 4-helix bundles (4H). Even
though there are some differences in their design and handling, the general protocol for all will

look similar: design > fold > characterize.

3.1.1. DNA design

The design of the DNA structure needs to be determined by its function. Firstly, one needs to
decide what size should the construct be: a massive DNA origami, multi-helix bundle or maybe
a simple DNA duplex? In Table 3.1 I collected a number of details important for making this

decision with respect to membrane-interacting structures.

*All, apart from details of methods used by collaborators: descriptions of all-atom MD simulations performed by
H. Joshi and DSC measurements performed by R. Rubio-Sanchez can be found in the Appendix, Sections Al and A2,
respectively.
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Table 3.1 A compatibility ranking of the three types of DNA nanotechnology designs in biological
applications. If the listed property can be achieved by the particular design, it has been rated

&«

with the number of “+”. Otherwise it is marked with a

Duplex Bundle Origami

Physiological conditions +++ ++ +
Cell work +++ ++ +
Cavity - + ++
Number of modifications + ++ +++
Studying DNA-lipid interface ++ + +
Studying basic structural details +++ ++ +
Pore orientation well-determined + ++ ++
Stability of insertion + ++ ++
Complex shape - + ++
Single molecule optical assay/ AFM + + +++

You may have noticed that DNA origami seems to be quite a good choice in many cases. However,
bear in mind two things: DNA origamis are least likely to be employed in physiological conditions,

their stability in cell media still remaining an issue'”’

. Additionally, their size is a disadvantage that
we have not fully assessed yet —in the end, DNA origamis are a huge entanglement of a very strong
charge. However, there are many research projects focusing on ensuring DNA origami’s stability

137,138

and biocompatibility in physiological conditions , which identify these issues and work towards

resolving them.

DNA duplex is a preferable option if you are, similar to myself, interested in the very basic
questions about the system. How does DNA-lipid interface look like? How does the molecular
structure of the nucleic acid change when subject to forces in the membrane? How will ions affect
its interactions with lipids? Duplexes are the least sensitive to changes in the environment, easy to
handle, do not introduce as much charge, and most importantly, their simplicity allows to pinpoint
the causes and effects of various phenomena much better than in the case of more complex
constructs. Nevertheless, their membrane insertion efficiency, as well as the orientation and
stability of the pore they form, do not show as much promise as the bigger structures. Geometry
of a helix suggest that it is very difficult to create a duplex structure that will be forced to insert and
remain in the bilayer. What is more, duplexes do not feature cavities. Although they do give rise to

ion flow at the DNA-lipid interface, it is significantly more difficult to control than the ion flow
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through the physical channel. Figure 3.1 schematically illustrates three types of DNA design

distinguished above.

T Siadsasisg

2 nm
20 nm

duplex multi-helix bundle DNA origami

Figure 3.1 Comparison between duplex, multi-helix bundle and DNA origami. Approximate
lengths of the diagonal dimension of the structures are stated next to each model. The structure
of a duplex is sketched based on all-atom simulation performed by Himanshu Joshi (University

of Illinois), while DNA origami is adapted from the PDB entry 6by 7.

During my experiments, I have decided to work with the duplex (D) when studying specifically the
ion flow at the interface — when I did not want the structure to have a cavity (Chapter 4). I also
employed it when studying the effects lipids have on the molecular structure of a double helix,
because it would be much more challenging to realize with complex constructs (Chapter 5). Finally,
when assessing the importance of ions on DNA-lipid interactions duplex was an obvious choice,
due to its stability in various salt concentrations (Chapter 6). However, when studying the insertion
and effects that surfactants have on its efficiency, I have chosen a 4-helix bundle, designed to

facilitate more stable membrane-spanning (Chapter 7).

After choosing the size of the construct, the next important design decision concerns
modifications. In case of membrane-interacting DNA structures it is almost certain that some will
be required. How many of them is needed for the functionality? Where should they be positioned?

It is very important to ask these questions before one starts to design the shape.

When thinking about nucleic acid modifications, we find two parameters of a B-DNA double helix
to be of crucial importance: (I) the average distance between base pairs « = 0.34 nm and (II)
the number of base pairs per turn N = 10 bp'*’. The former allows to design distances between

modifications, the latter should be considered when deciding where will modifications be facing in
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relation to each other. A sketch of the double helix, showing the effect of these parameters on

the orientation and distances of modifications is presented in Figure 3.2.

S5bp =1.7 nm

@ modification position
10 bp = 3.4 nm

Figure 3.2 A sketch illustrating the orientation of modifications depending on the twist.

The sketch is adapted from Watson and Crick, 1953".

The desired angle between modified positions and the distance between them are not always
compatible. For example, in the work I did on DNA duplexes the cholesterol modifications are
actually positioned at 90° angle, rather than 180° which would facilitate membrane-spanning.
I have decided that the distance of 4 nm (12 bp) is more important than the angle. Since my
modifications were linked to the backbone via relatively long, flexible TEG chain (/= 1.5 nm), they
have a wide range of angles they can span, wherever I introduce them. With flexible linkers, the

facing angle is of much less importance than it initially seems.

As I mentioned already, the nanostructure design should be determined by its functionality. For

example, when designing the 4H construct, I listed features I wanted it to have:
(D The structure to be as small as possible.

(II) Four cholesterol modification positions, shifted towards one end, in two lines separated by

3 nm (= thickness of a hydrophobic core of a membrane).
(III) One strand to be modified with the dye on the end opposite to cholesterol positions.

(IV) One strand for the azide handle on the other end. Azide was used as a marker for studying

structures with single-molecule Raman spectroscopy (not appearing in this work).

(V) Loops at the cholesterolized end.

“Marked panel has been reused from the cited article (https://www.nature.com/atticles/171737a0) with permission.
Further permissions related to this material should be directed to the copyrights’ owner.


https://www.nature.com/articles/171737a0

53

Then I used caDNAno software'* to sketch a structure that fulfils as many of these requirements
as possible. Figure 3.3 shows the design that I used, while in the further part of the subchapter

I will introduce the architectures that were discarded in the design process.
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Figure 3.3. 4-helix (4H) design used in this work: screenshot from caDNAno software. Circled
numbers represent the four helices. Strands were colour-coded according to the modification
they were carrying. 3’ ends modified with TEG-cholesterol moieties are represented by black

arrows. Available connections to helix (3) are highlighted by the software.

Using caDNAno ensures one of the most important things in the structural design: the proper
connections between neighbouring helices. The connections follow the same principle as presented
in Figure 3.2: the helices are propetly linked when the connected bases are facing each other.

In Figure 3.4 sketch of two helixes next to each other helps illustrating this notion.
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Figure 3.4 A sketch illustrating orientation of helices with respect to each other. (a) The positions
in which connection between helices can be established occurs every 10-11 bp, due to the twist.
Circles represent the cross-section of the two helices, and the arrows indicate the direction in
which bases are facing. (b) lllustration of two types of lattices, depending on the arrangement

of the helices with respect to each other.

To design all the connections properly would require a lot of spatial imagination, however, this is
where caDNAno comes very handy. As shown in Figure 3.3, the possible connections are
highlighted for each helix. Therefore, to avoid developing a strain in the structure, linkage should

be introduced only in the positions indicated by the software.

Incidentally, another feature offered by caDNAno is the choice of lattice type: the helices can be
arranged in squares or hexagons (honeycombs), as shown in Figure 3.4b. For DNA-based channels
this usually determines the shape of the membrane-spanning domain, but also the diameter of
the cavity and the minimal dimensions of the construct. In my case, the size limitation is what

determined the lattice type I have built my construct on.

The first preference on the list of five features introduced earlier, the one I try to follow in any
DNA-based design, is for the structure to be as small as possible. The larger the structure, the more
charge it carries, and charge influences strongly how DNA interacts with membranes.
In the experimental part of this work (Chapter 6) I will talk about the electrostatics in the system
in detail. Here, I will only conclude by saying that charge is a problematic feature of DNA as
a building block for biological applications'. This is why I was using the smallest bundle with

a cavity possible, 4-helix one, based on the square lattice.



55

Since the construct was to span membranes, I had to introduce hydrophobic anchors - cholesterols.
Knowing that lipid membranes are roughly 4 nm-thick, with the hydrophobic core (lipid tails)
spanning around 3 nm (this differs slightly between lipid species)'*>'*, I wanted the anchors to be
placed at similar distance. As you can see in Figure 3.3 the distance I designed is actually smaller,

taking into consideration the long TEG linkers used.

In order to facilitate insertion, cholesterols were placed on the opposite sides of the one end of the
design. This again refers in a way to the DNA’s charge: it is difficult to push a lot of charge through
the membrane, so it is favourable to shorten the distance between the anchors and the end of
the structure. However, that generates another issue: cholesterols at the very end of the construct
are positioned in a single, exposed plane, and are therefore prone to forming clusters with other
structures. In order to reduce the aggregation, I equipped my construct with overhanging loops,
which shield the cholesterols and inhibit formation of bigger clusters. The effect of the loop length

is presented in Figure 3.5.
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Figure 3.5 The effect of the ssDNA loops on the cholesterol-driven clustering of nanostructures.
(a) A model and a design of the 4H construct, highlighting the position of cholesterols at the end
of the structure. Strands presented in yellow are additional loops, extending the structure either
by 3, 5 or 7 nucleotides. (b) Gel electrophoresis results and their numerical analysis show
an increased number of non-clustered (monomeric) structures in the samples with longer loops.

The figure has appeared previously in Ohmann, (...), Sobota et al., 2019.

Finally, the construct was to be used in a variety of assays, so strands that can be modified with

different dyes or other markers were also included in the design.
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After ensuring the proper shape of the nanostructure, it is time to build an actual molecule based
on this model: design the sequences of oligonucleotides comprising the construct. In short, one

has to follow two rules:

1. Keep the fraction of GC base pairs to minimum. Or more broadly, minimize the formation of
secondary structures. GC-rich sequences tend to form various molecular arrangements'*, most

prominent example being G-quadruplex (G4), occurring naturally in chromosomes'®.

2. Ensure no self-complementarity occurs. This could be manifested by either two identical strands
binding together into a duplex, or a single strand bending and creating base pairs within

the molecule, e.g. forming a hairpin. In fact, this point overlaps strongly with the first one.

Formation of inter- and intramolecular structures can be studied by analysing each single strand
with an online NUPACK tool'®. First put down a DNA sequence of A, T, C, G bases,
remembering about minimization of GC%. After inputting the sequence in NUPACK, observe
the probability of secondary structures forming, and tweak the sequences to keep it below 95%.
The presence of single strands in the solution, not interacting with their identical copies but only

within the nanostructure’s design, improves significantly the yield of folding.

There is, of course, a number of different architectures that would fulfil the requirements I listed
above. Before actually folding the structure, I have designed a few versions differing only slightly
in the DNA construction, as presented in Figure 3.6a, and analysed them with CanDo online
suite'*”"*. CanDo is an easy and powerful computational tool that allows to assess the assembly
and mechanical properties of the nucleic acid construct. Therefore, I have created simulations of
each of my four designs, to look at the structure and its predicted flexibility. All of the designed
oligonucleotides form 4-helix bundles with more fluctuations in the loops, as expected.
Additionally, one of the designs (4H1) is more flexible at the other end of the construct.
Interestingly, when performing a PAGE analysis of cholesterol-modified 4H bundles, it was this
version that aggregated the least; the majority of cholesterol-modified 4H1 were in a monomeric
form, as highlighted in Figure 3.6b. After this realization, I decided that 4H1, with its reduced
clustering, is the best choice for my design - it is this structure that I presented to you in previous

paragraphs, and that I will continue to employ in experiments involving 4H construct.
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Figure 3.6 Choosing the best variation of the design. (a) caDNAno'4! sketches and CanDo'47.148
simulations of four versions of 4H design. 2D sketches represent the design of DNA strands
(square: 5°, triangle: 3’), forming four helices arranged on a square lattice. The heat maps
represent root mean square fluctuations (RMSF) of each structure, as visualized by CanDo online
tool. (b) PAGE analysis of the four designs modified with two cholesterol molecules each (as
indicated in (a)). ssDNA modified with cholesterol (ssC) were run in the first two lanes next to
the ladder (L). The architecture with the majority of structures being in a monomer form (4H1) is
highlighted.

The gel also features two single strands modified with cholesterol, illustrating aggregating
properties of these molecules. Note the significantly different behaviour of the two ssDNA: ssC1
produced a smear band, while ssC2 aggregated to such degree that the clusters did not migrate
from the well. The gel illustrates the sequence-dependent clustering properties of cholesterol-
modified DNA. In this case, the bases directly adjacent to cholesterol modifications are TAT and
AGG for ssC1 and ssC2, respectively. We have shown that when guanine is a neighbouring base,
cholesterol aggtregation is intensified'". Additionally, the GC% of the two strands differ: 32% for
ssC1 and 52% for ssC2, which may also play a role in driving the formation of cholesterol-mediated

clustering. The details of the sequences can be found in the Appendix, Table 7.1.



Experimental design | 58

A final note about the gel electrophoresis of 4H structures refers to their migration speed, as
compared with the reference marker: 4H is built with 216 nt (96 bp + 24 nt), while its monomer
band appears approximately at the position of a 300 bp mark. Since DNA ladder comprises of
linear double strands, it is not suitable for numerical comparison with folded DNA nanostructures

- apart from size, their shape also affects their mobility in a gel.

3.1.2. DNA folding

All the oligonucleotides used in this work are commercially available. Unmodified ones were
obtained from Integrated DNA Technologies, Inc., which also provided cholesterol- and dye-
modified strands. Oligonucleotides modified with an internal C12 spacer were initially obtained
from biomers.net. However, after ordering from Eurogentec, this company was chosen as a main
provider of hydrophobically-modified strands and the ones featuring two modifications. Table 3.2
summarizes purification methods and handling of the ordered strands. Importantly, all were
dissolved to a final concentration of 100 uM: unmodified ones in an IDTE buffer (10 mM Tris,
0.1 mM EDTA (Ethylenediaminetetraacetic acid), pH 8.0) and the modified in Milli-Q purified

water. Strands were then stored at 4 °C, except for dye-modified ones, which were frozen at -20 °C.

Table 3.2 Summary of oligonucleotides’ handling. PAGE refers to the purification from the gel,
while HPLC stands for high performance liquid chromatography.

Modification Purification ;Sntg;(ilgsl th;c)lg e Additional comments
. none o
Unmodified (> 40 nt: PAGE) 1x TE 4°C -
. - o upon suspension anneal in
Hydrophobic HPLC miliQQ water 4 °C 70 °C for 15 min
Dye PAGE miliQ water 20 °C store and defrost as aliquots

(of 10 pl or similar)

In order to fold the designed structures, the strands were mixed to a final concentration of 1 uM
in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) in a concentration of Mg”" stated for each
structure, but at least 4 mM MgCl, for constructs more complex than a duplex (multi-helix bundle).

Cholesterol-modified strands were heated beforehand at 70 °C for 10 min.

Two annealing protocols were used in the course of this work:
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1. A short one for assembling simple DNA duplexes: Strands heated to 95 °C within 5 min, and

subsequently cooled to 25 °C over 30 min

2. A long one which ensured proper folding of multi-helix structures: Strands heated to 95 °C

within 5 min, and subsequently cooled to 25 °C over 18 h.

In both cases the protocol consisted of two steps. First, rapid heating to temperatures above DNA
melting temperature Tr (explained in section 3.1.3.2.), to ensure all of the connections are broken
and single strands are independently suspended in the solution. Second, slow cooling down of
the mixture allowed the strands to find their energetically-favourable conformation -
the conformation of the designed nanostructure. More time is required for bigger, more complex
constructs, while majority of duplexes fold properly even when incubated briefly at room

ternp erature.

Table 3.3 Summary of structures’ design and folding.

Design software Buffer Folding time
Duplex NUPACK TE(1)4: 1xTE, 0-4 mM MgCl, 30 min
Multi-helix construct NUPACK, TE20: 1xTE, 20 mM MgCl, 18 h
caDNAno

Folded structures were all stored at 4 °C, never frozen.

3.1.3. DNA characterization

3.1.3.1. Polyacrylamide gel electrophoresis (PAGE)

Gel electrophoresis is a useful tool for nucleic acid analysis, where the DNA structure is pulled
through the pores of the gel by an electric field, and the observed response depends on its size, as
well as its charge. Recorded electromobility, especially in comparison with a set of reference
dsDNA samples of known length (a ladder), allows an assessment of proper folding of

nanostructures, but also studying electrostatic interactions or aggregation between molecules.

The porosity of the gel needs to match the size of the studied molecules: large constructs (DNA
origami) are properly examined in an agarose gel. The smaller nucleic acids (duplexes, multi-helix

structures <700 bp) are analysed using a finer acrylamide, which polymerizes upon addition of
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a cross-linking agent, forming a fine porous matrix. Since this work discussed solely smaller

structures, only polyacrylamide gel electrophoresis (PAGE) technique will be described here.

Gels are hand-casted by preparing the mixture of appropriate acrylamide percentage (the higher,
the finer the mesh of a gel™), which is poured in between two glass plates and allowed to cross-
link. The gel is then placed vertically in the buffer containing ions, and the electrodes are placed on
the top (negative) and the bottom (positive) of the container. DNA is introduced onto a gel from
the top, which causes it to migrate through the gel towards the bottom upon applying an electric
field. After imaging the gel by introducing an intercalating dye that attaches to nucleic acids,

the migration of DNA can be assessed and compared with the size marker.

Here, Mini-PROTEAN® System (Bio-Rad Laboratories, Inc.) was used for the preparation and
running of the gel. Gels were formed under a fume hood, at a concentration of 10%
polyacrylamide, 0.5x TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.0) and with 11 mM
MgCl,, unless stated otherwise. Addition of 0.01 vol% ammonium persulfate (APS) (10%) initiates
the polymerisation, while 6.7 X 10%% TEMED (N,N,N',N' Tetramethylethylenediamine) is used

! The exact amounts of chemicals used can be found in Table 3.4. Immediately

to accelerate it
after adding polymerisation agents the mixture was thoroughly mixed and poured in between
the glass plates. Chosen comb (usually 15-teeth) was placed in the cassette, and the gel was allowed
to set. The polymerization completes after 30 min, but it is recommended to wait additional 30 min

(making it an hour of incubation), to ensure the reaction was performed in the whole volume of

the gel.

2 ul of a1 uM DNA sample were mixed with 0.4 ul of 6x loading dye (15% Ficoll 400, 0.9%
Orange G diluted in Mili-QQ water). Pipetting such small volumes makes it challenging to ensure
repeatability of the protocol — every small droplet caught accidentally on the pipette tip will change
the concentration of the dye drastically. To reduce this effect, I used a Kimwipe tissue (KIMTECH
SCIENCE) to gently wipe the tip after drawing the dye, and only afterwards added it to the sample.

2 ul of the mixture were loaded into the well with the use of long Corning™ gel-loading tips.
GeneRuler Low Range ladder (Thermo Fisher Scientific Inc.) was used as a reference. The gel was
run in 0.5x TBE with 11 mM MgCl, (unless stated otherwise) at 100 mV for 90 min. After this time
the gel was immersed for 10 min in GelRed (Biotium), in order to stain DNA. The imaging was
performed on a GelDoc-It TM (UVP). FIJI was used to analyse gel images, usually by inverting

the colour scheme to improve clarity and quantifying the intensity of appearing bands.
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Table 3.4 Quantities of chemicals used in gel and running buffer preparation. The two
polymerisation catalysts are separated by the thicker line, indicating that they are added last
to the mixture. *The volumes of MgClz are for the standard protocol with the final concentration

of 11 mM Mg=*.

Gel Running buffer
H,O 8.92 ml 1484.8 ml
TBE 10x 750 ul 80 ml
MgCl, (0.5 M)* 330 pl 35.2 ml
acrylamide (30%) 5ml -

=15ml = 1600 ml
APS (10%) 150 wl

TEMED 10wl

The standard protocol introduces 11 mM MgCl, in both the buffer and the gel itself. This was used
for all the 4H (4-helix bundle, introduced above) work, as well as most of the standard controls
with duplexes. However, gel electrophoresis is a powerful tool to study the folding, and sometimes
also the behaviour of the structures in various media. In Chapter 6 I will look closer at the effects

of ions on the DNA-lipid interactions, and there the concentration of Mg in the gels will vary.

It may seem that it is enough to simply omit MgCl, in the gel and the running buffer to test
the effects of Mg”" in the folding buffer. However, there are two other things that ought to be

remembered:

1. When studying the effects of specific Mg®* concentration on the DNA behaviour, EDTA should
be removed from the gel and buffer solutions. Otherwise, it will chelate the divalent cations in
the sample’s buffer, changing their concentration. In experiments presented in Chapter 6, this
resulted in the running buffer consisting only of Tris. The electrophoresis will still proceed with
the aid of monovalent ions in Tris (NaOH and HCI are used in commercial buffers for adjusting
the pH), as well as from the deionized water — a silver lining of an otherwise troublesome fact that

trace quantities of ions are always present in the solutions.

2. DNA is pulled through the gel by the electrostatic field, interacting with its negative charge.

When positive ions are present in the solution, they too will interact with the structure — screening
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its negative charge. This screening will then affect how strongly electric field “pulls” on the DNA.
Therefore, the structures will be pulled stronger (= will move faster through the gel) in the absence
of the Mg ions. In practice, this comes down to samples running faster through the non-ionic gel
than the ones studied in high cation concentrations. Therefore, it can happen that, in the absence
of ions, after 90 min a small construct will run past the gel edge and “escape” the experiment
altogether. When comparing gels in different Mg** concentrations I was running them for 60 min
instead of 90 min. Figure 3.7 illustrates described differences in migration velocity, showing wells
with the ladder run in four separate experiments: all for 1 hour, but each in different Mg** solution.
One hour is a good compromise between all the bands being present in the gel and the bands being
spread out enough to distinguish them. However, if performing a standard 11 mM MgCl,
experiment, this shorter time is not recommended, as subtle differences in band positions can go
unnoticed. Alternatively, the applied voltage can also be adjusted to achieve best distinction

between bands in a particular experiment.
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Figure 3.7 Effects of screening on the DNA behaviour in the electric field. (a) Wells containing
the ladder (GeneRuler Low Range ladder) from four separate experiments with different Mg2*
concentrations used: 0, 1, 4, 11 mM. The gels were all run for an hour, with 100 mV applied.
Triangular markers indicate a 100 bp band. (b) Inverted intensity plots of the gel wells from (a).
The triangles correspond to the markers indicating 100 bp bands. The ends of the gel are

marked with dashed lines.
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3.1.3.2. Spectroscopy

Three spectroscopy setups were used in the course of this work, most of the time for

characterization purposes:

1. UV-Vis spectrophotometer. Spectrophotometric thermal studies were performed in order to
assess stability of the structures. Upon adding thermal energy to the system the interactions
ensuring the formation of a double strand are overcome, and the helix unwinds. Depending on
how strongly the two strands are held together, more or less energy is required to break them apart.
We describe it by assessing duplex’s melting temperature T,,, defined as a temperature at which

half of the DNA nucleobases are unpaired.

DNA melting can be observed through UV-vis spectrophotometry: nucleobases have a specific
absorbance spectrum, with a peak at 260 nm, as sketched in Figure 3.8a. During unwinding, bases
are gradually unstacked, and when they are exposed, their absorbance at 260 nm increases by
around 37%. This increase in the absorbance (optical density) is termed hyperchromicity, and
results largely from unstacking, as well as disrupted hydrogen bonds which alter the aromacity of

rings, limiting the resonance of nucleobases'”

. Hyperchromicity is therefore used as an indicator
of dsDNA/ssDNA concentration in the sample. By recording absorbance at 260 nm as
the temperature changes, melting profiles of nucleic acid structutes are obtained. From such plot

T is extracted, as shown in Figure 3.8b.

ssDNA
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Figure 3.8 Spectrophotometric assessment of DNA thermal stability. (a) Sketch of a typical
absorbance spectrum of DNA, with a peak at 260 nm. (b) Sketch of a typical melting profile of
DNA: normalized absorbance at 260 nm recorded against temperature. All-atom models of DNA

are adapted from PDB entry: 1bna’l.
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Here, 100 ul of 1 uM DNA sample were added into a quartz Hellma™ cuvette and placed in a Cary
300 Bio UV-vis spectrophotometer (Agilent). The absorption spectrum was collected at 260 nm,
while heating from 10 °C to 90 °C and back, with a heating rate of 1 °C/min. The melting
temperature was obtained by finding the temperature corresponding to the 50% absorbance, which
in turn was determined as a mean of the two linear regions (upper and lower). The data and their

analysis were processed using Origin software for all measurements taken.

2. NanoDrop. Spectrophotometers can also be used to assess the concentration of DNA -
the higher concentration, the more light is absorbed by the sample. Beer-Lambert law (Eq. 3.1) is

applied for quantitative analysis.

Iy
A= 10810 (T) = &‘lC
(3.1)

A - absorbance, Iy, - intensities of light entering and exiting the sample, respectively, € -

absorptivity, [ - optical path length, ¢ — concentration'”.

Absorptivity is a property of a material that describes how easy it is for the light to pass through it.
The values for nucleic acids are known: 0.020 and 0.027 (ug/ml)™" em™" for dSDNA and ssDNA,
respectively. Note that the difference between these values (35%) corresponds to the previously

described hyperchromicity effect.

For these measurements I used Thermo Scientific™ NanoDrop 2000 spectrophotometer, which
is a dedicated nucleic acid quantification device, requiring only microliters of sample. Upon
thorough cleaning of the sample holder with miliQQ water, 1 ul of the respective buffer was used to
perform a reference measurement, correcting for solution-generated absorbance and scattering.
Next, 1 ul of the sample was placed on the pedestal and measured as well. The software stated
concentration of measured molecules — in my case, I used it to confirm the concentration of single

strands before folding the designed structures.

Less significant in my studies, but nevertheless important parameter is Ayg9/A2g0 ratio - both
absorbance values are highlighted in Figure 3.8a. As DNA is often extracted from cells, residual

proteins are frequently found as impurities in the nucleic acid samples. Since proteins, and

154

especially the aromatic amino acids, absorb at 280 nm ™, the ratio between the absorbance values
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is used to assess putity of DNA. Ayg0/A250 = 1.8 is agreed to be the ratio expected for pure DNA

samples'>",

3. Fluorimeter. Since a number of experiments described here were based on optical assays,
fluorescent labels were often placed on studied molecules. Measurements performed in bulk on
these fluorescent samples were recorded on Cary Eclipse Fluorescence Spectrophotometer
(Agilent), in a quartz Hellma™ cuvette. In this work, NBD dye was used to tag lipids, while DNA
was labelled with Cy3 fluorophore. Despite their fluorescence spectra overlapping substantially, as
can be seen in Figure 3.9, the artefacts related to this issue have been avoided by sequential imaging

of the two dyes.
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Figure 3.9 Fluorescence spectra of NBD and Cy3 dyes, alongside their molecular structures.

The spectra were sketched with the Fluorescence SpectraViewer tool (ThermoFischer Scientific).

3.2. Lipid structures

Lipids used in this work were all PC zwitterionic lipids — their headgroups invariably consisted of
phosphatidylcholine. All were obtained from Avanti® Polar Lipids (avantilipids.com). Three lipid
species used in various experiments here were: POPC (16:0-18:1 PC), DPPC (16:0 PC), and
DPhPC (4ME 16:0 PC). Apart from the equivalent headgroup, each lipid features a different tail
chain, as illustrated by molecular structures in Figure 3.10. I have already elaborated on the effects
that tail’s architecture has on the properties of the bilayer, particularly its transition temperature T..
Here we can study these effects on specific examples, as these three molecules span the wide range
of thermal behaviours. POPC carries a double bond, limiting the contact between neighbouring
lipids, which allows them to diffuse freely even at negative temperatures, with T, = -2 °C. DPPC

is its equivalent, but devoid of the double bond, which increases its transition temperature to
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T. =41 °C. DPhPC, on the other hand, is a unique saturated lipid featuring eight methyl
modifications spread evenly along the fatty acid chains. The presence of branches significantly
decreases intramolecular interactions, preventing tight lateral packing in a vast range of

temperatures; no gel-fluid transition has been detected for DPhPC lipids'".
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Figure 3.10 Molecular structures of the three PC lipids used in this work: DPhPC, DPPC, POPC,

alongside their Tt as stated by the provider (Avanti® Polar Lipids, avantilipids.com).

When studying bilayers via optical assays, 0.5% of a fluorescently-modified PC lipid was added to
the mixture. Its molecular structure can be found in Figure 3.11. The fluorophore -
nitrobenzoxadiazole (NBD) — features excitation/emission maxima at 464/531 nm, as illustrated
by the spectra in Figure 3.9. A small fraction of NBD-PC forming examined bilayers allows us to

assume that it does not affect the transition temperature of studied membranes.
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Figure 3.11 Molecular structure of the NBD-modified PC lipid. The fluorophore has been
highlighted in blue.
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These lipid species were used in various experiments as stated below, wherein DPPC-built
structures were all formed and studied with the help of Roger Rubio-Sanchez (LLorenzo di Michele’s

group, University of Cambridge).

3.2.1. Large unilamellar vesicles (LUVs)

Large unilamellar vesicles (LUVs, <1 um) were prepared with extrusion, using a commercially
available extruder (Avanti® Polar Lipids, Avanti Mini Extruder), following producet’s protocol.
Whatman® Filter Supports and Whatman® Nuclepore Track-Etched Membranes (100 nm and
200 nm) were obtained from Sigma Aldrich. The lipid layers were hydrated in 200 mM sucrose.

The extrusion of DPPC vesicles was performed at 60 °C (above its T) to ensure bilayer fluidity.

The yield and size distribution were satisfying for performing bulk measurements and controls,
though the inability to precisely assess unilamellarity and density of each batch of vesicles ruled
them out for most of the membrane activity measurements. Figure 3.12 presents cryo-EM

micrographs of POPC LUVs extruded through 100 nm filter.

Figure 3.12 Cryo-EM micrographs of extruded POPC large unilamellar vesicles (LUVs). Scale
bars: 100 nm. The imaging was performed on FEI Titan Krios microscope, curtesy of Wolfson

Electron Microscopy Suite, University of Cambridge.

3.2.2. Giant unilamellar vesicles (GUVs)

All giant unilamellar vesicles (GUVs, > 1 um) used here were prepared via electroformation. This

technique is based on swelling of deposited lipid layer upon its hydration. The process occurs
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spontaneously, however, an aid of external stimuli - in this case AC field - significantly improves
its efficiency, and allows for more controllability. Electroformation was identified as a method
yielding giant vesicles with relatively narrow size distribution and unilamellarity'™®. Figure 3.13

schematically illustrates the principle behind the technique.

ITO slide | | | | I

E unilamellar
i sugar solution vesicles
! AC field
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lipid coating
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Figure 3.13 Schematic illustration of giant unilamellar vesicles’ (GUVs) preparation via

electroformation.

GUVs used in this work were either POPC or DPPC based, most often with an addition of 0.5%
NBD-PC lipids, all acquired from Avanti® Polar Lipids. 80 ul of lipid mixture dissolved in
chloroform to the final concentration of 5 mg/ml were deposited on a single ITO-coated glass
slide using spin-coating. The slide was then placed in a desiccator for 30 min to ensure no
chloroform residues remain in the lipid layer. Afterwards, the slide was moved to
the electroformation chamber, a nitrile ring was placed on the lipid coating and filled with 600 ul
of 1 M sorbitol in 200 mM sucrose, which was used as a buffer. Importantly, one of the biggest
limits of electroformation technique is its incompatibility with charged entities in the buffer,

including salts.

The osmolality of the buffers used in the experiments was oscillating around 1200 mOsm, with all
the dilution buffers adjusted accordingly. Since for cell plasma the osmolality ranges between
275-325 mOsm'”, the buffers used here have far from biological osmolality. However, high
osmolality buffers are less sensitive to the small changes in concentrations; a difference of a few
mOsm does not affect the membrane in high-osmolality buffers, while it could result in bilayer
distortion in low osmolality environment. Therefore, at a price of biological accuracy, we have
ensured membrane stability in the experiments. All the buffers were adjusted to pH 7.5 (using
sodium hydroxide NaOH and hydrochloride HCI solutions) - the value within the acidity range

observed in natural systems'’.
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A second glass slide was placed on top of the nitrile ring, I'TO-coated side facing the buffer.
A particular care was taken to limit number of air pockets formed in the chamber between glass
slides. Then, an electroformation protocol, adapted from Kareem Al Nahas (Ulrich Keyser’s group,

102

University of Cambridge) ™, was used to swell lipid layers into GUVs. The protocol for POPC-
built vesicles is illustrated on the plots in Figure 3.14. For DPPC, the experiment was conducted

analogously, but ensuring that lipids and lipid-coated slide are handled above DPPC T, = 41 °C.

Frequency [Hz] Temperature [°C]

0.0 : ' '
0:00 1:00 1:40 1:50 2:20
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Amplitude [V]
=
o

Figure 3.14 The protocol used for electroformation of POPC GUVs. Changes in temperature as
well as amplitude and frequency of the applied AC field are shown. Protocol kindly shared by
Kareem Al Nahas (Ulrich Keyser’s group, University of Cambridge)'92.

After protocol finishes, sugar buffer from in between glass slides — now containing vesicles — is
transferred onto a weighting boat, and from there into an Eppendorf tube. When using
fluorescently-labelled lipids, the tube is covered with aluminium foil. Tubes with GUVs are stored

at room temperature, in an upright position, and used within a week.

3.2.3. Suspended lipid bilayers

The bilayers used in this work were formed with Montal-Mueller method'**'*". Such membranes

are sometimes called “folded membranes”, which describes the procedure used to prepare them.
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Lipids in organic solvent are spread on top of aqueous buffer in each of the two chambers of
a Teflon cuvette. The hole in the foil dividing them is pre-painted with an organic solvent to reduce
the monolayer stress at the edges of the hole. By pipetting the solution up and down the hole is
coated with a monolayer of lipids on each side — the bilayer is folded out of the two monolayers.
I chose this method because of the exciting possibility of creating asymmetric bilayers by simply
introducing different lipid mixtures into the two chambers. However, these experiments are not

the scope of this thesis, and therefore only symmetrical membranes will be described.

Here, hexadecane (1 % in pentane) was added as a pre-painting on both sides of a hole
(© = 0.15 mm) in the foil dividing cis and trans chambers of the Teflon cuvette. After 5 min of
incubation, 700 pl of 0.5 M KCl, 25 mM HEPES (4-(2-hydroxyethyl)-1- piperazineethanesulfonic
acid), pH 7.0 were added to each chamber. The conductance of this solution was measured to be
7.16 S/m. 5 ml of 5 mg/ml DPhPC lipids in pentane were added dropwise to each side, then the

whole solution was pipetted up and down until the membrane was formed.

The membrane formation was studied by applying a triangular voltage wave with a peak-to-peak
amplitude of 100 mV and a frequency of 10 Hz. In the electrolyte solution, in the absence of
a membrane strong signal outside of the measured range was detected. Upon membrane formation
this signal is immediately quenched, indicating that the cavity was sealed by the lipids. Figure 3.15

illustrates the respective stages of bilayer formation with sketches alongside collected data traces.

Newly-formed bilayer hinders current flow, due to its impermeability to ions. Yet, we do observe
a specific membrane response: the square signal indicating membrane formation is the capacitive

current, since lipid membranes can be considered electric capacitors.

If we regard the membrane as a plate capacitor, we will observe its charging with an increasing

voltage, and consecutive discharging with voltage decreasing. Note, that it is the change in
dv . . . dv .

the voltage (E) that determines the signal, rather than voltage itself. Whenever p changes sign,

the capacitive current i changes direction, following equation (Eq. 3.2). This gives rise to the square

response of the bilayer, like in Figure 3.6c-d.

| =C— 2
i Cdt (3.2)

C- capacitance of the membrane.
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From the recorded traces and the known diameter of a hole @ = 0.15 mm we can calculate
the specific capacitance of membranes formed. The calculated values vary with each experiment
between 1-1.2 uF/cm?, and are of the same order of magnitude as the ones found in the literature

(0.5-1 pF/cm?)!14,
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Figure 3.15 Stages in suspended membrane formation, as indicated by current measurements.
Sketches of the setup, alongside current traces collected for the applied voltage protocol. (a) In
the absence of an electrolyte no current flows between the electrodes. (b) Upon addition of
the KCl solution, a sharp increase in the signal above the threshold values is observed.
(c) The membrane (white) formed in the cavity is impermeable to ions, no current flow is
observed. The signal fluctuates noticeably. (d) The Faraday cage reduces noise significantly,
which is crucial for observing subtle changes in the membrane permeability due to single

molecule insertion events.

3.3. Light scattering

3.3.1. Dynamic light scattering (DLS): size distribution

Particles suspended in a solution scatter light shone through such suspension. The schematic
illustration of the dynamic light scattering (DLS) measurement setup is shown in Figure 3.16a.
Each particle exhibits Brownian motion, therefore, the collected scattered signal will be fluctuating
in time. Quantitative analysis is performed by measuring the intensity autocorrelation function,
which compares the signal in given time increments and describes the rate of changes — degree of

fluctuations (Malvern Panalytical, www.malvernpanalytical.com). Since this spontaneous
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movement depends strongly on the particle’s hydrodynamic radius, the detected fluctuations in the
signal indicate the size distribution of a sample, as sketched in Figure 3.16b. This technique, called
dynamic light scattering (DLS) is used here to assess the dimensions of LUVs, as well as DNA

nanostructures.
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Figure 3.16 Principle behind dynamic light scattering (DLS). (a) Schematic representation of
the measurements. (b) Dependency of the scattered signal on the particle’s hydrodynamic

radius ra.

The measurements were performed on a Zetasizer Nano ZSP (Malvern Panalytical) with
an excitation wavelength of 633 nm and a scattering angle fixed at 173°. For assessing
hydrodynamic radius, 100 ul of either 10x diluted vesicles or 1 uM DNA were measured.

3 measurements were taken for each condition, each consisting of 12 runs.

Lognormal distribution curves were fitted to the obtained histograms of radii, following equation

(Eq. 3.3):

2
X
‘[’”x—c]

e 2w? (3.3)
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Yo — offset, X, — center, W — log standard deviation, 4 — area.

The standard deviation was calculated using formula (Eq. 3.4). Both formulae, reported by Origin

software, were used for plotting the data.

Ay = eln(xc)+0-5W2 ew? — 1 (34)

3.3.2. Electrophoretic light scattering (ELS): zeta-potential measurements
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Besides spontaneous Brownian motion, any particle movement in the sample can be detected using
similar principles. For example, electrophoretic mobility can easily be assessed through observation
of the light scattering. This electrophoretic light scattering (ELS) allows measurements of
the surface charge of the particles, and more precisely: their zeta (§) potential. In an ionic solution,
charged particles are enveloped with ions interacting with it. The core particle moves together with
its electric “coat”, effectively having a new “surface”, called a slipping plane, highlighted in
Figure 3.17a. The potential at this plane is referred to as & potential, and is responsible for

electrophoretic mobility (and electric response) of the studied particles.
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Figure 3.17 Principle behind electrophoretic light scattering (ELS) (a) Sketch of electric layers
surrounding a (negatively) charged particle with & potential at the slipping plane marked.

(b) Schematic diagram of the zeta cell used to study electrophoretic mobility of particles.

The £ potential measurements were taken in a DTS1070 zeta cell, sketched in Figure 3.17b, using
Zetasizer Nano ZSP (Malvern Panalytical). 800 pl of 200 mM sucrose solution with various
mixtures of [DNA] = 0.1 uM, [Mg**] = 1 mM and 10x diluted LUVs is added into the zeta cell,

and 3 measurements are taken for each sample, each consisting of 12 runs.

3.4. Confocal microscopy assays

The microscopy samples were imaged in silicon incubation chambers (FlexWell™, Grace Bio-
Labs), attached onto a glass coverslip. To prevent vesicles from direct contact with glass, coverslips
are coated with bovine serum albumin (BSA) prior to fixing chambers. For that, clean slides are
incubated in 1% BSA solution in 60 °C for 1 h, afterwards thoroughly rinsed with water and placed

back in 60 °C overnight, to evaporate any remaining solvents.
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Sucrose-filled electroformed vesicles were suspended in an osmotically-balanced glucose buffer
(= 1.2 M glucose, 25 mM HEPES, pH 7.5). The difference in the sugars' densities causes GUV's
to sediment to the bottom of the incubation chamber, where their mobility is significantly reduced,

allowing reliable imaging.

Confocal microscopy images were acquired on the Olympus FluoView filter-based FV1200F-IX83
laser scanning microscope using a 60x oil immersion objective (UPLSAPO60XO/1.35). Two
studied fluorophores, NBD and Cy3, were excited using a (NBD): 25 mW 473 nm laser diode, with
emission collected between 490 and 525 nm, and (Cy3): a 1.5 mW 543 nm HeNe laser, with
emission collected between 560 and 590 nm. Gain was set to 1x. Laser power and the voltage
applied to photomultiplier tubes (HV) were adjusted independently in each experiment to ensure
lack of saturation in the studied intensity range. Images were recorded with a sampling speed of
2.0 ps/pixel, and with sequential mode of excitation, in order to prevent misrepresentations due to

ovetlapping fluorescent spectra. FIJI was used to analyse the images'®.

When collecting the intensities of vesicles or DNA coatings on them, the sample was scanned and
a number of images were taken. When comparing various samples, the imaging settings were kept
identical. The only exception were samples where no DNA attachment was observed: HV of these
measurements was significantly increased, to clearly show the DNA dispersed in the solution, and
no visible coating on the membrane. Such change in the settings is always stated in the figure
caption. Collected values were presented in a form of histograms, and the results are often reported

as the peak of a Gaussian fit to the distribution. The error bars represent Gaussian RMS width.

When comparing DNA membrane coating in various salt concentrations (Chapter 6), the peaks of
the distributions were plotted against [Mg**]. There, Hill function (Eq. 3.5) was used to fit curves

into obtained data points.

[ = Linax [C]n

= m (35)

I - fluorescence intensity, Ipq, - maximum intensity observed, [c] - ion concentration, n - Hill
coefficient, K - ion concentration associated with 50% of maximum attachment (I = 0.5).
Dissociation constant was than calculated using formula (Eq. 3.0).

Kd = Kn (36)
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I have opted for the Hill function in order to describe empirically ion-nucleic acid interactions, as
done previously'*'*. However, it must be noted that the equation was employed here to allow
an illustrative comparison of studied constructs, rather than as a mathematical model of
the underlying process. Therefore, the calculated parameters do not necessarily carry the meaning

most frequently ascribed to them.

3.4.1. Fluorescent recovery after photobleaching (FRAP)

The diffusion of lipids, as well as cholesterol-anchored DNA, is studied optically by tracking
fluorophores attached to them. Upon bleaching of a spot of known diameter, signal intensity of
this spot is recorded. After initial sharp drop, the fluorescence is gradually restored by the diffusing
intact molecules, taking the place of bleached labels, as illustrated in Figure 3.18a. The rate of the
signal recovery is determined by the diffusion, and by analysing the recorded intensity plots
(schematically represented in Figure 3.18b), the diffusion coefficient D of respective samples are
obtained. This technique - fluorescent recovery after photobleaching (FRAP) - was used to assess
the effects of various factors on the kinetics of studied molecules, but also in confirming the lipid

phase of the bilayer, as the diffusion of lipids in gel phase is strongly limited.
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Figure 3.18 The principle behind fluorescent recovery after photobleaching (FRAP).
(a) Schematic illustration of bleaching and recovery of the fluorescent signal. (b) Sketch of

a recorded curve, with the half-time ti/2 marked on the plot.

FRAP measurements were performed with the help of Michael Schaich (Ulrich Keyset’s group,
University of Cambridge). All measurements were performed at room temperature. Using the
FRAP function of the FluoView software (tornado mode), a spot of @ = 4.4 um on the top of a
GUV was bleached and the fluorescence recovery observed. 10 images were collected pre-
bleaching. Bleaching was performed over 0.5 s with 99% laser power and the fluorescence recovery

was recorded for 50-100 frames.
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Collected recovery curves were fitted using exponential function (Eq. 3.7).

t
I, =A (1 — exp (— ;)) +1 (3.7)
I, - fluorescence intensity in time t, .4 - fitting parameter, I - final intensity after recovery,

7 - recovery time constant.

7was then used to calculate recovery half-time as in (Eq. 3.8).

t1/2 = Tlnz (38)

Which in turn enabled obtaining diffusion coefficient D following the formula (Eq. 3.9)'”.

3 0.88r2
4t1/2

(3.9)

r— radius of bleached area.

3.4.2. Temperature-controlled imaging

These experiments were performed in collaboration with Roger Rubio-Sanchez (Lorenzo
Di Michele’s group, University of Cambridge), who also provided the following description. In
order to prevent evaporation, all studies performed above room temperature (> 25 °C) were run
in a sealed chamber. Here, we used borosilicate glass capillaries (CM Scientific) with internal section
of 2 mm X 0.2 mm. After cleaning, capillaries were passivated by filling them with a solution of
0.1% BSA, and incubated at 60 °C for 1 h. They were subsequently cleaned with water to remove
excess of BSA, and filled with vesicle samples. The sides were sealed with a two-component epoxy
resin hardener onto a clean glass cover slip. The coverslip was fixed to a custom-built copper plate
connected to a Peltier element using aluminium tape and coupled to a thermocouple for
temperature control. Micrographs of these systems were acquired using a Leica TCS SP5 confocal
microscope equipped with an HC P APO CORR CS 40x/0.85 dry objective. Ar-ion (488 nm)
and a He-Ne (543 nm) lasers were used for exciting NBD and Cy3 dyes, respectively.

Changes in DNA coating on the DPPC vesicles as a function of temperature were fitted to a reverse
Hill function (Eq. 3.10). Similarly as for ion-dependent DNA membrane coating described above,
Hill function serves an illustrative purpose, rather than describing a mathematical model of DNA-
lipids absorption.

n

Imax [C]

e

(3.10)
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3.4.3. NBD-dithionite assay

In order to observe lipid transfer between leaflets (due to the toroidal pore formation),
I implemented an optical assay used in biological scramblase studies'”"™'". The assay is performed
on bilayers with an NBD labels present on the lipids, and in the presence of dithionite (S:O.%).
Dithionite plays a crucial role due to its two features: (I) it is membrane impermeable and (II) it is
a strong reductant. The latter causes it to interact with NBD labels, reducing their nitro group
(NOy) to an amine (NH>), which in turn results in loss of the fluorescent signal. The reducting
activity of dithionite turns fluorescent NBD into a non-fluorescent ABD variant, as shown in

Figure 3.19a.

Importantly, despite the label being attached to one of the tails, it does not nest in the hydrophobic
core of the bilayer, but orients itself at the water-lipid interface, as sketched in Figure 3.19b.
Therefore, the labels are exposed to the aqueous solution and by that to the externally introduced

dithionite.
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Figure 3.19 The principle behind NBD reduction assay. (a) Molecular structure of NBD dye,
turning into a non-fluorescent ABD upon reduction with dithionite (S204%). (b) A schematic
arrangement of an NBD-PC lipid in a membrane, with NBD exposed to the aqueous
environment'73:.174, (c) A sketch of the assay illustrating how lipid diffusion between leaflets in

the toroidal pore results in a 100% signal reduction.
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Since dithionite is membrane impermeable, it reduces half of the labels of the intact bilayer - only
the outer leaflet, which has fluorophores exposed to the reductant. We can track the fluorescent
signal after dithionite addition, and observe a 50% loss of fluorescence. However, when toroidal
pore is formed and lipids from the inner leaflet can diffuse to the outer one via diffusion, all of
the labels will get exposed to the bleaching agent. Therefore, the fluorescent signal will be reduced

by 100%, following the schematics in Figure 3.19c.

Dithionite has a third important property: (I11) it is negatively charged (S:04%). As a rather massive
anion, its translocation through the membrane is limited, and transfer through DNA-induced pore
is hindered completely, due to an electrostatic repulsion from DNA’s phosphates. I have confirmed
it experimentally, looking at the fluorescence of an internalized vesicle, which was not significantly
impacted, while the external vesicle with toroidal pores was completely bleached (Figure 3.20a).
The simulations run for this project by the collaborating group of Aleksei Aksimentiev compare
the translocation of positive and negative ions, indicating that anions - even a small chloride CI -

do not go through the DNA-induced pore (Figure 3.20b).
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Figure 3.20 Experimental and simulated proof of no dithionite leakage through a DNA-induced
pore. (a) Micrographs of an internal vesicle, preserving its NBD fluorescence while the outer one
was bleached. Scale bar: 5 um. (b) Plot showing the number of ions translocated through a pore
formed by a membrane-spanning DNA duplex in all-atom MD simulations. Simulations

performed by Himanshu Joshi from Aleksei Aksimentiev group (University of Illinois).

If dithionite does not leak inside a vesicle, the bleaching above 50% observed for pore-forming

constructs is a result of leaflet merging and lipid diffusion between them. Here, I attribute the rate
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of NBD bleaching to the rate of this interleaflet transfer. The assay is employed to assess

the membrane activity of pore-forming DNA nanostructures.

In the experiment 20 ul of electroformed liposomes were incubated for 2 h with 50 pl of DNA
structures diluted in an osmotically balanced glucose-based buffer, as described earlier.
The concentration of DNA in this mixture was 0.11 uM. Immediately preceding the assay, sodium
dithionite was diluted in 1 M Tris at pH 10. This solution was further diluted in osmotically
balanced glucose solution, from which 30 ul were added to the chamber. The final concentrations
of DNA and dithionite were 0.08 uM and 9 mM respectively (unless stated otherwise, see below).

Vesicles were imaged for 30 min after dithionite addition.

For fitting all of the obtained traces, a biexponential decay equation (Eq. 3.11) was chosen to
describe initial fast (dithionite acting on the outer layer of the vesicle) and then slow bleaching

175

(further bleaching of flipped lipids) ™.

t t
[ = I,+ I, exp (—T—> + Lexp (—T—) (3.11)
1

2

Iy — final intensity (plateau value), Iy, [, — coefficients describing the respective decays in signal,

T4, Ty — characteristic time constants

Time constants were used to derive decay rate A for each exponent, using (Eq. 3.12):

1=

1
- (3.12)
T

The experiments were initially performed in [dithionite] = 4.5 mM. However, the dithionite-related

limitations (especially its degradation in aqueous solutions via hydrolysis'™

) prevented me from
seeing clear differences between decay rates — the timescale of dithionite activity and lipid transfer
were comparable, so part of the information was lost. In order to obtain more details of the process,
the experiments were performed with the concentration of dithionite doubled (final 9 mM).
As a result, the initial bleaching of the outer leaflet proceeded much faster, and a clear biexponential
decay trace emerged. This allowed to compare various DNA designs, as presented in Chapter 4.
Plots in Figure 3.21 illustrate this effect, showing the behaviour of a representative membrane-

spanning DNA duplex (2C 2D, Appendix Table A4.1). Two well-defined processes comprise signal

response in 9 mM dithionite, while this is not observed in 4.5 mM.
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Figure 3.21 Higher concentration of dithionite provides more informative intensity decay traces.
(a) Averaged fluorescence signal traces of an inserting and non-inserting DNA, after addition of
dithionite in t = O min. Dithionite’s final concentration c = 4.5 mM. (b) Averaged decay trace for
dithionite’s final concentration ¢ = 9.0 mM. The trace for a pore-forming DNA has a clearly
biexponential shape, corresponding to the bleaching of the outer leaflet, and further bleaching
of the lipids transferred from the inner leaflet. All traces represent at least three bleached
vesicles. The initial decay (up to I = 0.5) is highlighted in grey — it is attributed to the bleaching
of the outer leaflet. Further description of the design (2C 2D: 2x cholesterol, 2x dodecane, 1C:
1x cholesterol)) can be found in Chapter 4.

3.5. Transmembrane current measurements

When studying ion channels, measuring transmembrane current in response to applied voltage
provides a vast set of information about pore-forming structures. Briefly, electrodes are placed on
two sides of a suspended lipid bilayer, and the current is recorded while applying voltage. As
membranes are intrinsically impermeable to ions, in the absence of pores no current is flowing
through the circuit. During pore formation conductance increases suddenly, as ions can then
translocate freely. This increase is illustrated as a step in the current trace. Each step is attributed
to the formation of a single pore, and its careful analysis provides many information about the
dynamics, cooperativity and geometry of pores. For example, the bigger the pore the more ions
can flow through it, and therefore the recorded conductance step is higher. Figure 3.22 illustrates

the principle behind observing pore formation through transmembrane current recordings.



81

et
o
bilayer c
] I
o ®e iONS Lo ] ] e
—» current o
[=)]
o
pores Sobooe b
=

Figure 3.22 The principle behind transmembrane current measurements and studying pore
formation with it. Sketch of the setup, zoomed section showing the suspended bilayer.
The respective current traces are shown for (a) an intact membrane, (b) a small, and (c) a big

pore in the moment of their formation.

Following this idea for single-molecule experiments, numerous setups and geometries have been
applied to build a working system. I used bilayers formed across a hole in a Teflon cuvette,
following Montel-Mueller technique described in detail above, to look at the membrane-spanning

processes of single DNA-built synthetic ion channels.

Here, current data were acquired at a sampling rate of either 1 or 5 kHz using Axopatch 200B
amplifier. The electrodes were Ag/AgCl, made in-house by incubating a silver wire in chlorinated
bleach overnight. After membrane formation, DNA was added to the cis side (with the negative
electrode) at the final concentration of 10 nM, and the ionic current under 50 mV voltage across
the membrane was recorded. Where stated, n-octylpolyoxyethylene (0POE) surfactant was added
to the cis chamber as well, to the final concentration of 0.01%. Clampfit software was used to
analyse the data, employing its “single channel search” tool, designed to study the activity of natural
ion channels. The script listed the size (current level) and dwell time of all steps found by
the software. Signals lasting less than 10 ms were ignored. Assuming an ohmic behaviour of the
formed pores, conductance was calculated as in Eq. 3.13. Lognormal distribution curves (Egs. 3.3,

3.4) were fitted to the obtained histograms.
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c= (3.13)

I
|4
¢ — conductance, [ — current (step size), V — voltage.

Note, that in the above approach current [ is attributed to the size of the step, provided for each
found signal by the Clampfit analysis. The more reliable way to study the conductance of
a membrane is to collect an I-V curve: current-voltage relationship. A series of voltage inputs is
applied, and the current responses are measured, as shown in Figure 3.23a. The average current
level is then plotted against respective voltage, and the slope of the linear fit represents measured
conductance. In case of an intact membrane no signal is observed: conductance approaches 0.
Examples of I-V curves obtained for membrane-spanning DNA and an intact bilayer are plotted

in Figure 3.23b.
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Figure 3.23 Collecting I'V curves to assess membrane conductance. (a) Exemplary trace of
voltage signal and current response recorded across bilayer in the presence of pore-forming DNA
structures. (b) The I-V curve obtained from experiment shown in (a), before and after adding
membrane-spanning DNA. The slope of the linear fit (dashed lines) corresponds to

the conductance of the bilayer.

In theory, the conductance values calculated for a single voltage input (in my case: 50 mV) should
correspond to the slope of a whole I-V curve, and this is the assumption I make throughout this
thesis. Unfortunately, what causes any discrepancies (the fluctuations and briefness of events) is
also the reason why a full IV curve could not be run for all the events, which usually lasted
below 1 s. The other, connected assumption, that I have already mentioned, is treating the current-

voltage relation as ohmic. The exemplary curve in Figure 3.23b shows that this is only the case in
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lower voltage ranges, while more and more divergence from linear relation is observed for higher
values. For V =50 mV, I have assumed that the Equation 3.12 describes the conductances
correctly. I have allowed myself this approximation, because, as you will see in the next chapters,
my studies are focused less on gathering the absolute values of conductances, and more on

comparing them between the structures.
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CHAPTER 4

Effects of membrane-spanning DNA on the arrangement of
surrounding lipids

This work has previously been published in Sobota et al. 7ailoring Interleaflet Lipid
Transfer with a DNA-based Synthetic Enzyme, Nano Letters 2020, 20 (6) 4306-4311.

As DNA nanotechnology focuses on DNA, often in reported studies all other molecules seem to
be playing second fiddle to the designed nucleic acid-based nanostructures, going as far as testing
prospective biodevices in isolation, rather than in their targeted environment. However, this
approach can be misleading. I already started to hint on this in Chapter 2, in the paragraphs
discussing proteins. By looking at the membrane proteins’ structure, it becomes clear that to create

a functional biodevice it is crucial to design it in a contextual manner.

This chapter comprises the first out of four studies, in which I show that designing a synthetic
membrane construct really means designing a whole DNA-lipid system - taking into account all
the relevant interactions. Even though it turns the nanostructure’s design into a time-consuming
task, it is altogether a rather positive realisation, as it provides a number of handles one can use to

increase the controllability of the constructs, without the need of complicating their architecture.

Note, that studying DNA in model lipid platforms is only a first step towards a truly contextual
design: examining all interactions in the biological environment. Yet, starting with such a complex
system would make it unfeasible to deconvolute and comprehensively describe all relationships

between the molecules.

Therefore, let us start by looking at a minimalistic scenario of a DNA helix inserted into a lipid
bilayer and ask a rather general question about the involved interactions: how does pore-forming

DNA affect the surrounding lipids?

4.1. Hydrophilic environment at the DNA-lipid interface

Upon its insertion the membrane-spanning DNA forms a pore in the bilayer, mimicking
transmembrane proteins. However, as discussed in Chapter 2, integral proteins have evolved with
respect to the lipids - their membrane-spanning domain adapts a helical conformation that makes

it hydrophobic, and as a result their position in the bilayer is energetically favourable.
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DNA, on the other hand, has a strong negative charge on its surface making it hydrophilic - or
should we say lipophobic. When pulled into the bilayer (with the aid of hydrophobic anchors), it
will force the hydrophilic headgroups to face towards it. In order to arrange hydrophobic tails so
that they are not in contact with the charged molecule, the headgroups from both leaflets will turn
towards the DNA and cause the leaflets to merge. Therefore, membrane-spanning DNA will
induce the formation of a toroidal pore, shaped by the merged bilayer leaflets, as shown

schematically in Figure 4.1.
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Figure 4.1 Toroidal pore formation. (a) Model of a lipid highlighting hydrophilic and hydrophobic
parts of it. (b) Schematic illustration of the arrangement of headgroups in the DNA-induced
membrane pore showing the hydrophilic environment at the DNA-lipid interface. The all-atom

model of DNA was built by Himanshu Joshi (Aleksei Aksimentiev’s group, University of Illinois).

Figure 4.1 highlights an important consequence of the toroidal shape of the pore, namely
the hydrophilic environment at the DNA-lipid interface. This hydrophilicity has two significant
implications for a synthetic transmembrane structure: (I) the presence of water in the pore
facilitates the transport of ions at the interface'” and (II) the merging of the bilayer leaflets allows

lipids to move between inner and outer ones via diffusion!®,

The invariable ion flow (I) at the interface questions meaningfulness of designing DNA ion
channels with a controllable cavity. In fact, it hints at the futility of designing any DNA ion
channels at all. The interleaflet transport of lipids (II) too bodes ill for the protein-inspired DNA
structures. Both phenomena are essentially strong, uncontrollable signals most likely to result in an
immediate death of the DNA-decorated cell. As interesting as this concept may be for developing
cytotoxic therapeutics, it is a significant problem for the material proposed to mimic membrane

proteins.

The notion of a toroidal pore reiterates the importance of learning from nature: proteins have not
developed a hydrophobic membrane-spanning domain for nothing. We can eliminate

the problematic ion and lipid transport by adapting the chemical architecture of nucleic acid
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constructs. The first steps in this direction have already been made with the DNA backbone of

a pore-forming structure modified to remove the negative charge of the phosphates'”.

On the other hand, the previous paragraphs painted a too pessimistic picture. Ion flow and
interleaflet lipid transfer are both biologically relevant phenomena, and their occurrence at
the DNA-lipid interface could potentially be utilized to mimic the activity of natural proteins: ion
flow is controlled by ion channels, while lipid flipping by transmembrane scramblases. Both are
crucial for a proper functioning of a cell. The variety and significance of ion channels’ tasks have
already been mentioned in the previous chapters: they are responsible for the activity of nervous
and muscular systems, and in fact, since they guard the homeostasis of every cell, each part of
an organism depends on them™'""". Interleaflet lipid transfer is a less-commonly known process,
yet it is also an indispensable one in ensuring the cell’s survival. We have already looked at various
lipid species in Chapter 2, where I emphasized how important the bilayer asymmetry is for
signalling and metabolism of organisms. This causes scramblases to be involved in life-sustaining

35,180

processes, like blood coagulation ot apoptosis — programmed cell death®'*"'*,

171178 and scramblases™’ - have

Disturbed functions of both transmembrane proteins - ion channels
been identified as factors responsible for many, often lethal, diseases and both are a subject of
numerous research studies. Even a hint of an analogous functionality, like the one observed for

DNA-induced toroidal pores, is worth better understanding and developing.

Therefore, even though we can eliminate the toroidality of the nanostructure-induced pores by
turning their surface hydrophobic, here I would like to take a step in a different direction.
The discovery of the toroidal pore can be utilized and will provide new functionalities to the DNA
design - dependent on our ability to exert control over it. Knowing the cause of its formation we

could prevent it, but we can also modify and use its activity.

4.2. Probing the shape of a lipid pore

As described in the previous paragraphs, the shape of the pore — its toroidality — results from
the hydrophilicity of the pore-forming DNA. To confirm this idea, I have designed a membrane-
inserting DNA duplex with four nucleotides in the central part of one of its strands replaced by
a 12-carbon chain (dodecane). The membrane-spanning part of the structure is therefore half-
hydrophilic and half-hydrophobic. An illustration of this construct embedded in a bilayer is shown

in Figure 4.2a. The schematic was created based on the results of all-atom molecular
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dynamics (MD) simulations created by Himanshu Joshi (Aleksei Aksimentiev’s group, University
of Illinois) and shown in Figure 4.2b (details in the Appendix, Section Al.1.). After 1 us of
simulation, the lipids were found with their headgroups predominantly pointing towards the
unmodified strand, while no lipids were present within the pore on the side of the hydrophobic

domain.

Realizing that the toroidality of the pore can be disrupted by modifying the membrane-spanning
part, I investigated three versions of the aforementioned DNA duplex: featuring none (0D), one
(1D) or two (2D) dodecane spacers placed in the central site of the structure. DNA sequences used
in this work have been collected in the Appendix, Table A4.1, while the schematic representations

of the designs can be found in the Appendix, Fig. A4.1.
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Figure 4.2 Schematic representation of the designed DNA nanostructure. (a) The hydrophilicity
of the membrane-spanning domain determines the structure of the DNA-lipid
interface. (b) Snapshot from an all-atom MD simulation of the 1D construct. No lipid headgroups
are present in the proximity of the dodecane spacer. (c) Schematic representation of the dsDNA
construct, highlighting its membrane-anchoring (cholesterol) and internal (dodecane)
modifications. Three different designs varying in hydrophobicity were used: with either none

(OD), one (1D) or two (2D) dodecane spacers placed in the structure’s central site.
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All tested duplexes were additionally modified with two cholesterol moieties (2C), as shown on
the schematics in Figure 4.2¢, which ensured membrane affinity. No attachment of unmodified
DNA or caused by the presence of the C12 chain was observed, as illustrated by micrographs in

Figure 4.3.

This lack of C12-driven attachment is worth elaborating on. We have established that hydrophilic
DNA needs to be forced into proximity with the bilayer by hydrophobic anchors. However, as
illustrated in Figure 4.3, not all hydrophobic moieties are made equal. The value I will use as
a “hydrophobicity parameter” is a partition coefficient (P). It is the ratio of concentration of a given
molecule in two immiscible liquids, in other words: the ratio of solubility values in polar (water)
184

and apolar (octanol) solvents

defined in Eq. 4.1.

. The measure of hydrophobicity is presented in a form of logP, as

W) (41)

logP =1
8 og< [solute]oiar

The logP values for cholesterol and dodecane are 7.11 and 2.33, respectively (Chemicalize,
ChemAxon). Therefore, we can conclude that a hydrophobic anchor of logP = 2.33 is not enough,

while anchor of logP = 7.11 is sufficient to ensure membrane attachment of 48 bp DNA duplex.

e ar— L ——] p——]

® Cy3dye
C12
= DNA

® cholesterol

Figure 4.3 Representative micrographs illustrating cholesterol-driven attachment. Even in
the presence of the C12 domain, either placed internally (a) or overhanging (b), no attachment
is observed, similarly to duplexes lacking hydrophobic modifications (c). Only cholesterol-tagged
DNA was reported to coat the vesicles’ membrane (d). Imaging performed in the presence of

4 mM MgCle. Scale bars: 5 um (a-b), 20 um (c-d).
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4.3. DNA duplex is a transient ion channel

The design of the duplexes, especially the long separation of hydrophobic anchors (24 bp = 8 nm,

11,143,185)
5

compared with bilayer thickness = 4 nm causes transient insertions of the structure, which

has been reported earlier for a similar construct'”

. The mode of insertion can be studied by
recording an ionic current across a lipid membrane in the presence of the structures. Figure 4.4a
shows three representative current traces for each of the studied designs. The results indicate that:
(I) the structures do not form stable pores, but induce current bursts while transiently spanning the
bilayer, and (II) with an increasing number of internal dodecane modifications the total amount of
ions transported across the membrane is reduced. The experimental results suggest quantitative

differences in the current flow (Figure 4.4b), attributed to different sizes of water channels formed

during the insertion - determined by construct’s hydrophobicity as expected.

To further investigate the interactions between the inserted structures and the surrounding lipids,
I continued the collaboration with Himanshu Joshi from Aleksei Aksimentiev’s group (University
of Illinois), who performed all-atom MD simulations. An initial examination of a 2D construct in
the absence of lipids showed that, when in an aqueous solution, the dodecane modifications adapt
a contracted conformation, rather than appearing fully stretched. However, after being placed in
a (DPhPE) membrane, the C12 chains extend to span through the hydrophobic core, while DNA
moves out from the hydrophobic region. Therefore, even though in the initial stages a toroidal
pore was formed around each construct, the induced water channels differed noticeably between
each system, as shown in Figure 4.4c. The number of water molecules in the pore decreased with
increasing hydrophobicity of the central site, agreeing with the observed differences between
experimentally obtained conductance traces. The presence of a stretched dodecane spacer affected
the molecular arrangements of the created pore, resulting in a smaller number of permeated water

molecules as shown on the plot in Figure 4.4d.
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Figure 4.4 Experiments and simulations reveal a DNA-induced transient water channel in
a lipid bilayer. (a) Representative current trace for each of the three designs. (b) All-point
histograms of the first 20 min of the ionic current recorded. (c) Snapshots highlighting the number
of water molecules in the channel after 0.8 us of MD simulations of DNA constructs in a DPhPE
lipid bilayer. Lipids and ions are not shown for clarity. (d) Results of all-atom MD simulations
showing the number of water molecules permeated through the membrane as a function of
simulation time. All simulations were performed by Himanshu Joshi, PhD (Aleksei Aksimentiev’s

group, University of Illinois).

The simulations showed that while in aqueous environment, dodecane domain is contracted.
However, upon its membrane insertion it starts stretching. After 1 us of simulations C12 was fully
stretched, its hydrophobicity prevented the formation of the toroidal pore and subsequently
hindered water, ion and lipid transfer. The C12 stretching and the resulting closure of

the hydrophilic channel can be envisioned from the snapshots presented in Figure 4.5.

This observation makes the fact that duplexes span the membrane transiently highly significant.
If the insertion would be stable, dodecane domain of the 2D constructs would prevent both the
ionic current and the lipid transfer. However, due to its constant spanning of the bilayer, we can
observe continuously appearing current spikes, albeit smaller than for 0D and 1D structures,
because of the immediate channel disruption. This realization is crucial for understanding

the functionality of the formed pores described in the next part of this chapter.
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bilayer

C12 contracted » (C12 stretched

Figure 4.5 Snapshots from MD simulations illustrating the changes in C12 domain length over
time. Initially contracted, C12 stretches after being placed in the membrane, until it spans
the whole thickness of the hydrophobic core. Subsequently, the water channel through
the bilayer closes. All simulations were performed by Himanshu Joshi, PhD (Aleksei

Aksimentiev’s group, University of Illinois).

4.4. Modulating the shape of a lipid pore

To further observe the disruption of the toroidal pore and its effects on the rate of lipid transfer,
I experimentally examined the movement of lipids between the inner and outer leaflet of

% However, when

the bilayer. This movement is intrinsically rare due to a high energy barrier
the toroidal pore is formed upon DNA duplex insertion, the lipids can move unhindered between
both - now merged - leaflets'”>'". The change in the lipids’ position was studied viaan optical assay
based on a redox reaction. After the DNA duplexes were incubated with giant unilamellar vesicles

(GUVs), the NBD reduction assay described in Chapter 3 was performed.

In a nutshell, upon the addition of a reductant (dithionite, [S204]*) NBD labels on the lipids in
the outer leaflet are chemically altered into their non-fluorescent analogue (bleached), while
the labels in the inner leaflet remain intact'™>'**'""'" Therefore, when no toroidal pore is formed,
in the presence of the membrane-impermeable reductant, the fluorescence intensity of the vesicle
decreases to around 50%, since the lipids from two leaflets do not mix and half of them have NBD
labels bleached. Such loss of the signal is observed on vesicles incubated with non-inserting

structures, as shown in Figure 4.6.



93

a @ non-inserting DNA b T I - c
0C=—=" 0
L Fury @
é dithionite @7 i -— O
c 1C=2— | o
[} Q
€ >
befO re a fte r 8 lh:ﬁ%‘“ﬁn«iﬁn’ﬁamﬁm;;ﬁm-mm;:; 8
N Q
= sl
r (Wl dithionite g - 1 E
"’ G S = _
0.0 | . -'
0 .
0 10 20 0.0 0.5 1.0
Time [min] Normalized intensity

Figure 4.6 NBD-reduction assay performed in the absence of a toroidal pore. (a) Schematic
illustration of the assay performed in the presence of non-inserting DNA structures. NBD-
labelled lipids are represented in blue. Micrographs from experiments with a 1C construct are
shown in the bottom part of the panel. Scale bar: 5 um. (b) Fluorescence intensity traces of non-
inserting structures modified with either one (1C) or no (OC) cholesterol molecules, showing 50%
loss of signal upon dithionite addition in t = 0. Each plot is an average of at least three traces
(shown in the Appendix, Fig. A4.2). (c) Histograms of vesicles’ fluorescence intensity collected
before and 30 min after addition of dithionite. Values were normalized to the distribution peak
before the experiment. Number of vesicles analysed for OC: Neerore = 55, Narrer = 60 and for 1C:
NBerore = 95, Narter = 93.

Once the toroidal pore is formed, however, NBD-lipids from the inner leaflet diffuse through
the DNA-lipid interface to the outside of the vesicle, where they too are reduced. Consequently,
a complete loss of the fluorescence signal is observed. In such case, I consider the rate of bleaching
to be determined by two processes: dithionite bleaching the outer leaflet and the exposure of

the outer leaflet lipids due to the intetleaflet transfer. The analysis of the resulting biexponential

decay is described in Chapter 3.

The intensity decay traces, averaged for the vesicles displaying complete bleaching, are shown in
Figure 4.7a. The observed rates of bleaching (0.25 & 0.01, 0.21 + 0.01 and 0.09 * 0.01 min™ for
0D, 1D and 2D structures, respectively) correlate with the hydrophobicity of the central site -
the more hydrophobic the membrane-spanning domain, the slower lipid transfer is observed. This
suggests that the presence of the C12 spacer impedes the formation of a clear pathway for the
lipids’ interleaflet movement, its effect being especially noticeable when comparing vesicles
incubated with 0D and 2D constructs, as illustrated by micrographs in Figure 4.7b. Note, that even
the structures with an entirely hydrophobic central site (2D) cause lipid transfer across
the membrane, which is an effect of the transient insertions: merging of the leaflets must occur

with each membrane spanning, as was also shown through the ionic current measurements

(Figure 4.4a).
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Figure 4.7 Controlling the rate and the level of lipid flipping through DNA nanostructure’s
architecture and the concentration of divalent cations. (a) Experimental results from
the schematically illustrated bleaching assay with magnesium concentration constant (4 mM,
+Mg) throughout the experiment. The plot shows fluorescence intensity time traces collected for
the three constructs and the non-inserting (1C) control upon dithionite addition at t = 0. Each
plot is an average of at least three traces (shown in the Appendix, Fig. A4.3), indicative of
the leaflet merging. The black dashed lines represent a biexponential fit (the obtained
parameters can be found in the Appendix, Table A4.2). (b) Representative confocal microscopy
image sequences at +Mg conditions, showing the difference in fluorescence decay rates of OD
and 2D structures alongside the non-inserting 1C structure. Scale bars: 5 um. (c) Experimental
results analogous to (a), with magnesium concentration decreasing by 1.5 mM (-Mg) throughout
the experiment. Each plot is an average of at least three traces (shown in the Appendix,
Fig. A4.4) indicated by the respective peaks in the histograms of the final intensities presented
in (d). (d) Histograms of the final intensity values collected from three experiments for each DNA

construct, for +Mg (Nop=82, N1p=49, N2p=50) and -Mg (Nop=24, Nip=N2p=20) conditions.
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4.5. lon-responsiveness of the modified DNA structures

Due to DNA’s intrinsic negative charge, cations are crucial in double helix formation and thus in
ensuring the stability of DNA-based nanostructures™'"". Divalent cations are most often used in
DNA nanotechnology, and amongst these Mg*" is particulatrly common. The stability of duplexes

. . . 189
was shown to decrease in lower concentration of CEl'ElOl’lS187 189

, yet I did not expect the difference
to be noticeable in the Mg”* range used in the experiments. Indeed, the stability and yield of folding
of the unmodified 0D duplexes do not seem to depend on cation concentration above 1 mM Mg*".
However, internally-modified structures (1D and 2D) show higher sensitivity to changes in Mg**
concentration, as presented by the results of spectroscopic measurements (Figure 4.8a) and
polyacrylamide gel electrophoresis (Figure 4.8b). Duplexes prepared in various salt conditions show

different behaviour during the PAGE experiment despite them being subjected to the same ionic

compositions of the gel and the running buffer, additionally emphasizing the effects of folding

conditions.
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Figure 4.8 Mg?* dependency of the duplexes’ stability. (a) Melting temperatures of constructs
folded in either 1 or 4 mM MgClz. Exact values can be found in the Appendix, Table A4.3.
(b) Polyacrylamide gel electrophoresis analysis of structures folded in either 20 or 1 mM MgClo.
The column plot shows the ratio between band intensities in the two ionic concentrations:
Limm/Lomm- The values can be found in the Appendix, Table A4.4. The three studied duplexes
were additionally compared with the ODf structure, featuring no dodecane modifications, but

with 4 nucleotides in the central site unpaired (see the Appendix, Fig. A4.1 and Table A4.1).

Since both 1D and 2D structures have four less paired bases in their central site (which can be also
determined by comparing the absolute values of Ty in Figure 4.8), it could be this mid-strand
flexibility influencing the cation sensitivity of the two constructs. I have therefore introduced
another structure: an analogue of the 0D without the internal C12 chains, but with four central

nucleotides unpaired (0Df), mimicking the flexibility of the dodecane-modified duplexes



Effects of membrane-spanning DNA on the arrangement of surrounding lipids | 96

(sequences in the Appendix, Table A4.1). Even though, as expected, 0Df has a lower T+, than 0D,
it is similarly little affected by changes in Mg”". From this I concluded that it is the presence of
the dodecane in the central site that is responsible for the cation-dependency observed for 1D and

2D structures.

This notion, suggesting that internal modifications may have disrupted the well-defined helix
structure, can also provide an additional way of controlling DNA-induced membrane activity.
Therefore, 1 performed further experiments where the magnesium concentration was rapidly
reduced by 1.5 mM upon the addition of dithionite, as schematically presented in Figure 4.7c.
The observed effects resulted from a combination of: (I) the reducing agent bleaching the
fluorophores, (II) the DNA-induced pores influencing the accessibility of fluorophores to the
bleaching factor, and (III) changes in the ionic concentration affecting the stability of the DNA

structure.

Histograms in Figure 4.7d present a comparison of the final intensities of the traced vesicles from
the experiments previously described: with the constant (+Mg) and the decreasing (-Mg)

magnesium concentration.

When there are no changes in the divalent cation concentration, all three systems exhibit similar
distributions of the final fluorescence intensities. There, two populations of vesicles can clearly be
distinguished: with optical signal decreased to either 50% or 0%. The first group was assigned to
vesicles with no toroidal pore, indicating an absence of DNA insertions. The population of vesicles
that exhibited a complete loss of fluorescence represents membranes with merged leaflets — and

therefore with the DNA duplex spanning through the bilayer.

When the concentration of Mg** is reduced we can still observe a fraction of vesicles not affected
by the DNA structures (bleaching = 50%) and a number of them that bleach more, indicating
interleaflet lipid transport. However, both 1D and 2D constructs exhibit only partial bleaching of
the inner-leaflet lipids - with a distribution peak between 0% and 50% - suggesting that the DNA-
induced lipid transfer was stopped during the experiment. I attribute this effect to the decreased
stability of these structures in the lower Mg”* concentration (Figure 4.8) and a subsequent
disruption of lipid flipping occurring during the assay. As a result, only a fraction of the lipids
changes their interleaflet position - reminiscent of the effects of natural scramblases, which exhibit

190

control over the amount of transferred lipids™. The level on which the lipid movement is

terminated depends on the number of dodecane modifications, with 0D showing the lowest level
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of residual fluorescence. The change in cation concentration by 1.5 mM resulted in bleaching of
around 92%, 70% and 61% of lipids, caused by the 0D, 1D and 2D structures, respectively
(Figure 4.7¢). The results indicate that it is possible to not only control the rate of lipid interleaflet
movements using hydrophobic modifications, but also use an external stimulus to vary the level of

such transfer.

Although I attributed the differences between +Mg and —Mg experiments to the duplex stability
being affected by the cation concentration, I almost certainly have not painted the full picture of
the phenomena occurring in this system. I showed that 0D construct does not display a significant
structural sensitivity in the studied Mg”" range (Figure 4.8). Yet, the plots in Figure 4.7a and c

indicate a relatively small, but still noticeable change in activity. What does this change result from?

A reasonable deduction would be that this difference occurs due to the affected membrane
insertion efficiency. And indeed, ions play a huge role in maintaining DNA-lipid anchoring even
when they do not affect the DNA structure itself. I will elaborate on this topic in Chapter 6, entirely
dedicated to the action of cations in the studied system. Here, it was the structural stability and its
cation-dependency that played a more significant role in changing the DNA membrane activity,

inducing differences in ion-responsiveness of the three studied designs.

4.6. Conclusions

This chapter presented synthetic DNA-based nanostructures that insert into membranes and act
as both ion channels and lipid-flipping constructs. Both activities of the membrane-spanning DNA

100102 even if not simultaneously for the same structure. Here,

have been shown previously
I experimentally showed that a single DNA duplex exhibits both functionalities, with ions and
lipids transferred through the same pathway: DNA-lipid interface. Simulations performed by
Aleksei Aksimentiev’s group provided deeper understanding of the molecular phenomena and
confirmed the experimental results. In nature, transmembrane scramblases are responsible for

changing the bilayer asymmetry, and they too work as ion channels with the same route for both

transported moieties™!.

Additionally, inspired by the hydrophobic membrane-spanning domain of transmembrane
proteins, I have designed internally modified variations of the self-inserting duplex. By changing
the number of hydrophobic spacers, I achieved control over the structures’ interaction with

the surrounding lipids. Internal modifications caused disruption of a toroidal pore and
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the hydrophilic environment at the DNA-lipid interface, which in turn resulted in different rates
of lipid flipping induced by the duplexes. I have also demonstrated a fundamental connection
between the design of the DNA structure and its ability to transfer lipids in response to external
stimuli like divalent ions. The removal of Mg®* resulted in hindering the lipid flipping, which until

now was a unique feature of specialized transmembrane proteins.

We can draw several conclusions from these findings. Firstly, aiming to design transmembrane
protein mimics, I took a step towards a controllable membrane-active structure. Changing
the hydrophobicity of the DNA surface can lead to different membrane responses. A remarkable
next step would be to design a structure with “tuneable” hydrophobicity of the membrane-
spanning domain. By tuneability I assume a controllable exposure of hydrophilic surfaces, rather
than chemical changes in DNA structure. Incidentally, such controllable exposure is one of
the proposed mechanisms of the action of natural scramblases, with lipids transported in
a stimulus-gated hydrophilic groove in an otherwise hydrophobic domain of the protein'”. When
building a DNA-based mimic, I recommend protein-inspired solutions, as they have already been

proven to work.

On that note, the discovered Mg**-dependency of the amount of transported lipids is especially
exciting, since scramblases are known for their divalent cation-responsiveness'*'”. However,
the proposed explanation for the duplexes’ sensitivity to cation concentration does not assume any
ion selectivity, while in a cell it is specifically calcium ions that control the interleaflet lipid transport.
The mechanisms responsible for the ion-responsiveness of proteins and DNA-based structures
could not be more different. Perhaps the notion of stability/ions interplay can be more useful in

less precise functionalities displayed by DNA nanoengineered devices - but useful nonetheless.

Additionally, when building synthetic biological devices, whether with DNA or any other material,
one does not always need to complicate the design to achieve more controllability. The opportunity
for functionality regulation can very well be present in the system already, we just need to realize
how to use it. In the studies presented here, changes made to the DNA-lipid interface and
the presence of ions allowed us to observe new responses. Their variation led to a relatively high
control over the system, without the need of expanding the design. With this I want to stress that
thorough research of all the interactions in the synthetic system is required, not only to avoid

unexpected issues, but also to unlock new possibilities and creative solutions.
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Finally, the presented experiments and simulations emphasize the importance of contextual design
when creating new constructs. Here, I show that the architecture of the designed structures should
not be treated in isolation, but rather with respect to their interactions with the surrounding
environment - and in a broader sense, their prospective applications'™ — which is essential for

the creation of a new generation of complex molecular machineries.
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CHAPTER 5

Effects of surrounding lipids on the stability of membrane-
spanning DNA

This work is submitted for publishing as Morzy et al. Stabilization of base pairs
improves membrane activity of a DNA-based synthetic ion channel.

In the previous chapter I started the analysis of the studied three-component network (DNA-
cholesterol-lipids) by assessing how the presence of inserted DNA affects the arrangement of lipids
in a bilayer. Here, I will tackle the analysis from the opposite end: what is the influence of
the surrounding lipids on the inserted DNA? Similarly to the previous project, I will aim at not
only describing the interactions and underlying phenomena, but I will also show how these findings

can unlock new functionalities of membrane-interacting DNA nanostructures.

The previous chapter has shown that repulsive DN A-lipids interactions result in a lipid pore forced
to adopt a toroidal arrangement. Here, on the other hand, I will show that DNA and its architecture
are not left unaltered in such a system. However, before analysing changes in the structure of

the double helix, one should look at what holds it together in the first place.

5.1. Forces maintaining the double helix

I already briefly described the chemistry responsible for the double strand formation in Chapter 2:
H-bonds and stacking are mutually dependent and therefore both are responsible for forming and
maintaining the double helix. I also highlighted the difference in the number of hydrogen bonds
between A=T and G=C pairs. Knowing that a GC-rich DNA “melts” at higher temperatures than

an AT-rich one, a simple conclusion follows: hydrogen bonds are responsible for the helix stability.

However, studying the calorimetry of DNA duplexes, an unexpected result emerges: a higher heat
capacity is attributed to AT bp dissociation than GC bp. Yet, it remains true that lower
temperatures are required to melt AT-rich DNA, as illustrated by the schematic heat capacity plots

in Figure 5.1.
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Figure 5.1 Calorimetric measurements reveal the enthalpic and entropic contributions of base
pairs to the double helix formation. Comparison of heat capacities of AT- and GC-rich DNA
recorded throughout its heating. Sketched after Privalov and Robinson, 2020.

Experiments show that GC pairs contribute more to the thermal stability of the duplex (higher
melting temperature). Analysing it in terms of thermodynamics, it could be so if (I) the GC bp
enthalpy was higher than AT bp. Through calorimetric measurements we now know this is not
the case. Therefore, it is deduced to be an effect of (II) AT having a higher entropic contribution
and by that being easier to break in the second-law-of-thermodynamics-driven world. This has

been confirmed by analysing the experimentally obtained values®”, presented in Table 5.1.

Table 5.1 Contribution of GC and AT base pairs to the thermodynamics of duplex disassociation
at 298 K (25 °C). Enthalpy (AH) and entropy (AS) changes, as well as the intrinsic values
(highlighted), after ignoring the contribution of the hydration spine in AT base pairs
(AH,, = 9 k] /mol and AS,, = 33 ]J/K - mol, respectively), were used to calculate Gibbs free energy
(before (AG,,,) and after (AG_,,) taking water contribution into account) following its definition:

AG = AH — AS - T. Values per base pair, data obtained from Privalov and Robinson, 2020.

AH AH — AH,, AS AS — AS,, AG,,, AG_,,
[k]/mol] [kJ/mol] [J/K:mol] [J/K:mol] [k]/mol] [k]/mol]
GC 19.0 £ 0.2 19.0 £ 0.2 36.2+ 0.2 362+ 0.2 82102 82102

AT 28.0 £ 0.3 19.0 £ 0.3 735+ 0.5 40.5+ 0.2 6.1+0.2 69104

The higher enthalpy and entropy contributed by the AT pair are found to result from water
molecules which the pair immobilizes in the minor groove of the helix. Even though water is
present all around the dsDNA, in minor grooves of AT-rich duplexes they adopt a stable

conformation resembling the one in ice crystals, forming a so-called spine of hydration'*"”’,
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shown in Figure 5.2a. It may result from the AT duplexes having narrower minor grooves and thus

restricting bound water more'”.

This water formation contributes significantly to both the enthalpy and entropy of the AT bp
disassociation: approximately 9 kJ/mol and 33 J/K-mol, respectively. Upon subtracting these
values from the ones measured for the AT base pair, the intrinsic values (highlighted in Table 5.1)
show that the enthalpic contribution of AT and GC base pairs are practically identical, while

the entropy of AT pairs is higher than GC by 4 J/K'mol.

We can attribute the differences between the intrinsic values to the additional hydrogen bond in
the GC pair. Since enthalpies are the same, H-bond contributions to the enthalpy are negligible.
On the other hand, assigning -4 ] /K-mol entropy” to the disassociation of a single H bond results
in GC pairs being responsible for a Gibbs energy of double strand unfolding of 3.6 kJ/mol, while
AT contributes 2.4 kJ/mol, both around 40% of the total AG calculated for each pair (Table 5.1,
Figure 5.2b).

This answers a part of our question: the entropy decrease resulting from H-bond formation in
an aqueous environment is one of the phenomena driving the duplex formation. But what

contributes to the remaining 4.5 kJ/mol of the Gibbs energy?

As we already observed, the enthalpy of DNA unfolding does not depend on the H-bonds between
bases. Nevertheless, we observe a significant enthalpy of disassociation of both the AT- and GC-
rich dsDNA. This enthalpy results not from hydrogen bonds between the opposite bases, but from

stacking between the adjacent ones.

The flat hydrophobic surfaces of aromatic rings arrange themselves in coin-like stacks within
the helix core. In fact, there are many similarities between this process and the bilayer formation,
with van der Waals interactions between apolar molecules responsible for the stability of

the structure formed. Additionally, a more specific process, termed 7 stacking'”

, takes place when
the parallel organization of flat nucleobases maximizes the interactions between = electron clouds

of the aromatic rings, and this too plays its role in maintaining the double strand.

“Negative entropy of hydrogen bonds is an effect of water molecules arranging around the polar groups of nucleobases

upon their exposure?8340,
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Figure 5.2 Forces responsible for double helix stability. (a) MD simulation snapshot showing
loosely bound water (blue) in the major and the spine of hydration (red) in the minor groove of
a duplex. Adapted from McDermott et al., 2017. (b) Schematic illustration showing
the contribution of base pairing (hydrogen bonds) and base stacking to the Gibbs free energy of
the dsDNA formation. The schematic plot was sketched based on the data from Table 5.1 and

shows 40% and 60% input from the two processes, respectively.

The parallel arrangement of the nucleobases is crucial for the formation of hydrogen bonds
between the opposite strands. Formation of base pairs with no hydrogen bonds whatsoever has
also been reported, hinting at the importance of stacking™. Still, H-bonds remain a significant

force responsible for the double helix structure.

It must be noted, however, that these contributing factors are relatively weak. The free energy
landscape of DNA is generally considered shallow, with thermal fluctuations and various solvent
conditions able to disturb its structure. In fact, nature uses this sensitivity of DNA structures for
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recognition purposes But in DNA nanotechnology, one should be wary of taking

the structure for granted and not to trust the strength of the double-stranded rope too much.

5.2. DNA insertion is a tug-of-war game.

Firstly, let us consider what happens with the molecules in the studied system: DNA modified with
cholesterol approaches a lipid membrane. DNA, with its strong charge, does not want to be too
close to the hydrophobic lipids. Cholesterol, on the other hand, moves towards them readily.
Effectively, the two start pulling in opposite directions, playing a tug-of-war game. And just like

the game, it can end in one of the three scenarios presented schematically in Figure 5.3:

*Marked panel has been reused from the cited article (https://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00100)
with permission. Further permissions related to this material should be directed to the copyrights’ owner.
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One possible outcome is dominating cholesterol: it pulls the dsDNA and forces it into
the membrane. This is the ultimate goal of DNA membrane insertion, the result which I -

the designer - am trying to ensure.

Conversely, we may observe dominating dsDNA. Here, it means that DNA’s aversion to
the hydrophobic core of a membrane prevents the structure, and with it the cholesterol, from
inserting into the bilayer. Cholesterol is known to be a very strong anchor (logP = 7.11,
Chemicalize, ChemAxon), therefore it is rarely identified as the weakness of the design. (Although,
as you will see in the next chapter (Chapter 6), cholesterol is not unassisted in ensuring membrane

anchoring. Cations are required to provide screening of the negatively charged DNA phosphates.)

Finally, the two parts of a molecule may no longer engage in the struggle. For the cholesterol-
driven DNA insertion this signifies either linkage between DNA and cholesterol breaking or

the double strand unwinding,.

ntaining v O %
maintaining - .. anchor/membrane

dsDNA attraction

: v O
AN SN

v @ insertion
e strong
DNA/membrane @ \ 8
repulsion vesicle ssDNA dsDNA

Figure 5.3 Balancing forces in DNA membrane insertion. By changing the strength of double
helix formation and the number/ strength of the membrane anchor, one can facilitate membrane
insertion by overcoming the repulsion between DNA and membrane. The graphical legend
corresponds to the three “tug-of-war” outcomes described in the text: DNA dominating (yellow),

cholesterol dominating (red), two parts of the molecule no longer engaged in the struggle (blue).

The third scenario is the one particularly important in this chapter, although it is the first one
(dominating cholesterol) that is the aim of this whole thesis. What processes will disrupt
the connection between the dsDNA and its hydrophobic modification? Firstly, the covalent bond
between cholesterol and the DNA backbone is one of the strongest linkages in the chemistry world,

and we assume it will not give way. However, the double strand itself is not necessarily as reliable.
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If the dsDNA unwinds, cholesterol can enter the membrane, while covalently attached ssDNA can
remain outside, sticking out of the bilayer, and the rest of the (hydrophilic) structure will move
away from the hydrophobic environment. The unfavourable interactions will only affect apolar
nucleobases, now exposed to the aqueous environment. It is important to realize that there is
always a dominating interaction in the system. DNA and lipids were not made to interact in as
close a proximity as we are trying to enforce. We can only facilitate certain outcomes and balance
the forces in the system to ensure the desired effect, but no all-satistying solutions are possible

(unless we significantly alter the chemistry of the DNA backbone).

The idea of DNA unwinding completely to allow cholesterol inserting into the membrane is
an extreme case. Let us take a step back and consider which base pairs specifically should not be

taken for granted.

It has previously been established that terminal base pairing is weaker than in the middle of
the duplex*”. Therefore, the dsSDNA is subject to fraying at the ends or in the position of nicks
— discontinuities in the sugar-phosphate backbone of one of the strands forming the double-helix.
Even though nicked secondary structures are stabilized by the stacking between the adjacent base
pairs, this too is formed in a transient manner, with an equilibrium between two conformations:
stacked (straight) and unstacked (kinked)*'**". Therefore, both effects responsible for the DNA
stability, base pairing and base stacking, are affected in the position of a nick. Since the free energy
of cholesterol membrane insertion is -75 kJ/mol'"*”, and the free energy contribution of single
base pair dissociation ranges from around 6 (AT) to 8 (GC) kJ/mol®, I expect that a short part of
the double-strand can be misshapen if it facilitates cholesterol insertion. I hypothesize that if
cholesterol is placed at a discontinuity, the combined effect of its pulling towards and DNA pulling
away from the bilayer will be stronger than the less stable terminal base pairs, resulting in flexing
and fraying of the nick region. Therefore, even carefully desighed DNA constructs can prove

inefficient as transmembrane channels, since the envisioned molecular structure will be distorted.

5.3. Probing the effects of helix stability on DNA-membrane interactions

In order to probe the effects of base pairing stability and investigate their importance in synthetic
DNA-based transmembrane systems, I studied three designs of DNA duplexes carrying two
cholesterol moieties, varying the distance between the modifications and the number of nicks. Two

structures were comprised of four strands each, with cholesterol positioned at the nick.
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Modifications were introduced symmetrically towards the centre of the construct, separated by
either 24 bp (= 8 nm) or 12 bp (= 4 nm). The third structure consisted of two strands, with
cholesterols introduced as internal modifications, separated by 8 nm. I will refer to these three
structures using the notation: (the distance between cholesterols)-(number of nicks): 4 nm-2x,
8 nm-2x, 8 nm-Ox. Sketches in Figure 5.4 give a better understanding of the designs (a), alongside

the chemical structure of the cholesterol linkage (b).

a b
l . 0 x nick: internal 7\
” Y | Y | I cholesterol 3= E==s
o I-&
s | > Dbilayer
® 3v3 CD 2 x nick: terminal
T cholesterol HO  O===g'
C 22
F—2 x nick — 0 x nick pc

O O . @® cholesterol

4nm-2x 8 nm-2x 8 nm-0x === DNA strand

Figure 5.4 Schematic representation of the three studied DNA duplexes. (a) Sketch illustrating
the differences between the structures: distance between two cholesterol modifications and
number of nicks in the modified positions. (b) Chemical linkage of the introduced modifications:
cholesterol in between two phosphates of a backbone in the absence of nicks or cholesterol at
the terminal end, in the position of a nick. (c) Snapshots from MD simulations performed by
Himanshu Joshi, PhD (Aleksei Aksimentiev’s group, University of Illinois) illustrating the initial

configuration of duplexes in the bilayer (represented with dashed lines).

The analysis of DNA sequences (Appendix, Fig. A5.1, Table A5.1) using the NUPACK suite'*
shows lower base pair formation probability for two nucleotides adjacent to each nick (40-70%
probability, as compared with 100% for bases mid-strand), as presented in Figure 5.5. The figure
is a suggestive illustration of the fact I stated earlier: the terminal bases, whether at the end of
the duplex or at discontinuities, are less stable than the ones in the middle of the double strand.

These are prone to fraying and the weakest links of the DNA nanostructure.
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Figure 5.5 NUPACK“4® analysis of the three designs used in this work. The colour coding
illustrates the probability of forming base pairs. Black arrows point at the positions of cholesterol

in each construct.

The three structures were folded using commercially available strands and characterized with
respect to their stability. Firstly, the non-nicked structure has the highest melting temperature Th,
(Figure 5.62), corresponding with the NUPACK-predicted base pair formation probability —
the presence of nicks affects the thermal stability of dsDNA. Secondly, by observing
the absorbance vs temperature curves (Figure 5.6b), we can suggest a “process of thermal
unfolding” for each structure. As the temperature increases, the shortest (12 nt) strands building
8 nm-2x are the first to disassemble, only then followed by the rest of the structure, which can be
observed as a two-step melting curve. 4 nm-2x melting, on the other hand, features only one step
at the temperature in between the two steps of 8 nm-2x. This suggests that both domains of the
4 nmduplex, defined by the positions of nicks, are of similar stability, despite their different length.
In other words, the central, 12 bp-long part of 4 nm-2x is more stable than the 12 bp terminal part
of the 8 nm-2x. Interestingly, this may be an indirect observation of base stacking. Non-nicked
8 nm-Ox is the simplest of the three constructs to analyse: long strands with no discontinuities are

the most stable, melting in a single-step manner at 76 °C.

Gel electrophoresis confirmed a proper folding of all the designed duplexes, as shown in
Figure 5.6¢. Structures with hydrophobic anchors move through the gel slower than unmodified
ones, due to cholesterol increasing their molecular weight. Additionally, the lower intensity of

bands featuring 2C duplexes is attributed to their clustering, which by reducing their mobility causes
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them to either remain in the well of a gel or produce smeared bands, indicative of transiently

formed aggregatesm.
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Figure 5.6 Stability and folding yield of the constructs. (a) Melting temperatures indicating the
highest thermal stability for the non-nicked duplex. Obtained from the curves from (b).
(b) Absorbance profiles (at 260 nm) illustrating the thermal unfolding of studied duplexes.
(c) PAGE analysis of the structures unmodified (OC) and modified with 2 cholesterol molecules
(2C).

5.4. Repulsive DNA-lipid interactions distort structure of the nicked duplex

Based on the three designs, all-atom MD systems were built by Himanshu Joshi (Aleksei
Aksimentiev’s group, University of Illinois), with each structure embedded in a DPhPC lipid bilayer
in the presence of ions (details in the Appendix, Section Al.1.). Considering that the thickness of

the membrane is around 4 nm??

, the structures differing in the distance between cholesterols were
oriented differently to accommodate the hydrophobic modifications within the core of the bilayer,
as schematically presented in Figure 5.4c. Both 8 nm structures were inserted in a tilted
conformation (at a 30° angle to the bilayer) in order to place both cholesterol anchors within the
volume occupied by the lipid membrane. The 4 nm-2x structure, with its cholesterol spacing
adjusted to the bilayer thickness, was oriented perpendicularly to the bilayer. The simulations were

allowed to run for 1 ps, after which we analysed the orientation and molecular structure of DNA

in the bilayer. Snapshots of the conformation of duplexes are presented in Figure 5.7a.

The spacing between the cholesterols causing the tilt of the 8 nm-2x design was forced to change
upon embedding in the bilayer. Fraying of the base pairs at the nicks allows for the straightening
of the tilted structure, while keeping both hydrophobic molecules anchored in the bilayet’s core.

On the other hand, the 8 nm-0Ox design was initially oriented in the membrane in a similarly tilted
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manner, yet its final conformation was much less distorted than the nicked analogue. We attribute
this to the stability of base pairing in the absence of nicks: the non-nicked structure was not frayed,
and therefore it does not have the additional flexibility that enabled bending of the nicked duplex.

Figure 5.7b highlights the differences between base pairing in the analogous positions in 8nm-2x

and 8 nm-0Ox constructs.
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Figure 5.7 The effects of repulsive DNA-lipid interactions on the molecular structure of

the duplexes. (a) Sketches and respective frames from all-atom MD simulations at t = 0.9 us.

Lipid tails, ions and water molecules are not shown for clarity. (b) Snapshots from the MD
simulations highlighting frayed base pairs in the position of one of the nicks in the 8 nm-2x
structure, while the respective base pairs of 8 nm-Ox stay intact. (c) All-point histograms of
the simulated ionic current traces for all three structures. The dashed lines represent lognormal
fits, with the conductance peak values stated on each plot. The error values represent standard

deviation. MD simulations were performed by Himanshu Joshi, PhD (Aleksei Aksimentiev’s
group, University of Illinois).
The 4 nm-2x design has the minimum number of DNA nucleotides required inside the bilayer.

Nevertheless, after equilibration of the system we observe unwinding of the 4 nm-2x double helix

placed within the bilayer, as shown in Figure 5.8. DNA-lipid repulsion is therefore stronger than
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the forces introducing the twist to the dsSDNA. As analysed in Chapter 2, the twist results from
the hydrophobicity of nucleobases, seeking to ensure a tight, “water-proof” conformation.
The helix unwinding in the membrane is another example of a (relative) weakness of
the nucleobase-water repulsion - it seems that all the other forces playing a role in the studied

system are stronger and dominate over it.

Note, that the plot in Figure 5.8b suggests that this unwinding is disrupted in the absence of nicks.
The 8 nm-0Ox duplex struggles to preserve the natural = 3.4 A rise”” (distance between adjacent
base pairs) and in the timescale of simulations does not seem to find a stable conformation - unlike

the two nicked constructs, with their rise reaching a plateau around 4.5 A.

Average rise [3\]
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Figure 5.8 Change to the DNA twist in the membrane-spanning domains observed via
simulations. (a) The 4 nm-2x construct showing a prominent change to the double-helix
conformation of the DNA in the membrane-spanning region. (b) The rise measured throughout
the simulations of all three structures. MD simulations were performed by Himanshu Joshi, PhD

(Aleksei Aksimentiev’s group, University of Illinois).

Summing up, in the presence of nicks membrane-interacting DNA structures can be distorted from
their original design. This distortion will have an impact on the activity, which in the simulations
was strongly correlated with the size of the DNA-induced pore. The smaller pore of 8 nm-2x
resulted in a smaller ionic current than in the case of the bigger pore formed by 8 nm-Ox
(Figure 5.7c). Similarly, the number of water molecules permeated through the membrane was

smaller for the nicked constructs (Appendix, Fig. A5.2).
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Experimental results allowed further confirmation of the notions observed via simulations.
Together with Sarah Sandler (Ulrich Keyser’s group, University of Cambridge), I studied
the insertion of the structures by measuring the ionic current through DPhPC membranes in
a 0.5 M KClI solution, while applying a voltage of 50 mV. In the absence of membrane-spanning
structures no current is recorded, while upon DNA insertion an increase in the signal is readily
identified. Automatic analysis of the current traces by the Clampfit software enabled finding all
single-channel signals. Assuming an ohmic behaviour, each signal was attributed to a formation of
a pore of a certain conductance. Figure 5.9 shows histograms of collected signals for each structure.
While the results between the constructs with two nicks are indistinguishable, suggesting similar
pore size (lognormal fit peaks at (0.183 * 0.060) nS and (0.182 £ 0.068) nS for 4 nm-2x and 8 nm-
2x respectively), the 8 nm-Ox structure has much wider signal distribution, peaking at roughly twice

the conductance value: (0.378 £ 0.152) nS, suggesting a bigger pore size.
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Figure 5.9 Histograms of reported signals from the experimental ionic current measurements
for all three structures. Nanm-2x = 4287, Nenm-2x = 4857, Nsnm-ox = 542. The dashed lines represent
lognormal fits, with the conductance peak values stated on each plot. The error values represent
standard deviation. The data were collected from three independent experiments, each 2 hours
long (total of 6 hours for each structure). The inset sketches illustrate hypothetical orientation of

the duplexes in a bilayer, following the results of the simulations.

The conductance values found here are higher than the ones reported previously for similar
structures, yet still of the same order of magnitude (reported 0.1 nS for the solution of twice higher
conductivity'”). The difference may result from chemical variations between constructs, since
the previously reported duplex was anchored in a membrane using six porphyrin modifications
(logP in a range [8.9, 11.8]*'"), resulting in a strongly hydrophobic environment in the pore. This in

turn causes smaller ion flow, as discussed in the previous chapter (Chapter 4).

On the other hand, the conductances measured viasimulations for 4 nm-2xand 8 nm-0x (0.167 nS

and 0.395nS, respectively) have a remarkable agreement with the values obtained from
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the experiments (0.183 nS and 0.378 nS, respectively). The similar conductances reported from
the experiments and the simulations suggest that indeed the twice higher values are a result of
8 nm-Ox forming bigger pores, rather than inserting as a dimer. The conductance recorded in the
simulations for 8 nm-2x (0.309 nS), even though smaller than for a non-nicked analogue, does not
reach a value similar to the 4 nm structure as in the experiments (0.182 nS). However, this was to
be expected as the difference between timescales of simulations and experiments will play a more
significant role in the case of the 8 nm-2x construct. This structure needs time for a change in
conformation — not relevant at the milliseconds scale of experiments but consisting a large part of
the simulation time. Nevertheless, the experimental observations agree with the simulations and

confirm our initial assumptions of the importance of base pairing stability and cholesterol linkage.

5.5. Improving insertion and pore stability by reducing structure’s degrees of

freedom

Collected current traces for the three duplexes show a transient ion flow, as presented in
Figure 5.10a, which in turn suggests transient membrane spanning: we read each step change in
the signal as the structure going in and out of the bilayer. The duplex constantly changes its
orientation and shape in order to find the energetic minimum in the interplay between cholesterol
pulling towards the membrane and DNA pulling away from it. By removing the nicks from
the design, we effectively reduce its degrees of freedom, thus the structure has less ability to change.
Therefore, for the 8 nm-0x we observe more well-defined steps in the measured current, with two
clearly distinguishable states: inserted and not inserted. Meanwhile, the nicked 8 nm-2x constantly
changes its structure by fraying bases and flexing in the nick position in order to find the most
favourable conformation with respect to the bilayer. A continuous alteration of the pore results in

spikes and crooked steps in the current traces.

At a glance, the traces recorded for nicked 4 nm and 8 nm structures seem identical. Careful
analysis, however, hints at a longer duration of events observed for 8 nm-2x. Note that most of
the presented signal of 8 nm-2x is above the baseline, despite the traces being equally noisy as for
4 nm-2x. It is not trivial to notice this difference by looking at conductance changes, due to
the troublesome determination of start and end points of the events. Therefore, the duration of
events detected by the script and analysed in the previous subchapter was also recorded, and violin

plots of their distribution (based on kernel density profiles) are shown in Figure 5.10b.
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Figure 5.10 Improving the pore stability and the insertion efficiency by removing nicks from
the design. (a) Examples of current traces collected for studied constructs. The “control”
structure (ctrl, white) is a non-inserting duplex with a single cholesterol modification. (b) Violin
plots of the dwell time distribution for events presented in the histograms in Figure 5.9.
Normalized kernel density curves, range [0,1500] ms shown for clarity. (c) Plot illustrating
the insertion efficiency of the studied structures, reporting a percentage of runs with any signal
above the noise threshold (+ 0.05 nS). The pattern symbolizes runs with a stable, long-lasting

insertion event. 12 runs per structure, each at least 0.5 h long.

The analysis of the dwell times presents a significantly bigger challenge than that of the signal’s
magnitude. In this work, the deep understanding of processes at a molecular scale comes largely
from the simulations. However, looking at the milliseconds timescales via all-atom simulations is
unfeasible. Therefore, to grasp the true mechanisms behind DNA inserting into and pulling out of
the membrane is not within the scope of this work. Nevertheless, I will share some observations

and ideas, with a disclaimer that the latter are all speculative.

Most importantly, even though the magnitude of the signals observed for the two nicked structures
are similar, their dwell times differ considerably; 4 nm and 8 nm nicked constructs behave
differently in the membrane, despite forming pores of similar size. For 4 nm-2x we observe

narrowly distributed, short events, while durations of 8 nm-2x events have a much wider range.
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Even though the distance between the cholesterols of 4 nm-2x is designed to ensure the most
optimal orientation in the membrane, the briefness of events shows that it does not find
a favourable position in a bilayer. This may suggest that, in fact, we are not observing 4 nm-2x
anchored in a membrane with both cholesterols, but that the spikes represent its attempts to span
the bilayer. It starts entering the membrane but withdraws before both cholesterols can find their

position in the hydrophobic core.

Why is the 4 nm structure so different in that respect from the 8 nm ones? Perhaps the difference
results from 4 nm having a longer part of dsSDNA to push through the bilayer than the other two
duplexes — more hydrophilic DNA needs to span through the membrane before the cholesterol
modifications can reach it and find their preferred conformation. It seems likely that what

distinguishes the design is also causing the noticeable difference in the obtained results.

Looking at the violin plots from another point of view, we can ask: why is the non-nicked construct
not noticeably different from its nicked analogue? Despite it producing clearer steps, 8 nm-Ox has
a broad dwell time distribution, with the majority of events being short (< 100 ms). Statistically, its
dwell times are not longer than for the nicked 8 nm duplex. 8 nm-2x is shown to struggle while in
the membrane, and perhaps its ability to adopt many conformations before it leaves the bilayer is

the reason behind the distribution of duration times shifted towards higher values.

On the other hand, the longest observed signals were invariably attributed to the non-nicked
duplex, yet they have not been included in the analysis in Figure 5.10b, as they are outliers observed
only a handful of times. Yet they were very distinct, and a number of runs featured solely such long
events. In fact, the majority of experiments with the non-nicked structure featured a single or a few
steps, as seen from the plot in Figure 5.10c. Even though the nicked duplexes also produced events
of a low frequency, for 8 nm-Ox we report signals of an exceptionally long duration (on a time scale

of minutes), examples of which are presented in Figure 5.11.

5 min

Figure 5.11 Examples of long-lasting steps in the membrane conductance observed for

the 8 nm-0Ox structure.
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While analysing Figure 5.10c, note that the nicked structures did not always produce observable
effects on the membrane conductance. The plot presents the percentage of runs with detected
signal above the noise level (> 0.05 nS), out of a set of performed measurements (12 runs at least
0.5h long, for each structure). Three membrane-inserting duplexes were studied alongside
the control - a non-inserting, single-cholesterol (1C) structure. As expected, the 1C construct did
not produce any signal, as a single cholesterol is not enough to ensure entering a bilayer. More
importantly, while the insertion of the nicked constructs was only reported in 50% of
the experiments, the duplex without the nicks produced a signal successfully every time. This highly
desired effect of removing the nicks can probably also be attributed to its lower structural

variability.

Fluorescence recovery after photobleaching (FRAP) measurements performed on DNA-coated
vesicles shed more light on the differences in membrane interactions that may lead to differing
insertion efficiencies. The results, shown in Figure 5.12, indicate that the non-nicked construct

diffuses in the membrane faster than its nicked analogue. Since the diffusion rate of cholesterol-

26-29
>

tethered DNA has been reported to decrease with an increasing number of cholesterol anchors
the observed difference may result from the stronger anchoring of the nicked duplex.
If the population of 8 nm-2x has both cholesterols stably positioned in a membrane (due to
the fraying at the nick’s position, allowing the cholesterol-modified strand to twist), the anchors
exert no force to overcome DNA-lipid repulsion. On the other hand, if the non-nicked structure
attaches with a single cholesterol, the remaining one may pull the whole construct inside the bilayer,
as this is the only way for it to embed within the hydrophobic core. Inset in Figure 5.12b
schematically illustrates this hypothetical arrangement. Note, that this speculation assumes that
DNA insertion rate is in both cases small enough to ignore the role of membrane-spanning units
in the observed diffusion rates. More rigorous statistical experiments, as well as additional
molecular simulations are required to fully uncover the mechanisms behind the DNA membrane

insertion.
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after photobleaching (FRAP) measurements results.

Comparison of diffusion coefficients obtained for 8 nm-2x and 8 nm-0Ox structures in a form of
box plots (a) alongside representative fluorescence recovery traces (b). Experiments were
performed at room temperature. Inset schematically illustrates a hypothetical conformation of

the duplexes in contact with the bilayer (grey rectangle).

Apart from single-level changes in the current, multiple insertions were also observed for all three
structures. After a certain time (tens of minutes) multiple constructs were invariably seen to affect
the membrane’s conductance, as shown with a representative trace and its all-point histogram in
Figure 5.13a-b. With many constructs spanning the membrane in a transient manner, similatly
complex traces reaching high conductance values were observed for all runs (the exception being
the 8 nm-Ox, which often caused single, long-lasting steps as described earlier). Despite many
inserting constructs, clear, discreet steps of multiple levels are rarely observed, due to the short
dwell times - even for the non-nicked structure. Still, because of the higher stability of pores formed

by the 8 nm-0x duplex, some examples of multiple insertions could be detected (Figure 5.13c).
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Figure 5.13 Multiple structures span the membrane simultaneously. (a) Exemplary trace for
8 nm-2x showing representative long-term behaviour of all studied constructs alongside (b) the
respective all-point histogram. (c) Well-defined steps of multiple insertions recorded for the

non-nicked 8 nm-Ox structure.

All the results described above indicate what a strong effect the lack of nicks has on the activity of
a membrane-spanning construct. Decreasing the degrees of freedom resulted in a higher insertion

efficiency as well as a better pore stability of the non-nicked structure.

5.6. Conclusions

In this chapter, I investigated (with the help of Aksimentiev group’s simulations) the effects of
nicks in the DNA-built transmembrane structures on their membrane interactions. Mindful of
the base pairing and base stacking instability at the terminal ends of the strands, I studied
the behaviour of constructs modified with cholesterol either at the position of nicks or introduced
internally, with no discontinuities present in the double strand. The repulsive DNA-lipid
interactions are strong enough to distort the molecular structure of the nicked construct by causing
fraying of base pairs at the nicks. This introduces flexibility of the structure not accounted for by
the design. However, in the absence of nicks the base pairs do not fray and the structure at
equilibrium remains as designed. More thorough analysis concluded the presence of noticeable
differences between the nicked and the non-nicked structures. The insertion efficiency of

the DNA-induced pores in the absence of nicks was significantly higher, as was their stability.



119

By considering stabilization of base pairs, and through that limiting the degrees of freedom of
the DNA-built structures, we overcame the distorting DNA-lipid interactions. Careful structural
design, taking into consideration influence of environmental forces, is of particular significance for
building biomimicking devices, where the targeted environment features a vast range of complex
chemical compositions. To that end, presented DNA duplexes are inspired by natural
transmembrane proteins for which varying the tilt of helices is one of the conformational changes
influencing their activity, and can depend on the hydrophobic mismatch between the protein and

216-218

the bilayer

Even though the tilt of the membrane protein’s helix may vary, the helical structure stays
unchanged in a wide range of hydrophobic mismatch arrangements®”’. In nature, the thickness of
the bilayer is adjusted to proteins’ membrane-spanning domain™, and if the cost of protein
embedment is too high, it does not remain incorporated within the membrane™'. DNA duplexes,
on the other hand, particularly the two nicked constructs, display significant changes to their helical
structure upon membrane insertion, as we have shown through simulations. I suggest that
the reported unwinding of the double strand has a potential to be utilized as a signalling pathway.
For example, membrane-tethered DNA duplex can be designed to mimic the Talin
mechanosensing protein®?, whose functionality is based on transitions between a stretched and
an unstretched conformation. And while force sensing DNA nanodevices have been reported

223224

previously™*, the unwinding observed here can also potentially be used to detect structural

changes occurring within the bilayer.

Similar as in the previous chapter, we can draw conclusions with respect to the advances in DNA-
based membrane protein mimics. Critically, the designed DNA structure should not be taken for
granted, as in biology there are many forces powerful enough to distort it. A simple idea of
connecting discontinuities of the DNA strands helped preserving the designed shape, as well as
improved the pore-forming activity of the transmembrane duplex. Applying even this simple
observation to a more complex design will result in a molecular machine that not only efficiently
self-inserts into lipid membranes but also performs in a stable and more controllable manner. Such
features would be most desirable, and comprise a huge step towards building a membrane

protein-mimicking structure.

The insights gathered in this chapter further strengthen the idea behind this thesis: the significance

of looking at the network of interacting molecules as a whole. Careful structural design, taking into
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consideration the influence of environmental forces, is necessary for building biomimicking
systems, where the targeted environment features a vast range of complex chemical interactions.
Since the most remarkable advantage of DNA nanoengineering is the ease of controlling
the molecular structure at the nanoscale, it is especially important that this controllability of shape

is not lost due to ovetlooked interactions.

Here, I have introduced the tug-of-war metaphor for the membrane-spanning DNA constructs.
Hopefully you are ready to follow this concept, as in the next chapter we will look at it more closely,
focusing on the influence that ions have over the “game’s” outcome, as well as their role in

mediating DNA-lipid interactions in the absence of attachment-driving cholesterol anchors.



CHAPTER 6

Effects of cations on the attachment and functionality of
membrane-bound DNA

This work has previously been published in Morzy et al. Cations regulate membrane-
attachment and functionality of DNA nanostructures. Journal of American Chemical
Society 2021, online.

We have now looked at the DNA-lipid system from two angles, studying and utilising the mutual
influence both molecules have on one another. However, in previously described projects there
was another, mostly unnoticed, and yet powerful moiety. A real éminence gris of biological

systems: ions.

Electrostatic forces are key to DNA-lipid interactions, in view of the strong negative charge of
nucleic acid backbones’ and the diverse charge architectures found in lipid head groups™.
Additionally, these nanosystems function in complex solvent conditions, where ions of different
valency and size are able to screen or enhance Coulomb interactions®***’. Medicine in particular
benefits from understanding of electrostatic phenomena, with nucleic acids and lipids often

coexisting in a well-defined ionic medium, for example in DNA lipoplexes for gene therapy™*',

44,232,233 234,235

cell transformation and for vaccine development

But understanding of ion-dependant phenomena in DNA-lipid systems is especially significant for
DNA nanotechnology, which explores architectures with novel morphologies, charge

106121236 that interact with lipid membranes in new

distributions, and diverse chemical modifications
ways. Rational harnessing of the electrostatic effects of ions - present in the system, though for

now unexploited - could unlock novel, programmable functionalities in biomimetic nanodevices.

While complex DNA nanostructures are folded at standardized cation concentrations (tens of mM
for divalent cations or hundreds of mM for monovalent ones)'”, the stability of dSDNA over broad

ionic-strength ranges'"'**

allows us to disentangle the effects of membrane-DNA interactions from
ion-dependant structural changes. Thus, in this chapter we will continue looking at DNA duplexes,

employing them as probes to understand the role of cations in the system.
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6.1. Cation-mediated bridging between DNA and zwitterionic membranes is

dependent on lipid phase.

Even though this thesis is focused on analysing membrane-inserting, cholesterol-modified DNA,
here I will simplify the system and only study an unmodified DNA duplex and its interactions with
lipids. This will allow me to disentangle all the processes facilitated or influenced by ions.
The findings described in this section were obtained with the help of Roger Rubio-Sanchez
(phase-dependency experiments, Di Michele’s group, University of Cambridge) and Himanshu

Joshi, PhD (all-atom simulations, Aksimentiev’s group, University of Illinois).

Here, we used a 36 bp-long dsDNA (Appendix, Fig. A6.1, Table A6.1). As mentioned, simple
duplexes have a huge advantage over more complex structures when it comes to probing the effects
of ions: their stability is not sensitive to cation concentration changes. I have hinted on this

previously in Chapter 4, and I will elaborate on this here.

All the experiments were performed in a range of magnesium concentrations between 0 and 4 mM,
spanning the physiologically-relevant values for serum (0.75 - 1.25 mM?>"). Figure 6.1 presents
PAGE alongside intensity profiles of its lanes, showing the yield of folding in different Mg**
concentrations. Even though a small-scale unfolded DNA can be observed in lower cation
concentrations, an evident majority of the duplexes assembles propetly even in the absence of
divalent cations. Note, that monovalent cations are always present in the sample (as water
impurities but also from commercially available buffers, using NaOH and HCI for pH
adjustments). Interestingly, at the highest studied Mg”* concentration (4 mM) we observe a slight
shift towards a lower electromobility of the duplexes. It may be indirectly connected with the effect
described in Chapter 3: cations screen the negative charge on the DNA backbone, making it less
responsive in an electric field. We will study the screening effects thoroughly a few paragraphs

further into this chapter.
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Figure 6.1 PAGE of the 36 bp-long duplex used to probe the phase- and cation-dependant
membrane attachment in various Mg?* concentrations. (a) The (intensity-inverted) image of
the gel highlighting the folded duplex (orange) and DNA not properly folded (grey).
(b) The intensity profiles of the lanes seen in (a). Dashed lines correspond to the position of
markers on the gel. Sodium ions (= 10 mM) were present in each sample. The gel and the buffer

did not contain divalent cations.

Confirming that in all Mg®* concentrations the majority of duplexes is properly assembled, we can
attribute all observations in further experiments to the ions’ effects on the DNA-lipid interactions,

rather than effects on the DNA itself.

Firstly, together with Roger Rubio-Sanchez (Lorenzo Di Michele’s group, University of
Cambridge) we have incubated the duplexes with GUVs made of DPPC lipids both in the absence
and presence of 1 mM MgCl,. As shown in the representative micrographs in Figure 6.2a, with
Mg*" ions, GUVs at room temperature (= 25 °C) have a bright layer of DNA attached to their
surface. On the other hand, GUVs in non-ionic solutions do not display DNA attachment. This
observation hints at an electrostatic origin of the observed behaviour, and is consistent with

238,239

the previous reports of ion-membrane interactions and DNA-membrane binding mediated by

divalent cations***2%.

Since the transition temperature of DPPC is T. = 41 °C**** at room temperature the GUVs are

. As summarized in Figure 6.2, no DNA attachment was observed to the GUVs

in a gel phase
prepared from POPC, which although share the same head group as DPPC, form liquid disordered
bilayers (La) at room temperature (T = -2 °C). The difference in the DNA attachment between gel

and liquid PC bilayers suggests the regulatory role of the lipid phase - a concept that has been
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previously evoked to rationalize the partitioning of DNA structures in phase-separated

membranes®’**,

®e® Mg?* [ dsDNA (Cy3)

Figure 6.2 Ion-driven attachment depends on the lipid type. (a) Representative micrographs
showing an ion-induced membrane attachment of the studied duplex when incubated with
DPPC vesicles. Scale bars: 5 um. (b) Representative micrographs showing no ion-induced
membrane attachment of the studied duplex when incubated with POPC vesicles. Scale bars:
5 um. (c) Molecular structure of DPPC and POPC lipids, differing in the double bond in one of
the tails. Transition temperatures (Avanti® Polar Lipids, avantilipids.com) stated next to each
lipid.

To further determine the role of the lipid phase on DNA attachment, we imaged samples of DPPC

GUVs incubated with dsDNA motifs and 1 mM Mg2+ while gradually heating up from room

temperature to well above T. (50 °C). The presence of a gel phase at 20 °C and a liquid phase at
50 °C was confirmed by the change in the lipid diffusion coefficient (D) as determined by

fluorescence recovery after photobleaching (FRAP), the results of which are reported in Figure 6.3.



125

a b 1.5 T T
L
o~ B 7 >
g ‘@ 1.0 b
—_ c
- g
5 S
= o
E 2F - é) 0.5F B
O (1]
£ £
Re/ [=}
E . Z 0.0 B
= - —— S — - o
A gel (20 °C)
-0.5 1 1
gel (20 °C) 0 2 Time[s] 4 6

Figure 6.3 FRAP measurements confirmed the phase of DPPC vesicles. (a) Box plots showing
the diffusion coefficient (D) values for fluorescently tagged NBD-PC lipids in a DPPC gel and
liquid phase membranes. (b) Representative fluorescence traces after bleaching illustrating

negligible diffusion of lipids in the gel phase.

While below the DPPC transition temperature the DNA coating remained uniform, we observed
the emergence of a patchy DNA distribution as the temperature was increased above T, followed
by a gradual detachment of the constructs (Figure 6.4a-b). Figure 6.4c quantitatively illustrates
the temperature dependence of DNA attachment. The fluorescence intensity data and their
comparison with the position of the DSC peak in Figure 6.4d, confirm that DNA detachment
initiates at T: and proceeds gradually, rather than sharply, as the temperature is increased. Data
collected on cooling, shown in Figure 6.4c, illustrate the reversibility of the temperature-dependant

DNA attachment.
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Figure 6.4 Cations mediate bridging between DNA and gel phase PC bilayers.
(a) Representative confocal micrographs and schematic representation of the interaction
between DPPC GUVs and Cy3-labelled dsDNA in ionic (1 mM Mg?*) and non-ionic buffers, as
observed at room temperature and upon heating above the phase transition temperature (Tt) of
lipids. Scale bar: 5 um. (b) Representative confocal micrographs of DPPC GUVs showing gradual
detachment of dsDNA with the temperature increasing above T: Scale bar: 5 um.
(c) Temperature-dependence of the attachment of DNA constructs to DPPC GUVs recorded via
fluorescence upon heating (red points) and cooling (turquoise points). The dashed line represents
a reverse Hill binding curve fitted to the “heating” data points — the fit is only illustrative and
does not represent a mathematical model of binding. The error bars represent the standard
deviation from three independent experiments. (d) DSC plot of DPPC large unilamellar vesicles
(LUVs) incubated with dsDNA in the presence of Mg?*. The position of the peak indicates the Tt
of the membrane. DSC data of plain LUVs can be found in the Appendix, Fig. A6.2. The DSC
measurements were performed by Roger Rubio-Sanchez (Lorenzo Di Michele’s group, University

of Cambridge).

To exclude the possibility that kinetic factors, specifically a slow desorption of DNA, influenced
the observed trend, we have incubated the GUVs at 43 °C (just above T)) for 60 min. As shown in
Figure 6.5a, we observed no time-dependant DNA detachment, indicating that the trend presented
in Figure 6.4 is in fact temperature- rather than time-dependent. Furthermore, spectrophotometric
measurements were used to ascertain the DNA structure stability in the tested temperature range,

as presented in Figure 6.5b.
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Figure 6.5 Control experiments for temperature-dependant attachment recordings.
(a) Representative confocal micrographs illustrating the absence of time-dependant detachment
of DNA duplexes from DPPC GUVs if incubated just above Tt. Cy3-labelled DNA uniformly coats
DPPC vesicles in the gel phase (1), while the “patches” emerge when temperature is increased
to 43 °C, just above Tt= 41 °C (2). After incubating the sample for 1 h at 43 °C, no clear changes
in the coverage degree are observed (3). Upon further temperature increase to 50 °C,
the detachment proceeds (4). Scale bar: 5 um. (b) Experimental absorbance at 260 nm as
a function of temperature, showing the melting curve obtained for the DNA duplex in the Tris
solution of 1 mM Mg?*. The highlighted area represents the temperature range over which the
membrane-affinity experiments were carried out, while the dashed line indicates the Tt for DPPC

lipids.

Besides changing the temperature, the phase of DPPC-based bilayers can be tuned isothermally by
altering their composition with the addition of cholesterol. To help disentangle the effect of
temperature and bilayer phase on membrane-DNA adhesion, we tested GUVs prepared with
cholesterol/DPPC molar ratios of 0%, 5%, 15% and 25%, which at room temperature display
a homogeneous gel phase (0 and 5%), co-existence of gel and liquid ordered (L) phases (15%),

246, Representative micrographs of these conditions are shown

and a homogeneous L, phase (25%)
in Figure 6.6a, which further confirm that the electrostatic-mediated attachment is only prevalent
in the presence of membranes in a gel phase, while no attachment is observed for the L, phase.
For GUVs displaying gel-L, phase coexistence (cholesterol/DPPC molar ratio of 15%) the DNA
is localized on portions of the GUVs, which presumably correspond to the gel phase domains (see
the Appendix, Fig. A6.3.). Notably, cholesterol itself does not mediate DNA attachment when
embedded in a liquid bilayer, given that no DNA adhesion is observed at high cholesterol/DPPC

molar fractions or if cholesterol is added to POPC membranes, as shown in Figure 6.6b.
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Figure 6.6 Dependence of the DNA attachment on the bilayer phase. (a) Micrographs showing
changes in attachment with the phase modulated by changing the cholesterol molar fraction in
the DPPC/cholesterol binary mixtures. Scale bars: 10 um. (b) Representative confocal
micrograph demonstrating the lack of DNA attachment on liquid disordered POPC/cholesterol
GUV. Scale bar: 10 um.

We observed no membrane attachment in the presence of solely monovalent ions (K* and Na"),
while divalent ones (Mg®* and Ca*") caused DNA to coat the membrane. Representative
micrographs in Figure 6.7 illustrate this observation, which suggests that the reported ion-

dependant behaviour can be attributed to cation bridging, known to be caused by multivalent ions

249

only™”. The presence of divalent-ion bridging is also consistent with the previously reported

250,251 given that

decrease in DNA-membrane affinity following the addition of monovalent ions
bridging depends strongly on the monovalent-to-divalent ions ratio®?,

1 mM 200 mM

——— divalent } monovalent ——————]

Mg?* Na*

NBD
(lipids)

Cy3
(DNA)

Figure 6.7 Representative micrographs showing the attachment of unmodified DNA duplex to
GUVs in solutions containing different cations. Vesicles were prepared with DPPC and 0.5% of
NBD-PC. Images, acquired at room temperature with membranes in gel phase, show
the selective attachment that DNA duplexes display for gel phases only in the presence of

divalent cations. Scale bar: 10 um.
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In summary, we demonstrated that divalent cations can mediate adsorption of dsDNA to
zwitterionic (PC) lipid membranes. However, the effect is only detectable for gel phase bilayers,
while DNA does not adhere to PC bilayers with liquid — either L, or L.q — phases. We hypothesize
that the number of cations bound to the bilayer depends on its phase, and in turn DNA attachment
is strongly correlated with the number of membrane-bound cations. To test this hypothesis, we
performed zeta (£) potential measurements on DPPC large unilamellar vesicles (LUVs,
) = (246 £ 1) nm) above and below their phase transition temperature. The obtained values are

collected in Figure 6.8, while exact values can be found in the Appendix, Table A6.2.
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Figure 6.8 Zeta (§) potential values collected for either DPPC or POPC LUVs in non-ionic solution,
after addition of Mg?* (1 mM) and DNA (10 nM). Values were measured below (20 °C) and above
(60 °C) the DPPC phase-transition temperature. Error bars represent standard deviation from

three measurements, each consisting of 12 runs. The exact values can be found in the Appendix,

Table A6.2.

We observe a negative € potential of -12.2 £ 0.2 mV for the LUVs in a non-ionic solution, resulting
from the exposure of the phosphate on the PC headgroup. This orientation of the headgroup is
reported to result from the choline’s orientation towards the bilayer core**. The negative surface
charge explains the lack of DNA attachment in the absence of cations*”. After the addition of
magnesium ions, the surface charge is screened (€ potential = -0.54 £ 0.1 mV), suggesting cation
adsorption to the surface, which may lead to DNA adsorption through bridging. Once the system
is heated up, causing the vesicles to transition to the liquid phase, the &-potential drops back
to -8.99 £ 1.0 mV, indicating magnesium desorption. The reversible attachment of DNA can also
be observed: E&-potential of DNA-coated vesicles reaches -2.73*0.2mV and drops

to -7.07 £ 0.7 mV after heating the samples above the transition temperature of the membranes.
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The & potential measurements performed on DPPC vesicles support our hypothesis that DNA-
lipid adhesive interactions are mediated by divalent-cation bridging, and that the magnesium
cations adsorb onto gel phase bilayers. However, measurements performed on liquid phase POPC
vesicles in a non-ionic solution result in a value of € potential similarly negative to the one recorded
for gel phase DPPC (Figure 6.8). Similarly, a screening effect of cations is reported, suggesting that
factors other than the surface charge regulate adsorption of cations onto PC bilayers, and thus

DNA adhesion.

To gain insights into the mechanism of the Mg**-mediated interactions between dsSDNA and a lipid
bilayer membrane in fluid or gel phase, I once again collaborated with Himanshu Joshi from Aleksei
Aksimentiev group at the University of Illinois, who constructed all-atom systems containing
a patch of either liquid or gel membranes, and used the all-atom MD method to probe
the interactions of Mg*" and DNA with them (details in the Appendix, Section A1.2.). Since the
parameters describing affinity of water, ions and DNA towards a headgroup are well-described for
PE lipids®*%, as opposed to PC ones, DPhPE (T < rt) and DPPE (T < rt) bilayers were chosen
to perform these studies. In the absence of DNA free equilibration simulations of both the
membrane systems in high concentration (100-300 mM) MgCl solutions showed accumulation of
Mg”" ions near the lipid head groups. Nevertheless, the local concentration of Mg** ions was found
to be considerably higher near the surface of the gel phase membrane than near the surface of the

fluid phase membrane, indicating a stronger affinity of Mg®" to the gel phase membranes.

To quantitatively examine the affinity of Mg”" ions to fluid and gel phase membranes, the potential
of mean force (PMF) between one Mg”" ion and either DPhPE or DPPE membrane was
determined. PMF describes how the free energy changes as a function of a coordinate — in our
case, the distance from the centre of the bilayer, defined by the illustrated typical simulation system
in Figure 6.9a. The resulting PMF curves, presented in Figure 6.9b, show small yet clearly
discernible difference in the binding affinity of Mg®" to the membrane: the PMF minimum near
the PE headgroups is 1.0 kcal/mol lower for the gel phase membrane than for the fluid phase one.
Importantly, the difference is found to originate from a differential coordination of the Mg** ion
by the lipid head groups, illustrated by plots in Figure 6.9c. At the PMF’s minima, approximately
four and six PE phosphates are found to surround Mg*" in the fluid and gel phase, respectively.

Images in Figure 6.9d illustrate the representative configurations of the lipids surrounding the ion.
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The simulations confirmed observations reported in the experiments as well as gained insight into
the molecular details of the role of divalent cations on the DNA interactions with lipid bilayers.
Even though divalent cations bind to zwitterionic lipids in both liquid and gel phase (as we also
observed experimentally in £ potential measurements), the affinity towards gel phase membranes
is higher due to the higher number of lipid headgroups coordinating the Mg ion. The simulations
shed light on the molecular phenomena responsible for the phase-dependant behaviour and

confirmed that the attachment results from Mg**-mediated bridging.
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Figure 6.9 MD simulations of Mg?* binding to fluid and gel phase membranes, performed by
Himanshu Joshi, PhD (Aleksei Aksimentiev’s group, University of Illinois). (a) Typical system
used for the simulations of the Mg?* affinity to a lipid membrane. Non-hydrogen atoms of
the DPhPE membrane are shown as blue (N), tan (P), red (O), and cyan (C) spheres. One
magnesium ion and its first solvation shell, Mg[H20]s** is shown explicitly using red and white
spheres; the semi-transparent surface illustrates the volume occupied by 100 mM MgClz
solution. (b) Free energy of Mg[H20]s** versus the distance to the midplane of the lipid
membrane. Z is defined in panel (a). (c) Number of phosphorus atoms of the lipid head groups
within 1 nm of a Mg[H20]s2* ion versus its distance from the membrane midplane. Z is defined
in panel (a). (d) Representative coordination of the magnesium ions by the lipid head groups at

the minimum of the respective free energy curves. Mg?* ion has been highlighted in black.
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6.2. Cation screening regulates membrane insertion of amphiphilic DNA

constructs.

In the previous subchapter we have looked at the membrane affinity of unmodified DNA,
mediated by an electrostatic phenomenon. It is important to realize that the observed behaviour
indicates only the attachment of the duplexes to the surface of a bilayer. They are not in any way
anchored, nor will they insert and span the membrane. Yet, by studying this simpler arrangement
we have learnt that the cation-mediated bridging exists in the system, present and ready to be
utilized. Even if in DNA-lipid-cholesterol network it is usually eclipsed by the hydrophobic
modifications on the construct, which are known to produce strong affinity of the DNA for

the bilayers regardless of their phase™”.

The question that emerges is, whether ions are crucial in membrane interactions of the cholesterol-
modified DNA despite the bridging being, if not absent due to liquid phase of the membrane, then
overshadowed by the hydrophobic moiety? In the view of the negative surface charge displayed by
zwitterionic PC bilayers, I hypothesise that cations still play a regulatory screening role, modulating
the DNA lipid affinity caused by another attractive force. Even if cations are not driving

the attachment, their charge can still enableit.

To get an insight into the ions’ part in the three-components system, I will return to using
the structure known from previous chapters: dsDNA tagged with two cholesterol molecules (2C).
Sequences used for folding these structures can be found in the Appendix, Table A6.1 and
Fig. A6.1. I once again studied the 2C structures’ ability to decorate the surface of POPC GUVs
(La phase) for a range of magnesium concentrations between 0 and 4 mM. Firstly, the ions’ effect
on the structure of the duplex was studied via PAGE (Figure 6.10) and melting profiles
(Figure 6.11), both indicating that the folding yield of the construct is not significantly affected by

changes in cation concentration.
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Figure 6.10 PAGE of the unmodified (OC) DNA construct folded in different concentrations of
magnesium. (a) Intensity-inverted image of the gel indicating the presence of the folded structure
in each sample. (b) Intensity profiles of the lanes of the gel. The dashed line represents
the position of the structures folded in the absence of magnesium. Sodium ions (# 10 mM) were

present in all samples.
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Figure 6.11 Mg?*-dependency of melting temperatures of unmodified (OC) DNA construct.
(a) Collected UV-vis absorbance at 260 nm. The curves have been offset on the y axis during
data processing to help illustrate the observed trend. (b) Melting temperatures plotted against
concentration of Mg?* in the sample. Experiments were performed in Ix TE buffer with

the respective concentration of ions. Sodium ions ( 10 mM) were present in all samples.

After incubating Cy3-labelled duplexes with POPC GUVs, the fluorescence intensity of the DNA
membrane coating was measured. The observations are summarized in Figure 6.12. A strong
dependency of the degree of DNA adsorption on magnesium concentration is noticeable, with
denser DNA coatings found for higher salt concentrations, and the lack of any detectable

attachment observed in the absence of salt.

I attribute this trend to the screening effect becoming more and more prominent with
an increasing concentration of positive ions. On one side, cations can help screening the DNA-

DNA repulsion, hence facilitating the formation of denser DNA coatings®"**. This phenomenon
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is most probably taking place in the system, and may be responsible for the observed increase of
the thickness of the DNA coating at high ion concentration (Figure 6.12, 4 mM), resulting from
the layered organisation of charged molecules™"**. However, it does not explain the complete lack
of DNA attachment at low ion concentrations. Therefore, I speculate that the observed behaviour

results mainly from the screening of DNA-lipid repulsion.

0 mM

Mg?* concentration / DNA charge screeninc

Figure 6.12 Illustration of the screening effect of magnesium cations. Representative confocal
micrographs of the Cy3-labelled 2C DNA constructs coating the surface of POPC GUVs at varying
Mg?* concentration. No attachment was detected in the absence of magnesium (0 mM) -
the contrast of the image was increased for clarity, while no contrast adjustments are applied

to the following micrographs (0.2 — 4.0 mM). Scale bars: (0 mM) 20 um, (0.2 — 4.0 mM) 5 um.

Liquid phase PC bilayers do not spontaneously bind DNA nanostructures. In fact, in the absence
of cations, DNA-lipid repulsion prevents nanostructures from approaching the membrane even in
the presence of hydrophobic moieties. I will further unravel this phenomenon by going back to

the tug-of-war metaphor introduced in the previous chapter.

As explained eatlier, two competing effects regulate the interactions between amphiphilic DNA
constructs and lipid bilayers: the attractive hydrophobic force between the cholesterol moieties and
the bilayer core, and the electrostatic repulsion between the lipid headgroups and the DNA motifs.
These two forces compete, pulling either towards the membrane (cholesterol) or away from it
(DNA). Generally, cholesterol is considered a very strong hydrophobic anchor (logP = 7.11,
Chemicalize, ChemAxon), and it is assumed that it will invariably cause DNA membrane

attachment.

However, as shown by the results in Figure 6.12, cholesterol is not unaided in its efforts. Cations,

screening the negatively charged phosphates on DNA, hinder the factor responsible for DNA
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pulling away from the membrane in the first place: its charge. When cations are not present, the
charge is not screened, and DNA’s repulsion from POPC lipids turns out to be stronger than

the cholesterol attraction towards them.

This has one extremely interesting implication. Let us try to answer the question: is there such
“balance” of the opposing sides in this tug-of-war game, where ions are not needed? By reductio
ad absurdum, what if we have two cholesterol molecules attached to a single nucleotide? Would

we observe similar cation requirement as illustrated in Figure 6.12?

While the two previous chapters focused on showing the significance of the contextual design,
here I want to make a point of illustrating how crucial is for the quantitative design to be relative.
We cannot compare the efficiency of a single vs a double cholesterol anchor, when it is not in
relation to the size of the DNA that carries it. Therefore, I classify each hydrophobically-modified
DNA construct using a tug-of-war ratio between the number of negatively-charged nucleotides
and that of cholesterol moieties (nt:chol). I hypothesize that constructs differing in this measure
will exhibit different degrees of membrane affinity dependant on the ion concentration, given that

cations will screen the electrostatic repulsion without affecting the cholesterol-lipid attraction.

Here, I will introduce three variations on the same structure: previously introduced 2C dsDNA
alongside an analogous duplex (1C) and a 12 nt single strand (ss1C), both modified with a single

cholesterol molecule. The whole library of duplexes used in this chapter is sketched in Figure 6.13.
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Figure 6.13 Sketches of the DNA constructs used in this work. Sequences can be found in
the Appendix, Table A6.1. (a) The 36 bp-long duplex with D1’ strand modified with Cy3
molecule used for the study of phase- and cation-dependant DNA affinity towards
membranes. (b) The three cholesterol-modified nanostructures used to study the effect of ionic
screening on hydrophobicity-induced insertion in liquid membranes: 48 bp-long duplexes,
consisting of four strands with two (2C) or one (1C) cholesterol moiety respectively, alongside

a DNA strand of 12 nucleotides modified on both ends with either Cy3 or cholesterol (ss1C).

The fluorescence intensity of vesicles’ coating in Mg®* range of [0, 4 mM was recorded and
collected in histograms in Figure 6.14a-c. The distribution peak values for each structure are plotted
against the magnesium concentration in Figure 6.14d (also collected in the Appendix, Table A6.3),
together with an inset bar chart visualizing their nt:chol: 96 (1C), 48 (2C), 12 (ss1C). By fitting
the data with Hill binding curves, I extracted the dissociation constant values of 0.11, 0.15 and

0.83 mM for ss1C, 2C, 1C structures respectively (for details see Appendix, Table A6.4).
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Figure 6.14 Magnesium-dependency varies with hydrophobicity-to-charge ratio. Fluorescence
intensity distributions of the Cy3-labelled DNA constructs on the surface of POPC GUVs at
varying Mg?* concentration collected for (a) 2C, (b) 1C, (c) sslC structures. All data were
normalized to the distribution peak value for 2C coating in 4 mM Mg?*. (d) Magnesium-
dependency of the peak of the intensity distributions in panels (a-c). The values, obtained upon
fitting a Gaussian peak function to the respective histograms, can be found in the Appendix
Table A6.3. The solid lines are best fits of a Hill function (obtained parameters in the Appendix,
Table A6.4), which does not represent a mathematical model of binding but serves
an illustrative purpose. The error bars represent Gaussian RMS width. The bar plot in the inset

shows the differences in the ratio between the number of nucleotides and cholesterol tags

(nt:chol).
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The lower nt:chol ratios, the lower the amount of screening required to achieve a given degree of
attachment. This observation confirms my earlier statement: the absolute number of modifications
does not reliably describe the structure in terms of its membrane interactions. What is really
significant, is the relative number - the balance of forces competing against each other, rather than

the isolated force itself.

Furthermore, the divalent ions are indispensable for the attachment of all studied constructs, even
ss1C, which is a ssDNA molecule to which both the fluorophore and the cholesterol modification
are covalently linked. Besides further showing the importance of charge screening, it also
constitutes a control, proving that the observed effect is not a result of the structure’s stability

being affected by low ionic concentrations.

To once again show that the observed trend is not an effect of lower yield of folding, I have
performed a set of gel electrophoreses in various salt concentrations. The results from two
independent PAGE experiments, performed for 2C in either 0 mM or 4 mM Mg*", can be found
in Figure 6.15. The electrophoresis shows that regardless of the magnesium content, the majority
of the DNA strands are assembled into duplexes. Representative intensity profiles, as shown in
Figure 6.15b, allow a more thorough analysis of the gel lanes. In the absence of salt, a small
proportion of the constructs did not assemble properly, however most of the strands - 85% -
formed the designed 48 bp duplex, as indicated by the size reference. Single-stranded components
were not observed in samples prepared at 4 mM Mg**. However, with the higher salt concentration
the duplex band was wider and smeared, which suggests that hydrophobic interactions between
structures, enabling them to form dimers and multimers, are also dependant on the solution’s ionic
strength. The difference in the migration distance recorded in the two different gels is ascribed to
the effect that the shielding of the negatively-charged phosphate has on the rate of migration®™’ —

yet another illustration of the nucleic acid charge screening.
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Figure 6.15 The effects of divalent cations on the structure and electromobility of DNA
constructs. (a) Inverted PAGE of 2C nanostructures containing either O or 4 mM MgClz in both
the gel and the buffer. The dsDNA constructs self-assemble correctly, as indicated by the blue
arrow. Disassembled strands (grey arrow) and clusters (red arrow) have also been highlighted.
Sodium ions (* 10 mM) were present in all samples. (b) Inverted intensity profiles of the gel lanes
shown in (a). The differences in distance from the well illustrate the screening effect of

magnesium, reducing the electromobility of structures in the 4 mM Mg?* experiment.

As discussed in the previous subchapter, the attractive interactions between unmodified DNA
constructs and gel phase PC membranes are due to bridging, and therefore they emerge only with
divalent cations, as monovalent ones are generally unable to bridge. The behaviour reported here
is a separate, independent phenomenon, resulting from screening that facilitates the cholesterol-
driven membrane binding. As screening is a process that occurs regardless of cation valency, even
though more efficiently for higher valency, we expect the attachment to be induced by the addition
of monovalent ions as well. Therefore, 1 have confirmed that the DNA attachment can also be
facilitated by calcium (Ca*") and potassium ions (K*), as presented in Figure 6.16. However, orders
of magnitude higher concentrations of monovalent ions (100 mM) were required to match

the trends observed with divalent ones (4 mM).
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Figure 6.16 Charge screening occurs independently of the cation’s valency. Upon addition of
(a) 4 mM Ca?* as well as (b) 100 mM K*, membrane attachment of 2C DNA structures to POPC

GUVs is induced. Scale bars: 5 um. Dashed lines represent a sigmoidal fit.

6.3. Cation-regulated activation of a membrane-bound DNA nanomachine.

The dependency of the membrane affinity of hydrophobically-tagged DNA on salt concentration
offers a route to reversibly trigger attachment and detachment by adding and removing cations.
As summarized in Figure 6.17a-c, GUVs were incubated with 2C DNA nanostructures, initially in
the absence of cations. Magnesium was then added, triggering the attachment of DNA.
The subsequent addition of EDTA, chelating the magnesium ions, produced a drop in fluorescence
to the background levels. Finally, adding further free magnesium caused the DNA to bind
the membranes once again, demonstrating full reversibility of the salt-regulated attachment

process.

The reversible effect of cations on the membrane attachment of cholesterol-modified DNA
nanostructures is reminiscent of the cation-dependant activity seen in a number of natural
transmembrane proteins''**. Inspired by their biological analogues, I demonstrated that the
activity of synthetic DNA nanodevices can also be regulated by cations. I have therefore considered
the functionality of 2C DNA constructs, which upon membrane insertion form toroidal pores in
lipid bilayers, triggering the exchange of lipids between the inner and outer leaflets, similar to

102,106

scramblase enzymes . Here I prove that the activity of such a synthetic enzyme can be triggered

with cations, remarkably alike the natural scramblases'”".
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I used a previously described assay based on the reduction of NBD, a dye that while fluorescent in

12 As summarized in

its oxidized state, bleaches upon exposure to a strong reducing agent
Figure 6.17d-f, I have prepared GUVs in which both leaflets contained NBD-labelled lipids.
The vesicles were initially incubated with the 2C DNA in the absence of ions, which as expected
did not attach to the membranes and were therefore in an inactive state. I then added the reducing
agent - dithionite (S204”) - to the outer solution, which being unable to penetrate the GUVs, caused
bleaching only of the NBD molecules on the outer bilayer leaflet, resulting in approximately 50%
loss of fluorescence. The addition of magnesium at this point activated the nanostructures, causing
their insertion into the membranes. The functional synthetic enzymes enabled mixing of the inner

and outer membrane leaflets and the exposure of previously unbleached NBD fluorophores to

the reducing agent, causing a decrease of the NBD emission below the initial 50%.
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Figure 6.17 Cation-regulated reversible DNA membrane binding and activation of a synthetic
enzyme. (a) Schematic representation of the mechanism leading to a reversible DNA membrane
attachment upon addition of magnesium and its removal by means of chelating agent EDTA. (b)
Representative fluorescence intensity trace of Cy3-labelled DNA nanostructures (2C) as
recorded from POPC GUVs. DNA attachment and detachment are triggered by the addition of
magnesium chloride and EDTA respectively, as indicated by arrows. Delays associated with
the diffusion of added Mg?* and EDTA through the experimental chamber result in short lag
times before changes in fluorescence are observed. (c) Confocal micrographs from the highlighted
grey areas of the trace in (b), demonstrating the attachment and detachment transients. Scale
bar: 5 um. (d) Schematics of the NBD-dithionite reduction assay used to demonstrate cation-
activated lipid scrambling. (e) Representative trace of the fluorescent intensity of NBD-labelled
lipids (blue) upon addition of dithionite alongside the trace representing Cy3-labelled DNA
(black), coating the vesicle after addition of magnesium (arrow). (f) Representative confocal
micrographs, showing the fluorescence of both DNA and lipids at each stage of the experiment

described in (d). Scale bar: 5 um.

As a control, the results for the pore-forming 2C were contrasted with 1C DNA, which can bind
to the membranes upon the addition of magnesium, but does not create a toroidal pore

(Figure 6.18). The sharp decrease of the NBD emission below 50% of the initial value was not
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observed, further confirming that the behaviour detected with 2C is indeed attributed to the DNA-
induced lipid scrambling, and that the addition of magnesium acted as an external stimulus for

activating the enzyme.
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Figure 6.18 NBD reduction assay performed in the presence of (a) an inserting 2C structure and
(b) a non-inserting 1C structure. Representative trace of the fluorescent intensity of NBD-labelled
lipids (blue) upon addition of dithionite alongside the trace representing Cy3-labelled DNA
(black), coating the vesicle after addition of magnesium (arrow). The plot in (a) is an example of
a repeated experiment from Figure 6.17e. Similar as in Fig. 6.17, the delay in the observed
changes in fluorescence are a result of the diffusion of added Mg?* through the experimental

chamber.

6.4. Conclusions

In summary, here I have explored the mechanisms through which cations regulate and mediate

electrostatic interactions between DNA nanostructures and zwitterionic PC lipid bilayers.

First, with the help of Roger Rubio (University of Cambridge) and Himanshu Joshi (University of
Ilinois), we described the bridging phenomenon - attractive forces between unmodified DNA
duplexes and lipid bilayers, occurring in the presence of divalent cations. We elucidated the origin
of its phase-dependency and demonstrated how it can be exploited to program a reversible
membrane attachment of the nanostructures by tuning independent physico-chemical parameters

that cause liquid-gel phase transitions in the membranes, including temperature and sterol content.

Secondly, I examined the screening effect of cations by studying the interactions between liquid

phase bilayers and DNA nanostructures modified with cholesterol moieties. Despite the presence
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of highly hydrophobic tags, Coulomb repulsion between liquid membranes and the negatively
charged DNA cannot be overcome by cholesterol modifications only; cations are required to screen

the electrostatic forces and through that enable membrane attachment.

I would like to emphasize the importance of the experimental flow in this chapter, reflecting
the approach of the whole thesis: knowing about the complexity of the ion-mediated interactions,
we have deconvoluted their effects by simplifying the DNA-cholesterol-lipids system into an even
simpler DNA-lipids relationship. Only after assessing ions’ role in a simpler scenario, I moved
towards more complicated designs. This allowed me to understand that the two described
processes: bridgingand screening co-exist and can equally be utilized in nanoengineering biological

responses.

Bridging-related experiments are my first step towards targeting cells based on their membrane

18261262 Lo aq it

properties. The parallel with proteins embedded and constrained within lipid rafts
especially exciting, since, as already stressed in previous chapters, I consider nature-inspired

mechanisms the most promising for nanoengineered structures.

While studying screening, I returned to the previously discussed tug-of-war model of cholesterol-
modified DNA and its membrane affinity. I showed that the constructs’ membrane attachment
varies with the salt concentration depending on the ratio between the number of nucleotides and
that of hydrophobic moieties in each nanostructure: the tug-of-war ratio. This finding brings
attention to the effects of the nanostructure’s size. DNA origamis are certainly carrying a lot of
promise, but the consequences of forming such massive (charged!) bioconstructs simply need to
be taken into account in the design. While many researchers are tackling the problem of

137,138,194

the origamis’ stability in physiological conditions , we should also look at how is their

functionality affected when moving towards in vivo experiments.

Finally, the modulating effect of cations can also be exploited to rationally design new responses,
as in the magnesium-dependant synthetic scramblase enzyme presented here. One can envisage
a range of opportunities becoming available to more complex architectures, with DNA-based
membrane channels that change their shape, orientation, and activity, similar to natural membrane

proteins they are designed to mimic.



CHAPTER 7

Effects of surfactants on DNA-lipid interactions

While experiments in Chapters 4 and 5 were comparing different DNA designs (either internally
modified with dodecane (Chapter 4) or with various position and linkage of cholesterol
(Chapter 5)), the previous chapter (Chapter 6) introduced an idea of exerting control in the system
through changes applied to the lipid bilayer. Since the bridging was literally linking lipids and DNA,
unsurprisingly, the process could be affected from both sides: by controlling DN A-cation or lipid-

cation connection.

But similarly, efficiency of membrane-spanning can change drastically with bilayer composition or
its mechanical and physical properties. This is by now a well-known phenomenon, as years of
biological research developed, and is dependent on bilayer-affecting protocols'”. Most significantly,
the process of transfection, where a particular genetic information is introduced into an organism’s
genome, depends on exogenous DNA crossing the membrane. And while DNA can be taken up
by cells under certain conditions, a spontaneous uptake is inefficient and rarely observed’. Thus,
a vast range of methods have been developed in order to facilitate this process. Conveniently for
the field of DNA-based transmembrane structures, forcing nucleic acids through the lipid bilayer

has already been thoroughly studied for decades.

7.1. Dual role of surfactants in biological research protocols.

One of the membrane-disrupting methods in DNA transfection employs surfactants, amphiphilic
surface active agents, which spontaneously insert into lipid bilayers'. As their molecular structure
is not matching the ones of lipids forming the bilayer, they often induce a mechanical strain in

the architecture of the membrane.

Surfactants that do not freely flip between leaflets cause the bilayer to curve. However, the ones
that spontaneously distribute themselves uniformly on both sides of the membrane introduce
a strain as well. Micelle-forming surfactants induce a curvature stress, as they do not match with
the planar topology of a monolayer (Figure 7.1a). Since in a bilayer two leaflets are coupled, they
cannot both curve in the same way. This results in membranes with uniformly distributed surfactant

molecules becoming disordered and thinned, due to the strain that mismatched units induce
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(Figure 7.1b). One of the ways this strain can be released is partitioning of surfactants to one part
of the bilayer and a formation of highly-curved rims of a toroidal pore (Figure 7.1c). Both
the disordering and pore-formation disrupt the membrane, facilitating bilayer spanning or crossing

by larger biomolecules™.
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Figure 7.1 Membrane disruption by surfactants. (a) Mismatch between the dimensions of the
membrane-forming lipids and the inserted surfactants leads to a spontaneous curvature.
(b) Coupled monolayers of a membrane cannot assume the curved structure, which causes
membrane thinning and disordering. (c) The formation of a surfactant-rich rim — a toroidal pore

— allows reduction of the curvature-related strain.

However, another process closely related to my endeavours has also utilized surfactants to facilitate
membrane interactions: insertion of an integral protein into model bilayers, performed in order to
study ion channels and other transmembrane structures. Importantly, there, surfactants first
directly interact with the protein of interest and only then mediate membrane interactions. Their
role is to form micelles that incorporate the protein and then fuse with the studied membrane, in
that way enabling insertion”®. A reverse process of protein reconstitution - separation from the cell
membrane while preventing denaturation in aqueous solution - also utilizes surfactants to stabilize

proteins catrying hydrophobic domains™".

DNA /surfactant complexes are thoroughly studied for unmodified DNA and cationic sutfactants,

263205 However, details of interactions of cholesterol-

particularly for gene delivery applications
modified DNA with non-ionic surfactants have not received much attention so far. Even though
detergents introduced into the sample will interact with the membrane-spanning domain encircling
integral proteins®®, will the arrangement look similar around the protruding cholesterol anchors of

a DNA nanostructure? What is the role of surfactants in membrane-spanning DNA interactions

with the bilayer?
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7.2. Cholesterol-modified DNA in the presence of a surfactant.

In order to study the effects of a surfactant on membrane-inserting DNA construct, here
I'introduced a structure more complex than a duplex. The aim of this project is to assess how
insertion efficiency depends on DNA’s interactions with a surfactant, and in turn to achieve
a facilitated insertion. For that reason, I employed a multi-helix bundle: 4-helix (4H) structure,
whose geometry facilitates membrane spanning better than duplex’s. Additionally, it induces larger
pores, meaning that the signal will be easier to detect. I have discussed the details of 4H design in
the methods section (Chapter 3), while here the summary of the construct’s architecture is
presented in Figure 7.2. The sequences used for folding 4H structure can be found in the Appendix,

Fig. A7.1 and Table A7.1.
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Figure 7.2 Design of the 4-helix (4H) structure used in this project. The “shielding” DNA strands

membrane

are highlighted in dark blue. The construct was modified with either two (2C) or four (4C)
cholesterols, while unmodified (OC) DNA was used as a control. Further details of the design

can be found in the Appendix, Fig. A7.1 and Table A7.1.

There are two parameters that can be varied in the design: number of cholesterols and the presence
of “shielding” strands. Since the first is rather self-explanatory, I will elaborate on the second.
The cholesterol-modified DNA structures aggregate, due to the attraction between hydrophobic
moieties. In order to prevent the aggregation, I have “shielded” hydrophobic cholesterol from
the surrounding water with overhanging single strands of DNA. As nucleobases are apolar, ssDNA
will readily wrap around the cholesterol modifications, protecting the constructs from clustering'*’
4H structure has two sets of “shields”: loops around cholesterols on one end and ssDNA

overhangs around the two modifications in the middle of the construct. PAGE analysis in
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Figure 7.3 shows a significant effect that the “shielding” has on aggregation. All the experiments

presented in this chapter utilize the “shielded” constructs, unless stated otherwise.

The same gel also features 4H after it was mixed in 1:1 ratio with 1% octylpolyoxyethylene (CsE.’,
oPOE), a non-ionic surfactant. Polyoxyethylene detergents, which have chemical formulas of
the type C.E,, are an extensive family of surfactants employed in protein crystallization and
stabilization®”’. While oPOE is standardly utilized in micelle-mediated protein reconstitution®**”,
its close derivative, dodecylpolyoxyethylene (Ci2E.), has been shown to induce membrane
disordering and thinning” and through that facilitate electroporation of cell membranes®”. It has

102,272

been employed previously in studies on synthetic DNA ion channels and therefore chosen

here to assess its effects on DNA membrane insertion.
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Figure 7.3 PAGE analysis showing the effects of additional ssDNA overhangs (“+/- shielding”)
as well as addition of a 0.5% octylpolyoxyethylene surfactant (“+/- oPOE”) on the aggregating

behaviour of cholesterol-modified 4H structures.

The analysis of the gel suggests that after the addition of the surfactant the concentration of DNA
nanostructure’s monomers dispersed in the solution decreases. Instead, DNA bands containing
the surfactant do not migrate in the electric field from the well, which indicates the formation of

large complexes.

One of the possible architectures formed in the DNA/surfactant samples are oPOE micelles
(aggregation number N = 75)°”, incorporating DNA constructs. At the concentration of 0.5%,
oPOE in the sample is above its critical micelle concentration (cmcopor = 0.15%)"
the spontaneous formation of micelles is therefore favourable. Additionally, DNA lipoplexes were

previously shown to be immobile in gel electrophoresis, presumably not only due to their size but

"Octylpolyoxyethylene with a chemical formula CsE, was purchased as a mixture of molecules with n = [2,9] (Sigma-
Aldrich).
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also lack of charge®”. Such complexes were shown to incorporate a staining dye, despite their

compact form”>?".

However, on the gel these big micellar structures cannot be clearly distinguished from cholesterol-
mediated clusters, as deduced from the similarities of bands with aggregating 4C construct ran with
(+) and without (-) oPOE (- shielding). Large aggregates will be immobile in the gel due to their
size. Micelles, on the other hand, are smaller (75x oPOE weight < 40 kDa, while single DNA
monomer weights > 60 kDa), but uncharged, therefore they too can exhibit no electromobility in

PAGE analysis.

We can shed more light on the formed complexes by observing the behaviour of 4C 4H mixed
with another surfactant - sodium dodecyl sulfate (SDS) - below and above its cmc concentration
(cmesps = 0.23%)"". Its anionic structure allows to gather more insight into complexes’ behaviour
in the electric field, as compared to non-ionic oPOE which cannot be observed by the means of
electrophoretic measurements. I will use these experiments to speculate on the general
DNA /surfactant interplay, while keeping in mind that due to the charge of SDS, its interactions

with DNA may be different than oPOE's.

The gel featuring samples of 4C nanostructures mixed with various concentrations of SDS is shown
in Figure 7.4. Two observations suggest that surfactant’s presence mediates aggregation, evenif it
also forms DNA-incorporating micelles. Firstly, an SDS addition below its cmc resulted in an
increased number of structures retained in the well, which implies higher degree of aggregation,
presumably induced by the surfactant. Secondly, at high SDS concentration (2%) a band of high
electromobility appears. I attribute this band to SDS micelles, featuring a negative charge allowing
them to migrate in the applied electric field, unlike oPOE. The visualization of micelles may be
possible due to their higher concentration when well above cmcsps. Note, that cmc is

278

the concentration at which formation of micelles starts™”, which may explain why at 1% there is

no analogous band detected on the gel - not enough micelles have formed yet.
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Figure 7.4 PAGE analysis of 4C 4H construct mixed at different concentrations of SDS: below
and above its cmc (0.23%)?77. Dashed line separates lanes with [SDS] <cmc (left) and
[SDS] > cmc (right). An additional band appearing at [SDS] = 2%, presumably containing SDS
micelles, is marked with a black arrow. Molecular structure of SDS is also shown, with its

anionic group highlighted in yellow.

The results of the electrophoretic experiments suggest that surfactants can facilitate cholesterol-
mediated aggregation. Yet, the measurements did not present a conclusive proof of oPOE-induced
clusters, and more thorough analysis is required to fully understand DNA-cholesterol-surfactant

interactions.

Similar to the gel, DLS experiments also indirectly show that oPOE associates with DNA
structures. As seen in Figure 7.5, the peak attributed to 4H monomers (as compared with
unmodified OC that is not prone to aggregation) decreases after an addition of only 0.01% oPOE,
while in 0.1% oPOE the DNA monomers are not detected by the setup anymore — only the peak
corresponding to the surfactant alone is visible. Since at the studied concentrations oPOE is
included below its cmc, and since its decreasing effect on the number of monomers is noticeable
in all samples, this can signify that, in fact, oPOE induces increased clustering, rather than
incorporates DNA in micelles. Still, similarly as in the gel, it is not possible to distinguish surfactant-

facilitated clusters from surfactant-formed micelles with certainty.
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Figure 7.5 Dynamic light scattering (DLS) size measurements of 4H: 2C and 4C structures in 0,
0.01 and 0.1% oPOE. Peaks collected for OC (no oPOE), as well as 0.1% oPOE (no DNA) have

been shown for comparison.

On the other hand, when recording structures’ diffusion by following their fluorescent labels (Cy3)
via fluorescence recovery after photobleaching (FRAP), the addition of the surfactant (final
[oPOE] = 0.01%) does not induce changes in the lateral dynamics of membrane attachment
(Figure 7.6). The experiments did not detect differences between the diffusion of 2C and 4C
structures, and as they are expected to attach with different strengths (different number of
embedded cholesterol anchors)*, I consider the technique not to be sensitive enough to clearly

disentangle the effects of the surfactant, the number of anchors, and effects of DNA insertion.

A shift in the distributions of diffusion coefficients (D) of lipids tested in the presence and absence
of oPOE suggests that the surfactants reduce lipids’ diffusion. While PAGE and DLS show oPOE
effect on the cholesterol-modified DNA, FRAP results indicate that lipids-oPOE interactions are

also present in the system.

‘FRAP measurements were performed by Michael Schaich, PhD (Ulrich Keyset’s group, University of Cambridge).



Effects of surfactants on DNA-lipid interactions | 152

w4 lipids

£ . i} | lipids (+0POE)
k3

S 5k | 2C

% o ) % . @® 2C (+0POE)

c — | .

27 ﬁ N e 4C

£ x @ 4C (+0POE)
0o

Figure 7.6 Box plots of the diffusion coefficients collected for NBD-labelled lipids (no DNA
addition), as well as Cy3-labelled DNA coating of the POPC vesicles, using fluorescence recovery
after photobleaching (FRAP) method, measured at room temperature. Values after the addition
of oPOE to the final concentration of 0.01% (+oPOE) were also recorded. FRAP experiments were
performed by Michael Schaich, PhD (Ulrich Keyser’s group, University of Cambridge).

Studying the nanostructures’ behaviour in the absence of the surfactant, both DNA
characterization techniques (PAGE and DLS) show that 4H constructs are prone to aggregation.
The clustering is particularly strong for the structures modified with a larger number of
hydrophobic anchors and to an extent occurs even despite the “shielding”. Before continuing
the examination of the surfactants’ effects, I would like to briefly share some discussion on

the cholesterol-mediated clustering and its importance for membrane interactions.

7.3. Cholesterol membrane insertion vs aggregation.

Throughout this work, I aim at extracting a hierarchy of interactions in the DNA-cholesterol-lipid
system. Knowing about the strong aggregating tendencies of cholesterol-modified structures,
I'want to consider which attraction is stronger: cholesterol-cholesterol or cholesterol-lipids.
Is the aggregate disassembled when an opportunity for cholesterol to embed within a lipid bilayer

appears?

When examining fluorescence spectra of Cy3-labelled DNA duplexes (40 bp, sequences in
the Appendix, Table A7.2), one notices that the intensity of the signal is inversely proportional to
the number of cholesterol moieties on the structure. Figure 7.7a shows decreasing values of
fluorescence intensities for the duplex modified with 0, 1 or 2 cholesterol molecules. I attribute

279

this trend to self-quenching of Cy3 labels™”, which causes a decrease in the fluorescence as duplexes

form cholesterol-driven aggregates.



153

Furthermore, an addition of lipids into the sample results in an increase of fluorescence, as shown
in Figure 7.7b. The fluorescence of a non-cholesterolized (0C) duplex increases partially, which
could be caused by its decreased concentration, effectively expanding the distance between labels.
By diluting the non-aggregating DNA, the fluorophores are spread further apart, which could
account for the reduced self-quenching. Importantly, both cholesterol-modified structures show a
fluorescence dependency on the concentration of lipids, differing from the trend observed for 0C
duplex. Having more cholesterol modifications, the signal recorded for 2C structure increases
quicker with the growing lipid concentration, suggesting that the trend is determined by
cholesterol-lipid interactions. These observations hint that the fluorescence-hindering aggregates
are disrupted as the lipids appear in the sample. This in turn indicates that cholesterol-lipid
interactions are more favourable than cholesterol-cholesterol clusters. This observation is
consistent with the comparison between free energies of cholesterol micellization
(= -53 kJ /mol)****" and cholesterol membrane insertion (= -75 kJ/mol)'""*” although it must be

noted that these values do not take into consideration the presence of covalently attached DNA.
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Figure 7.7 Fluorescence measurements suggest disruption of cholesterol-mediated aggregates
in the presence of lipids. (a) Fluorescence intensities of Cy3-labelled dsDNA (40 bp) depend on
the number of cholesterol modifications they carry. All normalized to the intensity recorded for
0C duplex (1.0+0.03, 0.79 £ 0.09, 0.54 £0.10 for OC, 1C, 2C, respectively). Error bars
represent standard deviation from three measurements. (b) Addition of lipids results in an
increase in the fluorescence signal of DNA duplexes. Error bars represent standard deviation

from three measurements.
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The results suggest that embedding cholesterol into a lipid bilayer is favoured over cholesterol
clustering. Indeed, it has previously been shown that upon exposure to the membranes, cholesterol-
mediated DNA aggregates disassemble, allowing monomers to interact with the bilayer™>*%.
However, with an increased number of cholesterols, the same structures formed clusters that were
not spontaneously broken and coated the membrane in a non-uniform manner. Similarly, imaging
fluorescently labelled 4H structures in the presence of vesicles indicates that the aggregates formed
by 4C constructs are too massive to disassemble, even in the presence of a bilayer. Representative
micrographs, highlighting the clusters, are presented in Figure 7.8a. Despite the self-quenching of

Cy3 labels™”, aggregates are strongly fluorescent which hints at the large size of formed 4C

multimers. Even though 2C features less cholesterols, it produces more prominent vesicle coating
pointing towards the role played by the degree of clustering on membrane activity of DNA
nanostructures. Quantitative analysis of the fluorescent intensity of the DNA rings (Figure 7.8b)
clearly shows the difference in the degree of attachment, which I conclude results from the 4C

forming much larger and more stable cholesterol-induced clusters.

The prominent difference in attachment observed for non-shielded structures is also noticeable for
the shielded ones (Figure 7.8c), but to a lesser degree due to the aggregation being hindered by
the overhanging loops. Note, however, that “shielding” is not as efficient for 4C structures as it is
for 2C. This is another result of 4C forming stable clusters mediated by its four cholesterol
modifications. An extreme case presented by images in Figure 7.8 serves to illustrate the significant
effects that clustering has on the membrane attachment. Even though cholesterol’s anchoring into

the bilayer is favoured, large aggregates are linked too strongly to disassemble spontaneously.
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Figure 7.8 POPC vesicle coating by Cy3-labelled 4H structures. (a) Representative micrographs
showing the differences in the degree of attachment of unshielded structures. An exemplary
DNA aggregate formed by 4C 4H is marked with a white arrow. Scale bars: 10 um.
(b) Histograms of coating intensity of POPC vesicles by unshielded 2C and 4C structures.
Number of measured vesicles: Naoc = 58, Nac = 54. (c) Micrographs presenting representative
vesicles coated with Cy3-labelled shielded 4H structures, showing that despite “shields”, 4C

clusters are not easily disassembled in the presence of lipid bilayers. Scale bars: 10 um.

Results presented in this paragraph represent only a small step towards assessing the stability of
cholesterol-mediated aggregates. It is worth noting how big of an impact does clustering have on
the attachment, and thus on the activity of membrane-interacting structures. While I wanted to
share some of the thoughts on this matter, I do not follow this line of thought, as what ultimately

interests us here is the insertion efficiency of structures and its dependency on surfactant additions.

7.4. Effects of surfactant on the insertion efficiency of the pore-forming DNA.

In order to study the effects of oPOE on the membrane insertion efficiency of DNA structures,
I was measuring changes in membrane conductance upon exposing it to pore-forming constructs.
I have performed a set of current measurements in the presence of 2C and 4C 4H, following three

protocols:
- oPOE: no surfactant was added.

+ oPOE: after adding DNA into the chamber, oPOE was separately added to a final

concentration of 0.01%.

+ oPOF (premix): before adding DNA into the chamber, it was premixed (1:1 ratio) with
1% oPOE (final concentration 0.01%).
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Figure 7.9a schematically illustrates the three protocols used. Each structure was tested with these
three protocols, with three repeats of at least 1 h of recording membrane conductance, with 50 mV
applied across it. Additionally, control experiments with only the surfactant added into the chamber
at the same concentration were performed multiple times. Representative trace, as shown in
Figure 7.9b, indicates that no surfactant-induced conductance changes were observed. Even if

oPOE facilitated formation of the pores, these were not detected by measuring the transmembrane

current.
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Figure 7.9 Studying the surfactant’s effects on DNA insertion via transmembrane current
measurements. (a) Schematic illustration of the three oPOE mixing protocols: no oPOE added
(-oPOE), oPOE premixed with the DNA before adding the mixture to the chamber (+oPOE
(premix)), oPOE added separately to the chamber, after addition of DNA (+oPOE). The legend
features the molecular structure of the surfactant. (b) Representative current trace obtained after
addition of only oPOE into the chamber. Such control experiment was performed 10 times,
recording for at least 30 minutes. No surfactant-induced changes in the membrane conductance

were observed.

The differences in the insertion of 2C construct depending on the surfactant addition are readily
visible when analysing the obtained results by eye - representative traces are presented in
Figure 7.10a. In the absence of a surfactant nearly no signal is detected. Faint spikes in membrane
conductance = 0.1 nS suggest a lack of insertion, as with the structure’s diameter we expect pores
of ¢ > 0.5 nS. Nevertheless, the membrane is being affected, if even slightly, by the structure’s

attempts to span it.
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Addition of the oPOE facilitates insertion in both protocols. However, while after premixing DNA
with the surfactant the membrane conductance quickly reaches a plateau, when oPOE is added

separately the increase is prominent and continues throughout the experiment.

The analysis of the traces with a “single channel search” script provided by the Clampfit software
extracted all conductance steps which I attribute to the recorded insertion events. Histograms in
Figure 7.10b show the distribution of the obtained conductance changes for runs with added
surfactant. While the premixed sample features a narrow distribution of conductance changes,
the traces after the separate addition of DNA and surfactant consist of diverse steps. However,
the initial 35 minutes of +oPOE runs strongly resemble the distribution obtained for
the “premixed” experiments. After 35 minutes the structures produced almost solely larger steps.
I hypothesize that the stable increase in the step size is caused by cooperation of the inserting DNA
constructs: initial insertions destabilize the membrane to a degree that facilitates consecutive
insertions. Multiple insertions occurring simultaneously in the latter part of the recording are
interpreted as larger conductance steps. Alternatively, proceeding insertions destabilize
the membrane to a larger degree by binding with other structures already present in the membrane

and, as such multimers, they disrupt the bilayer more than separate pores would.

Why the “premixed” 2C structures never insert more than up to the plateau value? One of
the explanations would be the formation of DNA aggregates effectively reducing the structures’
concentration. Consequently, only the remaining “free” constructs inserted which was facilitated
by the surfactant destabilizing the membrane. In a surfactant-free environment we speculate to
find more available DNA structures, but with no detergent their insertion is less favourable. Note,
that these experiments are performed below the oPOE cmc (0.15%), so we do not expect micelle
formation and subsequent merging with the bilayer. Nevertheless, premixing with the surfactant

hindered its facilitating effect as compared with the separate addition.
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Figure 7.10 Effects of oPOE addition on the transmembrane signal produced by 2C 4H
structure. (a) Representative conductance traces recorded for 2C construct in the absence of
oPOE, and after either its premixing with DNA or separate addition into the chamber. (b)
Histograms of steps detected via single channel search (Clampfit) for traces obtained after the
oPOE addition. Initial 35 minutes of the run with oPOE added separately has been highlighted

and fitted with a lognormal distribution. Peak values of the fit are stated on each plot.

The analogous experiments were performed for 4C constructs, as shown in Figure 7.11a, with
significantly different results. Firstly, even in the absence of the surfactant, DNA pores span
the membrane, increasing its conductance. Secondly, no clear facilitation of the insertion was
caused by the surfactant in 4C case. Even though the traces recorded for premixed sample are
noticeably noisier and the obtained conductance steps are higher, the overall effect on

the membrane is not as clear as the one observed for 2C.
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Figure 7.11 Effects of oPOE addition on the transmembrane signal produced by 4C 4H
structure. (a) Representative conductance traces recorded for 4C construct in the absence of
oPOE, and after either its premixing with DNA or separate addition into the chamber.
(b) Histograms of steps detected via single channel search (Clampfit) for the obtained traces.

Peaks of the lognormal fits are stated on the plot.

Histograms in Figure 7.11b indicate that in the absence of the surfactant conductance change is
significantly smaller than when the oPOE is present (ccopory= 0.75nS, as compared with
ciorory > 1 nS). This suggests that surfactant molecules are surrounding the pore-forming DNA:
cither as a rim of a toroidal pore or as the structure’s coat. In any case, their arrangement at
the DNA-lipid interface results in an increased pore conductance, which in turn indicates that it

plays a role in pore formation.

Importantly, in the absence of a surfactant 4C structure shows a significantly stronger effect on
the membrane conductance than 2C (see analogous current traces (-oPOE) in Figure 7.10a and
Figure 7.11a). With more cholesterols, it exhibits a stronger insertion-driving force and
consequently spans the membrane, even though 2C 4H is not observed to form pores unaided.
However, the fact that 4C never reaches the insertion efficiency displayed by 2C after the addition
of oPOE suggests that the membrane-spanning is a complex process, influenced by multiple

factors.

Here, I speculate that structures’ aggregation is one of the dominant aspects influencing
the insertion efficiency. While 2C exists in a solution in a monomeric state, 4C aggregates

spontaneously into large clusters (the effects of which were visualized by confocal microscopy
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imaging presented in Figure 7.8). Separate addition of oPOE to 2C structures resulted in a very
high insertion efficiency, while in neither case did surfactant facilitate it to the same extend for 4C.
The way in which surfactants modulate the interactions of cholesterol-modified DNA with bilayers
is dependent on the design; the effect that the surfactant has on the structure’s membrane insertion

depends strongly on its mode of clustering.

7.5 DNA-induced fluctuations in the conductance traces.

Let us look closer into the recorded changes in membrane conductance, for example at a double
insertion step and subsequent closure of the pores, observed for 2C 4H and presented in
Figure 7.12a. One of the prominent features is a sudden increase in the noise of the trace upon
insertion. I attribute it to the structure’s fluctuations and continuous changes in its conformation

within the membrane, resulting in constantly changing flow of ions.

Interestingly, this behaviour looks different in the further part of the trace, highlighted in
Figure 7.12b. While the “regular” part of the trace fluctuates within the higher conductance level,
the changes observed in the highlighted part are between the step level and (nearly) the baseline.
In a way, the trace suggests numerous opening-closure events, with many “steps” of a certain
duration. These rapid changes were recorded for both 2C and 4C constructs and both in
the absence and presence of oPOE. Their analysis in a form of conductance vs dwell time scatter
plots is presented in Figure 7.12c. While no difference is observed between the structures,
the absence of oPOE results in smaller conductance levels, as discussed above. The duration of
steps seems to be affected as well, as samples with the surfactant tend to produce longer events.
In the absence of the surfactant there are less fluctuations in the traces, and therefore the detected
events are narrowly distributed, in contrast to the samples containing oPOE, as in histograms in

Figure 7.12d.
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Figure 7.12 Rapid changes in the conductance level of an inserted DNA channel.
(a) Conductance trace of a 2C 4H structure, featuring two insertions and a period of rapid
conductance changes (“gating”). (b) Extracted part of the trace in (a) highlighting the rapid
switching between the two conductance levels: low and high. (c) Scatter plots of level vs dwell
time of the changes during rapid switching, observed for both structures: 2C and 4C. (d)

Histograms of conductance levels (low and high, as marked in (b)) recorded during switching.

This rapid switching between a conductive and a non-conductive state has been reported previously
for DNA structures'™*”. Importantly, it is a recurring phenomenon observed and analysed for
natural ion channels®™®*, Tt is interpreted as responsive gating of proteins. However, DNA
structures are not equipped with any mechanism that would result in such controllable behaviour.
This suggests that the phenomenon observed here, as well as the similar effect reported for natural
ion channels, result from a non-specific process. It may be related to lipid movements in the pore
or fluctuations of the membrane-embedded biological material. Nevertheless, this phenomenon
shows that not only synthetic DNA nanostructures mimic proteins, but also that processes

observed for natural transmembrane molecules can be better understood through DNA models.

7.6 Conclusions

Below its cmc, surfactant addition resulted in a significant increase of insertion efficiency of 2C,
which in the solution existed in a monomeric state. This indicates that oPOE inserts into the bilayer

and facilitates formation of a toroidal pore, as below cmc it could not mediate insertion in a form
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of micelles. As strong curvatures release the strain that surfactant insertion causes, its presence

resulted in a favourable membrane-spanning of DNA nanostructures.

While assessing effects of surfactant addition on DNA insertion efficiency, I have realized
the importance of another factor: aggregation. Since cholesterol provides a driving force for
the insertion, I observed that the structure with more hydrophobic modifications (4C) was more
successful in membrane spanning than the one with less cholesterols (2C) in the absence of
the surfactant. However, when aided by oPOE, the less-clustering 2C was far more efficient in
increasing membrane’s conductance than ever observed for 4C. The effects of the surfactant on
the insertion of the latter are minimal, which indicates that surfactant addition (below cmc) does
not disrupt the aggregates. In turn, the results suggest that oPOE disorders the membrane,

facilitating insertion of pre-existing DNA monomers.

Studies presented here indicate that the presence of a surfactant has an influence on DNA
membrane activity, yet many details still remain unclear. Particularly, further experiments are
required in order to fully describe the interactions between cholesterol-modified DNA and
a surfactant, below and above its cmc. Additionally, this chapter showed that cholesterol-mediated
clusters are an important aspect of membrane-spanning synthetic constructs. This notion also
needs more thorough analysis, especially with respect to competing cholesterol-cholesterol and
cholesterol-lipids affinities. A deeper understanding of processes occurring at a molecular level can

be provided by simulations, which too is a next step worth taking.

The work presented in this chapter differs from three previous studies, in that here I have added
a new molecule into the DNA-cholesterol-lipid triangle: the oPOE surfactant. As it interacts with
both lipids and cholesterol modifications on the DNA, its effects become intertwined in
the network of forces in the studied system. And despite an empirical assessment of the most
efficient combination of surfactant addition and DNA structure (shielded 2C with oPOE added
separately), an additional component makes the system too convoluted to paint a clear image of
molecular mechanisms behind the observations. Comprehensive explanation of how surfactants

aid insertion and interact with cholesterol modifications on DNA is yet to be discovered.

This last thought makes an appropriate transition to the following, last chapter of this thesis:
the one that presents how many questions and studies are still awaiting in the endeavour of

disentangling DNA-lipid interactions.



CHAPTER 8

Conclusions and outlook

Nucleic acid (NA) interactions with lipids are widely studied with respect to biological systems
featuring unmodified nucleic acids. Contact between DNA and membranes is reported to play
arole in the replication of the genetic material in cell cycles™. Cell transformation relies on
facilitating DNA transport through the cellular membranes****”. Biomedicine benefits from gene

230,231

therapy platforms reliant on NA-lipid formulations, while engineering NA-lipid complexes has

become central in vaccine technologiesm’23 3,

Here, I was mostly examining interactions between hydrophobically-modified DNA and lipid
bilayers. And while the results of studying DNA nanostructures in the presence of lipids can be
beneficial for natural systems, they are mostly built to advance the field of bionanotechnology.

286,287

Researchers aim at building sensors and measuring devices working in vivo , mimic remodelling

121,131 133,134

proteins , induce bilayer fusion , etc., all from the membrane’s surface. Finally, there is

100,102,106

the goal of forming structures inserting into the membranes , which is the main subject of

this work. Here, I distinguish two approaches to achieve membrane insertion of a nucleic acid:

1) Forcing: overcoming repulsion of a DNA backbone by pulling it in with strong hydrophobic

anchors, e.g. cholesterols.

2) Facilitating: limiting repulsion of a DNA backbone by modifying it to reduce its

charge/hydrophilicity in a membrane-spanning domain.

In this chapter I will discuss these two strategies. The work presented in this thesis focuses on
cholesterol-modified DNA nanostructures, therefore, I will first summarize my findings and share
some thoughts on the possible development of the “forcing” strategy. In the second part, I will
elaborate on the “facilitating” approach, which involves modifying the backbone of a nucleic acid,
while preserving its ability to fold at the nanoscale. Finally, I will introduce some ideas and
phenomena from which DNA-based membrane structures can benefit, whatever their insertion-

driving mechanisms is.



Conclusions and outlook | 164

8.1. Forcing insertion with a hydrophobic anchor: summary of findings

Chapters 4-7 presented four separate case studies of different aspects of the “triangle of
interactions” in the DNA-cholesterol-lipid system. The findings from these chapters are briefly
described below, with next steps discussed for each. A graphical summary of the work is presented

in Figure 8.1.

Chapter 4: Upon membrane insertion DNA induces a toroidal pore, with strongly cutved lipid
layer facing towards it. Lipids and ions can freely move on the interface of such pore. Modifying
the membrane-spanning domain with an internal hydrophobic moiety influences this arrangement
and can lead to the formation of a cylindrical pore, devoid of a curvature. This chapter also showed

that two C12 modifications were not enough to ensure attachment of a 48 bp DNA duplex.

Next steps: By introducing a tuneable hydrophobicity of the membrane-spanning domain, one can
harness the formation of a toroidal pore, while exhibiting control over the flow of ions and the lipid
transport between leaflets. The pore formation should also be examined in various lipid mixtures,
particularly asymmetric bilayers, as found in cells*. Since some lipids favour curvature of

the membrane®

, their addition can make the formation of a toroid easier. Finally, the lack of
attachment induced by (strongly hydrophobic) C12 moiety gives rise to a question: what
hydrophobicity per nucleotide needs to be assured to achieve membrane affinity? This can be
answered by testing attachment efficiency of different hydrophobic anchors and anchor-to-

nucleotides ratios of the design.

Chapter 5: When a hydrophobic modification is linked to the terminal end of a single strand
(e.g. anchor positioned in the nick) the adjacent base pairs can be broken to facilitate cholesterol
embedment in the bilayer. This can result in the geometry of the structure deviating from
the design. By reducing the number of nicks, the construct has less degrees of freedom, and it is

easier to control and stabilize it.

Next steps: I hypothesize that the effect of internal linkage of hydrophobic modifications will be
even more pronounced for complex structures, particularly the ones that can carry more anchors.
By eliminating nicks from the larger designs, a new level of stability may be achieved. It will also
hint on the reasons behind improved insertion efficiency of non-nicked constructs. The latter can

also be studied further via molecular dynamics simulations, which will shed more light on the
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details of the insertion. Additionally, assessing the role of the bilayer quality in insertion efficiency

is one of the crucial next steps that should be undertaken.

Chapter 6: Divalent cations can lead to bridging of unmodified DNA to zwitterionic lipids, which
for the duplex depends on the lipid phase. Cations are also responsible for screening the negative
charge on DNA (and presumably phosphates on PC lipids as well) and are indispensable in
cholesterol-driven insertion. The cation dependency varies with charge-to-hydrophobicity ratio of

the DNA structure.

Next steps: As I am only reporting studies done on one type of DNA structures: relatively short
duplexes, analogous experiments performed with various constructs are required to fully
understand the relevant electrostatic phenomena. Of particular interest is how mechanical
properties of DNA influence bridging, which can be examined with a library of structures: ssSDNA,
dsDNA shorter and longer than their persistence length, DNA origami platforms of various
stiffness. On a similar note, deconvoluting the effects of lipid-facing surface area (number of
nucleotides in contact with the membrane) and the overall size of the structures (total number of

nucleotides) will provide important information for the future membrane-bound designs.

Utilizing how ion dependency varies with the nucleotides-to-hydrophobicity ratio, DNA
nanostructures can be designed with respect to the targeted changes in ionic strength in cellular
fluids. By further exploring different affinity of cations towards DNA, one can achieve ion
selectivity in bridging and screening processes, which are particularly important for biological
media. Finally, the effects of charged lipids on the DNA membrane attachment should be studied,
especially in the view of variations in lipid compositions of prokaryotic and eukaryotic cell

membranes.

Chapter 7: An addition of a surfactant below its cmc results in a significant improvement of
insertion efficiency of 4-helix structures that existed in a solution as monomers (2C). Strongly
clustered constructs (4C) were not affected by the surfactant as noticeably. Anchor-mediated
aggregation is one of the major limiting factors for the insertion, but with a low number of anchors

the structure’s insertion needs to be aided (for example by a surfactant).

Next steps: One of the points that should be studied in detail is a comprehensive analysis of
cholesterol aggregation #s cholesterol membrane insertion. Knowing which clusters are not
disassembled spontaneously in the presence of a bilayer will help realize the balance between

the number of hydrophobic anchors and the degree of aggregation.
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Furthermore, molecular details of surfactant interactions with hydrophobically-modified DNA are
yet to be uncovered. Of particular importance is the formation of surfactant-based micelles with
incorporated DNA nanostructures, in order to test if the surfactant can chaperone membrane
insertion when premixed (above its cmc) with DNA constructs, as in the case of transmembrane

protein protocols.
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Figure 8.1 Summary of this thesis based on the “triangle of interactions” introduced in
Chapter 2. Continuous lines represent direct interactions between the three components,
dashed lines show connections with their properties, relevant phenomena, and factors

influencing them.

8.2. Facilitating insertion with a modified backbone

While exploring the “triangle of interactions” it is readily visible that membrane spanning by DNA
is not favourable due to its backbone charge. Even though strong hydrophobic anchors can cause
membrane insertion, the continuous strain in the system makes it a non-ideal solution. In fact,
while I consider hydrophobic modifications crucial for achieving efficient, spontaneous membrane
insertion, I also argue that spanning bilayers with a strongly charged material has little potential for

being applied in biomedicine, at least in a non-cytotoxic role. This is why I believe that the next
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generation of transmembrane DNA nanostructures will feature a non-charged domain, following

integral proteins’ architecture.

In fact, in the field of DNA-based membrane—spanning constructs this approach has already been
used to build a protein-mimicking ion channel. There, a 6-helix bundle (inspired by the six domains
of many transmembrane proteins®”) had a hydrophobic belt of an S-ethyl phosphorothioate
backbone'”, a chemical modification that “caps” the negative charge of a phosphate with a neutral
functional group. Other modifications (examples of which are sketched in Figure 8.2) either follow
the same principle, like methylphosphonate, or substitute the phosphate altogether with another
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Figure 8.2 Neutral backbone modifications, in substitution for negatively charged phosphate

(highlighted in blue) forming a naturally-occurring DNA nucleotide290-292,

Note, that none of these modifications introduce a very strong hydrophobicity to the structure.
If we use logP values (Chemicalize, ChemAxon) as a hydrophobicity parameter, while for
cholesterol we observe strong affinity towards hydrophobic bilayer’s core (logP= 7.11), most of
the backbone modifications are neutral, rather than lipophilic (e.g. triazole logP = -0.1, ethyl
phosphorothioate logP = 0.61). Since with dodecane modifications (logP = 2.33) I have observed
no membrane attachment, I speculate that the hydrophobicity of the majority of the backbone

modifications is not sufficient to ensure bilayer affinity of the DNA structure.

This thought leads to an important realization: spontaneous membrane insertion and the stability
ensured by the hydrophobicity of the membrane-spanning domain are two different aspects of
the design. Despite (presumably) not driving attachment in a manner observed for anchors like
cholesterol, the modified backbone can still facilitate insertion. Note, that even protocols
introducing natural transmembrane proteins into membranes utilize surfactants to mediate

insertion?>*?,
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Modifications of nucleic acids can be more extensive than substitution of the phosphate group.
NA nanotechnology emerged to harness the ability to fold and reshape nucleic acid structures at
the nanoscale, which is primarily ensured by the complementarity of base pairs. Therefore,
synthetic nucleic acids with an entirely changed backbones but carrying designed sequences of

nucleobases have also been proposed as an alternative building material.

These, so-called xeno nucleic acids (XNA) retain the ability to fold via the complementarity rule,

but feature various modified backbones®*

. The two types of XNA that I find especially significant
for DNA nanotechnology applications are: locked nucleic acids (LNA) and peptide nucleic acid
(PNA). Both can be folded into a helix, as well as form double-strands with DNA or RNA
oligonucleotides using Watson-Crick base pairing. Molecular structures of the two XINA, alongside

a DNA nucleotide, are presented in Figure 8.3.
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Figure 8.3 Molecular structures of nucleotides of deoxyribonucleic acid (DNA), locked nucleic
acid (LNA) and peptide nucleic acid (PNA). Additional bridge “locking” 2’0 with 4°C in LNA, as
well as the peptide bond in PNA have been highlighted in blue.

LNA has the molecular structure of RNA but carries an additional chemical bridge “locking”
2> oxygen and 4’ carbon, hence “locked” in the name. The phosphodiester bond, together with its
negative charge, is still present in this nucleic acid’s structure, therefore the modification is not
facilitating membrane interactions. However, LNA has other properties that make it a promising
building material for biological applications - also for building synthetic cell membrane
components. Introduction of LNA into a DNA oligonucleotide results in increased affinity
between the complementary strands and increases the melting temperature by several degrees™”.
Except for the general stability improvement, which helps when the structure needs to be forced
into a membrane as described above, this also implicates that designed constructs can be smaller
— less complementary nucleotides is required to ensure proper folding. For structures that can

achieve their functionality with a minimalistic architecture, but are being expanded to ensure their
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stability, an addition of LNA monomers can stabilize a smaller design and effectively decrease
the number of negatively-charged phosphates that it carries. What is more, LNA-containing

295,296

oligonucleotides exhibit nuclease resistance , which answers one of the issues faced by DNA

bionanotechnology — biological stability.

In contrast, PNA deviates significantly from the molecular structure of natural nucleic acids. Unlike
DNA, it does not feature a sugar, nor does it carry a phosphate bond. Its backbone is formed with
N-(2-aminoethyl)-glycine units linked with peptide bonds (C(O)-NH). While having the same
advantages as LNA: higher stability, stronger affinity towards complementary bases and nuclease
resistance, it is also considered hydrophobic®”. Lack of a negative charge in the backbone results
in stronger PNA-PNA (or PNA-DNA) binding, additionally making it less dependent on the ionic
composition of the solution mediating electrostatic interactions. Combining the chemistry of PNA
and DNA in a rational design can lead to a perfectly balanced synthetic transmembrane construct:
with DNA ensuring solubility in aqueous solutions as well as exhibiting its control over membrane
transport via (switchable) formation of a toroidal pore, while PNA provides hydrophobicity and
stability required for firm embedment of a pore-forming structure into the membrane, and

nuclease-resistance for operating in biological media.

8.3. Further development of nucleic acid-based membrane structures

The family of nucleic acids is rich in variations and mechanisms that could be utilized to create
a more complex relationship between molecules, ensuring better control over cellular activity, and
to more accurately mimic the functionalities of membrane proteins. In fact, varying each of
the structural components of a NA monomer can unlock a range of possibilities for further

development of the synthetic structures.

As NA nanotechnology is still a relatively young field (40 years at the time of writing™"), there are
many features that have not been widely explored. As already mentioned in the previous chapters,
the twist of a double helix is a potential parameter that could be used in the next generation of NA-
based membrane devices. Tuneable unwinding of a double strand would give researchers another
level of control over the structure’s architecture. One potential step leading towards it is utilizing
transitions between various forms of NA. The transition between right-handed B-DNA and left-

75,76

handed Z-DNA has already been explored for building nanomechanical devices™" and can be

used for designing membrane proteins with active modulations of their molecular structure.



Conclusions and outlook | 170

210

The transition between right-handed B-DNA and A-DNA was shown to be sequence specific
and reversible”. Additionally, it is observed to occur locally, affecting only a fragment of a long
dsDNA™. The resulting change along the main axis (0.8 A per base pair***"") could be utilized to
tune the distance between modifications in a precise manner, providing an additional feature on

top of the DNA folding at the nanoscale.

Apart from varying the backbone, as described in the subchapter above, the complementarity-
driving part of the double strand - base pairing - can also be utilized to ensure additional features
of the nanostructure. Except for the best-recognized Watson-Crick base pairs, other
complementarity mechanisms can lead to the formation of non-canonical bonds between
oligonucleotides. The most prominent example are Hoogsteen base pairs formed between dsDNA
and a complementary ssDNA, stabilizing a triple helix structure®*". Such pairs are observed in
the secondary structures of G-rich nucleic acids: G-quadruplexes, which have been reported to
form in vivo, terminating human chromosomes in telomeric DNA™”. Importantly, however,
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Hoogsteen bases formation depends strongly on pH in the solution™™, which means that this

mechanism can be utilized to achieve pH responsiveness of the active DNA construct.

Deviation from the canonical (Watson-Crick) base pairing is also a reason why RNA
nanotechnology can provide unique building blocks for nanoscale architectures. Despite similar
chemistry, RNA folding exhibits more flexibility than DNA®, with numerous possible loops and
secondary motifs available in the RNA nanoengineer’s toolkit"’*". These unique non-canonical
properties of RNA reflect on its biological role: while in cells DNA mostly forms a linear double-
stranded genetic material, RNA structure has many variations utilizing its secondary structures,
allowing it to participate in signalling pathways and even exhibit enzymatic properties™***"~'!,
Despite DNA still dominating NA nanotechnology, RNA constructs are also emerging, including
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junctions™'?) cubes®’ and RNA origami structures’'*.

8.4. Concluding remarks

The vastness of possibilities in NA design makes it a promising avenue for building biological
molecular machines. However, since NA nanostructures carry so much functionality, it is easy to
plunge into developing their design in isolation, rather than studying them in the context of
the targeted environment. The latter strategy is especially important for biological media, where

complex dependencies between molecules exist on top of the complexity of synthetic structures.
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Therefore, one of the important next steps, with respect to all of the projects I undertaken and

described here, is to study analogous phenomena in cellular membranes and biological fluids.

The idea of contextual design of synthetic biostructures is a direct implication of protein-inspired
building. Exploring solutions that nature chose in creating membrane constructs is a strategy that
I consider most effective. On the other hand, I would like to briefly mention the “gating”
phenomenon, described in Chapter 7, from which we can learn about natural ion channels. As
an observation reported for membrane-spanning DNA, it suggests that this process does not result
from complex “gating” mechanisms carried by specialized channels. Research can benefit not only

from mimicking relevant natural proteins but also from a reversed approach: studying nature

through the DNA models.

While the numerous possible pathways to explore in the field of NA nanotechnology are tempting,
I would like to finish this work by once more quoting Gall’s law: A complex system that works is
invariably found to have evolved from a simple system that worked’"” With the goal of building
a structure utilizing various possible mechanisms and performing in a complex way, I advocate for
starting this scientific endeavour with a simple network of interacting molecules. Understanding
minimalistic nucleic acid structures builds a solid foundation under their comprehensive expansion,

with many possibilities yet to be explored.



Conclusions and outlook | 172




APPENDIX

A1. Simulations methods

All the simulations presented in this thesis were performed by Himanshu Joshi, PhD, as a result of
collaboration with Aleksei Aksimentiev’s group from University of Illinois. Below is a description

of methods that were used, as reported by H. Joshi.

A1.1. Membrane-spanning DNA in Chapters 4 and 5.

All MD simulations were performed using NAMD2'. The all-atom models of the DNA duplexes,
having the same sequences as used in experiments, were created using the NAB module of
AMBERTOOLSs". One cholesterol molecule was covalently conjugated to each strand of dsSDNA
molecule using a triethylene glycol (TEG) linker, as described previously'””. The force-field
parameters of the cholesterol molecule with the linker were obtained from the CHARMM General
Force Field (CGenFF) webserver’. To obtain the non-nicked variant of 8 nm design (8 nm-0x,
Chapter 5), we created a custom patch using psfgen plugin of VMD’" to make the DNA backbone

continuous at the position of the cholesterol conjugation.

The dodecane spacers were introduced by replacing the four nucleotides with a dodecane molecule,
as specified in Table A4.1. Two initial configurations of the 2D structure were constructed,
differing by the conformation of the spacers: contracted and stretched (Figure A4.5). The initial
configuration proved to have an effect on the water permeation and lipid flipping, resulting from

the differences in pore formation (Figure A4.6).

Membrane-spanning DNA constructs were inserted into a pre-equilibrated patch of either 1,2-
diphytanoyl-sn-glycero-3-phosphatidylethanolamine (DPhPE, Chapter 4) or 1,2-diphytanoyl-sn-
glycero-3-phosphatidylcholine (DPhPC, Chapter 5) lipid bilayer, placing both cholesterol anchors
within the volume occupied by the lipid membrane. All lipid molecules located within 3 A of the
DNA were removed. Mg*'- hexahydrates were added neat the backbone of the DNA to neutralize
its negative charge, as described previously'”'. The resulting system was solvated with TIP3P water
molecules™ using the Solvate plugin of VMD’". Sodium and chloride ions were added to produce

either a 100 mM (Chapter 4) or 500 mM (Chapter 5) solution using the Autoionize plugin of VMD.
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A few additional Mg**- hexahydrates and chloride ions were added to result in the 4 mM bulk
concentration of MgCL. Thus assembled systems measured 13 x 23 x 13 nm’ and contained

approximately 346,000 atoms.

The assembled systems were subjected to energy minimization using the conjugate gradient
method to remove the steric clashes between the solute and solvent. Following that, we equilibrated
the lipid molecules around the DNA for either 50 ns (Chapter 4) or 20 ns (Chapter 5), while
harmonically restraining all the non-hydrogen atoms of DNA using a spring constant of
1 kcal/mol/A’%. Subsequently, we removed the harmonic testraints and performed 50 ns
equilibration while maintaining the hydrogen bonds between the complimentary base-pairs of
DNA using the extrabond utility of NAMD. Finally, we removed all the restraints and performed
1 ps long production simulations of systems using a constant number of atoms (N), pressure

(P =1 bar) and temperature (T = 298 K), the NPT ensemble.

All the MD simulation were performed using periodic boundary conditions and particle mesh
Ewald (PME) method to calculate the long range electrostatic interactions™'. The Nose-Hoover
Langevin piston® and Langevin thermostat were used to maintain the constant pressure and
temperature in the system. CHARMM?36 force field parameters® described the bonded and non-
bonded interactions between DNA, lipid bilayer, water and ions. An 8-10-12 A cutoff scheme was
used to calculate van der Waals and short range electrostatic forces. All simulations were performed
using a 2 fs time step to integrate the equation of motion. SETTLE algorithm™* was applied to
keep water molecules rigid, whereas RATTLE algorithm® constrained all other covalent bonds
involving hydrogen atoms. The coordinates of the system were saved at an interval of either 19.2 ps
(Chapter 4) or 20 ps (Chapter 5). The analysis and post processing of the simulation trajectories
were performed using VMD?"” and CPPTRAJ’" and an online Fortran program Illustrator was

used to visualize the structures®.

In Chapter 5, using the SEM method™’, we computed the ionic current for the last 800 ns of

the simulation trajectory.

A1.2. Magnesium affinity towards gel and liquid phase bilayers in Chapter 6.

All MD simulations were performed using program NAMD2, a 2 fs integration time step, 2-2-6
multiple time stepping, periodic boundary conditions, and particle mesh Ewald (PME) method

overa 1 A resolution grid to calculate the long-range electrostatic interaction®®. The Nose-Hoover
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Langevin piston’ and Langevin thermostat wetre used to maintain the constant pressure and
temperature in the system. An 8-10-12 A cutoff scheme was used to calculate van der Waals and
short-range electrostatic forces. SETTLE algorithm™* was applied to keep water molecules rigid
whereas RATTLE algorithm™ constrained all other covalent bonds involving hydrogen atoms.
CHARMM36 force field parameters described the bonded and non-bonded interactions among

the atoms of lipid*”, water and ions™

. Magnesium ions were modeled as magnesium hexahydrates
(Mg[H20]6°")*”. The coordinates of the system were saved every 20 ps. The visualisation, analysis,

and post-processing the simulation trajectories were performed using VMD?” and CPPTRAJ".

The initial configuration of the 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) lipid
bilayer membrane containing 64 lipids in each leaflet was generated from the CHARMM-GUI
membrane  builder™. A pre-equilibrated  patch  of  1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine (DPhPE) containing 64 lipids in each leaflet was obtained from a previous

study'”. Both membranes were solvated with TIP3P water molecules™

. Magnesium hexahydrade
and chloride ions were placed randomly in the solvent at 300 mM concentration. Fully assembled
DPPE and DPhPE membrane systems contained 30,410 and 48,288 atoms, respectively. Each
system was first subject to energy minimisation using the conjugate gradient method, which
removed steric clashes between the solute and the solvent. The systems were then equilibrated
without any restraints for several hundreds of nanosecond in a constant number of atoms (N),
pressure (P = 1 bar) and temperature (T = 300 K) ensemble. Anisotropic pressure coupling was
used to maintain the constant ratio of the system’s dimension within the membrane, allowing
the system's dimension normal to the membrane to adjust independently of the other dimensions.
Following that, Mg[H,OJs*" ions located approximately 30 A away from the center of
the membrane were removed, producing two systems of approximately 100 mM MgCl,

concentration. Each system was then in equilibration for additional 0.5 ps. Figure A6.4 presents

snapshots of the simulated membranes, alongside results of their analysis.

To obtain the PMF of an Mg[H-O]s*" ion along the direction normal to the lipid bilayer (z-axis),
we performed replica-exchange umbrella sampling simulations™ using the colvar module® of
NAMD. Starting from the state attained at the end of each 0.5 us equilibration, a short (3 ns)
steered molecular dynamics (SMD) simulation was performed to move one Mg[H.OJ¢*" ion along
the z-axis from 40 A to 10 A, as measured from the center of the lipid bilayer. Each SMD trajectory
was used to create 31 copies of each membrane system differing by the z-coordinate of

the Mg[H»O]¢**, one system for each 1 A sampling window along the z-axis. Each replica was
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simulated for 50 ns having the z-coordinate of the Mg atom restrained to the center of the sampling
window with the spring constant of 2.5 kcal/mol/A% During the simulation, the replicas were
allowed to exchange the biasing potential between the neighbouring windows with a probability
given by the Metropolis algorithm. Finally, we used WHAM™* to subtract the contribution from
the confining harmonic potential and extract the PMF of the Mg[H:O]s*" ion along the axis normal
to the lipid bilayer membrane. To assess the affinity of Mg[H>O]s** at minimal ionic concentration,
we repeated the PMF calculations using a set of simulation systems containing a single Mg[H>O]s*
ion. The initial configuration of the 31 replicas (varying in the coordinate of the ion along the z-axis
from 40 to 10 A) were obtained by removing all Mg[H,O]¢** and chloride ions except one
Mg[H20O]s** and two chloride ions from the respective 100 mM of MgCl, replica systems. Each
replica was simulated for approximately 67 ns while restraining the z-coordinate of the Mg[H2O]s*"
ion with respect to the center of the membrane using a force constant of 2.5 kcal/mol/ A2 The first
5 ns of the simulation was excluded, and WHAM was used to compute the PMF profile from the

later part of the simulation trajectories.
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A2. Differential Scanning Calorimetry

All the simulations presented in this thesis were performed by Roger Rubio-Sanchez, as a result of
collaboration with Lorenzo Di Michele’s group from University of Cambridge. Below is

a description of methods that were used, as reported by R. Rubio-Sanchez.

Differential Scanning Calorimetry (DSC) was performed on DPPC lipid vesicles using standard
aluminum DSC pans in a PerkinElmer DSC 4000 instrument. Samples were heated from 20 °C to
60 °C at 1 °C/min, equilibrated at 60 °C for two minutes, and then cooled down to 20 °C at
the same rate. Throughout the ramp, heat flow (mW) was recorded for vesicles in both the presence

and absence of dsDNA and Mg** ions (Figure A6.2).
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A3. Figures
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Figure A4.1 Schematic illustration of the DNA designs featured in Chapter 4. Black
circles represent cholesterol modifications. Presented structures are modified with two
cholesterols each (2C), while alternative, control structures with one (1C) or no (0C)

cholesterols were also used. The sequences of oligonucleotides can be found in
Table A4.1.
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Figure A4.2 Representative traces of fluorescence decay of control structures (0OC and
1C), averaged for the traces from Fig. 4.6b. The data on each plot were collected from

at least two separate experiments
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Figure A4.3 Representative traces of fluorescence decay, averaged for the traces from

Fig. 4.7a; single vesicles’ fluorescence decay from the + Mg experiments, with dithionite

final concentration = 9 mM. The data on each plot were collected from at least two

separate experiments.
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Figure A4.4 Representative traces of fluorescence decay, averaged for the traces from

Fig. 4.7c. The data on each plot were collected from at least two separate experiments.



Appendix | 180

contracted stretched

Figure A4.5 Snapshots from the simulations of the 2D structure (Chapter 4) in its initial

configuration either (a) contracted or (b) stretched.
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Figure A4.6 Comparison between 2D structure simulated in the membrane in two
different initial conformations: contracted and stretched (as shown in Figure A4.5).
Contracted conformation of C12 chains is preferred in the solution, while they extend

in the hydrophobic core of a bilayer.
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Figure A5.1 Schematic illustration of the DNA designs featured in Chapter 5. Black

circles represent cholesterol modifications. Presented structures are modified with two

cholesterols each (2C), while alternative, control structures with one (1C) or no (0C)

cholesterols were also used.
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Figure A6.1 Schematic illustration of the DNA designs featured in Chapter 5. Black
circles represent cholesterol modifications. Presented structures are modified with two
cholesterols each (2C), while alternative, control structures with one (1C) or no (0C)

cholesterols were also used. The sequences of oligonucleotides can be found in
Table A6.1.
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Figure A6.2 Differential scanning calorimetry (DSC) measurements confirming DPPC
phase transition temperature (41 °C 24%). Experiments were performed with LUVs in
solution without added salt, as well as in the presence of Mg?* and DNA, as for

the experiments on DNA-membrane attachment in Chapter 6, Fig 6.4d.
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Figure A6.3 Co-localization of DNA nanostructures and NBD-PC in de-mixed 15%
cholesterol/ DPPC vesicles. Representative micrographs, alongside average intensity
values of the two phases (liquid ordered and gel) stated in arbitrary units, illustrate
the lateral partitioning of NBD-PC lipids. The co-localization of the fluorescent signals
from the DNA and NBD suggests that they both tag the gel-phased domains of

the membrane. Scale bar represents 5 um.
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Figure A6.4 Free-equilibration simulation of fluid and gel-phase PE membranes.
Representative conformation of the (a) gel-phase (DPPE) (b) fluid-phase (DPhPE) lipid
bilayer membranes containing 64 lipid molecules in each leaflet. The non-hydrogen
atoms of the lipid bilayer membrane are shown as blue (N), tan (P), red (O), and cyan
(C) spheres. (b) The area per head group of the DPhPE and DPPE membranes simulated
first in 300 mM (up to the green arrow) and later in 100 mM solution of MgClz. (c) Local
density of the P atoms of the lipid headgroups along the bilayer normal averaged over
the last 0.5 us of the equilibrium MD simulations. Local concentration of Mg?* ions along
the lipid bilayer normal averaged over the respective MD trajectory (excluding the first
50 ns) for the simulations performed at (d) 300 mM and (f) 100 mM concentration of
MgClz. Symbols show local concentration data averaged in 3 A bins, faded lines show

0.1 A bin data.
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Figure A7.1 Schematic illustration of the structures used in experiments described in
Chapter 7. (a) 4-helix bundle (4H) DNA design, following caDNAno convention
(square 5’°, triangle 3°). Strands forming double helices were grouped into “sc” and “st”
for convenience. The sequences of oligonucleotides are presented in Table A7.1.

(b) 30 bp-long DNA duplex. The sequences of oligonucleotides are presented in
Table A7.2.
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A4. Tables

Table A4.1 Sequences of DNA strands forming structures featured in Chapter 4.

Illustration of the designs can be found

“Modification”. * represents the position of cholesterol.

in Figure A4.1.

“Modif.” stands for

Strand Sequence (5’ > 3’) Length [nt] Modif.

D1 AGTAGTATCCATe 12 3’ chol

DY’ CATCGTAGCTAAAAAAGTCATACATAGATTAGAGAG 36 5’ Cy3
D1'C12 CATCGTAGCT(C12)AAGTCATACATAGATTAGAGAG 32 internal C12
D2 CTCTCTAATCTAe 12 3’ chol

D2f TGTATGACTTAAAAAGCTACGATGATGGATACTACT 36

D2’ TGTATGACTTTTTTAGCTACGATGATGGATACTACT 36

D2'C12 TGTATGACTT(C12)AGCTACGATGATGGATACTACT 32 internal C12

Table A4.2 Parameters obtained by fitting double exponential equation to averaged

traces of NBD bleaching, featured in Chapter 4.

24 2
g\;,rit.g ﬁjl\ojj " construct 1 Zl‘nin] ;rznin] ?rznin'lj
+ 45 oc 045040001 3.01+0.07 0334002 - ;
. 45 1C 045840001 3.13+0.06 0324001 - ]
. 45 2C0D 0.005+0.001 094+0.03 106003 3.6340.04 028+0.00
; 45 2C 1D 002540004 068+0.08 147017 4194019  0.24+0.01
; 45 2C 20 _0.076+0.008 2314010 043+002 9.04+030  0.11+0.00
. 9 1C 0456+0.005 3314016 030+001 - ;
. 9 2C0D 001240007 163+0.29 061011 3.89+137  0.25+0.01
. 9 21D 001440006 029+006 345t071 4664015 0.21+001
N 9 2C2D 01644003 072+005 139010 11.66+1.01 0.09%0.01
} 45 2C0D 0076+0.003 091+0.04 110005 503+0.17  0.20%0.01
} 45 2C1D 0.296+0.003 089+0.06 112008 3.84+1.39  0.26%0.09
} 45 2C2D 0.388+0.003 1.00+0.06 100£006 4.92£0.84  0.20%0.03
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Table A4.3 Melting temperatures of DNA constructs, presented in Chapter 4, Fig. 4.8a.

Construct Tm [°C] (4 mM Mg?*) Tm [°C] (1 mM Mg?*) ATm[°C]

oD 60.47 £1.20 61.87+£1.01 1.40+1.57
oDf 52.99 +1.07 50.78 £ 1.07 2.21+151
1D 50.31+2.15 43.82+1.45 6.49 £ 2.59
2D 51.16 £1.79 44,69 +1.12 6.47 £2.11

Table A4.4 Relative band intensities of structures folded in 1 mM Mg?*, normalized to

the respective 20 mM Mg?* band, obtained from two independent experiments.

Construct Normalized intensity (1) Al

0D 0.991 0.053
0Df 0.968 0.012
1D 0.483 0.064

2D 0.578 0.096
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Table A5.1 Sequences of DNA strands forming structures featured in Chapter 5.
Illustration of the designs can be found in Figure AS5.1. “Modif.” stands for

“Modification”, “int.” for “internal”. * represents the position of cholesterol.

Structure Strand Sequence (5’ > 3’) Length [nt] Modif.
D1 AGTAGTATCCATCATCGTe 18 3’ chol
D1’ AGCTTTTTAAGTCATACATAGATTAGAGAG 30 5’ Cy3
A nm-2x D2 CTCTCTAATCTATGTATGe 18 3’ chol
D2’ ACTTAAAAAGCTACGATGATGGATACTACT 30
4D1 AGTAGTATCCATe 12 3’ chol
4D1’ CATCGTAGCTTTTTAAGTCATACATAGATTAGAGAG 36 5 Cy3
8 nm-2x 4D2 CTCTCTAATCTAe 12 3’ chol
4D2’ TGTATGACTTAAAAAGCTACGATGATGGATACTACT 36
int. chol

D1-0X AGTAGTATCCATeCATCGTAGCTTTTTAAGTCATACATAGATTAGAGAG 48
8 nm-0x (5’ Cy3)

D2-0X CTCTCTAATCTA®TGTATGACTTAAAAAGCTACGATGATGGATACTACT 48 int. chol
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Table A6.1 Sequences of DNA strands forming structures featured in Chapter 6.

Illustration of the designs can be found

“Modification”. * represents the position of cholesterol.

in Figure A6.1.

“Modif.” stands for

Strand Sequence (5’ > 3’) Length [nt] Modif.

D1 AGTAGTATCCATe 12 3’ chol, 5’ Cy3
DY’ CATCGTAGCTAAAAAAGTCATACATAGATTAGAGAG 36 5’ Cy3

D1” CTCTCTAATCTATGTATGACTTTTTTAGCTACGATG 36

D2 CTCTCTAATCTAe 12 3’ chol

D2’ TGTATGACTTTTTTAGCTACGATGATGGATACTACT 36

Table A6.2 Zeta (§) potential values presented in the Chapter 6, Fig. 6.8. Standard

deviation is from three measurements.

Zeta (€) potential [mV] Standard deviation [mV]
Lipid species Conditions
20°C 60 °C 20°C 60 °C
no added salt -12.20 -10.44 0.22 0.49
DPPC 1 mM Mg -0.54 -8.99 0.11 0.99
1 mM Mg?* + 10 nM DNA -2.73 -7.07 0.16 0.73
no added salt -18.07 -16.5 1.45 1.64
POPC 1 mM Mg?* -1.21 -1.63 0.38 0.88
1 mM Mg?* + 10 nM DNA -2.20 -3.18 0.84 0.52
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Table A6.3 Peaks of Gaussian distribution fitted to histograms from Fig. 6.14a, used in
the plot in Fig. 6.14b. Error bars represent full width at half maximum (FWHM) of the
fitted peaks. All normalized to the value obtained for 2C at 4 mM Mg=3*.

Peak of the fluorescence distribution (normalized)
Mg?* concentration

2Cc ic ss1
0 - - i
0.2 0.21+0.08 - 0.76 £0.08
0.5 0.62 +£0.14 0.17 £ 0.07 0.85+0.14
1 0.87+0.08 0.60+0.11 0.94 £0.08
2 0.94+0.15 0.76 £0.09 0.96 £ 0.15
4 1.00+0.18 1.00+0.10 0.98 £0.17

Table A6.4 Parameters obtained by fitting a Hill equation to the data for DNA-GUV

affinity as a function of magnesium concentration, shown in Fig. 3b.

Strand nt nt:chol n K [mM] Ka [mM]
ss1C 12 12 0.72+0.20 0.048 £0.014 0.112 +£0.081
2C 96 48 1.99+0.11 0.389 £0.012 0.153 £ 0.002

1C 96 96 2.26 £ 0.65 0.920+£0.142 0.828 £ 0.044
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Table A7.1 Sequences of DNA strands forming 4-helix (4H) structure, featured in
Chapter 7. Illustration of the design can be found in Figure A7.1. “Modif.” stands for
“Modification”. * represents the position of cholesterol. Sequences stl and st4 are

analogous to ssC1 and ssC2 from Figure 3.6, respectively.

Strand  Sequence (5’ > 3’) Length [nt] Modif.
scl TTTAGCCTAGTCAGCCGTTAAGTGCCAe® 27 3’ chol
sc2 AGTCTGACCTGATTGAACGTAGe 22 3’ chol
sc3 CGTCTCCATAGCTACTTAGCTACAGATAGGTCCACAACCAGATTACACACTTT 53

stl TCAGACTTTTTTTTGGCACTTAACCTATe 28 3’ chol
st2 GGAGACGTTTTTTCTACGTTCAATTTGTGGACCTATCTTT 40

st3 TTTTGTAGCTAAGTAGGGCTG 21 5 Cy3
st4 ACTAGGCTGTGTGTAATCTGGCAGGe 25 3’ chol

Table A7.2 Sequences of DNA strands forming duplex structure, featured in Chapter 7.
Illustration of the design can be found in Figure A7.1b. “Modif.” stands for

“Modification”. * represents the position of cholesterol.

Strand Sequence (5" > 3’) Length [nt] Modif.
d1 ACTCTAATCTATGTAe 15 3’ chol
d2 TAGTATCCATCAATCe 15 3’ chol
d1’ TCGTTCGGCATACATAGATTAGAGT 25 3’ Cy3

d2’ TGCCGAACGAGATTGATGGATACTA 25
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