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Abstract

The interactions between DNA-binding proteins and DNA are highly important in many
cellular processes. Until recently, it has been believed that the function of proteins is
directly dependent on their well-defined, three-dimensional structure. Intrinsically dis-
ordered regions (IDRs) lack these requirements, but there is growing evidence for their
importance in proteins, especially DNA-binding proteins. Within this context, IDRs in-
clude both disordered tails and flexible linkers, which are disordered regions connected
to one or two DNA-binding domains (DBDs), respectively. They can affect both the
specificity and affinity of the protein to DNA, and thereby play a crucial role in the inter-
actions between them. However, the underlying molecular mechanisms of IDRs are not
fully understood.

In this work, the effect of overall charge and charge distribution in disordered regions
on the binding between DNA and DNA-binding molecules was investigated. The DBDs
were mimicked using positively charged PAMAM dendrimers, which bind non-specifically
to the negatively charged DNA. Peptides of various charge and charge distributions were
conjugated to the dendrimers, mimicking IDRs. The resulting structures were assessed
by mass spectrometry, but the exact molecule structures were not possible to determine.
However, the results strongly suggest that the peptides conjugated to the dendrimers. The
interactions between the resulting conjugates and DNA were studied using dye exclusion
assays and gel electrophoresis. For the conjugates possessing negatively charged peptides,
DNA condensation was not observed. This suggests that the peptides invert the charge of
the PAMAM, preventing it from binding to DNA by electrostatic repulsion. Conjugates
with neutral or approximately neutral peptides showed a much weaker DNA condensation
compared to non-conjugated PAMAM. The results indicate that the conjugates bind to
DNA, but the tails hinder condensation to some degree. For the conjugates possessing
positively charged peptides, condensation of DNA was either increased or remained con-
stant, compared to condensation by the non-conjugated dendrimers. In addition, peptides
with different amino acid distributions, with the same total positive charge, were inves-
tigated. Unfortunately, it was not possible to draw significant conclusions regarding the

effect of amino acid architecture on the binding between DNA and conjugates.



Sammendrag

Samspillet mellom DNA-bindende proteiner og DNA er sveert viktig i mange celluleere
prosesser. Inntil nylig har det veert antatt at proteiners funksjon er direkte avhengig av
deres veldefinerte, tredimensjonale struktur. Iboende ustrukturerte regioner mangler disse
spesifikasjonene, men det fremkommer stadig flere beviser pa deres ngdvendige roller i pro-
teiner, da spesielt DNA-bindende proteiner. I denne sammenhengen kan disse regionene
besta av bade ustrukturerte haler og fleksible lenker, som er ustrukturerte regioner koblet
til henholdsvis ett eller to DNA-bindende domener. De kan pavirke bade spesifisiteten
og affiniteten til proteinet for DNA, og dermed spille en avgjorende rolle i samspillet
mellom dem. Imidlertid er de underliggende molekylaere mekanismene til de ustruktur-
erte regionene ikke fullt ut forstatt. I dette arbeidet ble effekten av totalladning og
ladningsfordeling i ustrukturerte regioner pa bindingen mellom DNA and DNA-bindende
molekyler undersgkt. De DNA-bindende domenene ble etterlignet ved bruk av positivt
ladede PAMAM dendrimerer, som binder uspesifikt til negativt ladet DNA. Peptider med
forskjellige ladninger og ladningsfordelinger imiterte de ustrukturerte regionene og ble
konjugert til dendrimerene. De resulterende strukturene ble analysert ved bruk av mass-
espektrometri, men den ngyaktige molekylstrukturen var ikke mulig a bestemme. Eksper-
imentene antydet likevel at dendrimerene og peptidene hadde konjugert. Interaksjonene
mellom de resulterende konjugatene og DNA ble studert ved bruk av fargestoffeksklud-
eringsanalyser og gelelektroforese. DNA-kondensasjon ble ikke observert for konjugatene
med negativt ladede peptider. Dette antyder at peptidene inverterer ladningen til PA-
MAM, og forhindrer at den blir bundet til DNA ved elektrostatisk frastgting. Konjugater
med ngytrale eller tilneermet ngytrale peptider viste en mye svakere DNA-kondensasjon
sammenlignet med ikke-konjugert PAMAM. Resultatene indikerer at konjugatene binder
seg til DNA, men de ustrukturerte halene hindrer kondensasjonen til en viss grad. For
konjugatene med positivt ladede peptider ble kondensering av DNA enten gkt eller holdt
konstant, sammenlignet med kondenseringen av ikke-konjugerte dendrimerer. I tillegg ble
peptider med forskjellige aminosyredistribusjoner, med samme totale positive ladning, un-
dersgkt. Dessverre var det ikke mulig a trekke signifikante konklusjoner angaende effekten

av aminosyrearkitektur pa bindingen mellom DNA og konjugater.
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Chapter 1

Introduction

Traditionally, the well-defined three-dimensional structure of proteins has been viewed as
necessary in the performance of their biological function. However, several studies have
in the last two decades revealed that large numbers of these proteins contain and de-
pend on unstructured regions. These intrinsically disordered proteins (IDPs) and regions
(IDRs) are involved in numerous cell activities, including cell signaling and regulation. In
particular, IDRs are abundant in DNA-binding proteins and have been shown to play an
important role in protein-DNA interactions [1, 2]. These interactions are crucial in several
cellular processes, such as DNA transcription, DNA replication, and DNA recombination
and repair [3].

Disordered tails and flexible linkers are types of IDRs, known for their impact on both
specificity and affinity in protein-DNA interactions. Disordered tails, found at one or both
ends of DNA-binding proteins, often undergo a disorder-to-order transition when binding
to DNA. This increases the specificity of the DNA binding. In addition, the tails may
support nonspecific protein-DNA interactions occurring when a protein is searching for
DNA. Disordered flexible linkers are, on the other hand, often found between DNA-binding
domains (DBDs). The linkers allow for the relative movement of the domains, while also
mediating cooperation between them in DNA target search [4]. After the binding of one
DBD to DNA, the flexible linker facilitates the binding of a second DBD by adjusting the
orientation and separation of the domains. Consequently, it has been believed that the
main function of the flexible linker is to indirectly regulate the interactions between the

DNA-binding proteins and DNA. However, several recent studies suggest that the linker




Chapter 1. Introduction

interacts directly with DNA and plays a more “active” role in the control of protein-DNA
interactions than first assumed [5].

Several IDPs are associated with diseases, such as cancer, and cardiovascular and neu-
rodegenerative diseases [6]. For example, the multifunctional transcription factor p53 is a
known IDP, possessing both a flexible linker and disordered tails [4]. p53 is a crucial regu-
lator in several cellular processes, and around 50 % of human cancer cells have mutations
in the pb3 gene [7].

However, the molecular mechanisms of IDPs and IDRs and their structure-function
relationship are still not fully understood. Knowledge regarding these issues will lead to
a deeper understanding of their role in different cellular processes and diseases. Recent
studies suggest that the presence or absence of charges in disordered regions, including
both disordered tails and flexible linkers, notably affect the binding between proteins and
DNA [4, 5].

The aim of this project was therefore to explore the impact of overall charge and
charge distribution in disordered regions on the binding between DNA and DNA-binding
molecules containing disordered regions. For simplicity, the DBDs in these molecules were
mimicked using positively charged poly(amidoamine) (PAMAM) dendrimers, which bind
non-specifically to DNA. Peptide sequences of various charge and amino acid composition
were conjugated to the dendrimers, resembling disordered regions as either flexible linkers
or tails. The extent of the conjugation was investigated using UV spectroscopy, and mass
spectrometry was performed to assess the resulting molecules. The interactions between
DNA and the conjugated dendrimers were assessed using dye exclusion assays and gel

electrophoresis.




Chapter 2

Theory

2.1 Protein structure

Proteins are macromolecules essential in all organisms, which can be found almost every-
where in the cell. They are linear polymers composed of amino acids, with the amino
acid sequence making up the polypeptide chain. Monomeric proteins consist of a single
polypeptide, while multimeric proteins are made up of two or more polypeptides [3].

The amino acid sequence is referred to as the primary structure of the protein. The sec-
ondary structure arises from the folding into alpha helices or beta sheets, while the tertiary
structure is formed when the polypeptide chain folds into a three-dimensional structure.
The most stable three-dimensional conformation of a polypeptide chain is known as its
native conformation. If proteins are multimeric, their chains may be brought together,
resulting in a quaternary protein structure. Globular proteins, in contrast to fibrous pro-
teins, fold into compact structures rather than extended filaments. The globular proteins
are the most common type in the cellular structure. Many of them contain several units
with defined local tertiary structures called domains. These domains often have a specific
protein function, and large proteins usually consist of several domains |[3].

The structure-function paradigm, formulated more than 100 years ago, states that the
three-dimensional structure of a protein determines its specific biological function. How-
ever, this paradigm was re-assessed in the mid 1990s, when many biologically functioning
proteins, without ordered, three-dimensional structures, were recognized. The unstruc-

tured segments of a protein are now referred to as IDRs, while the proteins containing




Chapter 2. Theory

them are called IDPs [8, 9].

Random coil

Pre-molten globule

Figure 2.1: Protein quartet model. The model states that protein function depends on four
different conformational states of the polypeptide chain and the transistions between them. The
four states include the random coil, the pre-molten globule, the molten globule, and the ordered
structure. Created with BioRender.com.

Protein structure may be described as a conformational continuum, ranging from
entirely disordered to tightly folded structures. In the protein quartet model, the spectrum
is divided into four different types, namely random coils, pre-molten globules, molten
globules, and ordered structures [8], see Figure 2.1. According to this model, the protein
function depends on these states and the transitions between them. The IDRs may fall
into all categories, except for “Ordered”. The random coil shows little or no secondary
structure, while the pre-molten globule represents a more compact form of a coil, with
local regions of the sequence adopting secondary structure. The molten globule has a
native-like secondary structure and is even more compact than the pre-molten globule.
However, its tertiary structure is still disordered. The protein structures defined as ordered

have a well-defined three-dimensional structure [8, 10, 11].
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2.1 Protein structure

2.1.1 Features of IDRs

The amino acid sequences of IDPs/IDRs differ in many ways from structured proteins and
regions, including their charge, amino acid composition, hydrophobicity, flexibility, and
aromaticity [6]. IDRs often show a low sequence complexity, meaning that the sequences
frequently are composed of segments of the same amino acid or a mixture of a limited
number of different types. Some may also consist of short-period regular repeats 9, 12].
The IDRs may be distinguished from more structured protein regions based on their
amino acid composition. Amino acids such as cysteine(C), tryptophan(W), tyrosine(Y),
isoleucine(I), and valine(V) are often seen in structured regions and referred to as order-
promoting residues. Examples of disorder-promoting amino acids, frequently seen in IDRs,
are arginine(R), lysine(K), glutamic acid(E), proline(P), and serine(S) [13, 14].

The hydrophobic effect is one of the main contributors to the folding of structured
proteins, giving rise to compact tertiary structures. Consequently, bulky and hydrophobic
amino acids are rare in IDRs [11]|. Also, disordered regions often show a high net charge.
The electrostatic repulsion between charges within the IDRs leads to more extended
conformations than seen in structured regions [15].

The properties of IDRs offer advantages in several cellular processes, including both
DNA-protein and protein-protein interactions. IDRs often undergo a disorder-to-order
transition upon binding to a target. In this process, the disordered region folds into
an ordered structure, which leads to a considerable decrease in entropy. However, the
loss is compensated for by a favorable enthalpic gain. These interactions often show
high specificity and low affinity. Thus, they are essential in signaling processes where
the proteins involved should be able to bind to a specific target and dissociate quickly
when the signaling is complete. Also, IDRs are frequently targeted in post-translational
modifications (PTMs), where the range of protein functions is increased by modifying
the polypeptide chain. PTMs include modulation of the chemical nature of amino acids,
the addition of functional groups or peptides, and cleaving of the protein backbone. The
flexibility and disorder of IDRs make them more accessible to the modifying enzymes
since the side chains are more exposed than in structured regions |6, 10].

The molecular mechanisms of IDPs and IDRs and their structure-function relationship

are still not fully understood. Due to their involvement in many critical cellular processes,
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IDPs are often associated with diseases, such as Alzheimer’s and Huntington’s disease.
In these diseases, the pathological effects originate from mutations leading to changes in
protein conformation. The effects of mutations are well-known in structured proteins, in-
cluding misfolding and loss-of-function. However, the effects are not that well-understood
in the disordered regions and remain to be discovered. The understanding of the physical
mechanisms behind IDPs is crucial for the development of drugs targeting IDRs/IDPs
and in the engineering of therapeutic IDRs/IDPs [1].

2.2 DNA

Deoxyribonucleic acid (DNA) is a double-stranded nucleic acid responsible for storing
genetic information in cells. DNA consists of nucleotides, which are monomeric units
composed of a five-carbon sugar, a phosphate group, and an aromatic base. The four
aromatic bases present in DNA are thymine(T), cytosine(C), adenine(A), and guanine(G),
and their arrangement determines the genetic code. The two complementary strands of
DNA twist around each other forming a double helix, where each base in one strand
matches and forms hydrogen bonds with one specific base in the other strand. The two

bases must complement each other, giving the only pairing possibilities: A paired with

T, and G paired with C [3].

2.2.1 DNA-protein interactions

The interactions between DNA and proteins are highly important for a large number of
cellular activities, such as DNA transcription, replication, recombination and repair [3].
Proteins are crucial in the compaction of DNA inside the nucleus. The total length of
human DNA is almost 2 m, while the size of the nucleus is limited to a few micrometers.
Thus, the volume of DNA needs to be decreased drastically and the strands are therefore
packed into highly ordered structures, known as chromatin [16]. These structures are
formed when DNA twists around small proteins, called histones. These proteins contain
high amounts of the positively charged amino acids lysine and arginine, and the binding
between histones and DNA is therefore dominated by electrostatic interactions [3].

The human genome is composed of approximately 3 billion base pairs encoding 20,000




2.2 DNA

to 25,000 genes, and sequence-specific DNA-binding proteins must therefore be able to
find the correct binding sites out of a gigantic number of potential sites in the DNA
[17, 18|. Transcription factors (TFs) are examples of DNA-binding proteins, and their
main cell function is to initiate, enhance, or inhibit the transcription of genes [3]. The
large size of the human genome rises the question on how TFs and other DNA-binding

proteins are able to efficiently find their target sequence.

A key feature of the DNA sequences, making them recognizable for the DNA-binding
proteins, is their chemical surface signature. Each base pair has their own set of func-
tional groups, and the combination of several base pairs stacked together gives rise to a
recognizable pattern. The DNA-binding domains (DBDs) of the DNA-binding proteins
will bind with greater affinity to DNA sequences that are complementary to their own
surface. The double-helical structure of the DNA results in so-called major and minor
grooves, where these patterns are exposed. The DBDs may bind to both major and minor
grooves of DNA, but the binding is most often seen in the major groove due to more avail-
able space and opportunities for interactions. The binding is mediated by different types
of interactions, including hydrogen bonds and electrostatic interactions. In addition, the
phosphate groups present in the DNA backbone are negatively charged and interact with
the positively charged amino acids in the binding proteins |3, 18, 19]. The hydropho-
bic effect is also an important driving force behind the formation of the DNA-protein

complexes [20].

Normanno et al. [21] studied the search dynamics of DNA-binding proteins in mam-
malian cells. The authors discovered that the proteins search the nucleus by diffusion and
transient binding to non-specific DNA, that is, not to their target sequence. However,
this binding is inefficient. The authors suggest that this is due to competition from other
DNA-binding proteins, both specifically or non-specifically bound to the DNA. When the
DNA is bound to other proteins, its accessibility to the DNA-binding protein, searching

for its target, decreases [21].

Non-specific interactions involve a general affinity of the protein for the DNA strand.
This mainly includes the electrostatic interactions between the protein and the sugar-
phosphate backbone of the DNA. For many DNA-binding proteins, the nonspecific binding

may be viewed as an intermediate step followed by the site-specific target search. However,

7
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a) 1D sliding

- 3

b) 3D hopping

Figure 2.2: Facilitated diffusion of proteins along the DNA. Three mechanisms are shown,
including (a) 1D sliding, (b) 3D hopping, and (c) intersegmental transfer. The mechanisms are
shown for non-compacted, “naked” DNA, in contrast to the more compacted DNA found in the
nucleus. Created with BioRender.com

not all DNA-binding proteins are site-specific, and they only bind DNA non-specifically
[22, 23].

Facilitated diffusion describes the site-specific target search, and includes different
actions, see Figure 2.2. 1D sliding refers to “sliding” of a protein along the DNA chain
until it finds its target. Another mechanism is the 3D hopping, where the protein “jumps”
from one segment to another. This usually occurs along the same DNA chain, but the
protein may in some occasions move to another DNA molecule. The third mechanism
is intersegmental transfer. Here, the protein binds to and brings two separate DNA
fragments together via an intermediate loop. This is only relevant for proteins containing

two DBDs, due to the binding of two DNA sites at the same time [24, 25].

8
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2.2 DNA

2.2.2 Disordered regions in DN A-protein interactions

As mentioned in Chapter 1, many DNA-binding proteins contain disordered regions, such
as disordered tails and flexible linkers. Several studies show that the amino acid compo-
sition of these regions plays an important role in protein-DNA interactions.

Gao et al. [26] studied the interactions between DNA and H-NS proteins. H-NS is a
nucleoid-associated protein (NAP), which is a class of proteins involved in the packing and
organization of DNA in bacterial cells. H-NS is known for its role in gene regulation in
bacterial genomes, and consists of an N-terminal oligomerization domain and a C-terminal
DNA binding domain, connected by a flexible linker. Gao and co-authors discovered
that the number of positively charged residues greatly affect the electrostatic interactions
between the linker and DNA molecule. These interactions contribute to a fast initial
binding, and may also allow H-NS to perform 1D sliding along the DNA to find its
specific binding site. Deletion of the whole linker or reduction in the number of positively
charged residues lead to a drastic decrease in binding between H-NS and DNA. This
indicates that the binding affinity strongly depends on the existence and the composition
of a linker region [26].

Another study was performed by Subekti et al.[5], where the function of the flexible
linker in the tumor suppressor pb53 was evaluated. pb3 is a crucial transcription factor
in the maintenance of genomic integrity. Around 50% of cancer cells in humans have
mutations in the p53 gene [7], and the p53 protein is therefore widely studied. p53 is
activated when cells are exposed to various types of stresses, participating in the regulation
of several processes, such as DNA repair, apoptosis, and cell cycle arrest [27]|. Following
the nonspecific binding of protein to DNA, the protein searches among large amounts of
DNA before it finds and binds to its specific target sequence. The binding leads to the
expression of proteins needed for the regulation of the mentioned processes. p53 binds to
DNA and searches for its target sequence by facilitated diffusion, including both 1D sliding
and 3D hopping [5, 28]. Several studies have investigated the binding due to the DBDs
of p53 [29, 30|, while the impact of the flexible linker still needs further investigation
[5]. However, Subekti et al. revealed the importance of the p53 linker composition in
both 1D sliding and the nonspecific DNA-binding. The disordered flexible linker of p53

possesses five positively charged amino acids. In their study, different variants of p53 with

9
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modulated charges were prepared. The results showed that the neutralization of linker
charges lead to a decrease in the nonspecific binding to DNA. This indicates that the
linker directly interacts with the DNA, which may include the electrostatic interactions
between the positively charged linker residues and the negatively charged DNA backbone.
Furthermore, the neutralization promoted 1D sliding along the DNA, suggesting that the
charge also regulates the 1D sliding dynamics. The conservation of linker residues between
different mammals was also investigated, showing that the positively charged residues were
highly conserved between species. This also supports the importance of these amino acids
in the interaction between p53 and DNA.

Levy et al. [4] studied the disordered tails of p53. Disordered tails of DNA-binding
proteins often show a high number of positive charges clustered together. The tails may
facilitate DNA-binding via a “monkey bar” mechanism, which resembles the motion of a
child swinging from one monkey bar to another. The tail can in the same way promote
intersegmental transfer for a DNA-binding protein by “swinging” to a DNA strand, while
the protein is still bound to another DNA strand. The p53 protein has an N-terminal and a
C-terminal tail, which are negatively and positively charged, respectively. Consequently,
the C-tail is of most interest in the protein-DNA interaction, due to its possibility of
interacting with negatively charged DNA. To study the effect of the C-tail composition
on the motion along DNA, the authors made different variants of the C-tail. They found
that a higher number of intersegmental transfers occurred when the charges were clustered
together and when the tail was significantly but moderately charged. This indicated that
both the net charge and the position of the charges affected the “monkey bar” mechanism

and hence influence the DNA search by DNA-binding proteins.

2.3 PAMAM dendrimers

Dendrimers are polymeric molecules consisting of tree-like arms or branches, and are
known for being well-defined, homogenous in structure, and monodisperse in size. The
molecules are made up of three main parts, including (1) a multifunctional core, acting as
an anchor point for the branches, (2) inner branches, and (3) exposed terminal function-

alized branches on the surface. Each layer of the inner branches makes up a generation,

10



2.3 PAMAM dendrimers

adding exponentially more branching points for each additional layer. The functionality
of the terminal branches can be modified in different ways, including the covalent bind-
ing of small molecules, drugs, and biomolecules, thereby changing the properties of the
dendrimers. Dendrimers have a wide field of applications, including drug delivery, gene
delivery, diagnostics, and vaccines 31, 32].

Poly(amidoamine)(PAMAM) dendrimers are the most well-studied and commercially
available class of dendrimers. They are made up of a large number of amine and amide
functional groups, which makes them highly suitable for biological applications [32]. Fig-
ure 2.3 shows a PAMAM dendrimer of generation 2 (G2) with an ethylenediamine core
and 16 amine groups exposed on the surface. These outer groups are primary amines,
while the interior amines are tertiary. The protonation of the amine groups, hence the
addition of a positive charge, is highly dependent on pH [33]. However, all primary amine

groups are protonated at pH 7.5 [34].

Figure 2.3: PAMAM generation 2 dendrimer (G2) with an ethylenediamine core and 16 pro-
tonated endgroups.

2.3.1 DNA condensation by PAMAM dendrimers

PAMAM dendrimers may be used as histone mimicking agents, because of the possibility

of tuning both their size and surface charge density. In simple models, they are useful in

11
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studying condensation and DNA-macromolecule complex formation, as well as how the
complex structure influences the biological function of DNA. When in a buffer solution,
the DNA strands adopt the conformation of semiflexible coils. However, when PAMAM
dendrimers are added to the solution, electrostatic interactions between the anionic DNA
backbone and cationic dendrimers lead to a more compact DNA conformation. This
process is known as DNA condensation. The degree of condensation upon binding is
dependent on both the dendrimer generation and the charge ratio, i.e. the ratio between
positive amines on the dendrimers (NHJ) and negative phosphates on the DNA (PO} )
[35, 36].

There are several factors controlling the interactions between charged polymers, such
as DNA and PAMAM. In solution, each polymer is surrounded by oppositely charged
ions, known as counterions, which form a diffuse layer around the polymer [37].

The association of DNA and dendrimer results in the release of counterions from both
species into solution, which leads to a large increase in mixing entropy. Consequently,
the association is mostly entropically driven [16]. Further, due to the large charge of the
dendrimers, these will correlate along the DNA chain and induce attractive interactions
between DNA chains [38], leading to their condensation. However, there are also opposing
forces, such as the loss of configurational entropy of the DNA molecule. The entropy loss
is due to the decrease in volume occupied by the DNA molecule upon condensation. Also,
the condensation leads to an increase in bending of the DNA, which brings the different
parts of the molecule closer, and potentially increasing the intramolecular electrostatic
repulsion, if the complexes are not neutral [39].

Previous studies have shown that the complex formation between DNA and PAMAM
dendrimers is a cooperative process, resulting in a coexistence of both free and compacted
DNA molecules, where dendrimers prefer to bind to an already partially compacted DNA,
rather than to free DNA molecules. This cooperative binding is due to the strong attrac-
tive ion correlation effect [36, 39|, as discussed above. The aggregates formed depend
on the PAMAM dendrimer generation. Lower generation (1-2) dendrimers tend to form
well-structured rods and toroidal complexes, while higher generations are more likely to

induce the formation of globular and less defined structures [16].
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Chapter 3

Methods

3.1 Fluorescence spectroscopy

Luminescence is the light emitted from a substance after the absorption of energy to an ex-
cited state. The term may be divided into two, namely fluorescence and phosphorescence
[40]. When a molecule absorbs a quantum of energy matching the difference between its
energy levels, one of the electrons may transition from the ground state to an excited
state of higher energy. Molecules are often raised to a higher vibrational energy level of
an excited electronic state, and may relax to a lower vibrational state before emission of
a photon. This is known as vibrational relaxation. Consequently, the molecule emits a
photon of lower energy than the exciting photon [3, 41]. Fluorescence occurs when an
electron transitions from an excited singlet state to the ground state, while phosphores-
cence refers to the electron returning to the ground state from a triplet excited state.
The absorption and emission of light may be visualized by a Jablonski diagram, shown in
Figure 3.1. The ground state, and first and second excited states are named Sy, S; and S,,
respectively. Within these electronic levels, the molecule can exist in different vibrational
levels, given as 0, 1, 2, etc [40]. In addition, several other non-radiative processes may
occur after the excitation, such as the vibrational relaxation, internal conversion and in-
tersystem crossing. Internal conversion refers to the transition between electronic states,
for example from Sy to S;. Intersystem crossing describes the forbidden transition from
a singlet state to a triplet state, as for example S; to Ty, and may be followed by the

emission of a photon, namely phosphorescence [41].
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Figure 3.1: Jablonski diagram showing the transitions between states in a molecule after
excitation by a photon. Electromagnetic radiation is emitted by fluorescence or phosphorescence,
and they are visualized in the diagram as solid lines. Energy may also be lost in non-radiative
processes, such as vibrational relaxation, internal conversion, and intersystem crossing, shown as
dashed lines.

Fluorescence spectroscopy is a useful tool in investigating the interaction between
PAMAM dendrimers and DNA. GelStar is a DNA binding dye known for being highly
sensitive in the detection of nucleic acids. The fluorescence is greatly enhanced when
the dye is bound to DNA, and the background fluorescence is negligible when DNA is
absent. The stain has an excitation and emission maximum wavelength at A\., = 493
nm and A\, = 527 nm, respectively. When the DNA becomes more condensed, due to
the presence of dendrimers, the dye is excluded from the DNA and the emission spectra
is expected to show a lower fluorescence emission intensity than for the corresponding

concentration of free DNA without dendrimers [35].
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3.2 UV/Vis spectroscopy

3.2 UV /Vis spectroscopy

Several biological molecules have specific absorbance in the UV /Vis region of the light
spectrum, making it possible to determine their presence and concentration in solution. As
mentioned, transitions between electronic states can occur when molecules absorb energy
of photons. Molecules capable of absorbing UV /Visible light are known as chromophores,
and their spectra are obtained by shining light of varying wavelengths through the sample
and recording the intensity of the transmitted light. The Beer-Lambert law quantifies
the absorption of light passing through a solution, and shows that the absorption is
proportional to the concentration of chromophores [42|. The differential Beer-Lambert

law is given by [43],

% = —ECI/ (31)

where I’ is light intensity and z is the dimension in which the light travels. e refers to the
molar absorptivity and has the SI unit of m?mol~!. ¢ is the chromophore concentration.

When the sample is placed in a cell of path length [, the equation may be written as,

[d]/ l
— :—ec/ dx (3.2)
0

Here, the intensities of the light entering and exiting the solution are given as I, and

I, respectively. The Beer-Lambert law defines the dimensionless absorbance A as,

I
A=In 70 = ecl, (3.3)

assuming a constant and uniform chromophore concentration c¢. The ratio between in-

coming and transmitted light is defined as the transmittance T,

T

I 1
— =e “. A4
r=e (3.4)
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3.3 (el electrophoresis

Gel electrophoresis is a technique used to separate charged molecules in an applied electric
field. When charged biomolecules are placed in an electric field, they migrate towards the
electrode of opposite charge due to electrostatic forces. The migration of the molecules
depends on several factors, including charge/mass ratio, net charge and molecular shape
[44]. A charged particle in an electrical field will experience a force described by Coulomb’s

law [45],

F = ZeE, (3.5)

where Z corresponds valency of the species, e is the elementary charge, and E is the
electrical field given in potential per cm. The particle will resist motion by — fv, where
f is the frictional factor and v is the velocity of the particle. It is assumed that the net

force on the particle in steady motion is zero, which gives

fv=ZeFE. (3.6)

The ratio between velocity and the strength of the electrical field is defined as the
electrophoretic mobility U, which may be expressed as
v Ze

(3.7)

The movement of macromolecules depends on the substance in which they travel in. A
gel with a given concentration may be viewed as a molecular sieve, in which the molecules
under study move with more constraints compared to in solution. In DNA, the charge
is proportional to its length. This implies that the electrophoretic mobility in solution
becomes nearly independent of the molecular weight. In a gel, the molecules are therefore
separated based on their ability to penetrate and reptate through the gel. That is, they
are separated based on their molecular size. The size of an unknown DNA molecule may
be determined by comparing it to a series of fragments with known molecular weights,

the so-called ladders [45].

In this study, gel electrophoresis was used to assess the interactions between DNA
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3.4 Mass spectrometry

and PAMAM or PAMAM-peptides. Upon binding, the electrophoretic mobility may
change due to several factors. The addition of positively charged molecules and complex
formation, neutralize the negative charges in the DNA backbone, leading to a decrease in
the mobility. In addition, the formation of large complexes increases the molecular weight

and size, also reducing the mobility [46].

3.4 Mass spectrometry

Mass spectrometry is an analytical technique used to determine the mass of molecules.
The technique has high sensitivity and is widely used in chemistry and biological sciences,
for example characterization and identification of macromolecules and proteins [47]. The
basic principle of mass spectrometry is the generation of ions in gas phase, followed by
their separation and detection based on mass-to-charge ratio (m/z). A mass spectrometer
generally consists of an ion source, a mass analyzer and a detector in high vacuum. The
results are given as the signal intensity as a function of the m/z ratio [48|.

In this study, mass spectrometry with electrospray ionization (ESI) was used to char-
acterize PAMAM-peptide conjugates. ESI is a soft ionization method with nearly no
fragmentation upon ionization, and the molecules are often ionized with multiple charg-
ing. Due to the higher number of charges per molecule, the m/z values become lower and
the ratio may therefore be found in the range of the mass analyzer. Thus, ESI is often
used in the study of large biological macromolecules, such as proteins and nucleic acids,
due to the possibility of multiple charging [49].

When PAMAM dendrimers are ionized in ESI, they may be described in the form
[M+zH|**, where M is the molecular mass, H is a hydrogen atom and z defines the charge
state. The signals of the protonation states may be observed in the mass spectrum at
ratios

m M+ zmy

m_ M+ zmy (3.8)

z z
where M corresponds to the mass of the molecule and my is the proton mass. It should be
mentioned that other molecules apart from hydrogen, such as sodium (Na'), can ionize
the molecules of interest in mass spectrometry [50|. However, the protonation by hydrogen

atoms was most relevant in this study due to the experimental setup, which will not be
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described in detail here.

ESI, together with the high resolution mass spec system, makes it possible to determine
the charge state of a given molecule by looking at the spacing between the peaks of an
isotopic cluster. The cluster appears as a distribution of peaks in the mass spectrum, due

to the different isotopes of the elements composing the molecule [50, 51]. An example is

shown in Figure 3.2.

Charge state =4 Charge state = 1
M = 1000 M =1000
m = [M+4H]* = 1004 0.25 m = [M+H]* = 1001 1
z=1/0.25=4 |—'—| z=1/1=1 —'—|
m/z =251 m/z =1001
I251 2I52 1001 1002 1003
100
o2
Fnl
‘»
c
[J]
£
| | | m/z
N 1000

Isotopic cluster

Figure 3.2: A simplified mass spectrum showing the isotopic clusters at charge states 1 and 4
for a molecule of molecular mass 1000 Da.
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Experimental procedures

4.1 Materials and sample preparations

4.1.1 DNA

10 mg/mL salmon sperm DNA (under 2 kbp) was received from Invitrogen. The Oct-1
DNA plasmid (3605 bp) was obtained from Integrated DNA Technologies (IDT). Stock
solutions were prepared using PBS-EDTA buffer (10mM PBS, 1 mM EDTA, pH 7.4).

4.1.2 PAMAM dendrimers

20 wt.% PAMAM dendrimers generation 2.0, with ethylenediamine cores, were received
in methanol solution from Sigma-Aldrich. To exchange the methanol with PBS-EDTA
buffer (10mM PBS, 1 mM EDTA, pH 7.4), a dialysis was performed using dialysis tubes
from the Pur-A-Lyzer Mega Dialysis Kit, delivered by Sigma-Adrich, with MWCO of 1
kDa. The capacity of the tubes was 3-20 mL, therefore, 400 uL. of PAMAM solution was
diluted in 3600 pL buffer prior to the dialysis. In accordance with the kit instructions, the
following procedure was performed. First, the Pur-A-Lyzer tube was filled with ultrapure
water, incubated for 5 minutes, and emptied. The diluted sample was loaded into the
tube and placed in the supplied floating rack in a beaker containing 800 mL of PBS-EDTA
buffer. It was left to stir for 7 hours. The buffer was then exchanged with 500 mL new
buffer and stirred at low speed overnight. The following day, the sample was transferred

from the Pur-A-Lyzer into a clean eppendorf tube.
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4.1.3 Peptide sequences

The peptide sequences were designed by Corinna Dannert, and possessed different over-
all charge, charge distribution and density, in order to investigate the impact of these
parameters on DNA-binding. The custom made peptides were produced and delivered
by GenScript, and Figure 4.1 shows the amino acid sequences. The properties of the
peptides, including length, overall charge, amino acid composition and purity, are shown
in Table 4.1. All peptides contained a cysteine residue in each end. This was required
for their conjugation to PAMAM dendrimes, as discussed in detail below. The peptides,
delivered lyophilized, were solubilized in PBS buffer (0.5 M NaCl, 10% glycerol, pH 7.4).
Most of the peptides were easily dissolved in 200 uL buffer. However, peptides SN8-24 and
N-end-25 required additional heating to dissolve, and their tubes were heated in a water
bath with a temperature of approximately 65°C. Aliquots were made for each peptide and
stored at -85°C. peptide S-25 was dissolved before the start of the project in Tris-HCI (10
mM, pH 7.4).

Table 4.1: Properties of the studied peptide sequences, including polymerization number, over-
all charge, and amino acid composition.

Polymerization Overall M,

Name number charge  (Da) Amino acids

S-25 27 0 2042  Serine, Glycine

SP-25 27 +12 2895 Serine, Lysine(+)

NP-25 27 -1 3259  Aspartic acid(-), Lysine(+)
N-end-25 27 -8 2386 Serine, Glycine, Aspartic acid(-)
P-end-25 27 +8 2491 Serine, Glycine, Lysine(+)
N-mid-24 26 -8 2299 Serine, Glycine, Aspartic acid(-)
P-mid-24 26 +8 2403 Serine, Glycine, Lysine(+)
SN8-24 26 -8 2329 Serine, Glycine, Aspartic acid(-)
SP8-24 26 +8 2433 Serine, Glycine, Lysine(+)

20



4.1 Materials and sample preparations

S-25 ‘CSGSGSGSGSGSGSGSGSGSGSGSGSC‘

SP-25

NP-25 CDKDKDKDEKDKDEKDKDEKDEKDEKDKDEKD C

N-end-25 [CDDDDSGSGSGSGSGSGSGSGSDDDD C|

P-end-25 [CIKIKKKAS GSGSGSGSGSGSGS G S KKKKIC|

N-mid-24 [C SGSGSGSGDDDDDDDDSGSGSGSGC|

P-mid-24 [CSGSGSGSG RKKKKKKKSGSGSGSGC|

SN8-24 ‘CSDSGDSGDSGDSGDSGDSGDSGDSC‘

SP8-24

Figure 4.1: Peptide sequences conjugated to PAMAM dendrimers. The letters are abbreviations
for the amino acids composing each peptide, namely cysteine(C), serine(S), glycine(G), aspartic
acid(D), and lysine(K). The colors indicate their side chain charge, where red, blue and grey are
positive, negative and neutral charge, respectively.

4.1.4 Other materials

Phosphate buffered saline (PBS) tablets and ethylenediaminetetraacetic acid (EDTA)
for buffer preparation were purchased from Sigma Aldrich. DTT and Sulfo-LC-SPDP,
used in the conjugation procedure, were also aquired from Sigma-Aldrich. PlusOne Mini
Dialysis Kit was used in the dialysis of the conjugated samples and was delivered by GE
Healthcare. PageBlue Protein Staining Solution, used in the assessment of conjugates,
was obtained from Thermo Scientific. Vivacon 500 concentration tubes, with a MWCO
of 2 kDa, were delivered by Sartoius. GelStar x10 000 was used in dye exclusion assays
and gel electrophoresis and purchased from Lonza. Etidium bromide, also used in dye
exclusion assays, was received from Sigma-Aldrich. 10x TBE electrophoresis buffer and
6x Tri-track DNA loading were purchased from Thermo Fisher Scientific. 10x TAE buffer
and Agarose were delivered by Millipore and Sigma-Aldrich, respectively.
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4.2 Conjugation of PAMAM dendrimers and peptides
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Figure 4.2: Reactions involved in the conjugation of PAMAM dendrimers to peptides. Reaction
A shows the attachment of crosslinkers to dendrimers. This reaction is followed by a dialysis
to remove the unreacted crosslinkers. The number of crosslinkers successfully connected to the
dendrimers is assessed by adding dithiothreitol (DTT) to the solution (Reaction B) and measuring
the absorbance of the resulting pyridine 2-thione at 343 nm. In Reaction C, peptides are mixed
with SPDP-activated PAMAM dendrimers. This reaction also releases pyridine 2-thione, and
the extent of the reaction is also assessed by measuring the absorbance of the reaction solution
at 343 nm. Redrawn from Santos et al. [52]. Created with BioRender.com.

22


www.biorender.com

4.2 Conjugation of PAMAM dendrimers and peptides

Figure 4.2 shows the reactions involved in the conjugation of the peptides to the
PAMAM dendrimers. The conjugation procedure is based on the experiments performed
by Santos et al. [52] and Waite et al. [53].

Crosslinkers are firstly bound to amine groups on the dendrimer surface (Reaction
A). To assess the average number of crosslinkers bound to the dendrimers, the disulfide
bond present in the crosslinkers may be cleaved by dithiothreitol (DTT) (Reaction B).
The reaction releases a pyridine-2-thione group, which has an UV absorbance at 343 nm,
making it possible to quantify the average number of crosslinkers attached, using UV /Vis
spectrophotometry [54].

The crosslinkers allow for the attachment of peptides (Reaction C). The peptides are
all cysteine-modified in each end, which enables the formation of a disulfide bridge be-
tween the crosslinker and peptide. N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP)
reagents belong to the class of amine- and sulfhydryl-reactive heterobifunctional crosslink-
ers, and they are used in both amine-to-amine or amine-to-sulthydryl crosslinking. Crosslink-
ing with SPDP is often used in the conjugation of proteins. However, it is not limited
to experiments involving proteins. The procedure requires that the reacting molecules
contain primary amines (-NHjy) or sulfhydryl groups, which includes a variety of other
types of molecules. The PAMAM G2 dendrimers display 16 amine groups on their sur-
face, and are therefore well-suited targets for the SPDP reagent. The part of SPDP that
reacts with amines is the N-hydroxysuccinimide(NHS) ester, see Figure 4.2. Different
types of SPDP reagents may be used, including SPDP, LC-SPDP, and Sulfo-LC-SPDP.
They vary in molecular weight and structure, in addition to water solubility, where the
Sulfo-LC-SPDP is the only one that is water-soluble [54]. Thus, it may be added directly
to aqueous solutions and is therefore chosen as crosslinker in this project. It will be further
referred to as SPDP. Pyridine-2-thione is also released when the peptides are conjugated
to the crosslinkers on the dendrimers (Reaction C), and the absorbance of the solution

may again be used to assess the reaction yield [52].
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4.2.1 PAMAM-SPDP-peptide conjugation

The experimental procedures behind the reactions shown in Figure 4.2 are described in

detail in this section.

Conjugation of PAMAM dendrimers and SPDP crosslinkers (Reaction A)

A 3.88 mM dialyzed PAMAM stock solution (in PBS-EDTA buffer) was diluted with
PBS-EDTA buffer to achieve a concentration of 0.1 mM. The final volume varied between
batches. Sulfo-LC-SPDP, with a concentration of 50 g/L, was added to the PAMAM
solution to achieve the desired SPDP:PAMAM molar ratio. This implies, for example,
that 6 SPDP molecules are added per PAMAM dendrimer if the molar ratio is 6. The
solution was left to stir for 2.5 hours at room temperature, before being transferred to a
Pur-A-Lyzer Dialysis tube, with a MWCO of 1 kDa, and dialyzed in buffer overnight to
remove any unreacted SPDP. The following day, the dialyzed PAMAM-SPDP solutions
were weighed and transferred to eppendorf tubes.

The conjugation of PAMAM dendrimers and SPDP crosslinkers has been performed
in several studies [52, 53|. However, the authors have primarily used dendrimers of
higher generations than G2, such as G5. Thus, the SPDP:G2 to obtain a desirable
number of covalently bound cross links had to be investigated. To determine a suitable
amount of SPDP relative to PAMAM, four solutions of 4 mL with constant PAMAM
(0.1 mM) and varying SPDP concentrations were prepared to give the final concentration
of SPDP:PAMAM 3, 4, 5 and 6, see Table 4.2. 800 uL of the resulting solutions were
dialyzed overnight against 2 . PBS-EDTA buffer.

A SPDP:PAMAM of 6 was found to give the desired conjugation, see Section 5.1.1,
and two more batches were prepared. In the second batch, a 6 mL of 0.1 mM PAMAM
was prepared, and a total amount of 3.6 umol SPDP was added. The solution was divided
into two solution of 3 mL before mixing, to ensure even mixing of PAMAM and SPDP.
The two solutions were brought together and dialyzed in one dialysis tube. In contrast
to the previous batch, the buffer volume was 800 ul. and exchanged two times during
dialysis, with time intervals of overnight, 5 hours and overnight.

In the third batch, a 10 mL solution of PAMAM-SPDP was made to allow the prepa-
ration of a 1 mLL PAMAM-SPDP-peptide solution for all peptides. The 10 mL PA-
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4.2 Conjugation of PAMAM dendrimers and peptides

MAM solution was divided into four, and 6 pmol of SPDP was evenly mixed to a final
SPDP:PAMAM of 6. The four solutions were afterwards mixed together and the resulting
10 mL solution was dialyzed against 1.5 L buffer overnight. The buffer was exchanged
with 1 L. and dialyzed for one more night.

Table 4.2: Molar ratios of Sulfo-LC-SPDP added to the 0.1 mM PAMAM solutions (Reaction A)
in each batch. The SPDP corresponds to the amount (umol) added per mL of PAMAM solution.
The peptides conjugated to the PAMAM-SPDP complexes (Reaction C) are also shown for each
batch. In the first batch, only solutions of molar ratios 3 and 6 were conjugated with the S-25
peptide.

Molar ratio SPDP . .
Batch (SPDP:PAMAM)  (zumol) Conjugated peptide

1 3 0.3 S-25

4 0.4 -

5 0.5 -

6 0.6 S-25
2 | 6 0.6  SN8-24
3 6 0.6 All peptides

Assessment of PAMAM-SPDP conjugation with DTT assay (Reaction B)

As in Waite et al. [53] and the protocol referred to in their study [54], the PAMAM-
SPDP conjugate solutions were treated with DTT to assess the average number of SPDP
conjugated to PAMAM. The absorbances were measured with an Agilent 8453 UV /Vis
spectrophotometer. A stock solution of 15 mg/mL DTT was prepared in PBS-EDTA
buffer. 100 puL. of PAMAM-SPDP conjugates solution was mixed with 900 uL PBS-EDTA
buffer. The absorbance of each sample was measured prior to the addition of DTT, giving
the background absorbance. To each sample, 10 L. of DTT was added directly to the
cuvette, mixed and left to equilibrate for exactly 15 minutes. The increase in absorbance
after the addition of DTT was used to calculate the average number of SPDP conjugated

to each dendrimer, according to,

AA343 = (A343 after DTT) — (A343 before DTT). (4.1)
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The molar ratios (SPDP:PAMAM) were calculated using,

AA343 M,, of PAMAM

' — moles SPDP le of PAMAM, (4.2
8080  cpamam in final solution (mg/mL) moles S per mole o , ( )

where the value 8080 is the extinction coefficient of pyridine-2-thione at 343 nm:

8.08 - 10°M~tem—!.

Addition of peptides to PAMAM-SPDP conjugates (Reaction C)

Following the calculation of the average number of SPDP crosslinked to PAMAM, peptides
were added to the PAMAM-SPDP solutions with a peptide:SPDP of 1. The solutions were
left to mix overnight at room temperature. The conjugation was evaluated with a DTT
assay the following day. The assay was performed in the same way as described in the
previous section (Reaction B), where the absorbance of pyridine-2-thione at 343 nm was
measured before and after the addition of DTT.

For Batch 3, an additional dialysis was performed after the addition of peptides, to
remove the excess pyridine-2-thione released in the reaction. The dialysis was performed
for all solutions, where 1 mL of each PAMAM-SPDP-peptide conjugate solution was di-
alyzed in PBS-EDTA buffer overnight with an additional change of buffer the next day.
The PlusOne Mini Dialysis Kit from GE Healthcare was used, due to a more suitable vol-
ume range (200 pL-2 mL), compared to the Pur-A-lyzer tubes used previously. However,
the dialysis tubes had the same MWCO (1 kDa). The dialysis was conducted according
to the manufactures instructions. The dialysis tube and cap were rinsed with distilled
water, and the cap was placed, with the membrane facing down, in a clean beaker con-
taining distilled water. Directly before use, the cap was taken out from the beaker and
the excess water was removed with a pipette. The PAMAM-SPDP-peptide solution was
placed in the dialysis tube, before placing the cap and inverting the tube. The sample
was ensured to be resting on the cap membrane and dialyzed on a floating rack overnight.
The following day, the tube was centrifuged for 5-6 seconds at around 700g to collect the

sample in the bottom of the tube, before transferring it to a clean eppendorf tube.
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4.3 Characterization of PAMAM-peptide conjugates

For simplicity, the PAMAM-SPDP-peptide conjugates will here after be referred to as
PAMAM-peptide conjugates.

4.3.1 Mass spectrometry

Mass spectrometry was used to investigate the molecular weight of the conjugation reac-
tion products, and thereby verify the conjugation and characterize the resulting molecules.
The instrument used was LC-ESI-qTOF-MS (positive resolution mode) with Acquity
UPLC BEH300 C18 columns. The measurements were performed by Kare Andre Kris-
tiansen, who decided all experimental settings.

Three samples, containing PAMAM, SN8-24 peptides, and PAMAM-SN8-24, were
prepared as described above and dialyzed in deionized water with 1 kDa MWCO dialysis
tubes overnight. Afterwards, the PAMAM-SN8-24 solution was concentrated using con-
centration tubes with 2 kDa MWCQO. The final concentration of the PAMAM, SN&-24,
and PAMAM-SN8-24 solutions was approximately 0.8 mg/mL.

4.3.2 Agarose Gel electrophoresis and PageBlue Protein Staining

Agarose gel electrophoresis was performed in an attempt to characterize the PAMAM-
peptide conjguates.

In the preparation of the agarose gel (5%), 5 g of Agarose was mixed with 100 mL
of 1x TAE buffer. The solution was heated up to dissolve the agarose and left to cool.
It was then transferred to a VWR casting tray and left to settle for 60 minutes. The
gel was further placed in the electrophoresis chamber and covered with 1x TAE buffer.
The samples studied were PAMAM, SP8-24 peptide, PAMAM-SP8-24 conjugate, SN8-24
peptide and PAMAM-SN8-24 conjugate. Three different concentrations were used for
each solution, where the lowest concentration ranged from 0.05-0.1 pg, the middle ranged
from 0.5-1 pg, and the highest ranged from 5-10 pug, depending on the sample. 10 pL of
each solution was mixed with 2 uL of 6x Loading Dye, and 10 uL of the solutions were
placed in each well. The gel were run for 20 minutes at 90 V. Afterwards, the gel was

placed in a tray and PageBlue Staining dye was added to cover the gel. It was left for 2
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hours, before being washed with water.

PageBlue has the same properties as the common Coomassie G-250 dye for protein
staining, but has a 10 times higher sensitivity [55]. Coomassie Blue has been used to stain
PAMAM dendrimers in previous studies, using either agarose [56] or polyacrylamide gels
[57]. The exact mechanism behind Coomassie Blue staining of proteins and dendrimers
is not fully understood, but it is believed to be due to interactions between the dye and

the amine groups of the molecules to be stained [57].

4.4 Fluorescence spectroscopy

Fluorescence spectroscopy and dye exclusion assays were used to compare the interactions
between DNA and the different PAMAM-peptide conjugates. The linear dependence of

DNA concentration with fluorescence intensity was also confirmed.

4.4.1 Optimization of dye exclusion assay

Different protocols were tried to optimize the dye exclusion assay method for the systems
studied. In general, the final concentrations of GelStar and DNA were kept constant at
x10 and 2 pg/mlL,; respectively, while the concentration of PAMAM /PAMAM-peptides
varied. All stock solutions were prepared with PBS-EDTA buffer, and all samples were
made in triplicates. The changes done between protocols mainly involved the order and
volumes used in the mixing of solutions.

In the first protocol, 60 uL of PBS-EDTA buffer, 10 uL of 20 pug/mL DNA and 10
L of x100 GelStar were mixed in eppendorf tubes and left to equilibrate for 15 minutes.
Afterwards, 20 uL. of PAMAM dendrimers, with varying concentrations, were added. The
samples were left to equilibrate for 30 minutes and then transferred to a BD Falcon 384
black well plate obtained from Thermo Fisher Scientific. A Spectramax I3X well scanner
was used to measure the fluorescence emission intensity between 520 nm and 620 nm with
intervals of 5 nm and an excitation wavelength of 493 nm.

In a second protocol, 20 ul. of PAMAM were mixed with 10 uL. of DNA and 60 uL
PBS-EDTA buffer and left to equilibrate for 15 minutes. Afterwards, 10 uL of GelStar

was added and left to equilibrate for 30 minutes before the samples were transferred and
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measured as above.

The third protocol was inspired by Ainalem et al. [58], where DNA and PAMAM were
mixed and allowed to equilibrate for a longer period of time before measurements. 45 ul
of 4.44 pg/mL DNA, giving the same final DNA concentration as before, was mixed with
45 pL of PAMAM or PAMAM-peptide complexes of varying concentrations. The increase
in volumes of the solutions being mixed eliminated the need for addition of buffer. In
contrast to before, the samples were added directly and mixed in the well plate. The
samples were left on mixing boards for approximately 2 hours, before adding 10 pl of
x100 GelStar. The samples were left to equilibrate for another 30 minutes and measured
as above. This protocol was chosen when comparing the interactions between DNA and
different PAMAM-peptide complexes. In the optimization of protocols, salmon sperm
DNA was used. The DNA was later changed to Oct-1, to improve the visualization of
bands in gel electrophoresis (as discussed below), and used in all experiments involving
DNA and PAMAM-peptide complexes.

A control sample, containing PAMAM-peptide complexes without DNA, was made in
all experiments, to ensure that the complexes do not bind GelStar themselves. Control
samples of peptides were also made, including samples containing peptide and GelStar
with or without DNA. They were made to investigate if the peptide alone would bind to
and condense DNA, and if the peptide alone would bind to GelStar.

The dye exclusion protocol was also attempted using Ethidium Bromide (EtBr) as dye,
using the third protocol described above. Here, however, the 10 uL. of x100 GelStar was
exchanged with 10 uL of EtBr stock solution. The EtBr stock solution had a concentration
of 12 ug/mL, giving a final concentration of 1.2 ug/mL. The final DNA concentration was
2 pug/mL. With the molecular weights of EtBr and DNA base being 394.3 Da and 330
Da in average, respectively, the concentrations used correspond to a ratio of one EtBr
molecule per DNA base pair. The fluorescence emission intensity was measured between

550 nm and 650 nm with intervals of 5 nm and an excitation wavelength of 480 nm.
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4.4.2 Relationship between DNA concentration and fluorescence
intensity

To confirm that the used conditions were within the linear regime, the relationship be-
tween concentration of free DNA and fluorescence intensity was also investigated. The
final concentration of GelStar was kept constant at x10 in all samples, while the final con-
centration of free DNA ranged from 0 to 4.9 pug/mL. All samples were made in triplicates.
10 puL of x100 GelStar was mixed with varying volume ratios of buffer and DNA stock
solution to obtain the wanted final DNA concentrations. The final volume of the samples
was 100 pL. The samples were left to equilibrate for 15 minutes, transferred to a plate

and measured as described for GelStar.

4.5 Gel electrophoresis

Gel electrophoresis was used to investigate the degree of DNA condensation upon inter-
action with different PAMAM-peptide conjugates. The first experiments were performed
using salmon sperm DNA | but this was later changed to Oct-1 binding DNA (not coding
protein). The change was made because the bands in the gel are more distinct for Oct-1
DNA due to its monodispersity, when compared to the salmon sperm DNA used, which
has a range of sizes, giving rise to a smeared band (see gels in Figures 5.14 and 5.15 in
Section 5.4.1)

For the salmon sperm DNA, 1 g of Agarose was mixed with 100 mL of 1x TBE buffer.
The solution was heated up to dissolve the agarose and left to cool before adding 5 plL of
x10000 GelStar dye. It was then transferred to a VWR casting tray and left to settle for
60 minutes. The gel was afterwards placed in the electrophoresis chamber and covered
with 1x TBE buffer. The final DNA concentration was 25 pg/mL in all samples with
varying PAMAM concentrations. Equal volumes of DNA and PAMAM were mixed and
left to equilibrate for 1 hour. 10 uL of each DNA-PAMAM solution was mixed with 2 pL
of 6x Loading Dye, and 10 ul. of the solutions were placed in each well. The gels were
run for 50 minutes at 90 V. The DNA movements were visualized on a Benchtop 3UV
Transilluminator at 302 nm.

For the experiments using Oct-1 DNA, 1x TAE buffer was used instead of 1x TBE.
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In addition, the final DNA concentration was 10 pg/mL and the gels were run at 120 V
for 40 minutes. The changes were made due to the good results obatined from previous

experiments with the Oct-1 DNA performed by Corinna Dannert.
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Chapter 5

Results and Discussion

5.1 Conjugation of PAMAM dendrimers and peptides

5.1.1 Conjugation of PAMAM dendrimers and SPDP crosslinker

The conjugation between PAMAM dendrimers and SPDP crosslinkers was investigated
to determine an appropriate SPDP:PAMAM. Waite et al. [53| used the same DTT assay
in quantifying the average number of SPDP conjugated to PAMAM G5 dendrimers. The
authors used the theoretical molar ratios 6, 9, 12 and 15, in contrast to the 3, 4, 5 and
6, investigated in this study. The choice of ratios in this study was based on their results
from the theoretical ratio of 6, where the average number of crosslinkers conjugated to
dendrimers was 2.12. Since the main goal in this study was to achieve dendrimers with
one or two tails, or dimers with a connecting peptide between two dendrimers, to mimic
disordered tails and flexible linkers, this seemed like an appropriate maximum ratio to
start with. Since the G5 dendrimers are significantly larger than G2, it was unclear if the
conjugation would show the same results.

Figure 5.1 shows the results from the DTT assays performed in this study to estimate
the number of SPDP conjugated to PAMAM. The light blue bars show the absorbance
before the addition of DTT. This is the background absorbance and is close to zero for all
solutions. The difference in absorbance before and after the addition of DTT corresponds
to the amount of pyridine-2-thione in solution. The average number of crosslinkers conju-

gated to each dendrimer was calculated from Equation 4.2 for each of the SPDP:PAMAM
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and is shown in Table 5.1.

From Figure 5.1a, it may be seen that the absorbance upon addition of DTT increases
for increasing SPDP:PAMAM. This indicates that a larger number of SPDP covalently
binds to PAMAM, when the concentration of SPDP is higher. The average number of
SPDP conjugated per PAMAM increases from 1.47 to 2.56 when the molar ratio increases
from 3 to 6. The same SPDP:PAMAM of 6 was used in two more batches, but the
calculated molar ratios from these resulted in values of 2.17 and 2.34. Thus, they both
gave a lower value than 2.56, but are still higher than the values for the theoretical molar

ratios of 3, 4 and 5.
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Figure 5.1: Absorbance of pyridine-2-thione measured at 343 nm for PAMAM-SPDP
solutions before (background) and after the addition of DTT. Figure (a) shows the results for
Batch 1, while Figure (b) shows for both batches 2 and 3. The theoretical SPDP:PAMAM are
shown on the x-axes.

There might be several factors causing the differences in the experimentally determined
ratios after DTT release for the same theoretical SPDP:PAMAM. For example, there
might be some variations in the addition and mixing of DTT to the solutions before
absorbance measurements. This may affect the reaction between DTT and PAMAM-
SPDP, and therefore the absorbance. In addition, the dialysis time and buffer exchange
was different the the three batches. If any free, non-conjugated SPDP molecules are

present in solution, these will also be cleaved by DTT, contributing to the absorbance of
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5.1 Conjugation of PAMAM dendrimers and peptides

Table 5.1: Experimentally determined molar ratios (SPDP:PAMAM) for each of the theoretical
molar ratios. The peptides conjugated in the following reactions are also shown for each batch.

Theoretical Experimental molar ratio : .
Batch molar ratio by DTT release Conjugated peptide

1 3 1.47 S-25

4 2.10 -

5 2.15 -

6 2.56 S-25
2 | 6 2.17 SN8-24
3 ‘ 6 2.34 All peptides

released pyridine-2-thione. Thus, the average number of SPDP attached to PAMAM will
appear higher than the actual conjugation would have indicated.

To investigate if all unreacted SPDP is excluded from the samples during dialysis, a
dialysis of SPDP alone was performed with a concentration corresponding to the one used
in the SPDP:PAMAM of 6. Following the procedure in Batch 1, the buffer volume was
not exchanged during dialysis. The absorbance of the non-dialyzed SPDP solution was
0.34, while that of the dialyzed was 0.07. Hence, not all SPDP left the dialysis tube, and
some of the recorded absorbance in the samples may be affected by the non-reacted, free
SPDP in solution. However, the buffer was exchanged during the dialysis procedures in
batches 2 and 3, which might have made the potential error smaller, and could justify the
decrease in absorption in batches 2 and 3.

It should also be noted that the resulting experimental ratios ranged from 2.17-2.56
for the PAMAM G2 dendrimers at an SPDP:PAMAM of 6, which are quite similar to
the ratio of 2.12 determined by Waite and co-authors for the G5 dendrimers at the same
SPDP:PAMAM.

5.1.2 Conjugation of PAMAM-SPDP complexes and peptides

Figures 5.2 and 5.3 show the absorbance at 343 nm of the PAMAM-peptide solutions
before and after the addition of DTT. The absorbance before the addition of DTT, indi-
cates a release of pyridine-2-thione due to the conjugation of peptides to PAMAM-SPDP

(Reaction C). The increase in absorbance after DTT addition corresponds, in principle, to
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the amount of remaining non-occupied SPDP crosslinkers. This is equivalent to Reaction
B, but applied to the products of Reaction C. Consequently, if the absorbance is the same
before and after the addition of DTT, one can assume that all SPDP crosslinkers are
occupied by a peptide.

The peptides were added to the PAMAM-SPDP solutions with a peptide:SPDP of
1, based on the results obtained from the DTT assay. Naturally, if the average number
of SPDP attached per PAMAM is deemed to be higher than it actually is, the real
peptide:SPDP ratio in solution will also be higher than 1. However, the main goal of the
following experiments is to investigate differences between peptides. Since the conjugates

are prepared from the same batch this will not affect the comparison.
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Figure 5.2: Absorbance of pyridine-2-thione measured at 343 nm for PAMAM-peptide
solutions before and after addition of DTT for (a) Batch 1 with PAMAM-SPDP-S25 and (b)
Batch 2 with PAMAM-SPDP-SN&8-24.

In Batch 1, the neutral peptide S-25 was added to solutions with SPDP:PAMAM of 3
and 6. It may be seen from Figure 5.2a that around half of the final absorbance is present
before the addition of DTT for both ratios. This suggests that half of the SPDPs on the
dendrimers successfully conjugated with a peptide, while the other half did not. These

results, and the ones shown for Batch 1 in the previous section, indicate that an added

SPDP:PAMAM of 6 gives an average number of 2.56 SPDP per PAMAM, and half of
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5.1 Conjugation of PAMAM dendrimers and peptides

them are occupied by a peptide. Therefore, the SPDP:PAMAM ratio of 6 was chosen for
batches 2 and 3, see Table 5.1, to increase the probability of one PAMAM having at least
one conjugated peptide. In Batch 2, the negatively charged peptide SN8-24 was added
to the PAMAM-SPDP solution, see Figure 5.2b. In this case, there seems to be a larger

amount of crosslinkers reacting with the peptide, as compared to the previous batch.
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Figure 5.3: Absorbance of pyridine-2-thione measured at 343 nm for PAMAM-peptide solutions
before and after addition of DTT for Batch 3.

Figure 5.3 shows the absorbance for the different PAMAM-peptide solutions in Batch
3. One could imagine that the positively charged peptides would show less binding to the
positively charged PAMAM dendrimers compared to the neutral and negative peptides,
as they repel in solution and can potentially limit their proximity, but this was not the
case. However, there was still great variation in the yield for some of the reactions. For
example, there is nearly no absorbance for the solution containing the N-mid-24 peptide
before the addition of DTT, and the final absorbance is also remarkably lower than for

the other solutions. The conjugation with this peptide was attempted again to investigate
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if something went wrong during the first experiment. However, the second attempt gave
the same results, and the peptide did not seem to conjugate at all. The reason for this is
not clear, and the solution was not used in the later experiments.

For the SP-25, approximately two thirds of the absorbance is present before addition of
DTT, indicating that two thirds of the crosslinkers are occupied with SP-25 peptides. For
the other peptides, the bars show almost the same value before and after DTT addition,
indicating that approximately all crosslinkers are occupied with peptides. The peptides
are able to bind to SPDP in both ends of their sequences. Thus, there is a possibility
that the molecules formed are dimers, where two PAMAM dendrimers are connected by
one peptide linker. However, these experiments are not able to predict the structure of
the resulting molecules, since they only tell if the SPDPs are occupied or not.

The results from the S-25 and SN8-24 conjugations in Batch 3 show approximately the
same as the results in batches 1 and 2 for the same peptides. However, the absorbance
before DTT addition is slightly higher for both peptides in Batch 3, indicating that the
reaction yield is slightly higher.

Dialysis procedures were performed after both conjugation steps, namely after the
PAMAM-SPDP and PAMAM-peptide conjugation. In the dialysis after PAMAM-SPDP
conjugation, it is assumed that no PAMAM leaves the tube during dialysis, and that
all PAMAM are extracted from the tube when the solution is transferred. The first
assumption is probably valid, since the MWCO of the dialysis membrane is 1 kDa, and
the molecular weight of PAMAM is 3256.18 Da. The second might be less valid, since some
PAMAM may adsorb to the dialysis membrane, thereby changing the actual concentration
in the final solution. Correction of concentration was performed when the volume of the
samples changed during dialysis, but this does not take into account PAMAM adsorption
to the membrane. PAMAM-peptide conjugate solutions were also dialyzed, in order to
remove any pyridine-2-thione released from the reaction between SPDP and peptides.
Also here it is assumed that all PAMAM-peptide complexes stay in the dialysis tube,
which is likely due to their size. If there are any peptides free in solution, they are
probably also retained in the tube since their molecular weights are above 2 kDa.

In the following experiments, that investigate the interactions between DNA and

PAMAM-peptide conjugates, the conjugates from Batch 3 were used.
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5.2 Characterization of PAMAM-peptide conjugates

5.2 Characterization of PAMAM-peptide conjugates

5.2.1 Mass spectrometry

Mass spectrometry was used in an attempt to characterize the PAMAM-peptide conju-
gates. Three samples, containing PAMAM, SN8-24 peptide and PAMAM-SN8-24 (from
Batch 2), were analyzed. Figure 5.4 shows the chromatographic separation for the samples
and blank (LC-MS grade water), where the intensity is given as a function of retention
time. An average mass spectrum was extracted from each separation peak, making it
possible to estimate which molecules are present in the respective peak. The blank mea-
surement was used to exclude the peaks present in both samples and blank. The peaks
from the chromatographic separation and those in the corresponding mass spectra, used
in the attempt to identify the molecules, are listed in Table 5.2. The full retention time
is not shown in Figure 5.4 since most of the peaks exclusive for the sample measurements
were observed before time 3.5 for all samples. The raw data, including full retention time,

may be found in the Appendix A.1.

Table 5.2: Chromatographic separation peak values at given retention time shown with the m/z
peak value from the corresponding extracted mass spectra. The charge states and the identified
molecules are shown for each m/z peak. “-” indicates that there were no identifying peaks in the
mass spectrum observed at the given separation peak.

Separation peaks 'Identlﬁed peaks Charge state
Sample (time) in mass spectrum (2)
(m/z)
PAMAM 0.28 652.0698 5 (PAMAM)
(M, = 3256.18Da) 814.8360 4 (PAMAM)
1086.1039 3 (PAMAM)
1628.6429 2 (PAMAM)
0.35 - ;
SN&-24 0.35 - -
(M,, = 2329Da) 1.85 1163.8458 2 (SN8-24)
PAMAM-SN8-24 0.35-0.39 - -
(M, unknown) 1.84 1163.8458 2 (SN8-24)
3.46 - ;
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For the PAMAM solution, the main intensity peaks were observed at retention times
0.28 and 0.35, see Figure 5.4. The average mass spectra extracted from them can be seen
in Figure 5.5, where the intensity is given as a function of m/z. As described in Section
3.4, the charge state of the molecule may be determined by the spacing between peaks in
the isotopic cluster. The highest peaks in the mass spectrum for retention time 0.28 were
652.0698, 814.8360, 1086.1039 and 1628.6429 (Figure 5.5, top). The spacing between the
peaks in their respective isotopic clusters were 0.2, 0.25, 0.33 and 0.5, giving the charge
states of 5, 4, 3 and 2, respectively. From Equation 3.8, the peaks and their charge
states identified the molecular weight of the PAMAM dendrimer (M,, = 3256.18 Da).
For retention time 0.35 (Figure 5.5, bottom), there is a wide distribution of peaks in the
mass spectrum. Since the presence of PAMAM was identified from the 0.28 peak, these
were not investigated further. However, it should be mentioned that the mass spectrum
extracted from the 0.35 peak overlaps with some of the peaks in the spectrum extracted
from the 0.28 peak. This is not surprising, since the 0.28 and 0.35 peaks are close to each
other, and the signals coming from the ionized PAMAM may be seen in both. Uclés et al.
[50] also investigated PAMAM G2 dendrimers using LC-ESI-qTOF-MS. They observed
the same m/z peaks as in this study, which gives confidence to these results.

For the SN8-24 peptide, peaks were observed at retention times 0.35 and 1.85, and the
corresponding mass spectra are plotted in Figure 5.6. The molecular weight of SN8-24 is
expected to be approximately 2329 Da, based on its amino acid composition. The largest
peak at retention time 1.85 (Figure 5.6, bottom) was found at 1163.8458, and it has a
neighbouring peak at a distance of 0.5. This implies a charge state of 2, and from Equation
3.8 the calculated mass becomes 2326 Da. This corresponds well with the expected mass,
and the peak is probably arising from SN8-24. The mass spectrum of retention time 0.35
was not investigated further, since the peptide could be identified from the 1.85 peak.

The mass spectra of the solution containing both PAMAM and SN8-24 may be seen
in Figure 5.7. The peak observed at retention time 0.35 was present in all three samples
and was therefore not used to assess the presence of PAMAM-peptide conjugates. The
peak probably arises from impurities present in all samples. The peaks observed in the
bottom panel in Figure 5.7, extracted from the peak at retention time 3.46, probably arise

from small molecules, since the ions are singly charged (z=1). Thus, their m/z values
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correspond to their molecular mass. The molecular weight of Sulfo-LC-SPDP, referred to
as SPDP in this study, is 527.57 Da [54], and do not match any of the observed peaks
in the spectrum. This indicates that free, non-conjugated SPDP was removed during the
dialysis procedures and is not present in the PAMAM-SN8-24 sample.

From the mass spectrum corresponding to peak 1.84 (Figure 5.7, middle), it may be
seen that the peak at 1163.8458, identified as SN8-24 before, is present. This suggests that
there are free peptides in solution. The results from the conjugation of PAMAM-SPDP
and the SN8-24 peptide, see Section 5.1.2, indeed indicate that not all crosslinkers were
occupied by a peptide. Interestingly, the peaks used to identify PAMAM in Figure 5.5
are not present in these spectra. This indicates that there are none or few PAMAM free
in solution, which clearly suggests that the conjugation was successful. Thus, they might
have conjugated with one or more peptide, or aggregated with each other.

The main goal of these experiments was to identify and characterize the possible
conjugates in solution. This turned out to be challenging for several reasons. Firstly, there
were no peaks that could easily be assigned to a particular mass in the mass spectra of
the PAMAM-SN8-24 solution. However, this does not mean that there are no conjugates
present. Firstly, destabilizing effects, such as charge repulsion, often affect the formed
ionic complexes, and the required transfer into gas phase in the mass spectrometer is not
always straightforward. Also, the detection of larger molecules with high m/z ratios is
generally more difficult compared to smaller molecules with low m/z ratios [59]. Secondly,
even with clear peaks to assign, their interpretation of would have been challenging, since
the masses of the conjugates are hard to predict in advance. It is possible to obtain
the average number of peptides conjugated to PAMAM in the DTT assays, but it is
unknown how the peptides are distributed among the dendrimers. In addition, there are
SPDP attached to PAMAM which contribute to the mass of the molecules, making the
number of possible combinations even larger. The expected masses are therefore difficult
to predict, and the potential peaks could possibly have matched several different conjugate

compositions.
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Figure 5.4: Intensity as a function of retention time for the chromatographic separation of
solutions in mass spectrometry.
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Figure 5.5: Mass spectra of the solution containing PAMAM. The spectra are extracted from
the retention time peaks of 0.28 (top) and 0.35 (bottom), seen in Figure 5.5.
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Figure 5.6: Mass spectra of the solution containing SN8-24 peptide. The spectra are extracted
from the retention time peaks of 0.35 (top) and 1.85 (bottom), seen in Figure 5.5.
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Figure 5.7: Mass spectra of the solution containing PAMAM and SN8-24 peptide. The spec-
tra are extracted from the retention time peaks of 0.35-0.39 (top) and 1.84 (middle) and 3.46
(bottom), seen in Figure 5.5.
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5.2.2 Gel electrophoresis with PageBlue Protein Staining Dye

Gel electrophoresis with PageBlue stain was also used in an attempt to characterize the

PAMAM-peptide conjugates.

Amount in
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Figure 5.8: Agarose gel stained with PageBlue dye for visualization of PAMAM, peptides and
PAMAM-peptide conjugates. The positions of the positive and negative electrodes are indicated
with “4+” and “-”. The amount of molecules added to each well is shown for each sample (ug).

Figure 5.8 shows the agarose gel stained with PageBlue with PAMAM, SP8-24 peptide,
PAMAM-SP8-24 conjugate, SN8-24 peptide and PAMAM-SN8-24 conjugate. This exper-
iment was performed to investigate the possibility of detecting PAMAM and conjugates
under the given conditions. For the highest amounts used (~ 10 ug), some differences
between samples may be observed. The PAMAM has clearly moved towards the negative
electrode, and the same goes for the PAMAM-SP8-24 conjugate. The positively charged
SP8-24 peptide also shows a slight smear towards the negative electrode. This peptide
is composed of serine, glycine and lysine. Lysine contains a primary amine in the end
of its side group [60], which may explain why it is also visualized by the stain. For the
PAMAM-SP8-24 conjugate, the dye may therefore bind to both the amine groups on the
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5.2 Characterization of PAMAM-peptide conjugates

PAMAM and the SP8-24 peptide. The negatively charged SN8-24 peptide is composed
of serine, glycine and aspartic acid, which do not have any amine groups present in their
side chains. This might explain why the peptide is not visible in the gel.

The band of PAMAM-SN8-24 is quite interesting, since the conjugates have clearly
moved towards the positive electrode. This may imply that the negatively charged SN8-24
peptide has bound to PAMAM, making the net charge of the molecule negative. However,
it seems like the PAMAM-SN8-24 also binds the loading dye, since the dye is not visible

at the bottom of the lane (outermost right), as it is for the other samples.

5.2.3 Summary of characterization methods and future work

The results from mass spectrometry indicate that the PAMAM has indeed conjugated
to other molecules, but exactly what type of molecules were formed is not clear. Other
experimental modes of mass spectrometry should be attempted, particularly those that
are better at identifying the large conjugates.

Gel electrophoresis with PageBlue staining dye was able to detect the presence of
PAMAM and PAMAM-peptide conjugates, and it should be useful to try the other con-
jugates. However, the average number of conjugated peptides and the structure of the
obtained molecules are still unknown. Some adjustments in the procedure can be made
to improve visualization. The protocol states that the dynamic range of the stain is 5-500
ng, but in the present experiment, the molecules were not visualized for lower amounts
than 5-10 pg. Sharma et al. [57] used mini gels, which are smaller and thinner than the
gel made here. The protocol of PageBlue also indicate the use of mini gels. A thinner
gel might make the staining more efficient, and less staining solution will be needed to
cover the gel. The results suggest that the loading dye interferes with the samples, so this
should not be used in future experiments.

Dynamic light scattering (DLS) was also attempted in this study, to investigate the
size /hydrodynamic radius of the molecules. However, the results were not included, since
the analyzing program reported that the samples were too polydisperse to analyze and/or
the data quality was poor. This should be attempted again using more careful procedures
for sample preparation, such as the filtering of the buffer solution prior to the measure-

ments. In addition, the ideal measuring conditions for these measurements, in terms of
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Chapter 5. Results and Discussion

conjugate concentration, need to be assessed.

The main goal of this study was to investigate the impact of varying peptide compo-
sition on the binding between DNA and peptide-conjugated PAMAM molecules. Using
a simplified model, the peptides mimic the disordered regions in DNA-binding proteins,
while PAMAM resembles the DNA-binding domains.

Since the used peptides possess the potential to covalently bind to the PAMAM den-
drimers with both ends, the resulting complexes could be PAMAM with a number of
peptide tails, likely between 1 and 3, taking into account the measured average number
of 2.34. It is also possible that one peptide bridges two PAMAM dendrimers forming
a linker between them. However, considering that the concentration of PAMAM in the
samples was not that high (0.1 mM), and the fact that they are highly charged, suggests
that the likelihood of forming dimers is not high. The results from mass spectrometry
and the DTT assay, see Section 5.1.2, imply conjugation of PAMAM and peptides, but
the structures of the resulting molecules are not possible to determine.

The calculations made in the following experiments involving PAMAM-peptide con-
jugates are based on the assumption that a PAMAM-peptide conjugate is one dendrimer
with connected disordered tails, rather than two or more PAMAM connected by flexible
linkers. Although the assumption might be incorrect, it makes it possible to compare
the different PAMAM-peptide conjugates in the interactions with DNA. The calculations

based on this assumption will be discussed below.
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5.3 Dye exclusion assays

5.3 Dye exclusion assays

5.3.1 Relationship between DNA concentration and fluorescence
intensity

Fluorescence emission of GelStar bound to DNA as a function of increasing DNA con-
centrations is shown in Figure 5.9. The intensity is measured at 535 nm and normalized
to the value measured at maximum DNA concentration of 4.9 ug/mL. The GelStar dye
concentration is x10 in all samples. Linear regression was performed, resulting in the line
y = 0.20x — 0.02, and the relationship between fluorescence intensity and DNA concen-
tration is clearly linear. All DNA added to the solution is in “free", non-compacted form

and available to the GelStar dye. Thus, the results are not surprising.
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Figure 5.9: Fluorescence emission of GelStar bound to DNA as a function of increasing DNA
concentrations. Linear regression was performed, resulting in the relationship y = 0.20x — 0.02.
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5.3.2 Optimization of dye exclusion assay

Different protocols were tried for the optimization of the dye exclusion assays. The results
are shown in Figure 5.10a, where each protocol was performed with constant salmon
sperm DNA concentration and increasing PAMAM concentration. The intensities of the
samples are measured at 535 nm and normalized to the intensity corresponding to DNA
and GelStar only, I,ax. These are presented as a function of the reparge, that is, the
electrostatic ratio between the positive charges on PAMAM dendrimers and the negative
charges on the DNA. The samples were made in triplicates, and the results are shown as
means with standard deviations.

Protocol 1 was performed twice (blue and green symbols), where GelStar, DNA and
buffer was mixed and equilibrated for 15 minutes before adding PAMAM. The results
were inconsistent and showed large error bars. Therefore, Protocol 2 was attempted (red
circles), where PAMAM, DNA and buffer were mixed and equilibrated for 15 minutes
before adding GelStar. Here, the error bars were smaller. The intensity was also found
to decrease faster at lower 7charge When compared to the first protocol. Protocol 3 is
similar to protocol 2. However, in protocol 3 (yellow squares), equal volumes of DNA and
PAMAM were mixed for 2 hours before adding GelStar, without the additional step of
adding buffer. As expected, the results from these two protocols were quite similar. It may
be that the samples do not need 2 hours to equilibrate, and the additional time might
be unnecessary. However, since the transition from free to condensed looks smoother,
protocol 3 was chosen for the following experiments where the interactions between DNA
and different PAMAM-peptide conjugates were investigated. In addition, the mixing of
equal volumes DNA and PAMAM was more effective.

The type of DNA was changed from salmon sperm to Oct-1 during the experimental
process, due to the visualization of bands in gel electrophoresis. Another dye exclusion
assay was therefore performed in order to compare the condensation by PAMAM den-
drimers on the different DNA types. This may be seen in Figure 5.10b. The results
are quite similar between the salmon sperm (yellow squares) and the Oct-1 (purple dia-
monds), but the Oct-1 drops more steeply with increasing rearge than the salmon sperm.
However, this is not deemed important in this case, since Oct-1 was used in all following

experiments. An assay with Oct-1 DNA, using ethidium bromide (EtBr) as dye, is also
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5.3 Dye exclusion assays

shown in Figure 5.10b (brown circles). The intensities were measured at 600 nm and
normalized to the intensity corresponding to DNA and EtBr only, [,... Surprisingly,
there was only a small decrease in intensity with increasing 7charge compared to the assays
performed with GelStar. In addition, the normalized intensity of the control sample with
EtBr and buffer was 0.56. This intensity is expected to be approximately 0, due to the
absence of DNA, and the reason for the high value is unclear. However, this was not
investigated further, since the assays performed with GelStar gave satisfying results, and

GelStar was used in all following experiments.
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Figure 5.10: Normalized fluorescence intensity from DNA-GelStar (at 535 nm) or DNA-EtBr
(at 600 nm) complexes as a function of increasing reparge between positive charges on PAMAM
dendrimers and negatively charged phosphate groups in DNA. Figure (a) shows the comparison
of different protocols used for constant salmon sperm DNA and increasing PAMAM dendrimer
concentrations with GelStar as dye. Figure (b) shows the comparison of constant salmon sperm
and Oct-1 DNA with increasing PAMAM dendrimer concentrations, where protocol 3 and
GelStar were used in both cases. In addition, an assay using Oct-1 DNA and EtBr as dye is
shown in the same figure.

5.3.3 Dye exclusion with PAMAM-peptide conjugates

Figures 5.11 and 5.12 show the dye exclusion assays performed with conjugated PAMAM-
peptide complexes, but using different variables on the x-axes, that is with the normalized

fluorescence intensity as a function of ryglar and reharge, respectively.
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Chapter 5. Results and Discussion

Tmolar 1S defined as the ratio between the number of PAMAM or PAMAM-peptide
conjugates added per Oct-1 DNA molecule in solution. The average number of SPDP
crosslinkers attached to the dendrimers was calculated to be 2.34, see Table 5.1, and the
peptides were added with a peptide:SPDP of 1. Consequently, the expected average num-
ber of peptides per PAMAM is 2.34, based on the assumption that all peptides added to
the solution are conjugated to PAMAM dendrimers. One molecule is therefore approxi-
mated to be a PAMAM molecule with an average of 2.34 peptides attached. Considering
that the absorption of pyridine-2-thione before and after addition of DT'T, see figure 5.3,
was almost the same for most samples, this assumption is deemed reasonable. However,
it may be seen that the assumption might not be valid for all PAMAM-peptide solutions.
For example, for the solutions where peptides S-25 and SP-25 are added, the absorbance
after the addition of DTT is much higher than before the addition, which indicates that
some SPDP on the dendrimers are non-occupied, and that some peptides are free in so-
lution. It is also assumed that each peptide has attached to one dendrimer only, based
on the low concentration and high charge of PAMAM (0.1 mM), as discussed in Section
5.2.3. The number of DNA molecules is calculated from the known concentration and size
of Oct-1 (3605 bp) in solution.

Tcharge 15 calculated from the net charge of the PAMAM or PAMAM-peptide conju-
gates divided by the total number of negatively charged phosphate groups in the DNA.
As before, it is assumed that all peptides added have attached to one dendrimer. Each
dendrimer is expected to have 16 positively charged amine groups on their surface un-
der the given conditions. However, when the SPDP crosslinker binds, it neutralizes the
charge of the amine group. Therefore, given that in average 2.34 crosslinkers have at-
tached per dendrimer, 2.34 positive charges are subtracted from each dendrimer in the
calculation of reharge. The peptides were added with a peptide:SPDP of 1. The net
charge of the PAMAM-peptide conjugates therefore becomes the corrected dendrimer
charge, in addition to the total charge of the added peptides. The number of negatively
charged phosphate groups is calculated from the known DNA concentration. Two dif-
ferent PAMAM-peptide concentration ranges were used when studying these complexes,
depending on the charge of the peptide conjugated. For the conjugates with positively

charged peptides, the intensity was expected to drop at lower ratios than for the ones
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5.3 Dye exclusion assays

with negatively charged or neutral peptides. Thus, the curve will flatten at a lower ratio

and a smaller concentration range was used for the conjugates with positively charged

peptides.
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Figure 5.11: Normalized fluorescence intensity as a function of ryolar. The ratio is defined
as number of PAMAM-peptide conjugates added per Oct-1 DNA molecule. The assay was per-
formed for PAMAM alone and all PAMAM-peptide conjugates, and the charge of the respective
peptide is shown in parenthesis. For the PAMAM alone, the ratio is defined as PAMAM molecules
per DNA molecule.

From Figure 5.11, some trends are visible. For the PAMAM-peptide conjugates with
positively charged peptides (+8 or +12), the fluorescence intensities decrease at lower
molar ratios than for PAMAM alone. This is as expected, since the conjugates have a
higher net positive charge per molecule. They are therefore more efficient in inducing DNA
condensation, and consequently reduce the fluorescence intensity of GelStar. One might
have also expected that the PAMAM-SP-25 (+12) would show a steeper decrease than
the other conjugates with peptide charge of +8, but this is not seen. PAMAM-P-mid-24
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Chapter 5. Results and Discussion

differs from the other conjugates containing positively charged peptides, by requiring a
larger number of dendrimer conjugates to decrease fluorescence.

For PAMAM-S-25 (0) and PAMAM-NP-25 (-1), the intensity decreases for much
higher ratios than for PAMAM and the conjugates discussed above, and the decline is
remarkably less steep. This suggests that the conjugated peptides hinder to some extent
the binding of PAMAM to DNA, and preventing its condensation. It is also possible that
the dendrimers bind to DNA but the neutral peptides prevent condensation.

For PAMAM-N-end-25 (-8) and PAMAM-SN8-24 (-8), the intensity is nearly constant,
or slightly increases, for all studied ratios. The negatively charged peptides conjugated to
PAMAM seem to completely prevent the binding of the conjugates to DNA. It is likely
that the peptides adsorb strongly to the PAMAM surface charged groups, and since it is
assumed that in average 2.34 peptides are bound to each PAMAM, the overall charge of
the complexes becomes negative. Consequently, the complexes may not bind to DNA due
to electrostatic repulsion.

A dye exclusion assay was also performed for the PAMAM-SNS8-24 conjugates, pre-
pared from Batch 2, with salmon sperm DNA. The results may be found in Appendix
A.2. Surprisingly, these results showed a large intensity increase for increasing 7molar-
Control samples were made with SN8-24 and DNA with GelStar, and PAMAM-SN8&-24
with GelStar. These indicated that neither SN8-24 or PAMAM-SN8-24 were able to bind
GelStar and thereby increase the fluorescence intensity. The reason for the large increase
in intensity, when DNA was mixed with the PAMAM-SN8-24 conjugates, is therefore not
clear. Also, when the assay was performed for PAMAM-SN8-24 in Experiment 3, the
intensity remained constant for increasing 7,01.:. The reason for the difference between
experiments is also unclear.

The results in Figure 5.11 are also displayed as fluorescence intensity as a function of
Tcharge i Figure 5.12. The conjugates with peptide charges of -8 were excluded, since the
calculated overall charge of them becomes negative and gives a 7charge Of Opposite sign.
As observed in Figure 5.11, PAMAM-SP8-24 (+8) and PAMAM-P-end-25 (+8) seem to
compact DNA more efficiently with the fluorescence intensity decreasing more strongly at
low 7charge. However, PAMAM-SP-25 (+12) and PAMAM show a more similar behaviour
when compared to the plot in function of 7. Regarding P-mid-24 (+8), the decrease
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Figure 5.12: Normalized fluorescence intensity as a function of 7charge- The ratio is defined as
the total number of charges on the PAMAM-peptide conjugates divided by the total number of
negatively charged phosphate groups in the DNA. The assay was performed for all PAMAM-
peptide conjugates, and the charge of the respective peptide is shown in parenthesis.

in fluorescence occurs at a higher reparge than PAMAM alone, which is also in contrast
to results from Figure 5.11. PAMAM-S-25 (0) and PAMAM-NP-25 (-1) show the same
trends as before.

The two ways of presenting the results, using rmolar and 7charge, may both be informa-
tive. For rpyoar, it is clear that the conjugates with positively charged peptides are more
efficient in condensing DNA compared to the same number of PAMAM molecules with-
out peptides. However, assuming that indeed an average of 2.34 peptides are attached
per PAMAM, the charge per molecule is approximately doubled for the conjugates with
peptides of charge +8 compared to a PAMAM molecule alone. It is therefore not surpris-
ing that they are better at condensing the DNA than PAMAM. Therefore, it may also

be interesting to look at the rcharge, Where the ratio is based on the number of charges
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Chapter 5. Results and Discussion

present. Here, the differences are less clear between PAMAM alone and the conjugates
with positively charged peptides. The PAMAM-SP8-24 (+8) and PAMAM-P-end-25 (+38)
have the steepest curves in both figures, suggesting that they are more efficient in DNA
condensation. However, the differences from curves corresponding to PAMAM and the
other conjugates with positively charged peptides are not that large.

Three control samples were made in each experiment, including PAMAM-peptide con-
jugates without DNA, and peptides alone with and without DNA. All samples contained
the same amount of GelStar as above. For all PAMAM-peptide conjugates and pep-
tides, the fluorescence intensity was approximately zero in the absence of DNA. Thus, the

molecules themselves do not bind GelStar.
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Figure 5.13: Normalized fluorescence intensity shown for peptides at a given rygar, with
the same DNA concentration. The peptide-DNA solutions served as control samples in their
respective dye exclusion assay performed with the PAMAM-peptide conjugates. The intensities
are normalized to the I, in the given experiment.

In the samples containing peptides and DNA, the results varied according to the pep-
tides, see Figure 5.13. For the positive SP8-24 (+8), P-end-25 (+8), P-mid-24 (+8) and
SP-25 (+12), the fluorescence intensity decreased when the peptides were present com-
pared to the intensity measured for DNA alone. Only one concentration was probed,

Tmolar = 10580, defined as number of peptides per DNA molecule. SP-25 was the most
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effective. For NP-25 (-1), N-end-25 (-8) and SN8-25 (-8), there were no decrease in fluores-
cence intensity. For the neutral peptide, S-25 (0), there was a small decrease in intensity.
These results indicate that the positively charged peptides bind to and induce some con-
densation on DNA, while the negative peptides do not, as expected. Surprisingly, the
neutral peptide also seems to condensate the DNA slightly. Two different concentration
ranges were used in the assessment of PAMAM-peptide conjugates, one for the positively
charged peptides and one for the others. The peptide concentration in the control samples
corresponded to the concentration of peptides in the highest PAMAM-peptide solution.
Therefore, the non-positively charged peptides were added with a different 7,1, than the

positively charged peptides, since different concentration ranges were used.
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5.4 (el electrophoresis

5.4.1 Optimizing the sample concentration range

Gel electrophoresis, with salmon sperm DNA, was performed to probe for the ratios at
which condensation of DNA could be seen. 7charge = Tmolar = 0 corresponds to samples
with DNA in the absence of PAMAM.

Figure 5.14a shows the first assay performed, where the 7aree ranged from 0 to 20.
It is clear that the DNA has left the well at ratio 0. There is also a clear decrease in the
intensity of the second well at ratio 2, compared to the samples with higher ratio. The
condensation of DNA seems to occur between ratios 2 and 4, therefore, a new experiment
was performed with 7haree ranging from 0 to 5, as seen in Figure 5.14b. The intensity of
the bands decrease significantly from 7charge 0.5 to 1.0, and most of the DNA remain in

the wells for higher ratios, suggesting that the DNA is condensed.

PAMAM PAMAM

1800‘2700‘3600‘4500‘5400‘6300‘7200 8‘100‘9000 Fmolar O ‘ 225 ‘450 675 ‘ 900 {1350 1805‘ 2255
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(a) (b)

Figure 5.14: Gel electrophoresis of 25 pg/mL salmon sperm DNA with increasing PAMAM
concentration. The ryoar represents PAMAM molecules added per DNA molecule, while the
Tcharge Tefers to the ratio between positively charged PAMAM surface groups and negatively
charged DNA phosphate groups. The figures show assays performed with a 7cparge ranging from
(a) 0 to 20 and (b) 0 to 5.
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In Figure 5.15, the same assay was performed, but with Oct-1 DNA and a reharge
ranging from 0 to 2. The DNA concentration was also decreased from 25 to 10 pg/mL.
The Oct-1 DNA used was a plasmid, thus the bands showing relaxed, unwinded DNA
molecules are also present. There is a coexistence of free and complexed/condensated
DNA for rcharge < 0.9. For higher ratios, the DNA shows low electrophoretic mobility and
stays in the wells. The ratios at which the DNA condensates seem to be quite similar for
the salmon sperm and the Oct-1 DNA.

These results agree well with the study performed by Ainalem et al. [58]. They also
saw a coexistence of free and complexed DNA for rcharee < 1. However, they used a
dendrimer of generation 4, while generation 2 was used in this study. Although, it is still
interesting that the charge ratio, at which all DNA is retained in the well, is approximately

the same for these two different dendrimer generations.

PAMAM

Fmolar 0 | 45 135|225 315405 | 450|495 | 585 | 675 900

Fcharge 0 |0.1/0.3/0.5/0.7 10.9{1.0(1.1/1.3 1.5 2.0

Figure 5.15: Gel electrophoresis of 10 pug/mL Oct-1 DNA with increasing PAMAM concentra-
tion. The rpolar represents PAMAM molecules added per DNA molecule, while the rcyarge refers
to the ratio between positively charged PAMAM surface groups and negatively charged DNA
phosphate groups. The ratio of 0 corresponds to DNA only.
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5.4.2 DNA condensation by peptides and PAMAM-peptide con-
jugates

Gel electrophoresis studies were performed for all peptides and PAMAM-peptide conju-
gates. The DNA used was Oct-1 with a concentration of 10 pg/mL in all gels (except for
PAMAM-SN8-24, where 25 pug/mL was used), and the results are in most cases shown
for both ryear and 7eharge. The DNA concentration was reduced in order to obtain the
wanted 7cparge Without having to concentrate the PAMAM-peptide conjugates.

The gels showing DNA condensation by positive peptides (left hand-side panels) and
the corresponding PAMAM-peptide conjugates (right hand-side panel) can be seen in
Figures 5.16 and 5.17. For the peptides possessing eight positive charges, the results
are quite similar. The coexistence of free and complexed DNA is most prominently seen
between Teharge Of 1.5-1.8, 1.1-1.5 and 1.3-1.5, for peptides SP8-24 (-+8), P-end-25 (+8) and
P-mid-24 (+8), respectively. For peptide SP-25 (+12), the coexistence occurs between
Tcharge Of 0.9-1.2. These results indicate that the peptides themselves are capable of binding
to and condensating the DNA, and that the SP-25 (+12) is a more effective condensing
agent than the other positively charged peptides. For the conjugates PAMAM-SP8-24,
PAMAM-P-end-25 and PAMAM-P-mid-24, full condensation is reached at an rgpapge Of
1.8. The ratio is around 1.3 for the PAMAM-SP-25. It may be observed that the 7arge,
at which all DNA is complexed and remains in the wells, is quite similar for the peptides
and their corresponding conjugates, when considering charge ratios.

The results can also be compared to the condensation induced by PAMAM dendrimers
without conjugated peptides, where full condensation was reached at reparge of 0.9. The
corresponding 7p,o1ar Was 405 PAMAM per DNA molecule. Interestingly, the ryoar, at
which the PAMAM-peptide conjugates with peptide charge of +8 condensate the DNA,
is also found to be 405 PAMAM-peptide conjugates per DNA (corresponding to the reparge
of 1.8). This indicates that the presence of peptides does not affect the condensation, since
the same amount of molecules is needed. This is quite surprising, since the peptides them-
selves were found to be able to condensate the DNA, and the dye exclusion assays indicate
a larger condensation by conjugated dendrimers. On the other hand, for PAMAM-SP-25,

the addition of peptides increased the condensation and only 225 molecules per DNA was
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required to complex and retain all DNA in the well.
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Figure 5.16: Gel electrophoresis of 10 pug/mL Oct-1 DNA with increasing concentrations of SP8-
24 and P-end-25 peptides (left) and PAMAM-SP8-24 and PAMAM-P-end-25 conjugates (right).
The peptide charges and compositions are shown. The 701 represents PAMAM molecules
added per DNA molecule, while the rcparge refers to the ratio between positively charged PAMAM
surface groups and negatively charged DNA phosphate groups. The ratio of 0 corresponds to
DNA only.
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Figure 5.17: Gel electrophoresis of 10 ug/mL Oct-1 DNA with increasing concentrations of P-
mid-24 and SP-25 peptides (left) and PAMAM-P-mid-24 and PAMAM-SP-25 conjugates (right).
The peptide charges and compositions are shown. The 701 represents PAMAM molecules
added per DNA molecule, while the 7charge refers to the ratio between positively charged PAMAM
surface groups and negatively charged DNA phosphate groups. The ratio of 0 corresponds to
DNA only.
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Figure 5.18: Gel electrophoresis of 10 pug/mL Oct-1 DNA with increasing concentrations of
neutral and negatively charged peptides. The peptide charges and compositions are shown. The
Tmolar Tepresents peptides added per DNA molecule. The ratio of 0 corresponds to DNA only.

Figure 5.18 shows the image of the gels obtained for samples of DNA and neutral and
negative peptides. Fewer samples with larger concentrations of peptides were tested in
one gel, since they were not expected to condensate the DNA, due to their charge or lack
there off. Bands, referring to migrating, “naked” DNA molecules, were indeed visible for
all 7molar- The corresponding reparge i n0t shown, since both peptides (except S-25) and
DNA are negatively charged. The outermost right and left bands are slightly unclear, but
this is probably due to deformations in the gel.

Figure 5.19 shows the gels performed with PAMAM-peptide complexes with neutral
or negative peptides. For PAMAM-S-25, most of the DNA is retained in the well at a
Teharge Of 6.4. However, the condensation is also evident at ratio 4.3. For PAMAM-NP-25,
most of the DNA remains in the well at reyarge 3.5 and is completely retained at ratio 5.3.

However, when looking at rg.., the DNA condensation occurs at the same number of
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conjugates per DNA molecule, namely 2255. Thus, the effect of one single charge in the
overall neutral peptide chain does not seem to have a large impact on DNA condensation.

As for the negative peptides alone, the DNA travels through the gel at all ratios for
PAMAM-SNS8 (-8) and PAMAM-N-end-25 (-8). This implies that the negative peptides
prevent the PAMAM from binding to the DNA.

PAMAM-S-25 PAMAM-NP-25

PAMAM +[cSGSGSGSGSGSGSGSGSGSGSGSGS ¢ PAMAM + [cpKpKpKpKDKDKDKDKDKDKDKDKD ¢

| | | |
Fmolar 0 ‘ 225 ‘450 ‘ 675‘ 900 ‘1130 2255 3380‘4505 5635‘6760 ' molar 0 ‘ 225‘ 450 ‘ 675‘ 900‘1130‘ 2255‘ 3380 450# 563% 6760

Fcharge 0 ‘0.4‘0‘9‘1.3‘ 1.7‘ 2.1 4.3 6.4‘ 8.510.7‘12.8 Fcharge 0 ‘0.4‘0.7‘ 1.1‘1.4‘1.8‘3.5‘ 53 7.1‘ 8.8‘10.6

PAMAM-N-end-25

PAMAM + [cDBDDSGSGSGSGSGSGSGSGSDDDD C

| | [ |
0 | 180 360 |540 720 | 900 1125/1350/18052255

Fmolar I molar 0 ‘225 ‘450 ‘675 900 ‘1130‘2255‘3380‘4505 5635‘6760

e e

Figure 5.19: Gel electrophoresis of 10 ug/mL Oct-1 DNA with increasing concentrations of
PAMAM-S-25, PAMAM-NP-25, and PAMAM-N-end-25 conjugates (25 pg/mL Oct-1 DNA was
used for PAMAM-SN8-24). The corresponding peptide charges and compositions are shown.
The 7yolar represents PAMAM molecules added per DNA molecule, while the 7cparge refers to the
ratio between positively charged PAMAM surface groups and negatively charged DNA phosphate
groups. The ratio of 0 corresponds to DNA only.
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5.5 Summary of gel electrophoresis and dye exclusion
assays

DNA condensation by PAMAM dendrimers, peptides and PAMAM-peptide conjugates
was studied with both dye exclusion assays and gel electrophoresis.

The DNA concentrations used were 2 pug/mlL and 10 pg/mL in dye exclusion and
gel electrophoresis, respectively. The reparge and 7molar, Where the condensation of DNA is
observed, are significantly higher in the dye exclusion assays compared to in the gels. This
suggests that a higher number of condensing molecules, or number of positive charges,
per DNA is required in order for condensation to occur at lower DNA concentrations.
The ratios are therefore not directly comparable between methods, but it is possible to
observe and compare trends.

For the conjugates with positively charged peptides, the results were quite consistent
between methods, but differed at some points. Figure 5.12, with intensity as a function
of Tcharge, shows that the PAMAM and the conjugates have the same decreasing trend
in the dye exclusion assays. There are some differences between conjugates, and the
PAMAM-SP8-24 and PAMAM-P-end-25 seem to condensate the DNA at lowest ratios.
They are however not very different from the other conjugates, and this may also be seen
in the corresponding gels. However, for 1. in the dye exclusion assays, there is a clear
difference in condensation of DNA between PAMAM and the PAMAM-peptide conjugates
with peptides of charge +8. The condensation induced by the conjugates is seen at lower
Tmolar than by PAMAM only. This is expected since the overall charge per molecule is
higher for the conjugates. In contrast, the difference is not seen in the gels, where the
Tmolar fOr which the DNA remains in the wells is equal for PAMAM and the PAMAM-
peptide conjugates. The reason for this in unclear, and the differences in the experimental
setup do not explain the differences observed. Also, the differences between the conjugates
possessing peptides of equal overall charge, but different amino acid distribution, were too
small to draw any conclusions regarding the impact of amino acid architecture.

PAMAM-SP-25 (0) and PAMAM-NP-25 (-1) showed the same trends in both meth-
ods. In the dye exclusion assays, there was a moderate decrease in fluorescence intensity

for increasing concentration of both conjugates. This was also seen in the gels, where the
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condensation occurs, but at a much higher ratios than for the PAMAM and the conju-
gates with positively charged peptides. The moderate decrease suggests that the peptides
prevent DNA condensation. The most likely explanation for this is that PAMAM binds
to DNA, but its tails prevent, to some extent, condensation of the DNA molecule. If there
are approximately two tails present on each PAMAM, and the tails are neutral or have a
net charge of -1, the overall charge of the conjugate will still be positive. It is therefore
likely to interact electrostatically with the DNA. On the other hand, the steric repulsion
induced by the tails will prevent condensation. There is also a possibility for the tails to
prevent the PAMAM-conjugate from binding to DNA altogether, but this is less likely,
due to the high overall charge. It should also be noted that the amino acid composition of
the two conjugated peptides are very different, although their overall charge only differs
by a single charge. S-25 is composed solely of neutral amino acids, while NP-25 consists
of alternating negatively and positively charged amino acids. However, they show simi-
lar results, indicating that the difference in amino acid composition does not affect the
binding to a large extent, as long as the overall charge is approximately the same. The
amino acid compositions of S-25 and NP-25 are however not directly comparable since
their overall charge differ by one. In future experiments, neutral peptides of different
compositions should be compared in order to further investigate the impact of amino acid
composition and distribution.

PAMAM-SNS8 (-8) and PAMAM-N-end-25 (-8) did not seem to condensate the DNA
at all. The fluorescence intensity was constant or slightly increased in the dye exclusion
assays, and the DNA was able to move through the gel in the electrophoresis study, for all
studied concentrations of conjugates added. As mentioned, the peptides may adsorb to
the PAMAM surface groups, blocking the interaction with DNA, and the overall charge
of the conjugates is negative. Consequently, they are not expected to bind to DNA.

Control samples of the DNA-peptide systems were made for one ratio in the dye
exclusions assays, see Figure 5.13, while a concentration range was studied in the gel for
each peptide. For the negatively charged peptides, the results are consistent. It is clear
that they do not condensate the DNA. For S-25, there is a small decrease in fluorescence
intensity at the given ratio. This effect is not seen in the gel, where the DNA behaves as

for the negatively charged peptides, see Figure 5.18. For the positively charged peptides,
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the trends are also similar in the two methods. SP-25 (+12) is more effective than the
other positively charged peptides of charge +8, based both on 7eharge and rmolar- The
peptides of charge +8 have the same overall charge, but different charge distributions. It
is not possible to assess if the charge distribution affects the binding of the peptide to

DNA from these results, since there is no clear difference between them.
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Chapter 6

Conclusion

In this work, the impact of peptide composition on the binding between DNA and
PAMAM-peptide conjugates was studied. The peptides resembled disordered regions
in DNA-binding proteins, due to their extended conformation and lack of structure, while
the positively charged PAMAM dendrimers mimicked DNA-binding domains.

Since the characterization of the resulting molecules turned out to be challenging,
it was not possible to determine the composition of the resulting conjugated molecules
in the solution during the period of this work. However, there was enough evidence to
conclude that dendrimers with conjugated tails were obtained. Dye exclusion assays and
gel electrophoresis studies showed that the peptide composition affects the interactions
between DNA and peptide-conjugated PAMAM dendrimers. The dendrimers bind non-
specifically to DNA, and the strength of the interactions was probed assuming that the
most efficient condensing agents also bind the strongest. Not surprisingly, peptides of
different overall charge affected the binding differently. For the PAMAM conjugated
with negatively charged peptides, no DNA condensation was observed. This suggests
that the conjugates were completely prevented from binding to DNA, due to an overall
negative charge of the complexes. The conjugates possessing neutral and singly negatively
charged peptides were able to condense DNA to some extent, but less efficiently, when
compared to the PAMAM only. This suggests that the conjugates bind to DNA, but
the tails hinder further condensation. In comparison to PAMAM only, the conjugates
possessing positively charged peptides were found to condense DNA more efficiently or

to approximately the same extent, depending on the experimental method used. The
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differences between peptides of the same overall charge, but with different amino acid
composition, were found to be too small to draw conclusions regarding the impact of
peptide architecture on the interactions between the conjugates and DNA. Other assays
or experimental techniques should be attempted to highlight the potential differences, for
example, enzyme digestion assays.

Future work should also focus on the characterization of the PAMAM-peptide conju-
gates and improving protocols for mass spectrometry, dynamic light scattering, and gel
electrophoresis. Molecular modeling may provide molecular details on the interactions of
conjugates and complex formation with DNA, and should also be investigated.

This work focused on the effect of peptide composition on the strength of non-specific
binding between molecules and DNA. Thus, the binding kinetics and diffusion rates of
conjugates along DNA were not investigated. Diffusion measurements, including synthe-
sized peptide-conjugated DNA-binding proteins that bind to a specific target sequence,

could therefore also be attempted.
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Appendix

A.1 Mass spectrometry - Full retention time
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Figure A.1: Intensity as a function of retention time for the chromatographic separation of
solutions in mass spectrometry. From top to bottom panel, the graphs correspond to PAMAM,

SN8&-24 peptide, PAMAM-SN8-24 conjugate and blank.
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A.2 Additional dye exclusion assay of PAMAM-SNS8-24
and DNA

Figure A.2 shows the dye exclusion assay performed for PAMAM-SN8-24 conjugates and
salmon sperm DNA. Control samples were made with SN8-24 and DNA with GelStar,
and PAMAM-SN8-24 with GelStar (not shown). The intensity of the sample containing
SN8-24 and DNA was approximately 1, thus the peptide did not condense the DNA or
bind GelStar. The intensity for PAMAM-SN8-24 and GelStar was close to 0, indicating
that the conjugate did not bind GelStar.
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Figure A.2: Normalized fluorescence intensity as a function of ry01ar. The assay was performed
for increasing concentration of PAMAM-SN8-24 conjugates and constant DNA concentration.
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