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1 Abstract

Carbetocin is an uncharged cyclic therapeutic peptide with a tendency to aggregate in solution.
Aggregation is undesirable since it, for example, can lead to loss of pharmaceutical effects. To gain a
better understanding of peptide aggregation, along with a potential to develop better drug
formulations, aggregation of carbetocin was studied. In focus were soluble aggregates in contrast to
phase-separated aggregates. The behavior of these soluble aggregates was studied with NMR
spectroscopy. NMR diffusometry and *H NMR spectroscopy were used as the main analytic methods.
Aqueous solutions of carbetocin at different concentrations alone, and with added sodium dodecyl
sulfate (SDS) and pentaethylene glycol monododecyl ether (C1,Es) were analyzed using these methods.
The peptide has an increased self-aggregation in solution at higher peptide concentrations, with a
distinct increase in aggregation at around 15-20 mM carbetocin. Hydrophobic interactions and
hydrogen bonding are suggested to be the major attractive forces in the aggregation mechanism based
on that the chemical shifts of hydrophobic and hydrogen-bonding sites in carbetocin show significant
changes at higher peptide concentrations. Surfactants significantly affect the aggregation behavior of
carbetocin and co-aggregates are formed. To fully understand the aggregation behavior of carbetocin
and other peptides, more research has to be conducted.
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Figure 1: The model peptide used in this work, carbetocin



2 List of abbreviations

AS - Change in chemical shift

API - Active pharmaceutical ingredient

CyEs - Pentaethylene glycol monododecyl ether
CAC - Critical aggregation concentration

Carb - Carbetocin

CD - Cyclodextrin

cMC - Critical micelle concentration

COSsyY - Correlation spectroscopy

) - Chemical shift

D - Diffusion coefficient

D,0O - Deuterium

DMSO - Dimethyl sulfoxide

dNMR - Diffusion NMR

HSQC - Heteronuclear single-quantum correlation
MBCD - Methyl-B-cyclodextrin

NMR - Nuclear magnetic resonance

NOE - Nuclear Overhauser effect

PPI - Peptide-peptide interactions

ppm - Parts per million

ry - Hydrodynamic radius

ROESY - Rotating-frame nuclear Overhauser effect correlation spectroscopy
SDS - Sodium dodecyl sulfate

uv - Ultra-violet (light)
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3 Introduction

Peptide pharmaceuticals is a multibillion-dollar industry with over hundred new drugs undergoing
clinical trials during 2015 [1]. These drugs provide treatment of a wide variety of diseases and
conditions with advantages over small organic molecules and proteins. Peptides often provide a
greater selectivity and specificity for their drug target and hence often being more efficient. Compared
to proteins, peptides are smaller, and can hence penetrate further into target tissues as well as often
having a lower cost of production since they can be synthetically produced [2]. Insulin is probably the
most well-known peptide drug with its use in treating diabetes, however there are peptide drugs being
used as antibiotics and cancer treatments as well [2].

However, compared to small molecule drugs, these larger pharmaceuticals also pose many challenges.
Firstly, the clearance of peptides in the body is fast due to the presence of enzymatic proteases and
the renal and hepatic clearance is fast. Additionally, the bioavailability is low since peptides generally
have a hydrophilic nature and cannot easily cross bodily barriers, and hence a parenteral (injected via
a needle into the body at various sites and depths) [3] formulation is usually needed. For parenteral
formulations, the drug is often in an aqueous solution, lipid formulations and oil-based suspensions
exist as well, and there is a limit of how much liquid can be injected to a human. One of the major
challenges with peptide pharmaceuticals is their instability in solution. Unstable peptides formulations
may lose their pharmaceutical effect and/or become immunogenic (causing an immune response).
Additionally, aggregated solutions can clog syringes and make administration hard. The instability can
be of chemical nature as in molecular degradation, when new chemical entities are formed by covalent
bonds are being formed or cleaved [4]. The stability issue can also be physical, which is changes in the
structural features of the molecule(s). Aggregation is such a physical change [5] and the focus in this
master thesis work.

Aggregation of peptides is affected by numerous aspects. High peptide concentration, high
temperature, and mechanical stress [6] are just three factors which generally increase peptide
aggregation [5]. The temperature dependence, where higher temperatures often increases
aggregation, can pose a problem for transport and storage. Concerning transport, there are cold
containers for transport, but their use is more complicated and expensive. For storage, in hospitals in
Sweden and other parts of the world where the health care system is well developed, cold storage is
a standard. However, for countries in a warmer climate and with less developed health care, this could
be hard to solve [7]. Special demands for storage can also pose a problem for patients using the drug
daily or several times a day. The mechanical stress dependence may also pose a problem during
transport and storage, mainly the risk of shaking. During road transport, shaking is inevitable and if the
drug is used by patients in their everyday lives, it might be exposed to shaking e.g. from being carried
in a bag. Concerning the concentration dependence, for high potency drugs one may be able to go
down in concentration and up in injected volume, however, for low potency drugs, this is not an option
since the injected fluid volume would be too large. Carbetocin (the model peptide used in this thesis
work) is currently used in low concentration, 0.1 mg/ml. However, research has been conducted on
using carbetocin for other indications, which would require a higher concentration and hence,
problems could occur [8].

Although an important topic, research about peptide aggregation is lacking according to literature
search during this project as well as claimed in published work [5]. Additionally, general knowledge
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about the physical chemistry of therapeutic peptides might be lacking. Since an understanding of the
physical chemistry of the active pharmaceutical ingredient (API) is not needed to get a drug approved,
if all pharmaceutical effects are well-known and thoroughly explained, research about the physical
chemistry is not prioritized in all cases. Hence, apart from the pharmaceutical applications of studying
peptide aggregation to design better formulations, a deeper fundamental knowledge about peptides’
physical chemistry and how it is affected by co-solutes is of interest. Peptide physical instability and
specifically peptide aggregation has been the focus of this work.

NMR spectroscopy is widely used in chemistry and pharmaceutical industry for e.g. characterization,
structure determination and study of physical aspects of chemical systems. Using diffusion NMR
spectroscopy (dNMR), the self-diffusion coefficient of molecules/aggregates can be obtained and
hence an idea about a molecule’s/aggregate’s effective size is achieved. However, apart from using
dNMR to study the presence of different sized molecules/aggregates in a solution [9][10], NMR
spectroscopy has not extensively been used to study aggregation of peptides. NMR spectroscopy was

selected as the major analytical method used in this master thesis work.



4 Aim

The aim of this project is to investigate the aggregation behavior of the therapeutic peptide carbetocin.
Peptide aggregation is a problem within the pharmaceutical industry and hence a better understanding
of the phenomenon is of big interest. To study aggregation the small, therapeutic peptide carbetocin
was selected as a model. Different forms of aggregates exist, generally divided, there are phase-
separated or precipitated aggregates and soluble aggregates or self-assembly in solution. The main
focus of this work is to study the soluble aggregates. Peptide-peptide interactions are important in
understanding peptide aggregation, soluble as well as phase-separated, and the forces involved in
carbetocin’s self-aggregation were studied by trying to understand which parts of the molecule have
a major role in the aggregation. Additives may alter the aggregation behavior of peptide and therefore
certain additives, mainly surfactants, were studied in order to further understand the self-aggregation
of the peptide as well as the possible formed co-aggregates. Even though the soluble aggregates are
the focus in this work, an understanding of how these soluble aggregates are related to the phase-
separated aggregates is also of interest. To study the above, NMR spectroscopy was selected as the
main method. "H NMR and dNMR are the two major NMR spectroscopy techniques applied.



5 Theoretical and experimental background

5.1 Forces in peptide aggregation

In order for peptides to aggregate, peptide-peptide interactions (PPls) of attractive nature have to be
present. For charged peptides the charge-charge, charge-dipole or charge-induced dipole interactions
are long to medium range, meaning that the molecules affect each other even at longer distances and
hence affecting the PPIs to a large extent. The charge-charge interaction is often repulsive (reducing
aggregation), since peptides and proteins most often hold a negative charge, whereas the other two
are attractive and hence inducing aggregation. For uncharged peptides as carbetocin, the model
peptide in this work, other forces are present. These are forces such as hydrophobic interaction, van
der Waal’s interactions, hydrogen bonding and aromatic stacking. These can all be attractive forces
and are only short ranged [5] and hence not affecting the peptides as much as charge-interactions.
However, if no long-range forces are present, the short-ranged forces become significant. Van der
Waals interactions are dipole-dipole, dipole-induced-dipole and induced dipole-induced dipole
interactions that are due to fluctuations in the electron density in the atoms. Hydrogen bonding is the
interaction between an electron-deficient hydrogen atom attached to an electronegative atom such
as oxygen or nitrogen and an electron-rich atom such as oxygen or nitrogen, these dipoles of different
character are strongly attracted to each other [11]. Aromatic stacking is the attractive force between
two aromatic systems. An electron rich part of one aromatic ring interacts with an electron deficient
part of another aromatic ring. The hydrophobic interactions are due to that the hydrophobic parts of
a molecule try to have minimal contact with the surrounding water, and hence hydrophobic parts are
attracted to each other to exclude the surrounding water [11]. Depending on the peptide, different
forces are dominant.

5.2 Peptide aggregation

Peptides are similarly to proteins made up of an amino acid backbone, although peptides have fewer
amino acid residues than proteins. Several definitions of peptides exist, usually they are defined as an
amino acid sequence of up to 50 residues which lack the higher ordered structure of proteins [5].

The stability of proteins and peptides is of importance in many applications and especially when used
in pharmaceuticals, since physical instability of the drug formulation and chemical instability of the API
can lead to loss of desired function and/or cause immunogenic effects [5]. Chemical degradation
includes, but is not limited to, de-amidation, oxidation and hydrolysis [12], however the focus of this
report is physical stability. There are several ways in which loss of physical stability can occur, such as
denaturation, surface adsorption and aggregation [12]. Denaturation is more of concern for proteins
which have a higher-ordered structure and not for peptides. The 3D structure of proteins is typically
critical for their pharmaceutical effect and since it is often lacking for smaller peptides this is not a
major problem. However, aggregation and surface adsorption can happen to peptides as well as
proteins. Surface adsorption of peptides can be problematic and has been studied elsewhere [13][14].
Aggregation is the form of physical instability studied in this work. Due to the difference in
conformational structure between proteins and peptides, they usually have different mechanisms of
aggregation. In peptides, it is believed that hydrophobic side chains usually are the driving force to
aggregation [15]. In proteins, the same forces are present, however, the hydrophobic side chains are
usually buried within the protein, excluded from the surrounding water and hence a (partial)
denaturation is often the driving force for aggregation for proteins.
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The physical stability of peptides is affected by numerous things, e.g. pH and ionic strength, addition
of additives [16], peptide concentration [17] and temperature. Depending on the peptide, the physical
stability is affected differently. How an increase in peptide concentration increases soluble aggregation
is intuitive since there are more molecules in the solvent and the risk of interaction is higher and hence
being a general aggregation-inducing aspect. However, it is not clear that an increase in concentration
will increase phase-separated or precipitated aggregation, it could potentially be that soluble
aggregates stabilize a solution from phase-separating in a way similar to how micellar solutions under
the Krafft point, the temperature which sets the onset of markedly increasing the solubility of
surfactants [18], could be more stable than monomeric solutions. Addition of other components to
the aqueous peptide solution may affect the aggregation in various ways depending on the additive
and the peptide properties. A common way to control peptide aggregation is pH adjustment of the
solvent to induce charges on the peptide and hence induce repulsive forces which reduce aggregation
[6]. However, there are uncharged pharmaceutical peptides, e.g. carbetocin, for which this approach
cannot be utilized.

The most discussed and investigated way of peptide/protein aggregation is amyloid formation, which
is generic for all peptides/proteins since it is based on the interactions between the backbones of
peptides [19]. These fibrillary, amyloid structures are probably most well known for their relation to
certain neurodegenerative diseases including Alzheimer’s disease and Parkinson’s [20]. Since the
discovery of this relation, a lot of research has been conducted upon amyloid formation, but how and
why these protein fibrils are formed is not yet fully understood. Although amyloid formation is generic
for all peptides/proteins, other forms of aggregation exist. Hggstedt et al’s showed that carbetocin
form non-structured precipitated aggregates [6].

Aggregates are for many equivalent to these amyloid precipitates. However, peptides can in addition
to amyloid fibrils form soluble non-structured aggregates, and the mechanism for soluble peptide
aggregation and its relation to phase-separated aggregates and/or amyloid fibrils has not been
extensively studied. One hypothesis of this project is that non-structured soluble aggregates may form
prior to the phase-separated aggregates whether they be amyloids or not. However, there is limited
research on soluble peptides and hence it is hard to say whether or not this hypothesis is adopted by
the scientists in the field. It is these soluble aggregates that are the focus of this report.

1.1 Carbetocin

To investigate the phenomenon of peptide aggregation, a model peptide was selected (Figure 1). This
peptide was selected since it has been previously studied [6]. Carbetocin is an analogue of a naturally
occurring hormone, the cyclic peptide oxytocin. It has eight amino acid residues and is uncharged.
There are both hydrophobic and hydrophilic properties of this peptide. The three most distinct
hydrophobic side chains are, with their corresponding color and number from Figure 1, methyl-
tyrosine (grey 8), leucine (red 2) and isoleucine (magenta 7). Apart from the peptide backbone there
are side chains which allow for hydrogen bonding, glutamine (blue 6), aspartate (green 5) and
glycine(NH2) (purple 1). Due to its ring-structure, the peptide backbone has reduced flexibility. A
limited flexibility reduces the number of potential conformations and hence limits the number of ways
the peptide can interact.



HN

CH,-CO-Tyr(Me)-lle-GIn-Asn-HN-CH-CO-Pro-Leu-Gly-NH,
| |
CH, CH, S CH,

Figure 1: Carbetocin as a structural formula (bottom) and the full molecular structure (top) with indivudual amino acid
residues: purple (1): glycine (NH2) — Gly(NH2), red (2): leucine - Leu, dark blue (3): proline -Pro, yellow (4): cysteine - Cys, green
(5): aspartine - Asn, light blue (6): glutamine - GIn, magenta (7): isoleucine - Ile, grey (8): tyrosine(methyl) — Tyr(Me) and black
(9): non-peptde bridge - Mba.

Carbetocin is used for treating post-partum hemorrhage (excessive bleeding after child-birth) by acting
as an agonist on oxytocin receptors [21]. The current formulation of carbetocin is given as a 0.1 mg/ml

injection and allows for a stability of 2 years when stored at 2-8 °C [4]. However, there are clinical trials
(as of 2017) evaluating a new formulation which would allow for 3 years storage at 30 °C [6].

1.2 Surfactants

Surfactants (surface active agents) are amphiphilic molecules with both hydrophobic and hydrophilic
properties which can self-assemble in solution or assemble at an interface. The general structure of a
surfactant is often described as a hydrophilic head with a hydrophobic tail (Figure 2). In an aqueous
solution, surfactants form self-assemblies called micelles, which are often spherical structures (other
forms exist such as rod-like structures) with an oily interior composed of the hydrophobic tails and a
hydrophilic exterior composed of the hydrophilic heads (Figure 2). A certain concentration of
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surfactants is needed to form micelles, CMC is the critical micelle concentration, above which the
concentration of monomeric surfactants practically does not increase [18].

Hydrophilic head

Hydrophobic tail

Figure 2: Schematic figure of a surfactant (left) and a cross-section of a micelle (right). Surfactants form micelles in which the
hydrophobic parts are excluded from the aqueous surroundings.

Two surfactants were studied in this work, sodium dodecyl sulfate (SDS) and pentaethylene glycol
monododecyl ether (Cy,Es) (Figure 3). These two surfactants have the same dodecyl tail but with
different head groups. SDS is an ionic surfactant with a smaller head group whereas Cy,Es is non-ionic
with a longer polyethylene glycol (PEG) head group.

(\O/\/O\/\O/\/O\/\OH
0

Figure 3: Top: sodium dodecyl sulfate (SDS). Bottom: pentaethylene glycol monododecyl ether (C;,Es). These surfactants have
the same dodecyl tail but with different head groups. SDS is ionic and the head group is smaller, whereas C;,E5 is non-ionic
with a longer head group.

Surfactants can be used in pharmaceuticals for several reasons: solubilizing of smaller drug molecules,
by incorporating them into micelles, emulsifying agents, suspension stabilizers and wetting agents [3].
Concerning protein and peptide drugs, surfactants have e.g. been used as absorption enhancers when
trying to develop oral formulations [22] and non-ionic surfactants have been used as aggregation
inhibitors in some protein formulations [23]. The two surfactants used in this work were selected since
they have the same tail and have been studied previously with carbetocin [6]. They are believed to
give valuable insight to the aggregation mechanisms of carbetocin.
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When peptides and surfactants are mixed, the aggregation of both species is affected [6][18].
Surfactants can form micellar structures on the polypeptide chain and hence lower the CMC, which is
instead named critical association concentration (CAC) [18] and affect protein stability [23]. The
peptide may also affect the micellar shape by disrupting the otherwise structured assembly.
Additionally, surfactants may compete with the peptide for adsorption on surfaces and hence reduce
aggregation [24] since adsorption can be an initiating step of aggregation [5].

1.3 Cyclodextrins

Cyclodextrins (CDs) are circular sugar molecules which form a cone-shaped structure with a
hydrophobic cavity and a hydrophilic exterior due to the hydroxyl groups pointing outwards [25]
(Figure 4).

Figure 4: Structure of a typical cyclodextrin and a schematic of the 3D structure with a hollow interior [26].

This specific structure allows the CDs to form “guest-host complexes” with other molecules. The CD is
the host and a hydrophobic guest molecule or a hydrophobic part of a molecule (such as a side chain
of a polymer or peptide) is the guest inserted into the CD-cavity. The capturing of molecules in these
cavities has several applications such as nano-sponges [25] and peptide drug delivery systems [27].
The interaction between the host and the guest is believed to be the hydrophobic interaction between
the CD cavity and a hydrophobic part of the guest molecule and dehydration of the guest molecule,
hence the hydrophobic effect [28]. There are many variants of cyclodextrins, in which some of the
hydroxyl groups are substituted and rings of various sizes. In this work, methyl-B-cyclodextrin (MBCD)
was studied. It has previously been studied with carbetocin [6] and was therefore selected.

1.4 NMR spectroscopy

NMR (Nuclear Magnetic Resonance) spectroscopy is a commonly used technique within chemistry
for analysis and characterization. In NMR spectroscopy, nuclei of molecules can be studied and
information about how the atoms are connected and their chemical surrounding can be obtained.
NMR spectroscopy uses the fact that some atomic nuclei, e.g. *H and *C, are magnetically active (or
NMR active). By radiating a sample containing NMR active nuclei placed in a magnetic field, with a
radiofrequency radiation, the nuclei (e.g. a *H nuclei = a proton) can get excited to a higher energy
state. The relaxation of the nuclei spin (from a higher to a lower state) can be detected by a
spectrometer [11]. It is these changes between spin states that is nuclear magnetic resonance [29].
Depending on the chemical connections and surroundings of the nucleus the peak(s) in the obtained
spectrum will appear at different positions [30].
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Figure 6: Part of the "H NMR spectrum of SDS showing peaks at different chemical shifts and with different splitting
patterns. The protons from methyl group neighboring a CH, shows their distinct triplet splitting pattern at the far right of
the spectrum. The alkyl chain protons produce the large peak in the middle and the two protons two carbons away from the
oxygen give rise to the quintet at the far left. The peak from the protons closest to the oxygen is excluded from this image
since they are far downfield in the spectrum

From an NMR spectrometer, a spectrum of frequencies (as in Figure 6) of the different nuclei’s
resonance frequencies is obtained. The NMR spectrum is often displayed as chemical shifts (8) instead
of frequencies, where a chemical shift is the relative frequency deviation from a reference substance,
most often tetramethylsilane. Chemical shifts are measured in part per million (ppm) [30]. The &
depend on the magnetic field experienced by the nucleus. This magnetic field is sensitive to the
nucleus’ electronic environment: both the present bonding interactions and surrounding solvent [11],
and hence equivalent nuclei will have the same chemical shift. An example of equivalent nuclei are the
protons in methane or the middle part of the alkyl chain in SDS, Figure 5, and non-equivalent are for
example the protons on different carbons in ethanol or the three groups of protons of SDS as
highlighted in Figure 5. In Figure 6, displaying parts of the SDS 'H NMR spectrum there are clear
differences in chemical shifts for the different groups of protons. The methyl group in the SDS molecule
has the lowest chemical shift (note the reverse scale on the x-axis) and a splitting pattern showing
three peaks together, a triplet. This splitting pattern is typical for a methyl group neighboring a CH,
group. The two equivalent protons in the CH, give rise to a triplet for the neighboring protons (CHs).
The three protons in the methyl group are equivalent and hence only one triplet is seen. A majority of
protons in the alkyl chain cannot be distinguished and their corresponding peak is the big peak in the
middle. The protons belonging to the peak with the highest chemical shift in Figure 5 are magnetically
de-shielded by the nearby oxygen, in a way the others are too far away to be affected by, and hence
get a higher 3. These protons are magnetically de-shielded since the oxygen decreases the electron
density on the nearby nuclei due to its high electronegativity. The peak for the last two hydrogens
closest to the oxygen are more magnetically de-shielded by the oxygen and are further downfield (to
the left) in the spectrum, not shown in this example. Apart from the splitting patterns which allows for
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chemical structure determination, conformational information can be obtained from an NMR
spectrum. If the exchange between two conformations is fast, only one peak can be detected [31].
However, if it is slow, one peak for each conformation is seen with a separation of the size of their so-
called coupling constant. A fast exchange may also lead to a broadening of the peaks. Changes in the
appearance of the spectra and in the chemical shifts when SDS aggregates can be noted in Figure 7. In
this figure, one spectrum displays SDS over its CMC value (red) and one is under (blue) and hence the
red spectrum displays a more aggregated (micellar) solution. The peak furthest to the left has a lower
chemical shift in the aggregated state and the peak in the middle has structurally changed compared
to the less aggregated solution.

{FTEO1p1s1_SDS_16_1H_ws_1
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Figure 7: Part of the SDS "H NMR spectra for two concentrations, one above 16 mM (top in red) and one under 6 mM (bottom
in blue) CMC. There are changes in the appearance of the spectrum. The peak in the middle has a different peak appearance
and the peak to the left has a lower ppm value over CMC compared to under CMC.

When studying molecules with many non-equivalent protons, such as peptides, the spectrum becomes
more complex with more peaks and diverse splitting patterns. As showed in the examples above, a lot
of information about the molecules can be retrieved from an NMR spectroscopy experiment. When
molecules aggregate, the surroundings and interactions with other molecules may change and NMR
spectroscopy was therefore selected as the main method for this project.

There are many methods and variations of NMR experiments, below is a short introduction to the
methods used in this project.

5.6.1 1D NMR
This is the standard NMR experiment. It can be done for all NMR-active nuclei and with an endless
variety of settings and parameters depending on the information intended to be obtained. A spectrum
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is obtained, such as Figure 6and Figure 7, showing the chemical shifts of the studied nuclei. It is
considered 1D since there is only one frequency axis.

5.6.2 2D NMR

Correlates spins in two frequency dimensions. The spins can be either homonuclear spins (e.g. ‘H-'H)
or heteronuclear spins (e.g. *H-"3C). A 2D map of peaks is obtained, the peaks represent interaction
between two nuclei. J-coupling is the interaction of the spins in nuclei connected via covalent bonds.
The Nuclear Overhauser Effect (NOE) is another type of interaction in which the nuclei interact if they
are close in space [30]. Depending on which experiment is used, interactions between nuclei at
different distances and types are obtained.

COSY (COrrelation SpectroscopY) displays nuclei with J coupling. The spectrum displays peaks which
correspond to nuclei that are J coupled [30].

HSQC (Heteronuclear Single-Quantum Correlation) identifies J couplings over just one bond length
and hence directly connected nuclei produce peaks [29].

ROESY (Rotating-frame nuclear Overhauser Effect correlation SpectroscopY) displays NOE interactions
and can hence identify spin couplings which are spatially close [29].

5.6.3 NMR Diffusometry and Diffusion

NMR diffusometry or diffusion-ordered NMR spectrometry (DOSY), referred to as dNMR in this report,
is used to obtain information about the diffusion coefficient of different molecules/aggregates in
solution. A series of spectra is obtained at different pulsed field gradient strengths and the decrease
in the intensity of the spin echo signal is analyzed [29]. Depending on how much the molecule (or
aggregate) moves between the different applied gradients, the signal is attenuated. The further it
moves, the lower is the signal. This difference in signal intensity at different gradient strengths can be
analyzed and diffusion coefficients can be obtained from the data [29]. The dNMR experiments in this
work were performed with a stimulated echo sequence [32][33] where the following parameters are
appropriately adjusted in order to obtain the diffusion coefficient. The delay between the gradient
pulses (A), the width of the gradient pulses (w), the gradient strength (G), the measured signal intensity
(1), the intensity with no gradient applied (lp) and the gyromagnetic radius of protons (y). With these
values, the diffusion coefficient can be calculated through the Stejskal-Tanner equation [34]:

[=1;exp (—Dyszw2 . (A - g)) Equation 1

A stimulated echo sequence, instead of a standard spin echo sequence, was selected since the signals
for solutions that are expected to aggregate or have large molecules will be attenuated in a standard
spin echo experiment [32].

The diffusion coefficient D describes how fast a molecule (or other type of particle/aggregate) moves,
the mean square displacement, in a solution due to Brownian motion. According to Stokes-Einstein’s
equation, the diffusion coefficient depends on temperature (T), viscosity (1) of the surrounding solvent
and the hydrodynamic radius (r) of the moving species, as shown in Equation 2 [35]. k is Boltzmann’s
constant.
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kT
D= Equation 2
6mnr

Assumed in this equation is that the molecule is spherical. For non-spherical molecules/aggregates,
the hydrodynamic radius is used. The hydrodynamic radius is defined as the radius of a sphere diffusing
at the same rate as the non-spherical species [36].
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6 Materials

Carbetocin (293%) was kindly donated by Ferring Pharmaceuticals. Sodium dodecyl sulfate (299.0%),
pentaethylene glycol monododecyl ether (298.0%) and methyl-R-cyclodextrin were purchased from
Sigma Aldrich, sodium chloride (299.5%) and sodium iodide (299.5%) were from Merck, sodium sulfate
(299.7%) from JT Baker, deuterium (299.8%) from Armar Isotopes. All water used for making solutions
had been purified with a Millipore Milli-Q system.

7 Methods
7.1 Samples:

All samples were freshly prepared the same day or the day prior to the experiments. No D,0 or other
deuterated solvent was added (as is common for NMR measurements) since as natural system as
possible was preferred. D,0 is known to affect protein aggregation [37] which for obvious reasons was
undesirable. With no deuterium in the samples, a lock signal cannot be obtained for any NMR
measurements and hence drifting of the signals could be a problem. Early measurement provided
spectra with good resolvable peptide peaks without a lock signal and hence the work proceeded with
non-deuterated solvents. However, to obtain a decently uniform magnetic field, an automatic gradient
shimming was used. Since all analysis was based on changes in chemical shifts relative to other
samples, rather than absolute values, all results were assumed to be valid.

7.2 NMR:

After preparation, all samples were transferred with a pipette to 5 mm NMR tubes and the
measurements were taken at 25°C. All dNMR measurements were performed on a Bruker AVII-200
spectrometer equipped with a Bruker DIFF-25 probe and a Bruker GREAT 1/40 gradient amplifier. The
samples were inserted into the probe at least 15 min before measurement for temperature
equilibration. A stimulated echo sequence was used with 32 gradient steps and 8 scans with a delay of
50 ms between the gradient pulses (A), a 1 ms width of the gradient pulses () and the gradient
strength (G) was linearly ramped in 32 steps. The sweep width was 2201 Hz, the acquisition time 1.0
s, the delay between scans was 2 s and the delay between the first two radiofrequency pulses was 2.12

ms.

All 'H and 2D measurements (except from HSQC) were performed on a Varian Unity Inova 500 MHz
spectrometer equipped with a Z-spec DBG500-5EF 5 mm dual broadband gradient probe. A water
suppression (ws) sequence was used to suppress the otherwise dominating water peak for all H
measurements, this sequence has pulse widths of 11.8 and 23.6 ps. The following other parameters
were used for the 'H ws experiments: the sweep width was 8000 Hz, acquisition time 2.048 s, delay
between scans 1.0 s and the number of scans was 4. ROESY was performed with water pre-saturation
settings with a pulse width of 11.4 ps, a sweep width of 4262.6 Hz, acquisition time of 0.342 s, a delay
of 2 s and 32 scans. For COSY the parameters were: pulse width of 11.4 ps, sweep width 4902 Hz,

acquisition time of 0.3 s, a delay of 2 s and 8 scans.

All HSQC and **C measurements were performed on a Bruker Avance |1l 500 MHz with a Bruker SMART-
Probe (bbo) and inserted at least 5 min prior measurement, the experiment was optimized for 145
MHz coupling and a relaxation delay of 1 s was used. >C measurements were performed in a *H
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decoupled mode with and the number of scans was adapted to the concentration so that the signal to
noise ratio would be approximately the same.

7.3 Viscosity

All viscosity measurements were performed on a 563 10 / | Ubbelohde viscometer from SI Analytics
GmbH with a water bath setting the temperature at 25 °C. The samples were inserted at least 15 min
prior to viscosity reading for temperature equilibration. The timing of the flowing liquid was done with
a stop-watch and the viscosity was obtained through the instrument-provided equation, Equation 3. n
is the viscosity and t is the time it takes for the liquid to flow between two marked lines on the
viscometer.

n =0.01033 -t Equation 3
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8 Results

8.1 Peakassignment

For analysis of NMR spectra, assignments of which peaks in the spectra belongs to which nuclei in the
molecule are necessary. An almost complete assignment of carbetocin in dimethyl sulfoxide (DMSO)
was provided by Ferring, not published results. Since DMSO and H,0 are different compounds, the
NMR spectra of carbetocin in the two solvents will be different. NMR spectroscopy is sensitive to both
a molecule’s chemical interactions and surroundings. DMSO instead of H,0 could affect both, chemical
interactions can change due to differences in hydrogen bonding between the peptide and the solvent
and the surroundings obviously change when water is used instead of DMSO. Using the provided
assignment along with 'H and *C 1D NMR, 'H'H COSY, 'H'H ROESY and 'H™C HSQC 2D NMR,
assignments for most of the carbetocin signals in H,0 were obtained Appendix 13.4. A table with all
the peaks and their corresponding assigned ppm value is presented in Appendix 13.4.

8.2 Temperature dependence

It is known, as described in the introduction, that temperature can affect peptide aggregation.
Experiments were performed to test the sensitivity to small differences in temperature for aggregation
of carbetocin, the results were important for practical reasons (can we use different spectrometers
and still compare the results) and for curiosity. The *H NMR spectra of carbetocin in water at different
temperatures clearly showed a difference in chemical shifts even at one-degree difference, Appendix
13.2, and hence extra care for the temperature was taken when performing NMR experiments. NMR
spectrometers can be temperature calibrated using a method described in Appendix 13.3.

8.3 Viscosity

Viscosity measurements can give insight to the behavior of a solution and hence potentially the
aggregation behavior. These viscosity measurements were also performed due to that the diffusion
coefficient is dependent on the viscosity of the solvent. For solutions with well-structured aggregates
such as micellar solutions, the solvent viscosity is generally not affected by viscosity changes of the
bulk solution. The system can be seen as that the micelles affect the bulk viscosity but not the viscosity
in between the micelles [personal communication]. Hence the viscosity of the solvent for aqueous
surfactant solutions is seen as 0,89 mm?/s which is the same as for water at 25 °C [38]. However, for
solutions in which the solute form non-structured aggregates which are more like a network of
molecules, the viscosity of the solvent is seen to have changed and is no longer the same as the
viscosity of water/solvent. These differences are not distinct and how the viscosity of the bulk solvent
changes is gradual. Viscosity measurements of carbetocin and additives are presented in Table 1:
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Table 1: Kinematic viscosity of carbetocin and additives. Values are averaged of three runs made on each sample.

Sample Kinematic viscosity Run 1 (s) Run 2 (s) Run 3 (s)
(cm?/s) at 25 °C

Carbetocin 47 mM 1.08 105 104 105

Carbetocin 14 mM 0.940 91 91 91

Carbetocin 5.05 mM 0.908 * - - -

Carbetocin 5.05 mM + 1.56%* - - -

MBCD 126.5 mM

SDS 225 mM 1.61 157 158 154

SDS 225 mM + 1.65 160 160 160

carbetocin 15 mM

SDS 45 mM + 89 89 89

carbetocin 15 mM

SDS 15 mM + 1.02 99 99 99

carbetocin 15 mM

SDS 15 mM 0.919 89 88 88

Ci2E5 15 mM + 1.01 98 97 98

carbetocin 15 mM

C12E5 15 mM 1.33 128 127 130

* Provided by Ferring, not published

8.4 Diffusion NMR

This project actually started with results from previous studies (not published [personal
communication]) obtained through dNMR, suggesting that carbetocin aggregation increases with
concentration. In this early work only three peptide concentrations were used, and hence to further
show that aggregation does occur for carbetocin, dNMR was performed for a more extensive
concentration series of aqueous carbetocin. The results from these dNMR experiments are presented
in Figure 8. Since the nature of the carbetocin aggregates is not well-defined, or rather not known, it
is not clear if the viscosity of the solvent has changed, as described in 8.3. The normalization was
performed under the assumption that the viscosity is unaffected by the density which allows for the
switching between the kinematic viscosity obtained in this work and the dynamic viscosity which is
used when calculating the diffusion coefficient. Additionally, a linear relationship between
concentration and viscosity was assumed. The diffusion coefficients (D) were obtained through
Equation 1 after a least-square fitting to the dNMR data. The experimental values (the intensity) were
obtained through an integration of a selected peak in the carbetocin spectrum.
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Diffusion coefficients for carbetocin
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Figure 8: Diffusion coefficient (D) of different concentrations of carbetocin in water. First above a concentration of around 15
mM is a decrease in D observed. Orange dots represent viscosity normalized data and blue are not normalized for viscosity.

The same trend is noted for both the normalized and the non-normalized data, there is a clear trend
within the higher concentrations (> 15 mM) (Figure 8), there is a decreasing D with increasing
concentration. However, for the lower concentrations (€15 mM), D is practically unchanged with
varying concentrations. The observed diffusion coefficients (Doys) are the weighted average of all the
possible formations of molecules/aggregates in the sample. Aggregates of various sizes, dimers,
hexamers etc. will have different diffusion coefficients (D;) depending on their size, monomeric
molecules will have yet another value. Dy,s can hence be described with Equation 4.

Dops = 001D + 0,D; + a3Ds ... Equation 4
a; is the fraction of carbetocin with the specific D.

The hydrodynamic radius was calculated from Equation 2, with D=D.,s of the non-normalized data
(Table 2). There is an increasing radius with increasing carbetocin concentration.
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Table 2: Hydrodynamic radius of carbetocin aggregates in different carbetocin concentrations

Carbetocin concentration (mM) Hydrodynamic radius (nm)
73.1 1.27
47.7 1.04
39.5 1.02
26.4 0.910
19.8 0.910
15.0 0.867
12.2 0.848
8.47 0.851
6.59 0.848
5.65 0.839
3.77 0.839

8.5 Concentration series of aqueous carbetocin

8.5.1 'HNMR

To further analyze aggregation of carbetocin, "H NMR spectroscopy was performed on a concentration
series of carbetocin in aqueous solution, 5 to 73 mM. We wanted to see if the same trends from dNMR
results would show also in ‘*H NMR results, since 'H NMR spectroscopy provides information about
chemical interactions and molecular surroundings, which are believed to change when aggregation
occurs. Parts of the spectra showing the largest changes in the appearance of the spectra between the
different carbetocin concentrations are showed in Figure 9. A distribution along the concentration
series has been selected with highest concentration at the top spectra and lowest at the bottom.
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Increasing concentration

Figure 9: "H NMR spectra of different concentrations of carbetocin in water, the top line refers to the highest concentration
and the bottom line is the lowest concentration. The different boxes are different parts of the spectra showing sites were clear
changes between the concentrations can be noted. The chemical shifts of some peaks change, some to a lower and some to
a higher ppm value. Note also the shape differences of some peaks when going from a lower to a higher peptide concentration.
A: amide protons showing significant changes in both shape and chemical shifts. B & C: The peaks with the arrows belong to
the tyrosine side chain, clear change in chemical shift on both. D & E: The peak with the arrow belongs to the tyrosine side
chain and shows a clear change in chemical shift. F: Peaks from the methyl groups of leucine and isoleucine showing a shape
change with different concentrations.

The appearance of some peaks changes and the chemical shifts of many peaks change (change in
chemical shift = Ad). The changes are not large when comparing absolute ppm values, however, there
are clear trends to be detected. The most significant changes are for the amide hydrogens in the
backbone of the peptide (Figure 9 A) and for the changes of the tyrosine residue (Figure 9 B, C and D)
(also in E same peak as in D). The peaks belonging to the tyrosine residue are marked with arrows.
Another clear change in peak pattern appearance is for the methyl groups of leucine and isoleucine
(Figure 9 F) with increasing concentration the peaks go from a triplet and a singlet to a doublet and a
singlet.

The A9, relative to the chemical shifts for the lowest concentration analyzed in this work (5mM) of
carbetocin, are plotted for peaks showing a large change (Figure 10). Three of five of the peaks with
the largest Ad (at 47 mM carbetocin compared to the 5 mM sample) belong to Tyr(Me), the other two
belongs to amide protons in the backbone of the leucine and glutamine. The amide in the glycine
residue has the sixth largest Ad. In Figure 10, a clear increase in Ad with increasing carbetocin
concentration is observed for all these selected peaks. The other peaks follow the same trend, however
not to the same degree, A0 relative to the 5 mM sample for all peaks are plotted and tabulated in
Appendix 13.5. Appendix 13.5 displays the A8 values for all *H NMR peaks with the two different
reference peaks as well, since there is no lock signal from a deuterated solvent or other reference peak
in the samples, a reference peak has been chosen to prevent misinterpretations from potential drifting
of the chemical shifts. The results in this section, have the peak with the lowest ppm (methyl groups
from Leu and lle) set as reference. When another reference (BH2GIn) was used, there were some
changes, however the same trend of the tyrosine residue having the largest Ad along with backbone
amide protons were observed.
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Change in chemical shift of 1H NMR signals relative to the 5
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Figure 10: AS of a carbetocin concentration series relative to a 5 mM carbetocin sample. Larger changes for higher
concentrations.

8.5.2 “CNMR

The same trend as for the *H spectra is observed in the *C spectra, and the same side chains show the
largest change in chemical shift. However here the largest Ad (of the 50 mM samples compared to the
6 mM sample) belong to all the carbonyl carbons in the backbone. When studying the amino acid side
chains, the same trend as for the 'H spectra is observed; the tyrosine residue shows the largest AS. A

plotted diagram of all peaks’ A8 from the *C NMR experiments is found in Appendix 13.5.

8.6 Cyclodextrin

'H NMR and dNMR were performed on MBCD-carbetocin samples, Appendix 13.6. Clear changes can
be noted in the 'H NMR spectra, similar changes as in Figure 9 C and D of when the carbetocin
concentration increases can be noted. These results suggest that aggregation of carbetocin increases
in the presence of MBCD or that the interaction between the two molecules is similar to the self-
interaction of carbetocin. The dNMR results were hard to interpret, partly because of the viscosity
increase of the solution with increasing MBCD concentration, and no replications of experiments were
performed since focus was decided to be on surfactant and carbetocin interaction. Hence the results
are only presented in the appendix and will not be further evaluated. Although, it can be said that
MBCD and carbetocin most likely interact and form co-aggregates.

8.7 Surfactants
'H NMR and dNMR experiments were performed on SDS-carbetocin and Cy,Es-carbetocin samples for
further analysis of how carbetocin aggregates and how these additives affect the aggregation
behavior.
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8.7.1 SDS

dNMR and 'H NMR was performed on SDS-carbetocin samples with various SDS concentrations and a
constant carbetocin concentration of 15 mM. The obtained diffusion coefficients are presented in
Figure 11. The diffusion coefficients for SDS are practically the same for all concentrations above the
CMC of 8 mM (7-8 -10® m?/s), below CMC the diffusion coefficient is higher (1.4:10™° m?%/s). For
carbetocin, the diffusion coefficients decrease with increasing SDS concentration. Note the difference
between 15 mM SDS with and without carbetocin. Without carbetocin, the D is 3.6:10° m?/s and with
it is 8.6-10™ m?%/s. Also worth noting that the reference value for carbetocin 15 mM is 2.84:10° m?/s
which is higher than all D values of when SDS is present in the 15 mM carbetocin solutions.

Diffusion coefficients for SDS and carbetocin
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Figure 11: Diffusion coefficients of SDS and carbetocin of SDS-carbetocin solutions. Carbetocin concentration constant at 15
mM and SDS in an increasing concentration from 1 to 225 mM. Carbetocin in orange and SDS in blue. Reference diffusion
coefficients for both SDS (15 and 225 mM) and carbetocin (15 mM) are displayed in grey respectively yellow. CMC of SDS (8
mM) is marked with a green dashed line.

Figure 12 shows a part of the '"H NMR spectra of carbetocin and SDS solutions, with different SDS
concentrations. In all samples, except from the 15 and 225 mM SDS references, there is 15 mM
carbetocin and the SDS concentrations are 1, 15, 45 and 100 mM. There is additionally a reference
sample of 15 mM carbetocin without SDS. Apart from the peaks originating from the SDS molecules,
there are other differences between the samples containing SDS and the carbetocin reference. The
peaks are clearly broader in the carbetocin-SDS spectra. The spectrum with the broadest peaks is the
sample with a SDS concentration of 15 mM i.e. at a molar ratio of SDS to carbetocin of 1. It is also for
this sample that the methylated tyrosine methyl peak at around 3.8 ppm has the largest Ad (0.11 ppm

lower value) compared to the reference carbetocin sample.
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Figure 12: 1H NMR spectra for a concentration series of SDS in 15 mM carbetocin, a reference sample of carbetocin at the
bottom (blue). Note the changes in the appearance of the spectra, chemical shifts, peak appearance and broadening of the
peaks. From the top red: 15 mM SDS (reference), yellow: SDS 100 mM and carbetocin 15 mM, purple: SDS 45 mM and
carbetocin 15 mM, grey: SDS 15 mM and carbetocin 15 mM, green: SDS 1 mM and carbetocin 15 mM and blue: carbetocin 15
mM (reference).
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8.7.2 CyEs

dNMR experiments were performed on Cy,Es-carbetocin samples with various Cy,E5 concentrations.
The obtained diffusion coefficients are presented in Figure 13. The diffusion coefficients decrease both
for carbetocin and Cy,Es with increasing Cq,Es concentration. Note the difference between 0.12 mM
C1,Es with and without carbetocin. With carbetocin it is 1.8:10™° m?/s and without it is 1.4:10™° m?/s.
For 15 mM Cy,E5 with and without carbetocin they are 4.4-10" m?/s respectively 1.3-10™ m?%/s.

Diffusion coefficients C12E5 and carbetocin
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Figure 13: Diffusion coefficients of Ci,Es and carbetocin of Cq,Es-carbetocin solutions. The carbetocin concentration was
constant at 15 mM and Cq,Es in increasing concentrations. Carbetocin in orange and Ci,Es in blue. Reference diffusion
coefficients for both C;,E5 (0.12 and 15 mM) and carbetocin (15 mM) are displayed in grey respectively yellow. CMC of Cy,Es
(0.06 mM) is marked with a green dashed line.

Figure 14 shows a representative part of the '"H NMR spectra of a Ci,Es concentrations series of
carbetocin-Cy,Es solutions. In all samples, there are 15 mM carbetocin and the C;,Es concentrations
are 0.12, 15, 45 and 100 mM. There are also a references samples of 15 mM carbetocin and 15 mM
Cy,Es. Differences between the concentrations were most clearly seen downfield, where amide
protons and aromatic protons have their signals, and hence this part of the spectra is highlighted in
the bottom of Figure 14.
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Figure 14: 1H NMR spectra for a concentration series of C1,Es in 15 mM carbetocin and a reference sample of carbetocin at
the bottom (blue).From the top, red: C,,E5 15 mM (reference), yellow: C1,Es 100 mM and carbetocin 15 mM, purple: C1,Es 45
mM and carbetocin 15 mM, grey: C1,Es 15 mM and carbetocin 15 mM, green: C;,E;0.12 mM and carbetocin 15 mM and blue:

carbetocin 15 mM (reference).
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9 Discussion
9.1 Carbetocin

From the diffusion coefficients results, (Figure 8), it is clear that the carbetocin molecules/aggregates
at the higher carbetocin concentrations on average have lower D and hence on average are larger than
the ones in the lower concentrations. When plotting the dNMR data against the inverse concentration
(Figure 15), a trend becomes clear. A distinct decrease in diffusion coefficient is noted for
concentrations above around 15 mM, whereas there is no notable variation for the lower
concentrations. Analyzing this system as a two-state system where the molecules either are in
monomeric form or in aggregated form (similar to how surfactants either are free in solution or reside
in micelles), one can describe the behavior by Equation 5 [18], hence the use of the inverse
concentration in the figure.

_ Smono Cagg .
Dops = - Dimono + TDagg Equation 5

Doys is the observed diffusion coefficient, Dmono is the diffusion coefficient for monomeric molecules,
D.g is the diffusion coefficient for aggregates (assuming all aggregates have the same D), c is the total
concentration and Cmono/agg IS the concentration of monomers respectively aggregates. If a system
follows Equation 5, one should see two straight lines intersecting at the CMC (or CAC) [39]. In Figure
15 this behavior can be seen, and the lines are intersecting at around 0.055 mM™ (18 mM) indicating
that this would be the critical concentration for which carbetocin aggregates. However, when using
this model, one assumes that only one type of aggregate forms and from the results in this work, it is
not clear if this is the case, since the structure of the carbetocin aggregates is not known. These results
do indicate that something happens to solutions of >18 mM carbetocin which could be worth to
investigate further. A concentration series of more samples around this potentially critical
concentration would be able to determine more exactly where this critical point could be and give a
better idea of the possible curvature of the dashed line in the dependence of ¢, Figure 15. The fact
that there is an indication of a curvature implies that this two-site system model is not good enough
in describing the system of carbetocin aggregation. Further studies would allow for the development

of an alternative model.
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Diffusion coefficients of carbetocin
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Figure 15: Diffusion coefficients of carbetocin in H,O related to carbetocin concentration. Note the inverse concentration on
the x-axis. A clear decrease in diffusion coefficient value for higher carbetocin concentrations. There are no clear differences
in D for the lower carbetocin concentrations. The distinct decrease in D starts >18 mM carbetocin. Dashed line represents the
two-site system described by Equation 5.

From the 1D NMR experiments, changes in chemical shifts, with a practically linear dependence on
concentration, are detected at all concentrations. Without the dNMR results, this trend could be
thought to be due to the change in surroundings of the molecule which occurs when the carbetocin
concentration increases and hence changing the character of the bulk solution. With the dNMR results,
showing an increase in aggregation with increasing carbetocin concentration, however, it is strongly
suggested that the trend in "H NMR spectra also has to do with aggregation. It could be that aggregates
are forming already at these lower concentrations even though they are not detected in the dNMR
measurements.

However, in the *H NMR, there are changes in chemical shifts already at the lower concentrations,
compared to changes seen only for higher concentrations in the dNMR results. This can be explained
by the Stokes-Einstein equation, Equation 2. The diffusion coefficient is dependent on the
hydrodynamic radius of the molecule/aggregate, as described in section 5.6.3, and it could be that the
hydrodynamic radii of the aggregates formed at lower concentrations do not change significantly
compared to the monomeric form, and hence no difference is seen in the dNMR data. As schematically
showed in Figure 16, the hydrodynamic radius of an oblate-formed molecule (which carbetocin
possible could be) and an aggregate of two such molecules might be the same. Hence, from the dNMR
results, these two would not be possible to distinguish, but the "H NMR shows a difference since the
two molecules in the dimer are interacting. "H NMR is sensitive to both chemical interactions and
molecular surroundings and an interaction shown in Figure 16 could affect the "H NMR spectrum of
carbetocin.
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Figure 16: Schematic presentation of a monomeric carbetocin with hydrodynamic radius of ry and a dimer of carbetocin with
a hydrodynamic radius of the same length, r,.

A change in chemical shift may be due to various reasons, of which the following are considered in this
work: change in the electronic surroundings (such as changes in hydrogen bonding or hydrophobic
interactions) and a shift in molecular conformation. The *H and **C NMR data showed that the tyrosine
residue had the largest Ad (of the 47 mM sample relative to the 5 mM sample) of the side chains. The
Ad increased with carbetocin concentration. This suggests that the tyrosine residue is involved in the
aggregation of carbetocin. Tyrosine is considered to have a hydrophobic side chain and with the extra
methyl group creating Tyr(Me), which is the residue present in the carbetocin molecule, it becomes
even more hydrophobic. Accordingly, the PPIs causing the aggregation probably consists of (at least
partly) hydrophobic interactions. This is in line with previous literature describing that PPls often
involves hydrophobic interactions [6]. From the *C results, the carbons with the largest A (of the 47
mM sample relative to the 6 mM sample) were the carbonyl carbons in the peptide backbone. The
carbonyl oxygens have a partial negative charge due to the difference in electronegativity with carbon
and can thus act as a hydrogen bond acceptor. A change in the hydrogen bonding of the carbonyl
oxygen (the forming or cleaving of hydrogen bonds) affects the chemical shifts of the carbonyl carbon
[39]. A change in the chemical shifts of the carbonyl carbons were seen in the *C NMR results
(Appendix 13.5) and the 'H NMR results (Figure 10) show that some of the amide protons in the
peptide backbone have relatively large Ad, indicating that these would be the hydrogen-donors in the
peptide-peptide hydrogen bonding. These results suggest that hydrogen bonding together with
hydrophobic forces are dominant in the PPIs of carbetocin aggregation.

Results here show that the tyrosine and backbone peaks have the largest Ad (Figure 10). This does not
directly prove that the nuclei connected with these peaks are affected the most by the aggregation,
although it strongly indicates that these are affected in some degree. However, these results, that the
hydrophobic residue has large Ad along with previous knowledge that hydrophobic interactions are
important in peptide aggregation, suggest that these peaks showing large A3 do have a major role in
the aggregation of carbetocin.
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9.2 Carbetocin with surfactants

Since carbetocin most probably interacts partly with hydrophobic forces in self-aggregation, it is
believed that the same interactions would be present as well in carbetocin-surfactant interactions.
When observing the *H NMR spectra of SDS-carbetocin samples (Figure 12), clear changes can be noted
that are similar to how the spectrum changes when aggregation occurs in the carbetocin samples with
no additives (the peak corresponding to the tyrosine residue is shifting upfield). These changes indicate
that carbetocin self-aggregation increases when SDS is added, or more likely, that the same residues
involved in carbetocin self-aggregation are involved in the SDS-carbetocin interaction. According to
Hggstedt et al. [6], the tyrosine residue is not involved in the SDS-carbetocin interaction. In their study,
they have used near-UV circular dichroism as an analytical method which is a method analyzing
aromatic parts of molecules, and there were barely any changes between the carbetocin sample
containing SDS and the one without. These contradictory results suggest that further research on the
matter is needed to conclude whether the tyrosine residue of carbetocin is involved in the carbetocin-
SDS interaction or not. However, the results from this previous study, can be interpreted as the
tyrosine residue being involved in similar ways between the self-aggregation of carbetocin and the co-
aggregation between SDS and carbetocin.

The dNMR results (Figure 11), suggest that the aggregates formed are of mixed character, containing
both SDS and carbetocin molecules since the diffusion coefficients for both SDS and carbetocin are
decreasing compared to their reference values when in a mixed solution.

An interesting result is the "H NMR spectrum of 15 mM SDS in 15 mM carbetocin (Figure 12). This
spectrum contains the largest Ad (0.11 ppm) of all SDS samples for the peak at 3.8 ppm, relative to the
reference sample of only carbetocin. Additionally, this spectrum has the broadest peaks of all SDS-
spectra. A broadening of peaks may in this case be due to at least two different mechanisms. One is
due to a slower exchange between two components that individually would give rise to two individual
signals, in this case monomers and aggregates. It is possible that the exchange between monomeric
carbetocin and carbetocin co-aggregated with SDS is slowest for a molar ratio of 1. However, the
lifetime of the aggregates (if a slower exchange is the reason for the broadening) must be quite long
and normally the lifetime of micelles is relatively short, hence, what is believed to be the cause in this
case is the reduced mobility of the studied molecule/aggregate. A bigger aggregate has less mobility
and hence would give rise to broader peaks because of the shorter T, relaxation. The broadening in
Figure 12 is believed to come from that the aggregates in SDS concentration of 15 mM give rise to the
largest aggregates. One could imagine that without carbetocin present, the surfactants form spherical
micelles, but when carbetocin is added, it disrupts the spherical structure and larger micelles of other
forms are formed: e.g. rod-like structures or spherical with carbetocin pointing outwards creating a
bulky structure. In the lower SDS concentration (1 mM), barely any SDS molecules are in micelles since
the concentration is well below CMC and hence the mobility of the molecules/aggregates are not
affected significantly. At the higher SDS concentration (100 mM), a large extent of the SDS molecules
will reside in micelles since the concentration is more than ten times CMC, but the carbetocin
concentration is low in comparison and hence there will not be enough carbetocin molecules to affect
the micellar shape and size to a degree that can be noted in a 'H spectrum as for the 15 mM SDS
sample. Hence the molar ratio SDS:carbetocin of 1:1 seems to be where the two types of molecules
affect each other the most. The above reasoning does not correlate with the dNMR data (Figure 11) at
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afirst glance, which suggest that the aggregates are largest at the highest SDS concentration. However,
here one needs to remember that the observed D values, are the weighted average of all possible
aggregates, including monomers. Since the D is higher for monomers (almost one order of magnitude
[40], the observed D (Equation 4) will be affected more by the monomers compared to the aggregates
with lower D values even though there are as many surfactants residing in micelles as there are free
surfactants. In the 15 mM SDS solution, a larger fraction of the surfactant molecules are monomers
compared to the 100 mM SDS solution where a majority of surfactants reside in micelles. Since the
diffusion coefficients for the 15 mM SDS sample and the 100 mM SDS sample are almost the same, the
aggregates in the 15 mM sample must be larger than the ones in the 100 mM sample, in order for the
equation to make sense.

What could have affected the surfactant-carbetocin results is that the addition of carbetocin may
affect the CMC of the surfactants and hence the fraction surfactants residing in micelles at a certain
concentration cannot be determined. The CMC could potentially go from 8 mM to 4 mM when
carbetocin is added which would markedly alter the fraction of surfactants residing in micelles at the
15 and 45 mM SDS samples, and hence the above reasoning might be somewhat faulty.

If this interaction between SDS and carbetocin affects the soluble aggregation of carbetocin (which is
the major problem of concern in this work) is hard to tell. However, one could assume that several
carbetocin molecules bind in to the same micelle, since the aggregation number (how many
surfactants there are in each micelle) of SDS is quite large around 60-100 [37][38] and the D values of
carbetocin and SDS are almost the same in the 45 mM SDS sample (Figure 11). At this concentration,
there are many more carbetocin molecules compared to micelles, hence the above assumption. If that
is the case, the carbetocin molecules are closer to each other when bound to micelles than they would
be free in solution, the concentration of carbetocin is locally increased. And hence, the aggregation
can increase when SDS is added, however, this is not investigated in this work and further research is
needed to conclude whether or not this is the case.

Since a hydrophobic interaction was believed to be important in the SDS-carbetocin interaction one
could suggest that the hydrophobic parts of carbetocin reside in interior of the micelle. Since the
micelle interior is hydrophobic, this would be a favorable environment for these hydrophobic
carbetocin sites. However, above it was suggested that hydrophobic interaction was of importance in
the self-aggregation of carbetocin, but in this new environment (carbetocin residing in a micelle) we
suggest that it is other forces that are important for carbetocin self-aggregation, probably hydrogen
bonding, since the hydrophobic parts of carbetocin are already interacting favorable with SDS.

For the surfactant with a larger head group (Cy;Es), changes in the appearance of the tyrosine peaks
are detected as well (Figure 14) indicating that carbetocin self-aggregation occurs or that the tyrosine
residue is involved in the formation of mixed aggregates. Concerning the dNMR results (Figure 13),
there are results worth discussing. When a small amount of Cy,E5 (0.12 mM) is added to a 15 mM
carbetocin solution the diffusion coefficient for carbetocin is reduced compared to a reference sample
of 15 mM carbetocin. For 0.12 mM Cy,Es, the diffusion coefficient is increased in presence of 15 mM
carbetocin compared to a reference sample. This indicates that the micelles formed at 0.12 mM
surfactant concentration (CMC=0.06 mM) are larger than the micelles formed when carbetocin is
present. It is known that C;,Es normally forms large micellar structures [43]. The addition of carbetocin
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is then believed to reduce the size of these micelles by being incorporated in them. Compared to SDS,
where it seems like carbetocin increases the size of the micelles, for Cy,Es it seems to be the opposite.
This difference in behavior is probably due to the difference in structure of the hydrophilic heads of
SDS and Ci3Es. The reduction in D for carbetocin in the 0.12 mM Cy,E5 solution indicates that some
carbetocin molecules reside in the micelles. The decrease in D values for C,,Esfor concentrations >0.12
mM is probably due to the larger extents of surfactant molecules that reside in micelles. Worth to note
here, as also explained for the SDS above, is that monomers contribute more to the observed D (Dyps),
Equation 4, since they have much larger D values. It could be that the distinct decrease in Cy,E5 D value
between 0.12 to 15 mM is partly due to this and not a major change in the actual size of the micelles.
At the 45 mM Cy,E5 concentration, the diffusion coefficient for carbetocin decreases, which implies
that a larger amount of the carbetocin molecules reside in micelles and for the highest Ci,Es
concentration, the D for carbetocin is the same as for Ci;Es which implies that the majority of

carbetocin molecules reside in micelles.

With the same arguments as for SDS, it is believed that the self-aggregation of carbetocin may increase
in the presence of Cy,Es. Because of this local increase in carbetocin concentration there is a higher
risk of carbetocin aggregates being formed. Previous studies have shown that phase-separated

carbetocin aggregation increases in the presence of SDS and Cy,Es [6].

9.3 Viscosity

Apart from the uses of viscosity data when analyzing dNMR results, they can in themselves be of
interest to this project since changes in aggregation behavior often affect the viscosity as well. Results
from Table 1 are discussed in this section. The viscosities of low carbetocin concentrations are not
significantly larger than the viscosity of water (0.94 cm?/s for 14 mM and 0.91 cm?/s for 5 mM),
however, at higher concentrations (47 mM) a notable increase is observed, 1.1 cm?/s. This increase in
viscosity may be due to that some kind of aggregates are forming, however, as mentioned in 8.4 the
structure of these aggregates cannot be determined either from the viscosity measurements nor the
NMR analysis being performed. For future studies, one could try to determine the structure by using
high-resolution microscopes such as cryo-electron microscopy or some kind of light scattering
technique. The viscosity results for SDS-carbetocin mixtures follow the expected trend, as explained in
the NMR analysis section 9.2, with higher SDS concentration and more micelles in the solution, the
viscosity increases. For Cy,Es, the results also relate to the dNMR results. The viscosity of C1,E5 15 mM
and carbetocin 15 mM (1.01 cm?/s) is lower than for the reference sample of only C1,Es 15 mM (1.33
cm?/s). This is in line with what was discussed in section 9.2, that carbetocin disrupts the large micelles
and smaller micelles are formed. That these larger micelles (often rod-like in structure), which are

present with no carbetocin added, have a higher viscosity is expected[18].
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10 Conclusions

Carbetocin forms some kind of aggregates in solution, in which hydrophobic interactions and hydrogen
bonding are likely involved. This aggregation increases with peptide concentration. The tyrosine
residue of carbetocin seems to be the major site of hydrophobic interaction and the carbonyl oxygen
and amide protons of the peptide backbone the contributors to the hydrogen bonding. There appears
to be a critical concentration (around 15-20 mM) above which larger aggregates are formed.
Carbetocin strongly interact with SDS and Cy,Es, changing the structure of the micelles and it is believed
that the self-aggregation of carbetocin is increased in the presence of these surfactants, potentially a
pre-structure to phase-separated aggregates. A molar ratio of 1 in a SDS-carbetocin solution affects
the 'H NMR spectrum most. The viscosity of C;,Es changes when carbetocin is present which suggest
that the structure of the Cy,E; is altered when carbetocin reside in the micelles. NMR spectroscopy can
be used to study peptide aggregation. ‘*H NMR in itself is not sufficient to study peptide aggregation,
however, combined with dNMR the results from ‘H NMR can be related to the aggregation. Although
to better understand a system additional analytical methods should be used.

11 Future work

This work has contributed to the understanding of carbetocin aggregation. However, to fully
understand the mechanisms behind the aggregation and being able to apply the knowledge to
pharmaceutical applications, more research is needed. The contradictory results of this work and [6]
concerning the involvement of the tyrosine residue in the interaction with SDS should for example be
investigated further. Additionally, a more detailed dNMR analysis of carbetocin around 15 — 20 mM
could possibly deduce if there is a CAC and if so which value is critical. Also, to obtain additional
information on the structure of the soluble aggregates would be valuable. The interactions between
carbetocin and the surfactants are interesting and could if investigated further contribute to the basic
understanding of peptide surfactant interaction. However, for pharmaceutical applications it would be
suggested that carbetocin together with approved excipients should be studied further.
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13 Appendices

13.1 Popularvetenskaplig sammanfattning
NMR-studie av aggregringen hos den terapeutiska peptiden carbetocin

Visst vore det bra om farre kvinnor dor som féljd av komplikationer vid férlossning, eller att ett nytt
likemedel mot depression kommer ut pa marknaden? Med mer insikt om ett biologiskt Iikemedels
fysikaliska stabilitet kan detta bli verklighet. | detta mastersarbete har det biologiska lakemedlet
carbetocin studerats med avseende pa just detta.

Vanliga lakemedel som vi ar vana vid att ta i tablettform bestar oftast av sma molekyler. Det finns dock
vissa sjukdomar och tillstand som inte kan behandlas med dessa sma oftast kemiskt framstallda
molekyler, da finns det (kanske) biologiska lakemedel att tillga. Biologiska lakemedel &r lakemedel av
biologisk harkomst, ett exempel pa detta ar peptidbaserade lakemedel. En peptid &r biologisk molekyl
som bestar av aminosyror, en kemisk enhet som bygger upp alla proteiner. En peptid bestar av farre
aminosyror och saknar den 3D-struktur som proteiner har, men i grunden ar de lika. Carbetocin ar en
peptid som anvands for att behandla onormal mangd blédning efter férlossning. Carbetocin ar en
modifierad variant av hormonet oxytocin vilket bland annat ”orsakar” sammandragningar av
livmodern vid forlossning. Carbetocin dr den peptid som har studerats i detta projekt.

Pa grund av att carbetocin och andra peptider har ett biologiskt ursprung fungerar de pa ett
annorlunda satt an traditionella lakemedel. Ett problem &r hantering och forvaring, att de maste halla
sig stabila innan de ges till en patient. Med stabilitet menas har att lakemedlet behaller sin terapeutiska
effekt och inte blir skadlig for patienten. Ett stabilitetsproblem som ofta dyker upp for peptider (och
proteiner) ar aggregering. Aggregering ar nar partiklar (eller molekyler i det har fallet) interagerar och
bildar en storre partikel (eller ett aggregat av molekyler). Fokusen fér detta arbete var att studera och

forsoka forsta hur carbetocin aggregerar.

For att studera detta fenomen, anvandes NMR spektroskopi vilket &r en teknik som bygger pad samma
grundprinciper som en MR-kamera. Med denna teknik kan egenskaper kring enstaka atomer i en
molekyl analyseras. Genom att studera carbetocin tillsammans med olika tillsatser, fick vi fram att
aggregeringen ar valdigt koncentrations- och temperaturberoende och vilka delar i peptiden som
spelar en stor roll i aggregeringen och déarav vilka mekanismer som sannolikt ligger bakom
aggregeringen. Det kan vara sa att det krdvs en viss minimi-koncentration av carbetocin for att
aggregering ska uppsta, under vilken aggregeringen ar knappt markbar och att sa kallade tensider har
en stor paverkan pa aggregeringsbeteendet.

Med detta bidrag till en djupare forstaelse av carbetocins stabilitet, kan forhoppningsvis lakemedel
med nya tillsatser forskas fram som gor lakemedlet battre och mer tillgéngligt for kvinnor som behoéver
det. Denna forstaelse kan i forlangningen ocksa leda till nya lakemedelstillsatser som gor det moijligt
att ha en hogre peptidkoncentration. En applikation av detta ar att anvdanda carbetocin som ett
depressionsdampande lakemedel vilket det enligt forskning finns en majlighet till men att det da kravs
en hogre koncentration av peptiden jamfort med nar man behandlar forlossningsproblem. Generellt,
ger en djupare forstaelse for lakemedlets aktiva ingrediens (peptiden i detta fall) storre mojligheter att

utveckla ett battre och mer effektivt lakemedel.
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13.2 Temperature dependence

The spectra of higher temperatures in Figure 17 and Figure 18 were more similar in appearance and
chemical shifts, to a spectrum of higher carbetocin concentration at 25 °C, indicating that aggregation
is increased at a higher temperature, since it is known that aggregation increases at higher
concentrations.
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Figure 17: "H NMR spectra of 34 mM carbetocin at three different temperatures. From the top, red: 30°C, green: 25°C and
blue: 20°C.
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Figure 18: "H NMR spectrum of 34 mM carbetocin at three different temperatures. From the top, grey: 26°C, green: 25°C
and red: 24°C.
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13.3 Temperature Calibration

A spectrometer often shows a value for temperature; however, this needs calibration. By taking a
spectrum of a substance with a well-known temperature dependence, the temperature can be
calibrated. The standard is to use methanol for temperatures ranging 175-310 K, which is the range all
experiments in the project is performed in, and ethylene glycol for 300-400 K. The methanol NMR
spectrum has two distinct peaks and by measuring the difference in chemical shifts, Equation 6 is used
to get the temperature [29].

T = 403 — 29.53A8 — 23.87(Ad)? Equation 6
For ethylene glycol, there is another equation, Equation 7.

T =466 — 101.6Ad Equation 7
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13.4 NMR Assighment
Figure 19 and Figure 20 explain how the protons and carbons are named in the assignment tables

below,

Table 3 and Table 4.

Side chain

O O Peptide backbone
Carbonyl

HoN N OH
NH
Figure 19: Amino acid structure with naming of the different positions (Carbonyl, NH, a, 5, and y).

O Me
Q CON

Mba

0]

Tyr(Me)

Figure 20: Molecular structure of carbetocin with amino acid residues marked and their abbreviations. Certain entities are
also pointed out with their abbreviations (Me and CON).

Below (Figure 21-Figure 25) are the 'H, 3C, COSY, ROESY and HSQC spectra used during the
assignment process. Data provided by Ferring (not published) was also used for the assignment.
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FTE01p10s1_carb_25 H20_1H_ws_1
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Figure 21: "H NMR spectrum of 25 mM carbetocin in water.
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Figure 22: Bc NMR spectrum of 25 mM carbetocin in water
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Figure 23: "H'H cosy spectrum of 32 mM carbetocin.
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Figure 24: ROESY spectrum of 15 mM carbetocin.
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F2 Chemical Shift (ppm) 7 6 5

Figure 25:HSQC spectrum of 47 mM carbetocin
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Table 3 and Table 4 show the assignment for the proton respectively carbon spectra.

Table 3: Proton Assignment

Proton 'H Chemical shift (ppm)
MeylLeu 0.9-0.95
Meplle 0.9-0.95
Meylle 0.9-0.95
MeylLeu 0.9-0.95
yHile 1.17
yHile 1.40
BH2Leu 1.65-1.70
yHleu 1.65-1.70
BHlle 1.94-1.96
yHMba? 1.94-2.03
BH2Mba? 1.94-2.03
yH2Pro? 1.94-2.03
bH2GIn 2.03
yHmba? 2.25-2.35
bH2Pro? 2.25-2.35
yH2GIn 2.40
aH2mba? 2.55
BH2Tyr(me) 2.80-3.00
BH2Asn 2.80-3.00
BHCys 2.80-3.00
BHCys 3.25
6H2Pro 3.69
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MeTyr(Me) 3.83

aH2Gly 3.85-3.99
aHGIn 4.09

aHlle 4.27

oHLeu 4.29

aHPro 4.49*

aHAsn 4.49-4.51*
aHTyr(Me) 4.49-4,51*
aHCys 4.49-4,51*
CONHGIn or CONHAsn | 6.87
mC6HA4Tyr(Me) 6.98-6.99
CONHGly 6.98-6.99
CONHAsn or CONHGIn | 7.10
oC6HATyr(Me) 7.26

CONHAsn or CONHGIn | 7.42

CONHGIn or CONHAsn | 7.51

CONHGly 7.67

NHlle 7.80

NHGIn 8.30

NHLeu 8.33

NHGly 8.35

NHCys? 8.4-8.45. 0or 8.0
NHTyr(Me)? 8.4-8.45. 0r 8.0
NHAsn? 8.4-8.45. 0r 8.0

* Not visible in provided spectrum
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Table 4: Carbon assignment

Carbon B¢ chemical shift ppm
Mevylle 10.70

Meplle 16.74

MeylLeu 22.38

MeylLeu 23.98

ylLeu 26.07

ylle 26.20

YPro 26.37

BMba? 26.80

BGIn 27.56

yMba? 31.80

yGln 32.80

BPro? 33.80

BAsn 34.05

aMba? 36.30

BTyr(Me)? 37.18

BCys 37.34

Blle 41.10

BLeu 44.02

aGly(NH2) 49.50

6Pro 49.84

aAsn? 52.88.53.93 or 57.13
aCys? 52.88.53.93 0or 57.13
aleu 54.44

aGln 56.40
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MeTyr(Me)?

52.88.53.93 or 57.13

aTyr(Me) 57.28

alle 60.04

oPro 62.60
mTyr(Me) 115.99
yTyr(Me) 130.81
oTyr(Me) 131.92
pTyr(Me) 159.58
Carbonyl Gly 171.89-179.46

Carbonyl Leu

171.89-179.46

Carbonyl Pro

171.89-179.46

Carbonyl Cys

171.89-179.46

Carbonyl Mba

171.89-179.46

Carbonyl Tyr(Me)

171.89-179.46

Carbonyl lle

171.89-179.46

Carbonyl GIn

171.89-179.46

Carbonyl Asn

171.89-179.46

Carbonyl GIn side chain

171.89-179.46

Carbonyl Asn side chain

171.89-179.46
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13.5 Change in chemical shifts relative to 5 mM for 'H & *C NMR

Table 5: Change in chemical shift for the 50 mM sample relative to the 5 mM sample with two different reference signals
from "H NMR spectra. The 7 peaks with the highest AS for both references are marked in yellow.

Change in chemical shift between the 50 mM and 5 mM samples
Proton name Methyl reference GInp reference
aH2Gly 0.0048 0.001
aH2Mba 0.0001 0.002
aHGIn 0.003 0.0069
aHlle 0.0107 0.0068
aHLeu 0.0058 0.0029
aHPro 0.0057 0.0058
BH2GIn 0.0095 0
BH2Leu 0 0.0039
BH2Mba or yHMba or yHPro | 0.0039 0.0088
BH2Tyr(Me) or BH2Asn 0.0088 0.0127
BH2Tyr(Me) or BH2Asn 0.0137 0.0078
BHCys 0.003 0.0059
BHlle 0.0029 0.0029
yH2GIn 0 0.0049
yH2Mba or bh2Pro 0.0029 0.0264
yHile 0.0049 0.0059
yHile 0.002 0.0019
yHleu 0 0
6H2Pro 0.0019 0.001
CONHAsn or CONHTyr (2) 0.0068 0.0049
CONHAsn or CONHTyr (2) 0.0049 0.001
CONHGIn or CONAsn (1) 0.0029 0.0078
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CONHGIn or CONAsn (1) 0.002 0.0059
CONHGly 0 0.0088
CONHGly 0 0.0088
mC6H4Tyr(Me) 0.0205 0.0284
MeTyr(Me) 0.0127 0.0176
MeylLeu 0 0.002

NHCys or NHAsn or NHTyr 0.0117 0.0107
NHCys or NHAsn or NHTyr 0.0059 0.0039
NHCys or NHAsn or NHTyr 0 0.0019
NHGIn 0.0234 0.0127
NHGly 0.0095 0.0206
NHlle 0.0098 0.0195
NHLeu 0.0235 0.0352
0C6H4Tyr(Me) 0.0156 0.0245
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Change in chemical shift for 'H NMR signals relative to the 5 mM sample
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Figure 26: Chemical shifts of carbetocin in different concentrations relative to the 5 mM sample from the ’H NMR data.

Change in chemical shift for 13C NMMR signals relative to the 6 mM sample
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Figure 27: All chemical shifts of carbetocin in different concentrations relative to the 6 mM sample from the 3 NMR data.
Relative to the 6 mM sample because the 5 mM sample had a lower signal to noise ratio.
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13.6 MBCD results

FTEO1p42s3_carb_10_MBCD_10_1H_ws_1
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Carbetocin 10 mM reference
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Figure 28: Parts of the spectra of MBCD-carbetocin solutions. In all samples, there are 10 mM carbetocin, Red: MBCD 10
mM, green: MBCD 5 mM and blue: only carbetocin. Note the changes around 8.3 ppm and how the peak at 3.8 ppm shifts to
downfield with decreasing MBCD concentration.

Diffusion coefficients for MBCD and carbetocin
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Figure 29: Diffusion coefficients of MBCD and Carbetocin of MBCD-Carbetocin solutions. Carbetocin concentration constant
at 10 mM and MBCD in an increasing concentration from 5 to 100 mM.
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