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Abstract
Protein-based drugs show large potential as therapeutics due to their specificity and low toxicity. Almost
all pharmaceutical companies have at least one protein drug in their development. Controlling protein
stability and aggregation, however, remains challenging for the development. Formulation plays a major
role in protein stability. Finding the right formulation is still mostly a trial and error approach, making the
quest for the optimum formulation costly and time consuming.
The consortium ‘Protein-excipient Interaction and Protein-Protein Interaction in formulation’ (PIPPI) (EUProject Number: 675074) was founded with the goal to develop a public database (https://pippidata.kemi.dtu.dk/) of protein properties of different kinds of protein drugs in a systematic screen. Protein
drugs with different three-dimensional folds were chosen for this systematic investigation. In the future,
this knowledge should support the development of biopharmaceutics. At the same time, training of future
experts in the field of protein formulation was pursued by the project, where 15 PhD students with
different computational and experimental expertise were working on various aspects of protein
formulation within the ‘PIPPI’ project.
This PhD project focused on the structural and biophysical characterization of single-domain protein
drugs using a combination of high throughput methods and structure determination to acquire a better
understanding of the biological system. In single-domain proteins, a high proportion of amino acids are
solvent exposed on the protein surface. Aggregation due to protein-protein interaction plays a major role
when studying these systems. To control protein aggregation, it is important to structurally characterize
the protein aggregates and protein-protein interactions and to understand, which external factors affect
aggregation. Within this project, three proteins, the fungal (Pseudoplectania nigrella) anti-microbial
peptide plectasin, human interferon alpha-2a and Thermomyces lanuginosus lipase were analyzed in a
systematic screen. The three proteins were structurally characterized in selected conditions, primarily by
using dynamic light scattering and small angle X-ray scattering, in addition to other techniques. The
characterized proteins resemble different types of protein drugs. Plectasin is a small 4.4 kDa peptide
with a distinct secondary structure. Within this project the wild type and three variants were
characterized. Interferon alpha-2a (19.2 kDa), a purely alpha helical protein, belongs to the group of
cytokines. The Thermomyces lanuginosus lipase (31.8 kDa) is a well-characterized enzyme that
catalyzes the hydrolysis of triacylglycerols and has various industrial applications.
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Dansk resumé
Proteinbaserede lægemidler viser et stort potentiale som terapeutiske midler på grund af deres
specificitet og lave toksicitet. Næsten alle farmaceutiske virksomheder har mindst et proteinlægemiddel
under udvikling. Kontrol af proteinstabilitet og aggregering er imidlertid stadig udfordrende. Formulering
spiller en vigtig rolle i proteinstabiliteten. At finde den rigtige formulering er stadig for det meste ”trial and
error”, hvilket gør søgen efter den optimale formulering kostbar og tidskrævende.
Konsortiet 'Protein-excipient Interaction and Protein-Protein Interaction in formulation' (PIPPI) (EUProject Number: 675074) blev etableret med det formål at udvikle en offentlig database (https://pippidata.kemi.dtu.dk) af protein-egenskaber for forskellige typer proteinlægemidler baseret på en
systematisk screening. Proteinlægemidler med forskellige tredimensionelle strukturer blev valgt til denne
systematiske undersøgelse. I fremtiden bør denne viden kunne understøtte udviklingen af
biofarmaceutiske stoffer. Samtidig var uddannelse af fremtidige eksperter inden for proteinformulering en
vigtig del af projektet, hvor 15 ph.d.-studerende med forskellige beregnings- og eksperimentelle
ekspertiser arbejdede med forskellige aspekter af proteinformulering inden for 'PIPPI'-projektet.
Dette ph.d.-projekt fokuserede på strukturel og biofysisk karakterisering af proteinlægemidler med et
enkelt domæne ved hjælp af en kombination af metoder med højt troughput samt strukturbestemmelse
for at opnå en bedre forståelse af det biologiske system. I proteiner med et enkelt domæne eksponeres
en høj, andel af aminosyreresterne, som befinder sig på proteinoverfalden, til solventet. Aggregering på
grund af protein-protein-vekselvirkning spiller en vigtig rolle, når man studerer disse systemer. For at
kontrollere proteinaggregering er det vigtigt strukturelt at karakterisere proteinaggregaterne og proteinprotein-vekselvirkninger og forstå, hvilke eksterne faktorer der påvirker aggregeringen. I dette projekt
blev tre proteiner, et antimikrobielt peptid, plectasin, fra svampen Pseudoplectania nigrella, humant
interferon alpha-2a og en lipase fra Thermomyces lanuginosus analyseret i en systematisk screening.
De tre proteiner blev strukturelt karakteriseret under udvalgte betingelser, primært ved anvendelse af
dynamisk lysspredning og ”small-angle X-ray scattering” (SAXS) for blot at nævne nogle få teknikker. De
karakteriserede proteiner repræsenterer forskellige typer proteinlægemidler. Plectasin er et lille 4,4 kDapeptid med en markant sekundær struktur. Inden for dette projekt blev vildtypenog tre varianter
karakteriseret. Interferon alpha-2a (19,2 kDa), et rent alfa-helisk protein, hører til gruppen af cytokiner.
Thermomyces lanuginosus lipase (31,8 kDa) er et velkarakteriseret enzym, der katalyserer hydrolyse af
triacylglyceroler og har forskellige industrielle anvendelser.
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1. Introduction
1.1

Biopharmaceuticals

Biopharmaceuticals are medical drugs manufactured using biotechnology 1. Biopharmaceuticals include
proteins, small molecules, including peptides and oligonucleotides. Protein and peptide drugs show a
large potential as medical drugs due to their high specificity and low toxicity. These attributes of
biopharmaceuticals result from their specific binding site and larger size, leading to a less broad
distribution of bioactivities and less off-target toxicity. Since human insulin, the first protein drug created
with recombinant DNA technology 2 was approved by the Food and Drug Administration (FDA) in 1982,
the biopharmaceutical industry has expended enormously. Protein engineering e.g. through introduced
mutations, is one approach to enhance efficacy, safety and delivery 3. However, the production of protein
drugs is highly complex and therefore costly 4–6.

1.2

Protein therapeutic

The diversity within protein therapeutics in terms of structure, function and pharmacology led to the
development of a classification system. Based on their pharmacological activity, protein therapeutics can
be classified into (I) enzymatic and regulatory, (II) targeting, (III) vaccines and (IV) diagnostics 7. Within
the scope of this thesis, only the first two classes were addressed. Protein therapeutics that have
enzymatic or regulatory functions. They replace a deficient/abnormal protein that naturally occurs in the
body, they enhance or activate an existing pathway, or they provide a new function by itself. Insulin and
interferons belong to this class of protein drugs. The second class comprises proteins that interfere with
other pharmacological molecules or pathogenic organisms or target the delivery of compounds.
Monoclonal antibodies and antimicrobial peptides and proteins can are part of this class.

1.3

Protein stability and aggregation

One of the most challenging aspects is maintaining the stability of protein drugs. Protein stability can be
divided into chemical stability and physical stability 8. Chemical stability involves processes that
chemically modify proteins, meaning that bonds are formed or broken. However, in this work I mainly
focus on physical stability of proteins, meaning the change of the physical state of the protein without
changes in chemical composition. Two of the main aspects of physical stability are denaturation and
aggregation.
Protein denaturation describes the loss of three-dimensional structure and is mostly induced by external
stress factors. Temperature induced unfolding and whether this process is reversible is widely used as a
quality parameter for protein stability 9–12. Chemically induced denaturation, most commonly by urea or
guanidinium hydrochloride (GnHCl), unfolds proteins by destabilizing the native state or stabilizing the
denatured state 13–17. Chemical denaturation is more likely to be reversible by dilution of the denaturant
than thermal denaturation, as the denaturant usually replaces native hydrogen bonds formed by the
protein.
8

Protein aggregation can also be a cause of protein unfolding or partial unfolding, and is one of the most
extensively studied research areas in the field of protein stability 18–21. The propensity to aggregate is
correlated the protein´s colloidal stability and based on protein-protein interactions. The second virial
coefficient B22, which describes the molecular interaction between proteins, can therefore serve as a
parameter for colloidal stability and the proteins aggregation propensity 22. There are five different
mechanisms of protein aggregation: (I) association of native monomers, (II) aggregation of
conformationally changed monomers, (III) aggregation of chemically altered monomers, (IV) nucleationinduced aggregation and (V) surface-induced aggregation 23. Protein fibrillation is a very specific type of
protein aggregation, which describes the polymerization of proteins into fine, threadlike structures. The
main concern of protein aggregation from a pharmaceutical point are immunogenic reactions caused by
aggregates 24,25. Additionally, the intended protein function might be compromised by aggregation.
Therefore, the study of the kinetics and prediction of protein aggregation and influential factors is
important to improve the stability of protein drugs and prevent aggregation 19,26,27.

1.4

Formulation attributes

Optimizing the formulation of a protein drug is still one of biggest challenges faced in protein drug
development. Due to the large variety of factors that need to be considered, i.e. variety of different
protein drugs with different behavior and a large number of possible buffers and additives, it is a tedious
task, to find the optimal formulation for a new protein drug in development and systematic approaches
are limited.

1.4.1

Buffer

The main function of a buffer is to stabilize the pH in solution. For high protein concentration, the selfbuffering effect of proteins 28, which might influence the pH in solution, is an important parameter to
consider. A few studies have also shown the direct interaction and enhanced stabilization induced by
buffers 29. For example, phosphate was shown to have a stabilizing effect for certain proteins 30,31,
histidine stabilized a monoclonal antibody32 and interferon-tau33 and citrate had a positive effect on the
aggregation behaviour of interferon α 34. Direct interaction of the buffer with the protein is less common.
Buffers differ in their ionic strength, which is pH dependent, and the choice of buffer can therefore also
have an impact on protein stability.

1.4.2

Additives

Hofmeister introduced the effect of ionic species on solubility and stability in 1888, known as the
Hofmeister series 35. In his initial work Franz Hofmeister classified ions based on protein salting-in or
salting-out ability. Even today, the exact mode of action of ions on solubility cannot be fully explained,
even though there are different approaches to explain and predict Hofmeister´s work, taking the
hydrophobic effect, protein-solvent surface tension, viscosity coefficients and anionic domination of the
effect into account 36–40. Theoretical approaches tried to apply quantum mechanics to rationalize the
9

Hofmeister series 41 and new computational approaches implied the protein backbone as the main ionic
interaction site 42.
Anions in Hofmeister series
𝐹𝐹 − ≈ 𝑆𝑆𝑆𝑆42− > 𝐻𝐻𝐻𝐻𝐻𝐻42− > 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 > 𝐶𝐶𝐶𝐶 − > 𝑁𝑁𝑁𝑁3− > 𝐵𝐵𝐵𝐵 − > 𝐶𝐶𝐶𝐶𝐶𝐶3− > 𝐼𝐼 − > 𝐶𝐶𝐶𝐶𝐶𝐶4− > 𝑆𝑆𝑆𝑆𝑆𝑆 −

Cations in Hofmeister series

𝑁𝑁𝑁𝑁4+ > 𝐾𝐾 + > 𝑁𝑁𝑁𝑁+ > 𝐿𝐿𝐿𝐿 + > 𝑀𝑀𝑀𝑀2+ > 𝐶𝐶𝐶𝐶2+ > 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Timasheff and coworkers were pioneers in the field of formulation, discovering the positive effect of
osmolytes, low-molecular-weight additives, on protein stability already in the 1980s 43–47. Osmolytes or
excluded solutes increase the free energy of unfolding of a protein by modulating the viscosity. It has
been found that most sugars 43,45 and amino acids 44,48,49, some salts 48,50 and polymers 51,52 can stabilize
a protein by this principle. The field of protein formulation has expanded drastically, and many additives
have been found to have a beneficial effect on different protein stabilities with various mode of actions
(Table 1).
Table 1: Solution additives and mode of action in formulation
Additive
Mode of action
Osmolytes
viscosity alteration 43–45,48–50
Polymers
viscosity alteration 51,52 and anionic interaction 53
prevents interface interaction 54 as well as direct 55 and anionic interaction
56,57
Surfactants
Cyclodextrins hydrophobic interaction 58
Metal ions
direct binding to metal binding sites 59
Anions
ionic interaction 60,61
Substrates
active site binding by ligands 62

1.5

Biophysical protein characterization

To characterize protein stability, several biophysical techniques have been implemented. They address
different aspects of protein stability and differ in sample consumption, throughput and information
content. Within this project, I applied a combination of different methods to the model systems to
understand the solution behavior of different proteins in a better way.

1.5.1

Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) is a separation technique based on sedimentation, which
characterizes the homogeneity of a sample and detects possible concentration dependent association
processes 63. AUC can be run as a sedimentation velocity experiment or as an equilibrium experiment.
Within the scope of this project, only the theory of a sedimentation velocity experiment is described. The
principle of the sedimentation velocity experiment is the observation of a radial concentration boundary
of the particle that moves towards the bottom of the centrifugation cell upon centrifugation (Figure 1).
10

During the experiment, a gravitational force is applied to the particle. The mass of the solvent functions
as a counterforce. The third force is the frictional force of the particle moving towards the bottom. Taking
all forces into account, the sedimentation coefficient s can be determined by:
𝑠𝑠 =

and

𝑀𝑀𝑏𝑏
𝑢𝑢
=
𝜔𝜔 2 𝑟𝑟 𝑁𝑁𝐴𝐴 ∗ 𝑓𝑓

𝑀𝑀𝑏𝑏 = 𝑀𝑀𝑝𝑝 (1 − 𝜗𝜗𝜗𝜗)

with u as the observed radial velocity, ω is the rotor speed in radians per second (ω= 2π*rpm/60), r as
the radial position from the center of the rotor, Mb as the buoyant mass of the particle (mass of immersed
particle in a solvent), NA as the Avogadro constant, f as the frictional coefficient, Mp as the mass of the
particle, ϑ as the partial specific volume and ρ as the frictional coefficient. The radial concentration
distribution over time c(r,t) is given by the Lamm equation, which can be modeled to extract the desired
sedimentation parameters 64–66.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 1 𝑑𝑑
= ∗ �𝑟𝑟𝑟𝑟 − 𝑠𝑠𝜔𝜔2 𝑟𝑟 2 𝑐𝑐�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑟𝑟 𝑑𝑑𝑑𝑑

s is the sedimentation coefficient, D the diffusion coefficient and ω2r the centrifugal field.
The main advantage of AUC is the applicability to a wide range of analyte sizes and solvents. The
protein is in its desired buffer and native state during the experiment and there is no matrix involved that
could lead to artefacts. However, the centrifuge itself is expensive and the automation is limited, and
therefore throughput is very low.

Figure 1: Theoretical concept of time dependent observation of the radial position of the concentration
boundary in analytical ultracentrifugation.
1.5.2

Atomic Force Microscopy

Atomic force microscopy (AFM) was performed in collaboration with Guanghong Zeng (Danish
Fundamental Metrology institute, Denmark). Therefore, the techniques introduction will briefly explain the
basics of the technique, but mainly focus on the applications.
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AFM is a type of scanning probe microscopy that consists of a sharp tip at the end of a flexible cantilever
67
. For scanning a sample, the tip of the cantilever scans the surface in a raster close to the surface.
Usually, the probe-sample force is kept constant via an electronic feedback loop, using the deflection at
the tip. Piezoelectric elements are responsible for the accurate movement necessary for the scanning.
Different scanning modes can be applied, the most common are the contact, tapping and non-contact
modes. In the contact mode, the tip is in constant contact with the sample during imaging. The constant
contact leads to more noise, drift and sample damaging and is therefore less favorable. In the tapping or
dynamic contact mode, the cantilever oscillates and has therefore less contact with the surface. This
mode was invented to circumvent the problems with contact mode. In the non-contact mode, the
cantilever also oscillates and uses van der Waals forces at the surface of the sample, which dampen the
cantilever oscillation, as a feedback to keep a constant distance to the surface. Artefacts and sample
damage are reduced in this mode.
AFM can provide topography images of a sample in nm resolution, but also measure the mechanical
properties of a sample like the elasticity (Young´s modulus) or adhesion. New methods like PeakForce
Quantitative Nanomechanical Mapping (QNM) simultaneously measure the topography and mechanical
parameters. AFM requires little sample preparation, which is an advantage compared to for example
cryo electron microscopy.

1.5.3

Circular Dichroism

Circular Dichroism (CD) spectroscopy for proteins is primarily used to determine secondary structure
elements 68. Due to the chirality of the amino acids in a protein, there is a difference in absorbance A of
left-handed (LCPL) and right-handed circularly polarized light (RCPL) 69, leading to elliptical polarized
light (Figure 2A).
𝐶𝐶𝐶𝐶 = ∆𝐴𝐴(𝜆𝜆) = 𝐴𝐴𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝜆𝜆) − 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝜆𝜆)

The difference in absorbance ∆A can be converted into ellipticity θ:
∆𝐴𝐴 =

𝜃𝜃
32.982

[𝜃𝜃] =

100 ∗ 𝜃𝜃
𝑐𝑐 ∗ 𝑙𝑙

To compare between different samples, the ellipticity is often converted into molar ellipticity [θ]:

with c as the protein molar concentration and 𝑙𝑙 as the cell path length in cm. For comparison between
proteins with different molecular weights, the molar ellipticity can be converted into mean residue
ellipticity [θ]MR by multiplying the protein concentration in the equation above with the number of amino
acids in the protein.
The organization of chiral amino acids forming a secondary structure in a protein leads to a CD
fingerprint of a protein in the far UV-range (180-260 nm) (Figure 2B). Therefore, changes in a CD
spectrum indicate changes in the secondary structure. Via deconvolution of the CD spectrum it is
possible to estimate the content of α-helix, β-sheet and different turns of the protein.
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CD spectroscopy is often used to monitor unfolding of a protein and to compare protein variants to the
wildtype. The sensitivity of CD spectroscopy makes it possible to capture small overall structural
changes, but no detailed structural information. However, the sample purity is therefore crucial to draw
conclusions from the measurements.

Figure 2: Theoretical concept of circular dichroism. A: Derivation of ellipticity θ from intensity of RCPL
and LCPL after passing through a sample. B: CD spectra of different secondary structural elements.
1.5.4

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measures the differences in heat capacity ∆Cp between a
reference cell containing the buffer and a cell containing the sample upon a temperature increase 70,71.
When a phase transition of the protein occurs, such as unfolding upon temperature increase, more heat
is absorbed by the protein and therefore more heat is required to increase the temperature in the sample
cell. The maximum of the change in heat capacity indicates the transition midpoint or Tm of the protein.
By multiplication with the molecular weight, the molar heat capacity [Cp] can be determined, which is
useful for comparison between different proteins.
DSC is often referred to as the ´gold standard´ for temperature induced unfolding, as it is not susceptible
to fluorescence and the temperature control is very precise. However, the higher sample consumption
and lower throughput is problematic for screening in protein drug development.

1.5.5

(Nano) Differential Scanning Fluorimetry

Differential scanning fluorimetry (DSF) is a temperature scanning method where the detection of
temperature-induced unfolding of a protein is followed by a shift or change in fluorescence 72. The
principle of DSF is the binding of a fluorescent dye to the hydrophobic core of a protein upon unfolding of
the protein. This binding results in an increase in fluorescence, which is quenched by water molecules if
13

no binding occurs. From the resulting curve of increased fluorescence, the thermal unfolding point Tm or
T1/2, where 50% of all proteins in the sample are denaturated, can be determined (Figure 3).
The temperature-induced unfolding of a protein measured with nanoDSF is based on the intrinsic protein
fluorescence of a tryptophan or tyrosine residue. These fluorescent amino acids are very hydrophobic
and therefore usually buried in the protein core. As tryptophan shows the strongest fluorescence
quantum yield of all amino acids, it is usually used for the determination of protein unfolding based on
intrinsic fluorescence73. Buried in the hydrophobic protein core, tryptophan shows maximum
fluorescence at λem,TRP = 330 nm, but when exposed to solvent, the fluorescence maximum changes to
λem,TRP = 350 nm. Plotting the fluorescence ratio F350/F330 of the detected fluorescence values at both
wavelengths versus the temperature leads to an unfolding curve of the protein, where Tm or T1/2 can be
determined.
Compared to DSC, many samples with a consumption of less than a few micrograms per sample can be
measured simultaneously with modern DSF instruments, which makes it very attractive for highthroughput screening. However, the energy associated with unfolding cannot be measured with DSF.
The thermal unfolding midpoints obtained with DSC and nanoDSF were shown to be in good agreement
74
.

Figure 3: Theoretical concept of nano differential scanning fluorimetry and isothermal chemical
denaturation observing the change in intrinsic fluorescence upon protein unfolding.

1.5.6

Dynamic Light Scattering

Dynamic light scattering (DLS) is also known as photon correlation spectroscopy and is a nondestructive method to determine colloidal stability of a protein 75–77. In DLS, the scattering of
monochromatic light is monitored over time. The fluctuations of this scattered light, which are based on
the relative change of the particle positions to each other resulting in constructive or destructive
interference of the scattered light, are recorded (Figure 4). From these intensity fluctuations, the time
scale of the particles moving can be determined by correlating the intensity I at a given time t to the
intensity at a later timepoint t+τ resulting in an autocorrelation function. From the autocorrelation function,
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the diffusion coefficient Dt and with Stokes-Einstein equation the hydrodynamic radius Rh of a particle
can be determined:
𝐷𝐷𝑡𝑡 =

𝑘𝑘𝐵𝐵 𝑇𝑇
6𝜋𝜋𝜋𝜋𝑅𝑅ℎ

𝑘𝑘𝐵𝐵 is the Boltzmann constant (1.38 × 10-23 J*K-1), 𝑇𝑇 is the absolute temperature and 𝜂𝜂 as the viscosity of
the solvent. The hydrodynamic radius 𝑅𝑅ℎ corresponds to a hard sphere diffusing with the same speed as
the particle but does not give information about the particles shape. Due to the different diffusion
coefficients of particles with different sizes, it is possible to distinguish between particles, if they differ by
a factor approx. 5.
DLS can be used in a plate-based system (up to 1536 wells), which requires only little sample and is
therefore suitable for high-throughput screening. In addition, it is a non-destructive method, meaning,
that the sample can be used for further analysis. DLS is extremely sensitive towards large particles like
aggregates, which dominate the measurement if present 78. This means, however, that also dust, and
other impurities dominate the measurement, which is important to consider for sample preparation.

Figure 4: Theoretical concept of dynamic light scattering. The intensity fluctuations lead in a time
dependent correlation to a decay that indicate the particle size.

1.5.7

Isothermal Chemical Denaturation

Isothermal chemical denaturation (ICD) is used to determine the stability of a protein towards chemically
induced denaturation 79. The principle of ICD is similar to DSF. Upon unfolding of the protein, an
increase in fluorescence due to the binding of a fluorescent dye to the hydrophobic protein core or a shift
in fluorescence due to the solvent exposure of tryptophan from λem,TRP = 330 nm to λem,TRP = 350 nm can
be seen. From the curve shape of the fluorescence increase of the dye or the fluorescence ratio
F350/F330, the denaturant concentration c1/2, where 50% of the proteins in the sample are unfolded, can
be determined (Figure 3). Based on the assumption that there is an equilibrium between native and
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unfolded state of the protein at any times, which is then altered in presence of denaturant, the chemically
induced protein unfolding is in most cases reversible and therefore the Gibbs free energy of unfolding
∆G can be determined 80,81:
∆𝐺𝐺 = ∆𝐺𝐺 0 − 𝑚𝑚 ∗ 𝑐𝑐1/2

∆G0 is the Gibbs free energy of unfolding with no denaturant present and m (m-value) as the
dependency of ∆G on the denaturant concentration or the slope of the unfolding curve. The m-values
mainly depends on the solvent accessibility of the protein surface 82. Guanidine hydrochloride (GnHCl)
and Urea are the two most commonly used denaturants 83. For a direct comparison between different
denaturants it is, however, necessary to take the charges introduced by GnHCl, but not by Urea, into
account 84.
Recent advances in sample consumption and automatization allowed the usage of ICD in high
throughput. Therefore, including chemical denaturation as an assessment criterion of protein stability has
become more common in protein drug development 85,86.

1.5.8

Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy was performed in collaboration with associate
professor Sebastian Meier (DTU chemistry, Denmark). Therefore, the introduction of the technique
focusses on the application of NMR on proteins and the advantages of the technique, but an excellent
description can be found in James Weeler´s `Understanding NMR spectroscopy´, 2005, Wiley.
Nuclear Magnetic Resonance (NMR) spectroscopy monitors the interaction of a nuclear spin with an
applied magnetic field. NMR measures the energy difference between possible spin states in the applied
magnetic field, which makes a precise determination of the local magnetic field at the nucleus possible.
This local magnetic field is modulated by neighboring local magnetic fields either through covalent bonds
(indirect or J-coupling) or through space (direct coupling or dipolar coupling), when the nuclei are close.
Only spins with a spin angular momentum not equal to 0 can be detected in NMR, but in practice the
most commonly measured spins are the ones of 1H, 13C and 15N. In NMR the nature of the nucleus itself
and its surrounding, i.e. the neighboring nuclei and the nuclei close in space, give rise to a distinct
chemical shift, which is very sensitive to changes of the surroundings.
One of the main applications of protein NMR is the 3D structure determination in high-resolution. Protein
structure determination with NMR is mainly based on so called cross peaks of coupling nuclei. The cross
peaks resulting from indirect coupling are mainly used to assign a peak to a specific nucleus, that
belongs to a certain amino acid also called spin system of the protein. The cross peaks resulting from
direct coupling can be used to determine the 3D structure of the protein. The sensitivity of the chemical
shift to its surroundings can be used for binding studies, for example the binding of a ligand to a protein,
but also for distinct protein-protein interaction. It is possible to determine the exact binding or interaction
sites by NMR. In addition to structural determination, an advantage of NMR is the soluble state of the
protein, which makes it possible to follow ´slow´ biological processes in real time and draw conclusion of
the kinetics of the process and the amino acids involved in the process at the same time. The time frame
of the process of interest depends highly on the question asked and will determine the type of spectrum
needed to answer this question. Overall, NMR spectroscopy can report on a variety of dynamic
processes occurring on time scales that are slower than the femtosecond time scale. Beyond binding
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and dynamics measurements, functional studies within protein NMR for instance include electrostatic
characterizations through pH titrations and site-specific pKa measurements.

1.5.9

Small Angle X-ray Scattering

Small-Angle X-Ray scattering (SAXS) is a method for structural determination of molecules in solution 87,
which makes it an attractive method to study the behavior of proteins in a given formulation. In a SAXS
experiment the sample gets irradiated with monochromatic X-rays. The scattering I(q) of the incident
beam is recorded as a function of momentum transfer q (Figure 5). I(q) is the Fourier transform (FT) of
the spatial distribution of the scattering resulting from the sample and q is the FT of the real space
coordinates:
𝑞𝑞 =

4𝜋𝜋 sin 𝜃𝜃
𝜆𝜆

2𝜃𝜃 is the scattering angle and λ: wavelength of incident beam. I(q) is a product of the form factor P(q)
and the structure factor S(q). The form factor P(q) represents the size and shape of the solution structure
(the protein) and represents the intra particle effects averaged over size and orientation of the particle in
solution. The structure factor S(q) indicate the particle distribution and include inter particle effects such
as attraction and repulsion. Increasing intensity at low q, (S(q) > 1) indicates aggregation, while
decreasing intensity at low q, (S(q) < 1) indicates repulsion within the sample. In most cases in a dilute
sample as a result of the assumption of ideality, S(q) gets neglected.
SAXS is a low contrast method and the measurement of the buffer is getting subtracted from the sample
measurement, which makes an exact match of the buffer and sample buffer essential.
Using the Guinier approximation, the radius of gyration Rg and the theoretical intensity at 0 angle
scattering I(0), which cannot be directly measured, can be determined. Guinier analysis takes only the
initial slope at q*Rg < 1.3 into account. The number of datapoints is therefore influenced by the size and
shape of a protein. Especially complexes with large Rg incorporate only a very limited percentage of the
data into the analysis.
From I(0) the apparent molecular weight of the average particle in solution can be determined:
𝑀𝑀𝑀𝑀 =

𝑁𝑁𝐴𝐴 ∗ 𝐼𝐼(0)
𝑐𝑐 ∗ (∆𝜌𝜌𝑀𝑀 )2

∆𝜌𝜌𝑀𝑀 = �𝜌𝜌𝑀𝑀,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − (𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝜈𝜈)� ∗ 𝑟𝑟𝑜𝑜

NA as the Avogadro number (6.02*1023 mol), c as the protein concentration (mg/ml), ρM,PROT as the
electrons mass of dry protein, ρSOLV as the electrons per volume of solvent, ν as the partial specific
volume of the protein (mostly 7.43*10-1cm3/g) and rO as the scattering length of an electron (2.82*1013
cm).
Rg and I(0) can additionally be determined with the function of atom pair distance distribution P(r). The
assessment with P(r) is usually more accurate as a larger part, if not all SAXS data is included in the
analysis. The analysis of P(r) overcomes the limitations of the Guinier approximation. The shape of the
P(r) function contains information about particle shape as it resembles the distribution of distances with
the measured particle. Apart from Rg and I(0), the maximum dimensions of the particle Dmax can be
extracted.
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The principle of SAXS modelling is to find parameters that fit the experimental data best by reducing a
target function, giving χ2 as the discrepancy. A challenge in SAXS modelling is that different models can
result into similar scattering profiles and therefore additional techniques are often needed to verify the
models build based on the SAXS data. Ab-initio modelling can be performed without any structural
knowledge. As an output a three-dimensional shape of the particle is given, based on either bead- or
dummy residue as the most common approaches. The programs DAMMIN 88 and DAMMIF 89 are based
on the simulated annealing of beads in a search volume either to the particle or to solvent. Connectivity
is given as a penalty to exclude fragmentation of the particle. In GASBOR 90 a dummy residue
represents one amino acid of a protein (at Cα position). From a random special distribution a stepwise
movement and comparison with the theoretical SAXS curve 91 with the experimental curve is performed
to minimize the target function. As a constraint, the distribution of Cα atoms in a protein are given.
SAXS for proteins is especially useful to analyze flexible systems and conformational polydispersity. The
full potential of SAXS and SAXS modelling can be used, when a high-resolution structure of the protein
is accessible. Recent advances in SAXS instrumentation enables higher throughput and less sample
consumption than in other structure determining methods.

Figure 5: Theoretical concept of small angle X-ray scattering. A: Schematic setup of the SAXS
measurement. B: Exemplary scattering profile with the three main regions of a protein represented in the
SAXS profile highlighted.

1.6

The PIPPI project

The number of protein drugs on the market has increased significantly during the last decade 92,93.
Therefore, the `Protein-excipient Interaction and Protein-Protein Interaction in formulation´ (PIPPI)
project was initiated to meet the need for systematic knowledge and specialists in the field of protein
drug formulation. PIPPI is an international training network (ITN) founded by the EU´s Horizon 2020 (EUProject Number: 675074). The main goal of the project is to create a publicly available database
including the overall behavior of structurally diverse protein drugs to improve cost-efficiency of protein
drug development in the future. The protein library for this project consisted of 19 proteins, chosen based
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on the classification from Leader et al. 7 and further characterization of available protein and peptides
found on the market 94 and covered a large range of sizes (4-150 kDa) and protein functions. In addition
to pharmaceutically relevant protein drugs, selected industrially relevant proteins were chosen to expand
the applicability of the knowledge and data collected in this project. The PIPPI project combines the
basic biophysical characterization of the proteins in the protein library with advanced molecular
characterization and systematic studies of critical formulation attributes. The basic characterization
consists of a systematic approach to assess the effect of pH and ionic strength (screen I) and
additionally the effect of different buffers and excipients (screen II) on protein stability. For advanced
molecular characterization a combination of structural characterization and computational techniques are
applied to selected conditions. Additionally, critical formulation attributes such as effects of interfaces on
aggregation propensity are studied in the project. Multivariate data analysis was applied for statistical
analysis of the collected data to find consistent trends in the data, which might have been overlooked in
individual analysis.

Figure 6: Concept of the PIPPI-project. Protein-drugs in solution are characterized with various
biophysical techniques to maximaize the understanding of their behaviour.

1.7

Aims and Objective

My PhD focused on the combination of biophysical and structural characterization of single domain
proteins and peptides. Due to their small size, peptides and small proteins are prone to self-association
and are therefore challenging in their formulation 95. For the biophysical characterization, I aimed to use
high throughput methods to characterize the stability towards thermal denaturation (nanoDSF and DSC),
the stability towards chemical denaturation (ICD) and the colloidal stability (DLS). Based on the results of
this biophysical screening, the proteins were structurally characterized using SAXS. On selected
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conditions, advanced structural characterization using NMR, AFM and negative stain electron
microscopy (EM) (all in collaboration) and additional characterization with CD and AUC were performed.
An overall aim of the project was to meet the challenges in characterizing peptides and small proteins
with the combination of various methods. It was my aim to determine whether this combination of
methods could be used to explain obtained biophysical parameters on a molecular level by detailed
molecular and structural analysis. As case study, I used plectasin, an anti-microbial peptide, and three
variants, the cytokine interferon α-2a (IFNα-2a) and the lipase from Thermomyces lanuginosus (TL)
(Table 2). Plectasin, which has a size of 4.4 kDa, belongs to the group of defensins and shows potent
activity against Gram-positive bacteria 96. IFNα-2a is part of the innate immune system and is used in
treatment of various diseases e.g. hepatitis, carcinoma, leukemia, lymphoma 97–99. The TL lipase was
originally developed for the food industry, but is nowadays used as an industrial catalyst in different
industrial areas 100. This selection of proteins covers three different protein families with the objective to
identify possible general trends. The overall aim of this project as well as for the PIPPI project is to make
protein drug development more cost-effective and faster by providing systematic data sets of common
protein drugs in a publicly available database.
Table 2: Overview of proteins and protein abbreviation used in this project.
Protein
Protein
abbreviation
Human Interferon alpha-2a
IFNα-2a
(PPI30)
Plectasin wildtype
PPI40
Plectasin 5S9A26R variant
PPI41
Plectasin 9S 14K 36L variant
PPI42
Plectasin 9N13L14R variant
PPI43
thermomyces lanuginosus Lipase
TLL
(PPI46)
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2. pH dependent protein aggregation of plectasin
Plectasin was the only peptide studied in the PIPPI project. There is a large potential for peptides to
address targets where no drug has been found 1–3. The use of peptides as therapeutics has evolved
since the introduction of insulin in 1920 4. Like most therapeutically relevant peptides, plectasin has also
been isolated from natural sources. One of the major advantages of peptides over larger protein drugs is
the possibility to produce synthetic peptides, introduced in the 1950s, which allows the modulation of
properties through e.g. backbone modification or incorporation of non-natural amino acids. This helps to
overcome limitations associated with peptide drugs such as a short plasma half-life and limited oral
bioavailability. The main areas of therapeutic application for peptides are metabolic diseases, oncology
and cardiovascular diseases 5. Their main targets are peptide hormone receptors, antimicrobial targets,
ion channels and extracellular targets e.g. secreted enzymes. Plectasin targets the pyrophosphate group
of lipid II, preventing its incorporation into the cell wall of Gram-positive bacteria 6 and belongs therefore
to the group of antimicrobial peptides.
Within the PIPPI project plectasin was especially useful to elucidate the potential of computational
biology in the development of protein drugs. Due to its small size, it was possible to perform a larger
number of experiments, which would be computationally too long and expensive to perform for
antibodies. As shown in the following manuscript, the combination of an experimental and computational
screen can find approaches to explain observed protein behavior on a molecular level. Plectasin and
three variants with three amino acids mutated respectively were studied. This made plectasin a good
case study to characterize the effect of point mutations on the solution behavior and protein-protein
interaction, which was not possible for any of the other proteins in the PIPPI consortium.

Abstract Figure: Graphical abstract of the influence of point mutations on pH dependent oligomerization
and aggregation propensity of plectasin.
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ABSTRACT
Therapeutic peptides and proteins show an enormous potential on the pharmaceutical market, but high
costs in discovery and development are limiting factors so far. Single or multiple point mutations are
commonly introduced in protein drugs to increase their binding affinity or selectivity. They can also induce
adverse properties, which might be overlooked in a functional screen, such as a decreased colloidal or
thermal stability, leading to problems in later stages of the development. In this study, we address the
effect of point mutations on the properties of the 4.4 kDa anti-microbial peptide plectasin, as a case study.
We combined a systematic high throughput biophysical screen of the peptide properties using dynamic
light scattering and differential scanning calorimetry in combination with structure-based methods including
small angle X-ray scattering, analytical ultracentrifugation and nuclear magnetic resonance spectroscopy.
Additionally, we applied molecular dynamics simulations to link stability parameters to the protein’s
molecular structure. Despite their predicted structural similarities, all four plectasin types showed a
substantially different behavior in solution. With higher pH the propensity of plectasin to aggregate
increased, and the introduced mutations influenced the type of aggregation. Our strategy for systematically
assessing the stability of protein drugs is generally applicable, flexible and is of particular relevance given
the increasing number of protein drugs in development.

INTRODUCTION
Protein and peptide drugs exhibit enormous clinical potential due to their high specificity and low toxicity.
Therefore, peptides and proteins are increasingly valuable types of therapeutics and the number of protein
drugs has substantially increased in the last decade 1,2. However, in contrast to small molecules, they face
different challenges with respect to their production, formulation and administration and maintaining the
stability of protein drugs in solution remains a big challenge 3,4. In particular, aggregation has been shown
to be a major issue in protein drug development since it can result in reduced activity 5 and immune
response 6–8. The study of protein aggregates, aggregation pathways and factors is widely discussed in
academia and industry 9–11. A comparison of different types of aggregates or self-associating species
remains complicated 12. The pH value has been shown to have a major influence on protein aggregation
13,14
. With automatization and technological advances, high throughput screening of protein drugs for their
thermal and colloidal stability became standard for assessing manufacturability 15. In addition, the use of
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computer based methods shows great potential to screen proteins before going into later stages of
development 16. Therefore, the development of systematic approaches as well as the public availability of
screening data for a high number of different protein drug candidate molecules is of high importance to
accelerate and improve protein drug development.
In this study we develop a strategy to screen and characterize the effect of point mutations on protein
aggregation as a function of pH. As a case study, we applied the approach on the anti-microbial peptide
plectasin and three triple-point mutation variants. Plectasin is a 40-amino acid anti-microbial peptide with
a distinct tertiary structure, which shows antibacterial activity against Gram positive bacteria 17 (Figure 1).
It binds the pyrophosphate unit of Lipid II, preventing its assembly into the bacterial cell wall 18. Its highresolution structure was solved using NMR spectroscopy (PDBID: 1ZFU) and subsequently by X-ray
crystallography on a racemic crystal (PDBID: 3E7U) 17,19. Plectasin, shown in Figure 1A, consists of an αhelix (M13 - S21), two antiparallel β-strands (G28 - A31; V36 - C39) and three disulfide bridges (C4-C30,
C15-C37, C19-C39). The wildtype, N5S D9A K26R, D9S Q14K V36L and D9N M13L Q14R triple-mutant
variants are referred to as PPI40, PPI41, PPI42 and PPI43, respectively, in this article (Figure 1B). The
mutations were introduced in an attempt to increase the biological activity of the peptide. In PPI41, the
D9A mutation replaces a negatively charged with a hydrophobic amino acid, increasing the net charge of
this variant. The other two mutations stay within the same group of amino acids. In PPI42, the D9S
mutation exchanging a negatively charged against a polar amino acid and the Q14K mutation exchanging
a polar against a positively charged amino acid, which both increases the net charge of the protein. The
V36L mutation is an exchange of hydrophobic amino acids. In PPI43, the D9N and the Q14R mutation
both increase the net charge of the protein. The M13L mutation is an exchange of hydrophobic amino
acids. Generally, the charge of a protein depends on the pH, but within the typical formulation pH range
the plectasin variants show a higher net positive charge than the plectasin wildtype, PPI41 an increase by
1 and PPI42 and 43 an increase by 2. The theoretical isoelectric point increases by 0.5 -0.9 pH units. The
molecular weight of plectasin is not essentially changed by the mutations (Figure 1C). The grand average
hydropathy (GRAVY) values 20 indicate that PPI41 is slightly more hydrophobic than the other variants and
that overall the plectasins are rather hydrophilic.

Figure 1: A: High resolution structure of wildtype plectasin solved by racemic X-ray crystallography (PDBID:
3U7E) 21 with disulfide bridges highlighted. Figure was made with PyMOL 22. B: and sequence of all four
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plectasin used for this study. The mutation sites are highlighted in red. C: Biophysical parameters,
molecular weight, theoretical isoelectric point and grand average of hydropathy (GRAVY) value 20 of
plectasin calculated with ExPASy ProtParam 23.
We used high throughput methods in a systematic approach to characterize the thermal and colloidal
stability of the peptides. More labor-intensive methods were used to study selected formulations.
Oligomerization and aggregation were structurally characterized using nuclear magnetic resonance
spectroscopy (NMR), analytical ultracentrifugation (AUC) and small-angle X-ray scattering (SAXS).
Additionally, molecular dynamics (MD) simulations were performed to simulate the protein structure of the
variants and identify changes in surface charge, flexibility and aggregation propensity as a function of pH
in relation to the mutated amino acids. Our results showed a high structural similarity for all variants but a
marked difference in aggregation propensity and solution stability. Thus, our findings emphasize the
difficulties in protein drug development when it comes to the use of platform technologies. In our study, we
demonstrate how a combination of high throughput methods and structural investigation can help to
understand proteins in formulations in a better way, which is a step towards a more time- and cost-effective
way in developing and screening protein drugs.
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RESULTS
Thermal stability of plectasin variants
The plectasin wildtype PPI40 and the three variants PPI41, PPI42 and PPI43 were characterized at a pH
range from 3.5 to 5.5 with 0.5 units increments. The plectasins´ thermal stability was measured using
differential scanning calorimetry (DSC). Plectasins´ thermal unfolding T1/2 was determined to 90 to 100°C
(Figure 2). A clear difference between the wildtype PPI40 and the three variants PPI41, 42 and 43 could
be observed. While T1/2 of the wildtype appeared to be almost independent of pH at the tested conditions,
all the variants showed a gradual increase of in thermal stability with increasing pH. At pH 3.5, T1/2 of all
variants was approx. 5°C lower than T1/2 of the wildtype, while at higher pH T1/2 was similar for all plectasins.

Figure 2: Heat denaturation temperature T1/2 of all plectasin variants determined with DSC (■ PPI40, ●
PPI41, ▲ PPI 42, ▼PPI43).
Colloidal stability of plectasin variants
To assess the colloidal stability for the plectasin variants, a time dependent heat stress study was
performed by incubating samples at 25, 40 and 50°C. Samples were characterized with DLS before
incubation (t0) and after two (t2) and four weeks (t4). The DLS measurements at t0 showed an increase
in the apparent hydrodynamic radius RhDLS with increasing pH for all plectasins (Figure 3A). This increase
did not correlate with an increase of polydispersity, which was high with high standard deviation (Figure
3B). Due to the plectasins’ high stability and rigid structure, we did not expect pronounced differences in
the protein structure upon a change of condition. Surprisingly, all plectasins showed slightly different radii,
which seemed independent of the pH. From the expected structure of the variants, which were build based
on the crystal structure of the wildtype and minimized after introducing the mutations 24, no significant
change in Rh was expected (Table S5) 25. The RhDLS of PPI43 was well below 1 nm, which was even lower
than the theoretically expected Rh of approx. 1.07 nm.
When incubated at 25°C, plectasin did not show a significant change in RhDLS after 2 weeks except for
PPI42, which aggregated at pH 5.0 and 5.5 (Figure 4). After 4 weeks incubation, no change could be
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observed. No difference between incubation at 40°C and 25°C could be observed. Incubation at 50°C
affected plectasins colloidal stability significantly, but in different ways for the different plectasin variants.
For many conditions, all four plectasins aggregated. After 4 weeks (data not shown), many formulations
showed precipitation and no high-quality data could be obtained. No clear correlation with pH could be
observed, but aggregation of plectasins appeared to occur shortly after start of the incubation at high
temperature.

Figure 3: Influence of pH on the hydrodynamic radius RhDLS (A) and %PD (B) as an indication of colloidal
stability of plectasin measured by DLS. The cumulant fit was used for analysis of the data.

Figure 4: Colloidal stability study of plectasin when stored at different temperatures represented in a heat
map (abscissa: pH; ordinate: molecule). The samples were measured with DLS and the cumulant fit was
used for analysis. Conditions of RhDLS > 2 nm are shown in dark red, conditions at which no dataset could
be obtained are shown in black.
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Self-interaction propensity of the plectasin variants
The osmotic virial coefficient B22 and the diffusion interaction parameter kD were determined by static light
scattering (SLS) and DLS. The negative values of B22 for PPI40 and PPI42 indicated overall net attraction
and a higher tendency for association (Figure 5A). An increase of pH had no significant effect on B22 for
PPI40 and PPI42. At pH 5 and 5.5 no reliable B22 could be obtained for PPI42. PPI41 and PPI43 showed
higher, positive B22 values within the studied pH range, indicating overall repulsion of the molecules and a
lower tendency for aggregation. Increasing the pH resulted in a decrease in B22. Apart from pH 3.5, PPI43
showed significantly stronger repulsion compared to PPI41.
Similar to the B22 results, kD measured by DLS was negative for both PPI40 and PPI42, indicating net selfattraction (Figure 5B). For PPI40 kD increased with increasing pH, however, kD remains close to zero or
below indicating attraction over the tested pH range. An increase in pH had no effect on the kD values of
PPI42. PPI41 showed positive kD values for the whole pH range and kD increased with pH indicating less
self-attraction. PPI43 showed a lower kD compared to PPI41, which was not the case for B22. With
increasing pH, the kD values of PPI43 decreased which is in agreement with the B22 trend.

Figure 5: Osmotic viral coefficient (B22) determined with SLS (A) and diffusion interaction parameter (kD)
determined with DLS (B) of plectasin.
Structural investigation and characterization of the plectasin variants using NMR
We used 1D, 2D 1H as well as 2D 13C NMR to characterize structural changes in the plectasin variants
upon pH change. Comparison of 2D 1H-13C HSQC spectra (Figure S1) revealed that all three mutants are
structurally equivalent to the wildtype plectasin, as expected from the minimized structures. Upon pH
changes only the charged residues showed local chemical shift perturbations, presumably due to charges
in their ionic state, while the overall structure of all plectasin variants did not change since the fingerprint
signal pattern was preserved (Figure S2-S5).
The relative signal intensity in 1H spectra tended to decrease with higher pH (Figure 6A). This effect was
most pronounced in PPI42, while PPI40, 41 and 43 were less affected. This reduction can be explained
by the proteins either forming NMR-visible oligomers, or larger, NMR-invisible clusters, or by an increased
relaxation rate due to increased chemical exchange. To further assess the size of formed NMR-visible
protein oligomers, we measured the translation diffusion coefficient (Dt) and the transverse relaxation rate
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(R2). With the formation of larger soluble oligomers, translational movement is slowed down, reflecting in
lower Dt values while the R2 values increase with the size of the aggregates or if chemical exchange is
present. PPI40, 41 and 43 showed a gradual increase of R2, while R2 of PPI42 stayed rather constant
(Figure 6B). The Dt of PPI40 was not affected by pH, whereas the Dt values of PPI41, 42 and 43 decreased
with increasing pH (Figure 6C). The hydrodynamic radius RhNMR derived from Dt varied slightly between
the variants, but stayed fairly constant over the pH range, except for PPI42 (Figure 6D). PPI42 showed an
increased RhNMR at pH 5 and 5.5. The RhNMR values were higher than the RhDLS results, especially at low
pH with less pH impact, which may be explained by the higher protein concentration in NMR samples,
indicating a concentration dependent association of plectasin.

Figure 6: Effect of pH on plectasin derived from NMR experiments. Relative intensity of 1H plectasin
spectra across different pH values compared with the spectral intensity at pH 3.5 as reference (A). Proton
transverse relaxation rates (R2) (B), Translational diffusion coefficients (Dt) (C) and apparent
hydrodynamics radius (RhNMR) calculated from Dt values (D) for all plectasins variants across different pH
values.
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Structural investigation and characterization of the plectasin variants using SAXS
Derived parameters from the initial analysis of the SAXS curves are the apparent molecular weight (MW)
and the radius of gyration RgSAXS, which were determined for plectasin at pH 3.5 and pH 5 (Figure 7). The
apparent MW, determined from the pair distance distribution p(r) function, was approx. 7-8 kDa at a protein
concentration c = 1 mg/ml for all plectasins at both pH values, which is higher than the molecular weight
of the monomer (4.4 kDa). Plectasins´ apparent MW increased at higher concentration at pH 3.5 (A) and
pH 5 (B), but at pH 3.5 the curves plateaued for all variants at c = 5 mg/ml. At pH 5, plectasins´ MW
increased gradual for all variants but PPI42, which showed an almost exponential increase of apparent
MW. A similar trend could be observed for RgSAXS (Figure 7C,D). While RgSAXS hardly changed with
increasing concentration at pH 3.5, a clear increase could be observed at pH 5. PPI43 showed a
significantly lower RgSAXS at pH 5 than the other plectasin variants, which was already observed in DLS
measurements.
In all measurements, repulsion within the sample could be observed in the scattering curve as the intensity
decreased with higher protein concentration (Figure 8). The most pronounced repulsion was observed for
PPI43 (D), followed by PPI42 (C), then PPI40 (A) and PPI41 was the least repulsive (B). This order
corresponds to the differences in RhDLS among the variants, which was not expected from theoretical
calculations and explains smaller RhDLS than theoretically expected. The repulsion was hardly affected by
pH (data not shown). As an effect of plectasins´ repulsion the RgSAXS is most likely underestimated.

Figure 7: Investigation of change of pH on plectasin with SAXS. Apparent MW at pH 3.5 (A). Apparent MW
at pH 5 (B). RgSAXS at pH 3.5 (C). RgSAXS at pH 5 (D).
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Figure 8: SAXS curves of PPI40 (A), PPI41 (B), PPI42 (C), and PPI43 (D). The part of the SAXS curve at
low q(Å-1) showing interparticle interaction is plotted. Repulsion within the sample is indicated by a black
arrow.
Separation of components in plectasin samples by AUC
According to analytical ultracentrifugation (AUC) the major species (~95%) for all plectasins at low and
high pH has a sedimentation coefficient of approx. 1S (Figure 9). This corresponds to the sedimentation
coefficient of the plectasin monomer (Table S5). The derived MW and RhAUC was only slightly higher at pH
5 than at pH 3.5 (Figure 9E). Larger components in the samples were only present at a low amount below
5 % and differed slightly between the plectasin variants.
The ratio Rg/Rh is an indicator of the particles shape with a value of ~0.775 for globular protein and higher
values for elongated molecules. Therefore, the RgSAXS/RhAUC ratio was determined for all variants at pH 3.5
and pH 5.5 (Figure 9F,G). From theoretical values of ratio of Rg and Rh from the minimized computational
models, we expect a Rg/Rh ratio of approx. 0.85 for all plectasins, if monomeric (Table S5). At pH 3.5
PPI40, 42 and 43 agreed with the expected Rg/Rh (Figure 9F) and seemed to be independent of the protein
concentration, except from PPI40 showing a slightly increasing ratio. PPI41´s RgSAXS/RhAUC ratio of approx.
0.95 was independent of the protein concentration. At pH 5, the RgSAXS/RhAUC ratio of the variants differed
more than at pH 3.5 and the RgSAXS/RhAUC ratio increased significantly with concentration for all plectasins
(Figure 9G), indicating the formation of more elongated particles with increasing concentration. The effect
was most pronounced for PPI42 (see also Table S3). The difference in repulsion in the system might,
however, have an influence on the RgSAXS/RhAUC ratio.
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Figure 9: Investigation of plectasin in solution with AUC at different pH 3.5 (solid lines) and pH 5 (dashed
lines) (A-D). The theoretical sedimentation coefficient of the respective monomeric species, calculated
with HullRad 25, is indicated with the dashed grey line. Properties of the species corresponding to the main
peak are shown (E). RgSAXS/RhAUC ratio at pH 3.5 (F) and pH 5 (G).
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MD simulations show differences in flexibility for plectasin variants
MD simulations were performed to understand structural dynamics in the pH range of 3.5 to 5.5. During
the 100 ns simulation, the secondary structural elements stayed intact. Based on hierarchical clustering of
the MD simulation trajectory, a most representative structure was taken from the simulation for further
analysis. Only little variation of the secondary structure of the plectasin variants compared to the wildtype,
could be observed, which changed slightly upon pH change (Figure S8).
We analyzed the aggregation prone areas of plectasin using CamSol v2.2 on the representative structures
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. The overall solubility score of all plectasins showed a positive value with a decreasing trend with
increasing pH (Figure S7A). The solubility score of the individual amino acids identified the N- and Cterminus as the least soluble areas of plectasin (Figure S7B-E). It also showed that single amino acids or
small amino acid stretches of plectasin had an increasing or decreasing solubility with increasing pH. The
structural properties upon change of pH were further analyzed. We observed high flexibility for bulky amino
acids on the proteins surface, for example W8, F35, K23 and K38, differing between the variants. PPI41
appeared to be generally less flexible than PPI40, 42 and 43 (Figure S10). PPI42 showed large variations
in the position of the protein’s backbone in the N-terminal loop region, especially at P7, W8 and E10 (Figure
10,Figure S9). The backbone of PPI43 was misaligned, but only at W8. Y29 and Y40 are close in space
and show different degrees of flexibility in the variants. In PPI41 they are less flexible (Figure 11). The
changed amino acid R26 (from K26) builds a salt bridge with the C-terminus (Figure 11B). N5S and D9A
in PPI41 are located in the N-terminal loop and are close in space in the protein. L36 (changed from V36)
in PPI42 takes up more space and at the same time F35 appeared to be less flexible. M13L in PPI43 leads
to a shorter α-helix.

Figure 10: Representative structure of the N-terminal loop of all four plectasin variants at pH 3.5 - 5.5. (low
(light blue) to high (dark blue)); PPI40 (A), PPI41 (B), PPI42 (C) and PPI43 (D). The loop is shown as
sticks and backbone structure only for all plectasins, respectively.
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Figure 11: C-terminal region of PPI40 (A) and PPI41 (B) at pH 3.5 - 5.5. (low (light blue) to high (dark
blue)). The salt bridge is indicated by the dashed line and the distance is shown.
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DISCUSSION
Rationale behind the choice of methods and screening setup
To assess plectasin stability intrinsic fluorescence was initially attempted. However, the protein´s only
tryptophan W8 is located in a loop and already solvent exposed in the native state. No change in the
fluorescence between the folded and unfolded state could be observed by nano differential scanning
fluorimetry (nanoDSF) and isothermal chemical denaturation (ICD) (data not shown). As an alternative to
high throughput nanoDSF, DSC was chosen to determine the thermal stability of plectasin. Plectasin
showed a thermally induced unfolding of approx. 100°C, which implies, that unfolding should not be an
issue at relevant temperatures. However, temperature induced aggregation cannot be excluded due to a
high T1/2, as we have proven with the accelerated stress test. Subsequently, size exclusion
chromatography (SEC) was used to study plectasin behavior as a function of pH. However, interaction of
plectasin with the column matrix could be observed. The usage of acetonitrile or arginine disrupted this
interaction. However, both approaches will also interfere the protein-protein interactions to be studied.
Furthermore, previous results have shown binding of arginine to plectasin 27. Plectasin showed a very low
solubility (< 1 mg/ml) at neutral and high pH 17. Therefore, a pH range of pH 3.5 to 5.5 in acetate buffer
was chosen for this case study. However, the principle of our screening approach is easy to adapt to other
proteins and different techniques or different screening conditions in terms of the buffer choice or adding
excipients.
Plectasin shows pH dependent aggregation that differ among the variants
DLS gave us a first indication that the aggregation of plectasin is influenced by pH, as RhDLS increased at
higher pH. However, light scattering is very sensitive to the presence of a few large aggregates, leading
to high polydispersity, poor reproducibility and high error. The polydispersity of all plectasin samples was
rather high due to the presence of oligomers or aggregates. An increase of RhDLS could be observed upon
increasing pH, most likely due to a shift of the equilibrium between monomer and oligomers towards
oligomerization and subsequently aggregation. This was confirmed by the diffusion interaction parameter
(kD) and the osmotic viral coefficient (B22). All plectasin variants showed high affinity for self-attraction,
becoming more pronounced at higher pH. Self-attraction was stronger for PPI40 and 42 as compared to
PPI41 and 43.
These results agree with our findings in NMR, which indicated that aggregated protein clusters with
broader signals and slower tumbling rates were formed for all variants with pH increase. This was most
pronounced in PPI42, while PPI40, 41 and 43 were less affected. Dt value of PPI42 is much lower than
1.74*10-10 m2/s predicted by HYDROPRO 28, indicating that PPI42 is aggregated in solution. The Dt and
R2 values determined by NMR did not change significantly with pH for PPI42. Thus, PPI42 remains in the
same oligomeric state in solution at all tested pH values, but NMR-invisible clusters are formed indicated
by the loss of intensity. For PPI40, 41 and 43 we observed an increase in R2, which is in agreement with
the gradual increase of RhDLS and in line with gradual formation of soluble oligomers.
SAXS measurements demonstrated an apparent MW larger than that of the monomer at low and high pH,
even at low protein concentration, indicating the presence of oligomers and aggregates. Due to the
observed repulsion, the apparent MW is most likely even underestimated. The MW increase with protein
concentration indicated increasing presence of larger oligomeric species. This increase of MW was much
more pronounced at pH 5 than at pH 3.5, which was also indicated by DLS and NMR. AUC was therefore
performed to see what sizes of oligomers or aggregates were present in solution. It could be shown that
the main species has a sedimentation coefficient of approx. 1S, which corresponds to the monomer (Figure
9, Table S4, S5). All plectasins showed small fractions of larger species, but no clearly defined oligomer
species present for any of the plectasin variants. As plectasin is a peptide we needed to centrifuge with
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high centrifugal force (50.000g). Therefore, large aggregates might have already reached to bottom of the
cell before the measurement started and could therefore be not detected.
Rh is defined as an equivalent hard sphere diffusing with the same speed as the measured molecule. Rg
is defined as the mass weighted average size from the molecules center. For an elongated molecule, Rg
becomes larger resulting in a larger Rg/Rh ratio. This effect could be observed with increasing concentration
(Figure 9). This increase in the RgSAXS/RhAUC ratio (Table S3) is at least twice as high at pH 5 compared to
3.5 for all plectasin variants, indicating a higher propensity to form non-spherical particles like oligomers
or aggregates. Most likely the effect of concentration and pH on the Rg/Rh ratio is underestimated as we
observed repulsive effects between the species in SAXS. This gives us another indication that the
formation of oligomers and aggregates is concentration dependent and more pronounced at pH 5 than at
pH 3.5. In addition to the differences in aggregation propensity and aggregates formed, we observed an
increase of T1/2 for PPI41, 42 and 43, but not for the plectasin wildtype with DSC, which might be due to
the higher net charge in the plectasin variants compared to the wildtype.
Advantages and drawbacks of the different biophysical methods
Using a portfolio of different techniques allowed us to understand a protein interaction behavior as
complicated as the one of plectasin in a better way. It is very important to question experimental results
and keep artefacts, advantages and drawbacks of the techniques used for analysis in mind. In our study,
we derived biophysical parameters like Rh and Rg from different techniques. RhDLS differed between the
variants and was unrealistically small, especially for PPI43, which was due to repulsion in the system. This
could be derived from the shape of the SAXS curves. RgSAXS is therefore also influenced by repulsion or
attraction. RhNMR is based on the diffusion of the analyzed molecule, which is also affected by repulsion.
However, NMR has a size limitation of approx. 40-60 kDa. Molecules bigger than this are NMR invisible
and are not taken into account for the determination of RhNMR, which can explain the differences to the
derived Rh from other methods. RhAUC is derived from a sedimentation-based separation and rendered
more than 95% monomer for all plectasins. Therefore, we did not see differences between the variants in
RhAUC. AUC seemed to be less affected from repulsion, most likely due to the strong sedimentation force.
Therefore, AUC data was the most representative and taken for the calculation of the Rg/Rh value.
For screening, high throughput and little sample consumption are important factors. In our study DLS had
the highest throughput and the least sample consumption, considering, that it can be measured in a 1526
well plate with only 10 µl sample in each well. It is also very sensitive towards the presence of aggregates.
This makes it a useful method to detect these aggregates, but in our study, it led to difficulties in
reproducibility.
Due to the above-mentioned difficulties using SEC, AUC was the only technique, which involved
separation of the particles in solution in this study. AUC can give valuable information about particles
present in solution but comes with a low throughput.
SAXS and NMR give structural information about the molecules and species present. As mentioned above,
NMR has a size limitation, but is able to provide high-resolution insights into the system and is very
sensitive towards changes in structure and environment. Additionally, NMR can give valuable information
about kinetics of a system. SAXS is a low-resolution technique, but the throughput is most times higher
and the sample consumption is lower than with NMR, making it more feasible for screening. In case of
monodisperse samples or in-line separation with SEC (SEC-SAXS), modeling can be applied to SAXS
data, which makes it a valuable technique for biologics despite of lower resolution.
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MD simulations point towards flexibility as a cause for plectasins aggregation
Molecular dynamic simulation is independent of artefacts in the system and can serve as a good
complementary tool to explain effects seen experimentally on a molecular level. With MD simulation, we
could observe that the point mutations did not affect the overall plectasin structural fold, which could be
confirmed by NMR.
The overall solubility score of plectasin decreased with increasing pH, which agrees with our experimental
findings, that plectasin have a higher aggregation propensity with increasing pH. The analysis of the
individual solubility score revealed that especially the N- and C-terminus are aggregation prone. Many
small patches in plectasin become lower in solubility with increasing pH (Figure S7). Especially the amino
acid stretch 16-26 included many amino acids with a decrease of solubility upon increasing pH. We believe
this can be the reason for the general conclusion that plectasin showed a lower colloidal stability at high
pH. However, this does not explain the differences in the aggregation behavior between the different
plectasin variants. Therefore, we analyzed the structural changes of the representative structures from the
MD simulations upon changes in pH. The N-terminal loop region in plectasin showed large variation among
the variants. The change in amino acid at position 9 in all variants seemed to have an impact in the loop
stability of plectasin. We could observe a misalignment of the protein’s backbone in the area of E10 in
PPI40 and PPI42 at high pH, which correlated with a higher propensity of these variants to aggregate. In
PPI41, the introduced S5 and A9 mutations were close in space which might influence the N-terminal loop
stability positively through interaction, as PPI41 was generally less flexible in that region. In contrast, PPI42
showed large backbone variations in this region, especially at W8 and E10, which might be an explanation
for the high propensity of PPI42 to aggregate upon increasing pH. The mutation sites at position 9 or 14
might disrupt the backbone and lead to alternative conformations for PPI42. We could observe a significant
difference of the flexibility in the region of Y29 and Y40, which generally seemed to influence each other
through π stacking, among the variants. In PPI41, the C-terminus at Y40 builds a salt bridge to the mutated
amino acid R26, leading to lower flexibility of the Tyrosine’s. From comparing the experimental results with
our findings in MD, we conclude that an increase in flexibility within the protein is strongly linked to
oligomerization and aggregation in plectasin. Generally, equilibrium and the types of oligomers forms
seems to be influenced by the introduced mutations.
PPI43 shows high flexibility, but high colloidal stability
It has been shown that PPI43 has improved anti-microbial activity against several microorganisms 29–34,
but an extensive stability characterization has not been published. Remarkable in the DLS and SAXS
measurements is the lower polydispersity and higher repulsion and lower RgSAXS with increasing protein
concentration of PPI43, which is an indication for a lower propensity to aggregate and higher colloidal
stability. In contrast, PPI43 appeared to be rather flexible in our MD simulations. Generally, we conclude
that increased flexibility in plectasin leads to increased aggregation propensity, although the case of PPI43
illustrates the complexity in studying and predicting protein aggregation.
CONCLUSION
Plectasin represents a complicated system with respect to protein-protein interaction, oligomerization and
aggregation in solution. Despite similarities in the solution structures of the wildtype and three variants
investigated in this study, all four plectasins show markedly different solution characteristics. As such,
plectasin turned out to be a challenge in terms of high throughput screening normally used for protein drug
development. Employing DLS, we observed a pH dependent aggregation which differed between variants.
On the contrary, DSC showed an increase in thermal unfolding temperature with an increase of pH for all
plectasin variants. An increase of the temperature of unfolding is a widely used metric for sample stability
assessment 15. However, an in-depth characterization is challenging with high throughput methods only.
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Therefore, we combined the screening of plectasin with lower throughput, more labor-intensive methods
like AUC and SAXS. These methods give much more details, but can only be applied on selected
conditions, which were chosen based on the screening results. Additionally, based on our experimental
results we conducted MD simulations to identify aggregation prone areas and analyze the impact of the
mutations on the proteins molecular structure. With this combination of methods, we were able to get a
more detailed picture of the behavior of proteins in solution. The introduced mutations do not significantly
affect the monomeric protein structure but have a clear impact on the proteins’ tendency to oligomerize
and aggregate. The plectasin variants showed different pH dependent behavior forming oligomers at
higher pH to a different extent additionally affected by concentration.
In summary, our strategy of combining high throughput screening with structural characterization is
generally applicable and adjustable to other protein systems. All methods have different advantages and
limitations, which must be taken into account for every system individually. The number of conditions and
investigated proteins is flexible and techniques can be replaced or added, depending on the applicability
to the system investigated. Furthermore, screening of excipients for stabilization is generally possible, as
long as the limitations of certain techniques are taken into account. We thus suggest a wide adoption of
the strategies outlined for the characterization of protein therapeutics.
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MATERIAL AND METHODS
Sample preparation
If not stated otherwise, all plectasin samples were dialyzed into the desired condition using Slide-A-LyzerTM
2000 MWCO dialysis cassettes (Thermo Fisher) with a buffer exchange after 2 and 4 hours and then
continued overnight, ensuring a 200-fold dilution each step. The protein concentration after dialysis was
measured using a NanoDrop™ 8000 Spectrophotometer (ThermoFisher). If not stated otherwise, all
measurements were performed at a protein concentration of 2 mg/ml (455µM), obtained by dilution into
the final condition. Filtration of the sample and buffer was performed using Luer-LokTM syringes (BD) and
0.22µm Millex®-GV filter (Merck) or 0.02µm Whatman AnotopTM 10 filter (GE Healthcare Life Science).
The pH reported was measured on the dialysis buffer if not otherwise stated.
DSC measurements
All plectasin samples were dialyzed in 10 mM Acetate pH 4.5 as described above and the concentration
was measured. A protein stock solution of 20 mg/ml was obtained by dilution with the filtered dialysis buffer
(0.2 µm). The respective formulations were obtained by a 10 times dilution into the final condition, taken
pH shift through dilution into account. Measurement was performed with a MicroCal VP-Capillary DSC
(Malvern Panalytical) with a scanning rate of 200°C/h from 25 to 125°C. The change in heat capacity ∆Cp
[cal/°C] was detected. Analysis was performed with Origin 7 including the MicroCal VP-Capillary add-in.
The respective buffer spectrum was deducted and the baseline before and after the measurement was
picked. The thermal unfolding point of the protein, T1/2, was chosen from the detected peak maximum in
change in heat capacity. Final graphs were made with Origin® 2019(OriginLabs). All measurements were
performed in biological triplicates.
DLS measurements
All plectasin samples were dialyzed in 10 mM Acetate pH 4.5 as described above, filtered (0.02 µm) and
the concentration was measured. A protein stock solution of 20 mg/ml was obtained by dilution with the
filtered dialysis buffer (0.02 µm). The respective formulations were obtained by a 10 times dilution. The
measurement was performed with a DynaPro® Plate ReaderTM II (Wyatt Technology) using Aurora 384
LV/EB plates (Brookes Life Science Systems). Silicone oil (Sigma Aldrich) was used for sealing the wells.
All measurements were performed at isothermally at 25°C with 5 s acquisition time and 20 acquisitions
per well. All formulations were measured in technical triplicates. t0 measurement was performed at room
temperature on three independent samples (biological triplicates), before one was taken for the stress
study. The cumulant fit was used for analysis. Analysis was performed DYNAMICS version 7.8.1.3 and
final graphs were made with Origin® 2019(OriginLabs).
DLS/SLS B22 and kD measurements
All plectasin variants were dialyzed into 10 mM Acetate (pH 3.5, 4.0, 4.5, 5.0, and 5.5) as described above.
Upon dialysis the pH was measured and adjusted to the desired pH using hydrochloric acid or sodium
hydroxide. For each formulation, a concentration series of 10 points was prepared with concentrations
between 3 and 16 mg/ml. All samples were centrifuged at 10,000 rpm for 10 minutes before measurement
to eliminate large aggregates. Samples were filled in triplicates of 10 µl into Aurora 1536 well plates. The
measurements were done using DynaPro® Plate ReaderTM III (Wyatt Technology) where SLS and DLS
were measured simultaneously. The measurements were done isothermally at 25 °C with 60 percent laser
power. 15 acquisitions were measured with 30 seconds acquisition time. All plates used were calibrated
using Dextran standard at concentrations 0 to 10 mg/ml. Silicone oil (Sigma Aldrich) was used for sealing
the wells. Analysis was performed using DYNAMICS version 7.8.2.18 and final graphs were made with
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Origin® 8 SR 2(OriginLabs). Only acquisitions with autocorrelation functions displaying monomeric
behavior were taken for the B22 and kD calculations.
NMR spectroscopy
All plectasins samples were prepared as described above. Upon dialysis the pH was measured and
adjusted to the desired pH using hydrochloric acid or sodium hydroxide. All NMR experiments were
acquired at 25 °C on Bruker Avance III spectrometer equipped with 5mm TCI cryoprobe and temperature
control unit. Data was acquired and processed using Topspin 3.5 (Bruker), and further analyzed in
Dynamics Center 2.5.1 (Bruker) and OriginPro 9.1 (OriginLab).
At each pH value, a combination of four experiments was acquired to characterize effect of pH on
plectasins structure and stability. At each pH point, 1D 1H, 2D natural abundance 1H-13C-heteronuclear
single quantum correlation (HSQC) experiment with sensitivity enhancement, gradient coherence
selection, and multiplicity editing was acquired. Translational diffusion coefficients (Dt) were measured by
standard pulse program stebpgp1s19 with additional water signal presaturation during the relaxation delay.
Diffusion time and gradient length were set to 49.9 and 4 ms, respectively. Dt values were derived by fitting
the data to the Stejskal-Tanner equation in Dynamics Center 2.5.1 (Bruker), with the errors in Dt estimated
using Monte Carlo simulations, as implemented in Dynamics Center. Apparent hydrodynamic radius of
protein clusters was calculated using Stokes-Einstein equation:
𝐷𝐷𝑡𝑡 =

𝑘𝑘𝑘𝑘
6𝜋𝜋𝑅𝑅ℎ 𝜂𝜂

Where 𝑇𝑇 is the absolute temperature, 𝑘𝑘 is the Boltzmann constant, 𝑅𝑅ℎ the apparent hydrodynamic radius
and 𝜂𝜂 is the viscosity. As all measurements were performed in dilute conditions, the viscosity was set to
the viscosity of water at 298K and was 0.89 mPas.
Changes in proton transverse relaxation rates (R2) were monitored using a series of modified Carr-PurcellMeiboom-Gill (CPMG) experiments with temperature compensation. The fixed echo time to allow
elimination of diffusion and J-modulation effects was 1.4 ms. The T2 values were determined by fitting the
data to a single exponential function in the Dynamics Center 2.5.1. The T2 errors were estimated using the
Monte Carlo simulation as implemented in Dynamics Center 2.5.1 (Bruker).
SAXS measurements
Sample preparation was performed as described above. All samples and dialysis buffers were filtered
(0.02 µm). The absorbance of all samples was measured using a NanoDrop™ 8000 Spectrophotometer
(ThermoFisher). Upon dialysis the pH was measured and adjusted to the desired pH using hydrochloric
acid or sodium hydroxide. A concentration series was obtained by dilution with the dialysis buffer.
Measurements were performed at the German Electron Synchrotron DESY at the P12 EMBL BioSAXS
beamline and The European Synchrotron ESRF at BM29 BioSAXS beamline. The data analysis was
performed using the ATSAS software package version 2.8.4 35. Final graphs were made with Origin®
2019(OriginLabs). The summary of the SAXS data collection is shown in Table S1 and S2.
AUC measurements
All samples were diluted with the filtered (0.02µm) dialysis buffer with a 10 times dilution before dialysis.
Dialysis was performed for 48h exchanging the buffer 10 times, ensuring a dilution of at least 200-fold
each step. The absorbance of all samples was measured using a NanoDrop™ 8000 Spectrophotometer
(ThermoFisher). All samples were diluted to an absorbance of A280 = 1. The measurements were
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performed as a sedimentation velocity run with an Optima XL-1 ultracentrifuge (Beckman-Coulter) at
50000 rpm. Data analysis was performed using sedfit version 16.1c [28][29].
Constant pH MD simulations
The crystal structure of plectasin wildtype (PDB: 3E7U) served as a template to introduce the mutations
to construct the plectasin variants. Minimization was performed with the PrepWiz tool from Schrödinger
release 2016-3 (Schrödinger, LLC, New York, NY, USA)24 and the protonation state of titratable amino
acids in dependency of pH was determined using the H++ server (http://biophysics.cs.vt.edu/H++ )38 and
fixed during the simulations. The internal dielectric constant was set to 10 and the external dielectric
constant to 80. The PDB structure was generated using the output topology and coordinate files (Amber
format) using ambpdb tool 39. MD simulation were performed in Amber as all-atom classical constant pH
molecular dynamics (MD) simulations 40 in explicid solvent. They were carried out in Amber 16
implementing the amber force field ff99SB 41 with water represented using the TIP3P water model 42.
Hydrogen bonds were contrained using the SHAKE algorithm 43. Each variant was tested in 5 different
systems for the different pH screened in this study. A truncated octahedron water box with 15Å padding in
all directions was used. Each system was simulated for 100 ns in duplicates starting from a random seed
number.
The simulations were analyzed with CPPTRAJ 44 in Amber16, and VMD 1.9.3 45. Clustering was based on
grouping similar conformations into distinct clusters based on agglomerative hierarchical clustering.
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SUPPORTING INFORMATION

Figure S1: Overlay of 1H-13C HSQC spectra of PPI40 (black), PPI41 (red), PPI42 (blue) and PPI43
(magenta).

Figure S2: Overlay of 1H-13C HSQC spectra of PPI40 at pH 3.5 (red), 4.0 (orange), 4.5 (green), 5.0 (purple)
and 5.5 (blue)
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Figure S3: Overlay of 1H-13C HSQC spectra of PPI41 at pH 3.5 (red), 4.0 (orange), 4.5 (green), 5.0 (purple)
and 5.5 (blue)

Figure S4: Overlay of 1H-13C HSQC spectra of PPI42 at pH 3.5 (red), 4.0 (orange), 4.5 (green), 5.0 (purple)
and 5.5 (blue)
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Figure S5: Overlay of 1H-13C HSQC spectra of PPI43 at pH 3.5 (red), 4.0 (orange), 4.5 (green), 5.0 (purple)
and 5.5 (blue)
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Table S2: Overview of structural parameters measured derived from SAXS measurements.
Protein

Buffer
10 mM acetate

beamline

Guinier

c
I(0)/c 1
(mg/ml)
1.0
1224*
2.4
1730*
PPI40
pH 3.5
P12 (EMBL)
4.7
1411*
7.8
1353*
10.4
1414*
1.0 0.0055
1.8 0.0057
4.0 0.0067
PPI40
pH 5
P12 (EMBL)
6.3 0.0074
8.5 0.0087
16.2 0.0120
0.9
1218*
2.2
1457*
4.9
1782*
P12 (EMBL)
PPI41
pH 3.5
6.9
1754*
9.9
1775*
14.5
1780*
1.0 0.0063
2.0 0.0067
5.0 0.0084
7.0 0.0087
PPI41
pH 5
BM29 (ESRF)
10.0 0.0088
15.0 0.0100
20.0 0.0111
1.0
1086*
1.3
1090*
3.5
1137*
PPI42
pH 3.5
P12 (EMBL)
4.6
1247*
6.9
1198*
1.0 0.0048
2.0 0.0051
5.0 0.0056
PPI42
pH 5
BM29 (ESRF)
7.0 0.0069
8.4 0.0098
1.6
1142*
2.7
1201*
5.2
1435*
PPI43
pH 3.5
P12 (EMBL)
8.6
1348*
12.4
1331*
19.0
1347*
1.3 0.0053
3.3 0.0055
5.8 0.0064
7.9 0.0069
PPI43
pH 5
P12 (EMBL)
10.3 0.0078
15.4 0.0089
21.5 0.0097
33.8 0.0110
1
I(0)/c was calibrated on water if not otherwise stated
*calibration on BSA

p(r)

Rg
I(0)/c 1
(nm)
1.08
1163*
1.35
1680*
1.05
1403*
1.11
1360*
1.12
1443*
1.12 0.0054
1.14 0.0057
1.18 0.0068
1.25 0.0074
1.33 0.0089
1.55 0.0120
1.13
1203*
1.14
1464*
1.17
1794*
1.16
1774*
1.17
1806*
1.15
1828*
1.26 0.0061
1.38 0.0066
1.32 0.0084
1.33 0.0088
1.31 0.0089
1.40 0.0101
1.48 0.0113
1.05
1072*
1.08
1058*
1.02
1134*
1.05
1244*
1.03
1215*
1.21 0.0047
1.24 0.0051
1.20 0.0056
1.35 0.0069
1.85 0.0098
0.98
1150*
0.98
1206*
1.02
1449*
1.01
1369*
1.03
1353*
1.06
1371*
1.01 0.0052
1.05 0.0054
1.12 0.0065
1.15 0.0071
1.20 0.0081
1.27 0.0091
1.31 0.0099
1.38 0.0115

53

Apparent MW
(kDa)
Rg
(nm) Guinier p(r)
1.017
7.9
7.6
1.309
11.2
10.9
1.054
9.2
9.1
1.134
8.8
8.8
1.172
9.2
9.4
1.163
7.6
7.5
1.163
7.9
7.8
1.221
9.3
9.4
1.313
10.2
10.3
1.426
12.0
12.3
1.611
16.6
16.6
1.143
7.9
7.8
1.158
9.5
9.5
1.185
11.6
11.6
1.186
11.4
11.5
1.202
11.5
11.7
1.197
11.6
11.9
1.22
8.8
8.4
1.368
9.3
9.1
1.347
11.6
11.6
1.35
12.1
12.1
1.353
12.2
12.4
1.438
13.9
13.9
1.567
15.3
15.6
1.045
7.1
7.0
1.03
7.1
6.9
1.025
7.4
7.4
1.052
8.1
8.1
1.069
7.8
7.9
1.271
6.6
6.5
1.248
7.1
7.1
1.239
7.8
7.8
1.412
9.5
9.6
1.917
13.5
13.5
1.017
7.4
7.5
1.006
7.8
7.8
1.058
9.3
9.4
1.045
8.8
8.9
1.059
8.6
8.8
1.089
8.7
8.9
1.002
7.3
7.1
1.052
7.6
7.5
1.146
8.9
9.0
1.212
9.6
9.8
1.281
10.8
11.2
1.334
12.3
12.7
1.357
13.4
13.6
1.412
15.2
15.9

Table S3: Slope m, y-Axis intercept b and R2 of the linear regression of the RgSAXS/RhAUC vs. concentration
fit of all plectasins at pH 3.5 and pH 5. The fit parameters of PPI42 at pH 5 are marked red due to the
exponential curve shape.
pH 3.5
pH 5

m
PPI40
PPI41
PPI42
PPI43

0.0138
0.0034
0.0042
0.0033

b
0.7863
0.9974
0.8343
0.7994

R2
0.9685
0.7522
0.505
0.7994

m

b

0.0242
0.009
0.056
0.0086

0.868
0.8409
0.8809
0.8422

R2
0.9822
0.7973
0.5827
0.9578

Table S4: Components of all plectasins in solution at pH 3.5 and 5 measured with analytical
ultracentrifugation.
Protein pH fit rmsd
PPI 40
PPI 40
PPI 40
PPI 41
PPI41
PPI42
PPI42
PPI43
PPI43

5
5
3.5
5
3.5
5
3.5
5
3.5

0.01261
0.016077
0.012737
0.0136
0.012483
0.012977
0.012303

0.012364
0.013699

component 1
sw sw(20,w) percentage MW [Da] Rh [nm]
1.032 0.921
98.48
4465
1.29
1.039 0.926
97.978
4478
1.29
1.009
0.9
96.804
4270
1.26
1.037 0.925
96.605
4492
1.29
0.934 0.833
94.003
3841
1.23
0.996 0.888
96.34
4216
1.24
0.922 0.822
91.354
3899
1.23
0.927 0.827
96.431
4398
1.39
0.934 0.833
97.748
3952
1.24

component 2
sw sw(20,w) percentage MW [Da] Rh [nm]
4.487 4.002
0.013 40458
2.7
4.492 4.006
0.505 40278
2.68
3.995 3.527
1.258 33114
2.5
2.775 2.475
1.155 19674
2.11
2.831 2.525
3.006 20268
2.13
3.273 2.919
1.017 25128
2.24
2.545
2.27
4.235 17881
2.05
3.511

3.132

1.197

28808

2.4

component 3
sw sw(20,w) percentage MW [Da] Rh [nm]
12.616 11.252
0.09 144234
4.52
9.71
8.66
0.275 128020
3.94
6.726 5.999
0.028 73445
3.26
5.189 4.628
0.301 50289
2.89
5.485 4.892
1.452 54664
2.97
4.782 4.265
0.93 44380
2.71
4.745 4.232
1.51 45523
2.8
6.808

6.073

0.394

77789

3.35

Table S5: Theoretical calculated biophysical parameters of plectasin (HullRad 25).

Protein
PPI40
PPI41
PPI42
PPI43

MW

Rh

Rg

D max

s *10-13

(Da)

(nm)

(nm)

(nm)

(sec)

4409
4366
4395
4418

1.068
1.066
1.071
1.072

0.906
0.906
0.906
0.906

3.482
3.482
3.482
3.482

0.998
0.985
0.972
0.979
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R g /R h
0.848
0.85
0.846
0.845

sw

component 4
sw(20,w) percentage MW [Da] Rh [nm]

8.534
8.935
7.421
8.096

7.611
7.969
6.619
7.221

0.161 106079
0.04 113648
0.423 85804
1.313 101449

3.7
3.79
3.38
3.66

11.023

9.833

0.029 160266

4.26

Figure S7: Overall solubility score of all full plectasin proteins (A) and structurally corrected solubility score
of each amino acid in each variant (B-E) derived from CamSol 26.
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Figure S8: Simulated structure of all plectasin variants at constant pH 3.5 (blue) and 5 (red). A: PPI40, B:
PPI41, C: PPI 42, D: PPI43. Figures was made with PyMOL 22.
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Figure S9: Alternative view on the N-terminal loop of all four plectasin variants at pH 3.5 (light blue) - 5.5.
(dark blue); PPI40 (A), PPI41 (B), PPI42 (C) and PPI43 (D). Figures was made with PyMOL 22.
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Figure S10: Backbone alignment of all four plectasin variants at different pH. The colour coding indicates
the pH from 3.5 (lightblue) to 5.5 (darkblue). Y29 and Y40 are coloured in brown and K26 and R26 in
PPI41 are coloured in magenta and cyan. Figures was made with PyMOL 22.

Figure S11: Structurally corrected solubility score from CamSol on surface of PPI40 at pH 3.5 (A) and pH
5 (B). Figures was made with PyMOL 22.
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Figure S12: Structurally corrected solubility score from CamSol on surface of PPI41 at pH 3.5 (A) and pH
5 (B). Figures was made with PyMOL 22.

Figure S13: Structurally corrected solubility score from CamSol on surface of PPI42 at pH 3.5 (A) and pH
5 (B). Figures was made with PyMOL 22.
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Figure S14: Structurally corrected solubility score from CamSol on surface of PPI43 at pH 3.5 (A) and pH
5 (B). Figures was made with PyMOL 22.
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3. pH dependent fibril formation of PPI42
In most cases, protein aggregates in the context of pharmaceutical protein drug development refers to
amorphous or disordered aggregates based on non-specific protein-protein interactions 1–3. For
pharmaceutical drugs, protein aggregation is an unwanted process because it can lead to loss of
function and immunogenicity in patients 4,5. In human pathologies, protein aggregation mostly refers to
the formation of protein fibrils. Protein fibrils are highly ordered protein aggregates based on specific
protein-protein interactions. Protein fibrils are probably best known from disease linked amyloid fibrils
such as amyloid-β in Alzheimer´s disease or α-synuclein in Parkinson´s disease.
Protein aggregation is based on thermodynamic instability and partial unfolding of a protein. The
smallest subunit built is the protein dimer, which then assembles to oligomers and subvisible aggregates
upon addition of further particles. Visible aggregates also referred to as precipitates appear from a size
of approx. 100 µm.
Based on the characterization of plectasin it was obvious that the mutant PPI42 showed special protein
properties, forming large aggregates. When dialyzed above pH 5, PPI42 formed a gel in the dialysis
cassette. One hypothesis was that the gel formation of PPI42 was based on the formation of protein
fibrils. In the following manuscript, this hypothesis was studied and ultimately validated using a series of
structural biology techniques including atomic force microscopy, NMR and electron microscopy.

Abstract Figure: Graphical abstract of the protein fibrils formation of the plectasin 9S 14K 36L variant.
The fibrils are double stranded and plectasin seems to remain in its native form within the fibril.
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ABSTRACT
Fibril formation plays an important role in protein behavior. Formation of amyloid fibrils remains the bestknown example due to their involvement in neurodegenerative diseases. Amyloid fibrils can be formed by
a wide range of proteins and are characterized by a refolding of the proteins to fibrils with predominant βsheet form. Much less is known about non-amyloid fibril formation of proteins. Here, we show that a triplemutant variant of the anti-microbial peptide plectasin can form non-amyloid fibrils at neutral and basic pH.
The fibrils were subsequently characterized by biophysical and structural methods. Plectasin contains a
core of three disulfide bonds and does not refold when it forms the fibrils. Assembly to non-amyloid fibrils
is pH-dependent and reversible. Structurally, the fibrils consist of two single strands winding around each
other to form a left-handed superstructure with a height of 3.9 nm and a periodicity of 29 nm. The formation
of plectasin fibrils follows a sigmoidal kinetic and shows a pH-dependent equilibrium between soluble
monomer and protein fibril.
INTRODUCTION
Self-assembly of proteins is a hallmark of the behavior of proteins in nature. For protein polymers and
fibrils, this assembly is highly ordered and can serve different purposes. Protein fibrils have been found to
serve as structural elements1 in long-term memory in microorganisms 2.In mammalian cells, they were
also found to template Melanin polymerization3 as a protection against cytotoxic damages, to constitute
part of peptide storage in the endocrine system4 and to be involved in signal transduction5. Protein
polymers form the cytoskeleton in form of tubulin and actin filaments in mammalian cells. The majority of
proteins assembling to polymers found in nature are amyloid fibrils, which are best known for their role in
neurodegenerative diseases like Alzheimer’s disease6 or prion related diseases like Creutzfeldt-Jakob
disease and Bovine Spongiform Encephalopathy7. At least 40 proteins have been linked to amyloid
diseases8, but there are also minimum 12 known functional amyloids9. In amyloid fibril formation, the
protein undergoes a refolding into a β-sheet-rich form and forms highly ordered structures with a distinct
X-ray diffraction pattern, known as cross-β- sheet motif10. Apart from their role in nature, protein fibrils have
become interesting for biotechnology11 and material science12. Amyloid fibrils have been studied
intensively over the last century, but the study on non-amyloid protein polymers has remained much more
limited.
Plectasin is an endogenous peptide antibiotic of 4.4 kDa molecular weight that is active against Grampositive bacteria13 by binding lipid II and preventing its incorporation into the bacterial cell wall14. Plectasin
consists of 40 amino acids and shows well-defined secondary structural elements in form of an α-helix
(M13-S21) and an antiparallel β-sheet (G28-A31; V36-C39)13,15 (Figure 1). The structure of plectasin is
stabilized by three disulfide bridges (C4-C30; C15-C37; C19-C39), which is typical for this type of defensins
and leads to a very high stability towards unfolding. Plectasin is a potential protein drug in the efforts
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against increasing bacterial resistance, as it showed favorable characteristics such as low toxicity, high
serum stability and long in vivo half-life13,14 in addition to its anti-microbial activity.
In this study, we describe the non-amyloid fibril formation of the plectasin variant D9S Q14K V36L, referred
to as PPI42.The mutations were originally implemented to increase anti-microbial activity. Due to the D9S
and the Q14K mutation, the net charge of PPI42 is higher than for the plectasin wildtype (PPI40). In a
previous study, we could show that the introduced mutations only have a minor effect on the overall
structure of plectasin. We observed, however, significant differences in the pH-dependent oligomerization
propensity of PPI42 as compared to PPI40. We could conclude that the oligomers formed by the PPI42
differ from the oligomers formed by PPI40. This study characterizes the kinetics, pH-dependence and
structure of protein fibrils formed by PPI42 on a molecular level.

Figure 1: Structure and sequence of PPI40 (blue) (PBDID: 3E7U 18) and PPI42 (orange). The mutated
amino acids are labeled in red and shown as sticks in PPI40 and PPI42. The three disulfide bonds (C4C30; C15-C37; C19-C39) are shown as sticks. Figure was made with PyMOL 16.
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RESULTS
When dialyzed at physiological pH, PPI42 formed a gel at protein concentrations above 10 mg/ml, while
the plectasin wildtype, PPI40 remained in solution under the same conditions. Gel formation occurred
irrespective of the chemical nature of the buffers tested in this study (histidine, tris, acetate, citrate, no
buffer). When dialyzed into acidic pH, the gel formation proved reversible and protein went into solution.
In our previous study, we found a pH dependent loss in NMR signal of PPI42 at the same protein
concentration, indicating that large protein clusters are formed which could not be captured with liquid
state nuclear magnetic resonance (NMR) spectroscopy. Additionally, we found an exponential increase of
apparent molecular weight MW and radius of gyration Rg with increasing protein concentration at pH 5 in
small-angle X-ray scattering (SAXS) measurements. Based on these results, we concluded that PPI42
forms large oligomers resulting in gel formation As Rayleigh scattering is proportional to the sixth power
of the particle radius, it readily captures small fractions of large oligomers. Hence, dynamic light scattering
(DLS) was used to determine the onset and concentration dependence of PPI42´s oligomerization. The
pH onset was measured at a protein concentration of 3 mg/ml (680 µM), where PPI42 was not a gel. Based
on the results, three size ranges for the DLS measurements of PPI42 were set, 0-5 nm to capture the
monomeric fraction, 5-200 nm to capture medium sized oligomers and 200-1000 nm to capture the large
oligomers, we believed were the cause of PPI42 gelation. At pH 4.5, PPI42 did not show signs of scattering
from oligomers. From the cumulant analysis of the autocorrelation function the hydrodynamic radius Rh of
1.1 nm could be determined, which is close to the theoretically expected Rh of 1.37 nm 17, determined from
structure of the plectasin wildtype (PBDID: 3E7U 18). Small differences between the experimental and
theoretical Rh most likely derive from repulsion in the sample, which we previously observed in SAXS
measurements. Therefore, PPI42 at pH 4.5 was used as a reference for monomeric PPI42. From pH
values of 5 and above, we could observe small fractions of medium sized and large oligomers (Figure 2A).
With increasing pH, the fraction of large oligomers increased. The concentration dependence at pH 6.5
showed a similar correlation between the fraction of large oligomers and concentration (Figure 2B). The
fraction of medium sized oligomers did not increase significantly with concentration. The diagram showing
the mass percentage in each fraction elucidated that the fraction of PPI42 containing large oligomers
consist only of a few percent, but shows a significant increase with increasing concentration (Figure S1).
This means that monomer and large oligomer exist in a concentration-dependent equilibrium.

Figure 2: A: Dependence of plectasin oligomerization on pH determined by DLS at c=3 mg/ml. B:
Concentration dependency plectasin oligomerization. Data is mean ± S.D. for 3 replicates.
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Using atomic force microscopy (AFM), the topography of the gel was investigated by PeakForce
Quantitative Nanomechanical Mapping (QNM), through which simultaneous mapping of topography
adhesion and elasticity of the sample is possible. The topology of the gels formed by PPI42 in acetate
(Figure 3, Figure S2), histidine (Figure S3), citrate (Figure S4) and water (Figure S5), was investigated at
protein concentrations of approximately 20 mg/ml (4.5 mM). Long pearl-like fibril structures building a
network could be observed in all samples. The height h of the fibrils was measured between 3.5 and 4.2
nm and the periodicity was 29 nm. All samples showed similar elasticity of 0.7-1.0 GPa and surface
morphologies of the gels, meaning that the fibrils formed by PPI42 are identical, independent of the buffer.
The height and periodicity of the fibrils did not fit the dimensions of monomeric plectasin but indicated a
periodic superstructure.

Figure 3: AFM measurements on PPI42 dialyzed in Acetate pH 5. PeakForce Quantitative
Nanomechanical Mapping (QNM) was used for imaging, with simultaneous mapping of topography,
adhesion and elasticity.

66

Negative stain electron microscopy (EM) was used to get more insights into the structure of the fibrils
formed by PPI42. The fibrils were formed in Acetate buffer of pH 5.5 and the total protein concentration
after dialysis was approx. 20 mg/ml (4.5 mM). From the images we could see, that the pearl-like structures
seen in AFM, consist of two single polymer strands winding around each other to form left-handed helical
structures (Figure 4). In Figure 4B, C, an open end of the fibrils can be seen, showing that the single strand
polymer of PPI42 formed first and then assembles to the helical superstructure. The network built by PPI42
fibrils was similar in AFM and negative stain EM. The periodicity of 29 nm along the fibril obtained by
negative stain EM, was very similar to the periodicity measured with AFM (Figure S10). X-ray fiber
diffraction of the dried fibrils at pH 5.5 with a protein concentration of 20 mg/ml (4.5 mM), did not indicate
amyloid fibrils.

Figure 4: Images of the fibrils formed by plectasin measured with negative stain EM. The fibrils are formed
by two single strands, forming left-handed helical structures.
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Thioflavin T (ThT) is widely used to follow amyloid fibril formation via fluorescence measurements 19 and
was therefore used to investigate whether the fibrils formed by PPI42 are amyloid fibrils. Insulin, which is
known to form amyloid fibrils upon shaking at 40°C, was used as a positive control 20. Insulin, PPI40 and
PPI42 were investigated at protein concentrations of 2 mg/ml. In contrast to insulin, neither PPI40, nor
PPI42 showed an increase of fluorescence (Figure 5A). Since it was not clear if plectasin fibrillated at the
same temperature or upon mechanical stress by shaking similar to insulin, different temperatures and
forms of mechanical stress were tested, but none of them led to an increase of fluorescence for plectasin
(data not shown). Additionally, a fluorescence measurement was performed of preformed insulin amyloid
fibrils, PPI40 and PPI42, which had formed a gel upon dialysis at pH 5.5. No increase of fluorescence for
PPI40 and PPI42 could be observed (Figure 5B).

Figure 5: A: Thioflavin T fluorescence measurement over time on PPI42, PPI40 and insulin (c=2 mg/ml,
T=40°C). B: Fluorescence measurement (490 nm) of preformed insulin fibrils (40°C) compared to PPI40
and PPI42 in acetate pH 5.5 (B).
A change in secondary structure is a hallmark of amyloid fibril formation. To investigate, whether the
secondary structure of plectasin changed upon fibril formation, circular dichroism (CD) measurements
were employed. At pH 3.5, PPI42 did not form a gel during dialysis. When investigated with DLS, Rh was
determined to 1.01 nm, which corresponds to mostly monomeric protein. At pH 5.5, PPI42 formed a gel,
meaning that protein fibrils were present in the sample. CD measurements on both samples were
compared to the plectasin wildtype at the same conditions (Figure 6). The spectra were normalized to
ellipticity θ at 225 nm, due to uncertainties of concentration of the gelled PPI42 sample. CD spectra
resemble the presence of α-helix and antiparallel β-strands in soluble and aggregated forms. Neither
PPI40 nor PPI42 showed a change in the shape of the spectrum upon change of pH., but the spectra of
PPI42 differ slightly from the plectasin wildtype, PPI40, most likely due to small variations in secondary
structure from the introduced mutations. Thus, we can conclude that the plectasin fibrils were not amyloid
fibrils.
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Figure 6: CD measurements on PPI42 (red) compared with PPI40 (black) at pH 3.5 (dark colored) and pH
5.5 (light colored) at c=0.132 mg/ml (30 µM). Spectra were normalized to θ at 225 nm.
We utilized real-time NMR spectroscopy to follow the kinetics of PPI42 fibrillation in situ at various pH
values and a protein concentration of 1.1 mg/ml (250 µM and 50 mM phosphate buffer). PPI42 fibrils are
silent to liquid state NMR, and the time series therefore followed the fraction of monomer over time. The
kinetics of protein fibrillation were followed based on integration of the methyl groups of Ile-22 and Leu-36
(Figure 7A). The kinetic progress of fibrillation notably showed sigmoidal behavior, strongly indicative of
the need for an initial nucleation step to facilitate fibril growth. Additionally, both the fibrillation kinetics and
the fraction of monomer in solution at equilibrium were pH dependent. Contrary to onset of fibril formation
at pH 5 determined with DLS, we did not observe a loss of monomeric fraction at pH 5.5 and 6, most likely
due to a difference in protein concentration. The pH-responsive fibrillation kinetics showed a transition
between pH 6.0 and 7.0 (Figure 7A), indicative of the titration of a histidine playing a role in fibrillation. The
titration behavior of chemical shifts for the H2 and H4 in the imidazole rings of His-16 and His-18 was
therefore determined by 2D 1H-1H TOCSY NMR spectra (Figure 7B). The pKa for His-16 was around 4.4,
while for His-18, the pKa was around 6.4. Ser-21 H2 showed a similar pH response as His-18, thus
indicating that the helix cap is structurally affected by the titration of His-18. Upon increase of pH, we
observed wider signals and small variations of the chemical shift in the 1D 1H spectrum of PPI42 (Figure
S9).
Subsequently, fibrillation kinetics were probed in dependence of seeding and monomer concentration. To
a sample of PPI42 freshly diluted into pH 6.75, 5 µl of a previously equilibrated sample (containing fibers)
was added for seeding, which led to a vastly accelerated fibrillation (Figure S8). This observation supported
that a nucleation step occurs in fibrillation. Fibrillation kinetics as followed by in situ NMR at varying
plectasin concentrations at pH 6.75 showed a strong dependence of the supramolecular reaction on
protein concentration (Figure 8).

69

Figure 7: A: Fibrillation kinetics of PPI42 measured with NMR. The fraction of monomer was determined
by integration of 1H signals for the Ile-22 and Leu-36 methyl groups (shown in Figure 8). B: Titration curves
of His-16, His-18 (H2 and H4 in imidazole ring) and Ser-21 HN determined by resolving the signals with 2D
1
H-1H TOCSY. The grey bars indicate the pKa of the titratable side chains. All measurements were
conducted in 50 mM phosphate buffer

Figure 8: Fibrillation kinetics at various protein concentrations measured at pH 6.75
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DISCUSSION
A combination of several methods was used to characterize the pH-responsive non-amyloid fibril formation
of the plectasin variant PPI42 into left-handed superstructures containing structurally intact plectasin.
DLS was utilized to detect the onset of PPI42 fibril formation and its concentration dependence. Already
small quantities of less than one mass percent of large protein aggregates, which we believe were the
protein fibrils, could be detected in this manner. However, the strong influence of polymers in these
measurements implies that small variations in quantities of fibrils or other large particles can result in
issues with exact quantification and reproducibility. We could determine the pH onset of the fibril formation
for PPI42 around pH 5 at protein concentrations of ~0.7 mM. The equilibrium between the quantity of fibrils
formed and soluble monomer turned out to be dependent on pH and protein concentration. Increasing
either of these two parameters shifted the equilibrium towards protein fibrils. The fraction of soluble,
medium sized oligomer did not show a clear trend with increasing pH or concentration, indicating stable
particles in solutions. Therefore, it is most likely that monomers are added to the fibrils at the fibril ends
directly, without the formation of larger building blocks adding to the fibril.
AFM was used to image the morphology of the fibrils and the network they form in the gel and collect
important characteristics of the fibrils such as height, periodicity, elasticity and adhesion by using
PeakForce QNM. Independent of the buffer system, PPI42 polymerized into pearl-like protein fibrils with a
height of around 3.9 nm and a periodicity of 29 nm. The elasticity was similar for all samples at between
0.7 and 1.1 GPa. This value is lower than the elasticity that is typically observed for amyloid fibrils (2-4
GPa) 21,22, but is in a similar range for instance as the elasticity reported for flexible non-amyloid fibrils
formed by ovalbumin 23. Negative stain EM is a step towards high-resolution structure determination. The
fibril network observed with negative stain EM was consistent with the AFM measurements. Due to the
higher resolution, we were able to identify two single fibrillar strains building left-handed helical
superstructures, which explain the pearl-like structures observed in AFM.
In addition, we characterized the fibrils biophysically. Thioflavin T, which is widely used as the ´goldstandard´ to characterize fibril growth of amyloid fibrils through an increase of fluorescence 24. However,
the fluorescence did not increase in the sample containing the fibrils formed by PPI42. Amyloid fibrils are
characterized by a refolding of a native state into a β-sheet-rich form, when forming the fibrils. Therefore,
we measured CD on the fibrils formed by PPI42 at pH 5.5 and compared it with the spectrum of non-fibrillar
PPI42 in solution at pH 3.5 and with the spectra of the plectasin wildtype PPI40 under both conditions. We
could not observe a significant change in secondary structure of PPI42 upon fibril formation. The spectra
of PPI42 showed small differences to the spectra of PPI40, most likely as a consequence of the introduced
mutations. The stability of the plectasin fold during fibrillation is consistent with three disulfide bonds
maintaining this fold and preventing a more massive refolding.
As protein fibrils are highly ordered and contain repeating structures, X-ray fiber diffraction can be used
for characterization. Due to their cross-β structure, amyloid fibrils have a very distinct diffraction pattern of
horizontal 4.8 Å reflection resulting from the inter strand spacing between the β-sheets and a protein
dependent equatorial reflection of approximately 10 Å resulting from the stacked β-sheets10,25,26. However,
for PPI42 fibrils we did not observe this distinct diffraction pattern. The periodicity of 29 nm observed by
AFM is too large to be observed in X-ray fiber diffraction. Overall, our biophysical characterization thus
gave strong indication that the fibrils formed by plectasin are not of amyloid nature but formed by a ‘nativelike’ protein.
The fact that PPI42 fibrillation is pH-responsive and reversible led us to assume that ionic intermolecular
interactions lead to the fibrillation, indicating that either D9S mutation or Q14K mutation facilitate PPI42
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fibrillation as compared to the wild type, PPI40. We utilized NMR spectroscopy to get insights into the
kinetics of PPI42 fibril formation. The fibrils itself are NMR silent in liquid state NMR, but from the loss of
monomer signal we were able to track the progress of fibril formation through the fraction of remaining
monomer. NMR spectroscopy of the aggregation reaction showed that the kinetics of PPI42 fibril formation
followed a sigmoidal curve with a pH dependent equilibrium between monomeric fraction and fibrillar
protein, consistent with the DLS results. The kinetics and the equilibrium between monomer and fibrillar
fraction are influenced by pH and protein concentration. The sigmoidal curve shape indicated that a
nucleation step is required for fibril formation. A seeding experiment with an already equilibrated sample
showed accelerated kinetics, which supported this hypothesis. Generally, we observed wider 1H signals
with increasing pH, which is expected due to faster NH exchange in the protein backbone at the higher pH
values employed 34,35. Even though the protein fibril is silent to NMR, we could observe some changes in
chemical shifts with changing pH, reflecting changes in the local shielding at the relevant atomic sites. For
the titratable sidechains of His-16 and His-18 a pKa could be determined through pH titration of the NMR
signals. His-16 showed a pKa of 4.4, which is exceptionally low for an imidazole side chain, and His-18
showed a pKa of 6.4. It has been shown that variability of histidine pKa values increases when the side
chain is buried 36. His-18 showed a pKa value very close to the transition of PPI42 from a monomeric to
fibrillose state. Thus, it could be argued that His-18 plays a role in the pH response eliciting the fibril
formation of PPI42. Histidine has multiple modes of interaction (ionic interaction, formation of hydrogen
bonds and π-stacking of aromatic ring) and is therefore often involved in active sites or protein-protein
interaction, which might also be the case in the fibril formation of PPI42. Efforts to obtain high-resolution
cryo EM structure of the fibrils formed by PPI42 are currently underway to clarify the interaction sites.

CONCLUSION
Protein fibrillation is a widely studied phenomenon. Fibrils and other polymers can serve as structural or
functional elements but can also be the cause of fatal neurodegenerative diseases. In our study, we report
a variant of plectasin as the first example of a non-amyloid fibril forming anti-microbial peptide. We could
show that the fibril formation is not caused by a protein refolding and thus, the anti-microbial activity is
most likely still intact.
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MATERIAL AND METHODS:
Sample Preparation:
If not stated otherwise, all plectasin samples were dialyzed into the desired condition using Slide-A-LyzerTM
2000 MWCO dialysis cassettes (Thermo Fisher) with a buffer exchange after 2 and 4 hours and then
continued overnight, ensuring a dilution of at least 200 times in each step. The concentration of PPI40
stock solution was c = 39 mg/ml (8.9 mM) and of PPI42 c = 37 mg/ml (8.4 mM). If not gelled, the protein
concentration after dialysis was measured using a NanoDrop™ 8000 Spectrophotometer. The pH reported
was measured on the dialysis buffer if not otherwise stated.
Atomic Force Microscopy:
Atomic force microscopy was performed on plectasin dialyzed in 10 mM Acetate pH 5, 10 mM Citrate pH
5, H2O pH 5, 10 mM Histidine pH 6.5. All samples formed a gel. A piece of gel was gently transferred to
silicon wafer and dried at ambient conditions. All samples were washed three times with water and dried
again. PeakForce Quantitative Nanomechanical Mapping (QNM) was used for imaging, with simultaneous
mapping of topography, adhesion, and elasticity.
Circular Dichroism:
Plectasin was dialyzed into 10 mM Acetate pH 3.5 and pH 5.5 and filtered if possible (0.02 µm). A sample
of 30 µM (0.132 mg/ml) was prepared by dilution with the filtered dialysis buffer. The CD spectrum was
measured with a JASCO J-1000 spectrometer from 190-260 nm with 1 mm optical path. 5 spectra were
accumulated for each measurement. Ellipticity θ (mdeg.) was converted to molar ellipticity [θ]:
[𝜃𝜃] =

100 ∗ 𝜃𝜃
𝑐𝑐[𝑀𝑀] ∗ 𝑙𝑙(𝑐𝑐𝑐𝑐)

c is the protein concentration and l is the pathlength.
Dynamic Light Scattering:

Plectasin samples were dialyzed in 10 mM Acetate pH 4.5 as described above, filtered (0.02 µm) and the
concentration was measured. A protein stock solution of 20 mg/ml (4.5 mM) was obtained by dilution with
the filtered dialysis buffer (0.02 µm). The respective formulations were obtained by a 10 times dilution. The
measurement was performed with a DynaPro® Plate ReaderTM II (Wyatt Technology) using Aurora 384
LV/EB plates (Brookes Life Science Systems). All measurements were performed at 25°C with 5 s
acquisition time and 20 acquisitions per well. All formulations were measured in triplicates. The analysis
was performed DYNAMICS version 7.8.1.3 and final graphs were made with Origin® 2019(OriginLabs).
Fiber Diffraction:
Plectasin was dialyzed into 10 mM acetate pH 5.5. The gelled sample was dried for 48 hours and was
analyzed using a Supernova CCD diffractometer from Agilent.
Thioflavin T Fluorescence Measurements:
Insulin (lyophilized, Sigma-Aldrich) was dissolved into 0.2 M Glycine-HCl pH 2.5. The protein concentration
was adjusted by dilution with 0.2 M Glycine-HCl pH 2.5 to 2 mg/ml. A Thioflavin T (ThT) stock solution of
5 mM in water was prepared. The final ThT concentration was 20 µM. Insulin was fibrillated after the
protocol of Frankjær et al. Insulin was fibrillated at 40°C for 250 cycles, shaking at 600rpm (double orbital)
for 150s and 150s incubation without shaking. Plectasin was dialyzed in 10 mM Acetate pH 5.5. A final
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concentration of 2 mg/ml was obtained by dilution with the dialysis buffer and ThT was added to a final
concentration of 20 µM. The fluorescence was monitored after each cycle at 490 nm with a gain of 1000.
Additionally, a measurement of the fluorescence of dialyzed plectasin was compared with fibrillated Insulin
as an end-point measurement.
Negative Staining:
Plectasin was dialyzed in 10 mM Acetate pH 5.5. Freshly evaporated carbon (20 nm) and freshly cleaved
mica was cut to a 3x3 mm square. The carbon was detached by blowing, to incorporate the sample into
the grid.

NMR measurements:
Samples of 500 µl volume protein solution were prepared for NMR spectroscopy. The samples contained
protein at 250 µM concentration (unless indicated otherwise) in 50 mM phosphate buffer containing 10%
v/v D2O as the lock substance. All NMR spectra were recorded on an 800 MHz Bruker Avance III NMR
spectrometer equipped with an 18.7 T Oxford Magnet and a Bruker TCI CryoProbe at 298K. Protein
aggregation over time was followed in situ by a sequence of one-dimensional 1H NMR experiments
employing excitation sculpting as the water suppression scheme. The series of one-dimensional 1H NMR
was implemented as a pseudo-2D experiment, which sampled 16384 complex data points during an
acquisition time of 1.27 seconds and accumulated 128 transients with an interscan relaxation delay of 1
second per time point.
2D 1H-1H TOCSY NMR spectra were acquired sampling the FID for 117 and 14.5 milliseconds by acquiring
1024×128 complex data points in the direct and indirect dimension, respectively. For these 1H-1H TOCSY
NMR experiments, 16 transients were acquired with an inter-scan relaxation delay of 1 second. All NMR
spectra were processed with ample zero filling in all spectral dimensions in Bruker Topspin 3.5 pl7 software
and integrated in the same software. Data were plotted in proFit 7 (Quantum Soft, Switzerland). Titration
curves were fitted to the Henderson-Hasselbalch equation in proFit 7 as
𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜 = (𝛿𝛿𝐴𝐴 + 10𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝 ∗ 𝛿𝛿𝐻𝐻𝐻𝐻 )/(1 + 10𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝 ),

where δobs is the measured chemical shift, δA is the chemical shift of the deprotonated form and δHA is the
chemical shift of the protonated form.
The pH of the sample was determined after the measurement.
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SUPPORTING INFORMATION

Figure S1: Dependence of plectasin oligomerization on protein concentration determined by DLS shown
as %Mass at pH 6.5. Data is mean ± S.D. for 3 replicates.

Figure S2: AFM measurements on PPI42 in Acetate pH 5.
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Figure S3: AFM measurements on PPI42 in His pH 6.5. The height (h) and the periodicity along the fibril
(p) are shown on the right.
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Figure S4: AFM measurements on PPI42 in Citrate pH 5. The height (h) and the periodicity along the fibril
(p) are shown on the right.
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Figure S 5: AFM measurements of PPI42 in H2O pH ≈ 5. The height (h) and the periodicity along the fibril
(p) are shown on the right.

Figure S6: Loss of monomer signals over time for PPI42 (0.25 mM, 298 K) in NMR in 50 mM phosphate
buffer of the displayed pH values.
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Figure S7: 1H NMR spectra of PPI42 at pH 6.75 and different protein concentrations. The area, where a
change in NMR signals is most evident is shaded in grey.

Figure S8: Fibrillation kinetics of PPI42 with and without seeding with 5 µl of an equilibrated sample at pH
6.75.
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Figure S9: 1H chemical shift of PPI42 in a series of pH from pH 5.5 to 7.5.

Figure S10: Measurement of periodicity along the fibril of images obtained with negative stain EM.

82

4. Stability and self-interaction of human interferon
α-2a
Interferon α was the first cytokine and one of the first protein drugs produced by recombinant DNA
technology to be approved by the FDA in 1986. Interferon α is therapeutically highly relevant and there
are two types of interferon α commercially available: Roferon ®-A (interferon α-2a) and Intron ®-A1
(interferon α-2b). However, interferon α is aggregation prone and the presence of these aggregates have
been linked to immunogenic reactions 1,2. It was found that the structural integrity of interferon α is a factor
influencing the immunogenicity 3. As interferon α naturally belongs to the innate immune system it is
complicated to evaluate the immunogenicity caused by interferon α aggregates. A structural investigation
of the aggregates formed by interferon α might therefore facilitate insights not only about the driving forces
of protein aggregation but could also be used to find links to immunogenicity. Interferon α was the only
protein in this thesis that is used clinically in therapeutic treatment and many studies on its pharmaceutical
activity have been published. It is therefore especially interesting to study, as the results can be directly
linked to clinically observed phenomena.

Abstract Figure: Graphical abstract of the formation of soluble elongated oligomers by interferon α-2a.
The presence of salt prevents the formation of insoluble aggregates.
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ABSTRACT
Aggregation and oligomer formation are critical parameters in the field of protein therapeutics, as they can
lead to loss of function of the drug or even immunogenic responses in patients. There are currently two
ways of reducing aggregation: finding a suitable formulation and engineering the protein by introducing
specific mutations to increase its stability. The former requires little prior knowledge about the protein but
is labor intensive and requires large protein quantities. The latter requires as much prior knowledge as
possible about the aggregation pathway of the desired protein, about which little is still known in most
cases. In this study we present a structural characterization of the oligomers formed by Interferon alpha2a (IFNα-2a), a protein drug with antiviral and immunomodulatory properties. We use a combination of
high throughput screening with structural investigations by small angle X-ray scattering (SAXS). IFNα-2a,
showed a relatively high colloidal stability below its pI, but relatively low stability towards thermal and
chemical denaturation, while above its pI, the opposite was observed. Furthermore, we could show that
the oligomers formed by IFNα-2a are screw shaped, independent of pH, buffer system and presence of
salt. Due to high structural identity within the family of cytokines, the results from our study can support
future drug developments of cytokines. This study shows how a combination of several methods can help
to understand the formation of aggregates and oligomers in a more systematic and comprehensive way,
which can lead to better strategies for avoiding aggregation.
INTRODUCTION
The development of therapeutic protein drugs has increased dramatically in the last decade 1,2. Due to
their high specificity they often show fewer side effects compared with small molecule drugs and open
many possibilities for the treatment of diseases 3. However, they are challenging and costly in their
development due to their short half-life and low stability compared to small molecules 4–6. In particular, the
formation of oligomers and aggregates remains a challenge as they differ in their characteristics from
protein to protein 7–9. There have been many approaches targeting this problem, but one of the challenges
is the diverse behavior of different kinds of protein drugs.
Protein structure can be viewed as a fingerprint, which can be associated with certain protein
characteristics and stability. To ensure the biological function of a protein, the protein´s structure is crucial.
With the developments in the field of solution structure determination using small-angle X-ray scattering
(SAXS), through new methods which increase the throughput while minimizing protein consumption 10,11,
we are now in a situation where protein structure determination at low resolution can be included into a
screening workflow, though only in selected conditions. Determining the protein structure itself and
characterizing oligomers and aggregates formed, is essential to understand the mechanisms behind
protein aggregation. In the long term this knowledge can be used to alter proteins specifically or even
design them fully to avoid oligomerization and aggregation.
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In this study, we characterize Interferon alpha-2a (IFNα-2a), which is prone to aggregation, and its
oligomerization in different formulations 12. The high-resolution structure of IFNα-2a has been solved by
nuclear magnetic resonance spectroscopy (NMR) (PDB: 1ITF) (Figure 1A) 13. It consists of 165 amino
acids (19.24 kDa) with 68% α-helical content. Its 5 α-helices are connected through loops. IFNα-2a has
two disulfide bridges, C1 to C98 and C29 to C138 and is additionally stabilized through a network of
hydrogen bonds and salt bridges. IFNα-2a belongs to the type I interferon cytokine, which are part of the
innate immune system. It is used in treatment of e.g. hepatitis, carcinoma, leukemia, lymphoma 14–16. Type
I interferons show a high structural identity (Figure 1B,C).
IFNα was the first cytokine approved for therapeutic use by the FDA in 1986.There are two IFNα-based
drugs commercially available: Roferon ®-A (IFNα-2a) and Intron ®-A1 (IFNα-2b), which only differ in one
amino acid in position 23 (Figure 1D) and have a high structural identity and biological activity.
There have been several studies regarding IFNα-2a stability. IFNα-2a oligomerizes at pH >5 and, which
could be shown by NMR 17. Isothermal titration calorimetry (ITC) 18 and a stability study using the intrinsic
fluorescence of the two tryptophans in IFNα-2a 19 showed that temperature plays a major role in IFNα2a´s stability. At pH 3 IFNα-2a shows partial unfolding 19, while at pH 4 IFNα-2a seem to be most stable
19,20
. It shows aggregation and oligomerization at pHs around its pI of approx. 6. The addition of salt lowers
IFNα-2a´s thermal stability and induces the formation of large aggregates 18,20 As shown from these studies,
the formulation of a protein drug plays a major role in their stability. The addition of protein stabilizers or
surfactants are a common approach to increase stability and decrease aggregation 6,21,22. For Interferon
the coformulation with albumin used to be common, but the current preference of albumin-free formulations
due to immunogenicity led to the development of poly-ethyleneglycol (PEG) conjugated IFNs, which
display an increased half-life 23. In our study we perform high throughput screening using dynamioc light
scattering (DLS), isothermal chemical denaturation (ICD) and nano differential scanning fluorimetry
(nanoDSF) in a pH range where IFNα-2a is known to oligomerize (pH 5-9). We compare the
oligomerization of IFNα-2a below and above IFNα-2a´s pI using analytical ultracentrifugation (AUC) and
small angle X-ray scattering (SAXS). Additionally, we analyze the effect of salt on the type of
oligomerization and aggregation. While there have been many studies to find additives or conditions to
prevent aggregation, studies of the actual aggregates are limited so far. This study aims to characterize
the oligomers and aggregates formed by IFNα-2a to understand the protein-protein interaction they form.
This might help to find new approaches to avoid protein aggregation through i.e. directed mutation of
specific sites involved in protein-protein interaction or the development of PEG conjugates, which disrupt
these interactions. Due to the structural similarities within this protein family (Figure 1), the results from
our study may be applied to other interferons and cytokines.

86

Figure 1: (A): IFNα-2a high-resolution structure (PDBID: 1ITF 13). (B, C): structural alignment of IFNα-2a
(blue), IFNα-2b (PDBID:1RH2) 24 (red), human IFNβ (PDBID: 1AU1) 25 (green) and murine IFNβ
(PDBID:1WU3 26) (orange). Figures were made using PyMOL 27. (D): Sequence alignment with CLUSTAL
OMEGA (version 1.2.4) 28. (E): sequence and structural identity.
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RESULTS
Stability towards thermal and chemical denaturation of IFNα-2a
The thermal unfolding of IFNα-2a was measured using nanoDSF and the thermal unfolding points (T1/2) of
IFNα-2a are shown in Figure 2A. With no salt present, T1/2 seemed independent of pH around 65°C. In the
presence of salt (70 and 140 mM NaCl), T1/2 was highly pH dependent. NaCl showed a destabilizing effect
below pH 6 and a stabilizing effect above pH 6. Additionally, the influence of concentrating IFNα-2a prior
to dialysis and dilution into the final condition was tested. T1/2 of IFNα-2a in the concentrated and diluted
sample (dark colored points) was in good agreement with IFNα-2a dialyzed directly into the final pH (light
colored points). The free energy changes by denaturant induced unfolding (∆G) of IFNα-2a were
determined with ICD (Figure 2B). IFNα-2a´s stability towards chemical denaturation showed a similar trend
as towards thermal denaturation. It is remarkable that T1/2 and ∆G of IFNα-2a were virtually unaffected by
the presence and absence of salt at pH 6, which correlated with the protein’s pI of 5.98.

Figure 2: A: Thermal denaturation point T1/2 of INFα-2a measured with nanoDSF at different formulation
procedures. The dark-colored dots indicate the concentrated sample (conc.) prior dialysis and the lightcolored dots, the non-concentrated (non-conc.) sample. Data is mean ± S.D. for 3 replicates (error bars
obscured by points). B: stability towards chemical denaturation of INFα-2a measured with ICD in presence
of 0, 70 and 140 mM NaCl as a function of pH.
Colloidal stability of IFNα-2a
The colloidal stability of IFNα-2a was investigated using DLS. The measurements showed a dramatic
increase of the hydrodynamic radius Rh, indicating the formation of large aggregates for IFNα-2a around
the protein´s pI of 5.98 (Figure 3A,C). These aggregates could be also observed upon visual inspection
(Figure 3D). IFNα-2a showed an increase of Rh upon increasing pH from pH 5 (~2.9 nm) to 7.5 (~5 nm)
(Figure 3C), indicating oligomerization with increasing pH. The theoretical Rh of IFNα-2a, calculated from
the monomeric structure 29, corresponds to 2.27 nm (Table S2). Upon change of pH from pH 7.5 to 9, no
significant increase in Rh could be observed. In presence of salt (NaCl), no visible aggregation could be
observed (Figure 3D). The curve shape appeared to be more homogenous (Figure 3C) and the
polydispersity was lower (Figure 3B) indicated higher colloidal stability in presence of salt. No change in
Rh could be observed between differently formulated samples (data not shown).
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Figure 3: A: Contour plot of the hydrodynamic radius Rh (nm) of INFα2a measured with DLS as a function
of pH and salt (NaCl) concentration. B: %Polydispersity. Formulations measured are indicated as dots. C:
Line plots of Rh measurements. Data is mean ± S.D. for 3 replicates. D: Pictures of IFNα-2a sample taken
at pH 6 with 0, 70 and 140 mM NaCl.
Additionally to the effect of pH and salt on IFNα-2a´s stability, the effects of different buffer systems
(acetate and phosphate) and the addition of excipients (280 mM sucrose, 140 mM arginine, 280 mM
proline) were assessed, but no stabilizing effect could be observed (Figure S1, S2).

Structural analysis of IFNα-2a using SAXS
Based on the results of the high throughput screening pH 5 and pH 7.5 in absence and presence of salt
were chosen for structural investigations using SAXS.
SAXS without NaCl
The SAXS measurements of IFNα-2a at pH 5 revealed the formation of protein crystals, as indicated from
Bragg peaks in the SAXS curve (Figure 4). The protein crystals were confirmed upon visual inspection
under a microscope. The protein crystal formation was independent of the buffer system (Figure S4).
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At pH 7.5, the apparent molecular weight (MW) and radius of gyration (Rg) at different IFNα-2a
concentrations could be derived (Figure 5), using ATSAS 2.8 30. IFNα-2a showed an increase of apparent
MW with increasing protein concentration from 90 kDa to 130 kDa with minor deviation between Guinier
analysis and distance distribution (p(r)) analysis (Figure 5A). A similar increasing trend could be observed
for the derived Rg (Figure 5B). The deviation between Guinier analysis and p(r) derived Rg was higher,
most likely due to polydispersity in the sample. The derived apparent MW from SAXS indicated for
oligomers present in the sample (IFNα-2a monomer MW:19.2 kDa; Rg: 1.59 nm), which agrees with the
increase in Rh seen with DLS. The part at low q(Å-1) of the SAXS curves of IFNα-2a indicated aggregation
(red arrow) but also repulsion (blue arrows) in the sample (Figure 5C,D) Due to the repulsion, the
determined values for apparent MW and Rg are most likely underestimated (Table S3).
The ab-initio model determined with DAMMIF 31 and GASBOR 32 revealed a screw shaped form of the of
IFNα-2a oligomer in solution (Figure 6, spheres). With increasing protein concentration, the dimension of
the ab-initio model increased. The dimensions of the ab-initio model at c = 1 mg/ml fitted a hexameric
structure of IFNα-2a aligned on both published crystal structures of IFNα-2a 24and human IFNβ 25 (Figure
6A), which agrees with the derived apparent MW. However, the monomers forming a dimer and further
assemble to the crystal lattice are oriented differently to each other in the two crystal structures. To analyze
whether IFNα-2a forms dimer similar to IFNα-2b or to IFNβ dimers with different orientations and interfaces
were constructed by aligning the monomeric IFNα-2a structure to the different crystal structures using
PyMOL 27 (dimer 1: IFNβ; dimer 2: IFNα-2b) and fitted against the experimental data with CRYSOL33
(Figure 7). An additional dimer based on another possible interface similar in both crystal structures with
perpendicular oriented α-helices was constructed (dimer 3). None of the theoretical SAXS curves of the
constructed dimer fitted the experimental data, which was expected as the apparent MW and ab-initio
model indicated for larger oligomeric species. However, the curve shape of dimer 1 follows the
experimental curve the closest, indicating that the dimer as a first oligomeric species formed by IFNα-2a
is similar to dimer 1. Therefore, larger oligomers constructed in this study were constructed by aligning the
IFNα-2a structure to the crystal structure of IFNβ taken the shape of the ab-initio model into account.
OLIGOMER 34 fits the form factors (theoretical SAXS curves) of different species given as input against
the experimental data and calculates the volume fraction of each species. Different constructed oligomers
(monomer to dodecamer) were fitted against the experimental data (Figure 9) and revealed a mixture of
different sized oligomers present. With higher protein concentration a shift towards larger oligomeric
species present could be observed. Remarkably, only even-numbered oligomers seemed to contribute to
the mixture of oligomeric species.
Using different buffer systems (phosphate and tris) did not change the results in a significant way.
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Figure 4: SAXS measurements of IFNα-2a in His pH 5. The Bragg peaks (red circle) indicate protein
crystals in the sample, confirmed upon visual inspection in a microscope.

Figure 5: SAXS curves and derived parameters of IFNα-2a at pH 7.5. A: Apparent molecular weight MW
B: Radius of gyration Rg. Parameters derived from Guinier analysis (black) and p(r) analysis (red). C:
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SAXS curves of IFNα-2a D: Part at low q(Å-1) of SAXS curves indicating interparticle interaction. Attraction
is indicated by the red arrow; repulsion is indicated by the blue arrow.

Figure 6: Ab-initio models of IFNα-2a at pH 7.5 at different protein concentrations using GASBOR 32. The
ab-initio models are shown as spheres in different colors for different protein concentrations. All models
are superimposed by hexamer, constructed based on the crystal contacts of IFNβ (PDB:1AU1) 25 A,B: abinitio model at c=1 mg/ml (χ2=0.69). C: ab-initio model at c=7 mg/ml (χ2= 0.41). D: ab-initio model at c=12
mg/ml (D) (χ2= 0.43).
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Figure 7: Theoretical SAXS curves of different dimers of IFNα-2a constructed based on alignment to the
published crystal structures of other interferons using PyMOL 27. The IFNα-2a monomer was aligned to
human IFNβ (PBD: 1AU1) 25 (dimer 1, red) and human IFNα-2b (PDB:1RH2) 24 (dimer 2, yellow) and the
interface of perpendicular oriented α-helices, which was very similar in both crystal structures (dimer 3,
purple. The theoretical SAXS curve of the constructed dimers was created using CRYSOL33 and compared
to the experimental curve of IFNα-2a at pH 7.5.

Figure 8: Analysis of the volume fractions of oligomers of IFNα-2a present in solution at pH 7.5 using
OLIGOMER 34. Different oligomers were constructed based on protein-protein interactions in the crystal
structure of IFNβ (PBD: 1AU1) 25 and the shape of the ab-initio model of IFNα-2a from SAXS
measurements.
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SAXS with NaCl
In presence of salt (140 mM NaCl), IFNα-2a did not form crystals at pH 5 and apparent MW and Rg could
be derived from the SAXS measurments. IFNα-2a showed a significantly lower apparent MW and a smaller
Rg at pH 5 than at pH 7.5 (Figure 9A,B), which is in agreement with the results from DLS. At pH 5 and pH
7.5 an increase of apparent MW and Rg with increasing of protein concentration could be observed.
Generally, aggregation could be observed in the SAXS curves, indicated by higher intensity at low q(Å1
)(Figure 9D and H, red arrow). The aggregation was more pronounced at pH 7.5, as the SAXS curves
show a steeper increase.
The ab-initio models confirmed this result. At pH 5, the ab-initio model at low protein concentration had
much smaller dimension, which fitted approx. the dimension of a dimer (Figure 11A). At higher protein
concentration, the ab-initio model´s dimension increased and showed a similar screw shape as seen
earlier at pH 7.5 without the presence of salt (Figure 11B). At pH 7.5, the ab-initio model showed a similar
screw shape and increasing dimensions with higher protein concentration as seen in the measurements
without the presence of salt (Figure 11C,D).
The derived parameters of apparent MW and Rg appeared to have a similar shape at pH 7.5 with and
without the presence of salt (compare Figure 5, Figure 9C,D). However, in presence of salt, the derived
apparent MW and Rg increased further, which is most likely due to the reduction of repulsion by salt, as
indicated from the SAXS curves (compare Figure 5D and 9H).
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Figure 9: SAXS measurements of IFNα-2a at pH 5 and pH 7.5 in presence of salt (140 mM NaCl). A:
Derived apparent MW. B: radius of gyration Rg. The parameters derived Guinier analysis and distance
distribution p(r) analysis are shown. C,D: SAXS curves of IFNα-2a at pH 5. E,F: SAXS curves of IFNα-2a
pH 7.5.
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Figure 11: Ab-initio models (GASBOR32) of IFNα-2a in presence of salt at pH 5 and pH 7.5. A,B: Ab-initio
model at pH 5, 140 mM NaCl at c=1 mg/ml (A, χ2=0.61) and c=7 mg/ml (B, χ2=1.2). C, D: Ab-initio model
of IFNα-2a at pH 7.5, 140 mM NaCl at c=1 mg/ml (C, χ2=0.83) and c=7 mg/ml, (D, χ2= 0.61).
Oligomeric species of IFNα-2a analyzed by AUC
To investigate which IFNα-2a oligomeric species were present at pH 7.5, we performed AUC. The
measurements indicated the presence of different oligomeric species in solution at pH 7.5 (Figure 4). IFNα2a was measured at A280=1 (c=0.8 mg/ml) and A280=0.5 (c=0.4 mg/ml). At the highest concentration
investigated, a shift towards larger molecular species with higher sedimentation coefficients could be seen,
indicating the formation of larger oligomeric species at higher concentration. The theoretical sedimentation
coefficient of the monomer, calculated from IFNα-2a´s structure, is s=2.08 29 (dashed line), which seemed
not to be present at pH 7.5. Oligomers with s≈3.3, s≈5 and s≈6.3 could be observed. At higher protein
concentrations, an additional oligomer with s≈7.5 was observed. The theoretical sedimentation coefficients
of the different oligomeric species, constructed for the OLIGOMER calculations, were calculated 29(Table
S2). The observed oligomer with s≈3.3 corresponds most likely to IFNα-2a dimer, which has a theoretical
sedimentation coefficient of s=3.03. The sedimentation coefficients of the remaining oligomeric species
seemed to correspond to tetramer, hexamer and octamer. The presence of only even-numbered oligomers
is in agreement with the OLIGOMER calculations. Differences in formulation seemed to have no significant
impact on the oligomeric species formed by IFNα-2a (Figure S3).
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Figure 4: AUC measurement of IFNα-2a at pH 7.5 at c=0.8 mg/ml (A280 = 1), black and c=0.4 mg/ml (A280
= 0.5) analyzed with sedfit 16.1c 35 (rmsd=0.01115; rmsd=0.00796). The dashed line indicates the
theoretical sedimentation coefficient of the monomer, dimer and hexamer based on alignment to the crystal
structure of IFNβ (PDB:1AU1) 25 calculated with HULLRAD 29.

97

DISCUSSION
IFNα-2a shows pH and concentration dependent aggregation
IFNα-2a is used very versatile as a therapeutic drug against various diseases 14–16, but has shown
difficulties in formulation due to aggregation. Our data suggests that IFN shows a tendency to form
oligomeric species and lower colloidal stability at higher pH with DLS, which was indicated in previous
studies by Panjwani et al. 17. It was shown that the charge per amino acid residue of IFNα-2a decreases
with pH 36, which might have an influence on the interparticle interaction of IFNα-2a, leading to lower
colloidal stability. Additionally, measurements with SAXS and AUC confirmed a concentration dependent
shift towards larger molecular species at higher protein concentration. A concentration of IFNα-2a prior to
dialysis did not have an influence on IFNα-2a´s colloidal stability and thermal induced unfolding, which
was indicated in previous studies 17. The thermal stability measured in this study was in good agreement
with other studies 19.
IFNα-2a forms soluble screw shaped oligomers
The ab-initio modelling of the SAXS data revealed that the shape of the oligomers formed is elongated
and screw shaped. As IFNα-2a was not monodisperse in solution, fitting the data with a model and drawing
conclusion about the assembly of the oligomeric species is challenging. In a first instance we tried to draw
conclusions about the assembly of the IFNα-2a dimer, the smallest oligomer a protein can form. The
comparison of the theoretical SAXS curve of constructed possible dimers with the experimental data
showed significant differences for all constructed dimers, which was due to the polydispersity in the sample.
However, the curve shape of the parallel oriented dimer followed the middle part of the SAXS curve the
best. Therefore, we believe, that the dimer formed by IFNα-2a has a similar orientation to the dimer formed
by human IFNβ, which was surprising as IFNα-2a and 2b only differ in one amino acid and we expected
similar protein-protein interaction sites. The constructed larger oligomeric species in this study were
therefore constructed based on the alignment on the human IFNβ crystal structure. The exact orientation
of IFNα-2a within its oligomers, however, is difficult to determine and most likely shows small variations to
the constructed oligomers in this study.
OLIGOMER and AUC indicated for only even numbered oligomers present in solution at pH 7.5, meaning
that the smallest subunit of the oligomer formed by IFNα-2a, but the fitting errors of both data were quite
high. This is most likely due to the polydispersity in the sample. The results of OLIGOMER highly
dependent on the way the oligomeric species are constructed and as discussed previously, the exact
orientation of IFNα-2a in the oligomers varies most likely slightly from the constructed oligomers. The fit of
the AUC data showed a high rmsd, which might have led to inaccuracy in determination of the different
sedimentation coefficients and therefore to some ambiguity in interpretation of the data. As there is a
mixture of elongated oligomers present in solution, the frictional ratio of the protein, which is one of the
parameters fit by AUC data analysis, varies within the sample leading to higher rmsd and inaccuracy of
the fit. Nevertheless, sedimentation coefficients at different protein concentrations are in good agreement,
meaning that the measurement can be used as an indication for IFNα-2a’s oligomerization in this study.
At pH 5 IFNα-2a formed protein crystals, which we could show in the SAXS measurements. This crystal
formation has not been reported in any previous characterization of IFNα-2a 17–20 as SAXS is currently the
only technique used to characterize IFNα-2a that can show the presence of protein crystals apart from
visual inspection in a microscope. Remarkably, these IFNα-2a protein crystals formed without the
presence of Zinc, which raises the question whether the Zinc as a mediator, as reported for the
dimerization of IFNα-2b and IFNβ in their crystal structure 24,25, is necessary to form interferon crystals.
The pH where the crystals of IFNα-2b and IFNβ have been formed is close to pH 5, indicating that some
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protein-protein interactions are similar within the group of interferons and that some conclusion drawn from
our study might be transferable to other cytokines. Solving the crystal structure of IFNα-2a would highly
benefit this study but has not been possible to date.
The presence of salt prevents the formation large protein clusters but not the formation of soluble
oligomers
The present of salt led to a higher colloidal stability of IFNα-2a’s pI of 5.98, preventing the formation of
visible aggregates. Additionally, the presence of salt did prevent the formation of protein crystals at pH 5.
This indicates that the interactions leading to the formation of insoluble aggregates and protein crystal
formation are most likely formed by ionic interactions, which get disrupted by the presence of salt. In the
SAXS measurements at pH 5 and pH 7.5, however, the shape of the ab-initio model and the derived
apparent MW and Rg seemed apart from the reduction in repulsion not been affected by the presence of
salt. We believe therefore, that the presence of salt, does not influence the formation of soluble oligomers.
It only prevents the formation of large insoluble aggregates and protein crystal formation, leading to lower
polydispersity and less variation in SAXS and DLS measurements which are very sensitive towards large
particles formed.
The measurement of the stability of IFNα-2a towards thermal and chemical denaturation showed a lower
stability in the presence of salt at pH 5, which in agreement with previous studies 18,20. Remarkably is the
contrast between IFNα-2a stability in presence and absence of salt below and above its pI. These
measurements indicate, that in case of predominantly negatively charged protein, the presence of salt is
beneficial for IFNα-2a’s stability towards thermal and chemical denaturation, while it is disadvantageous
in case of predominantly positively charged protein. This shows that a combination of different variables
in a screening for stability is important and cannot be viewed and generalized separately.
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CONCLUSION
We studied IFNα-2a and its oligomers biophysically and structurally with a combination of high throughput
screening methods comprising plate-based ICD and DLS, capillary based nanoDSF as well as detailed
and structural analysis on selected conditions with AUC and SAXS. With this combination of methods, we
were able to assess the challenge of characterizing a polydisperse system as IFNα-2a in a new way. Due
to the sequence and structural similarity among cytokines, our results can be beneficial in the study of
these powerful protein drugs. In our study formulation and reformulation has no impact on the results,
which could lead to new approaches of the formulation of protein drugs, meaning that they could be stored
in condition where they show high stability for example low pH as indicated in our study and reformulated
into conditions where they show lower stability, but are more beneficial for the patient, just before treatment.
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MATERIAL AND METHODS
Sample preparation
If not stated otherwise, IFNα-2a samples were dialyzed into the desired condition using Slide-A-LyzerTM
3500 MWCO dialysis cassettes (Thermo Fisher) with a buffer exchange after 2 and 4 hours and then
continued overnight, ensuring a 200-fold dilution of protein sample volume to reservoir in each step. The
protein concentration after dialysis was measured using a NanoDrop™ 8000 Spectrophotometer (Thermo
Fisher). If not stated otherwise, all measurements were performed at a protein concentration of 1 mg/ml
obtained by dilution into the final solution condition. Filtration of the sample and buffer was performed using
Luer-LokTM syringes (BD) and 0.22µm Millex®-GV filter (Merck) or 0.2µm Whatman AnotopTM 10 filter (GE
Healthcare Life Science) syringe filters.
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DLS measurements
IFNα-2a samples were concentrated to a concentration of 20 mg/ml and dialyzed in 10 mM His pH 5.5, 10
mM His pH 7, and 10 mM Tris pH 8.5 as described above, filtered (0.2 µm) and the concentration was
measured using a NanoDrop™ 8000 Spectrophotometer (Thermo Fisher). A protein stock solution of 20
mg/ml was obtained by dilution with the filtered dialysis buffer (0.2 µm). The respective formulations were
obtained by a 20 times dilution. The measurement was performed with a DynaPro® Plate ReaderTM II
(Wyatt Technology) using Aurora 384 LV/EB plates (Brookes Life Science Systems). Silicone oil (Sigma
Aldrich) was used for sealing the wells. All measurements were performed isothermally at 25°C with 5 s
acquisition time and 20 acquisitions per well. All formulations were measured in technical triplicates.
Analysis was performed using DYNAMICS version 7.8.1.3 and final graphs were prepared using Origin®
2019(OriginLabs).
nanoDSF measurements
Sample preparation was performed as described above, filtered (0.22 µm) and the concentration was
measured. A protein stock solution of 20 mg/ml was obtained by dilution with the filtered dialysis buffer
(0.2 µm). The respective formulations were obtained by a 20 times dilution. The measurements were
performed with Prometheus NT.48 (Nanotemper). A constant temperature ramp was applied from 20 to
95°C with 1°C/min. Analysis was performed with PR.ThermControl (Nanotemper) and final graphs were
made with Origin® 2019(OriginLabs).
ICD measurements
Sample preparation was performed as described above, filtered (0.22 µm) and the concentration was
measured. A protein stock solution of 1 mg/ml was prepared. Formulation buffer for the desired conditions
were prepared, denaturation buffer included 6M GnHCl in the formulation buffer. Measurements were
performed using HUNK system (Unchained Labs.) with no additional incubation time and gain 100 for
fluorescence detection. Analysis was performed with Formulator (Unchained Labs) and final graphs were
made with Origin® 2019(OriginLabs).
SAXS measurements
Sample preparation was performed as described above. All samples and dialysis buffers were filtered (0.2
µm). The absorbance of all samples was measured using a NanoDrop™ 8000 Spectrophotometer
(ThermoFisher). A concentration series was obtained by dilution with the dialysis buffer. Measurements
were performed at the German Electron Synchrotron DESY at the P12 EMBL BioSAXS beamline and The
European Synchrotron ESRF at the BM29 BioSAXS beamline. The data analysis was performed using
the ATSAS software package version 2.8.4 30. Graphs were prepared using Origin® 2019(OriginLabs). A
summary of the SAXS data collection is shown in Table S3.
AUC measurements
All samples were prepared as described above and filtered (0.2µm) after dialysis. The absorbance of all
samples was measured using a NanoDrop™ 8000 Spectrophotometer (ThermoFisher). All samples were
diluted with the filtered (0.2 µm) dialysis buffers to an absorbance of A280 = 1 and A280 = 0.5, measured
with a NanoDrop™ 8000 Spectrophotometer (ThermoFisher) The measurements were performed as a
sedimentation velocity run with an Optima XL-1 ultracentrifuge (Beckman-Coulter) at 50000 rpm. Data
analysis was performed using sedfit version 16.1c 35,37.
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SUPPORTING INFORMATION

Figure S1: Influence of the addition of the excipients sucrose (280 mM), arginine HCl (140 mM) and proline
(280 mM) on IFNα-2a’s colloidal stability. pH 5 and 7.5 were chosen to test different buffer systems and
the combination of salt and excipients.

Figure S2: A: Gibbs free energy of unfolding by chemical denaturation ∆G in the presence of the excipients
sucrose (280 mM), arginine HCl (140 mM) and proline (280 mM). B: Infliction point of chemical induced
denaturation c1/2 in the presence of excipients.
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Figure S3: AUC results of IFNα-2a, concentrated prior to dialysis and diluted into the final concentration
before the measurement.

Table S1: Clustal X Color scheme for multiple sequence alignment used for Figure 2. The residue is
colored when the threshold on position x is reached within the given residue group.
Type amino acids group

Color

Hydrophobic

PETROL

Positive charge

MAGENTA

Negative charge

RED

Polar

GREEN

Residue

Threshold; Residue group

A,I,L,M,F,W,V

>60%; WLVIMAFCHP

C

>60%; WLVIMAFCHP

K,R

>60%; KR or >80%; KRQ

E

>60%; KR or >50%; QE or >85%; EQD

D

>60%; KR or >85%; KRQ or >50%; ED

N

>50%; N or >85%; NY

Q

>60%; KR or >50%; QE or >85%; QEKR

S,T

>60%; WLVIMAFCHP or >50%; TS or >85%; ST

Cysteines

PINK

C

>85%; C

Glycines

GREY

G

>0%; G

Prolines

YELLOW

P

>0%; P

Aromatic

CYAN

H,Y

>60%; WLVIMAFCHP or >85%; WYACPQFHILMV

Unconserved

WHITE

any/gap

If none of the above criteria are met
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Table S2: Theoretical biophysical parameters of different constructed oligomers of IFNα-2a based on the
alignment to human IFNβ´s crystal structure (PDBID:1AU1) 25calculated using HULLRAD 29.
biophysical Monomer
Dimer
Trimer
Tetramer Pentamer Hexamer Octamer
parameters
1ITF
constructed constructed constructed constructed constructed constructed
MW (Da)
19244
38488
57732
76976
96220
115464
134708
v-bar (ml/g)
0.739
0.74
0.74
0.74
0.74
0.74
0.74
R g (Å)
15.86
24.28
26.52
31.76
32.95
38.01
45.76
Dmax (Å)
50.07
75.02
84.42
108.19
111.42
134.09
170.27
1.2
1.3
1.28
1.35
1.33
1.38
1.41
f/f0
sed. coeff. (s)
2.08
3.03
4.05
4.62
5.47
5.94
7.04
R h (Å)
22.71
31.31
34.91
41.5
43.48
49.1
57.62
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Table S3: Overview over concentrations and derived values of I(0), Rg (nm) and apparent MW (kDa) from
SAXS measurements.
Guinier

Buffer

c

I(0)/c

1

(mg/ml)

10 mM His pH 5

10 mM His pH 5

140 mM NaCl

10 mM His pH 7.5

10 mM His pH 7.5

140 mM NaCl

10 mM Acetate pH 5

Rg

I(0)/c

(nm)

(kDa)

Rg
(nm)

Guinier

P(r)

1.0

-

-

-

-

-

-

2.0

-

-

-

-

-

-

5.0

-

-

-

-

-

-

7.0

-

-

-

-

-

-

10.0

-

-

-

-

-

-

15.0

-

-

-

-

-

-

20.0

-

-

-

-

-

-

30.0

-

-

-

-

-

-

0.7

0.023

2.41

0.022

2.34

31.9

30.5

1.7

0.030

2.74

0.030

2.70

41.6

40.8

2.6

0.036

3.03

0.035

2.99

49.9

49.1

3.8

0.041

3.26

0.041

3.31

56.8

56.2

4.5

0.043

3.41

0.043

3.45

59.6

59.8

6.4

0.051

3.71

0.051

3.75

70.6

70.3

6.9

0.057

4.05

0.058

4.44

78.9

80.3

1.1

0.066

4.06

0.065

4.02

91.4

89.9

2.9

0.086

4.62

0.085

4.73

119.1

118.3

5.4

0.095

4.64

0.099

5.10

131.6

136.8

6.9

0.098

4.56

0.102

5.00

135.7

141.1

9.4

0.096

4.20

0.107

5.08

133.0

148.2

10.7

0.100

4.47

0.105

4.86

138.5

145.6

11.4

0.100

4.57

0.108

4.94

138.5

149.9

11.8

0.100

4.50

0.105

4.82

138.5

145.8

1.2

0.058

4.11

0.058

4.25

80.3

80.0

2.3

0.076

4.68

0.075

4.73

105.3

103.4

5.2

0.120

7.07

0.106

5.75

166.2

146.3

7.3

0.140

7.78

0.132

7.56

193.9

182.3

10.9

0.140

7.63

0.147

8.33

193.9

202.9

13.6

0.140

7.09

0.136

7.36

193.9

188.8

1.0

-

-

-

-

-

-

2.0

-

-

-

-

-

-

5.0

-

-

-

-

-

-

7.0

-

-

-

-

-

-

10.0

-

-

-

-

-

-

15.0

-

-

-

-

-

-

20.0

-

-

-

-

-

-

-

-

-

-

30.0

10 mM Phosph. pH 7.5

Apparent MW

P(r)

1

-

-

1.0

0.100

4.30

0.102

4.46

138.5

141.3

2.0

0.110

4.47

0.108

4.69

152.4

149.4

5.0

0.150

5.29

0.155

6.03

207.8

214.0

7.0

0.150

5.29

0.148

5.15

207.8

205.0

10.0

0.140

4.75

0.138

4.92

193.9

191.3

15.0

0.140

5.01

0.114

3.92

193.9

158.0

20.0

0.120

4.39

0.122

4.50

166.2

169.1

1

calibrated on BSA
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Figure S4: SAXS curves of IFNα-2a in 10 mM Acetate pH 5 (A) and 10 mM Phosphate pH 7.5 (B).

108

5. Stability Study of the Thermomyces Lanuginosus
Lipase
Systematic screening is highly relevant in the development of protein drugs and enzymes. In this
context, stability is a key parameter to assess the quality of a newly designed protein. However, there
are many relevant aspects to protein stability. For many methods protein stability is reduced to one
extracted parameter such as the thermal unfolding point or the diffusion interaction parameter, and
proteins are ranked based on one or both of these parameters. While this approach might be
unavoidable for large libraries of proteins to be tested, it raises the question of whether protein stability
can be ranked based one or two parameters, and if so, which are the important aspects that should be
measured to assess protein stability. For example, we can ask ourselves how physiologically relevant
the thermal induced unfolding at 65 °C compared to 70 °C is, and how can the colloidal stability of a
protein can be ranked. The protein structure plays an important role in the colloidal stability of proteins,
as protein aggregation is due to partial or full unfolding of the protein. Therefore, the implementation of
structural characterization in screening is particularly important and allows a better assessment of the
protein stability. SAXS recently made progress in automation and reducing sample consumption and
shows therefore a large potential to for implementation in large scale screening. Within this part of the
project, I compared widely used stability measurements with SAXS measurements. The lipase of
Thermomyces lanoginosus, which is prone to aggregation, was utilized as a case study. Importantly,
lipases were the only enzymes studied in the PIPPI project as they show diverse industrial applications
and differ in their fold from the other protein drugs studied.

Abstract Figure: Graphical abstract of the implementation of SAXS into protein stability screening.
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ABSTRACT
High throughput screening to measure the stability of industrially relevant proteins and their variants is
necessary for quality assessment in the development process. Advances in automation, measurement
time and sample consumption for many techniques allow rapid measurements with minimal amount of
protein. However, many methods include automated data analysis, potentially neglecting important
aspects of the protein´s behavior in certain conditions. In this study we implement small angle X-ray
scattering (SAXS) in a high throughput screening workflow to address problems of contradicting results
and reproducibility among different high throughput methods. As a case study we use the lipase of
Thermomyces lanuginosus, a widely used industrial biocatalyst. We show that even the initial analysis of
the SAXS data without performing any time-consuming modelling provided valuable information on protein
stability and interparticle information. We could conclude that as a result of recent advances in automation
and data processing, SAXS is ready to be used more widely as an application to gain in-depth knowledge
for protein development.
INTRODUCTION
In most cases, the development of industrially relevant proteins involves many different variants of a
naturally occurring protein, produced by protein engineering. The evaluation of the stability of these
variants requires screening in a high throughput fashion. The most commonly used systems for high
throughput screening involve microtiter plates, which are commercially available in up to 9600-well formats.
However, in most methods, the 96 or 384-well format is used. Production of industrially relevant proteins
typically follows an established workflow of different phases 1,2: high throughput generation of mutants,
followed by activity screening. For proteins that show desired biological or activity properties, more indepth characterization is carried out. This involves determining protein stability, which is typically done by
a range of high throughput and automated biophysical methods. While these techniques are rapid and
consume low amounts of sample, the amount of structural knowledge they provide is severely limited.
Small angle X-ray scattering is not commonly used as a high throughput or screening method, but is a
powerful tool for structural determination of proteins in solution at low resolution and the analysis of flexible
and multi domain systems 3. Recent advances in automation and sample consumption however, have
propelled efforts to include SAXS as a structural method in high throughput screening 4,5. In our study we
combine common high throughput screening methods with SAXS measurements to maximize our
understanding of the lipase of Thermomyces lanuginosus (TLL). TLL is used as a case study due to its
high relevance in industry.
Lipases are widely used as biological catalysts in industry, due to their high specificity and wide recognition
of different substrates. Lipases are for example used as pharmaceutics 6–8 or in the food industry 9–11. TLL
is commercially available and was originally developed for the food industry, but is now used in many
different industrial applications. These include the production of biodiesel 12 and in enantioselective 13 and
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other synthetic processes 14 in organic chemistry. TLL consists of a single chain of 269 amino acids,has a
molecular weight of 31.7 kDa and an isoelectric point of 4.4. It contains an eight stranded central β-sheet
and five α-helices 15. Its active site consists of a Ser-His-Asp catalytic triad, a common feature for lipases.
The hydrophobic active site is covered by a mobile lid. TLL is considered quite stable, maintaining its
activity up to 60°C 16 with maximum activity around pH 9 17. However, TLL is known to form aggregates,
which compromise the enzymatic activity 18. The ability to improve stability and change aggregation
propensities of a protein by changing the pH or the addition of salt and excipients was therefore the starting
point of our study. Betaine has been shown to have a positive effect on TLL´s stability towards thermal
and chemical induced unfolding 19, but aside from that no systematic study of TLL stability in different
buffer or excipient conditions has been reported.
We use differential scanning fluorimetry (DSF) to measure stability towards temperature-induced unfolding
and isothermal chemical denaturation (ICD) to determine stability towards chemical denaturants. Using
dynamic light scattering (DLS) we determine the colloidal stability of TLL. SAXS is then performed to
assess TLL in selected conditions. We assess the sample consumption, automation and content of
information of the applied methods.
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RESULTS
Different stability parameters of the lipase from Thermomyces lanuginosus (TLL) were determined in a
systematic screen of pH and salt. All parameters were determined from pH 5 to 9 with 0.5 increments and
at 0, 70 and 140 mM sodium chloride (NaCl). The temperature induced unfolding of TLL was analyzed
using the intrinsic fluorescence of the four tryptophans (Trp) in the protein. Upon unfolding a shift of the
fluorescence from λem = 330 nm (F330) to λem = 350 nm (F350), due to the exposure of Trp to solvent,
could be seen. The inflection point T1/2 of thermal unfolding could be determined from the plot of the
fluorescence ratio F350/F330 (Figure 1A). An increase of T1/2 from pH 5 to pH 6 from 69 to 74°C can be
seen. From pH 6 to pH 9 T1/2 decreased from 74 to 70 °C. The presence of salt seemed to have no
significant impact. The chemically induced unfolding of TLL was measured in the same conditions using
the intrinsic fluorescence as described for the thermally induced unfolding (Figure 1B). The measurements
were additionally analysed with a secondary fit of pH. The curves of the Gibbs free energy ∆G and the
inflection point c1/2 of chemically induced unfolding by guanidine hydrochloride (GnHCl) are in good
agreement with the thermally induced unfolding. Both show a maximum stability at approx. pH 6 and no
significant impact of the presence of salt. The initial chemically induced unfolding curve showed a slow
increase at low denaturant concentration in all conditions and the typical sigmoidal shape of a two-state
unfolding at higher denaturant concentration (Figure S1), which led to higher errors in the fit of ∆G (Figure
1B).

Figure 1: Temperature and chemically induced unfolding of TLL as a function of pH and salt concentration.
A: Temperature induced unfolding point T1/2. Data is mean of triplicates ± S.D. B: Gibbs free energy ∆G
and infliction point of unfolding c1/2 of chemically induced denaturation by GnHCl. TLL´s stability towards
thermal and chemical induced denaturation was measured from pH 5 to 9 (0.5 increments) with 0, 70 and
140 mM NaCl.
The colloidal stability or propensity to aggregate of TLL was assessed using DLS. The hydrodynamic
radius (Rh) and the percent polydispersity (%PD) were mainly used to probe TLL´s colloidal stability. In
most conditions TLL showed a %PD around 15% and a Rh between 2.6 and 2.9 nm (Figure 2A1), which
is slightly higher than the theoretical value of 2.5 nm (PDBID: 5AP9 20), indicating oligomers present in the
sample. The theoretical Rh was determined with HULLRAD 21, which is an algorithm that calculates the
hydrodynamic properties based on a structure file. TLL had the lowest Rh and %PD at pH 7.5 with no salt,
indicating the highest colloidal stability. An accelerated stress test was performed by storing TLL for two
weeks at higher temperatures (25, 40, and 50 °C respectively, Figure 2A2). At 25 and 40 °C, TLL showed
increased %PD, that did not follow a specific trend upon change of pH or addition of salt, but the colloidal
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stability appeared to be best at pH 7.5 with no salt present. At 50 °C a clear trend of higher colloidal stability
towards high pH and no salt present (pH 7.5 and above), could be observed. In all stored samples visible
aggregation could be observed at pH 5 after a few days. The temperature of aggregation Tagg showed
similar results as indicated by the accelerated stress test (Figure 2B). Tagg was higher at high pH with no
salt present and showed the lowest values at pH 5. The diffusion interaction parameter kD showed no
significant change upon change of pH with no salt present (Figure S4). In presence of salt, TLL showed
high polydispersity and no kD could be obtained.

Figure 2: Colloidal stability and aggregation propensity of TLL as a function of pH and salt concentration
measured with DLS. A: Accelerated, temperature induced stress test. TLL was measured before
incubation (A1) and after incubation at 25°C, 40°C and 50°C for 2 weeks (A2). The measurements are
shown as contour plots of the hydrodynamic radius (Rh) and percent polydispersity (%PD). B: Aggregation
temperature (Tagg) of TLL. The temperature was increased gradually from 25 to 80°C.
All parameters were measured at pH 5 to 9 (0.5 increments) with 0, 70 and 140 mM NaCl. Data is mean
of triplicates.
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Based on the stability parameters obtained from the high-throughput screen, pH 5.5 and pH 7.5 were
chosen for further investigation. These two conditions were chosen due to the observed differences in
colloidal stability, even though the investigation of thermal and chemically induced unfolding did not show
significant differences. The structural investigation was performed using small-angle X-ray scattering
(SAXS) and the presence of salt at these conditions was additionally investigated. At pH 5.5, TLL showed
a concentration dependent increase of SAXS derived parameters of the apparent molecular weight MW
(Figure 3A), and the radius of gyration Rg (Figure 3B). In the SAXS curves at low q values oligomerization
(red arrow) and repulsion (blue arrow) were both observed (Figure 3C). At pH 7.5, TLL showed no
concentration dependent increase of the apparent MW (Figure 3D) and only little increase of Rg (Figure
3E). The SAXS curves of TLL at pH 7.5 indicated for strong repulsion, but no oligomerization could be
observed (Figure 3F). Salt was added in different concentrations (35, 70, 140 mM) to examine the effect
of salt on TLL in solution (Figure 4). The effect was analyzed at a protein concentration of 1 (black) and 5
mg/ml (red). At pH 5.5, the addition of salt led to an increase in apparent MW and Rg (Figure 4A,B). The
curve seemed to plateau slightly at higher salt concentration. The SAXS curves showed increasing
aggregation and reduction of repulsion upon addition of salt. At pH 7.5, the addition of salt had a similar
effect (Figure 4C,D). The apparent MW and Rg increased with addition of salt and the SAXS curves
indicated for oligomerization and reduction of repulsion. The effect of salt on TLL´s oligomerization seemed
slightly more pronounced at pH 5.5.

Figure 3: Comparison of derived apparent MW and Rg of TLL from SAXS measurements. A-C: Derived
apparent MW, Rg and SAXS curves at low q(Å-1) at pH 5.5. D-F: Derived apparent MW, Rg and SAXS
curves at low q(Å-1) at pH 7.5. Oligomerization is indicated by a red arrow, repulsion is indicated by a blue
arrow.
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Figure 4: Effect of salt (NaCl) in different concentration (0, 35, 70, 140 mM) on SAXS derived parameters
MW and Rg of TLL. A-C: Derived apparent MW, Rg and SAXS curves at low q(Å-1) at pH 5.5. D-F: Derived
apparent MW, Rg and SAXS curves at low q(Å-1) at pH 7.5. Aggregation is indicated by a red arrow. The
SAXS curves are shown at c=5mg/ml protein concentration.
In addition to the effect of salt on the stability of TLL, the effect of different buffer systems and excipients
was investigated at pH 5.5 and pH 7.5 in presence and absence of salt. Independent replicas of the
measurements of the initial screening of pH and salt at these selected conditions should ensure the
robustness of the methods. As additional buffer systems acetate at pH 5.5 and phosphate at pH 7.5 and
as excipients a sugar (280 mM sucrose) and two amino acids (140 mM arginine•HCl and 280 mM proline)
were chosen to be tested, in order to cover two major groups of excipients, sugars and amino acids,
common in formulation. The thermally induced unfolding point T1/2 of TLL showed no change between
histidine to acetate buffer at pH 5.5 but was lower in phosphate buffer at pH 7.5. T1/2 showed a slight
increase of T1/2 in presence of most the tested excipients (Figure 5A). This effect on T1/2 was most
pronounced in presence of arginine•HCl HCl in acetate buffer. The presence of arginine•HCl and salt had
an influence on the shape of the thermal induced unfolding curve (Figure 5B,C). This effect was more
pronounced at pH 7.5 than at pH 5.5 (Figure 5B, Figure S2). The nanoDSF measurements from the initial
pH and salt screen were in good agreement with the replicas obtained for this buffer and excipient screen.
∆G of chemically induced unfolding decreased upon a change of buffer system from histidine to acetate
at pH 5.5, but no significant change could be observed between histidine and phosphate at pH 7.5 (Figure
5D). The presence of the tested excipients generally seemed not to be favorable. For the inflection point
of the chemically induced unfolding c1/2, the presence of arginine•HCl had for most condition a slightly
positive effect on the unfolding of TLL (Figure 5E). The obtained ∆G values from the initial pH and salt
screen, which have been analysed with a secondary fit of pH, were lower than ∆G from these
measurements. The inflection point of chemical induced unfolding c1/2 was in good agreement in both
screens.
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Figure 5: Temperature and chemically induced unfolding of TLL in selected conditions, in presence of
excipients (280 mM sucrose, 140 mM arginine•HCl, 280 mM proline). A: Temperature induced unfolding
point T1/2. B: Fluorescence ratio F350/F330 of temperature induced unfolding and first derivative of TLL in
histidine pH 7.5, in presence of excipients. C: Gibbs free energy ∆G of chemical induced denaturation of
TLL by GnHCl. D: Inflection point c1/2 of the chemically induced unfolding curve.
The colloidal stability of TLL in different buffer systems and in presence of excipients was assessed with
DLS. The obtained Rh was in good agreement with the initial screen (Figure 2,6). Rh did not show significant
changes between histidine and acetate buffer at pH 5.5 but an increased phosphate buffer compared to
histidine at pH 7.5 (Figure 6). The addition of the tested excipients had no significant effect on Rh. The %PD,
however, increased significantly upon the addition of all excipients, especially sucrose (Figure 6B). The
temperature of aggregation Tagg increased upon a change from histidine to acetate at pH 5.5, but a change
of histidine to phosphate at pH 7.5 showed no effect (Figure 6C). The addition of excipients had no
significant effect on Tagg in most conditions. The addition of salt and excipients introduced polydispersity
to the TLL samples, so no kD could be obtained.
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Figure 6: Colloidal stability and aggregation propensity of TLL for selected conditions in presence of
excipients (280 mM sucrose, 140 mM arginine•HCl, 280 mM proline) measured with DLS. A:
Hydrodynamic radius Rh. B: Percent polydispersity %PD. C: Aggregation temperature Tagg at a gradual
temperature increase of 25 to 80°C. D: Diffusion interaction parameter kD.
The effect of different buffer systems at pH 5.5 and 7.5 was additionally investigated using SAXS. The
SAXS curves and derived parameters of apparent MW and Rg of TLL were very similar in histidine and
acetate pH 5.5 (compare Figure 3, 7 A-C). TLL showed increased oligomerization (red arrow) and
repulsion (blue arrow) upon increase of protein concentration. At pH 7.5, however, TLL showed little
oligomerization and significantly reduced repulsion in phosphate compare to histidine (compare Figure
3,Figure 7 D-E). Thus, the derived apparent MW and Rg in phosphate were affected and showed higher
deviation. The overall shape of the curve of TLL in the different buffers looked very similar (Figure S3).
As arginine•HCl showed the most pronounced effects on TLL stability and the shape of TLL´s thermal
unfolding curves, it was chosen for further investigation with SAXS. The SAXS measurements showed an
increase of the apparent MW and Rg with increasing concentration of arginine•HCl in all buffer systems
(Figure 8). In histidine and acetate buffer pH 5.5, the SAXS curves indicated for an increase in
oligomerization. In histidine buffer at pH 7.5, arginine•HCl induced oligomerization, which could not be
observed before. In phosphate buffer aggregation could be observed upon addition of arginine•HCl. In all
buffer systems, the addition of arginine•HCl led to a reduction of the repulsion. Additionally, the subtraction
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of the buffer measurement led to over subtraction, indicating direct interaction of arginine•HCl with the
protein in all buffers.

Figure 7: Effect of different buffers on SAXS derived parameters MW and Rg of TLL. A-C: Derived apparent
MW, Rg and SAXS curves at low q(Å-1) in acetate pH 5.5. D-F: Derived apparent MW, Rg and SAXS curves
at low q(Å-1) in phosphate pH 7.5. Aggregation (red arrow) and repulsion (blue arrow) are indicated.

Table 1: Ionic strength of the buffers used in this study.

buffer
pH
concentration
ionic strength (mM)

histidine histidine acetate phosphate
5.5
7.5
5.5
7.5
10
10
10
10
7.61
0.30
8.47
26.24
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Figure 8: Effect of arginine•HCl in different concentration (0, 35, 70, 140 mM) on SAXS derived parameters
of TLL. A-C: histidine pH 5.5. D-E: acetate pH 5.5. G-I: histidine pH 7.5. J-L: phosphate pH 7.5. The derived
parameters apparent MW and Rg and the SAXS curves at low q(Å-1) are shown for TLL in the different
buffers. The SAXS curves are shown at c=5mg/ml protein concentration.
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DISCUSSION
The effect of ionic strength and excipients on TLL´s stability
The lipase of Thermomyces lanuginosus (TLL) is an important catalyst in various industrial processes 22.
In this case study, TLL stability and aggregation propensity was systematically screened using an initial
screen of pH and salt and an advanced screen of different buffer systems, including the addition of
excipients for selected conditions. In addition to commonly used high throughput methods, SAXS was
used as a complementary technique to obtain in-depth knowledge on the behavior of TLL for selected
conditions. Based on the stability parameters obtained from the initial screen of pH and salt, it was not
clear in which conditions TLL was the most stable. The measurements of TLL stability towards thermallyand chemically-induced unfolding determined from nanoDSF and ICD indicated that TLL is most stable at
pH 6, while the colloidal stability measured by DLS indicated higher pH (pH 7.5 and above) as more stable
conditions. The presence of salt did not show an obvious trend towards higher or lower stability in any of
these methods. pH 5.5 and 7.5 were therefore chosen for further investigation to cover two conditions
which caused differences in the behavior of TLL, but were not situated at the extremes of the pH screen,
to analyze TLL in physiological relevant conditions. An investigation with SAXS revealed that TLL is
significantly more prone to aggregate at pH 5.5, than at pH 7.5. This agreed with the trend of the colloidal
stability, as assessed by DLS. TLL`s isoelectric point (pI) is at 4.4 and lower colloidal stability due to a
reduction of protein charges near the pI is common. For TLL this could be observed in the increased
repulsion at pH 7.5 compared to pH 5.5. Furthermore, SAXS could show that the addition of NaCl at both
pHs caused aggregation and a decrease in repulsion, which was not obvious from the stability parameters
obtained by nanoDSF, ICD or DLS and led to increased oligomerization in presence of salt. Another factor
that must be taken into account when analyzing the effect of pH and salt on TLL is the ionic strength of
the buffer itself, which decreases for histidine upon change of pH (Table 1). Therefore, we conclude, that
increased charges within the protein and decreased ionic strength of the buffer, lead to increased colloidal
stability of TLL.
In the advanced screen, different buffer systems and the addition of excipients were investigated with
regard to TLL stability. The stability of TLL towards thermally- and chemically-induced unfolding showed
only minor changes upon change of buffer and the addition of excipients. Small changes were observed
but did not correlate between the two methods. DLS indicated lower colloidal stability in presence of all
excipients, which manifested itself as a significant increase in polydispersity. The effect of different buffer
systems, however, was not obvious. Only a slight increase of Rh, but not %PD, in phosphate buffer could
be observed with DLS. The change of buffer system was therefore investigated with SAXS. TLL did not
show significantly different molecular behavior in acetate compared to histidine buffer at pH 5.5. At pH 7.5,
TLL showed a lower aggregation propensity in histidine than in phosphate buffer. This effect was most
likely due to the ionic strength of the buffers, which is similar in histidine and acetate at pH 5.5, but much
higher in phosphate (pH 7.5) than histidine buffer (Table 1). The change in the shape of thermal induced
unfolding curve upon change of pH and in addition of arginine•HCl and NaCl, seen in nanoDSF, was
surprising; however, it is most likely due to a change in ionic strength. However, the fluorescence curves
only change when NaCl is added and when arginine is added as the HCl salt. The effect of arginine•HCl
on TLL´s stability was therefore investigated with SAXS. The measurements showed increased
aggregation and a reduction of repulsion, which looked similar to the measurements of TLL in presence of
salt. In presence of arginine•HCl, the automated buffer subtraction of the SAXS curves led to over
subtraction indicating direct interaction of buffer components with the protein. This led us believe that
arginine•HCl, in addition to the effect of ionic strength on TLL, interacts directly with the protein. Betaine
has been shown to increase TLL´s thermal stability19, an effect which could also be observed in some
conditions for arginine•HCl. However, arginine•HCl clearly has a negative influence on TLL´s colloidal
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stability. This example showed, that a single stability parameter cannot be used to draw conclusions on
the overall stability of a protein. Based on our study, a formulation in high pH with a low ionic strength
buffer is favorable for TLL.
Sample consumption, automation and information content of the applied methods
Independent replicates of selected conditions were performed for all high throughput methods to ensure
the robustness of the methods. All replicates were in good agreement except the Gibbs free energy ∆G of
the chemically induced unfolding of TLL. This showed lower values in the initial pH and salt screen than
in the repeated measurements within the second screen of different buffer systems and addition of
excipients. This is most likely due to the secondary fitting of the data as a function of pH. Additionally, the
chemically induced unfolding curve was analysed with a two-state model, neglecting the initial slow
increase of the curve. This slow increase might be due to an initial unfolding of a part of the protein, for
example the lid of the lipase, which would make fitting with a three-state model necessary. For ICD, there
are highly automated systems available, but the sample consumption is approx. 10 times higher than for
the other high throughput methods used in this study. The colloidal stability of TLL was assessed with DLS
in high throughput and the results agreed with the results obtained with SAXS. It was, however, difficult to
see trends in the behavior of TLL, using only DLS. DLS is very sensitive towards tiny amounts of large
particles like aggregates in solution, which may cause difficulties when analyzing and comparing replicates
if the protein generally has a high propensity to aggregate. A main advantage of DLS is the low sample
consumption. In our study DLS was able to guide further analysis, but to explain the effect of ionic strength
and excipients on TLL stability, it was not sufficient on its own. It should be noted that SLS offers additional
information regarding interparticle interactions, when compared to DLS, and as such, could be used as an
additional tool, if required. nanoDSF was most likely the most robust method, however, the amount of
information is, apart from the observed general change of fluorescence, limited. The low sample
consumption and high degree of automation available is an advantage of nanoDSF. The inclusion of SAXS
in this screen, gave valuable insights in the solution behavior of TLL at different pH, different buffer systems
and on the addition of salt and arginine•HCl to the protein. Recent advances in SAXS included automatic
sample changing 23,24 automated data reduction5, processing4 and fitting25. Additionally, several methods
that limit the sample consumption like plate-based methods4 or fluidic chips have been developed 26,27.
This development will aid the implementation of SAXS as a high throughput screening tool, which is not
yet possible with other structural techniques. At the current state of SAXS, it is possible to measure and
analyze protein stability for selected conditions.
CONCLUSION
Our case study of the industrial relevant lipase from Thermomyces lanuginosus showed how SAXS can
be included on selected conditions into a systematic screen to gain valuable insights on the solution
behavior of a protein. Information about interparticle interactions can be directly taken from the SAXS
curves and simple determination of the apparent molecular weight and radius of gyration can be directly
used as quality parameters of the protein in certain conditions. These can be derived from SAXS data
without performing modelling, which requires extensive user intervention. Despite the larger sample
consumption and lower degree of automation, SAXS is especially valuable in the later stage of protein
development on selected candidates and conditions. Therefore, we propose SAXS as a complementary
technique in the development of industrially relevant proteins.
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MATERIAL AND METHODS
Sample preparation
If not stated otherwise, all plectasin samples were dialyzed into the desired condition using Slide-A-LyzerTM
10000 MWCO dialysis cassettes (Thermo Fisher) with a buffer exchange after 2 and 4 hours and then
continued overnight, ensuring a 200-fold dilution sample to buffer volume in each step. The protein
concentration after dialysis was measured using a NanoDrop™ 8000 Spectrophotometer (ThermoFisher).
If not stated otherwise, all measurements were performed at a protein concentration of 1 mg/ml, obtained
by dilution into the final condition. Filtration of the sample and buffer was performed using Luer-LokTM
syringes (BD) and 0.22µm Millex®-GV filter (Merck) or 0.02µm Whatman AnotopTM 10 filter (GE Healthcare
Life Science).
DLS measurements
All samples were dialyzed as described above, filtered (0.22 µm) and the concentration was measured. A
protein stock solution of 20 mg/ml was obtained by dilution with the filtered dialysis buffer (0.2 µm). The
respective formulations were obtained by a 20 times dilution. The measurement was performed with a
DynaPro® Plate ReaderTM II (Wyatt Technology) using Aurora 384 LV/EB plates (Brookes Life Science
Systems). Silicone oil (Sigma Aldrich) was used for sealing the wells. All measurements were performed
at isothermally at 25°C with 5 s acquisition time and 20 acquisitions per well. The measurements before
incubation were performed in biological triplicates. All formulations were measured in technical triplicates.
Analysis was performed DYNAMICS version 7.8.1.3 and final graphs were made with Origin®
2019(OriginLabs).
nanoDSF measurements
Sample preparation was performed as described above, filtered (0.22 µm) and the concentration was
measured. A protein stock solution of 20 mg/ml was obtained by dilution with the filtered dialysis buffer
(0.2 µm). The respective formulations were obtained by a 20 times dilution. The measurements were
performed with Prometheus NT.48 (Nanotemper). A constant temperature ramp was applied from 20 to
95°C with 1°C/min. Analysis was performed with PR.ThermControl (Nanotemper) and final graphs were
made with Origin® 2019(OriginLabs).
ICD measurements
Sample preparation was performed as described above, filtered (0.22 µm) and the concentration was
measured. A protein stock solution of 1 mg/ml was prepared. Formulation buffer for the desired conditions
were prepared, denaturation buffer included 6M GnHCl in the formulation buffer. Measurements were
performed using HUNK system (Unchained Labs.) with no additional incubation time and gain 100 for
fluorescence detection. Analysis was performed with Formulator (Unchained Labs) and final graphs were
made with Origin® 2019(OriginLabs).
SAXS measurements
Sample preparation was performed as described above. All samples and dialysis buffers were filtered
(0.02 µm). The absorbance of all samples was measured using a NanoDrop™ 8000 Spectrophotometer
(ThermoFisher). A concentration series was obtained by dilution with the dialysis buffer. Measurements
were performed at the German Electron Synchrotron DESY at the P12 EMBL BioSAXS beamline and the
European Synchrotron ESRF at BM29 BioSAXS beamline. The data analysis was performed using the
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ATSAS software package version 2.8.4 28. Final graphs were made with Origin® 2019(OriginLabs). The
summary of the SAXS data collection is shown in Table S1.
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SUPPORTING INFORMATION

Figure S1: Chemically-induced unfolding curves of TLL measured with intrinsic fluorescence of TRP. The
ration of F360/F344, which corresponds to Fmax in the unfolded state divided by Fmax in the native state,
was plotted against the concentration of denaturant GnHCl. The lines indicate the respective baselines of
native and denatured state, used for the fit.

Figure S2: Fluorescence unfolding curve of the thermal-induced unfolding of TLL with and without the
presence of arginine•HCl. A: histidine pH 5.5. B: acetate pH 5.5. C: histidine pH 5.5 plus salt. D: histidine
pH 7.5. E: phosphate pH 7.5. F: histidine pH 7.5 plus salt. G: comparison of fluorescence unfolding curves
of TLL in histidine pH 7.5.
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Figure S3: SAXS curves of TLL. A: histidine pH 5.5. B: histidine pH 7.5 C: acetate pH 5.5. D: phosphate
pH 7.5.
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Table S1: Overview of structural parameters measured derived from SAXS measurements.
Guinier

Buffer

excipient

I(0)/c 1

c
(mg/ml)

1.98

31.85

31.67

2.1

0.025

2.05

0.025

2.06

34.62

34.83

5.1

0.027

2.11

0.028

2.20

37.39

38.65

7.1

0.029

2.16

0.029

2.27

40.16

40.77

9.5

0.03

2.2

0.031

2.34

41.55

43.00

13.7

0.032

2.28

0.033

2.40

44.32

45.62

15.9

0.032

2.32

0.033

2.47

44.32

46.31

0.0250

2.12

0.0242

2.04

34.62

33.46

35 mM NaCl

1.0
1.0

0.0260

2.15

0.0251

2.06

36.01

34.78

70 mM NaCl

1.0

0.0260

2.23

0.0257

2.12

36.01

35.54

140 mM NaCl

1.0

0.0270

2.23

0.0262

2.15

37.39

36.29

0 mM NaCl

5.0

0.0260

2.12

0.0261

2.18

36.01

36.09

35 mM NaCl

5.0

0.0290

2.32

0.0290

2.33

40.16

40.14

70 mM NaCl

5.0

0.0310

2.43

0.0309

2.46

42.93

42.84

140 mM NaCl

5.0

0.0330

2.51

0.0328

2.56

45.70

45.37

0 mM arginine

1.0
1.0

0.0260

2.10

0.0258

2.05

36.01

35.72

0.0270

2.19

0.0263

2.07

37.39

36.48

70 mM arginine

1.0

0.0280

2.23

0.0279

2.18

38.78

38.59

140 mM arginine

1.0

0.0300

2.27

0.0296

2.24

41.55

41.01

0 mM arginine

5.0

0.0270

2.15

0.0270

2.19

37.39

37.35

35 mM arginine

5.0

6360.2*

2.43

6397*

2.50

42.45

42.69

70 mM arginine

5.0

0.0350

2.52

0.0350

2.57

48.47

48.52

140 mM arginine

5.0

0.0380

2.61

0.0381

2.70

52.63

52.71

10 mM histinine pH 7.5

2.1

0.0280
0.0280

1.97
1.98

0.0275

1.97

38.78
38.78

38.06

2.7

0.0270

1.97

0.0276

2.00

37.39

38.25

5.2

0.0280

2.01

0.0283

2.07

38.78

39.22

7.0

0.0290

2.04

0.0285

2.06

40.16

39.50

8.2

0.0290

2.05

0.0295

2.12

40.16

40.88

10.1

10358*

2.07

10350*

2.09

39.68

39.65

11.3

10406*

2.07

10410*

2.10

39.87

39.88

35 mM NaCl

1.0 4228.84*
1.0 4589.42*

1.99
2.06

4240*
4592*

2.01
2.08

28.22
30.63

28.30
30.65

70 mM NaCl

1.0 4505.84*

2.08

4450*

2.04

30.07

29.70

140 mM NaCl

2.12

4559*

2.09

30.72

30.43

0 mM NaCl

1.0 4602.19*
5.0 4394.66*

2.02

4404*

2.04

29.33

29.39

35 mM NaCl

5.0 4824.57*

2.09

4853*

2.14

32.20

32.39

70 mM NaCl

5.0 5345.47*

2.27

5317*

2.28

35.68

35.49

140 mM NaCl

5.0 5646.93*

2.40

5667*

2.47

37.69

37.82

0 mM arginine

1.0

1.99
2.14

0.0212
0.0232

1.98
2.12

29.08
31.85

29.35
32.12

0 mM NaCl

0.0210
0.0230

35 mM arginine

1.0

70 mM arginine

1.0

0.0240

2.22

0.0242

2.19

33.24

33.52

140 mM arginine

1.0

0.0250

2.26

0.0249

2.21

34.62

34.49

0 mM arginine

5.0

0.0210

2.01

0.0203

1.92

29.08

28.07

35 mM arginine

5.0

0.0250

2.24

0.0255

2.30

34.62

35.33

70 mM arginine

5.0

0.0280

2.42

0.0284

2.49

38.78

39.39

140 mM arginine

5.0

0.0310

2.55

0.0309

2.65

42.93

42.85

1.0

0.024

2.11

0.02334

2.05

33.24

32.33

2.2

0.025

2.1

0.02458

2.11

34.62

34.04

10 mM Acetate pH 5

5.4

0.026

2.16

0.02628

2.21

36.01

36.40

7.1

0.026

2.17

0.0267

2.25

36.01

36.98

9.5

0.028

2.21

0.0286

2.34

38.78

39.61

12.7

0.03

2.28

0.0311

2.44

41.55

43.07

1.0 4388.65*
4702.2*

2.05

4373*

2.04

29.29

29.19

35 mM arginine

1.0

2.15

4640*

2.10

31.38

30.97

70 mM arginine

2.19

4719*

2.12

32.07

31.50

2.24

4961*

2.20

33.55

33.11

0 mM arginine

1.0 4804.96*
1.0 5027.07*
5.0 4622.23*

2.09

4688*

2.17

30.85

31.29

35 mM arginine

5.0 5453.28*

2.37

5452*

2.40

36.40

36.39

70 mM arginine

5.0 5973.28*

2.5

5995*

2.57

39.87

40.01

140 mM arginine

5.0 6397.51*

2.64

6396*

2.69

42.70

42.69

1.5 9579.67*
1.7 9729.42*

2.09

9288*

1.99

36.70

35.58

2.11

9477*

2.02

37.27

36.31

9236*

2.03

9092*

1.98

35.38

34.83

4.8 9479.74*
6.5 9779.72*

2.05

9515*

2.08

36.32

36.45

2.07

9831*

2.12

37.47

37.66

8.3 10018.5*

2.07

10280*

2.20

38.38

39.38

0 mM arginine

10 mM Acetate pH 5

140 mM arginine

2.2
10 mM phosphate pH 7.5

0 mM arginine

9.4 9189.34*

1.96

9372*

2.05

35.21

35.91

11.3 9483.73*

1.99

9761*

2.11

36.33

37.40

12 10488.5*

2.15

10620*

2.22

40.18

40.69

1.0 9108.17*
1.0 10843.6*

2.06

8807*

1.95

34.59

33.45

2.18

10720*

2.15

41.19

40.72

2.07

11090*

2.06

42.37

42.12

140 mM arginine

1.0 11155.7*
1.0 13317.6*

2.24

12860*

2.12

50.58

48.84

0 mM arginine

5.0 9461.56*

2.07

9500*

2.11

35.94

36.08

35 mM arginine

5.0 9761.05*

2.11

9828*

2.16

37.07

37.33

70 mM arginine

5.0 9996.58*

2.07

10050*

2.11

37.97

38.17

140 mM arginine

5.0 11117.7*

2.1

11110*

2.11

42.23

42.20

35 mM arginine
70 mM arginine
10 mM phosphate pH 7.5

P(r)
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Figure S4: kD of TLL as a function of pH determined with DLS.
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6. Overall Conclusion
Within the development of pharmaceutically and industrially relevant proteins many studies highlight
aggregation as a major concern in the process. This thesis, where three different protein systems were
characterized, highlights the importance of a structural characterization of protein oligomers and
aggregates. Only if we study protein-protein interactions leading to oligomerization and aggregation on a
molecular level, will we be able to understand the driving forces of aggregation. Many studies have
attempted to find ways to avoid aggregation, but characterizations of the aggregates formed are, with the
exception of amyloid fibrils, limited. Structural characterization of different protein aggregates is not only
beneficial for formulation studies, but will also help to predict aggregation behavior more generally. This
is very valuable for engineering and design of proteins.
In this thesis, I could show that oligomerization and aggregation differs vastly among the proteins
studied. In the case of plectasin the introduction of three point mutations, led to different aggregation
propensity and types of aggregates formed. PPI42 formed non-amyloid fibrils, which were structurally
characterized within this project. IFNα-2a formed elongated screw shaped oligomers.
By applying a combination of biophysical high throughput methods and structural techniques I tried to
find a new perspective in analyzing aggregation prone proteins. Based on the protein and its behavior,
the choice of methods must be made differently. For plectasin for example, it was not possible to utilize
its intrinsic fluorescence or apply size exclusion chromatography, which are both common in protein
screening, without introducing bias into the results. For TLL the implementation of SAXS into a high
throughput screen resulted in a much better understanding of the protein behavior and helped to address
the problem of contradicting results.
With this study I propose a greater diversity of methods used in characterization of proteins and the
implementation of structural characterization in the screening for the right formulation.
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