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Dedicated to my parents.





xxxx Summary

Within this thesis the experimental investigation of the solution

structure of the anti-MET 1 antibody 3H3 using scattering tech- 1 The MET receptor is also known as
hepatocyte growth factor receptor
(HGFR).niques applied to solutions is presented.

Depending on the linker length between the VH and the VL do-

main, single-chain Fv (scFv) antibody fragments form monomers,

dimers (diabodies) or higher oligomers. The research group of

Prof. Niemann aimed at generating a diabody of the anti-MET

antibody 3H3 in order to use it as a crystallisation chaperone to

promote crystallisation of the MET ectodomain, via introducing a

pre-formed twofold axis of symmetry. Size exclusion chromatogra-

phy, however, suggested the protein to be monomeric.

Non-invasive light and x-ray scattering techniques were used to

further investigate the oligomerisation state of 3H3 in solution. Via

the combination of these experiments with model calculations a

profound result was able to be obtained.

The small angle x-ray scattering (SAXS) curve measured for

the protein nicely fits to the scattering curve calculated from the

known crystal structure of a similar diabody, but does not correlate

well to the calculated scattering curves of a monomeric scFv or a

triabody. Concentration-dependent photon correlation spectroscopy

(PCS) measurements revealed a hydrodynamic radius of 3.4 nm at

infinite dilution and a negative interaction parameter kD, indicating

attractive interactions that are beneficial for crystallisation.

Both SAXS and light scattering (static and dynamic) measure-

ments combined with model calculations, clearly show that the

3H3 antibody fragment in fact predominantly forms diabodies in

solution.

Furthermore, based on the small angle x-ray scattering data, a

structural model of 3H3 was developed via the structural optimisa-

tion of a homologous protein.
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1 Introduction

Protein crystallography represents a well established method for

the structure determination of proteins in their crystalline state.

To be able to study the protein structure in solution is an impor-

tant option, particularly in the cases where no crystal structure is

available or if it is suspected that the crystal structure might deviate

from the native structure in solution.

Studying biopolymers in their native state offers the possibility

of determining, for example, their molecular weight, their diffusion

behaviour and their radius. This approach also allows the inves-

tigation of the reaction of these biopolymers under the influence

of outer stimuli, such as changes in the pH-value or varying salt

concentration, or the change of the oligomerisation state with time.

Figure 1: Possible applications of
solution scattering techniques for the
characterisation of biological samples
([1], modified).

Very powerful methods for the analysis of biological macro-

molecules in solution are small angle x-ray [2–16] 1 and neutron 1 The citations given in this chapter
represent only a small selection of the
literature available on this topic.scattering [12, 17–22] (SAXS and SANS). During the last decades,

these methods have evolved more and more into standard methods

due to the developments in instrumentation and computational

performances.
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Small angle x-ray scattering and small angle neutron scattering

offer a variety of applications for studying the structure of biolog-

ical macromolecules in solution. These methods allow the inves-

tigation of the structural organisation of biomolecules regarding

the structure of individual macromolecules [14, 23–25] and com-

plexes [26], as well as the studying of the equilibrium composition

of mixtures [27].

Furthermore, it is possible to perform time resolved experiments,

using such methods as the stopped flow technique [28–30], which

allow to study the kinetics of biological processes.

Besides focusing on single biological molecules, small angle

scattering also allows the investigation of possible interactions

between dissolved biomolecules [20, 31] which is of interest in

biological, medical and biophysical research.

As well as the use of x-rays or neutrons as probe in solution

scattering experiments, coherent laser light is also widely utilised.

These static and dynamic light scattering techniques allow the de-

termination of, for example, the molecular weight, the diffusion be-

haviour and the hydrodynamic radius of biomolecules in solution.

Moreover, this kind of technique can easily be used in combination

with purification methods such as size exclusion chromatography,

where light scattering techniques are widely used for the analysis

of the mass or the state of aggregation of the eluting species [32–

34]. Furthermore, the high throughput analysis of reactions carried

out in microplates [35] is possible using these techniques. Light

scattering methods are highly sensitive to changes in size, thus they

allow the examination of e.g. the aggregation [36] or dissociation

[37] behaviour of biological molecules.

In addition to the described scattering techniques, which can

only provide a low resolution structure compared to x-ray crystal-

lography, model calculations can be done. They allow a refinement

of the obtained structural models.

The present thesis combines SAXS and static as well as dynamic

light scattering techniques for the first time to give a consistent

description of the solution structure of an antibody fragment which

is of great interest from medical point of view.

The present thesis combines SAXS and static as well as dynamic

light scattering techniques for the first time. The combination of
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these techniques has enabled the obtaining of a consistent descrip-

tion of the solution structure of an antibody fragment. This is of

great interest from the medical point of view.





2 Basics of the Immune System

2.1 | Basic principles

The immune system protects the organism from intruding pathogens

and from possible damage which they may provoke. To trigger an

immune response, first an intruder has to be recognised by, for

example, macrophages or dendritic cells. This leads to the activa-

tion of different defence mechanisms. Thereby, an important step

is the presentation of antigens (distinct surface structures of the

pathogens) to cells of the adaptive immune response, the T and

B lymphocytes, resulting in a specific and long-lasting immune

response. The lymphocytes fight the pathogens either by direct in-

teraction with the infected host cells, as it is done by killer T cells

(cellular immune response), or by producing antibodies - also called

immunoglobulins, as it is done by the B cells (humoral immune

response) [38, 39]. Antibodies bind the antigen at distinct chemi-

cal structures - the epitopes - on the surface of the antigen. Each B

cell produces its unique antibodies with a particular binding speci-

ficity for one of these epitopes. Antibodies produced by identical

immune cells are called monoclonal antibodies. It is possible that monoclonal antibody - produced by
identical immune cells
polyclonal antibody - produced by
several different immune cells

several different antibodies bind one antigen at different epitopes.

These antibodies are produced by different immune cells and called

polyclonal antibodies.

All processes involved in the immune response are highly regu-

lated to protect host cells from immune response mediated damage.

Failures of this regulation are responsible for allergy and for auto-

immune diseases [38, 39].
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2.2 | The immunoglobulins

In total five different classes of immunoglobulins - denoted as

IgA, IgD, IgE, IgG and IgM - are known to be involved at differ-

ent stages of the immune response.

In the course of an infection IgM, IgD and IgG are produced.

After the activation of the B cells the levels of IgM and IgD rise. In

a later stage of the infection IgG is produced. The two remaining

types of immunoglobulins are IgE and IgA. IgE is mainly involved

in the defence against parasites but is also responsible for aller-

gic reactions by inducing the secretion of histamine, whereas IgA

protects the mucose membranes [38, 39].

Figure 2: Schematic drawing of an
immunoglobulin G, showing the
constant (C) and variable (V) domains,
the subdivision in Fab and Fc fragment
which are connected by the flexible
hinge region and the heavy (Index:
H) and light (Index: L) chain. The
antigen-binding sites are located at the
end of the variable domain. The heavy
and light chains are connected through
disulphide bonds in the region of the
Fab domain.

IgG is the predominant antibody class occuring in blood serum.

Besides its role in the immune response it is also the mostly used

antibody for therapeutical purposes. The overall molecular struc-

ture of this antibody class exhibits a Y shape (Fig. 2) with the two

branches being formed by the antigen-binding fragments (Fab)

and the base by the basal fragment or fragment crystallisable (Fc)

[40–42]. The immunoglobulin consists of four polypeptide chains:

two heavy chains (Index: H) and two light chains (Index: L). In

the Fc part, the heavy chains interact with each other, whereas in

the Fab part an interaction of the heavy and the light chains takes
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place. The intersection between both parts is called the hinge re-

gion, which provides structural flexibility to the Fab fragments and

simplifies the binding of the epitopes.

All chains forming the antibody exhibit constant (C) and variable

domains (V). The antigen binding site is located at the end of each

branch of the Fab part - the N-terminus - in the variable domain.

The Fc part with the C terminus stabilises the antibody and binds

to the Fc receptor during the phagocytosis in a later step of the

immune response.

In 1972 the Nobel Prize in Physiology or Medicine was awarded

to Gerald Edelman [43] and Rodney Porter [44] for their investiga-

tions of the chemical structure of antibodies.

2.3 | Applications of antibodies and resulting requirements

Antibodies feature highly specific binding to a wide range of anti-

gens. For this reason antibodies are increasingly being used for

therapeutical purposes such as passive immunisation [45, 46], im-

munomodulation (e.g. as therapy for multiple sclerosis) [47, 48],

cancer therapy (e.g. Trastuzumab [49–51]) or for medical imaging

(e.g. immunoscintigraphy [52]). When applying substances in vivo

as pharmaceutical reagents, whether intended for therapeutic or

diagnostic purposes, ideally they should act solely at their desired

target and without adverse effects. Especially regarding cancer

therapeutics, optimised pharmacokinetics and biodistribution are

indispensable. On the one hand the tumour tissue has to be pene-

trated very fast combined with a rapid blood clearance, and on the

other hand a rapid elimination, for example through the kidneys,

without affecting the tumour, must be prevented [53, 54].

To meet or even to exceed these demands, the application of

antibody fragments (Fig. 3), as opposed to the use of whole anti-

bodies, came into the focus of research during recent years [53, 54].

Antibody fragments provide several further advantages and can

be produced easily by expression in E. coli and P. pastoris with high

yields [55, 56]. These fragments can be easily modified [57, 58] to

control valency, affinity and avidity [59] and they can be used as

building blocks in biochemical engineering.

Regarding the structure of an IgG various fragments can be

derived thereof. These fragments are typically smaller than the
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Figure 3: Schematic drawing of an IgG
and different types of immunoglob-
ulin fragments together with their
estimated molecular weight (modified,
[60, 61]). The constant domains are
coloured in grey, the variable domains
are represented in green. Light and
bold outlines denote the light and
heavy chains respectively.

corresponding antibodies and do not feature an Fc region. Several

classes of antibody fragments are shown in figure 3, the smallest

possible fragment represents the single-domain antibody frag-

ment (dAb) with a molar mass of about 15 kDa. The smallest en-

gineered antibody fragment containing the parental specificity is

the variable fragment (Fv). This is composed of the variable region

of the heavy (VH) and the light chains (VL) [62, 63]. Connecting

both of these chains by a linker of a few amino acids results in a

single-chain variable fragment (scFv). The biotherapeutic agent pex-

elizumab (Alexion) belongs to this class of antibody fragments [64].

The antigen-binding fragment (Fab) and the diabody (Db) are two

classes of larger fragments with approximately the same molecu-

lar weight of about 55 kDa. The important difference between both

of these classes is their number of binding sites. Fabs have only

one binding site whereas Dbs are equipped with two binding sites,

which can be engineered with equal or different binding specifi-

ties, as is already being done with antibodies for example in the

therapeutic Removab (R) (catumaxomab, Fresenius/Trion) [64].

Other classes of antibody fragments are F(ab)2 fragments, consist-

ing of two Fabs, and triabodies, consisting of three scFvs. All the

fragments mentioned previously can be chemically modified for

example by “PEGylation” to meet individual requirements.

To explain which structural changes lead to the formation of dia-

bodies or higher oligomers of scFv, a closer look at the structure of

the scFv is necessary. This fragment consists - as already mentioned

above - of the variable region of the heavy (VH) and the light (VL)

chains. These chains are connected by a linker of a few amino acids,
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mostly Serin and Glycin, which provides flexibility and makes it re-

sistant against proteolysis [65]. A variation in the number of amino

acids in this linker leads to the formation of different oligomers

instead of an scFv. ScFvs are typically formed at a linker length of

more than 12 amino acids. Here it is possible that the variable re-

gions of a chain can assemble in their natural conformation [66–68].

Reducing the amount of amino acids prohibits the binding between

the VH and VL domains of one chain and thus forces the assembly

of VH and VL from different chains, resulting in the formation of

a dimer (diabody). A linker length of less then four amino acids

finally leads to tri- and tetramers (tria- and tetrabodies) [69–71].

Usually there is a strict separation between the formation of

different oligomers. Varying the linker length by only one amino

acid may shift the equilibrium completely to another oligomeric

state with the lowest complexity being most favourable [71]. As

far as my last search 1 in the Research Collaboratory for Structural 1
07/2016

Bioinformatics (RCSB) Protein Data Bank (PDB) [72] showed, there

are only six crystal structures of diabodies available so far 2 [66, 74– 2 A further structure is listed but with
the status “unreleased” [73].

76]. These show that the two antigen binding sites are located at

opposite sides of the protein. Due to this structural arrangement,

diabodies have the ability to bind two antigens or even to bind two

different epitopes of the same antigen. In addition, this means they

are bivalent molecules featuring a higher avidity than monomeric

antibody fragments.

Furthermore, these two binding sites introduce a twofold sym-

metry to the molecule which can also be beneficial for crystallisa-

tion [77].

The diabody (3H3) described in this thesis could be used for this

purpose. It binds to the MET receptor 3, a receptor tyrosine kinase 3 The MET receptor is also known as
hepatocyte growth factor receptor
(HGFR).often involved in the formation of tumours [78].





3 The Aim of this Thesis

The antibody fragment 3H3 examined in this thesis is assumed to

form a diabody. This diabody may be able to act as a crystallisa- 3H3: The 3H3 fragment is genetically
engineered based on an antibody
found in sheeps and can be produced
in pichia pastoris in the laboratory.

tion chaperone [79] for the extracellular domain of MET, which

has not yet been crystallised in its entirety [80]. Size exclusion

chromatography was used for the determination of the molecu-

lar weight of 3H3, which enabled the identification of the degree of

oligomerisation. This method was also used for the purification of

the protein solution necessary for crystallisation. These steps were

performed by the group of Prof. Niemann and led to contradictory

results about the size of 3H3.
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Figure 4: Analytical size exclusion
chromatography of 3H3. 3H3 elutes
from a Superdex 75 10/300 column
with an elution volume of 11 ml to
11.3 ml corresponding to a molecular
weight of approximately 36 kDa to
32 kDa. The elution volumes of the
calibrants with the corresponding
molecular weight are indicated by the
arrows.

The elution profile of an analytical size exclusion chromatogra-

phy run as presented in figure 4 shows a single peak with tailing

towards higher elution volume, as well as a shoulder at lower elu-

tion volume. This shoulder is probably caused by aggregates. The

position of the main peak at around 11.2 ml corresponds to a molec-

ular weight of about 36 kDa to 32 kDa. A variation of the buffer
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composition, the salt concentration as well as the pH value, which

was also researched by the group of Prof. Niemann, had no influ-

ence on the peak position. The obtained molecular weight indicates

the presence of a non-globular monomeric 3H3 scFv fragment with

an estimated molecular weight of 27 kDa. Based on this SEC result

one would conclude that there is no diabody formed but rather

an scFv, not suitable for generating the desired twofold symme-

try. However, crosslinking experiments indicate that the 3H3 is a

dimeric protein (Fig. 5 and Appendix).

Figure 5: Analysis of chemical
crosslinking with glutaraldehyde
by SDS-PAGE [81]. (A) positive con-
trol SycD21-163 (previously shown to
form dimers, [82]), negative control
lysozyme. The positive control shows
a band in the region of the dimer (**)
increasing with time while that of
the monomer decreases in intensity.
The band in the region of the dimer
appearing in the negative control is
negligible. (B) 3H3 diabody purified
by SEC. Due to the crosslinking a band
at the size of the dimer can be seen
comparable to the positive control.

Based on these results, the aim of this thesis is to investigate

the 3H3 fragment with the help of scattering methods applied to

solutions of this protein. This approach allows the investigation

of this antibody fragment in its native state. The combination of

photon correlation spectroscopy and small angle x-ray scattering

provides complementary information on the overall size, molecular

weight, the hydrodynamic properties as well as the low resolution

structure of 3H3. The resulting overall picture emerging from the

data related to all of these aspects may lead to being able to form a

clear conclusion as to the existence of the 3H3 fragment as an scFv

or as a diabody.



4 Numerical Methods

and Software

4.1 | CRYSOL

The preparation of new or the modification of already known pro-

tein structures sooner or later requires a detailed structure deter-

mination. In the best case it is possible to obtain protein crystals

which allow the determination of the exact atomic structure of the

molecule. It is not always possible to obtain these crystals in a rea-

sonable period of time or it might even be impossible to obtain

usable crystals. In this case solution scattering methods, especially

small angle scattering, offer the chance to get at least a low reso-

lution model of the protein structure and some basic information

such as the molecular weight, the radius of gyration or the overall

shape. Using this method also requires modelling because all data

obtained are in the reciprocal space.

To obtain an initial idea about the shape of a molecule, power

laws are applicable. Another approach is the comparison of the

experimental scattering data with computed scattering intensities

based on structurally homologous atomic models. In the latter case

the taking into account of the scattering intensities arising from

the solvent (e.g. excluded volume, hydration shell) is important.

The software used for these comparisons was CRYSOL [83], which

allows the calculation of small angle scattering data based on struc-

tural data obtained from the PDB in consideration of the solvent

properties. Furthermore a direct comparison of the calculated scat-

tering data with experimental data is possible.

In general the scattering of a particle in vacuo can be calculated

by [83]:

I(q) Scattering intensity

q Scattering magnitude

A(q) Atomic scattering

〈 〉Ω average over all

particle orientations

Ω Solid angle in reciprocal spaceI(q) = 〈|A(q)|2〉Ω (1)
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When regarding a particle in solution this term has to be ex-

panded by at least two terms. According to the schematic drawing

of a protein in solution as shown in figure 6, the excluded volume

(ρ0 Ac(q)) and the hydration shell (δρAb(q), with δρ = ρb − ρ0) must

be taken into account. This leads to the following formula [83]:

Scattering intensities:

Aa(q) of the particle in vacuo

Ab(q) of the border layer

Ac(q) of the excluded volume

Scattering densities:

ρ0 of the solvent

ρa of the particle

ρb of the border layer

δρ = ρb − ρ0

I(q) = 〈|Aa(q)− ρ0 Ac(q) + δρAb(q)|2〉Ω (2)

F (ω) ∆

ρb

ρ0

ρa

Figure 6: Schematic drawing of a
protein in solution (after [83]), F(ω) is
the envelope function, ∆ is the effective
thickness of the borderlayer, ρ stands
for the scattering densities.

with

ρ(r) =

1 0 ≤ r ≤ F(ω)− inside the protein

0 r ≥ F(ω)− outside the protein
(3)

Equation 2 claiming the averaging over all particle orientations,

〈 〉Ω, can be solved analytically by the multipole expansion ap-

proach according to Stuhrmann [84, 85] and Lattmann [86] using

spherical harmonics. As a result eq. 2 can be writen as [83]:

I(q) =
L

∑
l=0

l

∑
m=−l

|Alm(q)− ρ0Clm(q) + δρBlm(q)|2 (4)

N Number of atoms

r = (r, ω) = (r, θ, ϕ)

Atomic coordinates

f j(q) Atomic form factor of

the particle

jl(qr) Spherical bessel functions

Y∗lm(ωj) Spherical harmonics

F(ω) Envelope function describing

the border layer

∆ Effective thickness of

the border layer

gj(q) Atomic form factor of

the excluded volume

L Resolution of the

representation of the particle

using the multipole expansion with atomic coordinates with the

scattering amplitude of the particle with N atoms in vacuo:

Alm(q) = 4πil
N

∑
j=1

f j(q) jl(qrj) Y∗lm(ωj) (5)

the scattering amplitude of the boarder layer:

Blm(q) = il(2/π)1/2
∫
ω

Y∗lm(ω) dω

F(ω)+∆∫
F(ω)

jl(qr)r2 dr (6)
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and the scattering amplitudes of the excluded volume:

Clm(q) = 4πil
N

∑
j=1

gj(q) jl(qrj) Y∗lm(ωj) (7)

During a CRYSOL run, several output files containing different

sets of information are generated, the three most important files

being the ALM, FIT and LOG files. The ALM file contains the scat-

tering amplitudes as calculated according to equations 5 to 7. This

file is required for a later rigid body modelling with SASREF. An-

other important file is the FIT file, here the experimental data and

the result of the fitting is saved. An overview of the input parame-

ters and the screen output is written in the LOG file. A description

of the content of the FLM, INT and SAV files can be found in the

CRYSOL manual available on the ATSAS homepage 1. 1 https://www.embl-
hamburg.de/biosaxs/software.html

4.2 | SASREF

The structure determination of (bio-)macromolecules remains a

challenge even to the present day. Despite sophisticated techniques

like x-ray crystallography, using high performance x-ray sources

and detectors, and multidimensional nuclear magnetic resonance

spectroscopy together with powerful computer systems, there re-

mains still a huge effort of manpower, necessary to obtain a high

resolution structure. In the case of x-ray crystallography, moreover,

crystals of the molecules are needed and this crystalline state can

differ from the appearance in solution of the sample [87].

Another possibility for obtaining structural information albeit

not on the atomic level, is the combination of small angle scatter-

ing techniques with ab inito or rigid body modelling approaches.

For the latter, homologuos protein structures are commonly used

as a starting point. The software collection ATSAS developed by

D. Svergun et al. [88] provides several modules for the different

modelling approaches. In this thesis the program SASREF [89] was

used. It uses rigid body modelling, based on the simulated anneal-

ing approach and provides the possibility to account for known

intramolecular distances. This modelling is performed against ex-

perimental small angle x-ray scattering data.

The rigid body modelling is performed with a number of K

subunits whose structures are known. The sum of these subunits

represents the protein. For each subunit the scattering amplitude
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C(k)(q) is determined, then the subunits are rearranged stepwise by

shifting and rotating. The resulting scattering amplitude of the gen-

erated structure is calculated and compared with the experimental

data [89]. The scattering intensity of the whole protein is given by

[90]:

I(q) =

〈∣∣∣∣∣ K

∑
k=1

A(k)(q)

∣∣∣∣∣
2〉

Ω

(8)

with

A(k)(q) = exp(iqrk)Π(αkβkγk)
[
C(k)(q)

]
(9)

In equation 9 Π(αkβkγk) is the rotational operator with the Euler

rotation angles αk, βk, γk and r is the vector of the shift.

Using a multipole expansion on spherical harmonics leads to the

analytical term of the scattering intensity:

I(q) = 2π2
∞

∑
l=0

1

∑
m=−1

∣∣∣∣∣ K

∑
k=1

A(k)
lm (q)

∣∣∣∣∣
2

(10)

After each modelling step the goodness-of-fit of the actual arrange-

ment of the subunits to the experimental data Iexp(q) is measured

by [89]:
N Number of atoms

k Scaling factor

σ(qj) Experimental error at qj

χ2 =
1

N − 1 ∑
j

[
Iexp(qj)− kI(qj)

σ(qj)

]2

(11)

In addition, it is necessary to account for a reasonable arrange-

ment of the subunits, avoiding sterical clashes (cross) and loose

contacts (cont) or incorporating information from other methods

or known restraints (dis). This is realised by employing a target

function E (eq. 12) using the penalty terms αiPi.

During the fitting the target function E is minimised [89]:

E = ∑
(

χ2
)

i
+ αdisPdis + αcrossPcross + αcontPcont (12)

As an initial point, SASREF needs a file with the scattering am-

plitudes as provided by CRYSOL for each subunit (ALM-file), a file

with the experimental scattering data and an optional file contain-

ing the contact conditions (e.g. restraints in distance between the

subunits).
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4.3 |HYDROPRO

It is possible to predict the hydrodynamic properties of rigid

macromolecules as well as proteins on the basis of their crystal

structure using for example a bead or a shell modelling approach.

As a starting point the atomic-level structure (Fig 7) or the residues

can be used. During modelling the structure is approximated by re-

placing either each non-hydrogen atom or each residue by identical

beads with a defined radius (Fig 8, 9). For the determination of the

radius of gyration this bead-model (also called primary model) is

used.

Figure 7: Atomic-level structure of
3H3 predicted from the structure of
1LMK and the sequence of 3H3 with
the program 3D-JIGSAW [91, 92].
The figure was generated from the
obtained atomic coordinates using
PyMOL [93].

Figure 8: Bead-model of 3H3 com-
posed of beads with a radius of
0.29 nm. The model is based on the
atomic coordinates predicted by 3D-
JIGSAW.

Figure 9: Bead-model of 3H3 com-
posed of beads with the radius of
0.59 nm, taking a hydration layer
into account. The model is based on
the atomic coordinates predicted by
3D-JIGSAW.

For the determination of the translation diffusion coefficient

only the beads in contact with the solvent are used to generate a

shell-model consisting of a number Ns of small, nonoverlapping
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minibeads with the radius σ. During the bead-model calculation

the radius of the minibeads is decreased while the number of beads

is increased in a given range [94]. At the end an extrapolation to

σ → 0 is done. This shell-model approach was first introduced by

V. Bloomfield et. al. [95, 96].

The calculations described above can be done with the help of

the program HYDROPRO, developed by J. Garcia de la Torre et.

al [94, 97]. HYDROPRO uses a variable number of beads in the

range of ∼200 to a (recommended) current maximum of ∼2000.

The limitation of the maximum of beads is set by the fact that the

computational costs are proportional to N3
s . Despite this limit,

fluid-dynamics calculations [98] and experiments with well-defined

nanoparticles [99] showed sufficient compliance with the results

obtained by HYDROPRO [94]. All calculations of the hydrody-

namic properties of the 3H3 were performed with a bead radius of

0.59 nm for the primary model. This is an enlargement of 0.3 nm 2 2 0.3 nm is a good approximation for
the diameter of a water molecule.

regarding the recommended bead radius of 0.29 nm by J. Garcia de

la Torre in order to take the hydration layer into account [100].



5 Material and Methods

5.1 | Small angle x-ray scattering

5.1.1 Basic scattering theory

During a scattering experiment a collimated beam of radiation is

incident on a sample. The main part of the radiation passes through

the sample without any interaction (transmission), a very small

amount is absorbed and a certain part is scattered elastically. This

scattered part contains information about the sample structure.

Hence, in a scattering experiment a comparison of the intensity

of the incident beam I0 with the scattered intensity Isc at a certain

angle 2θ at a distance L is made using a detector with Adet = ∆ΩL2

[101].

I0 Intensity of the primary beam

Isc Scattered intensity

2θ Scattering angle

L Sample to detector distance

Adet Area of the detector

∆Ω Solid angle collected by each

detector element

dσ/dΩ Differential scattering cross-

section per unit solid angle

The ratio of the two intensities is defined as the differential scat-

tering cross-section per unit solid angle dσ/dΩ and has a squared

length as unit:

dσ

dΩ
=

Isc

I0
L2 (13)

The scattering cross section σ is defined as [102]:

σ =
scattered energy

incident energy per unit area
(14)

Regarding the sample volume V in a further step leads to the

differential scattering cross-section per unit sample volume:
dΣ/dΩ Differential scattering cross-

section per unit sample volume

I =
dΣ
dΩ

=
1
V

dσ

dΩ
(15)

In general, for small angle scattering analysis the magnitude of

the scattering vector q 1 is given by: 1 Caution! Instead of q sometimes h or
s is used; s can also be s = q

2π

q = |−→q | = 4πn
λ

sin
(

2θ

2

)
(16)
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with the refractive index of the medium n 2, the wavelength of the 2 In the case of x-ray and neutron
scattering n = 1

incident beam λ and the scattering angle 2θ. As shown in the vector

diagram (Fig. 10) the scattering vector −→q is the vector between the

incident beam
−→
ki and the scattered beam

−→
ks .

−→
ki

−→
ki

−→
ks

2θ

−→q

Figure 10: Vector diagram for elastic
scattering. The scattering vector −→q
is defined as the vector between the
incident beam

−→
ki and the scattered

beam
−→
ks . 2θ is the scattering angle.

The definition of the scattering angle as 2θ results from the con-

sideration made by Bragg as shown in figure 11. This also leads to

the well-known Bragg equation (eq. 17) and to equation 18, corre-

lating the scattering vector q with the intermolecular distance d.

θθ

d 2θ

Figure 11: Bragg reflection from crystal
planes with distance d.

nλ = 2d sin θ (17)

d =
2π

q
(18)

The scattering intensity of the sample I(q) obtained in a scatter-

ing experiment is influenced by several factors (eq. 19), including

different parameters about the sample as described below:

I(q) =
N
V

∆b2 P(q) S(q) = K c M P(q) S(q) (19)

N/V Number density of scatterers

bsample Scattering length of the sample

bbuffer Scattering length of the buffer

∆b Excess scattering length

P(q) Form factor

S(q) Structure factor

K Optical constant

c Concentration of the solute

M Molecular weight of the solute

Here N/V is the number density of scatterers,

∆b = bsample − bbuffer (20)

the excess scattering length of the sample, P(q) the form factor rep-

resenting intramolecular interactions and S(q) the structure factor

representing intermolecular interactions. It is assumed that the



Material and Methods 31

samples are diluted in such a way that no intermolecular interac-

tions occur and S(q) = 1. The scattering intensity is furthermore

dependent on the concentration c of the sample, the molecular

weight M and on the sample specific optical constant K. In the case

of small angle x-ray scattering (SAXS) K is defined as:

KSAXS =
NA∆b2

M2 =
(ν∆ρ)2

NA
(21)

NA Avogadro number

ν Specific volume

∆ρ Excess scattering length density

Vsample Volume of the samplewith

ν =
NAVsample

M
(22)

Thus, the optical constant KSAXS contains information about the

specific volume ν of the sample and the excess scattering length

density:

∆ρ = ρsample − ρbuffer (23)

5.1.2 Laboratory SAXS beamline - XEUSS

SAXS measurements were performed using a XEUSS system

(XENOCS, Sassenage, France). This provides a monochromatic

Cu Kα
3 radiation and a variable sample-to-detector distance, cov- 3 λ = 0.154 11 nm

ering a range between 50 cm and 277.5 cm. The setup consists of

an evacuated collimation path with two variable scatterless slits,

an evacuated X-ray scattering path (flight tube) and a hybrid-pixel

area detector (Pilatus 300k, Dectris, Switzerland). The slits consist

of four independently movable blades equipped with a single crys-

tal on the edge pointing towards the beam, providing a beam of

squared cross section 4. 4 Modes:
high resolution: 0.4 mm x 0.4 mm,
high flux: 0.8 mm x 0.8 mmThere are several sample environments available which are in-

terchangeable. Flow-through capillaries made of quartz glass or

Kapton with an outer diameter of 1 mm are used for the measure-

ment of dissolved samples with poor contrast.

Figure 12: Schematic drawing of the
XEUSS SAXS system.



Material and Methods 32

5.1.3 SAXS - Hands on

The SAXS measurements were performed using the XEUSS-beamline

operated in the high-resolution mode, equipped with the flow-

through setup and a 1 mm quartz glass capillary. To cover the

maximum q-range, measurements were made at three different

sample-to-detector distances (50 cm, 133 cm and 278 cm). The sam-

ples were prepared directly before the measurements, filtered

through a 0.2 µm syringe filter (Cellulose Acetate, VWR Interna-

tional GmbH, Darmstadt, Germany) and centrifuged for 15 minutes

at 21,000 x g at 4 ◦C. All measurements were performed at room

temperature.

5.1.4 Initial data treatment

To be able to perform a complete and satisfying data treatment,

in each scattering experiment a complete set of data has to be col-

lected.

This comprises knowing the intensity of the incoming beam I0,

the transmission of the sample T, the sample-to-detector distance,

the dark count rate of all detectors Id used during the measure-

ment, and the scattering pattern of an absolute calibration standard,

e. g. glassy carbon [103, 104]. It is also vital to have a sufficiently

long period of time of measurement of the sample itself to guaran-

tee good statistics.

Figure 13: Schematic overview of
initial SAXS data treatment steps from
the 2D detector image to the 1D plot of
the scattering intensities.
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The first step to be taken for the data treatment after finishing Masking

the measurement is to mask all the regions on the 2D scattering

pattern which do not contain any information about the sample

(beam stop, dead pixels, dead areas of the detector).

Then azimuthal averaging is performed to obtain the 1D scatter- Azimuthal averaging

ing data (figure 13), this procedure is only applicable in the case of

isotropic scattering patterns. Anisotropic scattering patterns have to

be analysed in 2D or particular areas have to be selected for partial

azimuthal averaging.

To enhance the signal to noise ratio, single short time measure- Averaging of exposures

ments are averaged now. This can also be performed before the

azimuthal averaging.

In the following normalisation step the scattering data has to Normalisation

be normalised with the transmission T and the acquisition time t

according to the equations 24 and 25:

Inorm(q) =
Isc(q)

T t
(24)

Inorm(q) Scattered intensity,

normalised

Isc(q) Scattered intensity

without corrections

T Transmission

t Acquisition time

It Intensity of the

transmitted beam

Id Darkcountrate of

the detector

I0 Intensity of the

incoming beam

with the transmission

T =
It − Id
I0 − Id

(25)

All the initial data treatment steps described until now have

to be applied to the sample as well as to the background and to

standard measurements.

5.1.5 Further data treatment

The use of an inhouse SAXS beamline with a limited flow com-

pared to synchrotron beamlines necessitates longer acquisition

times. For the purposes of this thesis each sample was measured

for 24 h, representing a good compromise for obtaining accept-

able statistics without having instabilities in the sample. Especially

biological samples may degrade or form aggregates during the Damage control

measurement time. To account for this, the measurements were

subdivided in frames of 10 min. After the azimuthal averaging, the

data of the first and last 10 frames were averaged and compared in

order to exclude any changes of the sample.

In a further data treatment step a careful background substrac- Background substraction

tion is performed to eliminate contributions from the solvent (e.g.

buffer) and from the setup. Especially when examining particles,
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the scattering intensities of the buffer Isol(q) and the empty cap-

illary Icap(q) have to be subtracted volume fraction φ weighted 5. 5 Ibs(q) = Isample(q)− (1− φ)Isol(q)− φIcap(q)

In the case of fuzzy systems such as proteins, the volume fraction

is very small so it is common to subtract the buffer without any

weighting 6. After the buffer subtraction, the scattering intensities 6 Ibs(q) = Isample(q)− Isol(q)

of the sample without any influences of the sample environment

Ibs(q) are obtained.

The scattering intensities obtained so far are on a relative scale. Absolute calibration

For some further evaluation steps, e.g. determining the molecu-

lar weight, it is necessary to bring the scattering intensities on an

absolute scale. In order to do this, the measurement of a known

calibration standard is used, and a shifting factor is determined and

applied to the scattering intensities of the sample.

5.1.6 Data evaluation

The scattering intensities obtained during SAXS experiments en-

able various conclusions to be drawn about the sample. As shown

in equation 19, the scattering intensities depend on the structure

factor, the form factor, the molecular weight and the concentration

of the solute. Another parameter, which can be extracted from the

scattering intensities, is the radius of gyration Rg which can be ob-

tained by a Guinier analysis using the following equation [105, 106]: Guinier analysis

I(q) = I(0) exp
(
−1

3
R2

gq2
)

(26)

To perform the Guinier analysis the logarithmic intensity is plot-

ted against the squared scattering vector and a linear fit in the

lower q-region is performed. The valid interval for the fit is limited

by qmaxRg ≤ 1.3. From the slope of the fit the radius of gyration can

then be calculated according to equation 26. The intercept of the

y-axis gives I(0) which can be used for molecular weight determi-

nation 7 as described in the next chapter. 7 This requires the intensity to be on
absolute scale and normalised with the
concentration!In contrast to other methods of analysis, the data obtained by

scattering experiments are in the reciprocal space, this means a

Fourier transformation is done in the experiment. With the growing

potential of the computers available during the last few years, sev-

eral attempts have been made to provide a user-friendly software

for an inverse Fourier transformation, resulting in software pack- Inverse Fourier transformation

ages such as PCG [107] by O. Glatter or the ATSAS-package [88] by
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D. Svergun. As a result of the inverse Fourier transformation the

pair distance distribution function p(r) is obtained:

p(r) =
r

2π2

∞∫
0

qI(q) sin qr dq (27)

In 1955 Guinier and Fournet [106] showed that half the nor-

malised second moment of the p(r) function is the squared radius

of gyration:

R2
g,real =

∞∫
0

p(r)r2dr

2
∞∫
0

p(r)dr
(28)

The ATSAS-package provides the program SHANUM [108]. This

tool combines the inverse Fourier transformation with the Shannon

sampling approach [109–111] and allows the determination of the

useful data range of an experimental scattering data set.

5.1.7 Molecular weight determination with SAXS

Small angle x-ray scattering as a static scattering technique allows

the determination of several parameters of substances diluted in

a solvent. One of these parameters is the molecular weight M,

which gives a clear indication as to whether the substance exists in

a monomeric or oligomeric state. There are several different ways

described in literature allowing the determination of molecular

weight out of scattering data [112]. One possibility described by

A. Guinier and O. Glatter emanates from the scattering data on

absolute scale and uses the extrapolation to I(0). The molecular

weight can then be calculated using the following expression [113]:

MProt =
I(0)absNA

cProt(∆ρν)2 (29)

I(0)abs Scattering intensity on

absolute scale at q = 0

cProt Sample concentration

∆ρ Scattering contrast

ν Partial specific volume
Additionally the scattering contrast and the partial specific vol-

ume of the sample have to be known.

An alternative way of determining the molecular weight is the

use of a secondary scattering standard e.g. lysozyme [114] or BSA

[115]. In this case the sample as well as a standard have to be mea-

sured under the same conditions and the scattering intensities have
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to be normalised according to their concentrations. The molecular

weight can then be determined by:

MProt =
I(0)Prot

cProt
· MStd

I(0)Std/cStd
(30)

Fischer et. al. [116, 117] describe a completely different approach

for the determination of the molecular weight from SAXS measure-

ments. They use the Kratky function calculated from the scattering

intensities on relative scale and perform an integration of the area

under the curve to determine the volume of the sample (e.g. pro-

tein) and from this the molecular weight.

Q =

∞∫
0

I(q)q2dq = 2π2(∆ρ)2V2 (31)

Q′ =

qmax∫
0

I(q)q2dq (32)

V′ = 2π2 I(q)
Q′

(33)

Due to the fact that the scattering intensities are only available

in a limited q-range, this method yields an apparent volume which

has to be corrected using a linear (A) and an angular coefficient (B):

V = A + BV′ (34)

From the corrected volume the molecular weight can be calculated

by: ρm Density of the molecule

M = Vρm (35)

This evaluation method is implemented in the online tool SAXS

MoW 8 [117]. The tool needs as input the pair distance distribution 8 http://www.if.sc.usp.br/∼saxs

function calculated using the program GNOM [118] included in the

ATSAS package [88].

5.2 | Light scattering

5.2.1 Photon correlation spectroscopy - Basic theory

In a classical photon correlation spectroscopy (PCS) experiment the

intensity fluctuations of the scattered light (Fig. 15) (Tyndall effect)
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are recorded by a photosensitive detector using the setup shown in

figure 14 [119, 120].

Figure 14: Schematic drawing of the
light scattering setup for PCS and
static measurements.

A PCS experiment recording directly the intensity fluctuations of

the scattered light is called homodyne experiment. This homodyne

experiment can be done at different scattering angles θ and hence,

at different q-values using a goniometer setup.

These fluctuations are then analysed by a digital correlator which

generates the intensity time auto correlation function g2(τ) (Fig. 16)

[119]:

g2(τ) =
〈E∗s (t)Es(t)E∗s (t + τ)Es(t + τ)〉

〈I〉2
(36)

g2(τ) Intensity time

correlation function

τ Delay or correlation time

Es(t) Scattered electric field

E∗s (t) Conjugate-complex of the

scattered electric field

I Mean scattered intensity

g2(τ) can be used to compute the normalised electrical field time

correlation function:

g1(τ) =
〈E∗s (t)Es(t + τ)〉

〈I〉 (37) g1(τ) Electrical field time

correlation function

Es(t) Scattered electrical field

E∗s (t) Conjugate-complex of the

scattered electrical field

I Scattered intensity

B Baseline parameter

by using the Siegert-relation:

g2(τ) =
[
1 + |g1(τ)|2

]
B (38)

Based on this information a conclusion about the translational

motion of the scattering particles can be drawn. It is also possible

to measure g1(τ) directly in a so-called heterodyne experiment [120],

but this is much more complicated [121].

In the case of monodisperse samples, g1(τ) can be described by a

single exponential function:

g1(τ) = exp(−Γτ) (39)
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Figure 15: The intensity trace (coun-
trate of the detector) versus time of a
PCS measurement at a certain angle
(black; in green: the mean value of the
countrate).
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Figure 16: The resulting intensity time
autocorrelation function calculated
from the measured intensity trace.

The relaxation rate Γ is given by:

Γ = Dexpq2 (40)

with the mutual translational diffusion coefficient Dexp [121].

Γ Relaxation rate

Dexp Mutual translational

diffusion coefficient

G(Γ) Relaxation rate distribution
However, real samples are polydisperse and might exhibit sev-

eral relaxation modes stemming for example from aggregates of

different sizes or from rotational and internal dynamics in the scat-

tering biopolymer. In this case g1(τ) is given by:

g1(τ) =

∞∫
0

G(Γ) exp (−Γτ)dΓ (41)
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with G(Γ) being the relaxation rate distribution (Fig. 17). G(Γ) can

be computed by an inverse Laplace transformation [120].
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Figure 17: Relaxation rate distribution
obtained from the intensity time
autocorrelation function shown in Fig.
15.

For the determination of the z-averaged relaxation rate 〈Γ〉
the inverse Laplace transformation is used. This algorithm is

implemented in the FORTRAN program CONTIN provided by

S. Provencher [122]. If only a single relaxation is observed, 〈Γ〉 is

related to the mutual diffusion coefficient 〈Dexp〉 by:

Γ = 〈Dexp〉q2 (42)

In this case 〈Dexp〉 is related to the apparent hydrodynamic

radius through the Stokes-Einstein equation [123]:

〈Dexp〉 = kBT
6πηRh

(43)

with the temperature T, the Boltzmann constant kB, the viscosity

of the solvent η, and the radius of a hydrodynamically equivalent

sphere Rh. In the case of an ideal diluted solution 〈Dexp〉 corre-

sponds to the self-diffusion coefficient D0.

kB Boltzmann constant

T Temperature

η Viscosity of the solvent

D0 Viscosity of the solvent

kD Interaction parameter

c Concentration of the sample
A further parameter which can be obtained from PCS experi-

ments is the interaction parameter (dynamical virial coefficient)

kD:

〈Dexp〉 = D0 (1 + kDc) (44)

kD can easily be obtained from the slope of the averaged mutual

translational diffusion coefficient 〈Dexp〉 versus the concentration c.
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The self-diffusion coefficient D0 is given by the y-intercept. A pos-

itive kD points to repulsive intermolecular interactions, whereas a

negative kD indicates attractive interactions [124].

5.2.2 PCS - Hands on

Photon correlation spectroscopy measurements were carried out

on a light scattering goniometer setup (LS instruments, Switzer-

land) equipped with a He-Ne Laser working at 632.8 nm (JDSU

1145P, USA). The samples were placed in a decaline filled vat, ther-

mostated at 20 ◦C using a refrigerated heating circulator (Julabo

F25ME, Julabo GmbH, Germany). The measurements were per-

formed at two scattering angles, 60° and 135°, with nine different

sample concentrations in the range of 2.5 mg ml−1 to 10 mg ml−1.

The samples with the highest and the lowest concentration were

additionally measured angular dependent in steps of 10°. All sam-

ples were prepared directly before the measurements in a clean

workbench, centrifuged for 15 min at 21,000 x g at 4 ◦C, filtered

through a 0.2 µm syringe filter (Cellulose Acetate, VWR Interna-

tional GmbH, Darmstadt, Germany) directly into a cylindrical

quartz cuvette (540.110-QS, Hellma GmbH & Co. KG, Germany)

and finally centrifuged for 5 min at 2000 x g for the removal of dust

and air bubbles. The cuvettes were previously rinsed with freshly

distilled acetone.

5.2.3 PCS - Initial data treatment

The initial step of the data treatment is the evaluation of the auto-

correlation function received from each measurement. This was

performed using the bash program MSPLOT-C, developed in this

workgroup [125]. The program performs a CONTIN-analysis [122]

and allows a multiple data-treatment.

5.2.4 Static light scattering - Basic theory

The basic theory underlying static light scattering (SLS) experi-

ments is the same as described for small angle x-ray scattering.

Instead of x-ray irradiation, here the monochromatic, coherent light

of a laser is used as probe. The scattered light from the sample is

then detected angular dependent with the help of a similar setup

as used for PCS (Fig. 14). This setup allows the measurement of
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the scattered intensity in an angular range between 40° to 130°. In

an SLS experiment the scattering contrast arises from the different

refractive indices of the scattering objects and their environment.

Thus it is correlated with the electron density of the atomic consti-

tution of the individual material responsible for the scattering. To

obtain the scattering information of the pure sample on an abso-

lute scale and free of influences caused by the setup – called excess

Rayleigh ratio Rex − the raw intensity recorded by the detector Iraw

has to be corrected angular dependent:

Iscattered =

(
Iraw · sin θ

ILaser

)
(45)

and a normalisation with a standard, normally toluene, with a

known Rayleigh ratio (scattering intensity on absolute scale) must

be done as described in equation 46 [120, 126]:

Iraw Raw intensity,

recorded by the detector

ILaser Intensity of the

incoming beam

Iscattered Corrected scattered intensity

Is Scattered intensity of sample

Ib Scattered intensity of the buffer

Iref Scattered intensity

of the reference

nb Refractive index of the solvent

nref Refractive index of the reference

Rref Rayleigh ratio of the reference

Rex =

(
Is − Ib

Iref

)(
nb
nref

)2
Rref (46)

5.2.5 Molecular weight determination with SLS - The Zimm-plot

The Zimm-equation 47 together with the resulting Zimm-plot

(Fig. 18) provides the possibility of calculating several system

parameters from the data obtained by a static light scattering ex-

periment [127]. Zimm’s equation relates the form factor P(θ) to the

optical constant K, the mass concentration c, the molecular weight

M and the second osmotic virial coefficient A2.

Kc
Rex

= P(θ)−1
(

1
M

+ 2A2c
)

(47)

K Constant containing optical

parameters, see eq. 50

c Concentration of the sample

Rex Excess Rayleigh ratio

P(θ) Form factor

M Molecular weight

A2 Second virial coefficient〈
Rg
〉

Radius of gyration

When using the Guinier approximation, equation 47 can be written

as:

Kc
Rex

=

(
1
M

+ 2A2c
)(

1 +
q2

3

〈
R2

g

〉)
(48)

or simplified

Kc
Rex

=
1
M

(
1 +

q2

3

〈
R2

g

〉)
+ 2A2c (49)

with

K =
4π2 · n2

NA · λ4
0
·
(

dn
dc

)2
(50) NA Avogadro constant

λ0 Wavelength of the light in vacuo

dn/dc Refractive index increment



Material and Methods 42

For the construction of the Zimm-diagram Kc
Rex

is plotted against

q2 + kc and an extrapolation to q = 0 and c = 0 is done. The

scaling factor k only influences the appearance of the plot. Hence,

the Zimm-equation and the plot consolidate all experimental and

molecular parameters of the static light scattering experiment. The

following special cases

• extrapolation to zero of the concentration and the scattering

vector (
Kc
Rex

)
c,q→0

=
1
M

(51)

• extrapolation to zero of the scattering vector(
Kc
Rex

)
q→0

=
1
M

+ 2A2c2 (52)

• extrapolation to zero concentration(
Kc
Rex

)
c→0

=
1
M

(
1 +

q2

3

〈
R2

g

〉)
(53)

yield the molecular weight, the second virial coefficient, the radius

of gyration and allow a cross-check of the experimental results.
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Figure 18: Example of a Zimm-
diagram showing the measured
data sets (rows of black symbols),
the extrapolation to q = 0 for every
dataset (orange dots), the extrapola-
tion to c = 0 (green dots) and their
corresponding linear fits (lines).

5.2.6 Static light scattering - Hands on

The static light scattering measurements were performed with the

same setup as used for the PCS. All measurements were done at

20 ◦C and the scattered intensities of the samples were recorded in
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the scattering angle range between 40° and 130° in steps of 1°. For

the measurements of the buffer solution and the toluene reference

the same parameters were used. The samples were prepared di-

rectly before the measurements in a clean workbench, centrifuged

for 15 min at 21,000 x g at 4 ◦C, filtered through a 0.2 µm syringe fil-

ter (Cellulose Acetate, VWR International GmbH, Darmstadt, Ger-

many) directly into a quartz cuvette (540.110-QS, Hellma GmbH &

Co. KG, Germany) and finally centrifuged for 5 minutes at 2000 x g

for the removal of dust and air bubbles. The cuvettes were previ-

ously cleaned with freshly distilled acetone.

5.3 | Size exclusion chromatography

Size exclusion chromatography (SEC) is a method which can be

used for analytical purposes, as well as for purification and polish-

ing of substances [128]. For this a sample with several components

flows through a column with a porous organic network structure

as stationary phase. The single components are thereby retarded

by their different penetration depth of the network of the station-

ary phase in a manner that small molecules are retarded more than

bigger ones due to their higher penetration depth. Several different

detectors (e. g. UV, refractive index, light scattering) can be used. A

conclusion concerning the hydrodynamic radius can be drawn from

the elution volume and it is possible to obtain the molecular weight

of each component by a comparison with a standard. A typical size

exclusion chromatography diagram is shown in figure 19.

0 5 1 0 1 5 2 0 2 5

0

1 0 0

2 0 0

3 0 0

A
28

0 /
 m

A
u

V  /  m l

1

2

3

1

Figure 19: Example of an SEC elution
diagram showing the separation of
three proteins with different sizes
(Albumin (1), Carbonic anhydrase (2),
Aprotinin (3), calibration mixture ).
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5.4 | Size exclusion chromatography - Hands on

For the size exclusion chromatography a HPLC-system (ÄKTApu-

rifier, GE Healthcare, Chalfont St Giles, UK) equipped with differ-

ent columns for purification and analysis was used. The purifica-

tion was done with a HiLoad 16/60 Superdex 75 PG column (GE

Healthcare, Berlin, Germany) using a 20 mM MES, pH 6.5, 150 mM MES: 2-(N-morpholino)ethanesulfonic
acid

NaCl buffer. Whereas for the analytical size exclusion chromato-

graphy a Superdex 75 10/300 GL column (GE healthcare, Berlin,

Germany) was used. This column was equilibrated with 1.3 times

the volume of the column with 20 mM MES, 6.5, 500 mM NaCl

buffer. After injecting the sample, the UV-absorption at 280 nm was

measured for 1.3 column volumes.

5.5 |Gel electrophoresis - SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) is a standard method for the analysis of proteins [129, 130].

It allows the determination of the molecular weight by compar-

ison with a standard and the analysis of the purity of a sample.

The basic principle of electrophoresis is the separation of charged

molecules in an electrical field. In an initial step the samples are

treated with the anionic detergent sodium dodecyl sulphate (SDS)

causing a linearisation of the proteins and imparting a negative

charge. Then they are loaded onto the gel and an electrical field is

applied.

Figure 20: Schematic drawing of a gel
electrophoresis chamber.

The gel, a polymer network consisting of acrylamide and bisacry-

lamide, restrains molecules depending on their size, e.g. larger

molecules migrate slower than small molecules towards the an-

ode. The first stage of the gel has a lower acrylamide content and

is called stacking gel (Fig. 20). It is used to concentrate the samples

and to obtain a defined starting point. To visualise the resulting

bands the gel is stained with Coomassie Brilliant Blue.

5.6 |Gel electrophoresis - Hands on SDS sample buffer (6×):
300 mM Tris/HCl pH 6.8, 600 mM β-
mercaptoethanol, 60 % (v/v) glycerol,
12 % (w/v) SDS, bromophenol blue,
ultrapure water

SDS electrophoresis buffer (10×):
250 mM Tris, 1.92 M glycine, 1 %
(w/v) SDS, ultrapure water

The SDS gel used for this thesis had an acrylamide content of

10 % (v/v). The detailed composition is shown in table 1. For the

electrophoresis run 40 mA were applied for 35 min to 40 min. As

molecular weight standard the unstained protein molecular weight
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ladder (Fermentas, St. Leon-Rot, Germany) was used. All samples

were treated with 6x SDS buffer and incubated for 5 min at 95 ◦C

before being loaded on the gel. After the run the SDS gel was in-

serted in Coomassie staining solution, incubated for one minute

Staining solution:
0.25 % (v/v) Coomassie Brillant Blue
R-250, 30 % (v/v) Ethanol, 10 % (v/v)
Acetic acid, Milli-q-water

Destaining solution:
40 % (v/v) ethanol, 10 % (v/v) acetic
acid, ultrapure water

Drying solution:
50 % (v/v) methanol, 3.4 % (v/v)
glycerol, ultrapure water

in the microwave oven and then shaken for 20 min at room temper-

ature. To highlight the bands, the gel was treated with destaining

solution. For documentation purposes the gel was then incubated

for 30 min in drying resolution and afterwards dried at room tem-

perature.

All chemicals were purchased form
AppliChem (Darmstadt, Germany),
Fermentas (Leon-Rot, Germany),
Fluka (Neu-Ulm, Germany), Merck
(Darmstadt, Germany), Carl Roth
(Darmstadt, Germany), Serva (Hei-
delberg, Germany), Sigma-Aldrich
(Taufkirchen, Germany) or VWR
(Leuven, Belgium) unless otherwise
stated.

Type of gel

stacking (4 %) resolving (10 %)

Ultrapure water / ml 4.5 9.0

Acrylamide-Bisacrylamide
(30 %, 37.5:1) / ml 0.9 7.5

1.5 M Tris-HCl pH 8.8 / ml - 5.7

0.5 M Tris-HCl pH 6.8 / ml 1.5 -

SDS (10 %) / µl 75 200

APS (24 %) / µl 20 50

TEMED / µl 10 20

Table 1: Composition of the SDS-gels
(APS: Ammonium persulfate, TEMED:
N,N,N’,N’-Tetramethylethane-1,2-
diamine; all quantities for four gels;
the stacking gel has an acrylamide
content of 4% (v/v) compared to the
resolving gel with 10% (v/v))

5.7 | Further parameters

For the evaluation of the light scattering data further parameters

of the samples are needed: the density, the refractive index and the

refractive index increment. The density and the refractive index

measurements were performed on a DMA 4500 density meter and

on an RXA 170 refractometer from Anton Paar (Graz, Austria). All

measurements were repeated at least three times and the averaged

values were taken for further calculations. The refractive index in-

crement was determined using the α-Ref.-System (Version 2.1) from

SLS-Systemtechnik (Denzlingen, Germany) with a quartz cuvette

(410.45, Starna GmbH, Pfungstadt, Germany). All measurements

were performed at 20 ◦C.

5.8 | Calculations

The static scattering experiments described in earlier sections lead

to data sets describing the sample parameters in reciprocal space.
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One possibility of obtaining information about the system in real

space, is the use of the inverse Fourier transformation resulting in

the p(r)-function [107]. Another approach is to calculate the scat-

tering intensities emanating from a known structure or to calculate

structure factors which are then fitted to the measured scattering

data. When dealing with protein samples the program CRYSOL

[83] from the ATSAS package [88] provides a sophisticated way

for the calculation of scattering functions out of PDB files with the

possibility of the adaption of the calculated and the measured data

sets. If no details about the structure of a protein are known or if

no homologous structure is available, it is necessary to use ab-initio

calculations [27]. This method needs no further information than

the scattering data itself and calculates a possible low resolution

model of the shape of a molecule fitting the scattering amplitudes.

Whereas if there are homologous structures available or the protein

consists of known substructures, a rigid body modelling approach

is useful [89]. Hereby a structural optimization by shifting and ro-

tating fixed structural parts against each other, is performed within

the limits of predefined restraints. Each optimization step is fol-

lowed by a comparison of the calculated and the experimental scat-

tering data. This kind of structure optimisation can be performed

using the programs MASSAH [131, 132] or SASREF [89] also avail-

able from the ATSAS package. The latter program allows to define

constraints, e.g. distances, that should not be exceeded. Besides

the calculation or simulation of parameters arising from static scat-

tering experiments, it is also possible to simulate hydrodynamic

properties of known structures which then can be compared with

photon correlation spectroscopy measurements. For this case the

program HYDROPRO [94, 97, 133, 134] from J. Garcia de la Torre et.

al. can be used [100, 135].



6 Results and Discussion

6.1 | Initial cleaning and polishing of the 3H3 diabody

The analysis of the overall structure and the molecular weight of

the 3H3 diabody was conducted using scattering experiments.

These types of experiments require highly pure samples. To fulfill

this requirement the purified protein samples were polished by a

preparative SEC run directly before each experiment. In figure 21

the elution profile of such an SEC run is shown. The main peak

appearing at the elution volume of 65 ml denotes the 3H3 antibody

fragment, whereas the small peaks at the elution volume of the

51 ml and 83 ml result as a consequence of impurities and aggre-

gates.
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Figure 21: Elution profile of the
preparative SEC run of the 3H3 di-
abody.

To distinguish between the fractions containing the pure pol-

ished protein and fractions containing impurities, the SEC fractions

were analysed with SDS PAGE (Fig. 22). An SDS gel with an acry-

lamide content of 10 % was used for this analysis and 10 µl of each

selected SEC fraction was deposited. Finally, the protein bands were

visualised by staining with Coomassie blue solution.
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Figure 22: Analysis of the fractions of
the SEC run with SDS PAGE. For the
analysis a SDS gel with an acrylamide
content of 10% was used and 10 µl of
each fraction was deposited. Finally
the gel was dyed with Coomassie blue
solution.

The fractions 7 - 28 show the characteristic band at the expected

molecular weight of the denaturated 3H3 diabody (27 kDa). Due

to the small retention volume of fraction seven, it is assumed that

this fraction contains aggregates which are separated by SEC. The

main peak fractions (fraction 18-24) contain the maximum amount

of 3H3 diabody. The very weak bands at approximately 25 kDa

and at approximately 60 kDa are caused by impurities and can be

neglected when seen in comparison to the total amount of protein

in these fractions as shown in figure 22.

6.2 | Light scattering

6.2.1 Photon correlation spectroscopy

The determination of the hydrodynamic properties of the 3H3 anti-

body fragment was done by photon correlation spectroscopy (PCS)

measurements. Different samples with a protein concentration

between 2.5 mg ml−1 and 10 mg ml−1 were analysed at scattering

angles of 60° and 135°. For the sample with the highest and the

lowest protein concentration angular dependent measurements

were performed in steps of 1°. Thus it is possible to analyse the

system regarding changes in concentration and changes becom-

ing visible in angular dependent measurements. Furthermore this

method is highly sensitive to the particle size. Hence, it allows a

clear distinction between scFv, diabody and triabody and can de-

tect the coexistence of these structures. The resulting data sets were

analysed using the software CONTIN [122] to obtain the relaxation

rate Γ and the translational diffusion coefficient Dexp.

According to equation 40 the translational diffusion coefficient

Dexp can also be obtained from a plot of the relaxation rate against
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Figure 23: Relaxation rate distribu-
tion obtained by CONTIN of the
2.5 mg ml−1sample recorded at an an-
gle of 80°, showing only one relaxation
rate.
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Figure 24: Distribution of the hydro-
dynamic radius calculated from the
results obtained by CONTIN of the
2.5 mg ml−1sample recorded at an an-
gle of 80°, showing only one relaxation
rate.

the squared scattering vector (Fig. 25) by performing a linear fit.

In this approach the angular dependent measurements were eval-

uated, yielding a value for Dexp with a lower statistical error. All

values of Dexp in this thesis originate from applying this approach.

Using the known translational diffusion coefficient, the hydro-

dynamic radius was calculated according to the Stokes-Einstein

equation 43. The calculated values for the translational diffusion

coefficient and the hydrodynamic radius obtained by CONTIN are

summarised in table 2. The translational diffusion coefficient de-

termined at 2.5 mg ml−1 was 5.95× 10−11 m2 s−1. At 10 mg ml−1 a

slower diffusion coefficient of 5.06× 10−11 m2 s−1 was found. This

slower diffusion at a higher sample concentration can be explained
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Figure 25: Determination of the trans-
lational diffusion coefficients for the
2.5 mg ml−1 and 10 mg ml−1 samples
by a linear fit according to eq. 40.

by regarding the interaction parameter which is discussed in the

next section.

Sample Computed parameters

c / mg ml−1 D / m2 s−1 Rh / nm

2.5 5.95× 10−11 3.55± 0.18

10 5.06× 10−11 4.18± 0.21

Table 2: Hydrodynamic parameters
measured by PCS and evaluated using
CONTIN and a linear fit approach
combined with the Stokes-Einstein
equation.

A further parameter that can be derived from the PCS measure-

ments is the interaction parameter kD, indicating whether there are

attractive or non-attractive intermolecular interactions. It is repre-

sented by the slope of a concentration dependent plot of the trans-

lational diffusion coefficient (eq. 44, Fig. 26) and was determined to

−1.50× 10−2 ml mg−1 for the measurements at an angle of 60° and

to −1.80× 10−2 ml mg−1 at an angle of 135°. Negative values stand

for attractive intermolecular interactions between protein molecules

in the given solvent [124], which indicates a favourable precondi-

tion for crystallisation. The occurrence of attractive intermolecular

interactions has a direct influence on the translational diffusion

coefficient with increasing sample concentration. At higher concen-

tration the diffusion of a single molecule is slowed down due to the

attractive intermolecular interactions. Analysing the translational

diffusion coefficient regarding the measurements at different sam-

ple concentrations, the extrapolation to zero concentration results
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in the self-diffusion coefficient D0. In table 3 the values calculated

for D0 and the connected Rh,0 for the concentration dependent mea-

surements at 60° and 135° are shown. The self-diffusion coefficient

describes the diffusion behaviour of a single scattering object.
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Figure 26: Determination of the in-
teraction parameter (obtained form
the slope of the linear fit) and the self-
diffusion coefficient (the intersection of
the linear fit with the y axis) at 60° and
135°.

Parameter 60° 135°

D0 / m2 s−1 6.26× 10−11 6.33× 10−11

Rh,0 / nm 3.4± 0.2 3.3± 0.2

kD /ml mg−1 −1.50× 10−2 −1.80× 10−2

Table 3: Hydrodynamical parameters
of a single molecule and the inter-
action parameter calculated from
concentration dependent PCS mea-
surement data obtained at 60° and
135°.

At a glance the results determined by PCS show a monomodal

relaxation rate distribution giving no evidence neither for the for-

mation of aggregates nor for the coexistence of scFvs, diabodies

and triabodies during the time of the measurement. The negative

values obtained for the interaction parameter kD indicate attrac-

tive intermolecular interactions which are a good precondition for

crystallisation experiments. The experiments at 60° and 135° lead

to identical results considering the assumed uncertainties. Finally,

self diffusion coefficients in the range of 6.3× 10−11 m2 s−1 and a

hydrodynamic radius of 3.4 nm were found.
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6.2.2 Static light scattering - Zimm-analysis

In addition to the determination of hydrodynamic properties us-

ing photon correlation spectroscopy, light scattering provides the

possibility of obtaining static parameters such as the molecular

weight. For this reason static light scattering in combination with

the Zimm-analysis was used. The basis for this analysis was the

data obtained from angular dependent static light scattering mea-

surements of samples with five different protein concentrations. A

Zimm-analysis was then performed on the area of the data which

had shown a linear behaviour. In figure 27 the results with a linear

fit and the extrapolation according to the equations mentioned in

chapter “Materials and Methods” are given. The intercept of both

extrapolated lines with the y axis is at 2.0666× 10−5 mol g−1. Thus,

the resulting molecular weight obtained by static light scattering is

48.4 kDa. This is a good accordance with the calculated molecular

weight of 53.9 kDa of the diabody.
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Figure 27: The Zimm-diagram ob-
tained from the static light scattering
measurements (black: measured data,
orange: extrapolation to q = 0, green:
extrapolation to c = 0, lines: linear
fits).

Parameter Value

c / mg ml−1 0.91, 2.58, 4.9, 7.71, 10.0

Rex, Toluene / cm−1 13.43× 10−6

dn/dc / cm3 g−1 0.267

nb, MES-Buffer 1.335

nref, Toluene 1.496

k / nm g−1 10

K / mol(m/g)2 5.550 38× 10−11

Table 4: Parameters and their values
used for the Zimm-analysis
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6.3 | Small angle x-ray scattering

6.3.1 General data preparation and analysis
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Figure 28: 1D plot of the scattering
intensities of the different sample
concentrations and the buffer without
further treatment. The inset shows the
q-range where buffer and sample data
overlap.

Solution scattering methods provide an elegant way for the in-

vestigation of proteins in solution. They allow the determination

of geometrical parameters as well as the molecular weight and can

be used as the starting point for model calculations. The SAXS

measurements were performed with sample concentrations of

2.5 mg ml−1, 5 mg ml−1 and 10 mg ml−1 at three sample-to-detector

distances 50 cm, 133 cm and 278 cm. These distances allow the cov-

erage of a q-range from 0.04 nm−1 to 6.78 nm−1. The potentially

usable q-range after buffer subtraction and combining the results of

the three distances ranges from 0.018 nm−1 to 1.67 nm−1 (Fig. 28,

30).

Glassy carbon was used as standard for the intensity calibra-

tion. The consequently determined calibration factors were: 594 at

278 cm, 100 at 133 cm and 75 at 50 cm.

To check for beam damage and possible instabilities of the setup,

the measurements were subdivided in frames of 10 min, the data

of the first and last 10 frames were averaged and compared. This

is shown exemplarily in figure 29 for the measurement of the

5 mg ml−1 sample at a sample to detector distance of 133 cm.

The plot of the concentration normalised data (Fig. 30) shows

only small differences in the scattering intensities of the three sam-

ple concentrations in the q-region below 1 nm−1. Changes in the
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Figure 29: Comparison of the scat-
tering data of the beginning of a
measurement with those at the end
(5 mg ml−1, 133 cm sample to detector
distance). To obtain a better statistic
10 frames were averaged respectively.
Within the experimental precision no
change in the scattering curves and
therefore no sample degradation is
observable.

scattering intensities with increasing sample concentration may

point towards interparticle interaction and the formation of aggre-

gates beside this, it can be caused by fluctuations of the primary

beam intensity during the different measurements needed.
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Figure 30: Experimental SAXS patterns
on absolute scale with concentration
correction for protein solutions at
10 mg ml−1 (square), 5 mg ml−1 (circle)
and 2.5 mg ml−1 (triangle). Each curve
was obtained from three measure-
ments at different sample to detector
distances.

As it is previously shown by PCS measurements, the formation

of aggregates can be neglected, leading to the assumption that there

is no significant concentration dependent structural change recog-

niseable. The slight decrease in intensity at low q-values with in-

creasing sample concentration can be explained by the contribution

of the non-avoidable structure factor.

The ascending noisiness of the scattering data with increasing

q-values arises from the very small difference between the buffer
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Figure 31: Experimental SAXS patterns
as showen in Fig. 30 up to the maxi-
mum useful q-values calculated using
SHANUM.

and the sample signal in this q- range (see also inset of Fig. 28).

In general it can be stated that the set of data gathered from the

5 mg ml−1 sample is, in this case, the best possible compromise,

taking into account both the statistics obtained at a measurement

time of 24 hours as well as the tendency of aggregate formation at

high levels of concentration. In 2015, P. Konarev and D. Svergun

[108] described a method for determining the useful range of ex-

perimental data by employing the Shannon sampling algorithm to

the scattering data. This method is implemented in the software

SHANUM [108] which is part of the ATSAS package [88]. The re-

sults of the application of this approach to the obtained scattering

data is shown in figure 31. It can be seen that the useful range is

restricted to q-values around 1.1 nm−1.

The first evaluation step after this general initial data treatment

was to employ the Guinier analysis (Fig. 32) followed by perform-

ing the indirect-transformation (GNOM).

The mean radius of gyration Rg,mG was estimated according to

the Guinier approximation (eq. 26) to 3.41 nm (see table 5 for all

details). The extrapolation of the Guinier fit to q = 0 resulted in the

I(0) values which allow in a further step the determination of the

approximate molecular weight. The values obtained for Rg and I(0)

for the different sample concentrations are identical, considering

the assumed uncertainties.

The GNOM calculation yields the pair distance distribution

functions p(r) of the SAXS data from the different concentrations
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Figure 32: Guinier plot and fit of
the scattering data obtained from the
5 mg ml−1sample. The residua are
shown in the inset.

10 mg ml−1 5 mg ml−1 2.5 mg ml−1

Rg / nm 3.66± 0.18 3.29± 0.16 3.27± 0.16

I(0) / cm2 mg−1 0.056 0.052 0.059

Table 5: Structural parameters derived
from Guinier analysis.

measured (Fig. 33). The data obtained provide the maximum di-

mension (Dmax) denoted by the value of r where the p(r)-function

reaches zero. A further parameter, the Rg,real, was obtained using

this method (Tab. 6) according to eq. 28.

10 mg ml−1 5 mg ml−1 2.5 mg ml−1

Rg,real / nm 3.13± 0.16 3.03± 0.15 2.89± 0.14

VPorod / nm 84.39 76.07 102.77

Dmax / nm 9.9 9.06 8.50

Table 6: Structural parameters derived
from GNOM analysis.

Another basic step in the evaluation of scattering data is the

analysis of the Kratky plot, showing the relation of the scattering

intensity weighted by the square of the scattering vector, to the scat-

tering vector (Fig. 35, 34). This plot gives evidence of the folding

state of a protein [136, 137]. One single peak denotes a globular

shape, a continuous increase of the values with higher q points to a

natively unfolded protein, and several peaks can be identified if it

is a multi-domain sample with flexible linkers. The Kratky plot in

the q range specified by the SHANUM tool shows a single peak for

the 2.5 mg ml−1 sample. The plots of the 5 mg ml−1 and 10 mg ml−1

sample show a small peak that does not return to the initial level at
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Figure 33: p(r) - functions obtained
by GNOM (upper graph) and the
corresponding fit in the reciprocal
space (lower graph).

higher q values. At this point it remains unclear if these curves run

into a plateau or if further peaks will appear.

When analysing the q-range beyond the limits given by SHANUM,

a second peak can be seen in the region of q = 1.3 at high sample

concentrations. For the lowest sample concentration there is no

data available in this region. Regarding the Kratky plot with the

extended q range leads to the conclusion that the protein has multi-

domains which are connected by flexible linkers.

6.3.2 Molecular weight determination

The main aim of this thesis is to study the aggregation state of the

3H3 antibody fragment which might primarily exist as monomer,
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Figure 34: Kratky plot of the scattering
data of three sample concentrations.
The upper q-limit is chosen according
to the values obtained by SHANUM.
Regarding this q range, it can not be
clearly concluded in which folding
state 3H3 exists.
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Figure 35: Kratky plot of the scatter-
ing data of three sample concentra-
tions with an extended q-range. The
data for 10 mg ml−1 and 5 mg ml−1

show two peaks (marked by arrows)
denoting a protein with multi-domains
connected by a flexible linker.

dimer or as oligomer. Beyond several structural parameters, the

molecular weight is a suitable and easily accessible parameter to

distinguish between the possible degrees of oligomerisation of a

protein.

The molecular weight of a protein can be determined from the

scattering data in several ways as described in the previous chapter.

Using the I(0) values obtained by the Guinier analysis of the abso-

lute scattering intensities, a mean molecular weight of 70.8 kDa was

obtained. The comparison with I(0) of lysozyme as a secondary

standard resulted in a mean molecular weight of 46.5 kDa, the anal-

ysis of the area under the Kratky plot with the online calculation

tool “SAXS MoW” [117] yielded a mean value of 69.0 kDa (Tab. 7).
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The molecular weight of the diabody calculated from the sequence

is 53.9 kDa.

A comparison of the molecular weight determined from SAXS

data using different methods, with the calculated theoretical molec-

ular weight of the diabody, can be done. Using the average of the

individual results of each of the methods a deviation in the range

of −14 % to 31 % compared to the calculated value of 53.9 kDa was

obtained.

In order to be able to verify the supposition that 3H3 possesses a

diabody structure, a comparison with the molecular weights of the

scFv and the triabody is also necessary.

In contrast, a further comparison based on the calculated molec-

ular weight of the scFv, 26.9 kDa, yields a deviation of up to 81 %

from this calculated value. This is a much higher deviation than

that obtained by the comparison with the molecular weight of the

diabody. The triabody molecular weight is shown to be much heav-

ier than the experimental value obtained for the 3H3. In this case,

the deviation features a range of −12 % to −57 % compared to the

triabody molecular weight.

Hence, in despite of the spread in the molecular weight, the

theoretical value for the diabody has the lowest over all deviation

from the experimental findings.

Parameter Experiment

10 mg ml−1 5 mg ml−1 2.5 mg ml−1

Rg,Guinier / nm 3.66± 0.18 3.29± 0.16 3.27± 0.16

Rg,real / nm 3.13± 0.16 3.03± 0.15 2.89± 0.14

IGuinier(0) / cm2 mg−1 0.056 0.052 0.059

Ivia Lys(0) / cm2 mg−1 0.20 - -

Mabs / kDa 70.0 66.1 76.2

Mvia Lys / kDa 46.8 43.4 49.3

Mvia MoW / kDa 68.6 69.4 –

Table 7: Structural parameters derived
from experimental SAXS data.

Regarding the deviations between the expected molecular weight

and the results obtained form the molecular weight determination

by SAXS, raises the question of the accuracy of this method. In

recent years Mylonas [114] and Akiyama [138] addressed this ques-

tion and state an accuracy of this method of about 8 % to 10 %. It

is to point out, that all of their SAXS experiments were performed
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at synchrotron beamlines under ideal conditions, directly after

purification of the protein samples. The acquisition time for each

sample is reported to have been in the range of several minutes. In

contrast, the scattering experiments reported in this thesis were all

performed at a laboratory beamline, generating less flux and thus

requiring an extended acquisition time (24 h) and providing results

with a higher statistical error. Hence, an obtainable accuracy in the

range of 15 % to 20 % can be assumed.

In summary, the reported molecular weight determination by

SAXS leads to the assumption that 3H3 actually forms dimers.

As a further verification of this result, simulations were done and

compared with the experiment.
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6.4 | Calculations based on homologous protein structures

6.4.1 Calculation of SAXS data using CRYSOL

To verify the conclusion based on the different determinations of

the molecular weight and to reveal the structure of 3H3 in solution

in an independent way, the theoretical scattering curves of different

possible oligomers were calculated by CRYSOL and compared

with the experimental data. The calculations were based on crystal

structures of homologous proteins listed in the PDB.

Exemplarily the structure of 1X9Q [139] was used for an scFv,

for the diabody 1LMK [66] and for the triabody the structure of

1NQB [140] served as the starting point (Fig. 36). Figure 36 shows

the experimental data for the protein solution at a concentration of

5 mg ml−1 and the results from the simulated scattering curves.

The calculated curve of the diabody structure nicely describes

the measured data, whereas both of the other curves show strong

deviations. This can also be substantiated when regarding the χ2-

values listed in table 8. Here the results of the comparison of the

scattering intensities obtained at three concentrations (2.5 mg ml−1,

5 mg ml−1 and 10 mg ml−1) with the simulated scattering patterns

are given.

It can be clearly seen, that the values obtained with the diabody

structure are the smallest ones, corresponding to the best fit. Hence,

these model calculations perfectly show that 3H3 forms a diabody

in solution.

Single- (s), Dia- (d), Triabody (t)

1LMK (d) 1X9Q (s) 1NQB (t)

10 mg ml−1 22.18 272.07 25.75

5 mg ml−1 1.60 85.74 16.32

2.5 mg ml−1 3.28 58.64 9.15

Table 8: χ2-values obtained with
CRYSOL (ATSAS6) when comparing
the experimental scattering data of the
protein samples with the calculated
scattering curves based on the PDB-
structure files of a singlebody (1X9Q),
a diabody (1LMK) and a triabody
(1NQB) structure.

As a next step the experimental scattering patterns were com-

pared with the calculated scattering data of four diabody structures

from the PDB (1LMK [66], 1MOE [74], 4Y5X [75], 4Y5Y [75]) in or-

der to identify the structurally most fitting model for 3H3. In figure

37 it can be seen, that all the calculated curves almost fit with the

measured data in the given range. Table 9 summarises the results
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Figure 36: Simulation of the scattering
patterns of an scFv (1X9Q), a diabody
(1LMK) and a triabody (1NQB) with
CRYSOL compared with the data
obtained from SAXS measurements
(5 mg ml−1)
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Figure 37: Simulation of the calcu-
lated scattering patterns of different
diabodies with the data obtained from
measurement (5 mg ml−1)

of this comparison. The best matching of the experimental data is

obtained using the model based on the diabody structure 1LMK

with a χ2-value of 1.60 (referred to the scattering experiment with

the concentration of 5 mg ml−1). Thus the structure of 1LMK is

suited best as a starting point for a further refinement against the

experimental scattering data.

6.4.2 Outlook: Possible structure optimisation using SASREF

SASREF provides the possibility of calculating an optimised struc-

ture model by a rigid body refinement approach against the scat-

tering data taking constraints into account [89]. As rigid bodies,
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Diabodies

1LMK 1MOE 4Y5X 4Y5Y

10 mg ml−1 22.18 36.56 41.06 37.05

5 mg ml−1 1.60 4.05 4.93 4.14

2.5 mg ml−1 3.28 2.34 2.98 2.93

Table 9: χ2-values obtained with
CRYSOL (ATSAS6) when comparing
the experimental scattering data of the
protein samples with the calculated
scattering curves based on four of
the available PDB-structure files of
diabody structures.

the two heads on both sides of the linker were used (more details

given below). The length of the linker between these two regions

of the protein was taken to define the constraints for the structure

optimisation. With a linker length of five amino acids and an as-

sumed mean length of 3.5 Å per amino acid, the distance of both

chain ends was restricted to 17.5 Å. In the rigid body refinements

the 1LMK structure was optimised against the experimental scat-

tering data from the 10 mg ml−1, 5 mg ml−1and 2.5 mg ml−1 protein

solution, respectively. Following this structure optimisation a com-

parison with the experimental scattering intensities was done. The

resulting χ2-values calculated by CRYSOL are given in table 10 to-

gether with those based on the original 1LMK structure. It can be

seen that the major improvement (72.45%) of the coincidence with

the experimental values is achieved with the 10 mg ml−1 sample.

Whereas the best fit with a χ2 value of 0.94 is reached by the refine-

ment with the 5 mg ml−1 sample. Here an improvement of 41.25%

is obtained. The smallest effect of the refinement against the scatter-

ing data, with an improvement of 32.01%, can be observed for the

2.5 mg ml−1 sample.

Figure 38 exemplarily presents the result of the structure refine-

ment with SASREF of 1LMK against the SAXS data of the mea-

surement of the 5 mg ml−1 solution. Comparing both structures

(1LMK and 1LMK-optimised), a shift of the heads away from each

other and a rotation along the longitudinal axis of the molecule is

observed. As an optical aid, two identical Cα atoms are coloured in

each structure (1LMK in red, optimised structure in blue).

Diabody - Optimisation

10 mg ml−1 5 mg ml−1 2.5 mg ml−1

1LMK 22.18 1.60 3.28

. optimised 6.11 0.94 2.23

Table 10: χ2-values obtained with
CRYSOL (ATSAS6) when comparing
the experimental scattering data of the
protein samples with the calculated
scattering curves of the original 1LMK
structure and 1LMK structure after
optimisation with SASREF.
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Figure 38: Rigid body refinement
results of the 3H3 structure model,
1LMK in light/dark grey, 1LMK after
refinement in light grey and green.

The last step was to make a prediction as to the structure of

the 3H3 diabody using the 1LMK structure as a template together

with the sequence of the 3H3 diabody. This homologous modelling

was performed using the online tool 3D-JIGSAW [141, 142]. The

resulting raw structure was then divided into two parts at the po-

sition of the linker, and a structure optimisation with SASREF was

performed. In the non-optimised case the calculated scattering

intensities of the predicted 3H3 structure are in poor agreement

with the experimental scattering data. Here, even the results of the

non-optimised 1LMK comparison show a better accordance (Tab.

11).

Regarding the χ2-values computed by comparing the optimised

structures with the experimental scattering data, the 3H3 structure

results, in the case of the 10 mg ml−1 and 5 mg ml−1 experiment,

in an improvement of the χ2-values compared with the optimised

1LMK structure (Tab. 10, 11).

Diabody, 3H3 and optimised 3H3

10 mg ml−1 5 mg ml−1 2.5 mg ml−1

1LMK 22.18 1.60 3.28

3H3 41.62 15.51 27.19

. optimised 5.36 0.50 2.51

Table 11: χ2-values obtained with
CRYSOL (ATSAS6) when comparing
the experimental scattering data of the
protein samples with the calculated
scattering curves of the original 1LMK
structure, the 1LMK structure with
the 3H3 sequence aligned, and after
optimisation with SASREF.
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With respect to the 2.5 mg ml−1 experiment, a slight deterioration

can be observed. This could be explained by the increasing sta-

tistical error of the experimental scattering data with decreasing

protein concentration when using the same measuring time. Due

to the limited stability of the protein sample, it was not possible

to enhance the measuring time at lower protein concentration. To

cope with this challenge, experiments at a synchrotron radiation

source are necessary. There, a dramatic decrease in measurement

time goes along with an increase in statistics because of the higher

flux provided by this type of source. Scattering data with improved

statistics and with a possibly extended q-range, furthermore allow

the construction of a structure model based on the refinement of all

diabody structures measured at several concentrations followed by

an averaging of the results. On the other hand beam damage might

become an important issue in a synchrotron based experiment. This

is not a problem in our inhouse measurements.

6.4.3 Preliminary data treatment steps

The PDB data file of 1LMK consists of the four chains A-C-E-G,

whereby the chains A/E and C/G are equivalent. As the first step

a data file containing only the chains A and C (corresponding to

one dimer) was generated using the SWISSPDB Viewer. In a further

step each of these chains was renamed in a manner that in the end

each half part of the chain had its own Chain-ID (e.g. A becomes

AA and AD, C becomes CC and CB) with WinCOOT (Fig. 39). The

first half part contains the amino acids 1 to 123, the second half part

the amino acids 124 to 238 .

The rigid body refinement requires at least two sets of sequences

which then are moved around each other. The most flexible part of

a diabody is the linker region, therefore the structure was divided

at the linker into two parts (left part: AA and CC, right part: AD

and CB).

For each of these parts the partial scattering amplitudes for all

atoms (ALM-file) [83] were calculated using CRYSOL.

The rigid body refinement in SASREF was carried out using the

two structure files, the corresponding ALM-files, the experimental

scattering data file and the constraints file, which provides the

distance restrictions between the rigid bodies.



Results and Discussion 66

Figure 39: Schematic drawing of
the chains (grey, linker in red) and
the renamed chains. For the rigid
body refinement, files containing the
chains AA + CC and AD + CB were
generated.

The initial data treatment when using the 3H3 sequence, mainly

covered the same steps as used for the 1LMK sequence. After ex-

tracting chain A and C from the 1LMK structural data file, the

sequence of the 3H3 antibody fragment was aligned to them using

SWISS-MODEL [143]. Due to the fact that the linker in 3H3 consists

of only four amino acids, the final files contain the amino acids 1 to

132 and 133 to 157 (including the final HIS-tag).
Table 12: Structural parameters de-
rived from experimental SAXS data
and modelling.

Parameter Experiment Calculation

10 mg ml−1 5 mg ml−1 2.5 mg ml−1
1LMK opt.

Rg,Guinier / nm 3.66± 0.18 3.29± 0.16 3.27± 0.16
2.9 2.98

Rg,real / nm 3.13± 0.16 3.03± 0.15 2.89± 0.14

IGuinier(0) / cm2 mg−1 0.056 0.052 0.059

Ivia Lys(0) / cm2 mg−1 0.20 - -

Mabs / kDa 70.0 66.1 76.2

Mvia Lys / kDa 45.8 43.3 49.8

Mvia MoW / kDa 68.6 69.4 –

6.5 | Calculation of the hydrodynamic data using HYDROPRO

In a further evaluation step the program HYDROPRO [94, 97] was

used to calculate the hydrodynamic properties of an scFv, a dia-

body and a triabody. The parameters needed for this calculation

such as temperature and solvent density were obtained experi-

mentally. The solvent viscosity, the partial specific volume and the

molecular weight were calculated using different online tools as

mentioned in the appendix. An overview of the values used in the
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calculations is given in table 14. For all parameters not mentioned,

the default values recommended in the software were used. To cal-

culate the hydrodynamic radius from the results, the equation 43

was used.

Table 13: Shape factors ρsf of different

geometries [126, 144].

Formfactor ρsf

sphere 0.774

coil 0.816

rod 1.732

Regarding the values obtained for the shape factor ρsf, the scFv

appears as a perfect sphere, having a value of 0.77 [126, 144],

whereas the results obtained for the dia- and triabody structure

suggest the formation of coil-like structures. Here it is important to

note that these calculations are based on crystal structures, repre-

senting only one structural arrangement of these flexible molecules.

In general it is assumed that all of these molecules can be treated as

spheres when investigating them in solution.

The values obtained for the radius of gyration are significantly

different to each other which is very important to enable a proper

differentiation when using this method. By comparing the calcu-

lated hydrodynamic radii of the three structures - 2.7 nm, 3.6 nm,

and 4.3 nm, for scFv, diabody and triabody respectively - with those

of the experimental results, an excellent agreement of the experi-

mental value and the calculated value for the diabody within the

experimental error can be ascertained. Regarding the translational

diffusion coefficient, also a good agreement with the experimental

value could be reached in the case of the 1LMK structure.

1X9Q 1LMK 1NQB experiment

Relement / Å 5.9 5.9 5.9 -
Type of calculation 1 1 1 -

T / ◦C 20 20 20 20
η / mPa s 1.016 1.016 1.016 1.016
M / kDa 29.447 52.086 77.006 -
ν / cm g−3 0.725 0.731 0.730 -
ρ / g cm−1 1.006 77 1.006 77 1.006 77 -

D0, theo / 10−11 m2 s−1 7.74 5.94 4.90 D0: 6.295
Rg, theo / nm 2.1 2.9 3.5 -

Rh,0, theo / nm 2.7 3.6 4.3 Rh,0: 3.4
Rg, theo/Rh, theo 0.77 0.81 0.81 -

Table 14: Calculated hydrodynamical
properties of an scFv (1X9Q), diabody
(1LMK), triabody (1NQB) compared
with the experimental results, Relement
consists of 2.9 Å (recommended
in HYDROPRO [94, 97]) for one
element and 3 Å for the first hydration
shell, the calculation is based on the:
“atomic-level primary model, shell
calculation (type 1)”.

A three-dimensional model of the 3H3 diabody was generated

based on the structure of 1LMK and the sequence of 3H3 using the

program 3D-JIGSAW. This model was than used to calculate the
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probable hydrodynamic properties of the 3H3 diabody. The results

are given in table 15 and show no significant differences compared

to those of 1LMK.

1LMK 1LMK-3H3 experiment

Relement / Å 5.9 5.9 -
Type of calculation 1 1 -

T / ◦C 20 20 20
η / mPa s 1.016 1.016 1.016
M / kDa 52.086 50.614 -
ν / cm g−3 0.731 0.728 -
ρ / g cm−1 1.006 77 1.006 77 -

D0, theo / 10−11 m2 s−1 5.94 5.98 D0: 6.295
Rg, theo / nm 2.9 2.9 -

Rh,0, theo / nm 3.6 3.5 Rh,0: 3.4
Rg, theo/Rh, theo 0.81 0.81 -

Table 15: Comparison of the calculated
hydrodynamic properties of a diabody
structure (1LMK) and a generated
3H3 structure with the data obtained
in an experiment. Relement consists of
2.9 Å (recommended in HYDROPRO
[94, 97]) for one element and 3 Å for
the first hydration shell, the calculation
is based on the: “atomic-level primary
model, shell calculation (type 1)”.



7 Conclusion and Outlook

Scattering techniques are powerful tools which can be used to in-

vestigate the structure of proteins in solution. They allow the com-

parison of the solution structure to structural data from x-ray crys-

tallography and are especially interesting in the context of structure

determination of proteins which do not crystallise. For the pur-

poses of the research area of this thesis, these methods were the

ideal choice in order to allow the study of the IgG fragment 3H3

and to obtain an approximate structure of it.

3H3 was expected to form diabodies in solution but SEC results

suggested that only unimers exist in solution. In order to further

closely examine this aspect, this PhD thesis combines SAXS and

PCS experiments with model calculations. The results obtained

from the application of the combination of these techniques clearly

prove the existence of the expected diabodies in mechanically un-

perturbed solution e.g. the absence of shear stress as present in an

SEC run. Both SAXS based and PCS based approaches lead to the

same result. Moreover, the additional use of PCS and SLS allow

the ruling out of the presence of larger aggregates. Such aggregates

would perturb the SAXS experiments and it would also be difficult

to analyse them on SAXS.

That the 3H3 protein is a diabody could also be supported by

hydrodynamic model calculations based on the methods introduced

by J. Garcia de la Torre [94, 97, 133, 134, 145] using high resolution

structures of homologous proteins existing as scFv, diabody or

triabody. These results, when compared with the experimentally

determined hydrodynamic properties from PCS measurements,

clearly reaffirm the formation of diabodies.

A step further was ventured. The atomic-level structure of 3H3

was predicted based on the homologous diabody structure and the

sequence of 3H3 with the program 3D-JIGSAW [91, 92]. Hence an

even more sound basis on which to conduct further calculations
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was provided. Model calculations were again carried out using

the thus created, very close to reality, structure of the 3H3 protein.

These further results clearly reaffirmed the foregoing calculations

which had also shown the 3H3 protein to be a diabody.

Moreover, SLS was utilised which also enabled the calculation of

the molecular weight of the diabody structure. The value derived

from using the Zimm formalism is in a very good agreement with

the molecular weight calculated from the amino acid sequence.

Until now it was not possible to crystallise the 3H3 diabody, thus

a high resolution structure is not available. Combining the results

from the x-ray scattering experiments with the sequence of the

3H3 and a high resolution structure of a homologous diabody, it is

possible to predict an approximate crystal structure.

What comes next?

The next step on the road to a more detailed structure determina-

tion would be to perform scattering experiments at a synchrotron

beamline providing a much higher flux resulting in a much shorter

measurement time. Hereby, a better signal-to-noise ratio can be

obtained compared to inhouse SAXS systems.

Furthermore, the setup of such beamlines allows the coverage

of a wider q-range, whereby especially measurements in the low

q-region can be performed. Detailed scattering data in this region

allows the analysis of a possible structure factor contribution which

might be important when analysing samples with higher protein

concentration.

A coupling with a size exclusion chromatography system (SEC-

SAXS) would allow the investigation of freshly purified protein.

This setup has the potential of preventing the protein from aggrega-

tion during storage time.

All in all you can gather very sound information about 3H3 in

its native state, which allows a more detailed structure determi-

nation using a rigid body approach or even using ab-initio shape

determination methods.

A completely different method for determining the structure of

proteins is the nuclear magnetic resonance (NMR) spectroscopy

[146, 147]. In recent years the potential of this method has evolved

from the application in structure determination of small molecules
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to also include biological macromolecules. NMR spectroscopy also

allows the investigation of proteins in solution. The measurement

of the spin relaxation rates allows the determination of the rota-

tional correlation time which correlated with the molecular weight

of the investigated species [148–152].

Moreover, the use of heteronuclear more-dimensional NMR spec-

troscopy offers the possibility of a complete structure determination

on the atomic level. Applying this method to proteins requires

the expression of the desired 3H3 in 15N containing medium to

perform a 15N isotopic labelling of the structure. In addition the

desired molecular weight in the range of 55 kDa will push this

method to its limits.

Another sophisticated, but rarely available, method for the de-

termination of the spin relaxation rate is depolarised dynamic light

scattering (DDLS) [153–155]. Using this method, the same pre-

requisites of sample preparation as for dynamic light scattering

experiments are needed.
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A.1 |Used software

ATSAS package [88] with:

PRIMUSqt Basic 1D SAXS data treatment [156]

CRYSOL Calculation of scattering curves from PDB structure files and fitting to

experimental data [83]

GNOM Calculation of the particle distance distribution function [118]

SASREF Structure modeling using known subunits against solution scattering data

[89]

SHANUM Determining the useful experimental data range of scattering data sets

[108]

Online-Tools:

SWISS MODEL Protein structure homology modelling [143] - http://swissmodel.expasy.org/

Protparam Calculation of different parameters using a known sequence -
http://web.expasy.org/protparam/

MULCh Calculation of the scattering contrast and the partial specific volume based
on the sequence [157] - http://smb-research.smb.usyd.edu.au/NCVWeb/

3D-JIGSAW 2.0 Structure prediction based on homologous structures and a sequence [141,
142] - http://bmm.cancerresearchuk.org/∼3djigsaw/; https://bmm.crick.ac.uk/ populus/

SAXS MoW Molecular weight determination using only one scattering curve [117] -
http://www.if.sc.usp.br/∼saxs

ESRF SAXS - Initial SAXS data treatment -

Programms http://www.esrf.eu/Instrumentation/software/data-analysis/OurSoftware/SAXS

CONTIN Initial PCS data treatment [122]

HYDROPRO Calculation of hydrodynamic properties of proteins using the PDB file [97]
- http://leonardo.inf.um.es/macromol/programs/hydropro/hydropro.htm

COOT PDB file viewer and modification tool

PyMOL PDB file viewer

SwissPDB PDB file viewer and modification tool
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A.2 | Chemical crosslinking

Figure 40: Analysis of chemical
crosslinking with glutaraldehyde [81].100 µl of protein solution (1 mg ml−1) was mixed with 5 µl 2.5 %

glutaraldehyde. Samples were taken at the time stated in the fig-

ure, the reaction was stopped by adding 1 M tris pH 8 and the

sample was analysed by SDS-PAGE (12 % gels). 10 µg of protein

were loaded per lane and the gels were stained with Coomassie

Brilliant Blue solution. Part A above shows the positive control

SycD21-163 (previously shown to form dimers, [82]), the negative

control lysozyme in 1 x PBS pH 7.4. The positive control shows a

band in the region of the dimer (**) that increased with time while

that of the monomer is decreasing in intensity. The band in the re-

gion of the dimer that can be seen in the negative control can be

neglected due to its comparably low and constant intensity. Part B

above shows the 3H3 diabody purified by SEC in 20 mM MES with

20 mM NaCl pH 6.5. Due to the crosslinking a band at the size of

the dimer can be seen comparable to the positive control [81].
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A.3 | Sequence and generated sequence parts of 1LMK

>File: 1LMK-A1B2

1: VQLQQSGTEL MKPGRSLKIS CKTTGYIFSN YWIEWVKQRP GHGLEWIGKI

51: LPGGGSNTYN DKFKGKATFT ADTSSNIAYM QLSSLTSEDS AVYYCARGED

101: YYAYWYVLDY WGQGTTVTVS SGGGGSDIEL TQSPLSLPVS LGDQASISCR

151: SSQSLVHSNG NTSLHWYLKK PGQSPKLLIY KVSTRFSGVP DRFSGSGSGT

201: DFTLKISRVE AEDLGVYFCS QSTHVPFTFG SGTKLELK

>File: 1LMK-C1-D2

1: VQLQQSGTEL MKPGRSLKIS CKTTGYIFSN YWIEWVKQRP GHGLEWIGKI

51: LPGGGSNTYN DKFKGKATFT ADTSSNIAYM QLSSLTSEDS AVYYCARGED

101: YYAYWYVLDY WGQGTTVTVS SGGGGSDIEL TQSPLSLPVS LGDQASISCR

151: SSQSLVHSNG NTSLHWYLKK PGQSPKLLIY KVSTRFSGVP DRFSGSGSGT

201: DFTLKISRVE AEDLGVYFCS QSTHVPFTFG SGTKLELK

>File: dia-1lmk.bearbeitet

1: VQLQQSGTEL MKPGRSLKIS CKTTGYIFSN YWIEWVKQRP GHGLEWIGKI

51: LPGGGSNTYN DKFKGKATFT ADTSSNIAYM QLSSLTSEDS AVYYCARGED

101: YYAYWYVLDY WGQGTTVTVS SGGGGSDIEL TQSPLSLPVS LGDQASISCR

151: SSQSLVHSNG NTSLHWYLKK PGQSPKLLIY KVSTRFSGVP DRFSGSGSGT

201: DFTLKISRVE AEDLGVYFCS QSTHVPFTFG SGTKLELKVQ LQQSGTELMK

251: PGRSLKISCK TTGYIFSNYW IEWVKQRPGH GLEWIGKILP GGGSNTYNDK

301: FKGKATFTAD TSSNIAYMQL SSLTSEDSAV YYCARGEDYY AYWYVLDYWG

351: QGTTVTVSSGGGGSDIELTQ SPLSLPVSLG DQASISCRSS QSLVHSNGNT

401: SLHWYLKKPG QSPKLLIYKV STRFSGVPDR FSGSGSGTDF TLKISRVEAE

451: DLGVYFCSQS THVPFTFGSG TKLELK
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A.4 | Calculation of the hydroynamic properties of the pro-

tein after structure optimisation

Protein structure 1LMK 1LMK experiment

optimised against dataset - 5 mg ml−1 -

Relement / Å 5.9 5.9 -
Type of calculation 1 1 -

T / ◦C 20 20 20

η / mPa s 1.016 1.016 1.016

M / kDa 53.911 53.911 -
ν / cm g−3

0.731 0.731 -
ρ / g cm−1

1.00677 1.00677 -

D0, theo / 10−11 m2 s−1
5.94 5.83 D0: 6.295

Rg, theo / nm 2.9 3.0 -

Rh,0, theo / nm 3.6 3.6 Rh,0: 3.4
Rg, theo/Rh, theo 0.82 0.82 -

Table 16: Comparison of the calculated
hydrodynamic properties of a diabody
structure (1LMK) and one possible
structure optimised diabody structure
(1LMK, 5 mg ml−1) with the data
obtained in an experiment. Relement
consists of 2.9 Å (recommended
in HYDROPRO [94, 97]) for one
element and 3 Å for the first hydration
shell, the calculation is based on the:
“atomic-level primary model, shell
calculation (type 1)”.

Table 17: Comparison of the calculated
hydrodynamic properties of a diabody
structure (1LMK) and three possible
structure optimised diabody struc-
tures. The optimisation referred to
the experimentally obtained datasets.
Relement consists of 2.9 Å (recom-
mended in HYDROPRO [94, 97]) for
one element and 3 Å for the first hy-
dration shell, the calculation is based
on the: “atomic-level primary model,
shell calculation (type 1)”.

Protein structure 1LMK

optimised against dataset 10 mg ml−1 5 mg ml−1 2.5 mg ml−1 -

Relement / Å 5.9 5.9 5.9 5.9
Type of calculation 1 1 1 1

T / ◦C 20 20 20 20

η / mPa s 1.016 1.016 1.016 1.016

M / kDa 53.911 53.911 53.911 53.911

ν / cm g−3
0.731 0.731 0.731 0.731

ρ / g cm−1
1.00677 1.00677 1.00677 1.00677

D0, theo / 10−11 m2 s−1
5.75 5.83 5.82 5.94

Rg, theo / nm 3.1 3.0 3.0 2.9

Rh,0, theo / nm 3.7 3.6 3.6 3.6
Rg, theo/Rh, theo 0.84 0.82 0.82 0.82
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Table 18: Comparison of the calculated
hydrodynamic properties of a diabody
structure (1LMK) and three possible
structure optimised diabody struc-
tures. The optimisation referred to
the experimentally obtained datasets.
Relement consists of 2.9 Å (recom-
mended in HYDROPRO [94, 97]) for
one element and 3 Å for the first hy-
dration shell, the calculation is based
on the: “atomic-level primary model,
shell calculation (type 1)”.

Protein structure 3H3 1LMK

optimised against dataset 2.5 mg ml−1 5 mg ml−1 10 mg ml−1 5 mg ml−1

Relement / Å 5.9 5.9 5.9 5.9
Type of calculation 1 1 1 1

T / ◦C 20 20 20 20

η / mPa s 1.016 1.016 1.016 1.016

M / kDa 53.911 53.911 53.911 52.086

ν / cm g−3
0.727 0.727 0.727 0.731

ρ / g cm−1
1.00677 1.00677 1.00677 1.00677

D0, theo / 10−11 m2 s−1
5.88 5.83 5.77 5.83

Rg, theo / nm 2.9 3.0 3.1 3.0

Rh,0, theo / nm 3.6 3.6 3.7 3.6
Rg, theo/Rh, theo 0.81 0.82 0.83 0.82
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