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1. Introduction

1.1. Proteins

Proteins represent the most common functional macromolecules in the cell. The total
protein concentration ranges within 200 to 300 g/l or 20% to 30% (w/v) so that
proteins even realize a crowded environment [1]. Obviously, proteins perform more
important functions as to realize a crowded environment e.g. from cell signaling,
scaffolding of the cells shape, cell organization and organelle transport up to the
function of an enzyme to catalyze specific reactions. Form the largest known protein
titin, with more as 3000 kDa [2], to the smallest known tarsal-less protein, with only
11 amino acids [3], [4], all of them share the same set of only 20 different a-L amino
acids. As is well known, most proteins exhibit their full function due to their three-
dimensional structure. The native three-dimensional structure of proteins is mainly
encoded by the amino acid sequence, which is determined in the gene. By the
transcription, the polymerases translated the gene into mRNA. At the next step, the
translation, the mRNA-encoded information is converted into the amino acid
sequence by the large ribosome complex. During the translation into a linear amino
acid sequence the spontaneously and self-organized folding occurs in a stable and
functional three-dimensional structure [5]. Indeed, the folding process is a complex
mechanism, which has not been completely understood. The folding mechanism is
often described by the controversially discussed energy landscape, which consists of
many local minima as shown in Figure 1.1. As described in the energy landscape,
there are many different folding pathways besides functional folding, such as
misfolding into aggregates or assembly into oligomers or higher-ordered fibrils. This
illustrate that the folding process is not only complex but also an extremely critical
process for the cell (Figure 1.1.). For example, misfolding of proteins becomes
important in the case of same prominent affiliations like Alzheimer’s disease,
Parkinson’s disease, spongiform encephalopathy, type II diabetes as well as

Huntington’s disease [6].
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Figure 1.1: Energy landscape scheme of the folding process [7]. The complex folding process may
proceed vice kinetic or/and thermodynamic intermediates. Besides folding, additional pathways of
aggregation and assembly to oligomers or higher-ordered fibrils are depicted. The main driving force
of the described pathways is primarily determined by the intramolecular and intermolecular contacts of

the amino acid chain.

1.2. Protein folding

Folding can simply describe as a reversible transition from disordered to an ordered
state [8]. Simply proteins are larger polymers consisting of more or less branched
amino acids, which undergo folding as a self-assembly process from the unfolded
state to the functional three-dimensional tertiary structure. Nevertheless, to understand
the folding mechanism remains challenging at a molecular level. At a first glance the
spontaneously folding of proteins simply depends directly on the amino acid
sequence. But that leads to Levinthal’s paradox [9]. If all possible conformations have
to be passed to find the correct folded state, a folding process will take more than the
age of the universe for a protein consisting of only 100 amino acids. However, the
folding process is known to proceed on a millisecond to second timescale [10].
Consequently, there must be specific pathways for the folding process. A possibility
to solve this problem is to divide the folding process into sub-processes or to
predetermined structures [11], [12]. Three fundamental theories are described to

overcome the folding problem.



1.3. The unfolded state and intrinsically disordered proteins

The sequential folding model predicts first the hierarchical formation of secondary
structural elements and then the association to the final tertiary structure [13]-[16] in
a diffusion-collision controlled mechanism [17]. In the nucleation-growth model,
local secondary elements are first formed, which serve as a nucleus for rapid growth
[18], [19]. In the hydrophobic collapse model a “molten globule” is formed as a
tertiary hydrophobic structure, which serves as a starting point for the initiation of the
secondary structure formation [20], [21]. Of course, a combination of the predicted
models could be useful. In fact, for proteins in general different folding models seem
to be real, so that the development of a uniform model becomes challenging.
Nevertheless, intermediate states as defined for the sequential folding model as well
as for the hydrophobic collapse model are often discussed for protein folding and
were further predicted to influence the rate of protein folding [22]. A detailed
understanding of different intermediates can help to understand the complicated
folding mechanism of a protein. Intermediates are generally defined as transient,
partially structured and less populated forms in a folding pathway [15], [22]-[26].
Especially the folding of small proteins can be described by a simple two-state
mechanism, where the folding proceeds from an unfolded state to a folded state
without detectable intermediates [15], [27]. However, detailed investigations verified
intermediates also for apparent two-state folders [28], [29], and underline the complex
problem of protein folding studies. It seems to be straightforward to investigate the

first step of folding, the unfolded state, which has not been fully understood, yet.

1.3. The unfolded state and intrinsically disordered proteins

The protein functions are directly connected to the three-dimensional global structure
of proteins, as explained by the lock-end-key model about 100 years ago [30]. On the
other hand, events like ligand binding affinities, allosteric transitions and catalytic
mechanism cannot fully explained by the folded state of proteins [31]. The unfolding
state of proteins in cells is fundamental considering e.g. proteolysis as well as protein
turnover [19], [32]. Thus, the protein structure-function-paradigm developed in the
20™ century, will get a re-evaluation considering the importance of the non-native

conformation. This paradigm can be briefly explained as a workflow starting from an
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amino acid sequence over the formation of the prominent three-dimensional structure
and finishing in the protein function [33], [34]. The observation of chemical
denaturation of proteins, first done by Kauzmann et al. about 70 years ago, was a
cornerstone of protein research with a wide biological significance [35], [36]. For
example, the determination of protein stability is inevitable for the biophysical
characterization of proteins. The protein stability can only be energetically considered
by the comparison of the folded (N) and the unfolded (U) state. In the simplest model,
the protein folding pathway can be described by the two-state mechanism, which

exclude intermediates (see also Introduction 1.2.)
k
— L\
U==N (Eq. 1.1)

Folding and unfolding can be described by the folding rate constant ky and the
unfolding rate constant k,, respectively. Generally, the non-native conformation or
unfolded state is defined as an ensemble of many poorly structured conformations or
microstates, which behave like a self-avoiding random coil [31], [37], [38]. The same
definition is true for natively unfolded proteins or segments, which lack ordered
structure under physiological conditions [34]. More than 30% of the eukaryotic
proteins reveal wholly or partially disordered regions [33], [39]-[41] and for up to
80% of cancer-associated proteins are predicted to contain disordered segments
longer than 30 amino acids [42], [43]. The so-called intrinsically disordered regions
or proteins (IDR/IDP) fulfill various functions [34], [44], [45]. Up to 28 different
functions are distinguished for intrinsically disordered regions, which can categorized
in six functional classes, such as entropic chains (direct function as linker or spacer),
display sites (sites of posttranslational modification), chaperones (assist folding),
effectors (modulate activity of partner molecules), assemblers (assemble complexes)
and scavengers (store and/or neutralize small ligands) [45]-[48]. A coarse
classification divides the IDP’s into (i) regulation, (ii) scaffolding and recruitment (iii)
conformational variability and (iv) adaptability [48], [49].

Interestingly, it was shown that phosphorylation, which is the major regulatory
mechanism in cells, is significantly prominent in intrinsically disordered regions [50].
Computational amino acid analysis revealed some disorder-promoting amino acids,

especially glutamic acid, glutamine, lysine, arginine, glycine, serine and proline [47],

10
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[51]. It was discussed that the high number of different functions of IDPs is caused by
their conformational plasticity [52]. Due the disordered structure a reduced affinity is
proposed without loss of affinity [40]. Moreover, the random conformation allows to
bind a wide variety of proteins and nucleic acids [40], [53]. The “fly-casting
mechanism” explains the potential enhancement of the IDP’s association rate to
binding partners based on the bigger capture radius resulting from the disordered
structure, which additionally allows a relatively larger distance for binding [52], [54]-
[56]. IDPs undergo either a significant folding in a secondary structure, or a disorder-
to-order transition on binding of a specific binding partner [44], [46], [51], [57]. Here,
the binding partners can be ions, e.g. calcium ions in the case of B-carp parvalbumin
[56], [58], DNA in the case of the DNA-binding domain from brinker [56], [59],
intrinsically disordered homologs, e.g. of the trimeric foldon domain of bacteriophage
T4 fibritin [56], [60], or globular proteins, e.g. the pKID/KIX domain of the
eukaryotic transcriptional cofactor of CREB-binding protein, respectively [56], [61].
On example is the tumor suppressor p53, which reveals 37% intrinsically disordered
structure. It has been shown that this protein can fold into completely different
secondary structures on interaction with different binding partners [43], [55]. The p53
folds into an a-helical secondary structure on binding the SI00B(B) protein then [62]
and into a B-sheet structure on binding the Sir2 protein [63].

It becomes clear that an understanding of folding by binding of IDRs/IDPs is an
important issue to understand folding in general as well as different regulations and
functions in cells. Two different mechanisms for the folding of IDPs on binding of
interaction partners are discussed in literature. First, the conformational selection,
where IDPs fold before, and second the induced folding, where IDPs fold after
binding [55], [56], [64]. The methods for investigation of natively or non-natively
unfolded states are numerous. Methods such as near and far UV circular dichroism
spectroscopy (CD), multidimensional nuclear magnetic resonance spectroscopy
(NMR), small-angle X-ray scattering (SAXS), infrared spectroscopy (FTIR), Raman
optical activity spectroscopy (ROA), dynamic light scattering (DLS), single molecule
fluorescence as well as different computer simulations are powerful techniques to
measure unfolded proteins or peptide chains under non-native (denatured) or native
(physiological) conditions. Of course, these methods have different limitations often
related to complicated physical models [34], [47], [65]. The unfolded state, whether

non-native or native, can be defined as the initial state for the protein folding process

11
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and becomes more and more important to understand folding and broad ranges of cell

functions, but remains still challenging to understood in mechanistic detail [38], [66].

1.4 Polymer models for the characterization of the unfolded state

As mentioned above, a detailed understanding of an unfolded state is still challenging.
The unfolded state of polypeptide chains consists of an ensemble of conformers,
which differ in dimension and dynamics. The distribution of conformers can be
described by theoretical polymer models, which try to capture all specific conformers
in the measured system. The simplest polymer model corresponds to the ideal chain,
where interactions of segments are ignored. Of course, this situation is obviously
never realized for a real polymer chain. Nevertheless, the ideal chain model is the
starting point for further developed models and, additionally, polymers can show
nearly ideal chain behavior under certain conditions [67].

For the very simplest ideal chain, the polymer consists of # number of segments with
a bond length /. All segments n can be freely oriented independently of each other.
This model is known as the freely jointed chain model of an ideal chain [68]. The
freely jointed chain model in the limit of long chains and small deformations is
mathematically equivalent to the Gaussian chain model. Thus, for a ideal chain the
probability density distribution function for an end-to-end distance corresponds to a

Gaussian function [67]-[69]:

3/2
;o | 3 ol 3r?
peq(r)_[27[<r2>] (S p[ 2<r2>J (qu2)

The actual probability to find the both chain ends at the distance » needs the

consideration of spherical symmetry:

p, (r)=4nr’-p. (r) (Eq. 1.3)

12
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The distribution of end-to-end distance within a sphere can thus be normalized as:
J.peq (r)-4rridr=1 (Eq. 1.4)
0

So that the r-dependent probability density of the end-to-end distance of a Gaussian
random walk can be described as follows [69], [70]:

3/2
3 5 3r?
Peq(f”)—[WJ Anr exp[m] (Eq. 1.5)
or peq(r)‘xrzeXp[—Z?g]

For the Gaussian chain model the mean square end-to-end distance <r2>is thus

calculated as:

<r2>= Tpeq(r)rzéln'rz dr (Eq. 1.6)
r=0

. . : : . Y2
For an ideal chain or Gaussian chain the root mean square end-to-end distance <r2>

is averaged over all different conformations of the linear polymer chain. Where n

denotes for number of beads and / denotes for bonds of length.
/
()" =10 (Eq. 1.7)

Another important parameter to evaluate the sizes of a polymer is the radius of
gyration rg, which can be determined experimentally e.g. by small angle X-ray
scattering (SAXS). For a Gaussian chain the relationship of the radius of gyration and

the mean square end-to-end distance is given as:

<r;>=<r2> /6 (Eq. 1.8)
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If the assumption of equation 1.4 is universally correct, the size of the polymer chains
will scale with a power-law exponent of 0.5 with increasing number of segments.
Different experiments show a deviation from the exponential factor of 0.5, especially
for SAXS and NMR measurements of chemically unfolded proteins as well as IDPs,
which often describes the dimension with a radius of gyration Rg. [71]-[82]. For an
ideal chain an infinity small beads are assumed. But real random-coil polymer chains
exhibit finite size of beads, which alter the distance distribution towards larger
distances. Also, in the simple Gaussian chain model the excluded volume, which
restrict for overlapping of segments or for general interactions, is ignored. Therefore

the scaling exponent v differs from the theoretically expected value of 0.5.

R.=RN' (Eq. 1.9)

Where Rg is the radius of gyration, Ry is a constant and depends on the microstructure
of the polymer i.e. bond length, volume and rotational angles as well as the excluded
volume force [69]. Under conditions where polymer-polymer and polymer-solvent
interactions are equal, the polymer indeed behaves like an ideal chain and the
Gaussian chain model becomes valid with a scaling exponent v of 0.5. Such solvents
are called #-solvents. For a poor solvent, the linear polymer chain is more collapsed,
since the interactions of polymer-polymer are more favored over the interactions of
polymer-solvent. The lower limit of v is thus 1/3, corresponding to a solid sphere. For
good solvents the polymer chain is expanded, because the polymer-solvent
interactions are more favorable as the polymer-polymer interaction. For such good
solvents a v of 3/5 was found, but precise calculations indicate a v of 0.588, based on
the normalization group theory of a self-avoiding walk [78], [83]. In other words, the
excluded volume is important and the simple Gaussian chain or freely jointed model,
with vanishing excluded volume, turns out to be unlikely [69], [72]. Nevertheless, e.g.
in single-molecule spectroscopy the Gaussian chain model seems to be successfully
applied to describe the distance distribution of the unfolded state or IDPs, respectively
[84]-[89]. A theoretical extension of the freely jointed model is the worm-like chain
model or Kratky-Porod model [67], [90], which describe rather stiff and almost rod-
like polymers. One assumption is that the bond angle is very close to 180° and not

fully freely rotatable like in the freely jointed model.

14



1.4 Polymer models for the characterization of the unfolded state

Due to an internal stiffness of a real polymer chain in the wormlike chain model the
so-called persistence length is defined. The persistence length /, gives an estimation
of the length along with the correlations are lost in the direction of the tangent vectors
at the chain. An additional assumption is that the segment length is negligibly small
compared to the overall length of the polymer chain [91]. In this context, the overall
real distance along the backbone of the polymer chain is called contour length L. The

probability density to find a certain end-to-end distance is given as:

(Eq. 1.10)

Where p.,(7) is the probability distribution of end-to-end distances and r is the end-to-

end distance. | is the persistence length. The wormlike chain model is also applied in

single molecular force spectroscopy [92]-[94]. The persistence length is used to
investigate the effect of chain stiffness on the dynamics of loop formation in
polypeptides under different conditions [95], [96] and is also compared to Monte
Carlo simulations [97]. Nevertheless, the minimal representation of a real polymer
chain that adequately describes the end-to-end distance distribution is found by the
EpwaARrDS model [91]. Previous Monte Carlo simulation studies of the end-to-end
distribution of polymer compared different polymer models (with an excluded
volume) with numerical distributions of end-to-end distances of polymers of different
lengths. The EDWARDS model successfully described the distribution with the highest
confidence of 95 % [98] and has been used to describe the model polypeptide chain
and unfolded proteins [99]-[106]. In the EDWARDS model the distribution function of

a polymer of length L with the end-to-end distance » to find a segment is given as

[107]:
3/5 1/5 2
|
3 3l

20L-1

p,,(r)=C-exp (Eq. 1.11)
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Where L=nl is described as the number of segments » and a length of the segment /. C
is the normalization constant and v represents the excluded volume derived from the
repulsive potential between two segments separated by the distance » [107]. After
simplification with the free parameters b and o the probability density to find both

ends of the chain within a sphere is normalized to:

2
peq(r)ocrz-exp —{HJ (Eq. 1.12)
o
5)"° s 20-n-I
with bz(—] (L] ~(n~l) and o= (Eq. 1.12 aand b)
3 31 27

As shown in Figure 1.2 an increase of the parameter b mainly leads to a shift towards
larger distances. An increase of the parameter ¢ mainly leads to a larger width of the

end-to-end distribution.

A B
6 T 1T T+ T T T 717 3 T T T T 1T 1T T 711
’Ts' N — B 7
IS i ] =
s ‘T 1 8% ]
— 3r 1 = 7 I
g°r ] gr 7
o B 7 o
= - L -
) l- PR N )
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End-to-end distance End-to-end distance

Figure 1.2: End-to-end distance distributions p.,(7) using the EDwarDS model. A An increase of the

D
o

parameter b (from red over orange and blue to black) mainly leads to a shift towards larger distances. B
An increase of the parameter ¢ (from red over orange and blue to black) mainly leads to a larger width
of the end-to-end distribution. For the calculation of the end-to-end distribution the parameter b
ranging in 5 A steps from 7 A (red) to 22 A (black) and the parameter ¢ ranging in 5 A steps from 2 A
(red) to 17 A (black).
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1.5. Methods for characterization of the unfolded state

Besides the end-to-end distance or the root mean square end-to-end distance, the
radius often successfully describes the size of an unstructured peptide. To obtain
information about the radius of a polymer the techniques are often based on the
scattering behavior. Thereby, the size can be given as radius of gyration R or the
radius of hydration Ry. Both radii can be converted to each other, but only with the
assumption based on different polymer models like the Gaussian chain model and an
appropriate hydrodynamic theory. The hydrodynamic radius Ry is defined as a radius
of a hypothetical hard sphere, which exhibits the same diffusion coefficient like the
examinated particles. Of course, in practice the investigated macromolecules are non-
spherical, but dynamic and solvated. Techniques like dynamic light scattering (DLS),
fluorescence correlation spectroscopy (FCS) and nuclear magnetic resonance
spectroscopy (NMR) provide the translational diffusion coefficient to calculate the

hydrodynamic radius assuming the validity of the Stokes-Einstein equation:

kT
" 6m-n-D,

(Eq. 1.13)

Where k3 is the Boltzmann constant, 7 the absolute temperature and # the viscosity of
the solvent. D, represents the translational diffusion coefficient, which is analyzed
from the correlation function [108]-[110]. The estimation of the hydrodynamic radius
Ry is correct using the self-diffusion coefficient only in the limit range of low
concentrations, because in this limit the hydrodynamic coil-coil interactions do not
influence the measured diffusion coefficient. It is therefore assumed that the
cooperative diffusion coefficient determined in the DLS measurement results in the
self-diffusion coefficient.

The radius of gyration can be experimentally determined by the small-angle neutron

scattering (SANS) or small-angle X-ray scattering (SAXS) [111]-[113]. The square

radius of gyration R’ is defined as the average square distance between segments of

any point in the macromolecule from the center of mass Rcys [67].

Rz:%EN:(}?I.—ECM)Z:LEN:ZN:(R—EJ_)Z (Eq. 1.14)

2
i=1 N i=1 j=1
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N
with R,=—YR (Eq. 1.14 b)

Where N is the number of segments, R and f?]. position vectors. The last equality is

obtained after insertion of Ry and some algebra. For an ideal linear chain the mean-

square radius of gyration <R§> is related to the mean square end-to-end distance <R2>

as follows:

<R2>=b2N=@ (Eq. 1.15)

Where b denotes the segment length and N is the number of segments. The described
relationship depends on the ideal Gaussian chains and will differ for linear polymers
such as ring polymers. Here, a correction factor of 1/6 is estimated [67]. The
determination of Ry or the end-to-end distance of a polymer allows to understand
more about its general behavior at different conditions such as temperature, co-
solutes, denaturants etc., but does not grant insight into the dynamics of the polymer
and the conformational distribution of flexible polymer chains.

Besides the dimension, it is also important to understand the dynamics of polymer
chains. One dynamical parameter is represented by the translational diffusion
coefficient as discussed for the hydrodynamic radius determination (equation 1.13),
which generally describes the diffusion of the whole polymer chain in a solvent.
However, also the translational diffusion coefficient does not depend upon internal
fluctuations of the unstructured polymer chain. More detailed information on the
internal kinetics of polymer chains is revealed in loop formation experiments, where a
rate constant of intramolecular loop formation between two ends of an unfolded
polypeptide chain is measured. The triplet-triplet energy transfer (TTET) from an
excited donor to the energetically lower acceptor yields directly information about the
rate constant of loop formation. Mainly two different kinds of TTET-experiments
with fundamental differences exist in literature. One TTET-method based on the
cysteine-induced quenching of the tryptophan triplet state [84], [95], [96], [114],
[115], which is not fully diffusion controlled. Therefore, this method is strongly
limited [116]. A successful triplet-quenching method is based on the xanthonic acid

derivative as triplet donor and naphthylalanine as acceptor. It was shown that the
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1.5. Methods for characterization of the unfolded state

quenching of the xanthonic acid by the naphthylalanine is fully diffusion-controlled,
irreversible and a fast (ps-range) photophysical processes, which need van-der-Waals
contact between donor and acceptor [117]-[120]. Also electron transfer from a triplet-
excited Zn-porphyrin to Rn(NHj)s(His-33) complex incorporated into denatured
cytochrome ¢ was published to yield the rate constant of loop formation [121].
Intrachain dynamics were also studied by fluorescence quenching methods with a
long-lifetime fluorescence probe DBO (2,3-dazabicyclo[2.2.2.]oct-2-ene) as donor
and tryptophan as acceptor [122], [123], which revealed comparable limitations for
the cysteine-induced quenching of the triplet state of tryptophan [116]. A single-
molecule-sensitive fluorescence method with an oxazine derivative as donor and
tryptophan as quencher was published as a fluorescence method to measure rate
constants of contact formation by fluorescence fluctuation [124], [125]. This was also
used in combination with photoinduced electron transfer and fluorescence correlation
spectroscopy (PET-FCS) to monitor fast folding dynamics with the help of the
Gaussian chain polymer model [126], [127]. It was discussed that a rate constant of
loop formation is critical to use for a direct determination of the chain dynamics due
to the dependence of the dynamics on both internal diffusion as well as on the
distance equilibrium distribution [128]. Forster resonance energy transfer at the single
molecule level will provide some information on the end-to-end distance distribution
of flexible polymer chains in combination with different polymer models as discussed
before [129]-[131]. A fundamental idea to combine both the dynamics and the
dimension of a flexible polymer chain was first given by Haas et al. [100]. Thereby,
in time-resolved fluorescence experiments the excited FRET-donor diffuses during
the donor-lifetime and changes the FRET efficiency as well as the distance of donor
and acceptor. Global fitting of FRET decay curves in dependence of altered solvent
viscosity [100] in the absence and presence of a fluorescence quencher [132] was
performed to yield the intrachain diffusion. Especially the assumption that the
intrachain diffusion coefficient D depends on the viscosity # with D = /5 turns out to
be not fully correct [103], [133]. It also was shown that the alteration of the
fluorescence donor properties by adding a quencher to yield some information about
the intrachain diffusion coefficient is not valid [134].

Nevertheless, using time-resolved FRET seems to be straightforward to get an idea on

both dimension and dynamics of flexible unfolded polypeptide chains.
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1.6. The fundamental aspect of the time-resolved FRET method

The time-resolved fluorescence/Forster resonance energy transfer method (trFRET)
method represents a powerful tool to characterize biophysical properties of
unstructured proteins or polypeptide chains based on the chain dynamics and
dimensions. The fundamental equation of Haas et. al. combines the dependence of the
energy transfer efficiency with the dimensional and the dynamic influences of
unstructured polypeptide chains on FRET. Thus, a standardized fluorescence lifetime
setup can be used to simultaneously obtain information about the dynamics and
dimension of unstructured polypeptide chains (Figure 1.3). The single fluorescence
decay of a donor becomes multi-exponential by energy transfer to an acceptor due to
the influence of both the dimensional distribution of unstructured polypeptide chains
(ensemble) and the intrachain diffusion, as illustrated in Figure 1.4. For the
experimental setup two FRET-pairs are each coupled to the model polypeptide chains,
the dansyl-pyrene and the DNB-AMCA (acceptor-donor). Only the large difference of
the donor lifetime of two FRET-pairs allows significant information about the
dimension and dynamics of polypeptide chains, as discussed and illustrated below
(chapter 1.7 and Figure 1.4). In addition to the fluorescence decay of the FRET-pair-
coupled model polypeptide chains, also knowledge about the Forster distance, donor-

only lifetime and other parameters are required (Material and Methods 6.5).
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Figure 1.3: Scheme of an instrumental setup of a standardized fluorescence lifetime experiment.

A pulsed light source with a specific wavelength is used. The donor is excited and a radiationless
energy transfer from the donor (red circle) to the acceptor (blue circle) occurs. The emission light of
the acceptor is detected (PDA) and the signal is processed by the TCSPC system (see below). The

polarizer and analyzer enable anisotropy experiments.

20



1.6. The fundamental aspect of the time-resolved FRET method

The fundamental equation by Haas et al. combines the dependence of the FRET
efficiency to the distance between donor and acceptor as well as to the influence of
the acceptor diffusion during donor lifetime. This provides information on both

dimension and dynamics of unfolded polymers:

w1 o 1(R) LA 0 )
* -z p(r.t) TD[rJ p(r,t)+p (r)ar[pequ o ] (Eq.2.1)

eq
The partial differential equation (PDE) from Haas et al. denotes p'(r,t) as the relative
population of excited donors of an end-to-end distance » depending on the lifetime of
the excited donor 7, in the absence of an acceptor, the nonradiative energy transfer
with R as the Forster distance of the FRET and the influence of the intrachain
diffusion D. The population of the end-to-end distance distribution of a flexible
polymer chain at equilibrium is given as p, (r) . The first term on the right hand side
of equation 2.1 describes the radiationless decay of the excited donor with the donor
lifetime 7, to the ground state. The second term represents the dependence of the

energy transfer on the distance of the excited donor to the acceptor and the last right
hand term represents the reestablishment of the end-to-end distance distribution by the
intrachain diffusion. Based on the third term, no analytical solution of the PDE is

possible. In order to solve the PDE, a numerical approximation of the solution is

necessary. The relative population p*(r,t) is described by the population of the
excited donor molecules p'(r,t) and the population of the end-to-end distance
distribution at equilibrium p, (r), which can be specified by different polymer

models (chapter 1.4).

5 (rn=P ) (Eq. 2.2)
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1. Introduction

1.7. Comparison of steady-state FRET and time-resolved FRET method

The Forster resonance energy transfer (FRET) occurs when a fluorophore or
chromophore, called donor, is excited and the resulting emission spectrum overlaps
with the absorption spectrum of the so-called acceptor [135].

The non-radiative energy transfer from a donor to an acceptor takes place via dipole-

dipole coupling and is length dependent. The rate of energy transfer k_ is given by:

_0
r

(Eq. 2.3)

=
Il
o ’ =
N
=]
—

Where 7 is the distance between the donor D and the acceptor 4 and 7, is the lifetime

of the donor in absence of any energy transfer to the acceptor. The R represents the

Forster distance and is defined as the distance between donor and acceptor where the

FRET-efficiency is 50%.

o _ 2000In(10)°Q,

F (Mg, (M)A dA (Eq.2.4)
°  1282°N,n* !D 4

The Forster distance is described with the spectral overlap integral of the emission
spectrum of the donor F, and the absorption spectrum of the acceptor £, and is
influenced by the refractive index n of the medium [135], [136]. N, reflects the
Avogadro’s number. The quantum yield of the donor Q, is defined as the ratio of the

emitted photons and the absorbed photons. The x* describes the relative orientation
of the transition dipoles of the donor and acceptor. x* can range from 0 to 4, whereby
a value of x*= 0 means a perpendicular orientation of both fluorophores and a value

of k= 4 means a parallel orientation. If x*is 0 the rate of energy transfer k,
becomes zero and no FRET can occur [137], [138]. For free and fast rotating

fluorophores (dynamic averaging condition) the average orientation factor <K2> is 2/3

and for randomly distributed donor and acceptor <K’2> 1s 0.476 [139], [140].
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1.7. Comparison of steady-state FRET and time-resolved FRET method

For the most experiments a value of 2/3 for x*is used [141]-[145]. Interestingly, in
previous work a sufficient FRET was even observed for fluorophore pair with a
relative orientation factor of zero, which was explained by vibrational motion of the

fluorophores [146]. Like the lifetime of donor and the quantum yield, the Forster

distance R, can be strongly dependent on conditions like pH, temperature or co-

solutes. Therefore these parameters should be always determined experimentally.
Generally, FRET is a powerful tool for obtaining information on distances e.g. in
proteins or peptides and is therefore correctly named as a “spectroscopic ruler” [143],
[147]-[150]. The Forster distances are typically in the range of 10 to 60 A [143]. The
FRET is commonly used to determine distances between donor and acceptor, which
are chemical linked at different position of proteins or macromolecules [151]-[157].
For fixed distances between both fluorophores, the FRET efficiency £ depends on the

lifetime 7 , the quantum yield Q and an the fluorescence intensity F as follow:

F
Fe1-toaoq Qg Fu (Eq. 2.5)

Ty ¢y F,

The index DA stands for donor-acceptor pair and the index D for donor. In steady-

state fluorescence measurements the distance » between the two fluorophores e.g. in a

folded protein can be calculated from the FRET efficiency £ and the known R as

follows:

F=—2 (Eq. 2.6)

Besides steady-state fluorescence, time-resolved fluorescence represents a second
fundamental method. In time-resolved fluorescence a pulsed light source is used and
reveals time dependent intensity decays that primarily provide information about the
lifetime of the fluorophore and its anisotropy (Figure 1.3). Such measurements require
more complex instrumentation, such as a time-correlated single photon counting
(TCSPC) system, but provide detailed molecular information that is not available
using steady-state measurements. For time-resolved measurements in general, there is
no strong concentration dependence due to the first order function of decay reactions

[158].
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In principle, the steady-state fluorescence intensity is simply the area of the

fluorescence intensity decay of the time-resolved fluorescence measurement [158]:

oo

F=[F e dt=F,1 (Eq. 2.7)

0

Equation 2.7 shows the steady-state fluorescence intensity F, which is proportional to

the lifetime v . Where F, can be considered as a parameter, which depends on the

fluorophore concentration and on instrument parameters. For unfolded proteins or
polypeptide chains, which are highly flexible and dynamic, the relationship of the
FRET efficiency and the distance of the fluorophores become more complex. Not
only a fixed distance between the fluorophores is expected, but rather an ensemble of

differently fluctuating dyes, which represents a distribution of end-to-end distances.

Thus, the average FRET efficiency <E > depends additionally on the distribution of

distances p, (r) and is directly related to the average fluorescence intensity <FD A>:

Tnax 6
(E)=| peq(r)%drﬂ-@ﬁ (Eq. 2.8)
rmin 0

D

The average FRET efficiency <FDA> is also related to the average lifetime <TDA> as

shown for the FRET efficiency assuming a fixed distance (equation 2.5):
T
<E>:1—<i> (Eq. 2.9)

In time-resolved fluorescence decay the fluorescence intensity <FD A> is related to the

sum of different lifetimes weighted by the broad distance distribution peq(r) :

max

(F,,)©)= j p, (r) Fe ™ dr (Eq. 2.10)

r
min
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1.7. Comparison of steady-state FRET and time-resolved FRET method

In order to determine the peq(r) from time-resolved FRET data, the average

fluorescence intensity <FD A> can be calculated by integration over time in combination

with equation 2.10. It should be noted that the influence of the intrachain diffusion is
negligible:

(F,,)= j T p, (1) Fe ™ dtdr =F, j p, (r)7,,(dr=F (7, ) (Eq.2.11)
r . t=0 r.

min min

The time-resolved fluorescence intensity decay can be calculated from p’(r,t) of the

partial differential equation from Haas et al. (equation 2.1.):

m;

F(©)= | B'(rt)-p, (rdr (Eq. 2.12)

r
min

The time-resolved fluorescence decay F(z) is influenced both by the distance
distribution described by the polymer model and by the intrachain diffusion. In Figure
1.4 the influence of the F(?) on the lifetime of the donor is depicted. The donor
fluorescence decay shows for both simulations single-exponential decay as expected
(A and B in Figure 1.4, green dashed lines). Due to the distance distribution, however,
a strong deviation from the single-exponential fluorescence decay is observed (A and
B in Figure 1.4, blue lines). The simulated fluorescence decay curves clearly show the
strong influences of the intrachain diffusion for the long donor lifetime (zp =160 ns)
(B in Figure 1.4). A minor influence of the diffusion is observed for short donor
lifetime (zp = 5 ns) (compare areas under the curves of A and B in Figure 1.4, right
side). Additionally, the fluorescence decay for a donor with the long lifetime is
extremely fast compared to the fluorescence decay in the absence of diffusion (B in

Figure 1.4).
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Figure 1.4: Simulated time-resolved fluorescence decay curves according to equation 2.1. and 2.12.
For better comparison a semi-logarithmic y-scale on the left side and a linear y-scale on the right side
of normalized fluorescence against the time is shown. For A a donor lifetime of 5 ns and for B 165 ns
was used. The PDE is solved for both lifetimes with Ry = 22 A, b = 17.5 A and 6 = 12.6 A. As
explained in 2.1, the PDE consists of three terms, first the decay of the donor, second the decay of the
donor in the presence of an acceptor (FRET) and third the influence of the intrachain diffusion. For the
simulation of the fluorescence decay curves, the dashed green line represents the donor decay without
FRET, the blue curve is generated with the first term and the second term of the PDE and the red line
depicts the complete PDE with the additional influence of the diffusion coefficient (Dp, = 10 A*/ns).

For the donor with short lifetime, the fluorescence decay curve shows an only slight
difference to the decay considering the diffusion term (areas under the curves, A in
Figure 1.4 right side). The fluorescence decay curves of the donor with long lifetime
show a high difference between the decay with and without the diffusion term (areas
under the curves, B in Figure 1.4 right site). Previous results revealed that a high
quality of the calculated intrachain diffusion and the distance distribution can be

achieved by globally fitting of two fluorescence decay curves using two different
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1.7. Comparison of steady-state FRET and time-resolved FRET method

FRET pairs [103], [159]. Therefore, one FRET pair with a long donor lifetime and
another with a short donor lifetime is applied. Nevertheless, the analysis of the

fluorescence decay curves by a global fit requires a polymer model to describe the

population of the end-to-end distance distribution peq(r) . As discussed in chapter 1.4,

different polymer models were published to capture the ensemble of conformers in an
end-to-end distance distribution. Previous works showed that the EDWARDS model
was successfully used to analyze data of different unfolded polypeptide chains [103],
[159]. To compare the different polymer models and give evidence for the preferred
EpwarDS’ model, MC simulations with different polypeptide chains were performed.
The MC simulation was done by the software flexible meccano [160], which was
developed as a tool for the generation of distance distribution of IDPs and unfolded
proteins [161]-[163]. The software randomly samples the backbone dihedral ¢-y-
angle pairs from a compilation of 500 high-resolution X-ray structures (resolution
<1.8 A). In order to avoid clashes between the amino acids a residual specific
excluded volume is used. A sphere placed at the C” (or C* atom of glycine) of the
specified amino acid generates this specific excluded volume. In the case of an
overlap between to different amino acids, the ¢-y-pair is rejected and another ¢-y-pair
is used until no clash is found. For the simulation 300.000 conformers are sampled
and fitted with the three different polymer models as explained in detail in chapter
1.4. Three different polypeptide chains with increasing stiffness were investigated,
poly-(glycine-serine), polyserine, and polyglutamine. In order to prove the reliability
of the polymer model these three polypeptide chains types with different chain
lengths (8 aa, 16 aa and 24 aa) were simulated as shown in Figure 1.5. Also two
natural sequences namely the two fragments of the natural IDP B-carp parvalbumin,

the so-called DE- and EF-loop, were additionally used.
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Figure 1.5: Histograms of simulated conformer ensemble generated by flexible meccano [160].
300.000 conformers were sampled for A poly-(glycine-serine) B polyserine, C polyglutamine of
different length (8 aa, 16 aa and 24 aa) and D natural IDP B-carp parvalbumin fragments DE- and EF-
loop. The resulting populations of end-to-end distances were fitted using the Gaussian chain model
(---) (equation 1.5), the wormlike chain model (---) (equation 1.10) or the EpwarDs model (—)
(equation. 1.12).
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1.7. Comparison of steady-state FRET and time-resolved FRET method

As depicted in Figure 1.5 for all three polypeptide chains with a length of 16 aa, the
EpwARDS model reveals a better approximation for shorter distances of the simulated
conformer ensemble, while the wormlike chain model showed a better approximation
for longer distances. Nevertheless, for the medium length of 16 aa both the EDWARDS
model and the wormlike chain model showed a good approximation as observed for
all three types of polypeptide chains. But with increasing length of the polypeptide
chains the EDWARDS model shows a significantly better agreement with the simulated
conformer ensemble compared to the two other polymer models. The same hold true
for the shortest length of 8 aa, where the EDWARDS model gave the best description of
the simulated conformer ensemble. In going from the very flexible poly-(glycine-
serine) to the stiffer polyglutamine (increasing chain stiffness) the quality of the
approximation of the EDWARDS model increased, while the wormlike chain model
decreased. Additionally, the EDWARDS model showed a good approximation for the
DE- and EF-loop fragment of the natural IDP B-carp parvalbumin. The simple
Gaussian chain model could not fit the simulated conformer ensemble independent of
the length and the type of the polypeptide chains. Hence, the EDWARDS model seems
to be able to describe the simulated distance distribution with high quality
independent of the chain length and stiffness. In conclusion, the time-resolved FRET
method is a powerful tool for investigation of the dynamics and the dimensions of
different types of unfolded polypeptide chains from natural as well as from unnatural
repetitive sequences of different flexibility. In order to describe the conformer

ensemble in a high accuracy the EDWARDS model is used.
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2. Introduction of amyloidic polyglutamine and the disease-related
behavior

In the chapter above, different methods are described to obtain information about the
dynamics and dimension of unstructured polypeptide chains. The time-resolved FRET
measurement, mainly used in my work, represents a powerful method for
characterizing biophysical properties of unstructured polypeptide chains. This chapter
discusses the mainly unstructured amyloidic polyglutamine chains, which belong to
the IDPs. Polyglutamine chains are involved in several diseases, and the aim of my
work is to characterize biophysical properties as a possible disease-related effect of
polyglutamine chains.

Polyglutamine segments are found in a variety of proteins, especially in transcription
factors and may act as transcriptional regulator domains on binding other transcription
factors and co-factors [164], [165]. Polyglutamine tracts in proteins and peptides are
discussed in the context of at least nine of expanded CAG repeat diseases [166]—
[169], including the neurodegenerative disorders Kenneday’s disease, Huntington’s
disease, spinocerebellar ataxia type (SCA)-1, -2, -3, -6, -7, -17 and dentatorubral
pallidoluysian atrophy (DRPLA).

Table 1.: Neurodegenerative diseases caused by expanded polyglutamine [170]. HD: Huntington’s

disease; SBMA: spinal and bullar muscular atrophy; DRPLA: dentatorubral pallidoluysian atrophy;

SCA: spinocerebellar ataxia.

Pathogenic repeat
Disease Protein Normal repeat length
length
HD Huntingtin (htt) 6-34 36 - 121
SBMA Androgene receptor 9-36 38-62
DRPLA Atrophin 1 7- 34 49 - 88
SCA1 Ataxin 1 6 -39 40 - 82
SCA2 Ataxin 2 15-24 32-200
SCA3 Ataxin 3 13-36 61 -84
SCA6 ala voltage-dependent
4-20 20-29
calcium channel subunit
SCA7 Ataxin 7 4-35 37 -306
SCA17 TATA box binding protein 25-42 47 - 63
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2. Introduction of amyloidic polyglutamine and the disease-related behavior

Pathogenic polyglutamine containing proteins have an abnormal higher length of
polyglutamine segments, which result in an accumulation of neuronal aggregates in
brain regions and introduces dysfunction and cell death of specific neurons [166],
[171]. The specific function of polyglutamine segments of normal length as in
transcription factors and co-factors are often unknown or beyond interest [164].
Nevertheless, a well investigated example is the neurodegenerative disease
spinocerebellar ataxia-3 or Machado-Joseph disease and the corresponding ataxin-3
protein. The non-pathogenic ataxin-3 protein is discussed to be involved in the
ubiquitin-proteasome system and binds polyubiquitin [172]-[175]. Additionally,
ataxin-3 regulates the aggresome formation and suppresses polyglutamine-induced
toxicity [176], [177]. Ataxin-3 is also known as a transcription repressor via inhibition
of histone acetyltransferase activity of e.g. cAMP response element-binding protein
(CREB) and further transcription co-activators [175], [178]. Interestingly, ataxin-3
proteins undergo a two-step aggregation as depicted in Figure 2.1 [175]. The first step
is the formation of amyloid protofibrils by intermolecular interaction of the N-
terminal domain called Josephin domain. The second stage of long and straight
amyloid fibrils is formed due to an abnormal expansion of polyglutamine segments of
above 55 glutamines [179]. The formation of the amyloid fibrils occurs primarily due
to the interaction of the abnormally expanded polyglutamine segment at the
disordered C-terminal region of ataxin-3. Moreover, an inhibitor of the second stage,
the so-called polyQ binding peptide 1 (QBP1), was found. The QBP1 binds to the
disordered C-terminal region of ataxin-3 [179]. In general, QBP1 was an effective
inhibitor of polyglutamine aggregation in vitro and in vivo and is discussed as a
therapeutic drug against amyloid disease [164], [179].

The example of ataxin-3 illustrates the importance in understanding the molecular
origin of polyglutamines to aggregate or forms specific amyloidic fibrils, especially
relating to prospective therapeutics. The most prevalent and well-known pathogenic
CAG triplet repeat expansion is Huntington’s disease. The huntingtin contains a
polyglutamine tract like in transcription factors. The 348 kDa human huntingtin is
involved in organelle transport via interaction to the molecular motor machinery,
mediates endocytosis, vesicle recycling and endosomal trafficking as well as regulates
the selective autophagy [165]. More remarkable is the interaction of huntingtin with

transcriptional activators and repressors on binding the polyglutamine tract [165].
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2. Introduction of amyloidic polyglutamine and the disease-related behavior

Above a typical disease risk threshold of 35 - 45 polyglutamine repeats [164] the

hungtingtin occurs formation of pathogenic amyloid fibrils.
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Figure 2.1: Ataxin-3 aggregation mechanism from Knight ez. al. [179]. Both normal and abnormal
ataxin-3 proteins (picture: 14 Q’s and 76 Q’s, respectively) undergo a first aggregation step and form
amyloid protofibrils due to intermolecular interactions of the N-terminal Josephin domain. The second
aggregation step is only observed for the abnormal expansion of the polyglutamine segment (picture:
76 Q’s) and pathogenic long straight amyloid fibrils are formed. The polyQ binding peptide 1 (QBP1)
serves as an inhibitor of the second aggregation step due to direct interaction with the disordered

C-terminus.

The polyglutamine segment is located at the N-terminal region of the huntingtin
surrounded by 17 amino acids long N-terminal part and the proline-rich C-terminal

segment [170] (Figure 2.2).
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Figure 2.2: Scheme of the huntingtin from Wetzel et. al. [164]. The 348 kDa huntingtin consists of
several HEAT repeats for protein-protein interaction as well as a nuclear export and a localization
signal (NES and NLS). The N-terminus contains the polyglutamine segment (orange), which is flanked
by a 17 amino acid N-terminal region (green) and a proline-rich domain (purple). Above a threshold of

35 - 45 polyglutamine repeats the Huntingtin proteins tend to aggregate into toxic amyloid fibrils.
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2. Introduction of amyloidic polyglutamine and the disease-related behavior

The 17 amino acids in the N-terminal part form an a-helical structure, whereas the
polyglutamine stretch is considered as a flexible region. The proline-rich domain is
know to form poly-proline type II helical structures, which seem to be important for
stabilization of the polyglutamine structure and is discussed to play a critical role for
the polyglutamine mediated aggregation [164], [165]. Generally, a two-step
aggregation mechanism for the huntingtin was observed analogously to the Ataxin-3
aggregation system discussed above (Figure 2.1) [164]. One step is the formation of
reversible a-helix-rich tetramers of huntingtin domains, which can further assemble
into higher-order oligomers. The other step is the nucleation of oligomers to amyloid
structures, where a B-sheet structure of the polyglutamine segment is formed [164],
[180], [181]. The elongation of both steps occurs simply by monomer addition, as
illustrated in Figure 2.3.

Figure 2.3: Two-step aggregation mechanism of huntingtin N-terminus modified from Wetzel et. al
[164]. One step is initialized by the a-helix bundle stabilized tetramer and elongated to high-order
oligomers. For the formation of amyloid fibrils any oligomer can undergo the nucleation, which depict
a B-sheet structure for the polyglutamine tract. In both reaction pathways of aggregation elongation
take place by the addition of monomers. Huntingtin is illustrated in green, proline-rich region is shown

in black and the polyglutamine tract is depicted in orange.

The intrinsic polyglutamine sequence seems to be the most appropriate approach to
study the disease-related aggregation. The general aggregation of polyglutamine

chains were described by a classic nucleation mechanism [164], [182] (Figure 2.4).
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2. Introduction of amyloidic polyglutamine and the disease-related behavior

In this classic thermodynamic model for nucleated growth polymerization the critical
nucleus n” is described as the thermodynamically unfavorable multimer, which
becomes stabilized by further addition of monomers [183] (B in Figure 2.4). In
previous work, for a polyglutamine length of about 26 repeats a critical nucleus
number of n” = 1 was found. This is not consistent to the classic nucleated growth
model, where the definition implies that all species on the assembly pathway must be
oligomeric [183]. A newly defined monomeric nucleus model for polyglutamine does
not change the mathematical formalism, but defines the possibility of n° = 1, where
the critical nucleus is also thermodynamically unfavorable and represents a very small
percentage of total number of monomers [164], [183]. In comparison to the nucleated
growth model, which is also known as multimeric nuclei model, in the new
monomeric nuclei model the thermodynamic barrier of the formation of the
monomeric nucleus depends strongly on the conformational dynamics of the

monomer [183].

A
Kn*
e~ Ky /4]
ks UV
Kk, ,
3 : ‘: ,’
B

-
o+0 8 3-4*-337&.—.’&,—.’—«’

Figure 2.4: Models of nucleation mechanism of polyglutamine [164]. A Nucleation and elongation
mechanism of polyglutamine, where k; and k_; are the forward and reverse rate constant of nucleation,
K.+ is the equilibrium constant of nucleation and k, represents the second-order rate constant for the
elongation step, where a B-sheet structure was found. B Classic nucleus model, where n* is the

energetically unfavorable critical nucleus.
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Regardless of the critical nucleus, monomeric polyglutamine chains exhibit a
predominantly disordered structure [184]-[186].

FCS, atomic force stretching experiments as well as SAXS experiments indicated a
compact and more collapse polypeptide chain in water, which means that no fully
extended polyglutamine is expected [180], [187], [188]. Consequently, the
monomeric state of polyglutamine becomes more and more in the focus of research.
In particular, the dynamics and dimensions of the monomeric state of polyglutamine
may provide further information to the disease-related behavior of polyglutamine

chains.
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3. Aim of Research

The disease-related significance of proteins containing polyglutamine is well known
for a number of different neurodegenerative diseases. However, the molecular origin
of the accompanied aggregation and fibrillation of these polyglutamine-containing
proteins and peptides is poorly understood. The aim of this research is to characterize
biophysical properties as a possible disease-related effect of polyglutamine at the
molecular level. Using the time-resolved FRET method, fundamental physical
parameters of chain dimensions and dynamics at the monomeric level of the
polypeptide chains should be monitored. Especially, by comparison to non-amyloidic
polypeptide chains a better molecular understanding of the monomeric polyglutamine
may be achieved and differences to non-amyloidic polypeptide chains should be
identified.

A fundamental aspect in protein and especially in IDP research is the influence of
solvent viscosity on chain dynamics and structure, which can be investigated in detail
by the trFRET method used here. Not only the viscosity itself, which is mediated by
the use of viscogenic co-solutes, but also the size of the viscogenic co-solute can
strongly influence the dynamics and dimension of unstructured polypeptide chains.
Therefore, two viscogenic co-solutes with different size can be used for a detailed
investigation. Glycerol is suitable as a well-established and frequently used small
viscogenic co-solute. PEGgooo can be used as a representative of large co-solutes.
Already established model peptides like glycine-serine chains or natural sequences
like the EF- and the DE-loop of B-carp parvalbumin can be used for this investigation.
Thus, the general influence of viscosity on the dynamics and dimension of IDPs can
be further elucidated, but also taken into account for subsequent experiments. With
respect to polyglutamine chains, a first important step is to investigate the dynamics
and structural properties of these chains in aqueous milieu in order to compare them
with non-amyloidic model peptides and to identify possible peculiarities of
polyglutamine chains. With respect to the general aggregation properties of
polyglutamine chains, it is important to examine the monomeric state of the
polyglutamine chains in an aqueous milieu. Methods such as CD, especially light

scattering experiments and analytical ultracentrifugation are suitable for this purpose.

36



3. Aim of Research

Another important aspect is the influence of temperature on dynamics and dimension
of IDPs. Physical parameters, such as the activation energy according to Arrhenius or
conformational energy barriers according to Zwanzig, were previously used to
describe the dynamic change of unstructured peptide chains. In earlier work on IDPs,
the use of denaturants, such as GdmCI, has been established for another important
characterization. Besides the influence of GdmCIl on hydrophobic properties, the
influence on hydrogen bonds is also discussed. Especially with respect to fibril
formation, hydrogen bonds play a decisive role. The structural influence of GdmCI on
IDPs can be described in more detail with the help of a weak-binding model includes
the equilibrium exchange constant of water molecules with GdmCI molecules. Of
course, the influence of viscosity on the dynamics and dimension of polyglutamine
chains should be known, not only to identify possible disease-related behavior of
polyglutamine chains but also to be able to consider the viscosity in the temperature
and GdmCI experiments mentioned above. Although some non-amyloidic model
peptides have been investigated in previous work, the results obtained here can be
used to introduce new model polypeptide chains that represent previously disregarded
properties such as enhanced hydrogen bonding. For this purpose, e.g. polyserine chain
seems to be a suitable candidate. Another goal is to investigate a broad spectrum of
different IDP types for comparison. For this purpose, the DE-loop of parvalbumin, as
a representative of natural IDP sequences, can be used for completion. This generates
a wealth of information, which, by comparing both artificial and natural non-
amyloidic IDPs with the amyloidic polyglutamine chains, provides valuable clues for
elucidating the biophysical properties as a possible disease-related effect of

polyglutamine chains.
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4. Results and Discussion

4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

4.1.1 The influence of the viscosity on chain dynamics and dimensions

A fundamental aspect of protein folding is that the unfolded polypeptide chains have
to collapse to form a functional compact and globular structure. But the kinetic
barriers, which limit the folding rate, are not fully understood [189], [190]. The
mechanisms of protein folding depend not only on the intrinsic sequence properties
but also on solvent conditions like pH, salt and viscosity [191]. A physical limit on
the protein folding speed is given by the rate of diffusional motion of the unfolded
polypeptide chain in the solvent [17], [190]-[196]. However, the effect of solvent
viscosity is directly correlated to the rate of folding of polypeptide chains [190],
[193], [194], [197]-[201]. The Kramers theory provides the relationship of the
diffusion-controlled reaction rates and the solvent viscosity [202]. In Kamers’ theory
the chemical reaction rate of an unimolecular reaction is influenced by the viscosity of
the medium. Generally, reactants and products are separated by an energy barrier,
which can be crossed in a diffusion-controlled process. Therefore, the particles are
subject to Brownian motion [199], [202], [203]. According to Kramers’ theory with

increasing the macroscopic viscosity 7, the rate k£ decreases with ke1/7n. A number

of simulations and experiments show that the diffusion rate and protein folding rate
do not always scale with the macroscopic viscosity of the solvent. Especially for fast-
folding structures like small proteins, loops, helices etc., the reaction rate is not
strictly proportional to the solvent viscosity [117], [193], [204]-[208]. The deviation
from the Kramers theory implies that other interactions exist, which are not related to
the macroscopic solvent viscosity. Such interactions are summarized in the term of
the so-called internal friction or microviscosity [87], [193], [203], [204], [208]-[212].
The origin of internal friction can be potential energy barriers to backbone rotations,
long-range interresidue interactions, accessibility of free volume in a non-continuum

solvent as well as hydrogen bonds [193], [213].
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

There exist two empirical models, which include the internal friction in addition to the
macroscopic solvent friction. For the first one, a simple additive relationship of the

internal and solvent friction is found (the here so-called additive model) [211], [214]:

fzf;olv[nij+f;nt (Eq 41)

Where f,,, and f_ denote the coefficient of the solvent and internal friction. The

viscosity is represented by 7 and the reference viscosity is n,. The other empirical

relationship for the internal and solvent viscosity is given as a power-law equation:

f= fm(ﬂl (Eq. 4.2)
n,

The viscosity-sensitive exponent o includes the influence of the internal friction and
ranges between 0 and 1. Note that with a = 1 the above discussed Kramers’
relationship of ke<1/n is reproduced. However, the power-law equation (equation
4.2) was often showed to be more accurate than the additive model (equation 4.1) in
describing the kinetics for viscosity dependence, especially of unfolded polypeptide
chains [159], [203], [207], [209], [215]-[218].

Generally, the friction is related to the diffusion coefficient according to the Einstein-

Smoluchowski equation of Brownian motion [219]-[221]:
D=-L— (Eq. 4.3)

Where D is the diffusion coefficient, f the friction coefficient, k, is the Boltzmann

constant and 7 the absolute temperature. Therefore, the intrachain diffusion
coefficient can be converted directly to the friction coefficient.

Assuming the validity of the power-law equation 4.2 the combination with the
Einstein-Smoluchowski equation 4.3 yields the empirical equation 4.4 [103], [159],
[218]:
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4. Results and Discussion

D=D, (1] (Eq. 4.4)
M,

Where 7, is the reference viscosity and D, is the intrachain diffusion coefficient at

the lowest viscosity of water under buffer conditions (10 mM potassium phosphate,
pH 7.0). The scaling factor o represents a dimensionless exponent, which includes a
possible deviation from the relationship of 1/n predicted by Kramers’ theory, and is

comparable to the a-value yields in equation 4.2.

4.1.2 The influence of the size of viscogenic co-solutes on chain dynamics and
dimensions

Not only the macro- and the microviscosity of the medium itself influence the
dynamics and dimensions of unfolded polypeptide chains, also the size of viscogenic
co-solutes is another important factor in this context [222]-[226]. For instance,
protein-protein interaction was shown to be strongly influenced by the size of co-
solutes [227], [228]. Additionally, it was observed that the aggregation and fibrillation
of AB-peptides can be prevented by viscogenic co-solutes of large size [229]. Also the
movement of the motor protein kinesin-1 was strongly dependent on the size of the
added viscogenic co-solutes leading to a complete suppression of motor function

[230].

4.1.3 trFRET measurements using glycerol and PEGg as viscogenic co-solutes

In order to test the influence of viscosity and the size of the viscogenic co-solutes on
both the dynamics and the dimensions of model polypeptide chains, two different
viscogenic co-solutes were investigated.

Glycerol as one of the smallest viscogenic co-solutes and PEGgo (polyethylene
glycol with an average molecular mass of 6000 Da) as a member of the larger

viscogenic co-solutes were investigated at different co-solute concentrations.
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

A non-natural repetitive sequence (glycine-serine)s polypeptide chain ((GS)s) and two
fragments of 14 aa and 16 aa length from the natural IDP B-carp parvalbumin, called
DE-loop and EF-loop were investigated as model polypeptide chains. Generally, the
dynamics and dimensions were measured by trFRET using fluorescence donor an
acceptor attached to the N-terminus and to an amino acid side chain at the C-terminal
end of the polypeptide chain (detailed information on the model polypeptide chains
are given in chapter 4.2 and 4.6).
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Figure 4.1.1: Glycerol dependence of time-resolved fluorescence decays curves of the B-carp
parvalbumin fragment DE-loop with the donor-acceptor pairs A dansyl-pyrene and B DNB-AMCA in
10 mM potassium phosphate pH 7.0. Concentrations of glycerol ranges from 0% (red), 16% (orange),
28% (green), 40% (turquoise), 48% (blue) to 56% (purple) (w/w). The residuals of the global analysis
of each concentration point are shown in different colors corresponding to the different concentrations

of glycerol for both FRET-pairs.
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4. Results and Discussion

Fluorescence decay curves of the DE-loop using glycerol ranging from 0% to 56%
(w/w) (Figure 4.1.1) and of the (GS)g (Figure 4.1.4), the EF-loop (Figure 4.1.5) and
the DE-loop (Figure 4.1.6) using PEGgggo ranging from 1.8% to 21.1% (w/w) of both
FRET pairs were measured in 10 mM potassium phosphate buffer at pH 7.0 and
22.5°C.

The intrachain diffusion coefficients of the DE-loop fragment decreased by a factor of
9.6 from water to 56% (w/w) glycerol. The decrease of the intrachain diffusion
coefficient with increasing concentration of the viscogenic co-solute can be described
with the empirical equation 4.4 discussed above. According to equation 4.4 a a-value
of 1.14 =+ 0.1 was found for the DE-loop fragment of the natural IDP B-carp
parvalbumin. In previous time-resolved FRET measurements both the (GS)s and the
EF-loop fragment were investigated in the presence of different glycerol
concentrations [159]. The analysis using equation 4.4 revealed an a-value of 1.09 +

0.1 for (GS)g and of 1.03 + 0.1 for the EF-loop [159].
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Figure 4.1.2: Double-logarithmic illustration of the intrachain diffusion coefficient in dependence of
different glycerol concentrations (0% - 56% (w/w)). The intrachain diffusion coefficient of DE-loop is
shown in green squares, of EF-loop is shown in red circles and of (GS)g is shown in blue diamonds.
The results of the analysis using the empirical equation 4.4 are depicted in the colors mentioned above.

The red dashed line corresponds to 1/n according to the Kramers’ theory.

For all three model polypeptide chains an a-value greater than 1 was found, which
indicated that the intrachain diffusion coefficient decreased stronger as excepted for

free diffusion from the Kramers’ theory with De1/n (Figure 4.1.2). In addition to

the intrachain diffusion, the parameters b and ¢ provide information on the dimension
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

of the polypeptide chains in terms of the root mean square end-to-end distance
(chapter 1.4). The fitted parameter » showed an increasing inaccuracy with increasing
glycerol concentration, while relative low errors for the fitted parameter ¢ are found.
Nevertheless, the root mean square end-to-end distance using b and ¢ (equation 1.12)
showed a high accuracy for all glycerol concentrations. For the root mean square end-
to-end distance of the DE-loop a slight increase of about 4% with increasing glycerol
concentration was observed (B in Figure 4.1.3). This was also reflected in the end-to-
end distribution (C in Figure 4.1.3). In previous work, a comparable slight increase of
the root mean square end-to-end distance for the (GS)s and EF-loop fragment were
shown [159]. The alteration of the dimension with increasing glycerol concentration

may explain the deviation from the theoretically expected a-value of 1.
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Figure 4.1.3: Glycerol dependence of dynamics and dimensions of the DE-loop of the natural IDP B-

carp parvalbumin. A Semi-logarithmic illustration of the fitting parameters b (red circles) and o (blue

squares); B the root-mean square end-to-end distance was calculated using equation 1.12 and C linear

plot of the end-to-end distribution peq(r) at different glycerol concentrations ranges from 0% (red),

16% (orange), 28% (green), 40% (turquoise), 48% (blue) to 56% (purple) (w/w).
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4. Results and Discussion

However, the direct relation of the intrachain diffusion coefficient to the root mean

square end-to-end distance is still unclear and a matter of future studies.
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Figure 4.1.4: Time-resolved fluorescence decays curves of (GS)s in dependence of PEGggg using
donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM potassium phosphate pH 7.0 at
different concentration ranges from 1.8% (red), 4.5% (orange), 7.3% (green), 10.5% (turquoise), 14.5%
(blue), 17.7% (purple) to 21.1% (dark purple) (w/w). The residuals of the global analysis of each
concentration point are shown in different colors corresponding to the different concentrations of

PEGgqgo for both FRET-pairs.
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of

polypeptide chains
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Figure 4.1.5: Time-resolved fluorescence decays curves of B-carp parvalbumin fragment EF-loop in
dependence of PEGgyy using donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM
potassium phosphate pH 7.0 at varies concentration ranges from 1.8% (red), 4.5% (orange), 7.3%
(green), 10.5% (turquoise), 14.5% (blue), 17.7% (purple) to 21.1% (dark purple) (w/w). The residuals
of the global analysis of each concentration point are shown in different colors corresponding to the

different concentrations of PEGggg for both FRET-pairs.
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Figure 4.1.6: Time-resolved fluorescence decays curves of B-carp parvalbumin fragment DE-loop in
dependence of PEGgyy using donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM
potassium phosphate pH 7.0 at varies concentration ranges from 0% (red), 1.8% (orange), 4.5%
(green), 7.3% (turquoise), 10.5% (blue), 14.5% (purple), 17.7% (dark purple) to 21.1% (black) (w/w).
The residuals of the global analysis of each concentration point are shown in different colors

corresponding to the different concentrations of PEGggo for both FRET-pairs.
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

Nevertheless, the intrachain diffusion coefficient dependence on the glycerol
concentration can be well described by the empirical power-law equation (equation
4.4), which was also shown for the rate constant of loop formation from TTET
measurements for different lengths of (GS)g and the DE- and EF-loop fragment [218].
Compared to the small viscogenic co-solute glycerol, the larger PEGeooo exhibited a
different quantitative effect on the intrachain diffusion. According to the equation 4.4
a-values of 0.4 £ 0.01 for the DE-loop and 0.375 + 0.01 for the EF-loop were
obtained. For the repetitive sequence (GS)s an a-value of 0.47 £ 0.01 was found

(Figure 4.1.7).
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Figure 4.1.7: Double-logarithmic illustration of the intrachain diffusion coefficient in dependence
of different PEGeooo concentrations (0% - 21.1% (w/w)). The intrachain diffusion coefficient of
DE-loop is shown in green squares, of EF-loop is shown in red circles and of (GS)s is shown in
blue diamonds. The results of the analysis using the empirical equation 4.4 are depicted in the
colors mentioned above. The red dashed line corresponds to 1/n according to the Kramers’

theory.

As observed in TTET experiments with viscogenic co-solutes of larger size a
significant lower a-value was found independent of length and sequence of the model
polypeptide chains [218]. The value of o<l indicated a strong deviation from
Kramers’ theory and the existence of internal friction. For all three polypeptide chains
a slight increase of the root mean square end-to-end distance with increasing PEGgoo
concentration was observed. In detail, for the DE-loop fragment an increase of 2%,
for the EF-loop fragment of 4% and for (GS)s of 3% in 21.1% (w/w) PEGgooo were

obtained in comparison to water (C in Figure 4.1.8).

47



4. Results and Discussion
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Figure 4.1.8: PEGgo dependence of dynamics and dimensions of the DE- and EF-loop of the natural
IDP B-carp parvalbumin as well as (GS)s. A Semi-logarithmic illustration of the fitting parameters b
(filled) and o (open), B The root-mean square end-to-end distance was calculated using equation 1.12.

The DE-loop is shown in green squares, the EF-loop is shown in red circles and the (GS)g is shown in

blue diamonds and C linear illustration of the end-to-end distribution peq(r) at different PEGyggoo
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14.5% (purple), 17.7% (dark purple) to 21.1% (black) (w/w).
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

With the assumption of the Einstein-Smoluchowski equation, the intrachain diffusion
coefficient can be directly converted into the friction coefficient (equation 4.3). The
resulting dependence of the friction coefficient on the viscosity of the two different
sizes of the viscogenic co-solutes was analyzed with equation 4.5. The equation 4.5
represents a combination of both above discussed models, the additive (equation 4.1)
and the power-law model (equation 4.2). With a theoretical a = 1 for equation 4.5, the
above discussed simple additive model 4.1 is generated. On the other hand, with
introducing the experimental determined a-value (o # 1), the empirical found power-
law model with an additional term of the internal friction is similar to equation 4.2.
This additive term of the internal friction depicts the influence of internal friction in

the case of o # 1.

f= f,(nij +f (Eq. 4.5)

0

The dependence of the friction coefficient on the viscosity can be well described with
equation 4.5 for both viscogenic co-solutes glycerol and PEGgggo. If the a-value was
set to the theoretical value of one, which is consistent with the additive model
(equation 4.1), a high inaccuracy is observed (A and B in Figure 4.1.9). Moreover,
with o = 1, for the glycerol dependence a negative internal friction for all polypeptide
chains are observed (Figure 4.1.9 right plot in A, and Table 2). Instead, with the
experimentally determined o, the additional internal friction term yields a value of
around zero for all polypeptide chains. However, in case of the PEGgoo9 dependence
and with a = 1, the internal friction term becomes positive. For the experimentally
determined a-value of the PEGgoo dependence an internal friction term of around

zero was shown as also observed for the glycerol dependence (Table 2).
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4. Results and Discussion
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Figure 4.1.9: Viscosity dependence of the friction coefficient. A The glycerol dependence for the DE-
loop fragment is shown in green, data of the EF-loop fragment as well as (GS)g are taken from [159]
and is shown in grey. B The PEGgo dependence for the DE-loop is shown in green, for the EF-loop
fragment is shown in red and for the (GS)s chains is shown in blue. The friction coefficient was
calculated from the intrachain diffusion coefficient according to equation 4.3. The friction coefficient
was analyzed using equation 4.5 and the corresponding a-value determined from equation 4.4 (solid
lines). With o = 1 the equation was reduced to the additive relationship of the solvent and internal
friction (equation 4.1, dashed lines). The right plots in A and B (zoom) give a detailed picture at the

lowest viscosity for glycerol and PEGggo9 dependence.

The solvent friction was comparable for both viscogenic co-solutes and generally
yields a lower value for the flexible (GS)s chain (Table 2). At a = 1 for the glycerol
dependence, the solvent friction becomes higher in comparison to that fitted with the
experimentally determined a-value (Table 2). The opposite behavior was observed for

the PEGgo00 dependence.
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4.1. The Effect of viscogenic co-solutes on the dynamics and dimensions of
polypeptide chains

Table 2: Viscosity dependence of glycerol and PEGgoo on polypeptide chains. The friction coefficient was
calculated from the intrachain diffusion coefficient using equation 4.3. The resulting viscosity dependence on the
friction coefficient was analyzed using equation 4.5. If o = 1 the additive model of the solvent and the internal
friction (equation 4.1) is valid. If the experimentally determined a-value (o = exp.) was applied, the power-law
model is valid with an additional term of the internal friction (equation 4.2) to yields some information on the
internal friction in dependence of a # 1. The unit for the solvent and for the internal friction coefficient of every
value is given as x1078 g/s. The data of the glycerol dependence of the EF-loop and (GS)g are taken from previous

work [159] (grey).

Glycerol PEGg000
a = exp. o=1 o = exp. o=1

ﬁolv ﬁnt f:volv ﬁnt f:volv ﬁnt fsolv ﬁnl

DE-loop | 1.70+0.2 | -0.17+0.4 | 22+03 | -0.6+0.4 1.8+0.3 | 0.02+0.5 | 0.29+0.05 | 1.8+0.2

EF-loop | 1.48+0.2 0.07 £0.5 1.6+0.3 | -0.03+0.5 | 1.8+0.3 | 0.03+0.5 | 0.25+0.05 | 1.8+0.2

(GS)s 1.15+0.2 0.03 0.4 1.4+0.2 | -0.2+0.4 1.3+£0.2 | 0.01+0.3 | 0.26+0.04 | 1.1+0.2

4.1.4 Discussion and summary

It can be shown that the viscosity dependence on the intrachain diffusion coefficient is
well described by the empirical equation 4.4 independent of the size of the viscogenic
co-solutes. Furthermore, the intrachain diffusion coefficient is converted into the
friction coefficient by the Einstein-Smoluchowski equation and the resulting
dependence of the friction coefficient on the viscosity can be well fitted according to
the power-law model. Thereby, the additive term of the internal friction in equation
4.5 will become zero for both types of co-solutes and for all investigated polypeptide
chains, if the experimentally determined a-value is included. Thus, the effect of the
internal friction is represented by the viscosity-sensitive exponent a of the power-law
equation and cannot be described by an additive internal friction term. Furthermore, it
can be shown that the a-value depends strongly on the size of the used viscogenic co-
solutes. Hence, with small co-solutes the predicted Kramers-like behavior De1/17 is
found and for larger co-solutes a deviation from this theory with a<l is observed.
Detailed investigation of the dependence of the rate constants of loop formation of
unfolded polypeptide chains on different sizes of the co-solute revealed the same

influence of the co-solute’s size on chain dynamics [218].
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4. Results and Discussion

In other words for the small co-solute glycerol the macroviscosity matches the
microviscosity, which means the chain dynamics feel the full solvent viscosity.
However, for co-solutes with larger size, like PEGgggo, the microviscosity does not
match the macroviscosity. This fact is related to the global or large scale chain
motions and the local chain motions, which show different correlation to the co-
solute. Local chain motions were shown to be less sensitive to the solvent resulting
from local torsion angle barriers [212], [231]-[234]. The deviation from the Kramers’
theory was discussed to be mainly caused by bond rotations [235], [236]. Also
hydrogen bonds were proposed to be one reason for reduced sensitivity of local chain
motions to a bulky solvent [216], [237]. Another reason for the deviation of local
chain motion from the simple //y4 relationship was given by the hydration-shell,
controlling local and fast fluctuations instead of the large-scale motions, which are
coupled directly to a bulky solvent [238], [239]. Additionally, the so-called solvent
memory effects is also discussed to be an origin of the internal friction and o<I,
respectively [234], [240], [241]. In general, the classic viscosity is valid under the
assumption of a homogenous and isotropic bulky solvent, where the Brownian theory
is applicable. But for co-solutes, which are larger as the polypeptide chains, such as
the investigated polypeptide chains in PEGgqo, the solution in which the polypeptide
chains is dissolved is no longer considered as a continuous and homogenous solution.
Large co-solutes may interact only locally with the solute. Thus, the solvent is
inhomogeneous for the peptide on a microscopic scale and alters the viscosity
sensitivity of the dynamics, which results in a<l [218], [222], [242], [243].
Additionally, it should be taken into account that larger viscogenic co-solutes like the
commonly used PEG show a polymer length distribution. DLS measurements of
different concentration of PEGgooo showed an increase of the apparent hydrodynamic
radius with a decreasing co-solute concentration in a nonlinear manner, which
illustrated the change of physical properties with changing concentration of the co-
solute (Appendix, Figure A.l). In summary, the viscosity dependence of the
intrachain diffusion coefficient can be described using the empirically found equation
4.4, where a viscosity-sensitive factor o can be determined. It was shown that the
exponent o includes the so-called internal friction and that the additive term of the
internal friction cannot describe the experimental data. The co-solute glycerol seems

to be suitable for the investigation of chain dynamics’ dependence on viscosity
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4.2. Dynamics and dimensions of Q14 in aqueous solution

without additional interferences like the discussed inhomogeneity found for larger co-
solutes such as PEGeooo.

The knowledge about the viscosity effect on the intrachain diffusion coefficient
enables the investigation of other important effects e.g. caused by denaturants or

changed temperature.

4.2. Dynamics and dimensions of Q4 in aqueous solution

As discussed in the introduction, the polyglutamine chains represent interesting
members of the unstructured IDPs, which are responsible to cause different
neurogenic diseases like Chorea Huntington. In order to identify a possible intrinsic
disease-related characteristic with respect to the dynamics and dimensions of the
polyglutamine chains, a polyglutamine chain of 14 amino acids (Q;4) was chosen and
compared to previously measured non-amyloidic polypeptide chains of comparable
length (Figure 4.2), such as the EF-loop of the natural IDP B-carp parvalbumin and
the (GS)s chains. This specific length was chosen because longer peptides tend to
aggregate and complicate data interpretation. Walters and Murphy showed with
dynamic light scattering (DLS) and transmission electron microscopy (TEM)
experiments that aggregation occurred already at a length of 16 amino acids, while
shorter ones did not aggregate [244]. Nevertheless, the peptides under investigation
should be as long as possible with regard to the disease-inducing threshold value for
huntingtin (chapter 2) in order to better illustrate disease-related behavior of
polyglutamine at the monomeric level. Generally, little is known about the real
population and dynamics of the unstructured polyglutamines in solution. In previous
work, a compact structure in solution was observed for polyglutamine monomers.
Simulations yielded also a relatively compact structure shown for polyglutamine
chains of different length [245]. Atomic force stretching and SAXS experiments on
polyglutamine chains were also consistent with a compact structure of polyglutamine
monomers in water [187], [188]. Nevertheless, the previous methods and results
failed to give detailed information of the real conformer distribution of unfolded
polypeptide chains. The time-resolved FRET method is an appropriate method to get

detailed information about the population of the conformer ensemble as well as
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4. Results and Discussion

intrinsic chain dynamics of the polyglutamine chain monomers in aqueous solution.
Especially, the description of the intrachain dynamics should contribute to a
biophysical better understanding of the disease-related behavior of polyglutamines

compared to non-amyloidic polypeptide chains.

4.2.1 Preparation and validation of monomeric Q4 in aqueous solution

In order to get valid results on the dimensions and dynamics of the investigated
polypeptide chains, a homogenous solution of monomeric polyglutamine is
indispensable. Wetzel and colleagues developed a disassembly protocol to yield
homogenous solutions of polyglutamine monomers also in sufficient concentration
[183], [246] (Material and Methods 6.3). For the trFRET experiments a (glutamine);4
polypeptide chain (Q4) with a solubility-tail of serine-arginine-serine-arginine-

glycine was coupled at the C-terminus of the polyglutamine chains (Figure 4.2).
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Figure 4.2: Scheme of the (glutamine);4 polypeptide chains (Q4) for the time-resolved FRET
measurements. The FRET-acceptor (A DNB or B dansyl, colored in blue) was coupled at the N-
terminus, while the FRET-donor (A AMCA or B pyrene, colored in red) was coupled at the NH,-side
chain group of a non-canonic amino acid called Dpr (green). To improve solubility a solubility tail of
serine-arginine-serine-arginine-glycine was coupled at the C-terminus. The C-terminus was protected

with a NH,-group to avoid a charge end.
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4.2. Dynamics and dimensions of Q14 in aqueous solution

In order to prove that a monomeric and homogenous polyglutamine chains with both
FRET chromophores and the solubility tail can be prepared according to the
disassembly protocol established by Wetzel and colleagues, three different methods
with different physical background were used. At first, simple scattering experiments
were performed to test the prepared solution for possible larger aggregates or higher
order species using a conventional fluorimeter. The second method, analytical
ultracentrifugation (aUZ) is based on absorption or fluorescence instead of light
scattering. It represents a method that offers higher accuracy for the discrimination of
higher order species (aggregates) compared to simple scattering experiments. The
third method is far UV circular dichroism, which is used to gather information of

aggregates and also of general structure.

4.2.1.1 Scattering experiments

For the scattering experiments a conventional fluorimeter was used. In order to get an
adequate scattering signal and to exclude any absorbance of the coupled
chromophores, the monochromators were set to 450 nm for dansyl-Q;4-pyrene and

550 nm for DNB-Q4-AMCA (Figure 4.2.1).
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Figure 4.2.1: Light scattering profile of different Q4. A Profile of dansyl-Q4-pyrene (red) and 10 mM
potassium phosphate buffer, pH 7.0 (blue). B Profile of DNB-Q4~-AMCA (red) and 10 mM potassium
phosphate buffer, pH 7.0 (blue). The monochromators were set to 450 nm for dansyl-Q4-pyrene and
550 nm for DNB-Q4,-AMCA.
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The observed basic signal of the peptide signal for both peptides were not
significantly higher than the buffer signal and ranges within the method error (Figure
4.2.1). These results allowed the first conclusion that no aggregated polypeptide
chains were present in the solution. Nevertheless, for a quantitative comparison, an
average value over the whole measurement time was calculated. The average value
for the DNB-Q;4-AMCA polypeptide chain was around 34 % higher as the buffer
average value. For dansyl-Qi4-pyrene polypeptide chain only a 6 % higher average
value was observed in comparison to the buffer signal. Of course the average value
was strongly influenced by the counted spikes, which may artificially increase the
average value. The observed spikes represent undefined light-scatter centers. It cannot
be completely ruled out that the spikes represent single aggregated particles, but more
likely they are air bubbles or incorporated dust particles. It should be noted that all
peptide solutions were prepared according to the published disassembly protocol by
Wetzel and colleagues without filtration after preparation compared to the buffer that
was filtrated. Therefore, the solution may contain more dust particles in comparison
to the filtrated buffer. Of course, the simple scatter experiment using conventional
fluorimeter represents a relative crude method for analysis of aggregation processes or
oligomers. Therefore, other methods should also be used to verify the previous
results. A powerful method to analyze the samples for aggregates or oligomers is the

analytical ultracentrifugation (aUZ).

4.2.1.2 Analytical ultracentrifugation

By analytical ultracentrifugation the investigated sample is strongly centrifuged at
high speed and particle sedimentation is observed by a specified absorption signal.
Using analytical ultracentrifugation oligomers or aggregates can be determined by a
sedimentation velocity experiments (A and B in Figure 4.2.2). A detection limit for
oligomers or aggregates is to be estimated by around 5 %. In addition to the
sedimentation velocity experiment, the molecular mass can be determined by the

sedimentation equilibrium experiment (C and D in Figure 4.2.2).
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Figure 4.2.2: A-B: Sedimentation velocity experiments of A dansyl-Q4-pyrene and B DNB-Q;-
AMCA. Time scan every 10 min (colors in rainbow from red to purple). C-D: Sedimentation
equilibrium experiment. Analysis of the molecular weight (red lines, analysis provided using the
company software) of C dansyl-Q4-pyrene and D DNB-Q4-AMCA with the resulting residuals at the
bottom. All samples were measured at 22.5 °C, pH 7.0 in 10 mM potassium phosphate. The analytical
absorption wavelength of both polypeptide chains was set at 340 nm, which corresponded to the
absorbance wavelength of both coupled chromophores. The measurements were performed and
analyzed by Prof Dr. Lilie (Martin-Luther-University Halle Wittenberg, Institute of Biochemistry and
Biotechnology).

The analysis by aUZ showed no oligomers or aggregates for dansyl-Qs-pyrene and
for DNB-Q;45~AMCA polypeptide chain as depicted in Figure 4.2.2. The molecular
mass for dansyl-Q4-pyrene was 2890 + 60 Da and for DNB-Q4-AMCA

2880 +160 Da, which corresponded to the monomeric state for both polypeptide

chains compared to theoretically calculated molecular mass (C and D in Figure 4.2.2).
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4.2.1.3 Circular dichroism

Circular dichroism (CD) is primarily used to investigate the structure of proteins or
polypeptide chains. CD can provide information about aggregates or oligomers,
because most aggregation is caused by unspecific secondary structure interactions,
which changes the observed CD signal dramatically. A minimum of ellipticity at
around 200 nm was published for polyglutamine chains at the monomeric state [164],
[244]. On aggregation of polyglutamine the minimum at 200 nm disappeared. Here,
CD was performed to detect aggregates and to investigate the general structure of Q4.
Besides the both FRET-pairs also the donor- as well as the acceptor-only variants of
Q14 was measured, because these are used for the determination of the Forster
distances (Figure 4.2.3). The measured CD spectra were not converted into the mean
residual ellipticity, because there are no accurate extinction coefficients published for
the AMCA- and pyrene-chromophores. However, the ellipticity yields adequate
information for the investigation of random structures and the state of a polypeptide
chain. For all measured Q4 a minimum of the ellipticity at around 200 nm was found.
The observed minimum closed to 200 nm is consistent with the published data of
polyglutamines of different length and can be interpreted as a property of their
unordered structure [164], [185], [244]. This features is also consistent with published
theoretical and experimental data from another unfolded proteins or polypeptide
chains [247]-[255]. Interestingly, the observed additional weak negative band at
around 220 nm is often measured for unfolded polypeptide chains, but not further
interpreted [185], [244], [249]-[252], [255], [256]. Furthermore, there were no
indications of aggregation for all measured Q4 variants, which were expected to yield

a positive signal at around 200 nm [257].
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Figure 4.2.3: CD spectra of Q4. A Qy4coupled with both FRET pair chromophores, dansyl-Q4-pyrene
(blue line) and DNB-Q;~AMCA (red line). B Donor-only Q4 coupled with pyrene (blue line) and
AMCA (red line). C Acceptor-only Q4 coupled with dansyl (blue line) and DNB (red line). The

dynodes voltage of each measurement is plotted in the corresponding colors at the bottom.

4.2.1.4 Summary and discussion

The preparation based on the disassembly protocol published by Wetzel and
colleagues [183], [246] represent a necessary method to obtain a sufficiently high
concentration of polyglutamine chains at monomeric level for the trFRET
experiments. Generally, no aggregation of all used variants of Q4 were found.

Neither the scattering experiments, nor the CD spectra gave evidence for aggregation

of the Q,4 variants.
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Furthermore, the analytical ultracentrifugation indicated a homogenous monomeric
solution of polypeptide chains. All three methods for the investigation of aggregates
were performed with comparable or slightly higher polypeptide chain concentrations
that were used for the trFRET experiments. Also important is the fact that a random
structure of all variants of Q4 was observed by CD. Hence, the distance distribution

of random polymers described by the EDWARDS model should be valid (chapter 1.3).

4.2.2 Investigation of Q4 in aqueous solution with trFRET

In order to calculate the partial differential equation (equation 2.1, chapter 1.5) given
by Haas et al. [99], the determination of constants such as the Forster distances and

the donor lifetime are essential.

4.2.2.1 Donor-lifetime measurements of both Ac-Q4-pyrene and Ac-Qs-AMCA

Time-resolved lifetime experiments of Ac-Q;4-AMCA and Ac-Qis-pyrene in 10 mM
potassium phosphate buffer pH 7.0 at 22.5 °C were performed to determine the donor
lifetime of both donors (Figure 4.2.4). A reconvolution fit of the fluorescence decay
curves was used to calculate the donor-lifetime (Material and Methods 6.5). In
previous works, for donor-only polypeptide chains only one lifetime was found.
Therefore, a single-exponential reconvolution fit was applied. The donor lifetime of
the AMCA-only polypeptide chain could be well described by a single-exponential
reconvolution fit, deduced from the analysis error y* and resulting residuals,
respectively (B in Figure 4.2.4). However, for the pyrene-only polypeptide chains no
well-defined analysis were obtained by a single-exponential reconvolution fit (A in

Figure 4.2.4 red line and corresponding residuals).
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Figure 4.2.4: Fluorescence decay curves of the donor-only polypeptide chain of Q4variants. A Ac-
Qqs-pyrene and B Ac-Q4,~AMCA (blue lines) analyzed using the reconvolution fit (red lines, Material

and Methods 6.5). The resulting residuals are shown in red at the bottom.

Therefore, the donor-only fluorescence decay curve of the pyrene-only variant was
fitted using double-exponential reconvolution fit and displayed a high accuracy with
the original data (Figure 4.2.5). The main lifetime of the double-exponential fit of

168 £ 1 ns was in agreement to the lifetime of a single-exponential fit and showed
fractional amplitudes of about 87%, whereas the additional second lifetime of

14 £+ 2 ns had a fractional amplitude of about 13%.
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Figure 4.2.5: Fluorescence decay curves of Ac-Q4-pyrene (blue line) analyzed by a double-

exponential re-convolution fit (red lines). The resulting residuals are shown in red at the bottom.
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To verify whether the smaller fractional amplitude of the secondary lifetime was real-
valued, a so-called Support Plane Analysis (SPA) (Material and Method 6.6.3), which
has often been used for lifetime measurements, was calculated for both lifetimes

(Figure 4.2.6). The shape and the width of the resulting SPA give evidence for the

quality of the fit.
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Figure 4.2.6: Support Plane Analysis of the fluorescence decay curve of Ac-Q4-pyrene for A the main

lifetime of 168 ns and B the secondary lifetime of 14 ns.

The SPA implied that the main (biggest amplitude) lifetime of 168 ns as well as the
secondary lifetime of 14 ns were well defined with a small error. However, an
important question remained about the origin of the secondary lifetime found for the

pyrene-only Q4 variant.

4.2.2.2 Investigation of the second lifetime with Ac-Q;-pyrene

In order to answer the question of the origin of the secondary lifetime found, we
analyzed whether the unexpected secondary lifetime of around 14 ns was a possible
result of the disassembly procedure of the polyglutamine chains. Therefore, a shorter
polypeptide chain with higher solubility and less (expected) aggregation tendency was
used. Thus, a solution of peptide with sufficient concentration could be prepared
without the disassembly protocol. For this, a pyrene-donor-only polypeptide chain of

three glutamine repeats was synthesized.
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4.2. Dynamics and dimensions of Q14 in aqueous solution

In order to avoid any aggregation during the measurements, the denaturant guanidine
hydrochloride (GdmCI) was used as additive. Fluorescence decay curves of Ac-Qs-
pyrene peptide chain with and without the disassembly procedure were prepared at 1

M and 8 M GdmCl to test the influence of the denaturant on the secondary lifetime.
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Figure 4.2.7: Fluorescence decay curves of Ac-Qs-pyrene prepared with (red line) and without (blue
line) the disassembly procedure and measured in A 1 M GdmCl and B 8 M GdmCl buffer in 10 mM
potassium phosphate buffer at 22,5 °C, pH 7.0.

As shown in Figure 4.2.7 A for 1 M GdmCl, a secondary lifetime was observed for
the sample that was prepared with the disassembly procedure. Fluorescence decay
curve of Ac-Qs-pyrene that was prepared without the disassembly protocol gave no
evidence for a secondary lifetime of 14 ns. In order to exclude any possibility of
aggregation during the measurements, fluorescence decay curves of Ac-Q;-pyrene at
8 M GdmCl were monitored. As observed at 1 M GdmCl, the secondary lifetime was
only detected on samples that were prepared with the disassembly procedure. The
second lifetime amounted to 11 £ 2 ns at | M GdmCl and to 14 + 2 ns at § M GdmCL
The secondary lifetime slightly differed between the GdmCI concentrations, but was
within the range of the fitting error and comparable with the secondary lifetime found
for Q4. A slight increase of the fractional amplitude of the secondary lifetime from
18% at 1 M GdmCI to 24% to 8 M GdmCl was observed. Aggregation during the
experiment could be completely excluded, because it is generally accepted that no
aggregation is possible at such a high concentration of 8 M GdmCI. Additionally, the
fractional amplitude of the secondary lifetime is significantly higher at § M GdmCl
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compared to 1 M GdmCI. In conclusion, the procedure of the disassembly protocol
itself seemed to be the origin of the secondary lifetime. An important step for the
disassembly protocol is the incubation of trifluoroacetic acid (TFA) overnight.
Chemical alterations of the polypeptide chain were conceivable during this procedure.
Liquid-chromatography mass spectrometry (LC-MS) was used to investigate
chemical alterations of the polypeptide chains during the disassembly protocol. No
mass change of the polypeptide chains with accuracy of 1 Da was detected for the
samples, which were prepared with the disassembly protocol and without. Although
both trifluoroacetic acid (TFA) and hexafluoro-2-propanol (HFIP) should be
completely removed during the disassembly procedure (Materials and Methods 6.3),
the influence of the two compounds as an additive in solution was tested.
Fluorescence decay curves of Ac-Qs-pyrene in 10 mM potassium phosphate buffer
were measured in the presence of TFA, HFIP and both chemicals together. Neither
the addition of TFA-solution of up to 1% (v/v) or HFIP up to 1% (v/v), nor the
addition of both TFA and HFIP to the solution resulted in a change of fluorescence
decay curves or any lifetimes. The origin of the secondary lifetime is in the
disassembly procedure itself. A chemical change or influence of incomplete removed
chemicals does not seem to be the reason for the secondary lifetime.

Time-dependent fluorescence anisotropy experiments of Atfo-dyes labeled AP
peptides revealed an additional slow anisotropy decay component, which was caused
by chromophore-peptide interactions [258]. Such an interaction cannot be completely
ruled out for the time-resolved fluorescence experiments, but seems unlikely due to
the shorter linker and the smaller sizes of chromophores. To date, the molecular origin
of the secondary lifetime is not finally enlightened. However, the secondary lifetime
was also observed in the FRET lifetime experiments, where an acceptor was present.
Subsequent experiments showed that the secondary lifetime did not change by the
alteration of temperature, viscosity and denaturant concentration, while the main
lifetime depended strongly on these factors, as expected. Thus, the secondary lifetime
seem to be not affected by the acceptor or other quenching processes. Additionally,
Lakowicz et al. discuss the possibility of multi-exponential donor-only decays and
suggest a well accepted assumption that additional found lifetimes show the same R,
[158]. Steiner et al. found also multi-exponential donor-only decays for
dansylaziridine linked to troponin C as a donor [259]. They calculated for all donor-

only lifetimes a corresponding Ry and compared these results to the results computed
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with the assumption of similar R, for all found donor-lifetimes. Just a slightly broader
distribution was observed with multiple R, with a slightly increase of y* [259].
Therefore, no influence of the secondary lifetime on the FRET efficiency as well as
on the global analysis is expected.

It should be noted that the addition of a second population of end-to-end distances as
a result of energy transfer of the secondary donor lifetime to the acceptor cannot
result in well defined global analysis, which is justified by an extremely high number
of fitting parameters and the small fractional amplitude of the secondary lifetime. In
the following work, the secondary lifetime is considered as donor-only decay without
any energy transfer to the acceptor and without influence on the FRET efficiency for

the global analysis of fluorescence decay curves of polyglutamine chains (equation

4.6). The time-resolved fluorescence intensity decay F (t) can be described as an
addition of the time-resolved fluorescence intensity decay F. ,Ow(t) as discussed in

chapter 2 and the additional time-resolved fluorescence intensity decay Ffast(t)

resulting from the fast pyrene-donor-only decay 7, , which was measured in

separate lifetime experiments of pyrene-donor-only polypeptide chains:

F(t)=F,, (t)+Ffast(t)~exp(—L] (Eq. 4.6)

fast

Of course, a careful evaluation of the global analysis results is essential, which will be

done with a fitting error of the global analysis x* is less than 1.3 and the SPA.

4.2.2.3 trFRET measurements of Q4 in aqueous solution

Fluorescence decay curves of Q4 0f both FRET-pairs in 10 mM potassium phosphate
buffer at pH 7.0 and 22.5 °C were measured. All samples were prepared with the
modified disassembly protocol from Wetzel and colleagues. [183], [246]. In Figure
4.2.8 the fluorescence decay curves of the Q4 labeled with FRET chromophores as

well as the corresponding donor-only labeled polypeptide chains are shown. The
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fluorescence decay curves were globally analyzed using equations 2.1 and 1.12
including the additional fluorescence decay of the secondary lifetime of the pyrene-
chromophore, which was measured in separate lifetime experiment (equation 4.5).
The resulting residuals of the global analysis exhibited a well-defined global analysis
on both FRET-pairs-labeled Q4. The resulting global y* for both fluorescence decay
curves was 0.99. However, for the dansyl-Qjs4-pyrene fluorescence decay curves a
significant higher deviation in the global analysis at early time points was observed
(see residuals, A in Figure 4.2.8). This deviation at earlier times of the decay curves is
due to an inaccurately defined found starting point of the fit in the global analysis.
However, resulting fitting parameters were determined beginning from the starting
point of the decay curve at the maximum fluorescence intensity of 10.000 counts per
channel (cnts./ch.). Thus, the deviations at earlier times observed from the residuals of

the global analysis do not seem to be relevant for globally analyzed results.
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Figure 4.2.8: Fluorescence decay curves of Q4. Fluorescence decay curves (blue lines) for both A
dansyl-Qq4-pyrene and B DNB-Q;-AMCA were fitted globally using equations 1.12 and 2.1
considering the secondary donor-only decay of pyrene as a single-exponential decay without any
contribution in FRET (red lines). The corresponding fit residuals are shown at the bottom. Donor-only
decay curves are shown in black lines for A Ac-Q4-pyrene and B Ac-Q,~AMCA. The large residuals

at very short times in A are due to inaccuracies in the definition of the starting time.

The resulting fitting parameters of the global analysis were b =17.5 A and
o = 12.6 A. With the EDWARDS model the population of end-to-end distances were

calculated and shown in Figure 4.2.10 (equation 1.12). The root mean square donor-
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4.2. Dynamics and dimensions of Q14 in aqueous solution

acceptor distances of Qy4in water was 25.9 A. An intrachain diffusion coefficient of
9.7 A’/ns was found.

However, a global analysis without the secondary lifetime for pyrene as a simple
decay revealed a y*-value of 1.14 and a significant higher deviation of the resulting

residuals was observed for the dansyl-Q4-pyrene fluorescence decay curve (Figure

42.9).
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Figure 4.2.9: Fluorescence decay curves of Q4. FRET decay curves (blue lines) for both A dansyl-
Qy4-pyrene and B DNB-Q4,~AMCA were fitted globally using equation 1.12 and 2.1 considering the
secondary donor-only decay of pyrene as a single-exponential decay without any contribution in FRET

(red lines). The corresponding fit residuals are shown at the bottom.

The fitting parameters without the secondary lifetime were slightly different
compared to the results considering the secondary lifetime of pyrene as a single-
exponential decay without any contribution in FRET. For b a value of 16.3 A, for

o =13.3 A and for the root mean square donor-acceptor distance a value of 25.9 A
were found. The intrachain diffusion coefficient was 10.3 A%/ns. The population of
end-to-end distances was calculated using the EDWARDS model (equation 1.12) and
the fitted parameters b and o. No significant deviation of the population of end-to-end
distances was found between the global analysis procedure that considers or neglects

the single-exponential decay of the secondary lifetime (Figure 4.2.10).
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Figure 4.2.10: Population of end-to-end distances of Q4 in water. The population of end-to-end
distances was calculated using the EpwarDs model (equation 1.12) and the parameters » and o of the
global analysis procedure that considers (blue line, equation 4.6) or neglects (red line, equations 2.1

and 1.12) the single-exponential decay of the secondary lifetime.

4.2.2.4 Analysis of accuracy of Q4 results with the SPA

In order to evaluate the fitting quality of the global analysis a so-called Support Plane
Analysis (SPA) regarding all three fitting parameters b, ¢ and the intrachain diffusion
coefficient was established. The calculated results of the global analysis were used for
the SPA. Here, one of the parameters is set to a fixed value, whereas the others are
freely fitted. A stepwise variation of the fixed parameter at lower or higher values
should result in a higher y* and the characteristic parabolic shape of a SPA (Materials
and Methods 6.6.3). With the SPA the accuracy of all three fitting parameter b, ¢ and
the intrachain diffusion coefficient was determined (Figure 4.2.11). Therefore, an F-
statistic value of 68.3% was set, which is comparable to the well-known standard
deviation of a Gaussian deviation (Materials and Methods 6.6.3) (Figure 4.2.11
dashed red lines). The following values with corresponding errors were determined of
b=175=1.1A and 6 = 12.6 £ 0.6 A for Q4 in water (A and B in Figure 4.2.11).
The intrachain diffusion coefficient yielded a value of 9.7 + 2.1 A*ns in water (C in

Figure 4.2.11).
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Figure 4.2.11: Support Plane Analysis of the fitted parameters b, o and intrachain diffusion coefficient
resulting from global analysis of Q4 in water. The best freely analyzed parameters altered towards
lower and higher values for A b, B o, C intrachain diffusion coefficient and D secondary lifetime of
pyrene. An F-statistic value of 68.3% was used for calculation of the fitting error of the Support Plan

analysis (dashed red line).

Additionally, the secondary lifetime of pyrene was investigated with the SPA. It
should be taken into account that the fitting results of the free global analysis did not
change when the secondary donor-only lifetime of pyrene was used as a fixed or as a
flexible fitting parameter in the global analysis. The secondary donor-only lifetime of
pyrene T ;5 showed a higher inaccuracy of 14 = 60 ns, which can be explained by the
small proportion of the amplitude of the secondary donor-only lifetime of about 16%
compared to the entire amplitude in the time-resolved FRET experiment (D in Figure
4.2.11). It should to be noted that in experiments with denaturants and at different
temperatures the amplitude of the secondary lifetime increased to 40%, where the

error was mostly found at about 14 + 2.1 ns.
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The calculation of the error of the root mean square end-to-end distances became
more difficult, because the normal routine is working with the three fitting parameters
b, o and the intrachain diffusion coefficient and the root mean square end-to-end
distance has to be implemented instead of one of the three fitting parameters. For a
direct implementation of the root mean square end-to-end distance in the global
analysis equation, a mathematical approximation was used (Materials and Methods
6.6.3, equation 6.7). Therefore, the fitting parameter b was replaced by the root mean
square end-to-end distance. This approximation can be done, if 0.5 < b/o < 1.5 is
given. With this assumption a direct SP4 with the root mean square end-to-end
distance became possible. In Figure 4.2.12 the resulting SPA of the root mean square

end-to-end distance with a small error of 25.9 = 0.3 A is presented.
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Figure 4.2.12: Support Plane Analysis of the root mean square end-to-end distance of Q,4 in water. For
calculation of the error of the root mean square end-to-end distance a mathematical approximation was
done, where b replaced by the root mean square end-to-end distance (Materials and Methods). An F-
statistic value of 68.3% was used for calculation of the fitting error of the Support Plan analysis

(dashed red line).

Both the intrachain diffusion coefficient as well as the root mean square end-to-end
distance represent suitable parameters to characterize the chain dynamics and
dimensions of unstructured polypeptide chains, whereas the errors calculated from the

SPA reveal a reasonable certainty for a quantitative interpretation of data.
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4.2. Dynamics and dimensions of Q14 in aqueous solution

4.2.3 Determination of the R;and R;of Qy4 in aqueous solution

As discussed in the introduction, the hydrodynamic radius Ry and the radius of
gyration R represent common used parameters to describe the size of polypeptides.
For small and short polypeptide chains, such as the Q;4, the peptide concentration
often limits a high-quality analysis. For the determination of the R, a more powerful
synchrotron small-angle X-ray scattering measurements for DNB-Q;4s~AMCA were
performed (SAXS at EMBL Hamburg). The resulting data were fitted under the
assumption of the Debye formula and yielded an Rz = 0.81 £ 0.1 nm (The
measurements were performed by Philipp Skorupa and PD Dr. Konig (Martin-Luther
University Halle-Wittenberg, Institute of Biochemistry and Biotechnology). The data
was analyzed by Prof. Dr. Saalwichter (Martin-Luther University Halle-Wittenberg,
Institute of Physics), for detailed information see Appendix, Figure A.2). It should be
noted that the data and analysis from the SAXS experiment are not completely
reliable and require further measurements and evaluations. With the dynamic light
scattering (DLS) experiments the Ry can be determined. It should be considered that
the estimation of the hydrodynamic radius Ry is correct using the self-diffusion
coefficient only in the limit range of low concentrations, as is the case in this
experiment, because in this limit the hydrodynamic coil-coil interactions do not
influence the measured diffusion coefficient. Only for dansyl-Q4-pyrene a
sufficiently high concentration was achieved and an apparent Ry of 1.1 £ 0.5 nm was
yielded. Both radii show a similar size of the Q4. All peptides were measured in pure
water at pH 7 to achieve a higher concentrated solution. Unfortunately, the extremely
high concentrated samples tended to aggregate in pure water and impaired the results,
thus the resulting R and Ry should be considered as estimations only. Despite the
upper limit of the peptide concentration, the contribution of amplitude is extremely
low. Thus, a higher uncertainty of the data was found. However, a direct relation to
the root mean square end-to-end distances, determined using the time-resolved FRET
method, became challenging and requires other polymer model and assumptions as
discussed in the introduction. Additionally, no analytic expression exists to calculate

the Ry from the distance distribution of the EDwWARDS model [159].
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4.2.4 Summary and Discussion

It was shown that the modified disassembly protocol from Wetzel and colleagues is a
reliable tool to generate homogenous solutions of monomeric Q4 in aqueous solvent.
Different methods such as CD, light scattering and analytical ultracentrifugation
confirmed a stable monomeric solution of Q4 over hours. First measurements of the
donor-only Q4 showed an unexpected secondary donor-only lifetime of 14 + 2.1 ns
for the donor pyrene, which was also detected in the FRET experiments.

This additional secondary lifetime was included in the global analysis as donor-
lifetime decay without energy transfer to the acceptor. This approach was justified by
analysis of the fitting results using the SPA. The global analysis of Q4 in water (10
mM potassium phosphate buffer at 22.5 °C) revealed a root mean square distance of
259 £ 0.3 A. This found root mean square end-to-end distance was in good
agreement with the results of FRET experiments by Finke et al., who determined a
value of about 30 A for the two glutamines longer Q¢ [260]. Finke et al. used two
different fluorescence methods based on the simple relation of Forster distance and
FRET efficiency (equation 2.6). The FRET efficiency can be determined from
fluorescence lifetime or fluorescence intensity by comparison of the donor-acceptor
signal and the donor-only signal (equation 2.5). This time-resolved FRET and the
steady-state FRET experiments revealed similar root mean square end-to-end
distances of 30.3 = 1.1 A and 30.4 = 2.4 A, respectively. Nevertheless, in this simple
calculation, the influence of the intrachain diffusion coefficient was ignored as well as
the end-to-end distribution of unfolded polypeptide chains. Walters et al. used the
same simple relationship to calculate the average end-to-end distance R, determined
with steady-state FRET measurements. They neglected the intrachain diffusion in the
way as indicated by Lakowicz et. al. [158]. In this assumption the influence of the
intramolecular diffusion can be ignored, under condition of (D-7/s*) « 1, where 7 is
the donor lifetime, D the expected intrachain diffusion and s the estimated end-to-end
distance. Additionally, they used the freely jointed chain model with a Gaussian
distribution of these distances to calculate the average end-to-end distance Rp;. For
the investigated Q, an R =21.2 + 0.1 A and Rry=15.2 A was found. The longer Q16
revealed an R = 22.5 + 0.6 A and Rpy = 16.6 A. Both average end-to-end distances
were about 15% smaller compared to the Q4 root mean square distance of 25.9 = 0.3

A. Tt should be noted that in this publication the polyglutamine chains are flanked
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4.2. Dynamics and dimensions of Q14 in aqueous solution

with two charged lysine residues on both chains end. The resulting repulsive effects
of the lysine at pH 7.4 were critically discussed in the same publication. The repulsive
effect has a significant influence on the average end-to-end distance, which increases
with increasing length of the polypeptide chain. Additionally, for the short lifetime of
the donor tryptophan of about 3 ns the intrachain diffusion coefficient was assumed to
be negligible. Simulated fluorescence decay curves of the DNB-Q;4.-AMCA peptide
chain with an AMCA lifetime of 5 ns depicted a slightly, but nevertheless significant
influence of the intrachain diffusion on the fluorescence decay curve (chapter 2.2, A
in Figure 2.1). The estimation of the end-to end distance distribution using the freely
Jjointed chain model, which is only valid for ideal chains, additionally complicated the
comparison of the obtained results and might explain the 15% difference in the end-to
end distances. Interestingly, if the same assumption was used for the time-resolved
fluorescence decay curves of the shorter lifetime of AMCA, a value of 26.5 A for the
end-to-end distance was found. But, in the time-resolved fluorescence decay curve of
the DNB-Q4-AMCA chain two lifetimes were found, regarding the reconvolution fit.
The main fractional amplitude of about 54% was used for the calculation of the

26.5 A end-to-end distance. The other lifetime with a fractional amplitude of 46%
yielded an average end-to-end distance of 22.0 A. These results reveal that the simple
assumption according to equations 2.5 and 2.6, discussed in the literature, can follow
in expected results but should be carefully applied. However, the average or root
mean square end-to-end distance will not reveal, whether the polyglutamine chains
are classified as more collapsed or extended chain. The FLORY theory, based on the
physics of polymer solutions, is frequently used to classify the conformational state of
polymers and links the conformational state with the properties of the solvent (chapter
1.4). In the FLORY assumption, the chain-chain interactions are compared to chain-
solvent interactions. A more preferential chain-chain interaction depicts a more
collapsed state, whereas a stronger chain-solvent interaction results in an expansion of
the polymer. In order to describe the “goodness” of a solvent, a simple equation R =
N"links the polymer sizes to the excluded volume exponent v, where N is the number
of chain segments (chapter 1.4, equation 1.9). For a more expanded polymer a v =
0.588 is predicted in good solvent. A so-called “theta-solvent” describes the balance
between chain-chain and chain-solvent interactions with v = %5, where the polymer
behaves like an ideal linear chain. A v of 0.33 reflects a poor solvent, where the

polymers collapse. By fluorescence correlation spectroscopy a v of 0.32 £+ 0.02 was
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determined for glutamine repeats from 5 to 55 in water and it was concluded that
water is a more poor solvent for polyglutamine chains in general [180].

A more detailed investigation of polyglutamine with different length were published
by Walter et al.. The length dependence steady-state FRET experiments indicated an
extended polypeptide chain for less than 12 glutamine repeats. The polypeptide chains
containing 20 glutamine repeats or longer could be described as collapsed chains in
poor solvent, while for Q¢ the water is a theta solvent [244].

In summary, for Q4 water seems to be classified as a solvent between poor and theta
solvent, or in other words Q4 are in the range of a collapsed and a theta state.
However, the description of the dimension of flexible polypeptide chains and the
interpretation may be difficult, just from the fact that the ensemble of conformations
causes in a broad end-to-end distance distribution. Besides the dimension another
important parameter is the dynamics of an unstructured polypeptide chain. In this
work, the calculated intrachain diffusion coefficient described the dynamics of
unstructured polypeptide chains in high accuracy. The determined intrachain diffusion
coefficient of 9.7 + 2.1 A’ns was two times lower compared to the natural
polypeptide chains EF-loop of the IDP B-carp parvalbumin, with 22.2 A*ns [159]. In
comparison to a highly flexible (GS)s a more than three times lower intrachain
diffusion coefficient of 33 A%ns compared to the Q4 was found [159]. In
tryptophan/cysteine triplet quenching experiments of different length of
polyglutamine chains the rate of contact formation was determined [115]. The
intrachain diffusion coefficient was calculated from these rates with the help of the
Szabo-Schulten-Schulten theory [261]. It was found that the intrachain diffusion
coefficient slowed down with increasing polyglutamine chain length. Unfortunately
no polyglutamine with 14 repeats was measured in the work mentioned above. The
Qi3 was the compound closely related to the Q4 with an intrachain diffusion
coefficient of 6.6 x 107 cm®/s or 6.6 A%/ns, which is 32% lower compared to that
found value using time-resolved FRET measurements. The longer polyglutamine of
16 repeats revealed a still lower diffusion coefficient of 1.5 x 107 cm?/s or 1.5 A/ns,
so that the theoretical intrachain diffusion coefficient of Q4 was expected between
1.5 and 6.6 A/ns for the tryptophan/cysteine quenching experiment.

In comparison to the 9.7 + 2.1 A%*ns found by the here used time-resolved FRET
method, an approximately two times slower intrachain diffusion coefficient in

comparison to the tryptophan/cysteine triplet quenching experiment was determined.
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4.2. Dynamics and dimensions of Q14 in aqueous solution

Nevertheless, this tryptophan triplet quenching method is known to be not fully
diffusion-limited, which restricts the interpretation of chain dynamics on an absolute
time-scale [262]. Yeh and Hummer et al. found significantly faster rate constants for
loop formation in penta-peptide simulations, leading to faster diffusion coefficient
compared to the rate constant determined from tryptophan triplet quenching
experiments [116]. Additionally, the Szabo-Schulten-Schulten theory (SSS-theory)
requires two important assumptions. First, the theory assumes an idealized chain with
a Gaussian distribution of the conformations, which was shown in this work to fail to
describe exactly the realistic polypeptide chain distribution (chapter 2.2, Figure 2.2).
Second, the SSS-theory presupposed a limit contact distance, which described the
closed contact of the donor-acceptor for the energy transfer. The limit contact distance
is not exactly known and reveals a high impact in the calculation of the diffusion
coefficient.

Furthermore, in the tryptophan/cysteine triplet quenching experiment sucrose as an
additive was used. Due to the sucrose as a viscogenic co-solute the viscosity is
altered, which decreases the apparent intrachain diffusion coefficient (chapter 4.1) as
well as the contact rate constant of loop formation [218]. Also the included two
lysines residues on both ends of the model polypeptide chain for the
tryptophan/cysteine triplet quenching method is known to show an extreme pH
dependence and alters the dynamics of polypeptide chains [244]. Generally, the found
intrachain diffusion coefficient was in the same range of the published intrachain
diffusion coefficient for comparable polyglutamine chains. It seems to be difficult to
compare in detail the intrachain diffusion coefficient, e.g. to the tryptophan/cysteine
quenching. However, for Qs an extremely slow chain dynamics was found in
comparison to artificial and natural model polypeptide chains. The intrachain
diffusion coefficient is known to be influenced by a couple of different factors, like
ionic or steric effects as well as H-bonds, which slows down the dynamics of chains.
Detailed investigation of the chain dynamics and dimensions of Q4 may illustrate the
slow chain dynamics of Q4. One of them is the activation energy, which can be
determined by measuring the temperature dependence of chain parameters. The
comparison to non-amyloidic model polypeptide chains can give further evidence for
the disease-related behavior of the polyglutamine chains. Furthermore, the impact of a
denaturant on the chain dynamics and dimensions can be investigated. As discussed in

chapter 4.1, the influence of the solvent viscosity on chain dynamics and dimensions

75



4. Results and Discussion

has to be known to correct its influence on the intrachain diffusion coefficient, also in
dependence on temperature and denaturants. At first, Q4 were measured in

dependence of different glycerol concentrations.

4.3 The effect of the viscogenic co-solute glycerol on chain dynamics and
dimensions of Q4

Further investigation of dynamics and dimensions of Q4 require detailed information
about their viscosity dependence. As shown and discussed in chapter 4.1, glycerol is
suitable as a small viscogenic co-solutes in this concern. Effects like inhomogeneity,
as shown for larger viscogenic co-solutes, can be neglected by using small viscogenic

co-solutes such as glycerol.

4.3.1 trFRET measurements of the glycerol dependence on Q4

Time-resolved FRET measurements on Q4 were performed in 10 mM potassium
phosphate buffer pH 7.0 at 22.5 °C containing glycerol ranging from 8% to 56%
(w/w). As shown in Figure 4.3.1, a well-defined global analysis was found for the
dansyl-pyrene fluorescence decay curves at all glycerol concentrations. Slight
deviations from an optimal residual distribution were found for the DNB-AMCA
fluorescence decay curves, but the global y° under 1.2 generally showed a good

accuracy.
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Figure 4.3.1: Time-resolved fluorescence decay curves of Q;4in dependence of glycerol using donor-

acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM potassium phosphate pH 7.0 at different

concentration ranges from 0% (red), 8% (orange), 12% (green), 16% (turquoise), 28% (blue), 40%

(purple), 48% (dark purple) to 56% (black) (w/w). The residuals of the global analysis of each

concentration point are shown in different colors corresponding to the different concentrations of

glycerol for both FRET-pairs.
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The fitted parameters b and ¢ are shown in Figure 4.3.2 A and depicted a slight
change with increasing viscosity at higher concentrations of glycerol. The root mean
square end-to-end distances calculated using equation 1.12 showed a slight increase
of about 3% ranging from water to the highest glycerol concentration of 56% (w/w)
(B in Figure 4.3.2). The population of end-to-end distances was slightly decreased at
increasing glycerol concentrations, which corresponded to the fitting parameter o (C

in Figure 4.3.2).
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Figure 4.3.2: Glycerol dependence of dynamics and dimensions of Q4. A Semi-logarithmic

illustration of the fitting parameters b (red circles) and ¢ (blue squares); B the root-mean square end-to-
end distance was calculated with equation 1.12 C linear plot of the end-to-end distribution peq(r) at

different glycerol concentrations ranges from 0% (red), 8% (orange), 12% (green), 16% (turquoise),

28% (blue), 40% (purple), 48% (dark purple) to 56% (black) (w/w).
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4.3 The effect of the viscogenic co-solute glycerol on chain dynamics and dimensions
of Q14

In Figure 4.3.3 the dependence of the intrachain diffusion coefficient on the viscosity

of glycerol is shown. A fit using the empirically determined equation 4.4 (chapter 4.1)

yields the viscosity-sensitive exponent a.

D=D, L—] (Eq. 4.4)
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Figure 4.3.3: Glycerol dependence of the intrachain diffusion coefficient of Q4. The double-
logarithmic illustration of the intrachain diffusion coefficient against the viscosity of glycerol was
analyzed with equation 4.4 to yield the viscosity-sensitive exponent o. Two separate parts were
observed and fitted using a combined equation 4.4 (Martials and Methods 6.13). The dashed gray lines

describe the trend resulting from a a-value of 0.90 (upper line) and from a-value of 0.85 (lower line)

fitted with equation 4.4.

As shown in Figure 4.3.3 two separated ranges were observed. The first part starts
from the lowest viscosity 0.96 cP (0% (w/w) glycerol) and ends at 1.30 cP (12%
(w/w) glycerol). The second main part was found between 1.47 cP (16% (w/w)
glycerol) and 7.71 cP (56% (w/w) glycerol). Both parts were fitted with a combined
equation 4.4 (Materials and Methods 6.13) and yields an a-value of 0.90 £+ 0.75 for
the first part and a a-value of 0.85 + 0.13 for the main part. The extremely high error
found for the first part resulted from the low number of data points in combination
with the high error of the first data point (lowest viscosity). Considering the accuracy

a comparable a-value for both parts was found.
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4.3.2 Summary and Discussion

For the glycerol dependence of the intrachain diffusion coefficient of the Q4 two
separate parts with intrinsic a-values determined using the equation 4.4. The first one
displays less precision, which results from the low number of data points. In contrast,
the second part, ranges from 16% to 56% (w/w) of glycerol, reveals a high precision.
In accordance to these results, the a-value of the second part is used for the viscosity
correction in further experiments such as temperature and denaturant dependences.
TTET as well as previous trFRET experiments yielded single dependences of
artificial amino acid sequences like glycine-serine or natural sequences like the
fragment EF- and DE-loop from the IDP B-carp parvalbumin [159], [218]. In these
experiments, the data could be described with a single a-value (chapter 4.1.3).
Generally, a physical change of glycerol with increasing concentration was not
described in the literature. The anomalous dependence of intrachain diffusion
coefficient of the Qs on the glycerol viscosity could be hypothesized by the
formation of the transient sub-structures originated from H-bonds, which are
disturbed by adding glycerol. However, the root mean square end-to-end distance
shows no significant change at increasing glycerol concentrations and is comparable
with previously measured EF-loop and DE-loop at 4% (w/w) glycerol ([159] and
chapter 4.1). The interpretation of the viscosity dependence mentioned above is
considered as a first hypothesis. Nevertheless, the found a-value of 0.85 + 0.13 is
significantly less than expected for the Kramers theory of a = 1 (chapter 4.1). This
may be a further hint for transient sub-structures that do not “feel” the full solvent
viscosity. However, the determined a-value of 0.85 + 0.13 is useful for the viscosity
correction of temperature or denaturant dependences of the polypeptide chains
(equation 4.7):

D =p{L (Eq. 4.7)
M

Where the viscosity corrected intrachain diffusion coefficient D,,,, is calculated using
the determined o -value and the experimental intrachain diffusion coefficient D.
The # is the viscosity of the solvent and the 7, is the viscosity of the reference solution

(10 mM potassium phosphate buffer at 22.5 °C and pH 7.0).
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4.4 The effect of temperature on the dynamics and dimensions of Q4

The significantly low intrachain diffusion coefficient for the Q4 in water, as
previously determined, may be one reason for the disease-related behavior of
monomeric polyglutamine chains. The slow dynamics found for Q4 may caused by
higher conformational energy barriers between unstructured conformers. In order to
test this, a temperature-dependent time-resolved FRET experiments were performed.
In literature different theoretical models are discussed to determine the
conformational energy barriers of unfolded polypeptide chains. In a first approach, the
Arrhenius equation and the so-called Zwanzig model can be applied for the
calculation of energetic barriers of the conformational changes of unfolded
polypeptide chains in dependence on temperature [105], [123], [159], [218], [263]-
[274].

4.4.1 Arrhenius formula applied for unfolded polypeptide chains

The well-known Arrhenius equation connects the temperature-dependent reaction rate
constant with the activation energy. Thereby, the activation energy generally
describes the energy barrier that separates the folded and the unfolded state (transition

state theory) (equation 4.8).

-E

k=A-e ™ (Eq. 4.8)

Where k is the temperature-dependent rate constant of a reaction, A is the pre-
exponential factor, R is the gas constant and E, represents the activation energy.
When the Arrhenius equation is compared to the Eyring equation (equation 4.9), it
becomes clear that the pre-exponential factor 4 includes the activation entropy AS™ of

the transition state with a maximum rate constant (or frequency factor) k° (equation

4.10):

k -T _AHE
= Bh e R .e

=&

k

(Eq. 4.9)
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A=k"-e® and k' =—£ (Eq. 4.10)

Where AH" is the activation enthalpy of the transition state, /& is the Planck constant

and kj is the Boltzmann constant. The activation enthalpy AH" is equal to the

activation energy E, (E,=AH +RT) with the approximation that the term RT is

negligible at room temperature. Unlike for a folded protein, the Arrhenius activation
energy for unfolded polypeptide chains can be understood as an energy barrier
between different conformations within the whole conformational space. The
Arrhenius equation for the rate constant of a reaction can be adopted for the intrachain
diffusion coefficient D.,, of unfolded polypeptide chains (equation 4.11) [159],
[269], [275]. Notice, the intrachain diffusion coefficient has to be viscosity-corrected
to neglect the influence of the changing viscosity at different temperatures (chapter

43).

_EA

D =Aefl (Eq. 4.11)

corr

4.4.2 Zwanzig model of a rough energy landscape

The Zwanzig model describes the interconversion of conformational states of an
unfolded polypeptide chain with a free energy surface as a rough potential, where the
energetically sub-states or microstates are separated by energy barriers [276], [277].
Therefore, the sub-states can only exist when the energy barriers separating the sub-
states are as large as the thermal energy k7. The dynamics of the polypeptide chains
can be represented by the diffusion.

The Zwanzig model deals with the diffusion in a rough one-dimensional potential.
The interconversion between different conformers in a rough energy landscape
crosses minor energy barriers, which can be easily overcome. The limitations for this
model are 1.) the assumption of a one-dimensional diffusion to cross the minor energy
barriers, despite a multi-dimensional diffusion occurs for unfolded polypeptide chains
and 2.) the assumption of a square height of energy barriers, which mathematically

sum up the single barriers without discrimination between different energy barriers.
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4.4 The effect of temperature on the dynamics and dimensions of Q14

Nevertheless, in previous work the Zwanzig model was successfully used to describe

the dynamics of unfolded polypeptide chains [263]-[268], [273]:

2

D=D"exp

Eq. 4.12
(k T)z (Eq )

B
In this equation, D is the intrachain diffusion coefficient, which has to be viscosity-
corrected as discussed in chapter 4.3 (equation 4.7). D reflects the intrachain
diffusion coefficient without minor energy barriers, kz is the Boltzmann constant and
T is the temperature in Kelvin. ¢ represents the root mean square height of the minor

energy barrier.

4.4.3 trFRET measurements of Q4 at different temperatures

The time-resolved FRET experiments were carried out in 10 mM potassium
phosphate buffer, pH 7.0. The temperature ranges from 2.5 °C (275.65 K) to 42.5 °C
(315.65 K). The data were globally analyzed using equation 1.12 and 2.1 (Figure
4.4.1). Figure 4.4.1 shows the individual global analysis of the fluorescence decay
curves, which exhibit a good quality of the fit, shown by the residuals at the bottom of

each particular temperature.
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Figure 4.4.1: Time-resolved fluorescence decay curves of Q4 in dependence of temperature using
donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM potassium phosphate pH 7.0 at
different temperature ranges from 2.5 °C (red), 7.5 °C (orange), 12.5 °C (green), 17.5 °C (turquoise),
22.5 °C (blue), 27.5 °C (purple), 32.5 °C (dark purple), 37.5 °C (brown) to 42.5 °C (black). The
residuals of the global analysis of each temperature point are shown in different colors corresponding

to the different temperature for both FRET-pairs.
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4.4 The effect of temperature on the dynamics and dimensions of Q14

The intrachain diffusion coefficient revealed a large temperature dependence and
increased with increasing temperature (A in Figure 4.4.2). As expected, the viscosity-
corrected intrachain diffusion coefficient increased less strongly with increasing

temperature compared to the non-viscosity corrected diffusion coefficient (A and B in

Figure 4.4.2 A).
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Figure 4.4.2: Temperature dependence of the intrachain diffusion coefficient of Q4. The intrachain
diffusion coefficient ranges from 2.5 °C (275.65 K) to 42.5 °C (315.65 K)) are obtained from the global

analysis A without viscosity correction and B with viscosity correction (chapter 4.3, equation 4.7).

No significant increase at increasing temperature in the global analysis parameter o
was observed as well as in the parameter b (Figure 4.4.3 A)). Due to the steady
parameters o and b at increasing temperature, a constant root mean square end-to-end
distance was observed in the range of calculated error (Figure 4.4.4). The plot of the
end-to-end distance distribution illustrates a slight change of the conformational space
at particular temperature, corresponding to the fitted parameter o, whereas a slight
overall shift towards lower end-to-end distances is observed at increasing temperature

(B in Figure 4.4.3).
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Figure 4.4.3: Global analysis of Q4 in dependence of temperature. A Fitted parameter b (red circles)
and o (blue squares) and B the end-to-end distance distribution Peq(’” ) at different temperature ranges

from 2.5 °C (red), 7.5 °C (orange), 12.5 °C (green), 17.5 °C (turquoise), 22.5 °C (blue), 27.5 °C
(purple), 32.5 °C (dark purple), 37.5 °C (brown) to 42.5 °C (black).

However, the dimension represented by the root mean square end-to-end distance
does not change significantly with changing temperature, taking into account the error

(Figure 4.4.4).
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Figure 4.4.4: Root mean square end-to-end distances of Q14 in dependence of temperature ranges from

2.5°C (275.65 K) to 42.5 °C (315.65 K).

The Arrhenius activation energy E4 can be calculated by plotting the viscosity-

corrected InD,_ against 1/T as shown in Figure 4.4.5 A (equation 4.11). The semi-

logarithmic illustration of D, against 1/T° enables the calculation of the root mean
square energy barriers ¢ from the slope of the linear regression according to the

Zwanzig model (equation 4.12).
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Figure 4.4.5: Temperature dependence of the intrachain diffusion coefficient of Q4. A For the
calculation of the Arrhenius activation energy the natural logarithm of the viscosity-corrected

intrachain diffusion coefficient InD_ __ is plotted against //7. B For calculation of the root mean

square height of the energy barrier according to the Zwanzig model the viscosity-corrected intrachain

diffusion coefficient is plotted against //77.

As can be derived from the linearity of both plots (A and B in Figure 4.4.5) the
Arrhenius as well as the Zwanzig model described the dependence of the intrachain
diffusion coefficient on the temperature with comparable accuracy. Considering the
data quality and fitting accuracy based on the measured data set, it is not possible to
distinguish between the two models. The intrachain diffusion coefficient could be
described by both the Arrhenius-like behavior of the diffusion comprising entropic
and enthalpic contributions and by a one-dimensional diffusion in a rough energy
potential given by the Zwanzig model. An Arrhenius activation energy of

16.6 = 5.2 kJ/mol was found. The pre-exponential factor 4 of 7987 + 17050 exhibited
a very large fitting error, which is related to the extrapolation to //T = (), while the
data only covers a small temperature range. In accordance to the Zwanzig model the
root mean square height of the minor energy barrier £ is 4.6 + 1.3 kJ/mol. The
intrachain diffusion coefficient in the absence of energy barriers D" adopted a value
of 298 + 303 A%*ns and is subject to a similarly high error resulting from the large
extrapolation to high temperatures. However, the calculated D*was 30 times higher

as the intrachain diffusion coefficient at 22.5 °C.
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4.4.4 Discussion and Summary

In summary, the Arrhenius activation energy of 16.6 = 5.2 kJ/mol was significantly
higher in comparison to the model sequence of (GS)s of 9.8 + 3.2 kJ/mol and the EF-
loop fragment from the IDP B-carp parvalbumin of 12.7 + 3.2 kJ/mol measured in
previous work [159]. The root mean square height of the energy barrier & of

1.55 = 0.04 kcal/mol (6.47 + 0.17 kJ/mol) for Q4 revealed a significantly higher
value compared to the (GS)z with an & of 0.86 = 0.03 kcal/mol (3.6 + 0.2 kJ/mol) and
for the EF-loop with an ¢ of 0.94 + 0.03 kcal/mol (3.9 + 0.1 kJ/mol) [159]. The root
mean square end-to-end distance does not change at changing temperature. However,
the intrachain diffusion coefficient increases more than 7 fold from 2.5 °C to 42.5 °C.
These results are in agreement with the simple explanation that the significantly lower
intrachain diffusion coefficient of Q4 in water can be explained by a higher activation
energy to overcome conformational changes due to the comparably less flexible
conformers. The resulting higher activation energy or energy barrier of Q4, and
thereby emerge low intrachain diffusion coefficient, may be originated from a steric
effect of the relatively large side chain group of glutamine, which increases the
energy barrier of side chain rotations and the overall dynamics of the polypeptide
chains in comparison to the repetitive model peptide poly-(glycine-serine). On the
other hand, this explanation seems to be unlikely relating to the EF-loop fragment of
the IDP natural B-carp parvalbumin, which comprises a number of amino acids with
large side chains like aspartic acid, lysine and isoleucine. However, the occurrence of
thermodynamic sub-structures may be another reason for the high activation energy
found. The change of the heat capacity 4c, can be calculated using the Eyring plot,
where /nD is plotted against //T. For Q4 a 4c, = -0.62 + 0.92 was found. Regarding to
the high inaccuracy of 4c,, it can be concluded that 4c, = 0 and, therefore, no
significant evidence for thermodynamically stable sub-structures was found
(Appendix, Figure A.3). Another argument for higher activation energy of Q4 might
be the hydrogen bonds between side chains and main chains as well as side chains and
side chains. In general, the energy of hydrogen bonds ranges from 4 kJ/mol in alpha-
helices to 12 kJ/mol for buried bonds in water [8]. If the generally strong dependence
of the energy value on the type of the hydrogen donor and acceptor and the
surrounded environment are ignored, one more hydrogen bond in the Q;4 can explain

the resulting energy differences compared to the model polypeptide chains. However,
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the energy barriers of bond rotation potentials are in the same energetic range [278],
[279]. In previous work, GdmCI is discussed to break intramolecular hydrogen bonds
upon binding to the peptide chain [280]. In order to study whether a low intrachain
diffusion coefficient and a higher conformational energy barrier for Q4 can be caused
by breaking intramolecular hydrogen bonds, a [GdmCI]-dependence time-resolved

FRET experiments were performed.

4.5 The effect of denaturant on dynamics and dimensions of Q4

Guanidine hydrochloride (GdmCI) is one of the strongest known denaturing agents
and can be described as a positively charged, delocalized m-electron-system. The
origin of the denaturation effect of GdmCI can be found in the interaction of the
Gdm’ ions with the peptide chain. For example, it is known that GdmCl increases the
solubility by favoring the free transfer energy of a peptide backbone, which was
shown for the model compound di-keto-piperazine (glycine-anhydride) [281].
Additionally, solubility experiments of Nozaki and Tanford ez. al. determined an
increased free energy of transfer for glutamine in GdmCIl solution, which corresponds
to a higher solubility of glutamine in GdmCI solution [282]. Different models of the
mode of interaction of denaturants molecules have been proposed. In comparison to
urea, which is known to form hydrogen bonds with the amide group of the peptide
[25], the interaction mode of GdmCI is controversially discussed. Previous work
predicts that guanidine ions form hydrogen bridges to the peptide carbonyl [247],
[283]-[286]. The combination of MD simulations and neutron diffraction data shows
that guanidine ions, in principle, can form hydrogen bonds with water [287]. Other
studies argue that hydrophobic interaction of guanidine ions with hydrophobic amino
acids is more dominant than hydrogen bonds [25], [285]. But such transient stacking
interactions was also observed for neutral amine acid like serine, threonine as well as
glutamine [285]. However, the hydrogen bridges build from side chain to main chain
or from side chain to side chain have to be consequently interrupted by guanidine

hydrochloride.
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Therefore, in the following mainly the effects of hydrogen bonding are considered
and hydrophobic effects will not be further taken into account. Interestingly, possible
contributions from the chloride ions of guanidine hydrochloride seemed not to be
significant [288]. Moglich ef. al. showed with triplet-triplet energy transfer
experiments of unfolded polypeptide chains, besides urea, that guanidine
hydrochloride competes with water molecules for the binding site [280].
Consequently an interruption of transient hydrogen bonds between side chains-main
chains of unfolded polypeptide chains took place. Moreover, a weak-binding model of
Schellman et. al. was adopted to calculate an equilibrium exchange constant for
replacing bound water molecules by denaturant molecules [289]. To conclude,
GdmCl is a good co-solute to investigate the influence of hydrogen bonds on the

dynamics and dimension of Q4.

4.5.1 Effect of GdmCI on dynamics and dimensions of Q4

The GdmCIl dependent trFRET experiment, ranging from 1 M to 8 M GdmCl, were
performed with 10 mM potassium phosphate buffer and pH 7.0 at 22.5 °C. Time-
resolved fluorescence decay curves of both FRET-pairs were recorded, as shown in
Figure 4.5.1. The residuals of the globally analyzed fluorescence decay curves of the
DNB-Q4-AMCA chain showed a significant deviation at early time points in high
GdmCI concentrations (B in Figure 4.5.1).
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Figure 4.5.1: Time-resolved fluorescence decay curves of Q4 in different GdmCI concentrations using

donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM potassium phosphate pH 7.0 at

different denaturant concentrations ranges from 0 M (red), 1 M (orange), 2 M (green), 3 M (turquoise),

4 M (blue), 5 M (purple), 6 M (dark purple), 7 M (brown) to 8 M (black) are shown. The residuals of

the global analysis of each concentration point are shown in different colors corresponding to the

different concentrations of GdmCl for both FRET-pairs.
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Nevertheless, the fluorescence decay, which starts at later times, showed acceptable
residuals. Additionally, the global x> depicted an expected accuracy and ranged for all
concentration points under 1.3 (except for the 7 M and the 8 M points, where a higher
x> of 1.3 was found, which corresponds to the higher inaccuracy of the intrachain
diffusion coefficient at high GdmCl concentrations, Figure 4.5.2). As depicted in
Figure 4.5.2 the intrachain diffusion coefficient increased with increases GdmCl
concentration. In Figure 4.5.2 B the viscosity-corrected intrachain diffusion
coefficient calculated with the empirical equation 4.7 using experimentally
determined a-value of 0.85 is shown. For the viscosity-corrected intrachain diffusion

coefficient an increase of about 4 times from water to 8 M [GdmCIl] was observed.
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Figure 4.5.2: Intrachain diffusion coefficient of Q4 in dependence of GdmCI. From the global analysis
calculated intrachain diffusion coefficient is illustrated ranges from 0 M to 8 M of [GdmCl] A without
viscosity correction and B with viscosity correction (chapter 4.3, equation 4.7) using the experimental

determined a-value of 0.85.

The parameter b increases with increasing denaturant concentration, however a slight
decrease of the parameter ¢ was observed (Figure 4.5.2). The population of end-to-
end distances calculated with equation 1.12 and parameters » and o showed a
significant shift to larger end-to-end distances with increasing denaturant
concentration that can be correlated to the increase in the value of parameter b (B in

Figure 4.5.3).
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Figure 4.5.3: Global analysis of Q4 with increasing GdmCIl concentration. A Fitted parameter b (red
circles) and o (blue squares) and B the end-to-end distance distribution p, (r) at different denaturant

concentrations ranges from 0 M (red), 1 M (orange), 2 M (green), 3 M (turquoise), 4 M (blue), 5 M
(purple), 6 M (dark purple), 7 M (brown) to 8 M (black).

The root mean square end-to-end distance rises apparently asymptotically from

25.9 A in water to 32.4 A at 8 M [GdmCI]. The observed increase of the root mean
square end-to-end distance from 0 M to 8 M [GdmCIl] amounts to 20%. In comparison
to non-amyloidic model polypeptide chain (GS)s with 15% and the EF-loop of B-carp
parvalbumin with 17% (previous work [159]), a slightly higher increase for Q4 was

observed.
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Figure 4.5.4: Dependence of root mean square end-to-end distances of Q4 on GdmCI concentration

ranges from 0 M to 8 M.
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The apparently asymptotically increase of the root mean square end-to-end distance
can be analyzed with the weak-binding Schellman model to yields information such
as the exchange constant between GdmCl and water molecules as shown in previous

publications ([133], [280], [289]).

4.5.2 The weak-binding model of Schellman

Schellman’s weak-binding model can be applied to describe the asymptotically
increase of the root mean square end-to-end distances with increasing GdmCl
concentration [36], [133], [280], [289]-[291]. The denaturant-specific effect on the
dynamics as well as on the dimension of a polypeptide chains are described as
competition of water molecules for the binding sites with the denaturant molecules.
The equilibrium binding constant Kz is here an exchange constant K., expressed
through the quotient of the binding constant of the ligand (co-solute or denaturant) K}

and the water Ky.

K
K =—L=K (Eq. 4.13)
KW

In equation 4.14 the binding sites occupancy v depends on the exchange constant K,

where an independent binding sites on a polypeptide chains are assumed.

(Kex—l)-XD

v:m (Eq. 4.14)

The denaturant concentration is expressed as the mole fraction of denaturant X .

K. is the exchange equilibrium constant for replacing water molecules with
denaturant molecules. With the assumption that all denaturant binding sites on the
polypeptide chains are identical and independent of each other, the effect of the
denaturant binding on chain dimension is proportional to the binding sites occupancy

v (equation 4.15).

<l

() = () ey ()

(Eq. 4.15)
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1/2
Where y reflects the sensitivity of the root mean square end-to-end distance <r2> to

1/2 . .
the denaturant. <r02> is the root mean square end-to-end distance in absence of the

denaturant. The combination of equations 4.14 and 4.15 yields:

/ / K, -1)X
<r2>”=<r02>”. 1+%W (Eq. 4.16)

The root mean square end-to-end distances is plotted against the mole fraction of
GdmCl and was analyzed using equation 4.16 to yield the exchange equilibrium
constant for replacing water molecules with denaturant molecules K., (Figure 4.5.5).
It should be noted that there is no viscosity correction of the root mean square end-to-
end distance necessary, because the glycerol viscosity dependence of Q4 as well as
the other investigated model polypeptide chains (chapter 4.1) revealed no significant

influence of the viscosity on the chain dimension.
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Figure 4.5.5: Root-mean square end-to-end distance of Q4 in dependence of GdmCI. The asymptotic
increase of the increasing of the root mean square end-to-end distance was described with the weak-

binding model of Schellman (equation 4.16).

The increase the root mean square end-to-end distances is well described by the weak-
binding model of Schellman. An exchange equilibrium constant K, of 28.2 + 6.2 was
found. For (GS)s a K., of 11 + 4.3 and for the EF-loop of B-carp parvalbumin a K, of
10.9 + 4.3 was found (values taken from [159], with an assumed error of 1.2% of the

root mean square end-to-end distance). Thus, a significantly high sensitivity to the
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denaturant GdmCI for the Q4 in comparison to the previous measured non-amyloidic
model polypeptide chains was observed (A in Figure 4.5.6) [159].

The intrachain diffusion coefficient was plotted on a logarithmic scale against the
concentration of GdmCI to obtain a better comparison. For Q4 a strong increase of
the intrachain diffusion coefficient was observed, which reached a comparable value
as observed for the both non-amyloidic model polypeptide chains at high GdmCl
concentration (8 M). Both non-amyloidic model polypeptide chains, which were
measured in the previous work, showed no significant change of the intrachain

diffusion coefficient with increasing GdmCl concentration (Figure 4.5.6 B)) [159].
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Figure 4.5.6: The effect of GAmCI on dynamics and dimensions. A The root mean square end-to-end
distance was plotted against the mole fraction of GdmCl and B the viscosity-corrected diffusion
coefficient is shown on illustrated logarithmic scale against the concentration of GdmCIl. The Q4 is
depicted in green. Values for the previous work for non-amyloidic polypeptide chains are shown in
grey. The (GS)g is depicted in grey squares and the EF-loop of B-carp parvalbumin is shown in grey
squares [159]. The asymptotically rise of the root mean square end-to-end distance was described with
the weak-binding model of Schellman (equation 4.16). The error of the pervious data was predicted to

be around 1.2% as was observed for Q4.

4.5.3 Summary and discussion

Previous time-resolved fluorescence experiments investigated the influence of GAmCI
on the intrachain diffusion coefficient and root mean square end-to-end distance of
the non-amyloidic polypeptide chains EF-loop of B-carp parvalbumin and artificial

(GS)s [159]. For both chains the root mean square end-to-end distance increased in an
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4.5 The effect of denaturant on dynamics and dimensions of Q14

apparently asymptotically manner with increasing GdmCl concentration and can be
described by the weak-binding model of Schellman. In comparison to both model
polypeptide chains, the amyloidic Q4 showed a significantly stronger increase of the
root mean square end-to-end distance with increase GAmCI concentration. Similar to
both model polypeptide chains, the increase of the root mean square end-to-end
distance of Q4 is also describable with the weak-binding model and revealed a
significantly higher equilibrium exchange constant.

The viscosity-corrected intrachain diffusion coefficient of Q4 increased strongly with
increasing denaturants concentration. But for both model polypeptide chains no
significant change of the intrachain diffusion coefficient with increasing GdmCl
concentration was observed [159]. The amyloidic Q4 showed a significantly different
behavior with respect to GdmCI in the chain dimension and especially in the chain
dynamics represented by the intrachain diffusion coefficient. In general, the intrachain
diffusion is mainly influenced by steric and ionic effects as well as transient sub-
structures, which can be formed by hydrogen bonds. The ionic effect of the glutamine
side chain can be excluded, because of absence of charged groups. Nevertheless,
electrostatic effects like dipole-dipole interactions cannot be completely ruled out.
The rather low observed diffusion coefficient of Q4 can be explained on one hand
with a simple steric effect, resulting from the large side chain of the glutamine. But
another explanation can be given in terms of transient hydrogen bond formation,
which can also follow in higher energy barriers and therefore slow down the
intrachain diffusion coefficient. Such an effect is e.g. described by Lapidus and Eaton
for a cysteine-(alanine-glycine-glutamine)n-trypthopane polypeptide chains [114].
Moglich et. al. discussed that intramolecular hydrogen bonds are more favorable as
compared to the hydrogen bonds between the peptide chain and water, resulting into a
slower internal chain dynamics [133], [280].

Additionally, the influence of denaturants e.g. guanidine hydrochloride and urea on
the kinetics of poly-(glycine-serine) chains with the triplet-triplet-energy transfer
experiment was investigated. They found that the denaturants interact with the
polypeptide chains, which can by quantitatively described by the weak-binding model
of Schellman [133], [280]. Interestingly, guanidine hydrochloride as salt shows the
same influences on chain dynamics as urea, a neutral denaturant. Only the
denaturation strength of both denaturants, corresponding to the so-called m-value, was

different [133], [247]. Thus, it can be concluded that the guanidine hydrochloride
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4. Results and Discussion

does not affect the dynamics or dimension by an ionic effect of the Gdm" ions or CI°
ions. In conclusion, for Q4 a strong effect of denaturant GAmCI on the dynamics and
dimension was shown, whereas for the artificial and the natural polypeptide chains no
significant influence of GdmCI on the dynamics was observed [159]. The strong
effect of GdmCl on the Q4 can be explained by interruption of intramolecular
hydrogen bonds upon binding of Gdm" ions. Of course, the steric effect of the
glutamine side chain itself could be another reason.

To get detailed information about whether the intramelocular hydrogen bond network
or the steric effect or both together will explain the different behavior of Q4 on chain
dimension and dynamics, additional model polypeptide chains should be investigated
in the following. Polyserine seems to be a suitable model polypeptide chain, which
should be stiffer in comparison to poly-(glycine-serine) chains and includes more
hydrogen bond units. Additionally, the (serine),4 polypeptide chain (S;4) represents a
further non-amyloidic polypeptide. Furthermore, another model polypeptide chain,
the DE-loop of IDP B-carb parvalbumin, was investigated. In comparison to the
previously investigated EF-loop, the DE-loop includes only one glycine instead of
four found in the EF-loop and consequently should represents stiffer chain. In
addition, the investigated EF-loop consists of 16 amino acids between the labels,
whereas the DE-loop has the same number of amino acids like the investigated Q4.
So that both polyserine, with a higher number of hydrogen bond forming units, and
the DE-loop, with comparable length, seem to be suitable non-amyloidic model
polypeptide chains for the investigation of an influence of the steric effect as well as
the hydrogen bonds on chain dynamics and dimension in comparison to the amyloidic

Q14. This is addressed in the next sections.

4.6 Investigation of non-amyloidic model polypeptide chains S, and DE-loop

As discussed, the low intrachain diffusion coefficient, the higher activation energy
and the strong effect of GdmCI on the chain dimension and dynamics of Q4 can be
explained by a steric effect of the side chains and/or intramolecular hydrogen bonds.
For comparison, two additional model peptide are chosen, one that consists of the

same number amino acids and hydrogen bonding capability with smaller side chains
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4.6 Investigation of non-amyloidic model polypeptide chains S14 and DE-loop

as glutamine, and another, the DE-loop, which represents a natural IDP with
comparable length and low amount of hydrogen bond forming units. The DE-loop as
well as the above discussed EF-loop are fragments from the B-carp parvalbumin. -
carp parvalbumin is a member of the IDP’s, which form the tertiary structure upon

binding of two calcium ions (Figure 4.6.1).

Acceptor-Lys-Ala-Asp-Ala-Arg-Ala-Leu-Thr-Asp-Gly-Glu-Thr-Lys-Thr-Donor

[N NH,

HoN, NH ~
NH, ‘ NH,

HN HO, 0 o,
OH O

Q \k aQ
P P . pe
Lo T e g T g g L
YT Y Y Y Y Y >y Y Oy O
H l H l H l H H H H H i H
[} [} [} [} [} [} [}
H 'OH HO'

NO, o H,
‘ 0 Son ¢

z—0,

Figure 4.6.1. DE-loop of B-carp parvalbumin. At the top: Tertiary structure of B-carp parvalbumin.
Upon binding of the both calcium ions (yellow spheres) the tertiary structure is formed. The fragment
DE-loop is colored in cyan and flanked by two phenylalanine. For the time-resolved FRET
measurements the both flanking phenylalanines were replaced by the FRET acceptor (blue) and donor
(red). At the bottom: Scheme of the both investigated chains with the FRET pair dansyl-DE-loop-
pyrene and DNB-DE-loop-AMCA. For all model polypeptide chain a solubility tail of serine-glycine-
NH, was coupled on the C-termini. The figure was prepared using MacPyMOL and the PDB file
4CPV.

For both fragments, the EF- and the DE-loop, the phenylalanines on both ends are
replaced by FRET chromophores. The replacement of these amino acids by FRET
chromophores should minimize an effect of the coupled chromophores on chain

dimension and dynamics (Figure 4.6.1).
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4. Results and Discussion

4.6.1 trFRET measurements on S;4 and DE-loop in aqueous solution

The trFRET measurements for the DE-loop was performed in 10 mM potassium

phosphate buffer at pH 7.0 and 22.5 °C (Figure 4.6.1).
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Figure 4.6.1: Time-resolved fluorescence decay curves of A S;4 and B the DE-loop (blue lines). The
global analysis using equation 1.12 and 2.1 are shown in black with the corresponding residuals at the
bottom. On the left side: dansyl-pyrene and on the right side DNB-AMCA fluorescence decay curves
are shown. The S;4 was dissolved in pure water without potassium phosphate and the pH was adjusted

to 7.0 + 0.3 with sodium hydroxide.
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4.6 Investigation of non-amyloidic model polypeptide chains S14 and DE-loop

For S;4 potassium phosphate buffer could not be used, because of precipitation of the
S14. As a consequence, the polypeptide chains were dissolved in fresh pure water and
the pH was adjusted to pH 7.0 with a high-diluted sodium hydroxide. The accuracy of
the pH measurements under low salt solutions is limited to about pH + 0.3. In order to
exclude the effect of the pH on chain dimension and dynamics, also trFRET
measurements as well as Ry and 7p determination were performed in pure water,
which results in a pH of about 5 + 0.3 (Appendix, Figure A.4). The R, yielded a shift
of about 15% compared from pH 5 and pH 7, but trFRET measurements on both pH
5.0 and 7.0 showed no significant deviation of the resulting fitted parameters. Thus no
influence of the pH range from pH 5 to pH 7 was observed and the uncertainty of the
pH determination at the sample preparation was acceptable.

The global analysis of the fluorescence decay curves yielded intrachain diffusion
coefficient of 17.9 + 3.4 A’*ns and of 22.3 £ 4.5 A’ns, for S;4 and DE-loop
respectively. The calculated root mean square end-to-end distance for S14 was

22.8 £ 0.5 A and for the DE-loop 25.9 + 0.6 A. As expected, the Si4 showed a lower
intrachain diffusion coefficient compared to the two-fold higher value obtained for
(GS)s measured in previous work. The root mean square end-to-end distance of Si4
was 3% smaller in comparison to (GS)s and can be explained by the 2 amino acid
longer (GS)s. The DE-loop showed comparable values of both the intrachain diffusion
coefficient and the root mean square end-to-end distance as observed for EF-loop in
the previous measurements (Table 3).

As depicted in Figure 4.6.2 and Table 3, the end-to-end distance distributions are
similar for the DE-loop and Q4. The non-amyloidic S;4 showed a larger deviation
compared to the Qi4, which corresponds to the lower root mean square end-to-end
distance.

Interestingly, the intrachain diffusion coefficient of Qs was two times lower
compared to the Si4, whereas the root mean square end-to-end distance of Q4 was

significantly higher as for Sja.
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4. Results and Discussion

Table 3: Comparison of the amyloidic Q;4 with the non-amyloidic model polypeptide chains in

aqueous solution. Both (GS)g and the EF-loop are taken from previous work [159] and are depicted in

grey. All model polypeptide chains were measured in 10 mM potassium phosphate at 7.0 pH and 22.5

°C. The S;4 was dissolved in pure water without potassium phosphate and the pH was adjusted to 7.0 +

0.3 with sodium hydroxide.

intrachain diffusion coefficient root mean square end-to-end
model number of 42 . 2.1/2 15
peptide amino acid [A"/ns] distance (r' )" [A]
Oy 14 9.7+ 2.1 25.9+0.3
S14 14 17.9+ 3.4 22.8+0.5
DE-loop 14 22.3+ 4.5 259+0.6
EF-loop 16 22.2+3.8 26.5
(GS)s 16 33.9+ 5.8 23.5

Also for the Q4 a similar root mean square end-to-end distance was observed

compared to the DE-loop, with the same number of amino acids. This demonstrates

that the Q4 forms a more expanded chain and that the rather slow chain dynamics are

not caused by chain compression.
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Figure 4.6.2: Comparison of the end-to-end distance distribution of Q4 (green line), S;4 (red line) and

DE-loop (blue line).
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4.6 Investigation of non-amyloidic model polypeptide chains S14 and DE-loop

4.6.2 The excluded volume and segment length

The EDWARDS model for polypeptide chains includes the parameter 4 and o to
describe the end-to-end distance distribution (chapter 1.4). But b and ¢ are simplified
terms, where b is related to the excluded volume v, segment length / and segment
number n, while o is related to the segment length / and number n (chapter 1.4,
equation 1.12 a and b). Assuming constant contour length L=n-I, the excluded
volume v and the segment length / can be calculated from » and ¢ (Table 4). For the
contour length, the distances of 3.8 A for one amino acid times the number of amino
acids of the model polypeptide chain is assumed. To consider the additional distance

of the coupled chromophores, two amino acids are included [159].

Table 4: Comparison of non-amyloidic model polypeptide chains and amyloidic Q4. The values in
grey are taken from previous work [159]. The shown parameters are derived from equation 1.12 a and
b.

peptide parameter | parameter | contour length | segment length excluded
b (4) o (4) L (4) 1 (A) volume v
O14 17.51 12.56 60.8 35 52.2
S14 14.46 12.32 60.8 33 19.3
DE-loop 14.30 14.65 60.8 48 25.8
EF-loop 15.3 14.6 68.4 4.2 224
(GS)s 12.4 13.6 68.4 3.6 6.8

As shown in Table 4, S;4has the smallest segment length, whereas the DE-loop has
the largest one. Interestingly, the intrachain diffusion coefficient for Q4 was found to
be rather low, however its segment length is comparable to the more flexible chains
such as Si4 or (GS)s. Nevertheless, the segment lengths are in the range of the average
length of 3.8 A for one amino acid. The excluded volume listed in Table 4 generally
describes the space that is not accessible for other particles. For Q4 the excluded
volume was more than 7 times larger compared to the flexible (GS)s and about

2 times larger compared to the natural EF- and DE-loop. Interestingly, the same
behavior was found for the intrachain diffusion coefficient (Table 3), which shows a

possible relation between the excluded volume and the chain dynamics.
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4. Results and Discussion

4.7 Effect of glycerol on the dimensions and dynamics of S;; and DE-loop

In chapter 4.1 the influence of the viscogenic co-solute glycerol on different model
polypeptide chain was shown. With the empirical equation 4.7 the observed viscosity
dependence of the intrachain diffusion coefficient can be well described. The
viscosity-sensitive exponent o, determined using equation 4.7, can thus be used to
correct viscosity dependence of the intrachain diffusion coefficient. Thereby detailed
information regarding the effect of denaturants and temperature and their effects on
the viscosities can be considered. The time-resolved FRET measurements for the DE-
loop chain are shown and discussed in chapter 4.1. The time-resolved FRET
experiment of S;4 was performed in pure water pH 7.0 £0.3 at 22.5 °C ranging from
16% to 56% (w/w) glycerol. The pH was adjusted to pH 7.0 £0.3 with sodium
hydroxid.

4.7.1 trFRET measurements on S;4 and DE-loop at different glycerol
concentrations

Time-resolved FRET measurements on S;4 and DE-loop were performed ranges from
0% to 56% (w/w) glycerol. The DE-loop was measured in 10 mM potassium
phosphate buffer ph 7.0 at 22.5 °C (chapter 4.1.3, Figure 4.1.1), whereas the S;4 was
dissolved in pure water without potassium phosphate and the pH was adjusted to 7.0 +

0.3 with sodium hydroxide (Fig. 4.7.1).
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Figure 4.7.1: Time-resolved fluorescence decay curves of S;4 in dependence of glycerol using donor-
acceptor pair A dansyl-pyrene and B DNB-AMCA pH 7.0 at different glycerol concentration ranges
from 0% (red), 16% (orange), 28% (green), 40% (turquoise), 48% (purple) to 56% (black) (w/w). The
residuals of the global analysis of each concentration point are shown in different colors corresponding
to the different concentrations of glycerol for both FRET-pairs. The Si4; was dissolved in pure water

without potassium phosphate and the pH was adjusted to 7.0 + 0.3 with sodium hydroxide.
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4. Results and Discussion

As expected the intrachain diffusion coefficient decreased with increasing glycerol

concentration (A in Figure 4.7.2). The parameter b slightly increased, whereas the

parameter o decreased with increasing glycerol concentration.
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Figure 4.7.2: Glycerol dependence of dynamics and dimensions of S;4. A Semi-logarithmic illustration
of the intrachain diffusion coefficient against the viscosity. B Semi-logarithmic illustration of the

fitting parameters b (red circles) and o (blue squares). C The root-mean square end-to-end distance
calculated with equation 1.12 and D Linear plot of the end-to-end distance distribution p, () at

different glycerol concentrations ranges from 0% (red), 16% (orange), 28% (green), 40% (turquoise),

48% (blue) to 56% (purple) (w/w).

The root mean square end-to-end distance showed a very slight increase with
increasing glycerol concentration, which can be justified by the transfer of the
polypeptide chains from pure water to the viscogenic co-solute solution (Figure 4.7.2
C)). Nevertheless, this observation is within the calculated error of the root mean

square end-to-end distance, which means no significant change of the chain structure
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4.7 Effect of glycerol on the dimensions and dynamics of S14 and DE-loop

can be observed in the glycerol dependence of S;4. The viscosity dependence of the
intrachain diffusion coefficient can be analyzed with the empirically equation 4.7,
where the viscosity-sensitive exponent a can be determined (Figure 4.7.3). A a-value
of 1.04 £ 0.1 for S;4 and a a-value of 1.14 + 0.1 for the DE-loop was calculated
(chapter 4.1 and Figure 4.7.3).
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Figure 4.7.3: Double-logarithmic illustration of the intrachain diffusion coefficient against the
viscosity of glycerol ranges from 0% to 56% (w/w) glycerol. Q4 (green circles), Si4 (red circles) and

DE-loop (blue circles). The data were analyzed using equation 4.7 (corresponding lines).

4.7.2 Summary and Discussion

For the intrachain diffusion coefficient of S;4 a higher deviation of the fit was
observed, but the data does not allow a detailed analysis as performed for Q4 (chapter
4.3.1). The a-value for S;4 showed the behavior of D = 1/ predicted by Kramer, as
shown for the other non-amyloidic polypeptide chains. Thus, the determined a-values
for the S;4and the DE-loop can be used for the viscosity correction of the intrachain
diffusion coefficient for the temperature and GdmCl dependencies. (detail
information for the results of the glycerol dependence of the DE-loop can be found in

chapter 4.1).
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4. Results and Discussion

4.8 Effect of temperature on the dynamics and dimensions of S, and DE-loop

The amyloidic Q4 exhibited a significantly high Arrhenius activation energy in
comparison to the non-amyloidic (GS)s and the EF-loop, which may explain the
comparably slow intrachain diffusion for Q;4 in water (chapter 4.3).

Time-resolved FRET measurements of S;4 and DE-loop at different temperatures
were performed to get a deeper understanding of the origin of the particular behavior

of the amyloidic Q4 as discussed in chapter 4.5 and 4.6.

4.8.1 trFRET measurements on S;4 and DE-loop at various temperature

The time-resolved FRET experiments were carried out in 10 mM potassium
phosphate buffer, pH 7.0. The temperature ranges from 2.5 °C (275.65 K) to 42.5 °C
(315.65 K) and was globally analyzed with equation 1.12 and 2.1 (Figure 4.4.1 and
4.4.2). The time-resolved FRET experiment of S;4 was measured in pure water, pH
7.0 £0.3 and 22.5 °C. The pH was adjusted to pH 7.0 +£0.3 with sodium hydroxid.

As depicted in Figure 4.8.1 and 4.8.2, well-defined time-resolved fluorescence decay
curves for both model polypeptide chains and each temperature point were obtained.
For the lowest temperature a slight deviation of the fit for the dansyl-pyrene

fluorescence decay curves was observed.
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Figure 4.8.1: Time-resolved fluorescence decay curves of S;4in dependence of temperature using

donor-acceptor pair A dansyl-pyrene and B DNB-AMCA pH 7.0 at different temperature ranges from
2.5 °C (red), 7.5 °C (orange), 12.5 °C (green), 17.5 °C (turquoise), 22.5 °C (blue), 27.5 °C (purple),
32.5 °C (dark purple), 37.5 °C (brown) to 42.5 °C (black). The residuals of the global analysis of each

temperature point are shown in different colors corresponding to the different temperature for both

FRET-pairs. The Si; was dissolved in pure water without potassium phosphate and the pH was

adjusted to 7.0 = 0.3 with sodium hydroxide.
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Figure 4.8.2: Time-resolved fluorescence decay curves of DE-loop from the IDP B-carp parvalbumin
in dependence of temperature using donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10
mM potassium phosphate pH 7.0 at different temperature ranges from 2.5 °C (red), 7.5 °C (orange),
12.5 °C (green), 17.5 °C (turquoise), 22.5 °C (blue), 27.5 °C (purple), 32.5 °C (dark purple), 37.5 °C
(brown) to 42.5 °C (black). The residuals of the global analysis of each temperature point are shown in

different colors corresponding to the different temperature for both FRET-pairs.
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4.8 Effect of temperature on the dynamics and dimensions of S14 and DE-loop

The intrachain diffusion coefficient increased with increasing the temperature as
shown in A in Figure 4.8.3 for both model polypeptide chains. The intrachain
diffusion coefficient was viscosity-corrected using equation 4.7 and the

experimentally determined viscosity-sensitive exponent a (B in Figure 4.8.3).
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Figure 4.8.3: Temperature dependence of the intrachain diffusion coefficient of S;4 (red circles) and
DE-loop (blue squares). A Intrachain diffusion coefficient is plotted against the temperature of both
model polypeptide chains. B viscosity-corrected intrachain diffusion coefficient was plotted against the
temperature and was calculated using the empirical equation 4.7 with the measured a-value of the
corresponding model polypeptide chains. The temperature ranges from 2.5 C (275.65 K) to 42.5 °C
(315.65 K). The S;4 was dissolved in pure water without potassium phosphate and the pH is adjusted to
7.0 £ 0.3 with sodium hydroxide.

The fitted parameters b and ¢ obtained from the global analysis are shown in Figure
4.8.4. The plot on the left side shows values for the S;4 and for the right side shows
values for the DE-loop. For both model polypeptide chains the observed fitted
parameter b decreased with increasing temperature, whereas the fitted parameter o
increased with increasing temperature (A in Figure 4.8.4). The population of end-to-
end distance of both model polypeptide chains is shown in B in Figure 4.8.4. The
corresponding root mean square end-to-end distance showed no significant change

with increasing temperature for both model polypeptide chains (C in Figure 4.8.4).
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Figure 4.8.4: Global analysis of S;; and DE-loop. A Fitted parameters b (red circles) and o (blue
squares) of both model polypeptide chains. S, left side and DE-loop right side. B The end-to-end
distance distribution against the end-to-end distance of both model polypeptide chains. Left side Sy4
and right side DE-loop. The temperature ranges from 2.5 °C (red), 7.5 °C (orange), 12.5 °C (green),
17.5 °C (turquoise), 22.5 °C (blue), 27.5 °C (purple), 32.5 °C (dark purple), 37.5 °C (brown) to 42.5 °C
(black). C Root mean square end-to-end distance calculated from the corresponding fitted parameters b
and ¢ and equation 1.12 of Sy, (red circles) and DE-loop (blue squares). The S4 was dissolved in pure

water without potassium phosphate and the pH was adjusted to 7.0 £ 0.3 with sodium hydroxide.
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4.8 Effect of temperature on the dynamics and dimensions of S14 and DE-loop

For the DE-loop at the low temperature a strong increase of the error of both fitted
parameters b and o were found. Nevertheless, the root mean square end-to-end
distance could be determined with high accuracy. The temperature dependence of the
intrachain diffusion coefficient can be described with both the Arrhenius formula
(equation 4.11) as well as the Zwanzig model (equation 4.12) as discussed in chapter
4.4. For the Arrhenius formula the viscosity-corrected natural logarithms of the
intrachain diffusion coefficient was plotted against //T to calculate the Arrhenius
activation energy E,. With the Zwanzig model the root mean square barrier height ¢
can be determined, where the viscosity-corrected intrachain diffusion coefficient was

plotted against 1/T* (Figure 4.8.5).
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Figure 4.8.5: Temperature dependence of Si4 (red circles) and the DE-loop (blue squares). A For

calculation of the Arrhenius activation energy the natural logarithmic plot of the viscosity-corrected
intrachain diffusion coefficient InD,,, is plotted against 1/7 . B For calculation of the root-mean

square height of the energy barrier of the Zwanzig model the natural logarithmic of the viscosity-
corrected intrachain diffusion coefficient is plotted against the 1/7°. The S;4 was dissolved in pure

water without potassium phosphate and the pH was adjusted to 7.0 £ 0.3 with sodium hydroxide.

For the S4 and the DE-loop a Arrhenius activation energies of 9.5 + 3.4 kJ/mol and
9.2 £ 3.9 kJ/mol were found, respectively. Fitting the data with the Zwanzig model
resulted in a root mean square barrier height of ¢ = 3.5 + 0.5 kJ/mol and ¢ = 3.3 £ 0.6
kJ/mol for S;4 and the DE-loop, respectively. Note that for Q.4 a Arrhenius activation
energy of 16.6 + 5.2 kJ/mol and a root mean square barrier height of ¢ = 4.6 £ 1.3

kJ/mol was found.
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4. Results and Discussion

4.8.2 Discussion and Summary

The calculated root mean square end-to-end distance for both non-amyloidic
polypeptide chains show no change with increasing temperature similar to the Q4
(chapter 4.4, Figure 4.4.4). The Arrhenius activation energy as well as the root mean
square height of energy barriers & for both investigated non-amyloidic model
polypeptide chains are about 40 % smaller as compared to the value of the amyloidic
Q4. Interestingly, the natural DE-loop, which includes more sterically demanding
amino acids, showed comparable values to the S;4, which includes a high number of
hydrogen bond forming units. However, for the Q4 significantly high activation
energy and corresponding root mean square height of energy barriers was found,
which gives evidence for strong hydrogen bond networks and/or evidence for the
steric effect resulting from the large glutamine side chains.

With the denaturant dependence the contribution of the hydrogen bonds to the found
difference in the activation energies compared to the two non-amyloidic model

polypeptide chains can be investigated, as discussed in chapter 4.5.

4.9 The Effect of GdmCI on the dynamics and dimensions of S;4 and DE-loop

For a better understanding of a possible contribution of a hydrogen bonds network on
the low intrachain diffusion coefficient and on the higher activation energy or the root
mean square height of energy barriers of Qi4, a [GAmCI] dependent time-resolved

FRET experiments for both S;4 and DE-loop were performed.

4.9.1 trFRET measurements on S;4 and DE-loop at different GdmCI
concentrations

Time-resolved fluorescence decay curves of S;4 and DE-loop in dependence of
[GdmCI] were performed (Figure 4.9.1). For Si4 the 1 M and 2 M [GdmCI] points
could not be measured, because sufficient peptide concentration could not be reached.

This can be explained by the observed salt effect on the solubility of the peptide
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4.9 The Effect of GAmCI on the dynamics and dimensions of S14 and DE-loop

chains shown with potassium phosphate. With higher concentration of GdmClI, the
salt effect seems to be dominated by the denaturation effect of GdmCl. A well-
defined global analysis for both model polypeptide chains and each GdmCl

concentration point were found as depicted in Figure 4.9.1 and 4.9.2.
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Figure 4.9.1: Time-resolved fluorescence decay curves of S;4 in dependence of GdmCl using donor-
acceptor pair A dansyl-pyrene and B DNB-AMCA pH 7.0 at different GAmCl concentration ranges
from 0 M (red), 3 M (orange), 4 M (green), 5 M (turquoise), 6 M (blue), 7 M (dark purple) to 8 M
(black). The residuals of the global analysis of each concentration point are shown in different colors
corresponding to the different concentrations of GdmCI for both FRET-pairs. The S;4 was dissolved in

pure water without potassium phosphate and the pH was adjusted to 7.0 + 0.3 with sodium hydroxide.

115



4. Results and Discussion

>
ool

= 110% ~ 4 1nd
f, %'1-10 ~ .
# 8103 = [ 1
;,5/8 0 %8'103' -
8 6103 © I ]
%610 §6.103_ -
2 4103 3 [ |
3 @ 4108 .
o pud L -
= 2.103 S 3L -
i = 210 -J ]
1 1 1 1 1 —
100 100 1
10 61|0 |81|0 |1(?
O e
-10 1 1 1 1 1
10 LELELELELEL T T rrrrn T T 10 T T T T T
) ' ok .
_10 L1 1 1111 1 1 _10- 1 1 1 1 1 i
10_|||||| T T T T TTTTT L 10 T T T
- 0 of ]
K2 C w
g _10'|||||| 1 L1 1 331311 1 1 'é _10- N N 1 1 1 T
g 10 LELELELELEL T T rrrrn T T R 10 T T T T T
® c
— 0 = 0
8 ©
9 _8 _10 1 1 1 1 1
o 5 10 ——
0
g g
'-8 ._9 _10 1 1 1 1 1
o e 10 ——
T 0
_10- 1 1 1 1 1
10 T T T T
0
-10 1 1 1 1 1
10 T T T T T
0
_10| 1 1 1 1 1 |
10| I T I T I |
0
_10:|||||| L 3l L -10 ! . 1 L 1
101 102 6100 8100 101
Time (ns) Time (ns)

Figure 4.9.2: Time-resolved fluorescence decay curves of DE-loop in dependence of GdmCI] using
donor-acceptor pair A dansyl-pyrene and B DNB-AMCA in 10 mM potassium phosphate pH 7.0 at
different GAmCI concentrations ranges from 0 M (red), 1 M (orange), 2 M (green), 3 M (turquoise), 4
M (blue), 5 M (purple), 6 M (dark purple), 7 M (brown) to 8 M (black). The residuals of the global
analysis of each concentration point are shown in different colors corresponding to the different

concentrations of GdmCl for both FRET-pairs.
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4.9 The Effect of GAmCI on the dynamics and dimensions of S14 and DE-loop

The resulting intrachain diffusion coefficient and the viscosity-corrected intrachain
diffusion coefficient for both model polypeptide chains are shown in Figure 4.9.3 A
and B. For the DE-loop a slight increase of the viscosity-corrected intrachain
diffusion coefficient with increasing [GdmCI] was observed. For S;4 a significant
increase of the viscosity-corrected intrachain diffusion coefficient with increasing
[GdmCI] was found (A and B in Figure 4.9.3).
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Figure 4.9.3: The intrachain diffusion coefficient of S;4 (red circles) and DE-loop (blue squares) in
dependence of GAmCI. A Intrachain diffusion coefficient is plotted against the [GdmCI] of both model
polypeptide chains. B The viscosity-corrected intrachain diffusion coefficient is plotted against
[GAmCI] and was calculated using the empirical equation 4.7 and the measured a-value of the
corresponding model polypeptide chain. The GAmCI concentration points ranges from 0 M to 8 M for
the DE-loop. For S;4 0 M, 3M to 8 M [GdmCIl] are measured. The S;4 was dissolved in pure water

without potassium phosphate and the pH was adjusted to 7.0 + 0.3 with sodium hydroxide.

For both model polypeptide chains a strong increase of the fitted parameter b was
observed, while the fitted parameter o decreased slightly with increasing [GdmCI] (A
in Figure 4.9.4). This was also reflected in the calculated population of end-to-end

distance, which sifted towards higher end-to-end distances (B in Figure 4.9.3).
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Figure 4.9.4: GdmCI dependence of S, left side and DE-loop right side. A Fitted parameters b (red
circles) and o (blue squares) of both model polypeptide chains. B The end-to-end distance distribution
against the end-to-end distance of both model polypeptide chains ranges from 1 M (red lines) to 8 M
(black lines) [GAmCI]. The S4 was dissolved in pure water without potassium phosphate and the pH
was adjusted to 7.0 + 0.3 with sodium hydroxide.

As discussed in chapter 4.5 the dependence of root mean square end-to-end distance
on the GdmCI can be described by the weak-binding model of Schellman (equation
4.16), where the exchange equilibrium constant K., for replacing water molecules
with denaturant molecules can be determined. As shown in Figure 4.9.5, the weak-
binding model described the data within the error well. For Si4 a K., 0f 5.7 + 2.7 and
for the DE-loop a K., of 7.4 + 4.3 was calculated (Figure 4.9.5).
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Figure 4.9.5: Root mean square end-to-end distance Sy4 (red circles) and DE-loop (blue squares) in
dependence of GdmCI concentration ranges from 0 M to 8M. The asymptotic increase of the root-mean

square end-to-end distance was fitted using the weak-binding model of Schellman (equation 4.16).

Nevertheless, the exchange equilibrium constant of both model polypeptide chains
could not be determined very accurately, as was also observed for Q;4 (chapter 4.5).
For both model polypeptide chains a significantly smaller exchange constant K., was
found in comparison to the value of 28.2 + 6.2 for Q4. Additionally, in previous work
measured (GS)s and EF-loop yielded a slightly higher K., of 11.0 = 4.3 and 10.9 +
4.4, respectively (chapter 4.5), but are still in the same range as was found for the S;4

and the DE-loop, taking into account the error.
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Figure 4.9.6: The effect of GdmCI on the chain dimension and dynamics. A The viscosity-corrected
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intrachain diffusion coefficient is semi-logarithmical illustrated against the GdmCI concentration. B
The root mean square end-to-end distance is plotted against the mole fraction of GdmCIl. Qy4 is
depicted in green squares, Si4 is shown in red circles and the DE-loop is shown in blue squares. The
asymptotic increase of the root-mean square end-to-end distance was fitted using the weak-binding

model of Schellman (equation 4.16).
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4.9.2 Summary and Discussion

In Figure 4.9.6 the effect of GdmCI on the chain dynamics and chain dimensions of
both non-amyloidic chains S;4 and DE-loop as well as the Q4 are shown. For Q4 it
can be clearly observed that the chain dynamics, represented by the intrachain
diffusion coefficient, is significantly influenced by the denaturant GdmCI, whereas
for the non-amyloidic DE-loop only a slightly influence can be observed. However,
the S;4 showed a higher effect of denaturant on the chain dynamics, but to a
significantly lesser extent as compared to the amyloidic Q4. Thus, a steric effect does
not seem to play an essential role, otherwise a corresponding effect would have been
observed with the DE-loop (see discussion 4.8.2). The S;s consists of the same
number of amino acids that can forms hydrogen bond in comparison to the Q,4, but
includes only one hydrogen donor per side chain. For the Q;4, two hydrogen donors
and one hydrogen acceptor per side chain are present. Therefore, Q4 seems to be able
to form a network of hydrogen bonds, which is reflected in the strong sensitivity to
GdmCl in comparison with the smaller effect exhibited by the S;4. Furthermore, for
the root mean square dependence the strongest effect of GdmCIl is found for Q4 in

comparison the all investigated model polypeptide chains.
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5. Summary and Outlook

In this work the intrachain dynamics and dimensions of the amyloidic polyglutamine
chains in comparison with non-amyloidic model polypeptide chains are investigated
with time-resolved FRET method, which provides direct access to these quantities.
The Q4 was chosen as an amyloidic model chain to identify biophysical properties as
a possible disease-related effect of polyglutamine chain at the monomeric level. The
polyglutamine chain belongs to the intrinsically disordered polypeptides or proteins
(IDP), which are flexible and highly dynamic. This consequently leads to an ensemble
of different conformational states that represents a dimensional parameter of the
polypeptide chains and must be described by dedicated polymer models. The chain
dynamics represent another important parameter to describe flexible and unstructured
polypeptide chains and are quantified by the intrachain diffusion coefficient. In this
work, the intrachain diffusion coefficient describes the one-dimensional diffusion of
one chain-end relative to the other chain-end during the lifetime of the excited FRET-
donor. This factor of the polyglutamine chains was compared to that of non-amyloidic
polypeptide chains with similar numbers of amino acid, specifically the artificial
sequence polyserine chains and the DE-loop as fragment of the IDP [-carp
parvalbumin.

The effect of viscogenic co-solute glycerol, temperature as well as the denaturant
GdmCl on the chain dynamics and dimension was measured for the amyloidic as well
as non-amyloidic model polypeptide chains. An rather slow chain dynamics for
amyloidic Q4 in comparison to highly flexible poly-(glycine-serine) chains and lesser
flexible model polypeptide chains such as the polyserine chains and the natural two
fragments of the IDP B-carp parvalbumin was found (Table 5, intrachain diffusion
coefficient). Compared to the other model polypeptide chains, no compact structure of
Q14 can be observed (root mean square end-to-end distance Table 5). Therefore, the
slow chain dynamics cannot be associated with a compact nature of Q4. Coarse-
grained MC simulations of Q4 supports the resulting trFRET dimension and found a
distance distribution, which can be described with the here used EDWARDS’ polymer

model, and yields a comparable root mean square end-to end distance of 24.9 A [292].
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5. Summary and Outlook

Table S: Comparison of the amyloidic Q;4 with the non-amyloidic model polypeptide chains in
aqueous solution. Both (GS)g and the EF-loop are taken from previous work [159] and is depicted in
grey. All model polypeptide chains were measured in 10 mM potassium phosphate at 7.0 pH and 22.5
°C. The S;4 was dissolved in pure water without potassium phosphate and the pH was adjusted to pH

7.0 £ 0.3 with sodium hydroxide.

number of | intrachain diffusion root mean square Arrhenius activation
peptide amino acid | coefficient (,4"2/”5 ) | end-to-end distance (A) energy (kJ/mol)
014 14 9.7+t 2.1 259+0.3 16.6+5.2
S, 14 17.9+ 3.4 22.8£0.5 9.5+3.4
DE-loop 14 22.3+45 259+0.6 9.2+3.9
EF-loop 16 22.2+38 26.5+04 12.7+2.8
(GS), 16 33.9+5.8 23.5+0.4 9.8+ 2.8

Also, the conformation distribution of Q4 showed no large deviation related to the
other investigated model polypeptide chains (chapter 4.2). Further investigation of the
temperature dependence of the dynamics of polyglutamine chains yielded
significantly higher Arrhenius activation energy compared to the non-amyloidic
polypeptide chains. This activation energy describes the conformational energy
barrier of unstructured polypeptide chains (Table 5. Arrhenius activation energy) and
may explain the observed slow chain dynamics of the polyglutamine chains in water.

Time-resolved FRET experiments at variable solvent viscosity showed another
deviation of Q4. Such investigations were carried out with the viscogenic small-
molecular co-solute glycerol, in which the chain dynamics decreased with increasing
viscosity, whereby a viscosity-sensitive exponent o of 1 is expected to fulfill
Kramers’ theory. However, for polyglutamine a a-value smaller than 1 was found.
Additionally, two distinguishable regimes for the glycerol dependence for
polyglutamine were found, which was up to now not observed for another non-
amylodic polypeptide chains (Figure 5.2). These findings could be correlated to
transient sub-structures, which shows less sensitivity to the viscosity and follow non-

Kramer-like dependence of the chain dynamics.
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Figure 5.2: Effect of the viscogenic co-solutes on the chain dynamics and dimensions. The double-
logarithmical illustration of the intrachain diffusion coefficient against the viscosity of glycerol ranges
from 0% to 56% (w/w). The Q4 is shown in green diamonds, S, is shown in red circles and the DE-
loop is shown in blue squares. The (GS)s (triangles) and the EF-loop (circles) were measured in
previous work and were depicted in grey [159]. The viscosity-sensitive exponent o was fitted using

equation 4.7.

Besides transient sub-structures, formed e.g. by hydrogen bonds, the steric effects
within the polyglutamine chains resulting from the large side chain of the glutamine
may also limit the chain dynamics. In addition to other effects (see discussion chapter
4.5), the denaturant GdmCI is particularly interesting because it interrupts hydrogen
bonds e.g. intramolecular hydrogen bonds formed in polypeptide chains [133], [280].
Therefore, GdAmCI dependent time-resolved FRET experiments could elucidate the
influence of hydrogen bonds on the chain dynamics. For Q4 a strong GdmCI effect
on the chain dynamics was observed, whereas for the non-amyloidic model polyserine
chain only a small effect of GAmCI on the chain dynamics could be observed (Figure
4.3 A)). Noted that the polyserine chain includes similar numbers of hydrogen bond
forming amino acids compared to the polyglutamine chain. Additionally, a strong
effect of GAmCI on the chain dimension of polyglutamine chains compared to the
non-amylodide model polypeptide chains was found (B in Figure 5.3). This result
gives first evidence that the intramolecular hydrogen bonds are formed between side
chains as well as side chain-main chain and explains the high impact on the chain

dynamics of the polyglutamine chains and also the low impact of steric effects.
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Figure 5.3: The effect of GdmCl on the chain dynamics and dimensions. A The semi-logarithmic
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viscosity-corrected intrachain diffusion coefficient is illustrated against the GdmCl concentration. B
The root-mean square end-to-end distance is plotted against the mole fraction of GdmCI. The Q4 is
depicted in green squares, Si4 is shown in red circles and the DE-loop is shown in blue squares. The
(GS); (triangles) and the EF-loop (circles) were measured in previous work and are shown in grey
[159]. The apparent asymptotic increase of the root-mean square end-to-end distance was fitted using

the weak-binding model of Schellman (equation 4.16).

Punihaole et. al. found in MD simulations of Q¢ that hydrogen bonds of both side
chain-side chain and side chain-peptide backbone are enthalpically more favorable
than those of the glutamine side chain to water [293]. Furthermore, using replica
exchange molecular dynamics (REMD) simulations of Q,o, it was demonstrated that
the multiple configurations of the polyglutamine monomers are due to the formation
of side-chain hydrogen bonds [294]. MD simulations and coarse-gained MD sampling
of a similar construct, as used in this work, revealed a specific hydrogen bonding
pattern characterizing transient structure motifs. Such motifs are found in low
amounts and are predicted to serve as first state for nucleation and further aggregation
into amyloidic fibrils. Interestingly, an influence of the solubility tail of the peptide on
the hydrogen-bond pattern was also discussed [295]. Wang et. al. investigated
different conformational states of polyglutamine in MD simulations and found 4 to 5
hydrogen bonds between side chains and peptide backbone for Q;s [296]. However,
glutamine incorporated in helices stabilized those through intramolecular hydrogen
bonds of the side chains as shown for different model polypeptide chains and the

Ataxin-3 protein (Introduction, chapter 2) [297]-[299].
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Moreover, in the amyloidic fibrils the hydrogen bonds between the side chains play
an important role. X-ray scattering and computer-generated model as well as solid-
state NMR show that the single chains are stabilized by intra- and intermolecular
hydrogen bonds formed between side chain-side chains and side chain-peptide
backbone [300]-[303]. However, it seems that the hydrogen bonds play an important
role not only in the amyloidic fibrils but also for the monomeric state of the
polyglutamine chains. In addition, a network of hydrogen bonds between the
glutamine side chains may exist, which alters the chain dynamics in the monomeric
state as shown in this work.

Nevertheless, in this work it was shown that the polyglutamine chains, represented by
the Q4, show significantly different behavior at the monomeric level in comparison to
non-amyloidic model polypeptide chains. Of course, more detailed investigations are
necessary to validate the first hypothesis of influence of hydrogen bonds on the chain
dynamics of polyglutamine chains and to rule out other effects such as the
hydrophobic effect or electrostatic effects like dipole-dipole interactions. In future
steps, model polypeptide chains can be designed, where one hydrogen donor or
acceptor of the glutamine side chain is replaced by a methyl-group, to avoid the
formation of hydrogen bonds. Also the distance between the glutamines in the
polypeptide chain can be increased by the incorporation of glycine or alanine, which
should interrupt the hypothesized hydrogen bonding network and results in a
decreased influence of GdmCI on the chain dynamics and in a lower Arrhenius
activation energy.

Rose et. al. discussed the “uniquely pivotal” role of hydrogen bonds in favoring the
folded and the unfolded state in poor or good solvent and clarified the importance of
hydrogen bonds for folding at both states, the unfolded and the folded state [8], [304].
However, understanding the influence of hydrogen bonds on the chain dynamics at
the monomeric level of polyglutamine chains seems to be an important step not only
for the understanding of the dynamics and structural behavior at the monomeric level
and the formation of fibrils, but also to obtain more information on the molecular
mechanism of aggregations inhibitors, such as the QBP1 discussed in the
introduction, for e.g. future therapeutic drug developments.

This work provides for the first time detailed information on both the intrachain
dynamics and dimension of an amyloidic polypeptide chains under various

biophysical conditions. In general, the combination of the presented results and
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computational approaches could enable a deeper understanding of the conformational
space and furthermore structural information about amyloid-prone structures. This is
also valid for IDPs, because their functionality are probably also based on their
conformational space. Therefore, it is necessary to understand their properties both in
the unfolded state and in the state bound to their target protein. In addition, it could be
shown that the trFRET method is a suitable technique not only for a better
understanding of IDPs but also for the future elucidation of fundamental questions

such as protein folding.
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6. Material and Methods

All used chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) or
Carl Roth (Karlsruhe, Germany) unless mentioned otherwise in the following text.
For the solid-phase peptide synthesis (SPPS) the Fmoc-protected amino acids were
purchased from either Iris Biotech GmbH (Marktredwitz, Germany), Merck KGaA
(Darmsadt, Germany) or Novarbiochem® (Merck group). All used Resins for the
SPPS were purchased from Rapp Polymere GmbH (Tiibingen, Germany).

6.1 Solid-phase peptide synthesis and purification

6.1.1 Solid-phase peptide synthesis (SPPS)

All used polypeptide chains were synthesized on ABI 433 with UV monitoring
(Applied Biosystems, CA, USA) or Liberty Blue™ CEM Corporation. For all
synthesis the Resin Tentagel R RAM from Rapp Polymer were used. For the
synthesis on ABI 433 the Fmoc (9-fluoroenylmethyloxycarbonyl) deprotection was
performed using 20% piperidine and the couple activation was performed using
HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)
or HATU (O-(7-Azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
hexafluorphosphate). The standard solvent was NMP (N-Methyl-2-pyrrolidone). For
the Liberty Blue™ the Fmoc deprotection was performed with a deprotection cocktail
consisting of 10% piperazin (w/v) in DMF using 0.1 M HOBT (I-
Hydroxybenzotriazole hydrate) and 1:9 ethanol:NMP, and the activation was
performed using DIC (N,N’-Diisopropylcarbodiimide) and the additive Oxyma pure
(ethyl 2-cyano-2-(hydroxyimino)acetate). The standard solvent was DMF (N,N’-
dimethyhlformamide). The side chain of amino acids were protected to avoid side

reactions as shown in the following sequences (from N- to C-termini):
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(GS)s:

Gly, Ser(tBu), Gly, Ser(tBu), Gly-Ser(psi(Me,Me)pro), Gly, Ser(tBu), Gly, Ser(tBu),
Gly, Ser(tBu), Gly-Ser(psi(Me,Me)pro), Gly, Ser(tBu), Dpr(Mtt), Ser(tBu),
Arg(Pbf), Gly.

EF-loop chains from B-carp parvalbumin:
Leu, Lys(Boc), Ala, Gly, Asp(OtBu), Ser(tBu), Asp(OtBu)-(Dmb)Gly, Asp(OtBu)-
(Dmb)Gly, Lys(Boc), Ile, Gly, Val, Asp(OtBu), Glu(OtBu), Dpr(Mtt), Ser(tBu),
Gly.

DE-loop chains from B-carp parvalbumin:
Lys(Boc), Ala, Asp(OtBu), Ala, Arg(Pbf), Ala, Leu-Thr(psi(Me,Me)pro),
Asp(OtBu)-(Dmb)Gly, Glu(OtBu), Thr(tBu), Lys(Boc)-Thr(psi Me, Me pro),
Dpr(Mtt), Ser(tBu), Gly.

Sia:
Ser(tBu)-Ser(psi(Me,Me)pro), Ser(tBu)-Ser(psi(Me,Me)pro), Ser(tBu), Ser(tBu)-
Ser(psi(Me,Me)pro), Ser(tBu)-Ser(psi(Me,Me)pro), Ser(tBu)-Ser(psi(Me,Me)pro),
Ser(tBu), Ser(tBu)-Ser(psi(Me,Me)pro), Dpr(Mtt), Ser(tBu), Arg(Pbf), Ser(tBu),
Arg(Pbf), Gly.

Qia:
GIn(Trt), GIn(Trt), GIn(Trt), GIn(Trt), Gln(Dmcp), GIn(Trt), Gln(Trt), GIn(Trt),
GIn(Trt), GIn(Dmcp), GIn(Trt), GIn(Trt), GIn(Trt), Gln(Trt), Dpr(Mtt), Ser(tBu),
Arg(Pbf), Ser(tBu), Arg(Pbf), Gly.

Qs
GlIn(Trt), GIn(Trt), GIn(Trt), Dpr(Mtt), Ser(tBu), Arg(Pbf), Ser(tBu), Arg(Pbf), Gly.

Double building blocks were used for optimizing synthesis e.g. pseudo-prolines Gly-
Ser(psi(Me,Me)pro). Double coupling steps for the API 433 synthesis are marked in
bold at the sequences above. For peptide synthesis with Liberty Blue™ only Dpr(Mitt)

was doubled coupled.
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6.1.2 Labeling of chromophores

For trFRET measurements the polypeptide chains dansyl-sequence-pyrene and DNB-
sequence-AMCA were synthesized as described above, where Dpr is 2,3-
diaminopropionic acid and dansyl, pyrene, 1-fluoro-2,4-dinitrobenzene (DNB) and 7-
amino-4-methyl-3coumarinylacetic acid (AMCA) are the chromophores as specified
in Figure M.1. The protecting group Mtt (4-methyltrityl) of Dpr was selectively
removed using 2% TFA (trifluoroacetic acid) and 5% TIPS (triisopropylsilane) in
DCM (dichloromethane). The FRET donors AMCA and pyrene (1-pyreneacetic acid,
both from Sigma Aldrich, St. Louis, MO, USA) were coupled to the free side chain
amine of Dpr (Iris Biotech, Marktredwitz, Germany) using HATU in DMF. The
FRET acceptors dansyl (5-(dimethylamino)naphthalene-1-sulfonyl chloride, Sigma
Aldrich, St. Louis, MO, USA) and DNB (1-fluoro-2,4-dinitrobenzene, Sigma Aldrich,
St. Louis, MO, USA) were coupled to the N-terminus of the polypeptide chain using
N,N-diisopropylethylamine in DMF. In donor-only or acceptor-only polypeptide
chains the second reactive sites (N-terminus or amine of the side chain of Dpr were

acetylated using acetic acid and DIPEA (N-diisopropylethylamine) in DMF.

A

o
’ J = i \o g %_OH

1-Pyreneacetic acid (pyrene) 7-Amino-4-methyl-3-coumarinylacetic acid (AMCA)

Ry~22 A; 75 =150 ns Ry=~31A;7p=5ns

L ;

4 NO,

5-Dimethylaminonaphthalene  1-Fluoro-2,4-dinitrobenzene (DNB)
-1-sulfonyl chloride (dansyl)

Figure M.1: Time-resolved FRET chromophores with the corresponding R,and donor-only lifetime zp.
The wavy line depicts the coupling position of the chromophore to the polypeptide chain, while the

blue functional group is removed for A donor and B acceptor.
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6.1.3 Purification

All polypeptide chains were cleaved from the Resin by cleavage solution of 90%
TFA, 5% TIPS and 5% pure water under strong mixing for 3 hours. The polypeptide
chain was precipitated in cold tert-butyl methyl ether (1:5, cleavage solution:tert-butyl
methyl ether) and filtered. After drying, the raw polypeptide chains were purified
using reversed-phase high-performance liquid chromatography (HPLC) with different
RP-columns types and different gradients of ACN (Acetonitrile) and water mixture as
described below. For injection in the HPLC-instrument the raw polypeptide chains
were dissolved in 5% ACN in pure water. For Q4 the raw peptide was dissolved in
pure TFA and incubated for 1 hour. The HPLC-solvents included 0.1% TFA (v/v) for
both pure water and ACN. For Q4 and Si4 the TFA concentration was changed to
0.01% (v/v).

(GS)s and EF-loop from B-carp parvalbumin:
1. RP-column, preparative: C8 (Merck, LiChrospher® 100 RP-8 (5 um) 250-25,
gradient: 0.5% ACN/min, started at 10% CAN, Flow rate 20 ml/min
2. RP-column, semi-preparative: C12 (Phenomenex Jupiter 4u Proteo 90A,
250x10 mm), gradient: 0.5% ACN/min, started at 10% CAN, Flow rate

4.7 ml/min

DE-loop from B-carp parvalbumin:
1. RP-column, preparative: C12 (Phenomenex Jupiter 10u Proteo 90A, 250x30
mm), gradient: 0.66% ACN/min, started at 15% ACN, Flow rate 20 ml/min
2. RP-column, semi-preparative: C12 (Phenomenex Jupiter 4u Proteo 90A,
250x10 mm), gradient: 2% ACN/min, started at 15% ACN, Flow rate

4.7 ml/min

Sia:
1. RP-column, preparative: C12 (Phenomenex Jupiter 10u Proteo 90A, 250x30
mm)), gradient: 0.3% ACN/min, started at 5% ACN, Flow rate 20 ml/min
2. RP-column, semi-preparative: C18 (Hibar LiChrosorb® RP-18 (5 um), 250-
10), gradient: 0.3% ACN/min, started at 5% ACN, Flow rate 5 ml/min
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Quas:
1. RP-column, preparative: C12 (Phenomenex Jupiter 10u Proteo 90A, 250x30

mm)), gradient: 0.5% ACN/min, started at 10% ACN, Flow rate 20 ml/min
2 RP-column, semi-preparative: C12 (Phenomenex Jupiter 4u Proteo 90A,
250x10 mm), gradient: 0.3% ACN/min, started at 10% ACN, Flow rate

5 ml/min

6.1.4 Determination of the polypeptide chain purity

All HPLC fractions were analyzed with LC-MS (liquid chromatography mass
spectrometry, Waters ACQUITY UPLC System (H-CLASS) with PDA e\ Detector
and QDa Detector (Quadrupole)). Fraction with a peak purity of > 98% for donor-
acceptor polypeptide chains and > 95% for donor- or acceptor-only polypeptide
chains were pooled and lyophilized (-50 °C chamber temperature and -80 °C ice
condensator temperature, Christ Alpha 2-4 LD plus). Analysis software: Waters
MassLynx Software and MagTan-Magl.

6.2 Sample preparation

For all measurements, the lyophilized peptides were dissolved in the measuring buffer
and ultrasonication was done for 10 min. Insoluble particles were removed by two
times centrifugation at 13300 rpm for 8 min (Thermo Electron Corporation Heraues
Pico 17 Centrifuge). For time-resolved fluorescence measurements the concentration
were adjusted for optical density of 0.1 at the excitation wavelength of the donor.
Measurements for S;4 were performed in pure water without any buffer. Therefore,
the pH was adjusted with sodium hydroxide (1 mM) to a pH of 7.0 + 0.3. For Q4 a
disassembly protocol was used modified from Wetzel and colleagues [183], [246]
(see 6.3). As the measurements at low temperature were conducted with a constant
stream of nitrogen, because additional influences on the lifetime could be observed
due to degassing of the solvents. Therefore, for temperature-dependent experiments,

the measuring solution should be oxygen-saturated as shown in previous work [159].
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After 6 min incubation at a given temperature, the measuring solution was 10 times
bubbled with a standard pipette and further equilibrated for 4 min to reach a thermal
equilibrium. For the temperature dependent experiments, round lid fluorescence

cuvette was used.

6.3 Disassembly protocol for Q4

In the current work a modified disassembly protocol was used, which was earlier
established by Wetzel and colleagues to generate monomeric state of polyglutamine
chains [183], [246]. Lyophilized peptides were incubated in 1:1 mixture of TFA:HFIP
(trifluoroacetic acid:1,1,1,3,3,3 hexaflouro-2-propanol) over night (>5 hours).
Afterwards, the solution was evaporated under mild nitrogen stream and lyophilized
for at least 1 hour (-50 °C chamber temperature, -80 °C ice condensator temperature).
The lyophilized powder was dissolved in the measuring buffer and centrifuged with
~267000 g (Beckman Coulter® Optima™ TLX Ultracentrifuge using
“Festwinkelrotor” TLA-110, middle position of tube) at 20.0 °C for 1.5 hours or
more, depending on the viscosity of the measuring buffer. The upper 75% of the

supernatant was used.

6.4 Buffer preparation

All measuring buffers were prepared with ultra pure bottled water (Water HPLC Plus
Sigma-Aldrich) to prevent contamination and filtered with Anatop 0.2 pum Whatman
filters. Before filtration, the pH of 7.0 was adjusted (pH meter Schrott Instrument with
SenTix Mic pH electrode, with three point calibration every week) using diluted
potassium hydroxide or phosphoric acid solution. If the buffer system allowed
freezing, the buffer was aliquoted, frozen with liquid nitrogen and storage at -80 °C.
All buffer included 10 mM potassium phosphate (Merck) except for Si4, which was
dissolved in pure water (0.055 uS/cm, ions exchange Purelab Plus UF). Glycerol was

purchased from Roth (Glycerol, >99.7%, Ultra-Quality, synthetic Roth) and balanced
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with an accuracy of + 0.01 g for preparation of the different glycerol concentration
(w/w). GdmCI was purchased in high quality (AA-grade) from NIGU Chemie GmbH
Waldkraiberg, Germany. The resulting GdmCI concentrations were checked and
finally adjusted with an automatic refractometer (AR700, Reichert Inc. Depew,NY,
USA). The PEGgeooo was purchased from Merck (zur Synthese). A stock solution of
40.8% (w/v) was incubated with ultra pure activate charcoal (Norit, Sigma Aldrich),
centrifuged and the supernatant was filtrated through syringe filters (Whatman, 0.2
um). The resulting viscosity was measured with Anton Paar DMA 4100M/Lovis 2000
ME.

6.5 Fluorescence measurements

6.5.1 Fluorescence lifetime measurements

For all fluorescence lifetime measurements the fluorescence lifetime spectrometer
FluoTime 200 from PicoQuant (Berlin, Germany; with a PDL 800-Dpicosecond
pulsed diode laser driver unit; PicoHarp TCSPC; PMA-182 photo multiplier tubes
(H5783 photosensor modules, Hamamatsu); polarizers and cuvette holders (TLC 50,
Quantum northwest, WA, USA)) were used to determine the donor-only lifetime 7p
and to obtain the fluorescence decay curves of the donor-acceptor labeled polypeptide
chains for the global analysis. The peptide concentrations were adjusted to a
maximum optical density of 0.1 at the excitation wavelength of the donor (Table 6).
The measurements were stopped at a maximal peak counts/channel value of 10000.
The corresponding buffer without peptides were measured with the same set up and
amount of time, which was determined with the labeled polypeptide chain. The
instrument response function (IRF) was determined at the excitation wavelength
identical to that of excitation of the donor and stopped at a maximal peak
counts/channel value of 40000. The IRF solution was prepared with 1:100 dilutions in
pure water of the Ludox solution (Sigma Aldrich) to generated the scattering effect

and was measured for each measurement day. For determination of the donor-only
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lifetime the company software of PicoQuant FluoFit (Berlin, Germany) based upon a

reconvolution fit using a sum of exponentials were employed:

T

1

F(t)= jIRF(t')iAI. exp(—ﬂjdt' (Eq. 6.1)

Table 6: Set up for fluorescence decay curves for donor-only and donor-acceptor labeled polypeptide

chains of the fluorescence lifetime spectrometer FluoTime 200 from PicoQuant.

set up pyrene dansyl/pyrene AMCA DNB/AMCA
light source LED LED Diode laser doidelaser
puls width 500 ps 500 ps 44 ps 44 ps
Aex 298 nm 298 nm 372 nm 372 nm
Al ex 14 nm 14 nm 1.1 nm 1.1 nm
Aem 398 nm 398 nm 445 nm 445 nm
Ahem 16 nm 16 nm 4 nm 4 nm
time-resolution 256 ps 256 ps 16 ps 16 ps
filters LP 345 LP 345 LP 398 LP 398
slits 2.0 2.0 0.5 0.5
Rep.-frequency 12/2 12/1 11/4 11/4

6.5.2 Determination of the quantum yield and Forster distance

As shown in equation 2.4, the Forster distance depends strongly on the quantum yield
0 and the spectral overlap of the donor fluorescence and the acceptor extinction. For
the determination of the quantum yield Q, the absolute intensity of the fluorescence
spectra has to be measured. Therefore, fluorescence standards with known quantum

yields were used (Table 8).

Q=0Q,  — (Eq. 6.2)

st st

Where QO represents the quantum yield of standard fluorophore, F represents the
integrated fluorescence intensities, where F§, stands for the standards. The excitation
wavelength is given as 4 and the refractive index of the solvent is given as n. The

accuracy was improved through measurements of three different fluorophore
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standards for the determination of the quantum yield of donors, pyrene and AMCA
(Table 8). The concentrations of the donor-only labeled peptides were adjusted to
have an optical density ranging from 0.2 to 0.4 (double beam spectrophotometer,
AVIV model 14 UV-VIS, AVIV Biomedicals, NJ, USA) at the maximum wavelength
according to the published extinction coefficient (Table 7). For fluorescence
measurements with the Fluorlog Tau 2 spectrofluorometer (Jobin Yvon, Horiba, USA
with a correction file for intensity dependence on the wavelength) the sample were
diluted to obtain optical density of 0.01. For a high accuracy of the resulting
concentration, the dilution was balance to calculate the real dilution factor (Satorius
AG Gottingen ME235P-OCE, + 0.01 mg). The extinction spectra e4(4) were

determined from the absorbance spectra of the corresponding acceptor-only labeled

polypeptide chain with the published extinction coefficient g4 (™ = 4300 M cm’

A
for dansyl [305] and for &} = 15900 M em™ DNB [306]). The overlap integral J for

the fluorescence spectra Fp and the extinction spectra e4(4) was calculated as follows:

J=2 (Eq. 6.3)

For the calculation of the Forster distance R, the determined quantum yield Q, the
overlap integral J and the commonly used orientation factor, x° of 2/3 (see
Introduction) were used. The relative errors of the Forster distances were estimated to
be about 2.5%, as established in previous work [159]. For all the peptides in the
current work the Ry were measured in buffer of 10 mM potassium phosphate pH 7.0
at 22.5 °C. It should be noted that the dependence of R; for Q4 on GdmCl
concentration and for (GS)s on PEGggg concentration were determined, confirming
previous work in that R, is independent of the nature of polypeptide chains under
different additive conditions. Therefore, R, for all other peptides were theoretically
estimated from previously measured R, in the 10 mM potassium phosphate buffer at

pH 7.0 and 22.5 °C.
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Table 7: Set up for the determination of the quantum yield Q and the overlap integral J from the
fluorescence spectra of donor labeled polypeptide chains and the absorbance spectra of the acceptor-

only labeled polypeptide chains

fluorescence spectra (for Q) absorbance spectra (for J)
serup pyrene AMCA dansyl DNB
Aex 313 nm 353 nm 420 - 260 nm 440 - 280 nm
Aem 320 - 600 nm 360 — 700 nm - -
bandwidth . 2 nm 2 nm 2 nm 2 nm
bandwidth ., 1 nm 1 nm - -
integrations time 0.1s 0.1s 0.5s 0.5s
wavelength step I nm 1 nm 1 nm I nm

Table 8: Standard fluorophores for determination of the quantum yield.

fluorescence standard corresponding donor quantum yield solvent
9-anthracenecarbonitrile AMCA 0.80 [307] methanol

POPOP (1,4 bis(5-phenyloxazol-

pyrene, AMCA 0.97 [307] cyclohexane
yl)benzene)

DPA (9,10-diphenylanthracene) pyrene, AMCA 1.00 [307] cyclohexane
PPO (2,5-diphenyloxazole) pyrene 0.94 [307] cyclohexane
perylene AMCA 0.94 [308] cyclohexane

6. 6. Global analysis

The applied global analysis routine was programmed using Matlab (MathWorks,
MATLAB R2015b), which was developed and described in the previous work by
Ursula Zinth [159]. The program was run on a Mac Pro computer. On this basis, the
calculation speed was improved to around 1000 times with the help of Jan Ebenhan,
where the Matlab function "pdepe" [159], [309] was replaced as described in Chapter
6.6.2, first section. This improvement allows the calculation of the SPA for each
buffer point and each polypeptide chain. Also the calculation of the root mean square
end-to-end distance error by the SP4 was enables with the new routine as described in
Chapter 6.6.3. Additional the second donor lifetime was included as a fit parameter

for the global analysis of the Q4 fluorescence decay curves
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(see next Chapter 6.6.2 and equation 4.6). An additionally output of the amplitudes of
all fit parameter were also included as well as a determination of the time range (tear
off) of the fluorescence decay curves for testing dependencies. Both the global
analysis routine from Ursula Zinth [159] as well as the new routine described in the
next Chapters, obtain equal results of Dpy4, b and ¢ considering the error.

All improvements and modifications can be used without restriction for further
calculations of other polypeptide chains with different fit parameters, which is
enabled by the inactivation of the secondary donor lifetime.

The next Chapters 6.6.1, 6.6.2 (second section) and 6.6.3 are based on the
descriptions in the dissertation of Ursula Zinth, who developed and described the

global analysis routine version, which serves as the initial routine for my work [159].

6.6.1 Data input for the global analysis

The following inputs are necessary for the global analysis: at first, the measured time-
resolved fluorescence decay curve of the donor-acceptor labeled polypeptide chains is
needed. Second, the time-resolved fluorescence decay curves of the corresponding
buffers and IRFs are needed for the calculation.

Both the Forster distance and the donor lifetime at each corresponding buffer point or
at the respective corresponding temperature point of the two chromophores pyrene
and AMCA, as well as the total length of the polypeptide chains 7, (number of
amino acids plus two times 3.8A) and 7., of 0, are the fixed parameters in this
analysis. To achieve a successful calculation, the initial values for b, o, and the

intrachain diffusion coefficient Dp4 must be included.

6.6.2 Numerical solution of the partial differential equation (PDE)

Section 1 (in discussion with Jan Ebenhan):

The Matlab function "pdepe", which is used by the global analysis routine of Ursula
Zinth [159], is no longer used in the new routine. In the new routine the spatial part of
the differential equation is discretized at distance r and the derivatives are

approximated with 4th order central difference quotients.
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Considering reflective boundary conditions (chain "bounces" at r=0 and r=rp,y), the
coefficients are modified in the first and last two columns of the matrix to set the
"flux" across the boundary to zero (Neumann boundary conditions). The time part of
the differential equation is transform in a 1st order coupled linear differential
equation, which can then be solved analytically as the sum of exponential function
with the matrix inversion (Eigensystem) as described by [319]. The resulting

theoretical fluorescence decay curves are dependent on Dpy, b, o, 7p, and Ry.

Section 2:
A ﬁ*(r,t = O) of 1 was used as initial conditions and the solution of the PDEs ﬁ*(r,ti)

was calculated for each time #; in the raw data. This was followed by a reduction of

the two-dimensional solution to a one-dimensional time trace F,""' (t,-) (equation
DA

2.12) and with a normalization to a maximum value of 1 [159]. To obtain the
reconvolution fit for the final analysis, the measured IRF, which is a non-ideal form,
was convolved with the theoretical fluorescence decay function and presented as

follows:

" (¢,)=1RF(t, —t0)®{Al -F[;‘;r":'a(ti)+An -exp(rnti)+AdC} (Eq. 6.4)

total

The parameters describe: ¢ for the position of the fluorescence signal of the excitation
pulse in the time trace, 4; for the main amplitude, A4, is the amplitude of the
difference of the dark counts (4,.) between the raw data and the time trace of the
buffer signal and additionally phase, 7, takes into account photobleaching, stray light
or stacking of the fluorophores.

It follows that the IRF decay curves were individually modified by time and
amplitude compared to the main fluorescence decay curve. The same was done with
the buffer signal. In addition, to obtain a good estimate of the buffer signal, for all
time-resolved fluorescence measurements with the pyrene setup, the observed buffer
signal was fitted as a single fluorescence decay with a lifetime of 2.0 ns. To avoid
overfitting, for Q4 of the GdmCl and glycerol dependence, the secondary donor
lifetime fluorescence decay was fitted with the same parameters, as for the main

fluorescence decay, for time and amplitude position.
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Two ranges for the distribution of values were determined according to the tear-off
values. A linear distribution was considered for an early time point and a logarithmic
distribution for later time points to reduce the weight of later time points data. A total
number of 1000 time points were used. The fit parameters 4,, A4, A; and t,, included
in the reconvolution fit, do not affect the fit parameters Dpy, b and 0. A reduced y°

was used to optimize the reconvolution fit:

2_ nipn_im(Fexp(ti)_F;ﬁ:l (Zti))z
(AR ()

x (Eq. 6.5)

The following parameters are available: F.,, the raw data of the donor-acceptor
labeled polypeptide chain with the buffer signal subtracted; A4F..,(#;) represents the
error at each time point ¢; (including buffer and raw data errors).

A y* close to 1 represents a well-defined analysis, with a y* of 1.3 representing the
acceptable upper limit. To find the optimum convolutional fit, a x> was calculated for
each FRET pair and the arithmetic mean nglobal was used. This procedure was
implemented using the Matlab program "fminsearch". Based on the Nelder-Mead
simplex direct search, the minimized X2g1oba1 was compared with the previous ones for
one iteration of the three fitting parameters Dpy, b and o [159]. Three new fitted
parameters Dpy, b and o were then estimated. This process was repeated until a

minimum y’giobar Was found [310].

6.6.3 Support Plane Analysis

As developed and described by Ursula Zinth [159], the Matlab function "fminsearch"
could not calculate fitting error directly. So the Support Plane Analysis (SPA) method
was introduced to estimate the fitting error [159]. SPA is a statistical analysis and
analyzes only a measured data set, as used for fluorescence lifetime data analysis
(PicoQuant software) [158], [159].

Equation 6.6 below shows that the F-value F(p,v,P) was calculated from the found

2

optimized x;mbal of the three fitted parameters divided by ¥, -
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In this process, one of the three fitted parameters was fixed and changed to lower or
higher values to obtain the fitting error of the chosen parameter, as shown for the

parameter D:

Z;mbal(Dﬁx'bﬁee(Dﬁx)'Gfree(Dﬁx ))

F(p,v,P)= .
Zglabal ((Dfree ’bfree ’Gﬁ"ee ))

(Eq. 6.6)

Dy, denotes the fixed parameter and was change to lower and higher values, to yield a
parabolic shape as shown in the Results 4.2.2 and to calculated the error. Dy,
represents the optimized free fitted parameter, which was found in the global analysis.
An F-value of 1.02 was used to calculated the error represents for both FRET pair
traces, where v denotes the degrees of freedom, p is the used parameters and P
denotes the probability of 0.68 (corresponding to the standard deviation) [159]. For
each buffer or temperature point and each polypeptide chain the corresponding SPA
was done. For the calculation of the root mean square end-to-end distance error the
fitted parameter b in the EDWARDS polymer model was replaced by the root mean
square end-to-end distance with equation 6.7, which allows direct calculation of the
SPA for the root mean square end-to-end distance. For this replacement the

0.5< b/o<1.5 must be true.

ro= 5.41219%(-0.473929%g+sqrt(0.369536*10*5-0.226131%5A2))  (Eq. 6.7)
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6.7 Other used programs

Besides Matlab, IgorPro8 was used to calculate the population of end-to-end distance
as well as the Forster distance programmed by Dr. Ursula Zinth. For further
calculation and data analysis of the resulting fitted parameters, like Dp,4 getting from
the global analysis, the ProFit (6.2.14) was used. Calculated SPA errors were
averaged and included in the fit procedure of ProFit under “Error types”. The
resulting fitting errors were calculated with the help of the “Levenberg-Marquardt”
algorithms.

CemDraw” was used to create peptide structure as a 2D-structure for illustration.

6.8 Dynamic light scattering (DLS)

The DLS measurements were performed with an ALV/LSE-5003 Light Scattering
Electronics and Multiple Tau Digital Correlator with a compact goniometer system
and a 1.8 W, 532 nm LASER (Cobolt Samba™ 500, 532 nm). The ALV Correlator
Software V.3.0 was used to calculate the apparent hydrodynamic radius. Twenty
independent measurements for 20 s were chosen and averaged, to achieve a sufficient
signal to noise ratio. Samples for Q4 was prepared with the disassembly protocol to
achieve highest concentration of the monomeric peptide in pure water at 22.5 °C
(estimated at 70 - 100 uM). To prevent dust particles, all cuvettes were washed with

pure methanol and dried under nitrogen stream.

6.9 Synchrotron small-angle X-ray scattering (SAXS)

The measurement was performed in cooperation with PD Dr. Stephan Konig on the
beamline P12 of the storage ring PETRA III of the EMBL on the Deutschen
Elektronen Synchrotron (DESY) at Hamburg, Germany [311], [312]. For the
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detection a Dectris 2M Pilatus detector was used (Dectris AG, Baden, Switzerland),
with a wavelength of 0.15 nm and an exposure time of 30 to 50 ms with a resolution
range from 300 to 0.5 nm. The data processing, buffer subtraction and first estimation
of the radius of gyration was done with the Software PRIMUS-MAR and
AUTOMAR [313]-[315]. For the estimation of radius of gyration, the data were fitted
with the Debye formula in combination with a power-law form to consider the
assumption of scale invariance (detailed information see Appendix Figure A.2) [316].
It should be noted that the data and analysis from the SAXS experiment are not
completely reliable and require further measurements and evaluations. Samples for
Q14 was prepared with the disassembly protocol to achieved a sufficient concentration
of the monomeric Q4 in pure water at 20 °C (estimated at 70 — 100 uM). The
measurements were performed by Philipp Skorupa and PD Dr. Konig (Martin-Luther
University Halle-Wittenberg, Institute of Biochemistry and Biotechnology). The data
was analyzed by Prof. Dr. Saalwichter (Martin-Luther University Halle-Wittenberg,
Institute of Physics).

6.10 Circular dichroism (CD)

All CD measurements were carried out on an AVIV 410 or AVIV 410/430 Circular
Dichroism spectropolarimeter (AVIV, USA) with bandwidth of 1 nm. Signals were
recorded in a 10 mm cuvette for 8 s to measure 4 scans, which were further averaged.
The limits of the wavelength ranges were chosen to avoid dynode voltage signal
crossing a upper limit of 850 V. The concentration of the investigated peptides were
adjusted to 0.87 AU (AnalytikJena Specord S 600) at 200 nm for an optimal signal to
noise ratio (the wavelength of around 200 nm represents key structural information of

unfolded polypeptide chain for CD measurements).
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6.11 Analytical Ultracentrifugation (aUZ)

All measurements were done in cooperation with Prof. Dr. Lilie (Martin-Luther-
University Halle Wittenberg, Institute of Biochemistry and Biotechnology) on
Beckman Coulter Optima XL-A Analytical Ultracentrifuge orProteomelLab XL-1
Protein Characterization System at 22.5 °C in 10 mM potassium phosphate, pH 7.0

and a optical density of around 0.3 AU at 340 nm. Time scan at 10 min.

6.12 Synthesis of Xanthonic acid, improved protocol

The Xanthonic acid (9-oxoxanthen-2-carboxylic acid) is used for the TTET
experiment as donor and synthesized in three steps. Here an improved protocol that
increases yield of 300% over previous method of Lewis and Graham [317].

Step I for (4-(2-Methoxybenzoyloxy) benzoate): 7 g anhydrous potassium carbonate,
3.4 g methyl-4-hydroxybenzoate and 150 ml acetone (dried with molecular sieve)
were added and carefully heated. After heating, 3.7 g 2-methoxybenzoyl chloride was
added and cooked under reflux for 2 hours. Acetone was removed under reduced
pressure, which results in yellow crystals. Step II for (4-Hydroxy-3-(2-
Methoxybenzoyl)benzoic acid): 3 g of 4-(2-Methoxybenzoyloxy) benzoate was
dissolved in 300 ml benzol and transferred to a quartz UV-reactor (Groschopp and
Co. 4060 Viersen 1). The solution was irradiated with a mercury lamp for 72 hours
under reflux. Step III (Xanthonic acid): After irradiation and cooling down of the
solution, the solution was transfers in a round shank. The solution was further cooled
down with an ice bath and 50 - 100 ml 4 M potassium hydroxide was dropwise added
under strong stirring. The solution was stored over night at about 4 °C to obtain white
crystals. After filtration (frit), white crystals were dissolved in 50 - 100 ml of pure
water maintained at 60 °C and then transferred in a separatory funnel. The solution
was acidulated to a pH of around 1 (test with indicator paper) with 1 M hydrochloride
acid so that a white precipitate was observed. Ethyl acetate was added under careful
mixing so that the white precipitate was completely dissolved (50 — 100 ml). The
upper phase was isolated and the solvent was removed under reduced pressure and

reflux. For the recrystallization, the whitish crystals were nearly completely dissolved
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with pure methanol (about 50 — 100 ml, depends on the yield) under reflux. After
slow cooling, the solution was transferred to an ice bath and stored over night at about
4 °C. After filtration (frit), the whitish crystals were washed with cool pure methanol.
The resulting end product was dried and analyzed with LC-MS (nearly 99% of peak

purity was achieved).

6.13 Combined equation for analysis of viscosity dependence of Q4

Equation 4.4 shows a combined equation for analysis of the two separated parts,
which were observed in the viscosity dependence of Q4. Therefore, a standard
equation for calculation of the Gibbs free enthalpy of denaturant transition curves of
proteins was used [318]. Both linear terms of the standard equation were replaced by

the equation 4.4 to fit all data points:

risel = Do*((n/mo)\(-al)); rise2 = Do*((n/no)(-02)); AG=x+y*n;
D = (risel +rise2 *exp(AG/constant))/(1+exp(AG/constant));

Where # is the viscosity and 7y is the viscosity of the buffer. D is the intrachain
diffusion coefficient and Dy is the intrachain diffusion coefficient without viscosity. o,

and ay are viscosity-sensitive exponents. 4G describes the turning point with the help

of x and y [318].
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Figure A.1: DLS measurements of PEGggo at different concentrations (0% to 21.1 % (w/w)). The

decrease of the apparent hydrodynamic radius with increasing co-solute concentration in a nonlinear

manner implies repulsive interaction of the co-solutes and the physical inhomogeneity of the medium

with increasing concentration.
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Figure A.2: Determination of the radius of gyration Rs of DNB-Q4~-AMCA in pure water.
Measurements were done with synchrotron SAXS (EMBL) and performed by Philipp Skorupa and PD

Dr. Konig (Martin-Luther University Halle-Wittenberg, Institute of Biochemistry and Biotechnology).

The data was analyzed by Prof. Dr. Saalwichter (Martin-Luther-University Halle-Wittenberg, Institute

of Physics), where the scattering intensity is plotted against the scatting vector g (1/4) in a double-

logarithmic plot. The data were fitted using A the sphere form factor or B the Debye formula. In order

to consider the assumption of scale invariance, the data were fitted using the power-law form (red

lines) and were also fitted without the power-law form (blue lines) [316].
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It is shown in Figure A.2 that the implementation of a power-law form is necessary to
describe the data completely. The residuals of the fits using the power-law form are plotted at
the bottom (red). A Rg of 0.51 = 0.1 nm for the sphere form factor (power-law form) and a R¢
of 0.81 £ 0.1 nm for the Debye formula (power-law form) was found. The resulting errors of
the R; values were estimated. As can be seen from the residuals, the Debye formula in

combination with the power-law form yielded the best fit and was used in the chapter Results

and Discussion.

InD
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Figure A.3: Eyring plot of viscosity-corrected In(intrachain diffusion coefficient) against 1/T of Q4. A
Ac, of -0.62 £ 0.92 is found (green solid line). In aspect of the high inaccuracy of the found Ac,
resulting from the error of the intrachain diffusion coefficient, an analysis with Ac, = 0, as a fixed
value, is done and shown as the dashed green line. The resulting hyperbolic slope of the free Ac,
analysis shows a good description of the data, but the analysis with the fixed Ac;, = 0 also described the
data similarly well, relating to the error of the intrachain diffusion coefficient. Therefore, it was

concluded that the Ac, = 0 and no thermodynamic stable sub-structures were found.
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10!
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distances and the time-resolved

fluorescence decay curves of S;4. The sample with the pH of 5.0 + 0.3 are depicted in red and the

samples with a pH of 7.0 + 0.3 (adjusted with sodium hydroxide) are shown in blue for A the

fluorescence spectra for the determination of the Forster distance of both Ac-S,s-pyrene (left side) and

Ac-S14,-AMCA (right side) and B the time-resolved fluorescence decay curves of both dansyl-S;4-

pyrene (left side) and DNB-S,~AMCA (right side). The calculated Forster distance for pyrene labeled

polypeptide chains is 29.6 A at pH 7 and 30.2 A at pH 5 with a relative alteration of 1.9% and for
AMCA labeled polypeptide chain 20.2 A at pH 7 and 21.3 A at pH 5 with a relative alteration of 5.3%.

The time-resolved fluorescence decay for both labeled polypeptide chains show no alteration between

pH 7 and 5, as depicted in the inlet (zoomed at early times).
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Table of content for the attached CD -Data_ThesisPeterEnke-

1. Decay curves_globalFitAllpeptides
2.DLS Q14

3. GS8inPEG6000
4. Fluorescence decay curves raw data
5. LC-MS data (examples)
6. Picture Thesis
7. PV(DE)

8. PV(EF)inPEG6000
9. Q3inWater

10. Q12inWater

11 Q14

12.S14

13. SAXS Q14

14. SPA_AllPeptides
15. Test MonomerQ14

Explanation of the folders:

All measurement data of the measured polypeptide chains can be found in the
respective folders, subdivided according to the different buffers and temperatures.
The individual folders contain all evaluated data and the corresponding plots, as well
as the calculation of the R, value. The subfolder "forFit" contains the raw data of all
fluorescence decay curves (where the lowest concentration or temperature starts at
xxx_0), as well as the input tables containing all constants and resulting fit parameters
(inputsXxxFinal contains all parameters and inputsXxxFinalrms, where b is replaced
by the root mean square end-to-en distance for the calculation of the error with the
SPA). These input tables can also be used directly for global analysis. The input
tables are structured as follows. The constants in column 2= R of pyrene; column 3=
Ry of AMCA; column 5= 7 of pyrene; column 6= 7, of AMCA and the resulting fit
parameters in columns 7= secondary lifetime of Q14; column 28= Dpy4; column 29= b;
column 30= ¢; column 31= root mean square end-to-end distance; column 32=

2 2 _ 2
A pyrene; column 33=y"amca A; column 35= Y giobal.
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In addition, the "forFit" folder contains the resulting SPA calculations SuppXXXFinal
and SuppXXXFinalrms (rms= root mean square end-to-end distance).

The folder "Picture Thesis" contains all plots and data used in this thesis. This is
again subdivided into the respective polypeptide chains and corresponding buffers or
temperature.

The folder "SPA_AllPeptides" contains the calculated error for all polypeptide chains.
Furthermore, the folder "Decay curves globalFitAllpeptides" contains all
fluorescence decay curves presented in this work, for the respective polypeptide
chains.

The folder "Test MonomerQ14" contains data for the three different measurement
methods (analytical ultracentrifugation; CD and fluorimeter measurements) for the
detection of the monomeric state of Q4.

The following programs were used: Matlab, IgorPro8, ProFit, and PicoQuant FluoFit
(see Material and Methods).
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8. List of abbreviations

Ac-
ACN

AMCA
aUZ
CD
CREB
cts./ch.
DBO

DCM

DIC

DIPEA
DLS
DMF
DNB
Dpr(Mtt)
DRPLA
Fmoc

FRET
FTIR
(GS)s
GdmCl

HATU

HBTU
HD
HFIP
HOBT

HPLC
IDR/IDP
IRF

LC-MS
MC

150

acetyl-
Acetonitrile

7-amino-4-methyl-3-coumarin
analytical ultracentrifugation

circular dichroism

cAMP response element-binding protein
counts per channel

(2,3-dazabicyclo[2.2.2]oct-2-ene)

dichloromethane

N,N’-Diisopropylcarbodiimide

N- diisopropylethylamine

dynamic light scattering

dimethylformamide

2,4-dinitrobenzene (bound form 2,4-dinitrophenyl)
o, p-diaminopropionic acid (4-methyltrityl)
denatoruubral pallidoluysian atrophy
9-fluoroenylmethyloxycarbonyl

fluorescence/Forster resonance energy transfer
fourier-transform infrared spectroscopy
(glycine-serine)g polypeptide chains

guanidine hydrochloride
O-(7-Azabenzotriazol-1-yl)-N,N,N',N’-tetramethyluronium hexafluorphosphate

2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
Huntington disease
hexafluoro-2-propanol

1- Hydroxybenzotriazole hydrate
high-pressure liquid chromatography
intrinsically disordered regions / proteins
instrument response function

liquid chromatography mass spectrometry

Monte Carlo



NMP
NMR

Oxyma

PDE

PEGe000
PET-FCS
pKID/KIX
Qus

QPBI1
RAM
ROA

RP

S 14

SANS
SAXS
SBMA
SCAx

SPA

SPPS
SSS-theory
TCSPC
TFA

TIPS

trFRET
TTET

8. List of abbreviations

N-Methyl-2-pyrrolidon

nuclear magnetic resonance

ethyl 2- cyano-2-(hydroxyimino)acetate)

partial differential equation

Polyethylene glycol 6000 (average molecular weight)

photoinduced electron transfer and fluorescence correlation spectroscopy
phosphorylated kinase-inducible domain/kinase interacting domain
(glutamine);4 polypeptide chains

polyQ binding protein 1

rink-amide

raman optical activity
reversed phase

(serine)4 polypeptide chains
small-angle neutron scattering
small-angle X-ray scattering

spinal and bullar muscular atrophy
spinocerebellar ataxia x

Support Plane Analysis

solid-phase peptide synthesis
Szabo-Schulten-Schulten theory
time-correlated single photon counting

trifluoroacetic acid
triisopropylsilane

time-resolved fluorescence/Forster resonance energy transfer

Triplet-triplet energy transfer

protection groups:

tBu (tert-butyl); Pbf (2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl); OtBu (O-t-butyl);
Dmb (2,4-dimethoxybenzyl); Boc (tert-butyl); tBu (tert-butyl); Trt (trityl); Me (methyl)

amino acids:

Gly (glycine); Ser (serine); Thr (threonine); Arg (arginine); Leu (leucine); Lys (lysine); Ala (alanine);

Asp (asparagine); Val (valine); Glu (glutamate); Gln (glutamine)
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