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Abstract

Foldon is the trimerization domain of T4 phage fibritin. It is of great interest for folding stud-
ies as it is highly optimized for rapid folding and association. The isolated foldon domain,
consisting of 27 amino acid, can form native-like trimers, which show both high stability and
fast association kinetics. Association is initiated after rapid formation of a monomeric inter-
mediate, which is already structured. This structure resembles the structure of a monomer in
the trimeric native state, as known from an NMR study. The monomeric state of this interme-
diate is stabilized by hydrogen bonds of the β-hairpin, and hydrophobic interactions of several
amino acids which form a hydrophobic cluster. In order to study the effect of these hydropho-
bic interactions, the contribution of each amino acid in the hydrophobic cluster is probed by
insertion of at least one mutation. The effect of each mutation is investigated by determination
of the fluorescence spectra of the different states, determination of the free folding enthalpy
∆G0(H2O), unfolding and refolding kinetics, and the crystal structure of the native state. All
inserted mutations in the hydrophobic cluster lead to a decrease of the association kinetics,
despite having little to no effect on both the crystal structure and fluorescence spectra. The
strongest effect is observed for the dimerization reaction, which is decelerated by a factor of
up to 10,000. This deceleration is accompanied by a loss of stability of the native state of up
to 50 kJ · mol−1. Two prolines, which are part of a poly-proline II structure in the N-terminal
part, exert an effect on the association reaction. Their function could be the induction of this
structure in the intermediate state. Only the proline at position 7 is responsible for the observed
cis-trans isomerization reaction found in foldon wild-type. Mutations at position 6 are even
able to change the reaction mechanism. Dimerization of foldon monomers with a cis confor-
mation of the Xaa6-Pro7 peptide bond is not possible for Xaa being any amino acid except the
wild-type alanine. From the experimental results it becomes clear that the fast association of
foldon is guided by the fast equilibrium between the unfolded and the intermediate state. Sec-
ondary structure motifs formed early during the folding reaction allow efficient formation of
the dimeric encounter complex. The interactions between different regions of the monomeric
foldon are ensured by hydrophobic interactions and hydrogen bonds.
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1. Introduction

1.1. Proteins

Proteins are the most versatile group amongst biological molecules. They are responsible
for a wealth of different tasks in cells and organisms, from metabolism and signal transduc-
tion to the formation of the cytoskeleton. Proteins facilitate transport processes and act as
hormones or anti-bodies during humoral immune response1. All proteins are composed of a
set of 20 canonical α-L-amino acids. These amino acids feature different chemical proper-
ties of their side-chains, which can be hydrophobic or hydrophilic, polar or non-polar, neg-
atively/positively charged or uncharged. The backbone is uniform for all amino acids, with
an amine- and a carboxyl group. The sequence of the amino acids constituting a protein is
called the primary structure. The information for this primary structure is stored within the
genetic code by the 4 different nucleotides which form the DNA. This genetic information is
first transcribed into the mRNA. Ribosomes translate the mRNA into the polypeptide chain by
the help of tRNA molecules, each loaded with a specific amino acid2. The ribosomes are large
RNA-protein complexes which are able to catalyze the formation of the peptide bonds between
the individual amino acids and the growing polypeptide chain in a highly efficient and almost
error-free process, reaching a speed of up to 20 amino acid couplings per second3. The newly
formed polypeptide chain is released from the active site of the ribosome through a narrow exit
tunnel in the large ribosomal subunit into the cytosol of the cell4. Folding of isolated struc-
tural elements (e.g. α-helices) can already occur within this tunnel5. However, it was shown
that the ribosome is not necessary for the protein folding reaction6. Proteins consist of sec-
ondary structure elements like α-helices, β-pleated sheets and turns7–9. These structures are
mostly stabilized by hydrogen bonds between backbone atoms10, but side chain interactions
can significantly contribute to the stability11. These interactions can be intra-segmental within
a secondary structure motif, as in α-helical backbone hydrogen bonds, or inter-segmental be-
tween secondary structure motifs, like the hydrogen bonds between individual strands of a
β-pleated sheet. Secondary structure elements can be combined in different ways to form
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1. Introduction

domains10. This tertiary structure of proteins is stabilized by non-covalent interactions like
hydrogen bonds, hydrophobic and van der Waals interactions, as well as ionic interactions or
disulfide bonds12. Small proteins consist of a single domain, while large proteins can contain
two or more domains. The most common proteins consist of 100 to 700 amino acids, and
the size of individual domains can range from 29 to 300 amino acids13–15. Individual proteins
can associate into higher-order complexes, forming the quaternary structure. This quaternary
structure is stabilized by non-covalent interactions like hydrogen or ionic bonds or hydropho-
bic interactions between the subunits of the complex16. Additionally, the protein can be prone
to posttranslational modifications like glycosylation or phosphorylation, as well as binding of
cofactors or prothetic groups17. However, the process of finding the correct tertiary or quater-
nary structure is the first task most proteins have to undergo in order to become biologically
active. An exception are intrinsically unfolded proteins, which are partially or completely
unfolded and only fold upon binding to other proteins, DNA or prothetic groups18. Proteins
can fail to find their correctly folded structure. Misfolded proteins are normally degraded into
their amino acids by peptidases and the proteasome19,20, and these amino acids can be used as
building blocks for new proteins. Non-degradable misfolded proteins can lead to the forma-
tion of aggregates, which can cause severe diseases like Alzheimer´s, Parkinson´s or several
forms of encephalopathies as BSE, scrapie or Creutzfeld-Jacob´s disease21,22.

Finding of the correct three-dimensional structure is of vital importance for a protein to be-
come functional. The folding process is independent of any other factors in most cases. An-
finsen and co-workers had found that the information for correct folding is stored within the
primary structure of the polypeptide chain6. Later, Levinthal postulated that there must be an
underlying mechanism for the folding of the polypeptide chain, as by pure chance the search
for the correct conformation even for a small protein of 100 amino acids would take up to
about 1027 years23. He calculated this number by assuming that every ψ- and φ-angle in the
protein backbone could adopt two different conformations, and that two peptide conforma-
tions per second could be searched. In nature, however, protein folding occurs in the time
span of milliseconds to minutes, making the existence of folding pathways highly probable.
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1.2. Protein stability

1.2. Protein stability

As proteins fold without the input of energy, protein folding is an exergonic process. The fold-
ing free enthalpy ∆G0(H2O) of monomeric proteins is only around -20 to -40 kJ · mol−1 24,
which equals the stability gained from a few newly formed hydrogen bonds or salt bridges25,26.
The native conformation of a protein on the other hand is stabilized by a vast number of several
different interactions12, as discussed in 1.1. The stability of proteins is so low due to compen-
sating effects of the enthalpy and entropy. Folding of a polypeptide chain has a janiform effect
on entropy: Conformational freedom of the polypeptide chain is decreased, while the solvent
entropy increases. In the unfolded state, exposition of the hydrophobic side-chains to the sol-
vent leads to the formation of a rigid hydrogen-bond network of the solvent molecules around
the side-chains. The formation of these "iceberg-like" structures lowers the water entropy in
the system. Upon folding, the hydrophobic amino acid side-chains get buried in the core of the
protein, increasing the solvent entropy due to the melting of the "iceberg-like" water structure.
This increase tips the scale towards favoring the folded state27. The Gibbs-Helmholtz-equation
allows the calculation of the free enthalpy ∆G0 of any reaction at a certain temperature T 28:

∆G0 = ∆H0 − T ·∆S0 (1.1)

where ∆H0 is the enthalpy and ∆S0 is the entropy of the reaction. The free enthalpy can
also be expressed by the fundamental equation, which can be derived from the fundamental
equations of the intrinsic energy28:

dG = V dp− SdT +
∑
i

µidn (1.2)

with V being the volume, p the pressure, S the entropy, T the temperature, µ the chemical
potential and n the amount of substance of the system. The position of equilibriumK between
two reactants is directly dependent on the free enthalpy.

∆G0 = −RT lnK (1.3)

with R being the constant of the ideal gas equation. The position of the equilibrium of a pro-
tein between the unfolded state U and the native state N can be shifted by changes in pressure
p, temperature T and the composition of the system n, as shown in equation 1.2. Changing the
systems composition is in most cases done by addition of co-solvents. Substances like guani-
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1. Introduction

dinium chloride (GdmCl) and urea in aqueous solutions can denature proteins by stronger
destabilizing the native state compared to the unfolded state29. These co-solvents cause an
abrupt change from the native to the unfolded state of a protein over a relatively small con-
centration range of the denaturant by forming a complex of the protein with a large number of
denaturant molecules in solution, thereby disrupting the hydrophobic core30,31. Strong bind-
ing of the denaturant to the proteins was proposed32. Schellman and co-workers refined this
model in their thermodynamic studies by showing that binding of the denaturants to the pro-
tein is weak33. The co-solvent concentrations need to be high to successfully unfold a protein,
thus it is also possible that by chance the solvent molecule bound to the protein is a denaturant
molecule, and not due to preferential binding; thus the theory was expanded to the solvent-
exchange model34.

Probing of a peptide solution with varying denaturant concentrations by spectroscopic meth-
ods like absorption, circular dichroism absorption or fluorescence reveals the shift of the equi-
librium of the folded state N to the unfolded state U . As the equilibrium constant can be
determined for each denaturant concentration from the baselines of the native and unfolded
state, plotting of the free folding enthalpy against the denaturant concentrations reveals a lin-
ear dependence of the free folding enthalpy ∆G0 on the denaturant concentration35. The
meq-value is a measure of this linear dependence36,37. This allows the linear extrapolation to
zero molar denaturant and the determination of ∆G0(H2O) by the linear extrapolation method
first used by Alexander, Pace and Tanford38,39. Santoro and Bolen developed the non-linear
least squares fit to determine the stability and meq-value of a protein by direct fitting of the ob-
tained denaturant transition curves40. Myers et al. claimed that the meq-value is also directly
proportional to the change in accessible surface area ∆ASA and the change in heat capacity
upon unfolding ∆Cp

41.

The linear extrapolation method should give identical free folding enthalpies regardless of the
used denaturant. It was however found that the results obtained by both urea and GdmCl can
deviate by 25 to 50 %36. Makhatadze showed that the urea transition curves are in good agree-
ment with thermal transition curves while GdmCl transitions can deviate from the proposed
linear behavior42. The large ionic strength of GdmCl solutions even at low GdmCl concentra-
tion has to be compensated for, otherwise deviation from linear behavior can occur for GdmCl
solution below 1.5 M GdmCl concentration43. These findings show that additional measure-
ments have to be carried out to confirm deviations between urea and GdmCl transitions. These
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1.3. Protein folding kinetics

measurement can ideally probe the native and unfolded conformation for their thermodynamic
parameters44.

Next to co-solvents, dissolved salts can have a strong effect on the stability of proteins45.
The effect of the cations and anions can be ranked according to the Hofmeister series46,47. A
incomplete ranking of the most common anions is:

PO−34 > SO−14 > F−1 > Cl−1 > Br−1 > NO−13 > I−1 > ClO−14 > SCN−1

The ranking is from most stabilizing to most destabilizing. The Hofmeister series is also de-
pendent on the isoelectric point (pI) of the protein. At a pH higher than the pI, the salts order
in the Hofmeister series (as shown above), while the opposite order is commonly observed
for a pH lower than the pI48,49. Stabilizing salts cause a salting-out of the protein, strength-
ening the hydrophobic interactions50,51. The opposite effect is seen for the destabilizing salts,
which cause a salting-in, accompanied by a better solubility of the solvent for the proteins and
weakening of the hydrophobic interactions52,53. The ions act on the proteins not by effect-
ing the bulk water properties54,55, but rather by direct interaction of the ions with the effected
macromolecules. This is derived from binding studies of anions with model molecules52,53.

1.3. Protein folding kinetics

Protein folding kinetics give additional information to thermodynamic data, as they can give
rise to detailed knowledge of the folding mechanism56,57. Stopped-flow measurements are the
most common method to study protein folding, where a reaction can be followed spectroscop-
ically after rapid mixture of two solutions58,59. Aromatic amino acid side-chain often strongly
change their fluorescence intensity when transferred from the hydrophobic environment within
to the protein to a the solvent38,60,61. The change in circular dichroism absorption upon for-
mation or disruption of secondary structure motifs is another method to follow a folding or
unfolding reaction62–64. A rapid change of the buffer system can be induced by the mixing
process either by dilution, addition of cosolvents, or change of the pH-value. Upon mixing
the equilibrium of the protein is disturbed, which will consequently relax into a new equilib-
rium57. The stopped-flow method allows detection of fast reactions, but has the draw-back
of a dead-time of about 1 ms58. Fast reactions which occur within the dead-time thus cannot
be followed and evaluated by the stopped-flow measurements. Methods of choice in these
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1. Introduction

cases are continuos-flow, temperature- or pressure-jump experiments57,65. All these experi-
ments can be followed by absorption, fluorescence or circular dichroism absorption, as well
as time-resolved nuclear magnetic resonance (NMR) detection66.

The most simple model for protein folding often found for small proteins or isolated protein
domains is a two-state system, where the unfolded and folded state are in rapid equilibrium67.
Measuring the apparent rate constant kapp by rapid dilution of denatured protein into varying
final concentrations of denaturant and plotting the common logarithm of the individual rate
constants against the corresponding denaturant concentrations yields a V-shaped curve, often
termed chevron plot68,69. The two arms of this plot correspond to the refolding and unfold-
ing reaction of the protein70. The rate constants kf and ku depend linearly on the denaturant
concentration68, as seen for the free folding enthalpy ∆G0. By a linear fit of the arms and ex-
trapolation to zero denaturant, the rate constants of the folding and unfolding reaction can be
determined in water. The slopes of these linear fits are the kinetic m-values. At the minimum
of the graph, both the unfolding and refolding reaction are in equilibrium, thus the denaturant
concentration at the minimum equals the transition midpoint in a denaturant transition if us-
ing the same buffer and experiment conditions. Additionally, the sum of the kinetic m-values
yields the equilibrium meq-value41,71. Non-linear behavior in chevron plots is often a con-
sequence from deviations from ideal two-state behavior. This can be found for either in the
unfolding, the refolding or both limbs, and there are several reasons for this behavior72–74. In
an ideal two-state folding mechanism, both the unfolded and the native conformation should
be uniform. This means for the unfolded state, which shows a large heterogeneity of its confor-
mations, that all proteins can readily interconvert and that there are no sub-populations which
are separated by a barrier75,76. Even a small percentage of unfolded proteins in a different en-
semble can cause an additional phase in the folding kinetics reaction due to a slower refolding
reaction77,78.

Proline residues are one of the major sources for complex folding kinetics and formation of
folding intermediates79. In most cases, all proline residues need to be in the trans conformation
to allow for a rapid collapse of the peptide chain. In the unfolded state, the Xaa-Pro peptide
bond can exist in both the cis and the trans conformation, thus, in many cases, isomeriza-
tion of the peptide bond has to precede the folding reaction80. Proline cis-trans isomerization
occurs with time constants varying from 10 to 60 s at 25 ◦C, which is in most cases signifi-
cantly slower than the protein folding reaction81. The slow isomerization reaction is caused
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1.3. Protein folding kinetics

by the high activation enthalpy of isomerization of approximately 80 kJ · mol−1 82. The vari-
ation in the time constants, accompanied by a variation of the cis-content from 7 to 36 % can
be caused by the varying amino acids at the N-terminal position of the proline81, and local
structure elements in the unfolded state can have additional impacts on the isomerization re-
action. Proline cis-trans isomerization can be sped up by peptidyl-prolyl cis-trans isomerases
which catalyze the isomerization step83. A replacement of the proline by mutation can cause
disappearance of the cis-trans isomerization reaction84. However, not all proline residues in
their non-native conformation lead necessarily to a deceleration of the folding reaction. In
bovine pancreatic RNase A, a protein with four proline residue, the proline at position 114
was found to be non-essential for the folding kinetics under favorable conditions, regardless
of its conformation85,86. Protein refolding can even lack all detectable cis-trans isomerization
reactions despite the presence of several prolines. The fibronectin III domain type 10 (10FNIII)
contains 7 proline residues and nevertheless refolds within 1 s without any detectable proline
cis-trans isomerization when refolded from a completely unfolded state without any residual
structure87.

Deviations from ideal two-state behavior can also be due to aggregation of the protein, and
shifts of the transition state88,89. An often observed reason for deviations from two-state be-
havior is the existence of folding intermediates. These intermediates can be either on- or
off-pathway of the folding reaction90. Direct evidence for folding intermediates like addi-
tional phases in the unfolding or refolding reactions are only observed if the intermediate is
stabilized with regard to the native or unfolded state and thus at least transiently populated
during the refolding reaction91,92. The concentration of these transiently populated folding
intermediates can be detected by interrupted refolding experiments93, often allowing the de-
termination of all microscopic rate constants94,95. Formation of secondary structure is readily
determined by detection of the change in circular dichroism absorption during the folding re-
action96, while the change of the size of the protein can be measured by small angle X-ray
scattering (SAXS)97. Both methods can be used efficiently if coupled to a stopped-flow or
continuos-flow mixing setup. For many small proteins, several or even all of these methods
have been applied to determine the folding pathway and all microscopic rate constants57,65,98.
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1. Introduction

1.4. Folding and assembly of dimeric and trimeric

proteins

Folding of oligomeric proteins is in general studied by the same methods as folding of mono-
meric proteins. The stability can be readily determined by denaturant or thermal transitions
and evaluated by a two-state model36. This evaluation using a two-state model can only be ap-
plied to proteins constituted of several subunits as long as the equilibrium transition between
the folded oligomer and the unfolded monomers is fast and reversible. Folding kinetics of
many dimeric proteins also follow a two-state model67.

When two-state behavior for dimer folding is observed, the apparent rate constant can either
be a first- or second-order rate constant. Folding of p22 arc repressor or general control protein
(GCN)-4 are diffusion-limited and thus second order99,100. Repressor of dimer (ROP) on the
other hand shows a unimolecular rate constant, making the rearrangement after association
rate-limiting101. In dimeric proteins, one has to clearly distinct the association of homo- and
heterodimeric proteins. The association of hetero-dimeric proteins was extensively studied by
mutating amino acids within the dimerization interface for several protein pairs. Mutations
of charged residues within the binding interface have the largest effect of all mutations on
the association reaction102–104. The association of hetero-dimeric proteins can be governed
by charge interactions, with the two binding partners having opposing net charges105–107. An
increase of the ionic strength in the solvent leads to a decrease of the association rate constant
for these hetero-dimeric proteins as the charges get shielded by the ions in solution108,109. The
opposing effect is observed for homo-dimeric proteins. As the net-charge of the proteins is
identical, a high ionic strength dampens the repulsion between the subunits, making associ-
ation faster110–112. Although the association reaction is strongly influenced by diffusion, no
dimerization reaction between two proteins determined so far reached the diffusion-limit of
5 · 109 M−1 · s−1, as not 100 % of all encounter complexes lead to association113.

While it is known that binding precedes folding for intrinsically unfolded proteins114, for most
homo- and hetero-dimeric proteins the case is less clear. There are two possible scenarios,
and both are found in nature. The association of S-peptide to S-protein is shown to be only
dependent on native-like hydrophobic interactions and formation of native-state secondary
structure is a fast step after association115. General control protein (GCN)-4 forms helices
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1.4. Folding and assembly of dimeric and trimeric proteins

prior to binding, and this secondary structure formation is necessary for association116. An
increase of the helix content of the monomeric state leads to an increase of the association
speed117. Similar effects had been observed for several other proteins116–120. The rapid sec-
ondary structure formation ensures fast formation of interaction interfaces on the monomer
surface and thus fast assembly to other monomers if an encounter occurs121. The necessity to
efficiently find and bind to form higher order complexes is very likely the reason for the rapid
collapse in the monomers, making the detection of this reaction almost impossible with rapid
kinetic measurements121. Insertion of hydrophobic amino acids within the hydrophobic core
or the dimerization interface can have an accelerating effect on the folding of dimeric pro-
teins, as shown for ROP and p22 arc repressor26,101. The acceleration is caused by a decreased
transition state barrier, as burying of hydrophilic or charged side chains within a hydrophobic
environment prior to hydrogen bond or salt-bridge formation is accompanied by an energetic
penalty26. This finding is in good agreement with a capacious study of 136 dimeric protein
interfaces, which shows that the interaction interface of the monomers is constituted of hy-
drophobic patches combined with inter-subunit polar interactions122. Exchange of polar side
chains within the dimer interface can both increase or decrease stability and catalytic activity,
as shown for several proteins123,124.

In contrast to folding of dimeric proteins, only few trimeric proteins have been studied with
respect to their folding stability and kinetics. In many cases a simple 3U 
 N3 mechanism
is used for the evaluation of denaturant or thermal transitions125–127, although monomeric and
dimeric intermediates are observed as well in some cases, like in apo γ-carbonic anhydrase
or HSC70128,129. The trimeric globular protein tumor necrosis factor TNFα folds through a
molten-globule state after rapid accumulation of a transient dimeric state130, as determined by
intrinsic and anilinonaphthalenesulfonic acid (ANS) fluorescence studies and chemical cross-
linking. TNFα monomers undergo several distinct folding processes in the monomeric state,
after which rapid association occurs. Individual rate constants for the association reaction
could not be determined130. In contrast, folding of the trimeric proteins HIV gp41 and SIV
gp41 is described by a simple monomer-trimer equilibrium131,132. Both pg41 variants form
trimeric coiled-coil structures, which are often used as models for trimer formation and kinet-
ics. Folding of isolated trimeric coiled-coils can be described by two sequential second order
reactions: The first step involves dimer formation from two monomers, while a third monomer
binds to the dimer in a reversible manner in the second reaction step125,133.
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1. Introduction

Trimerization of proteins can be initiated by specific trimerization domains. The C-terminal
domain of P22 tailspike protein (TSP) forms a prism-like structure by association of β-sheets
from the three monomers and was shown to be essential for the trimerization of the whole
protein134,135. The folding mechanism involves the formation of a β-helix within a stable
monomeric state of the C-terminal domain, followed by a first dimerization and consequent
monomer binding to a trimeric intermediate state136,137. Specific ionic interactions are finally
formed in a last rearrangement step from the trimeric intermediate to the native state138. The
folding mechanism shows a high resemblance to the folding of the T4 fibritin foldon domain95

(discussed in detail in Chapter 1.5). However, kinetic measurements cannot be carried out for
TSP as unfolding is irreversible for high temperatures or denaturant concentrations135.

1.5. The fibritin foldon domain

Fibritin is part of the T4 phage structure, forming the collar and the whiskers of the T4 phage.
It is composed of three chains of the protein gpwac, a 52 kDa product from the wac (whisker
antigen control) gene and forms fibers of 53 nm length139. Sequencing the 486 amino acids
from the nucleotide sequence indicated three different domains, with the largest one, com-
prised of 408 or approximately 80 % of the total amino acid sequence, being the central do-
main140. This central domain is mainly composed of 12 heptad repeat amino acid sequence
motifs, an α-helical motif of the general sequence (abcdefg)n. Positions "a" and "d" are prefer-
ably occupied by non-polar amino acids. This structure motif is able to form both dimeric and
trimeric coiled-coil structures141; in fibritin, the coiled-coil forms trimers, as known from se-
quence analysis and structural data14. The heptad-repeat motifs are separated by linker regions
richer in both glycine and proline residues than the heptad-repeat regions14. In total, 47 com-
plete and two non-complete heptad repeats are present in the central domain of fibritin140. The
N-terminal domain of fibritin, composed of 47 amino acids, forms the collar at the neck region
of the T4 phage; lacking of the N-terminal domain does not have an impact on the folding reac-
tion of fibritin, as shown by reversible temperature-induced denaturation139. The C-terminal
domain however is known to be essential for correct folding of fibritin, as expression of C-
terminal deletion mutants of fibritin in E.coli leads to formation of inclusion bodies139. The
C-terminal domain is composed of 29 amino acids and forms a β-hairpin, connected by a
β-turn to the last α-helical turn of the central domain. Three subunits form a β-propeller
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1.5. The fibritin foldon domain

structure, which was first determined by X-ray crystallography of different length mutants of
fibritin, named fibritin E and fibritin M, composed of the 119 and 78 C-terminal amino acids
of fibritin, respectively14,142. This C-terminal structure is named foldon143, a name first used
by the group of Peter G. Wolynes and describes quasi-independent folding units which can act
as an initiator for the folding reaction144. The trimerisation reaction of fibritin is initiated by
the foldon domain, followed by zipper-like formation of the coiled-coil structure145. Foldon
catalyzes the correct folding of fibritin by two different means: First, by acting as a folding
initiator, as it allows correct and in-register association of the three different peptide strands.
Foldon also gives the different strands the right orientation, and enlarges the local concentra-
tion to an approximate concentration of 1 M, as the three C-terminal ends are all in a volume
of 1 nm3. This apparent concentration-increase enhances the concentration-dependent associ-
ation kinetics drastically143.

The 29 amino acids at the C-terminal end of fibritin, the foldon domain, are known to be
essential for the trimerization reaction, shown by partial or complete deletion of this domain
from fibritin139,145. Mutating the core tryptophan residue to a leucine has the same effect as
complete deletion of the foldon domain, while the insertion of a hydrophobic amino acid at
this position promotes correct fibritin formation14. Foldon is able to initiate trimerization of
both homo- and hetero-trimers if fused to domains or even complete proteins. The foldon can
be located either at the N- or C-terminal end or replace existing trimerization domains. This
was proven with a collagen-mimicking sequence (GlyProPro)10, HIV gp140, and gp26 of bac-
teriophage 22, where foldon was inserted as a new trimerization domain146,147. In adenovirus
fibre shaft protein, foldon can act as a replacement for the original trimerization domain148.
Fusion of the foldon domain to the (GlyProPro)10 sequence leads to a stabilization of 42 ◦C
for thermal transition, compared to the trimer formed by this sequence without foldon fused
to it. Similar effects are also shown for the other chimeric proteins.

The structure of the isolated foldon domain in solution was determined by NMR spectroscopy95.
This isolated foldon domain consists of the first 27 amino acids of the foldon domain (residues
457 to 483, named residues 1 to 27 hereinafter)95. Its sequence is given in Table 1.1.
This structure resembles the structure determined of truncated fibritin variants, fibritin E and
M. Only slight deviations at the N-terminal end are observed, which has a higher flexibility
in the isolated foldon domain95. This foldon NMR structure is show in Figure 1.1A. The β-
sheets of the three monomers form a β-propeller structure with a three-fold symmetry axis.
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Table 1.1.: The amino-acid sequence of the isolated foldon wild-type domain, as used for the determi-
nation of the NMR structure.

Each foldon monomer of the native trimer structure starts with left-handed polyproline II helix
structure, formed between the residues Pro4 and Pro7, which is part of the extended N-terminal
region (residues Gly1 to Gln11). Both proline residues are in the trans conformation in the
native state of the foldon trimer. This first N-terminal segment is connected to the central β-
hairpin (residues Ala12 to Leu23) by a classical type II β-bend structure with a X-Asp-Gly-X
sequence9. This motif is also found within the β-hairpin: The β-hairpin itself is stabilized by
5 hydrogen bonds and shows a larger twist than normally found in β-sheets. This twist could
prevent the formation of larger β-sheets, which would finally result in aggregation149. The
foldon structure ends in a 310-helix, formed by the residues Leu23 to Leu27. The residues
Tyr2, Ile3, Val14, Trp20, Leu22, Phe26 and Leu27 form a hydrophobic core along the sym-
metry axis, and the β-propeller is stabilized by backbone hydrogen bonds between Tyr13 and
Arg15 of a neighbouring peptide chain14. Furthermore, the hydrocarbon sidechain of Arg15
is packed against the Trp20 sidechain of a neighbouring peptide. The loss of this interaction
upon mutation of Trp20 to a non-aromatic amino acid is believed to be responsible for the
formation of inclusion bodies upon expression of these mutants in E.coli14.

The high stability of foldon against thermal denaturation and high SDS-concentrations was
known before145. The free folding enthalpy of the foldon trimer is known from guanidinium
chloride and urea transitions95,150. The folding stability was found to be ∆G0(H2O) = (-89.2
± 0.6) kJ · mol−1, with an meq-value of meq(GdmCl) = (10.2 ± 0.2) kJ · mol−1 · M−1 95

in GdmCl. The same stability is found by the urea transition (∆G0(H2O) = (-89.2 ± 0.3)
kJ · mol−1), with an meq-value of meq(urea) = (5.4 ± 0.1) kJ · mol−1 · M−1 150. However,
this stability corresponds to a monomer concentration of 1 M, whereas the concentration in
the living cell is approximately 5 µM. The actual stability of foldon at this concentration is
∆G0(H2O)5µM = -29.7 kJ / mol95.

A major contribution to the stability of the native foldon structure arises from an intermolecu-
lar salt-bridge between the residues Glu5 and Arg15 of the neighboring foldon monomer; each
of the three salt-bridges contributes up to 16 kJ / mol to the folding stability149. This value was
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1.5. The fibritin foldon domain

BA

C D

Figure 1.1.: NMR structures of foldon wild-type. A) NMR structure of foldon wild-type in ribbon rep-
resentation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the
structure are colored in grey. The side chains of the two proline residues at position 4 and 7 and the
tryptophan at position 20 are shown in stick representation and the side-chains colored in red and
green, respectively. B) The ten most stable conformation of the acid-denatured A-state of foldon. The
β-strands are highlighted in blue, while the rest of the foldon molecule is colored in gray. C) The NMR
structure of the foldon E5R variant. The side-chains of the amino acids which form the hydrophobic
cluster, Pro4, Ala6, Pro7, Tyr13, Trp20 and Leu22, are shown in stick representation and are colored
in red. D) The van-der-Waals interactions of the hydrophobic cluster are shown in a sphere represen-
tation, with the side chains shown in stick representation, and the carbon atoms colored green, the
oxygen atoms in red, nitrogens in blue and hydrogen atoms in white. The other regions apart from the
hydrophobic cluster of the foldon molecule are colored as in A).
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1. Introduction

determined by NMR studies of the pKa of the glutamic acid side chain, which was found to be
1.7149. Disruption of this salt-bridge has major consequences on the stability of foldon, as was
shown by two different experiments: In buffer conditions with pH 2.0, the trimer dissociates
into monomers, which still have a near-native fold within the β-hairpin, but show a higher
flexibility in the N- and C-terminal regions. The ten lowest energy CNS conformers are deter-
mined and deposited in the RCSB Protein Data Bank (entry number 1U0P)149. But despite the
fact that the N-terminal segment is no longer packed against the β-hairpin, these segment still
shows a near-native backbone conformation. Only the β-hairpin twist is more relaxed than
in the native trimer149. Dissociation of the trimer by disruption of the salt-bridge can occur
in this case although the pH-value is higher than the pKa as all spontaneous dissociation will
results in a hydration of the glutamic acid side chain. This results in a shift of the equilibrium
towards the unfolded state.

An even more efficient way to disrupt the salt-bridge is by an amino-acid exchange of the glu-
tamate at position 5 to an arginine. The replacement of the negatively charged glutamic acid to
a positively charged arginine leads to electrostatic repulsion and thus hinders successful trimer
formation at low salt concentrations151. At high salt concentrations charges can be shielded by
solvent ions and dimerization/trimerization can occur in this mutant (A. Reiner, unpublished
results). The NMR-structure of this E5R variant was determined (Protein Data Bank acces-
sion number 2KBL)151. This structure closely resembles the structure of the monomers in the
native trimer. Additionally, the formation of a hydrophobic cluster is observable, consisting
of the residues Pro4, Ala6, Pro7, Tyr13, Trp20 and Leu22. The folding pathway of wild-
type foldon and the rates for each individual association and folding step were determined by
stopped-flow refolding experiments, in combination with an interrupted refolding experiment
and consequent numerical fitting to the used folding model (Figure 1.3)95. The fitted refolding
and interrupted refolding traces are given in Figure 1.2. The model with all determined rate
constants is given in Figure 1.3.

The formation of a burst-phase intermediate within the dead-time of the stopped-flow mea-
surements is observable. Only the following steps from the intermediate I over the dimer D to
trimer T and finally to the native trimer N can thus be resolved by stopped-flow experiments95.
A concentration-independent phase can be assigned to proline cis-trans isomerization by ini-
tiating the refolding reaction in the presence of the proline isomerase cyclophilin95. This
increases the rate of the slow reaction by one order of magnitude. It is not known if this effect
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Figure 1.2.: A) Refolding kinetic traces of foldon wild-type at foldon monomer concentrations varying
from 1 µM to 102 µM. The black lines represent the fitting curves from the global fit. B) Interrupted
refolding amplitudes of 10 µM foldon monomer concentration plotted against the time-span given for
refolding. The black line represents the fitting curve of the global fit. Figures taken and modified from95.
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Figure 1.3.: The foldon assembly pathway with all determined rate constants in GdmCl. Figure taken
from reference95.

arises from one or both proline residues present in the foldon sequence. All fitting was done
under the assumption that only foldon intermediates in the all-trans conformation of their pro-
line residues are able to form dimers which can act productively in the association reaction95.
The association steps are close to the fastest known protein association reactions26,118, yet the
association reaction of foldon is not diffusion-limited: Foldon variants containing the triplet-
excitable labels xantonic acid as donor and naphtyl-alanine as acceptor at position 20 were
used in triplet-triplet-energy-transfer (TTET) experiments to determine the bimolecular rate
constant with k = 5.3 · 109 M−1 · s−1. This value is about 200fold higher than the association
steps of foldon in GdmCl. Fluorescence spectra of foldon wild-type were determined in the
native and unfolded state. Furthermore, the burst-phase intermediate fluorescence spectrum
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1. Introduction

was determined by extrapolation of the refolding signal traces to time-point t = 0 s95. Compar-
ison of these three spectra shows that the burst-phase intermediate deviates significantly from
the unfolded state, while still less folded than the native state. An overlay of the foldon E5R
under native conditions and the burst-phase intermediate spectrum of foldon wild-type shows
an almost identical shape of the curves151.

 110 

folding intermediate (Figure 65B). In the global analysis the rate constant for 

unfolding of the dimeric intermediate was fixed to the value of 36 s-1, as determined 

in the interrupted refolding experiments shown in figure 65C. Additionally, unfolding 

of the native trimer was measured at various urea concentrations which yielded a rate 

constant ku = 2.0(±0.2)!10-5 s-1 at 1.0 M urea (Figure 67) which was also fixed in the 

global analysis. The fractions of native and unfolded molecules at 1.0 M urea 

calculated from the urea-induced equilibrium transition were used as additional 

constraint. 

 

 

 

Figure 67: Unfolding of the native foldon 

trimer in the presence of different urea 

concentrations. Measurements were carried 

out in 10 mM NaCac pH 7.0 at T = 20°C.  

 

The results from the global fit are shown in figures 64B, 65A and 65B and the rate 

constants for the different reactions are given in figure 68. Comparison of the 

assembly process at isostability conditions in the presence of 0.58 M GdmCl (Figure 

62) and of 1.0 M urea (Figure 68) shows that a change in ionic strength affects 

formation of the trimer (kt) more than formation of the dimer (kd). As a result, trimer 

formation is faster than dimer formation at high ionic strength and slower than dimer 

formation at low ionic strength. 

 

 
Figure 68: Folding/assembly process of the foldon domain in the presence of 1.0 M urea. Figure 1.4.: The foldon assembly pathway with all determined rate constants in urea. Figure taken
from reference150.

Refolding experiments in urea were performed to determine the effect of the ionic strength on
the association reaction. An increase of the association into the trimeric state was expected, as
the ions were believed to shield the contrary charged surfaces of the foldon monomers149,150.
Urea refolding experiments revealed a clear separation of the kinetic phases of dimer and
trimer formation, allowing the determination of the corresponding rate constants both from di-
rect and interrupted refolding experiments150. The overall reaction speed is reduced compared
to the refolding reaction in GdmCl, caused by the decreased association reactions, especially
of the trimer formation step. An increase of the ionic strength partially restores the rate con-
stants to the ones found in GdmCl150. The transient concentrations of the dimer D during the
refolding reaction are probed at stabilizing conditions for the dimer by interrupted refolding
experiments. The primary salt effect could be assigned to a single net charge, which is the
same as the overall charge of the foldon monomer150. This finding is in contrast to the as-
sumed role of the positively and negatively charged surfaces in the foldon monomer, which
were believed to allow for fast association and guide the monomers in the correct orienta-
tion with regard to each other151. Instead, an increased ionic strength shields the opposing net
charges, thus the repulsing ionic charges are overcome and foldon is able to associate faster150.

16



1.5. The fibritin foldon domain

As ionic interactions are not able to induce fast association of the foldon subunits, the question
remains which interactions govern the association of the T4 phage fibritin foldon domain. The
hydrophobic cluster determined in the foldon E5R NMR structure is a candidate for forming
the initial contacts among the subunits, as the fluorescence spectra of the foldon wild-type
burst-phase intermediate and the foldon E5R native state spectrum show a large similarity.
Is the hydrophobic cluster formation essential for native trimer formation, and which role
do the individual amino acids of the hydrophobic cluster play during this reaction? And if
the hydrophobic cluster is indeed essential for the association, are the effects exerted by the
different amino acids caused by a common mechanism? It is additionally of interest whether
only one or both of the proline residues are responsible for the cis-trans isomerization reaction
observed in refolding kinetics, and if folding can be enhanced if these prolines are removed
from the foldon domain. Any observed effects can be caused by structural, thermodynamic
or kinetic effects, or a combination of all of these. The aim of this thesis is to unravel these
effects.
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2. Aim of thesis

The foldon domain of T4 phage fibritin is a natural occurring trimerization domain. The iso-
lated foldon domain, consisting of 27 amino acids, is a well-studied model system for the
folding and association reaction of small multimeric proteins. However, the association mech-
anism is still poorly understood. The stability and folding kinetics of foldon were determined
in GdmCl and urea, as was the NMR structure of the native trimer. Additionally, the NMR
structure of the foldon mutant E5R was determined. This mutation renders foldon incapable
of trimerization at low salt concentrations in solution. The isolated monomer revealed the ex-
istence of a hydrophobic cluster consisting of 6 amino acids.

The aim of this study is to evaluate the effect of mutations at the different position in the hy-
drophobic cluster of foldon. As this hydrophobic cluster could be important for the association
reaction of the foldon monomers, the impact of each mutation on structure, stability and fold-
ing kinetics is measured. More than one amino acid was used to replace the wild-type amino
acid at several positions to evaluate from the folding mechanism and reaction order if the mu-
tations act in a comparable way on the association reaction or if one has to clearly distinguish
between the different inserted amino acids and their position. Mutations of the two prolines
located within the hydrophobic cluster allow the determination which proline is responsible
for the observed cis-trans isomerization reaction. The two proline residues are located in a
poly-proline type II structure in the N-terminal region of the foldon monomer. The function of
this structure at the N-terminal end of foldon is also of interest in this study. Kinetic measure-
ments and global fitting allow the determination of each individual rate constant, deciphering
the function of the hydrophobic cluster during the assembly process, especially the effect on
both dimerization and trimerization. Further we try to solve the native structure of the varying
foldon variants by X-ray crystallography and want to see if any effects on the stability caused
by the mutations are due to structural changes of the native state or changes of the equilibrium
between the unfolded and folded state.
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3. Material and methods

All chemicals used throughout this work were purchased either from Carl Roth (Karlsruhe,
Germany) or Sigma Aldrich (St. Louis, MO, USA), if not stated otherwise. Fmoc-protected
amino acids were purchased from either Novabiochem (Hohenbrunn, Germany) or Iris Biotech
(Marktredwitz, Germany). Restriction enzymes, Pfu polymerase and all buffer stock solutions
were purchased from Promega (Madison, WI, USA).

3.1. Peptide synthesis and purification

Peptide synthesis

All foldon peptides used in this study except GS-foldon A6S were synthesized using 9-fluor-
enylmethyloxycarbonyl solid-phase peptide synthesis152. Synthesis was run using a TentaGel
S PHB-Leu Fmoc resin from RAPP Polymere (Tübingen, Germany). Synthesis was carried
out on a 433A Peptide Synthesizer by Applied Biosystems (Wilmington, DE, USA) using a
batchwise approach at a 0.1 mmol binding capacity of the chosen resin. Fmoc removal is
done with 20 % piperidine in N-Methyl-2-pyrrolydone (NMP) and controlled via UV feed-
back monitoring at 301 nm for the Fmoc leaving group. Deprotection was repeated until
the absorbance value was less than 5 % of the initial absorbance value. Fmoc-protected
amino acids were activated by O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) or N-hydroxybenzotriazole (HOBt) / HBTU and then coupled to the un-
protected N-terminal end of the growing peptide chain. For coupling, amino acids were used
in a ten-fold excess above the resin capacity.

As aggregation of the peptides was observed for most synthesized foldon variants at position
19 (glutamate), a oxazolidine dipeptide (Fmoc-Leu-Ser(ΨMe,Mepro)-OH by Novabiochem
(Hohenbrunn, Germany)) was inserted at position 23/24 to prevent secondary structure for-
mation or formation of hydrophobic contacts and packing against other peptide chains or
the resin153 154. To prevent aspartimide formation which would lead to the formation of a
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3. Material and methods

β-aspartyl peptide by cleavage with piperidine or basic compounds155, the amino group of
the following glycine is protected by either a 2,4-dimethoxybenzyl (Dmb)- or a 2-hydroxy-
4-methoxybenzyl (Hmb)-group156 157. Incorporation of this back-bone protected residue was
achieved by manual coupling in N,N-dimethylformamide (DMF). The resin was washed 3
times with dichloromethane (DCM), followed by three washing steps in DMF to achieve
swelling of the resin in DMF. 0.3 mmol of the desired amino acid, either Fmoc-(Dmb)Gly-OH
or Fmoc-Asp(tBu)-(Hmb)Gly-OH, were incubated in 1.6 ml DMF with 0.3 mmol benzotriazol-
1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOB) for 5 min at room temper-
ature. Addition of 130 µl 44 % N-methylmorpholine (NMM) in DMF to this solution initiates
the coupling reaction. The resin was incubated for 45 min under shaking at room temperature
before washing with DMF and thoroughly washing and swelling in DCM before the synthesis
was continued on the peptide synthesizer. Solid-phase peptide synthesis allows the incorpora-
tion of non-physiological amino acids. In total, three non-physiological amino acids have been
incorporated into four different foldon variants throughout this study: 2-(L)-aminobutyric acid
(Abu), (L)-norvaline (Nva), and 1-(L)-naphthylalanine (Nal). The chemical structure of these
three amino acids is given in Figure 3.1.
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Figure 3.1.: Chemical structure of the non-physiological amino acids used in this study, A) 2-(L)-
aminobutyric acid (Abu), B) (L)-norvaline (Nva), C) 1-(L)-naphthyl-alanine (Nal).
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3.2. Expression and purification from E.coli

Peptide purification

All peptides synthesized as described in 3.1 were purified by preparative reverse-phase high
pressure liquid chromatography (HPLC). For this, the peptides were cleaved off the resin by
incubation in 92.5 % trifluoroacetic acid (TFA) with 2.5 % water and 5 % triisopropylsilane
(TIPS) for 3 h at room temperature under an argon atmosphere. Addition of phenol to the
cleavage solution was found to give no enhancing effect to the cleavage. The resin was fil-
tered off and the peptide precipitated in approximately 40 ml ice-cold tert.-butyl-ethyl-ether,
followed by centrifugation for at least 60 min with 4,500 rpm at 4 ◦C. The precipitated raw
product was frozen in liquid nitrogen and dried under vacuum. As several protecting groups
tend to stay bound to the peptide in high TFA concentrations, but are rapidly cleaved off at
lower TFA concentrations, the raw producte was resolubilized in approximately 10 ml 60 %
TFA with water and incubated under shaking for 3 h at room temperature. 5 ml of this solution
were then applied to a preparative reverse-phase HPLC column (Merck Hibar Lichrospher
100 RP-8 (5 µM)) using a 10 ml loop. The run was carried out with a gradient from 30 to
50 % acetonitrile with 0.1 % TFA. The foldon peptides were eluted at acetonitrile concentra-
tions of about 42 % to 44 %. Purity of all collected fractions was analyzed by an analytical
reverse-phase HPLC (Phenomenex Jupiter 4u Proteo 90A 150 x 4.60 mm or Merck Lichrosorb
RP-8 (5 µM)) using similar run conditions as for the preparative run. The fractions with the
desired product were identified by either matrix-assisted laser desorption/ionization-time of
flight mass spectrometry (MALDI-TOF) on a ultraflex MALDI TOF/TOF Mass Spectrom-
eter by Bruker Daltonik (Bremen, Germany) or electronspray ionization mass spectrometry
(ESI-MS) on a micrOTOF II by Bruker Daltonik (Bremen, Germany). All fractions with a
foldon content larger than 90 % were shock-frozen in liquid nitrogen and lyophilized. The
dried protein was stored at -20 ◦C until further usage. Fractions with a purity higher than
99 % were directly used for experiments while all other fractions were subject to an additional
purification step using a semi-preparative reverse-phase HPLC column (Phenomenex Jupiter
4u Proteo 90A 250 x 10.00 mm).

3.2. Expression and purification from E.coli

The foldon A6S variant was in part obtained by expression in E.coli as described before143.
Foldon wild-type was expressed and purified from E.coli using a pET-32a-c(+)-plasmide. The
plasmid encodes a fusion protein of the foldon domain with thioredoxin and a His-Tag at
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the N-terminal end95. This construct had been inserted into a BamHI / EcoRI cleavage site.
Foldon expressed in E.coli and cleaved by thrombin has two additional amino acids at the
N-terminus, glycine and serine, which do not effect stability or folding158. DNA primers were
designed for quick-change mutagenesis polymerase chain reaction (PCR) using the programs
Restriction Map and Primer X, both available on the Bioinformatics Organization homepage
(www.bioinformatics.org). The primer sequences are given in Table 3.1, together with the
original sequence on the plasmid.

Foldon variant Primer sequence
GS-Foldon wt 5‘-GATCC GGT TAC ATC CCG GAA GCT CCG CGT G-3‘
GS-Foldon P4T (long) 5‘-GATCG GGT TAC ATC ACG GAA GCT CCG CGT G-3‘
GS-Foldon P4T (short) 5‘-GATCG GGT TAC ATC ACG GAA GC-3‘
GS-Foldon A6S 5‘-GATCG GGT TAC ATC CCG GAA TCT CCG CG-3‘

Table 3.1.: Sequences of the PCR primers for quick-change mutagenesis. Bold letters mark the loca-
tions of point mutations introduced into the primer.

The first mutation, C to G, is a silent mutation in the linker region between foldon and thiore-
doxin which removes a BamHI cleavage site within the first Gly-codon of GS-foldon. Upon
successful quick-change mutagenesis, only one of the two original BamHI cleavage sites still
exists, thus providing a possibility to test successful completion of the quick-change PCR by
performing a BamHI cleavage. The second mutation, C to A or G to T, lead to the desired mu-
tations. The primer pair for GS-foldon A6S was ordered from BioSpring (Frankfurt am Main,
Germany). The primers were solubilized in MilliQ H2O to yield a 200 µM stock solution,
which was then diluted to a 4 µM solution for further usage. The mixture for the quick-change
PCR is given in Table 3.2.

5 µl of the mixture were taken prior to the PCR as a sample for later analysis. The PCR was
performed on a PEQLAB Biotechnologie (Erlangen, Germany) Advanced Primus 25 PCR
machine with the temperature program given in Table 3.3.

After completion of the PCR, a DpnI cleavage was carried out to digest all template DNA
and thus prevent transformations of the foldon wild-type plasmid during heat-shock. For the
DpnI cleavage, 2.5 µl of a 10x restriction enzyme buffer (Promega Buffer B, 60 mM Tris-HCl
(pH 7.5), 500 mM NaCl, 60 mM MgCl2 and 10 mM DTT) and 1 µl of a 10 U/µl DpnI solution
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Volumes Compound
14.5 µl MilliQ H2O
2.5 µl 10x Rpx-buffer
1.0 µl template (unknown concentration)
2.5 µl forward primer GS-foldon A6S (4 µM)
2.5 µl reverse primer GS-foldon A6S (4 µM)
1.0 µl dNTP mix (10 mM for each nucleotide)
1.0 µl Pfu polymerase (2.5 U/µl)
25.0 µl total volume

Table 3.2.: Mixture for the quick-change mutagenesis PCR.

Temperature Time Cycles
95 ◦C 5 min 1x
50 ◦C 1 min

16x68 ◦C 16 min
95 ◦C 1 min
50 ◦C 1 min

1x68 ◦C 20 min
8 ◦C ∞

Table 3.3.: Temperature program using a PEQLAB Advanced Primus 25 for the quick-change mutage-
nesis PCR.

were added to the PCR solution and incubated for 2 h at 37 ◦C. 5 µl of the solution were
taken as a sample for further analysis after the digestion. The PCR and subsequent restriction
enzyme cleavages were analyzed on a 1.0 % agarose gel. A heat-shock transformation was
carried out with the PCR product into E.coli cells of the XL1 strain. 250 µl cell solution were
thawed on ice and incubated on ice for 30 min with 3 µl plasmid solution. The heat-shock was
performed for 90 s at 42 ◦C, followed by 2 min on ice. 200 µl LB-medium were added and the
cell solution incubated for 30 min at 37 ◦C in a water-bath. Cells were plated on a LB plate
with 0.1 mg/ml ampicillin and incubated overnight at 37 ◦C. 4 colonies were picked off the
Amp-plate, each was inoculated in 2.5 ml LB-medium containing 0.1 mg/ml ampicillin and
incubated overnight at 37 ◦C under shaking. Plasmid purification of these overnight cultures
was carried out using a QIAprep Miniprep Unit (250) by QIAGEN (Hilden, Germany) for
plasmid purification. The success of the PCR was analyzed by a BamHI restriction assay, the
pipetting scheme is given in Table 3.4.
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3. Material and methods

Volumes Compound
16.3 µl MilliQ H2O
2.0 µl 10x restriction enzyme buffer
0.2 µl acetylated BSA (10 mg/ml)
1.0 µl PCR product solution
0.5 µl BamHI, 10 U per µl
20.0 µl total volume

Table 3.4.: Pipetting scheme for the restriction enzyme test of the PCR product.

The BamHI-cleavage was analyzed by an 1.0 % agarose gel, and samples that did not show
a decreased size were used for a heat-shock transformation into E.coli BL21 DE3, followed
by a plasmid purification as described before. These purifications were again analyzed on a
1.0 % agarose gel and then four samples were chosen for sequencing. Sequencing was carried
out by GATC Biotech (Konstanz, Germany) using primers for the T7 promotor. Using one
of the successfully mutated vectors, a heat-shock transformation of chemocompetent E.coli

BL21 DE3 cells was carried out, followed by incubation overnight in four 15 ml falcon tubes.
These were used to perform a purification of the verified plasmid. A 50 ml overnight culture
was inoculated with one colony from the same agarose plate. This solution was used to inocu-
late four two liter flasks each containing 500 ml LB-medium 0.1 mg/ml ampicillin. An optical
density at 600 nm of OD600 = 0.1 was set as starting value. Incubation was done at 37 ◦C under
shaking until an OD600 of 0.5 was reached, then expression was induced by the addition of 500
µl 1 M isopropyl β-D-1-thiogalactopyranoside (IPTG), followed by incubation for at least 2
more hours. The cells were harvested by centrifugation at 3,000 rpm, 4 ◦C using a Sorvall RC6
Plus centrifuge with a Sorvall SLA-3000 rotor. The cell pellets were frozen in liquid nitrogen
and stored at -80 ◦C. For cell opening, the cells were thawed on ice and resuspended in 5 mM
imidazole 0.2 M NaCl 20 mM Tris-HCl pH 7.9 buffer (binding buffer). Cell opening was per-
formed using a Basic Model Z microfluidizer from Constant Systems (Kennesaw, GA, USA)
and subsequent sonication using a SONOPLUS by Bandelin (Berlin, Germany) to disrupt all
DNA strands. The solution was applied to a Ni2+ sepharose column with 5 ml column volume,
using a Pump P-1 peristaltic pump by GE Healthcare (Chalfont St Giles, UK) with a flow rate
of approximately 1 ml/min. The affinity chromatography was run on an ÄKTApurifier by GE
Healthcare (Chalfont St Giles, UK) with a flow rate of 1 ml/min. The column was first washed
with approximately two column volumes of binding buffer, followed by a wash with 3 % 1 M
imidazole 0.2 M NaCl 20 mM Tris-HCl pH 7.9 buffer (elution buffer) for one column volume.
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3.2. Expression and purification from E.coli

A gradient from 3 to 5 % elution buffer over 4 min was run, followed by washing with 5 %
elution buffer for one column volume. Finally, a gradient from 5 % to 35 % elution buffer was
performed over 1 h, followed by a column wash with 100 % elution buffer and regeneration
in binding buffer. All peaks were analyzed by 16 % SDS-PAGE, and all fractions contain-
ing the fusion protein were pooled and dialyzed three times consecutively for a minimum of
eight hours per dialysis in a Spectra/Por Dialysis Membrane from Spectrum Laboratories Inc.
(Rancho Dominguez, CA, USA) with a 6-8,000 molecular weight cut-off against a 100-fold
volume excess of 200 mM Tris-HCl pH 8.4, 150 mM NaCl buffer. After dialysis, the con-
centration of the fusion protein in solution was determined by molar extinction at 280 nm,
using an extinction coefficient of ε = 22,500 l ·mol−1 · cm−1, which was determined using the
ProtParam software on the ExPASy Proteomics Server159. With a known molecular mass of
17,053.4 Da for the GS-foldon fusion protein, the total amount of protein could be calculated.
For the thrombin cleavage, a CaCl2 stock solution is added to the protein solution to yield a
final CaCl2 concentration of 2.5 mM. A 0.2 U/ml thrombin solution was added to the protein
solution to yield a final activity of 0.5 U/mg of protein. The solution was incubated at room
temperature under shaking and samples were taken at regular intervals for an analysis by 16 %
SDS-PAGE to monitor the cleavage. The cleaved protein solution was again applied to a Ni2+

sepharose column with a flow rate of 1 ml/min. As the His-tag is connected to the thioredoxin
domain of the fusion protein, the thioredoxin was bound to the Ni2+ sepharose column while
the GS-foldon A6S was directly eluted while applying the protein solution and during the con-
secutive washing step with binding buffer. The column was then washed with 100 % elution
buffer to elute the bound thioredoxin, followed by regeneration with binding buffer. All peaks
were collected and analyzed by 16 % SDS-PAGE and MALDI-TOF. All fractions containing
the desired GS-foldon A6S were finally pooled and dialyzed three times against a 100-fold
excess of NH4HCO3 buffer at decreasing concentrations each time in 3,500 molecular weight
cut-off Spectra/Por Dialysis Membrane dialysis bags from Spectrum Laboratories Inc. (Ran-
cho Dominguez, CA, USA). Dialysis was followed by shock-freezing in liquid nitrogen and
subsequent lyophilizing. The purified samples were stored at -20 ◦C. Samples that still con-
tained impurities were purified by a preparative HPLC run as described before in chapter 3.1.
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3. Material and methods

3.3. Crystallization of foldon variants and X-ray

structure determination

For the crystallization of the foldon variants, stock solutions of each variant with a concentra-
tion of 8 to 12 mg/ml in water were prepared. The foldon monomer concentration was thus
set to 3 mM, given a mass of approximately 3,100 Da for the 12 used foldon variants. The
concentration was determined by absorption at 280 nm of 100-fold diluted peptide solutions
using the absorption coefficient ε280 = 8,250 l · mol−1 · cm−1 (ε280 = 8,480 l · mol−1 · cm−1

for the foldon W20Nal variant and ε280 = 2,980 l ·mol−1 · cm−1 for the foldon W20H variant).
All extinction coefficients were determined using ProtParam159. The pH-value of the peptide
solutions was adjusted to pH 7.0, if possible, as several foldon variants tended to aggregate
when exposed to neutral pH values and were only soluble at pH 2.0 or 10.0 at high peptide
concentrations. See Table 3.5 for details.

pH 2.0 pH 7.0 pH 10.0

Pro7Nva Pro4Thr Pro7Phe
Pro4Thr Pro7Nva Ala6Val Pro7Val

Trp20Nal Ala6Ser Tyr13Phe
Leu22Phe Ala6Abu

Trp20His

Table 3.5.: pH values of the different stock solutions of the foldon variants when given to crystallization
at a concentration of approximate 8 to 12 mg/ml.

Suitable crystallization conditions for the different foldon conditions were determined using
commercially available kits from QIAGEN (Hilden, Germany) to screen for different crystal
growth conditions. The kits used were Classics, Classics II, Magic I and Magic II for foldon
P4T, pHClear Suite, pHClear Suite II and JCSG+ Suite for foldon L22F and foldon A6Abu,
and pHClear Suite, pHClear Suite II, Classics, Classics II and JCSG+ Suite for all other foldon
variants. Pipetting was performed by a Phoenix pipetting robot by Art Robbins Instruments
(Sunnyvale, CA, USA) to 96-well-plates. Incubation was done at 20.0 ◦C for at least 24 h,
or up to 4 weeks using the sitting-drop method. After this time, for all variants except foldon
A6V and foldon P7V, crystals suitable for X-ray diffraction measurements were available. The
crystallization conditions of the crystal chosen for X-tray diffraction measurement are given
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3.3. Crystallization of foldon variants and X-ray structure determination

in Table 3.6.

foldon variant crystallization conditions

Pro4Thr 0.1 M HEPES sodium salt
0.8 M Sodium phosphate

pH 7.5
0.8 M Potassium phosphate

Ala6Abu 2.9 M sodium malonate pH 5.0
Ala6Ser 0.1 M citric acid 1.0 M sodium chloride pH 4.0
Pro7Phe 0.1 M Tris-HCl 2.0 M ammonium sulfate pH 8.5
Pro7Nva 2 M ammonium sulfate 0.1 M sodium acetate pH 4.6

Pro4Thr Pro7Nva 0.1 M HEPES
10 % (w/v) PEG 6000

pH 7.5
5 % (v/v) MPD

Tyr13Phe 0.1 M sodium acetate 2.0 M ammonium sulfate pH 4.6

Trp20His
0.2 M Ammonium sulfate

22 % (w/v) PEG 4000
0.1 M Sodium acetate

Trp20Nal 1.4 m Na/K phosphate pH 5.0
3 M sodium chloride 0.1 M Bis-Tris pH 5.5
0.1 M Bicine 2.4 M ammonium sulfate pH 8.0

Leu22Phe 0.1 Tris 20 % (w/v) PEG 6000 pH 8.0
2.4 M sodium malonate pH 7.0
0.1 M citric acid 2.0 M sodium chloride pH 4.0

Table 3.6.: Crystallization conditions of the crystals chosen for X-ray diffraction measurements of all
foldon variants.

X-ray diffraction measurements were carried out in a stream of cold nitrogen to prevent thaw-
ing of the crystal, with either 1 M Li2SO4 buffer in water or a 20 % v/v glycerol mixture
with the crystallization buffer used as a cryo-protectant. Measurements were carried out on a
Bruker X-ray diffractometer X8 using a CuKα rotating anode with a Platinum135 detector. The
unit cell was determined for each crystal before start of the actual measurement, and the angles
and length of radiation for a complete data set were calculated depending on the quality and
number of reflexes. As both a NMR- and a X-ray structure of foldon wild-type are known, the
molecular replacement method can be applied to solve the phase problem. All data evaluation
steps were performed using the CCP4 software compilation160,161. The R-factors are deter-
mined using Refmac5, and molrep was used to fit the electron density with an already existing
foldon wild-type structure. Any faults and missing or truncated amino acids were fixed man-
ually using the Coot program of CCP4, yielding the final pdb-file. Further evaluation of the
resulting crystal structure was done using the SWISS Pdb-Viewer162, while image generation
was done using MacPyMOL163.
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3. Material and methods

3.4. Fluorescence spectra determination

The fluorescence spectra of the native and the unfolded state at 5 µM monomer concentra-
tion of the respective foldon variants were determined in 0.58 M guanidinium hydrochloride
(GdmCl) 20 mM sodium cacodylic acid pH 7.0 and 6.4 M GdmCl 20 mM sodium cacodylic
acid pH 2.08, respectively. The spectra were determined using a Aminco Bowman Series 2
Luminescence Spectrometer by American Instrument Company (Silver Spring, MD, USA) at
20.0 ◦C. The excitation wavelength was set to 280 nm with a band-pass width of 1 nm. The
emission spectrum was measured from 280 to 430 nm in 1 nm steps with 1 s per step using
a 16 nm band-pass width. The fluorescence spectra of the different buffers were determined
in the same way and these spectra subtracted from the peptide traces. The obtained traces are
then normalized to the trace of foldon wild-type U-state.

During refolding of foldon wild-type, a burst-phase intermediate had been observed95. Due
to its transient nature, the spectrum of this intermediate was determined from stopped-flow
refolding kinetic experiments using a SX20 Stopped-Flow Spectrometer by Applied Photo-
physics (Surrey, UK). The stopped-flow device was set up to enable a 10:1 dilution of the
foldon stock solutions upon mixing with 20 mM sodium cacodylic acid pH 11.4 buffer. The
refolding reaction was initiated by dilution to refolding conditions with 0.58 M GdmCl pH 7.0.
Syringes used were 2.5 ml and 250 µl with the 250 µl syringe connected to the lower inlet of
the mixing chamber to avoid mixing artifacts. This can occur if the solution with the higher
density is inserted from the upper inlet of the mixing chamber. A 2.5 ml stop syringe was
used and the volume set to approximately 110 µl. A 55 µM foldon stock solution in 6.4 M
GdmCl 20 mM sodium cacodylic acid pH 2.08 was prepared as described before and diluted
against 20 mM cacodylate pH 11.6. The photo-multiplier voltage was set automatically and
then lowered by hand to the nearest decade. Traces were recorded in a logarithmic setting for
10 s with 1,000 data points. An excitation wavelength of 280 nm with a band-pass width of
4 nm was used, while the emission wavelength was varied between 280 and 430 nm with the
band-pass width set to 12 nm, as can be seen in Table 3.7. At least 5 traces were measured for
each emission wavelength to gain a better signal-to-noise ratio. Additionally, the spectrum of
the buffer was measured in a continuous scan from 280 to 430 nm in 1 nm steps, measuring
for 5 s at each emission wavelength.
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3.5. Denaturant transitions

emission wavelengths, nm
280 285 290 295 300 303 306 309 312 315
318 320 322 324 326 328 330 332 334 336
338 340 342 344 346 348 350 352 354 356
358 360 362 365 368 371 374 377 380 385
390 395 400 410 420 430

Table 3.7.: Emission wavelengths used to determine the fluorescence spectrum of the foldon burst-
phase intermediate

The stopped-flow device does not posses a instrumental correction file. In order to correct and
normalize the burst-phase intermediate spectrum obtained in the stopped-flow to the spectra
obtained in the fluorimeter, the emission spectra of a 10 µM N-acetyl-(L)-tryptophanamide
(NATA) solution was determined both in the stopped-flow and the fluorimeter. The concen-
tration of NATA was determined by absorption at 280 nm using an extinction coefficient of
5,960 l · mol−1 · cm−1 164. The stopped-flow spectrum of NATA could be used to calculate a
correction file for the stopped-flow, which allows the correction of the burst-phase intermedi-
ate.

3.5. Denaturant transitions

Guanidinium chloride transitions

A stock solution of the chosen foldon variant in 20 mM sodium cacodylic acid, pH 7.0 was pre-
pared and its concentration determined by absorption using the same absorption coefficients
as in 3.3. Solutions with the same peptide concentration in varying GdmCl concentrations in
0.2 M steps were prepared by mixing of a 8 M and a 0 M GdmCl solution in 20 mM sodium
cacodylic acid pH 7.0.

For each sample, the fluorescence emission at 320 nm upon excitation at 280 or 295 nm,
depending on the monomer concentration, was measured and averaged over 60 s, using an
Aminco Bowman Series 2 Luminescence Spectrometer by American Instrument Company
(Silver Spring, MD, USA). An excitation wavelength of 273 nm and an emission wavelength
of 303 nm were used for the foldon variants W20Nal and W20H. The measurements were
carried out at 20.0 ◦C under stirring in a quartz crystal cuvette with a 10 mm path length at
a right angle to the excitation beam. The bandpass for excitation and emission were 4 nm
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3. Material and methods

and 8 nm, respectively. The voltage of the photo-multiplier was set by auto-detection at 60 %
of the maximum value of the first sample with 0 M denaturant concentration. Along with
fluorescence, the CD absorption for each sample was detected at 228 nm over 60 s, using a
Circular Dichroism Spectrometer Model 410 by Aviv Biomedical Inc. (Lakewood, NJ, USA)
at 20.0 ◦C. These measurements were carried out in a 2 mm or 5 mm quartz crystal cuvette,
depending on the concentration, and all data points averaged.

The exact GdmCl concentration of each solution was determined by measuring the refractive
indexes using a Reichert Inc. (Depew, NY, USA) AR7 Series Automatic Refractometer. With
equation 3.1, the final GdmCl concentration of each sample was calculated:

y = (x− a) · 57.15 + (x− a)2 · 38.68− (x− a)3 · 91.60 (3.1)

where x is the measured refractive index for a given probe, y is the corrected GdmCl concen-
tration and a is the refractive index of the solution without denaturant36.

The averaged data points of both the fluorescence and CD measurements are plotted against the
final GdmCl concentrations and the resulting curves analyzed assuming a two-state transition
between the unfolded monomers U and the native trimeric state N. The following derivation
is taken from95:

N 
 3U (3.2)

According to the law of mass action, this gives:

Keq =
[U ]3eq
[N ]eq

(3.3)

The total monomer concentration [M ]0 is at each time-point the sum of the unfolded monomer
U and three times the native trimer N concentration.

[M ]0 = [U ] + 3[N ] (3.4)

The fractions of foldon monomers in both the native and the unfolded state, fN and fU , are
given by the equations:
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3.5. Denaturant transitions

fU =
[U ]

[U ] + 3[N ]
=

[U ]

[M ]0
(3.5)

fU =
3[N ]

[U ] + 3[N ]
=

3[N ]

[M ]0
= 1− fU (3.6)

By rearranging and inserting these equations into equation 3.3 one obtains:

Keq =
U3

N
=

3f 3
U [M ]20

1− fU
(3.7)

This accumulates in an equation for the monomer-trimer transition similar to the two-state
transition fit for monomeric proteins proposed by Santoro and Bolen40:

S(x) = SN(x)− SN(x)− SU(x)

3[M ]0
·

(
3

√
exp
−∆G0(H2O) +meqx

RT

(
9

2
[M ]0 +

√
D

)

+ 3

√
exp
−∆G0(H2O) +meqx

RT

(
9

2
[M ]0 −

√
D

)) (3.8)

with

D =

(
9

2

)2

[M ]20 + exp
−∆G0(H2O) +meqx

RT
(3.9)

All spectroscopic data obtained either by circular dichroism absorption or fluorescence for
one foldon variant were globally fitted to equation 3.8. The native and unfolded baselines
are fitted to each trace individually, but ∆G0(H2O) and meq were fitted globally. For each
foldon variant the GdmCl transition was measured at at least two different foldon monomer
concentrations to achieve a higher fidelity of the fit. Additionally, this allows a fit even if
one baseline is only weakly defined. All fitting was performed using the pro Fit program by
Quantum Soft (Uetikon am See, Switzerland). All traces were normalized to the fraction of
native foldon fN .

Urea transitions

For urea transitions, a similar procedure as described for the GdmCl transitions was carried
out. The chosen foldon variants were resolubilized in a 10 mM sodium cacodylic acid buffer
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pH 7.0, with the foldon concentration determined by absorption with absorption coefficients
given in 3.3. The stock solution was mixed in an appropriate ratio with a 10 M urea 10 mM
sodium cacodylic acid pH 7.0 buffer to yield urea concentrations from 0 M to 9.25 M in
0.25 M steps. The exact urea concentration y was determined by measuring the refractive
indexes, using the equation:

y = (x− a) · 117.66 + (x− a)2 · 29.75− (x− a)3 · 185.56 (3.10)

where x represents the measured refractive index for a given probe, y the corrected urea con-
centration, and a the refractive index of the solution without denaturant36. The data obtained
from the measurements of both the changes in tryptophan fluorescence or CD absorption were
treated as described before for GdmCl. Ideally, the values for ∆G0(H2O) for both the GdmCl
and urea transition should be identical while the meq-value for the GdmCl transition should be
larger than that of the urea transition due to the stronger denaturing effect of GdmCl.

Global denaturant transitions

Due to the low stability of the majority of foldon variants, the native baselines of both the
GdmCl and urea denaturant transitions were not well-defined. Thus a global fit of both de-
naturant transitions was performed, resulting in a global folding stability ∆G0(H2O) for the
respective foldon variant and meq-values for GdmCl and urea (meq(urea) and meq(GdmCl)).
The fitting procedure is carried out as described before, and the traces were normalized with
the newly obtained fitting coefficients.

Denaturant transitions in the presence of sulfate anions

The foldon variants W20Nal and W20H are too unstable under the conditions used before for
GdmCl and urea denaturant transitions, thus transitions of both variants were not possible un-
der the previously described buffer conditions. Sulfate is known to have a stabilizing effect on
the ∆G0(H2O) of proteins, therefore the transitions were carried out in the presence of 0.5 M
sodium sulfate. To be able to compare these data from the variants with foldon wild-type, a
GdmCl transition of foldon wild-type in the presence of 0.5 M sodium sulfate was performed
as well. A foldon wild-type transition using urea was not possible under the stabilizing condi-
tions as urea is not strong enough as denaturing agent.
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Sodium sulfate lowers the solubility of both GdmCl and urea, thus the transitions could only
be performed at final GdmCl concentrations lower than 6 M and urea concentrations lower
than 8 M. As foldon wild-type is very stable under the previously described buffer conditions
and its stability is even further increased by the addition of sodium sulfate, GdmCl transitions
of foldon wild-type could only be carried out at 2 and 4 µM foldon monomer concentration
to ensure that a U-state baseline could still be detected. Measurements and evaluations of the
transitions were carried out as described before. Additionally, global fits of both the GdmCl
and urea data were carried out as well, as described previously.

3.6. Equilibrium N-test of foldon in guanidinium

chloride

Denaturant transitions of all destabilized foldon variants in GdmCl and urea yielded differing
free folding enthalpies ∆G0(H2O). To check whether this finding is an artifact due to ill-
defined native baselines in the GdmCl transitions or a real result, an equilibrium N-test was
carried out. As the destabilized foldon variants do not reach 100 % N at foldon monomer con-
centrations below 200 to 500 µM, the studied foldon variants were first solubilized in 500 mM
sodium sulfate 20 mM sodium cacodylic acid pH 7.0 to ensure that all foldon monomers are
present in the native state. The foldon monomer concentration was determined by absorption
at 280 nm using the respective extinction coefficient of the foldon variants given in 3.3. The
foldon solution in sodium sulfate was unfolded by 6fold dilution with 7 M GdmCl 20 mM
sodium cacodylic acid pH 7.0 using a stopped-flow device. Unfolding was carried out at
20.0 ◦C. Intrinsic tryptophan fluorescence of the foldon variants, which was used to monitor
the unfolding reaction, was excited at 280 nm with a band-pass width of 4 nm. Fluorescence
emission was detected at 320 nm with a band-pass width of 12 nm. After the amplitude
of 100 % native foldon unfolding was determined, the same was done for the same foldon
monomer concentration in 20 mM sodium cacodylic acid, pH 7.0, with GdmCl concentra-
tions reaching from 0.0 to 2.0 M GdmCl in 0.2 M steps, and additionally at 2.4, 2.8, and
4.0 M GdmCl. Unfolding of the native foldon was initiated by 6fold dilution with 7 M GdmCl
100 mM sodium sulfate 20 mM sodium cacodylic acid pH 7.0. The sodium sulfate in the un-
folding buffer ensured identical unfolding conditions for both foldon solution with and without
sodium sulfate. Variation of the final GdmCl concentrations due to the varying starting con-
ditions did not have an impact on the unfolding reaction. The unfolding traces were fitted in
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pro Fit using a single-exponential equation, and the determined amplitudes normalized with
the amplitude of the foldon unfolding experiment with 500 mM sodium sulfate. The normal-
ized fractions of natively folded foldon were finally plotted against the GdmCl concentration
and allowed direct comparison with the GdmCl transition determined by intrinsic tryptophan
fluorescence or circular dichroism absorption under equilibrium conditions. The exact GdmCl
concentration was determined by measuring the refractive indexes of all solutions, followed
by calculation of the exact GdmCl concentration using equation 3.1, as described in detail in
Chapter 3.5.

3.7. Refolding kinetics

Guanidinium chloride refolding kinetics

For guanidinium chloride refolding experiments of the various foldon variants, stock solutions
in 6.4 M GdmCl 20 mM cacodylic acid pH 2.08 were prepared with concentrations varying
from 1.1 mM to 11 µM. The concentrations of the solutions were determined by absorption
at 280 nm, using an extinction coefficient of ε = 8,250 l · mol−1 · cm−1. The solutions were
incubated overnight at room temperature to ensure complete unfolding of the samples. Refold-
ing kinetics were determined either by stopped-flow measurements on a SX20 Stopped-Flow
Spectrometer by Applied Photophysics (Surrey, UK) or by hand-mixing and subsequent fluo-
rescence change measurement using an Aminco Bowman Series 2 Luminescence Spectrome-
ter by American Instrument Company (Silver Spring, MD, USA). Time traces were obtained
by detecting the change in intrinsic tryptophan fluorescence at 320 nm after excitation of the
sample at 280 nm, or 295 nm if the foldon monomer concentration exceeds 10 µM to avoid
inner filter effects. The stopped-flow device was set up to enable a 10:1 dilution of the foldon
stock solutions upon mixing with 20 mM sodium cacodylic acid pH 11.4 buffer. The refolding
reaction was initiated by dilution to refolding conditions with 0.58 M GdmCl pH 7.0. Sy-
ringes used were 2.5 ml and 250 µl with the 250 µl syringe connected to the lower inlet of
the mixing chamber to avoid mixing artifacts. This can occur if the solution with the higher
density is inserted from the upper inlet of the mixing chamber. A 2.5 ml stop syringe was used
and the volume set to approximately 110 µl. The mixed solution was excited at 280 nm or
295 nm, as stated above. The band-pass of the monochromatic excitation light was set to 4 nm.
Single-wavelength detection of the tryptophan fluorescence was carried out at 320 nm with the
band-pass set to 12 nm. Measurements were carried out in logarithmic detection mode, the
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3.7. Refolding kinetics

photo-multiplier voltage set automatically and then lowered by hand to the nearest decade.
Six or more traces were averaged for each concentration to gain a better signal-to-noise ratio.
Detection times were set to 5 times the half-life of the reaction which was detected from the
first trace. It ranged from 200 to 1,000 s in the stopped-flow, with 200 s being the lower limit
due to the proline cis-trans isomerization reaction, while 1,000 s is the longest time suitable
for the stopped-flow. Otherwise diffusion effects and photo-bleaching can produce artifacts.
For reaction times longer than 1000 s, measurements were carried out by hand-mixing and
subsequent fluorescence measurement in a fluorimeter. Excitation and emission wavelengths
were set up as for the stopped-flow fluorescence measurements. Band-pass width were set to
1 nm for excitation and 8 nm for emission. The photomultiplier voltage was set to 60 % of
the maximum signal by using a previously mixed sample for auto-detecting. A 10 mm quartz-
crystal cuvette was used for measurement. 100 µl of foldon stock solution in 6.4 M GdmCl
20 mM sodium cacodylic acid pH 2.08 are mixed in the cuvette with 1,000 µl of refolding
buffer (20 mM sodium cacodylic acid pH 11.4) to yield the same refolding conditions as in
the stopped-flow device. Refolding was measured under constant stirring. While the fluores-
cence change was measured constantly for the first 600 s, the fluorescence intensity was only
measured for 10 s at different time points during refolding. The different intervals chosen are
given in Table 3.8. Measurements were carried out until equilibrium was reached, which was
indicated by a constant fluorescence signal.

Intervals First and last data point
Constant 0 to 10 min
2 min 10 min to 22 min
3 min 22 min to 25 min
5 min 25 min to 40 min
10 min 40 min to 100 min
20 min 100 min to 180 min
30 min 180 min to∞ min

Table 3.8.: Time intervals chosen for the measurement of the fluorescence intensity for 10 s of the
foldon refolding kinetics.

As the signal-to-noise ratio in the fluorimeter is far better than in the stopped-flow device, only
one or two measurements were required to get signal-to-noise ratios good enough for further
analysis. The curves of both the stopped-flow and the hand-mixing refolding kinetics mea-
surement were averaged and normalized by fitting the curves to a three- or four-exponential
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equation. The obtained amplitudes were used to normalize the starting fluorescence to 0 and
the end-value to 1.

Urea refolding kinetics

Refolding kinetics in urea were initiated by a 6-fold dilution of a foldon stock solution in
6 M urea, 10 mM glycine, pH 2.08 against a 5-fold excess of 10 mM sodium cacodylic acid,
pH 11.6. Glycine was chosen as buffer substance due to its lower pKa-value of 2.34 of its
carboxyl group. Thus a lower amount of acid was needed to adjust the pH-value of the so-
lution, resulting in a lower ionic strength of the solution. Mixing and measurements were
carried out as described before for GdmCl. A 7 M urea solution was prepared and its final
urea concentration determined by measuring the refractive index as described in chapter 3.5.
The solution was then adjusted to 6 M urea by dilution with 10 mM glycine, pH 2.08 buffer.
The stopped-flow setup was similar to that described GdmCl refolding experiments, but using
a 500 µl syringe for the foldon stock solution, which was again connected to the lower inlet of
the mixing chamber to avoid mixing artifacts.

3.8. Reaction order determination

Reaction order determination by measuring the half-life times

The reaction order of the association reaction was determined from half-life times of the re-
folding traces. This method allows the determination of reaction orders of reactions with an
unknown reaction type, even broken reaction orders. Additionally, in foldon it allows the
determination of rate-limiting concentration-independent folding steps by deviation from the
linear slope, especially for higher peptide concentrations95. After normalization of the refold-
ing traces as described in Chapter 3.7, the half-life time of the concentration-dependent phases
was determined. If the proline cis-trans isomerization reaction was detectable, the amplitude
change caused by this reaction was excluded from the analysis, as the cis-trans isomerization
is concentration-independent and would thus distort the obtained reaction order.

The common equation for the half-life time for reactions orders larger than one is28:

t1/2 =
1

k[M ]n−10

(3.11)
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3.8. Reaction order determination

By rearranging and logarithmizing this equation, one gets:

log t1/2 = − log k − (n− 1) log [M ]0 (3.12)

The common logarithm of the obtained half-life times was plotted against the foldon monomer
concentration and the graph was fitted using equation 3.12 with n being the reaction order of
the reaction.

Reaction order determination from the initial slope

The reaction order for all refolding kinetics in both denaturants was also determined from the
initial slope, additionally to the reaction order determined from the half-life times. To gain a
higher resolution for the first seconds of the refolding traces, denaturant refolding experiments
were carried out in the stopped-flow. The refolding was measured for 1 s for refolding ex-
periments which had previously been performed in the stopped-flow, or for 10 s for refolding
experiments previously performed by hand-mixing in the fluorimeter. The refolding traces
had to be adjusted to the final foldon monomer concentration which was able to form native
foldon. The stability of the respective foldon variant at the used refolding buffer condition
∆G0(denat) was first calculated from the determined global folding stability ∆G0(H2O) and
the meq-values for GdmCl or urea. This value was then used in a modified version of equation
3.8, which is:

y = 1− 1

3x
·

(
3

√
exp
−∆G0(denat)

RT

(
9

2
x+
√
D

)

+ 3

√
exp
−∆G0(denat)

RT

(
9

2
x−
√
D

)) (3.13)

with

D =

(
9

2

)2

x2 + exp
−∆G0(denat)

RT
(3.14)

with the fraction of foldon monomer forming native trimer y, the total foldon monomer con-
centration x, and the values for SN(x) and SU(x) set to 1 and 0, respectively. The refolding
traces were adjusted to the final concentration of foldon monomer which is able to fold into
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3. Material and methods

native trimer under the given refolding conditions. The linear region of the short refolding
traces at the beginning of the refolding reaction was fitted to a linear equation. The slope
of the linear fit was adjusted for the spectroscopic parameter of the dimer, which was deter-
mined from the global fit of all data. The natural logarithm of the adjusted slope was plotted
against the common logarithm of the foldon monomer concentration. A linear fit of this plot
yields the reaction order near the time-point zero as the slope and the natural logarithm of the
dimerization rate constant as the y-intercept.

3.9. Unfolding kinetics

Guanidinium chloride unfolding kinetics

Unfolding of the various foldon variants in GdmCl was carried out using the stopped-flow
apparatus or fluorimeter mentioned before. For foldon wild-type, two different stock solu-
tions (30 µM and 60 µM) were prepared in 0.58 M GdmCl 20 mM sodium cacodylic acid
pH 7.0 to check for a concentration-dependence in the unfolding reaction and to measure the
GdmCl-dependence of the unfolding rate. The stock solutions for all other foldon variants had
a concentration of 300 µM in 0.58 M GdmCl 20 mM cacodylate pH 7.0. The stopped-flow was
set up to allow a 6-fold dilution of the foldon-containing solution against GdmCl buffer 20mM
sodium cacodylic acid pH 7.0 with varying GdmCl concentrations, ranging from 2 M to 8 M
GdmCl; the final concentrations of foldon wild-type were thus 5 µM and 10 µM, while the fi-
nal concentration of all other foldon variants was 50 µM, except for the double-mutant foldon
P4T P7Nva, where the final foldon concentration was 25 µM. Measurements were carried out
at 20.0 ◦C with an excitation wavelength of 280 nm for foldon wild-type and 295 nm for all
other foldon variants to avoid inner-filter effects, using a band-pass of 4 nm. The emission
wavelength was set to 320 nm with a band-pass of 12 nm. The fluorescence decrease upon
unfolding was detected until equilibrium was reached, which could vary from 10 s to 1000 s,
depending on the foldon variant and the final GdmCl concentration. Measurements were car-
ried out in a logarithmic mode with 2000 data points per measurements if the reaction lasted
longer than 500 s; otherwise 1000 data points were used. At least 10 traces were averaged
for each GdmCl concentration. For unfolding experiments requiring longer unfolding times
than 1,000 s, measurements were carried out in the fluorimeter. The solutions were mixed
manually and the course of the reactions followed by the change in tryptophan fluorescence,
using an excitation wavelength of 295 nm and a band-pass of 4 nm, while the emission wave-
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3.9. Unfolding kinetics

length was set to 320 nm with a band-pass of 8 nm. The photo-multiplier voltage was set to
60 % of the maximum signal. All measurements were carried out at 20.0 ◦C until equilibrium
was reached. The course of the reaction was followed using the same time intervals as for the
foldon refolding experiments, given in Table 3.8.

Urea unfolding kinetics

Urea unfolding was carried out corresponding to the procedure described in Chapter 3.9. The
foldon stock solutions were prepared in 1 M urea 10 mM sodium cacodylic acid pH 7.0 and
mixed with a 6-fold excess of buffer containing varying urea concentrations from 3 M to 9 M
and 10 mM sodium cacodylic acid pH 7.0. All foldon stock solutions had a foldon monomer
concentration of 300 µM, resulting in a final foldon monomer concentration of 50 µM after
mixture. As unfolding in urea was seen to be slower than in GdmCl, urea unfolding experi-
ments of some foldon variants (foldon A6Abu, foldon L22F) needed to be performed by hand-
mixing in a fluorimeter. These measurements were carried out as described before for GdmCl.
Measuring the apparent rate constant kapp by rapid dilution of denatured protein into varying
final concentrations of denaturant and plotting the common logarithm of the individual rate
constants against the corresponding denaturant concentrations yields a V-shaped curve, often
termed chevron plot68,69, for some foldon variants. The two arms of this plot correspond to
the refolding and unfolding reaction of the protein. The linear slope implies that not only
the thermodynamic stability of a protein, ∆G0, but also the rate constants kf and ku depend
linearly on the denaturant concentration. By a linear fit of the arms and extrapolation to the
ordinate, the rate constants of the folding and unfolding reaction at zero molar denaturant can
be determined. Thus, it is possible to define the following equations for both the folding and
unfolding rate constant57:

ln kf = ln kH2O
f −

mkf

RT
· [x] (3.15)

ln ku = ln kH2O
u +

mku

RT
· [x] (3.16)

Combining the two equations 3.15 and 3.16 yields:

ln kapp = ln (kf + ku) = ln

[
kH2O
f exp

(−mkf

RT
· [x]

)
+ kH2O

u exp
(mku

RT
· [x]

)]
(3.17)
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3. Material and methods

3.10. Rate constant determination

To determine the changes in the rate constants of the association reaction of the different
foldon variants and compare these with the wild-type data published before95, the obtained
kinetic traces were globally fitted using KinTek (KinTek Corporation, Austin, TX, USA). It
allows model building, followed by numerical fitting165,166. Before global fitting could be per-
formed, a consecutive procedure of 2 normalization steps had to be carried out using KinTek.
This was necessary as the first rough fitting using a three- or four-exponential equation de-
scribed before in Chapter 3.7 was not yielding exact results, as the normalization could have
led to fitting artifacts and a three- or four-exponential equation is only a rough approximation
of the signal course. As the first step, the original data of the foldon refolding experiments
in both guanidinium chloride and urea were stored for each foldon monomer concentration
separately as a .txt-file, after ensuring that the offset of the refolding trace was clearly positive.
The sigma-value for each trace was determined by fitting each trace to a three-exponential
equation with an offset to allow future error calculation. The traces were then globally fitted
to the corresponding association model of the individual foldon variant. All models used are
shown in Figure 3.2.

Five different folding models were used for rate constant determination to describe the data
of the different foldon variants, yielding the rate constants for each reaction step. The model
used for foldon wild-type95 to evaluate the folding and association in guanidinium chloride
was used in two different variants: For faster refolding experiments, where the concentration-
independent rearrangement step from the trimer in all-trans conformation of the Xaa-Pro pep-
tide bonds to the native state is observable, this step was included into fitting, while this step
was omitted for slower refolding variants and conditions. The second model used, referred to
as the "new" model throughout this study, allows formation of dimers and trimers even if one
or more of the monomers has Xaa-Pro peptide bonds in cis-conformation. The last rearrange-
ment step from the trimer to the native state N is only possible from the trimer in all-trans

conformation. This model was used before for foldon wild-type refolding studied in urea150,
and was again used in two different variants, once with and once without the last rearrange-
ment step, depending on the refolding speed. In general, the last rearrangement step is needed
for refolding in guanidinium chloride, while refolding experiments in urea are too slow to
allow detection of this folding step. The linear model finally was used for foldon mutants at
position 7. No cis-trans isomerisation reaction is needed in this model, and as refolding of
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Figure 3.2.: The foldon association mechanisms with all observable reactions steps used for global
fitting of the refolding kinetic traces. The folding step from the trimer in all trans conformation of its
Xaa-Pro peptide bonds is always included, although this step is omitted in several fits. A) The foldon
association model used before to evaluate the refolding reaction in GdmCl95. B) The "new" folding
model which allows productive dimer and trimer formation of foldon monomers with a cis conformation
of a Xaa-Pro peptide bond. C) The "linear" model which does not include any cis-trans isomerization
steps of Xaa-Pro peptide bonds.
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mutants at this position is extremely slow, the last rearrangement could not be detected either.
The linear model hence only consists of two consecutive dimerization reactions. Independent
fluorescence parameters were assigned to all non-related species: Monomers M, dimers D,
trimers T, and the native state N. There was no discrimination between species with different
cis-trans conformations of the Xaa-Pro peptide bonds. The final signal course of each flu-
orescence refolding trace is constituted from the sum of the contribution of each individual
species at the varying time points. Each individual contribution is itself dependent on both
the concentration of the species at the given time point and the fluorescence parameter of the
species. The original fluorescence traces were imported into KinTek. In the first fitting step,
the fit traces were constituted from the sum of the different species contributions, multiplied
with a correction factor, and an offset was added to the trace. Both the correction factor and
the offset were independent for each foldon monomer concentration. Dimerization and trimer-
ization steps were considered to have the same rate constant, regardless if the Xaa-Pro peptide
bonds of the educts were in the cis or trans conformation.

A first global fit was carried out, which already gave a hint on the later results, as the fit
was only usable for adjustments of the fluorescence signal traces if all parameters were al-
ready close to the final results. Rate constants for individual folding and association steps
known from previous experiments and evaluations were inserted and held constant. This
were the dimerization rate constant kD and the rate constant for the unfolding of the native
state, k−f . The rate constant for Xaa-Pro cis-trans isomerization was determined from the last
concentration-independent phase in refolding experiments, if possible. The rate of this phase
corresponds to kct. The known fraction of cis-proline residues81, depending on the N-terminal
residue, allowed the calculation of ktc. The rate constant kct was also used for the reaction step
from Tcis to Ttrans, while the reverse reaction was set to 0 in this case. The favored interactions
of the N-terminus in all-trans conformation were considered to prevent rearrangement of the
Xaa-Pro peptide bond into the cis-conformation. Ttrans can thus only fold into the native state
N or dissociate into one monomer and one dimer, both in the all-trans conformation. The
offset determined for each trace individually was subtracted from each corresponding original
refolding trace. A second global fit was carried out with these modified traces, and the fluores-
cence signal determined after the reaction has reached its equlibrium. This final baseline was
adjusted for each foldon monomer concentration to represent the concentration of monomer
which folds into the native state at the given monomer and denaturant concentration, as de-
scribed in Chapter 3.8. This inserted the folding stability into the analysis, allowing the correct
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3.11. Interrupted refolding kinetics

determination of the rate constants. These corrected fluorescence traces could finally be used
for global fitting, yielding the final rate constants. As the fitting so far was only done using set
values for the rate constants mentioned above, the last global fitting step was repeated with all
rate constants run freely to minimize possible errors inserted from the previous evaluations.
The individual traces were normalized and the fitting traces exported to allow a comparison
with other foldon variants.

3.11. Interrupted refolding kinetics

Interrupted refolding experiments were carried out on a stopped-flow device set up for double-
jump experiments. A 1.1 mM foldon monomer stock solution in 6.0 M urea 10 mM sodium
cacodylic acid buffer pH 2.04 was prepared on the day before experiments; the concentration
was determined by absorption at 280 nm, using the extinction coefficient of the respective
foldon variant given in 3.3. The peptide solution was incubated over night at room temper-
ature. The interrupted refolding experiment was started as previously described by six-fold
dilution of the foldon solution in 6 M urea. After varying time steps, reaching from 30 ms
to 999 s, folding was interrupted by rapid mixture in a 1:6 ratio of the refolding buffer with
8 M urea 10 mM sodium cacodylic acid pH 7.0, which caused an unfolding of all species
except the monomer. Experiments were carried out at 20.0 ◦C, the excitation wavelength was
set to 295 nm with a band-pass width of 4 nm. The emission wavelength was 320 nm, using
a band-path width of 12 nm. At least 10 traces were taken for each refolding time span, with
approximately 40 different time spans evenly distributed over the complete range for the re-
folding experiments. Evaluation of the obtained unfolding traces was carried out as described
before in Chapter 3.9. The amplitudes of all time spans were plotted against the refolding
time, and the graph fitted with a two-exponential equation. The final baseline was taken as the
final amplitude of the reaction. Alternatively, it would have been possible to take the ampli-
tude of the longest refolding reaction, but the described method was chosen for higher fidelity
as the amplitude determined for the longest refolding time did not show the largest amplitude
of all interrupted refolding experiments and the amplitudes for longer time-spans showed a
high scattering of the amplitude. All amplitudes were divided by the final amplitude value of
the reaction determined from the fit, and these values again plotted against the refolding time
span, giving the fraction of formed native trimer at each chosen time point.
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4. Results

4.1. Design of foldon variants

The hydrophobic cluster of foldon consists of the amino acids proline at position 4 and 7, ala-
nine at position 6, tyrosine at position 13, tryptophan at position 20 and leucine at position 22.
The impact of each amino acid in the hydrophobic cluster on the association reaction of foldon
is probed by inserting at least one mutation at each position. Evaluation of the position, the
interactions of the natural amino acid and possible impacts of the mutation are considered for
each amino acid exchange. In total, 11 different single-point mutations and one double-mutant
are studied. An overview is given in Table 4.1. The rationality for each amino acid exchange
is discussed below.

position 4 position 6 position 7 position 13 position 20 position 22
P4T A6S P7F Y13F W20His L22F

A6V P7V W20Nal
A6Abu P7Nva

double mutant P4T P7Nva

Table 4.1.: All foldon variants studied throughout this work.

For the proline at position 4, threonine is chosen as replacement. The proline at this posi-
tion interacts chiefly with the hydrophobic cluster by a hydrogen bond formed between the
backbone carbonyl-group of residue 4 and the N1 atom of the indole group of tryptophan
at position 20. The backbone is almost completely solvent-accessible due to the extended
poly-proline type II helix. The exchange of the proline to threonine is thus proposed to have
two consequences: First, by the breaking of the heterocyclic side chain, the backbone gains
conformational freedom. This allows for a direct evaluation of the impact of the backbone
conformational freedom on assembly and stability. As cis-trans isomerization of at least one
Xaa-Pro peptide bond was shown by Güthe et al. to be a rate-limiting step in foldon assem-
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L22

P4

W20

A6

P7
Y13

Figure 4.1.: A foldon monomer in the native state fold in a ribbon representation with all amino acids
constituting the hydrophobic cluster depicted in red as a stick representation and the amino acid name
and position given in single-letter code. The backbone atoms constituting the β-strands are colored in
blue, while all other backbone atoms are colored in grey. The figure was produced using MacPyMOL163

from the foldon E5R NMR structure (PDB accession number 2KBL)151

bly95, the question arose which of the two prolines is responsible for this deceleration, if not
both contribute to the isomerization reaction. Second, by the introduction of a hydroxyl group,
the solubility of the side chain should get enhanced in contrast to the non-polar pyrrolidine ring
of proline. This could result in a higher stability, as the adverse effect of the non-polar side
chain pointing towards the solvent is removed.

Three different mutations are synthesized for the alanine at position six. The alanine inter-
acts strongly with the surrounding amino acids and is almost completely buried within the
hydrophobic core of the native foldon. Thus only very conservative mutations are considered
at this position. The canonical amino acids serine and valine are chosen to study the effect
caused by an introduction of a single hydroxyl- or two methyl-groups. However, as the intro-
duction of a hydroxyl-group within a hydrophobic cluster should cause an adverse effect both
by steric hindrance and unfavorable interactions of the hydroxyl-group with its non-polar en-
vironment, the non-natural amino acid 2-(L)-aminobutyric acid is incorporated as well. Non-
physiological amino acids broaden the spectrum of side chain mutants and isoforms, which is
an advantage if even the most conservative mutations lead to severe effects on both stability
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4.1. Design of foldon variants

and folding kinetics. As both serine and aminobutyric acid should have a similar effect on
the interactions with neighboring side chains, the impact of the introduced hydroxyl group can
be probed by comparison of the effect on both stability and folding kinetics of the two mutants.

Mutations of proline 7 are intended to disrupt the rigid backbone conformation introduced
by the pyrrolidine ring without effecting the hydrophobic interaction with the rest of the hy-
drophobic cluster. For this reason, phenylalanine and valine are chosen as substitutions. The
impact on the stability of these natural amino acid exchanges is large. Thus, the non-natural
amino acid norvaline is chosen, as is has the same side chain conformation as proline with
the difference that the Cδ is not bound to the backbone nitrogen. This variant can have almost
native-like side chain interactions with the hydrophobic cluster, leading to a higher stability of
the native state.

To study the assembly of foldon without proline cis-trans isomerization, a double mutant is
prepared with the proline 4 mutated to a threonine, while the proline at position 7 is replaced
by a norvaline. This mutation can additionally give a hint whether or not the poly-proline II
structure is only stable in the presence of the two proline residues, and if the effects observed
for the single-mutant foldon variants at this positions are influencing each other or act inde-
pendently.

The most conservative of all amino acid exchanges is performed for the tyrosine at position 13,
which is replaced by a phenylalanine. The exchange should not have any consequences on the
interactions of the hydrophobic cluster, as all native non-polar interactions are still prevailed
in the mutant. Disruption of the hydrogen-bonding network of the tyrosine´s hydroxyl group
with the first type II-turn is the proposed consequence of this mutation, which can be directly
probed and thus can give information on the strength a of buried hydrogen bond in proteins.

Tryptophan 20 is replaced by the non-natural amino acid 1-(L)-naphthylalanine (Nal). Naph-
thylalanine has an almost identical side chain structure as tryptophan and should be an ex-
tremely conservative mutation. All observed effects of this mutation should thus occur due
to the disruption of the hydrogen bond between the indole N1 and the carbonyl group of the
proline residue at position 4, making it another excellent probe for a buried hydrogen bond. To
observe if any effects caused by the disruption of this hydrogen bond can be reversed, histidine
is used as a second replacement at position 20.
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The mutation of the leucine at position 22 incorporates phenylalanine. The leucine residue
packs onto the phenyl group of the tyrosine at position 13 and interacts by van der Waals in-
teractions. This interactions should be prevailed or even enhanced by an exchange to phenyl-
alanine, as the contact surface of the two phenyl groups and their dislocated π-electrons is
enlarged.

All foldon variants are synthesized using Fmoc-chemistry, except foldon A6S, which is ob-
tained by expression as a fusion protein in E.coli. All used probes showed > 99 % purity
on analytic HPLC runs before performing experiments. The experiments carried out for the
individual foldon variants are discussed for each foldon variant in detail.

4.2. Foldon P4T

Amino acid exchanges can have a large impact on the native state structure, especially when
each mutation is present three times, as it is the case in foldon. To detect if all foldon mutants
are still able to fold into the native structure, crystallization of each foldon variant was tried
to determine the crystal structure. The crystal structure of foldon P4T does not show any sig-
nificant deviations from the foldon wild-type crystal structure if comparing both the backbone
root mean square deviations (r.m.s.d.s) and the configuration of the changed amino acid at
position 4. The configuration of the amino acid backbone of foldon P4T is slightly deviated
to foldon wild-type at position four, as seen from the φ- and ψ-angles of both wild-type and
the threonine residue in the mutant at this position. The backbone angles are φ = -75.28 ◦ and
ψ = 163.42 ◦ for foldon wild-type, while in the P4T variant the angles are φ = -85.68 ◦ and
ψ = 167.87 ◦. This nevertheless results in an almost identical conformation, and especially
the trans conformation of the peptide bond is prevailed. The prominent hydrogen bond be-
tween the backbone carbonyl group of residue four and the N1 in the indole of tryptophan 20
is not disrupted. This is expected as all other contributions stabilizing the conformation of
the N-terminus of foldon are still present in the mutant. The poly-proline II conformation of
the N-terminus hence seems not to dependent on the presence of the proline residues in the
native state structure, as it is stabilized by both intra- and intermolecular interactions of all
N-terminal amino acids. The loss of only one structure-defining amino acid is not sufficient to
change the overall N-terminal backbone conformation.
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The fluorescence spectrum of the foldon P4T native state N is almost identical to foldon wild-
type, both in intensity and in shape. The unfolded state U of foldon P4T has a decreased
fluorescence maximum of approximately 20 %, but still shows the characteristic shape of the
foldon wild-type unfolded state. The burst-phase intermediate I of foldon P4T has a strongly
decreased maximum at 330 nm, although the spectra of the intermediates can be superimposed
for the wavelengths below 310 and above 370 nm. This could indicate a less compact interme-
diate structure, caused by the higher flexibility of the last N-terminal residues due to the lost
backbone constraint resulting from the exchange of the proline 4 residue.

The GdmCl transition of foldon P4T results in a folding stability of ∆G0(H2O) = (-101.5 ±
3.0) kJ · mol−1 and an meq-value of meq = (11.4 ± 0.7) kJ · mol−1 · M−1. Foldon P4T is
the only foldon variant that is even more stable than foldon wild-type, with a difference of
∆∆G0(H2O) = -12.3 kJ · mol−1. A comparison of all free folding enthalpies is given in Ta-
bles 4.3 and 4.4 in Chapter 4.14. Due to the decreased free folding enthalpy, a determination
of the free folding enthalpy by an urea transition is not possible, as the denaturant strength of
urea is not sufficient to unfold foldon P4T even at low foldon monomer concentrations (data
not shown). This high stability against denaturation is also the reason denaturant-dependent
unfolding kinetics to determine k−N are not possible either. Refolding experiments of foldon
P4T however can be carried out in urea, as unfolding of all foldon variants is achieved by both
high denaturant concentrations and lowering the pH-value to pH 2.08. Complete unfolding of
foldon P4T in urea at the highest foldon monomer concentration is ensured by an unfolding
experiment of the stock solution, which does not show any fluorescence change upon 20fold
dilution with 6.4 M GdmCl pH 2.0 buffer (data not shown).

Foldon P4T shows the highest resemblance to foldon wild-type with regard to the refolding
kinetics. The half-life times for concentration-dependent refolding steps in both denaturants
results in a reaction order of three for low foldon monomer concentrations, while the half-
life times deviate from the linear behavior for higher foldon monomer concentrations when
the concentration-independent reaction step from the intermediate trimeric state to the native
state becomes rate-limiting (Figure A.26A and A.28A in Appendix A.7). A summary of all
reaction orders determined from the half-life times is given in Tables 4.13 and 4.14 in Chapter
4.17 for GdmCl and urea refolding experiments, respectively. The initial slope of all studied
foldon variants is used to determine both the reaction order at the start of the reaction and the
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BA

C D

Figure 4.2.: Crystal structure of foldon P4T. A) Crystal structure of foldon P4T in a ribbon representa-
tion, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure are
colored in grey. The side chain of the mutated residue 4 is shown in stick representation and the side
chain is colored in red. B) Backbone alignment of foldon P4T and foldon wild-type. Foldon wild-type,
also shown in ribbon representation, is colored in white, with the exception of the β-strands, which are
colored in light blue. The proline 4 residue is shown in stick representation and colored in green. The
foldon P4T crystal structure is shown and colored as in A). C) Foldon wild-type stick representation
of the residues 4 and 20 with atoms colored in green for carbon, red for oxygen, blue for nitrogen
and white for hydrogen atoms. The van der Waals radii of the different atoms are shown as semi-
transparent spheres. The hydrogen bond between the residue 4 backbone oxygen and the residue
20 side chain nitrogen is highlighted in yellow. D) Foldon P4T stick representation of the residues 4
and 20, using the same color scheme and representation as in C), with the exception that the carbon
atoms of the residue 4 are colored in brown. The illustration shows that the hydrogen bond between
the residue 4 backbone oxygen and the residue 20 side chain nitrogen is formed in the variant as well.
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Figure 4.3.: A) Fluorescence spectra of foldon wild-type and foldon P4T. The native state spectra are
colored in blue, the ones of the unfolded state in orange and the burst-phase intermediate spectra in
green. The fluorescence spectra of foldon P4T are lighter colored than the corresponding foldon wild-
type spectra. B) Comparison of the foldon wild-type (blue) and foldon P4T (orange) GdmCl transitions
at 30 µM foldon monomer concentration.

dimerization rate constant kD. The reaction order is close to 2 in both GdmCl and urea for
all other foldon variants. This is determined from the slope of the common logarithm of the
initial slope plotted as a function of the common logarithm of the foldon monomer concen-
tration. The ordinate intercept yields the dimerization rate constant kD of foldon P4T, with
kD = (7.24± 0.05) · 105 M−1· s−1 and kD = (4.80± 0.06) · 105 M−1· s−1 in GdmCl and urea,
respectively.

Foldon P4T has a proline isomerization step with a similar rate constant and amplitude com-
pared to foldon wild-type. The impact of this mutation is only marginal on the refolding speed.
The effect on the stability, about 4.1 kJ · mol−1 per monomer, is likely caused by the gained
entropy of the N-terminal region, due to the loss of the rigidifying Ile3-Pro4 peptide bond.
This is supported by NMR-data of foldon E5R, which shows that 10 to 14 % of this peptide
bond are in the cis conformation in the folded monomeric state151. In contrast, the Ala6-
Pro7 peptide bond is completely in the trans conformation in the foldon E5R NMR structure.
Foldon P4T has the same amplitude of the cis-trans isomerization reaction as foldon wild-type
of approximately 20 % although the cis content of the Ala6-Pro7 peptide bond is only 7 %81.
This leads to the conclusion that the Ile3-Pro4 peptide bond does not contribute to the over-
all cis-trans isomerization reaction and that foldon monomers with a cis conformation of the
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Figure 4.4.: Comparison of foldon wild-type (blue) and foldon P4T (orange) refolding traces. A) 100
µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces in
0.58 M GdmCl. C) 100 µM foldon monomer refolding traces in 1.0 M urea. D) 10 µM foldon monomer
refolding traces in 1.0 M urea.

Ala6-Pro7 peptide bond can form dimers and trimers. The model used for rate constant deter-
mination is adjusted to represent this productive dimer- and trimer-formation of cis monomers.
The rate constants determined for the foldon P4T association show a high similarity to foldon
wild-type (see Table 4.15). The dissociation rate constant k−T can be determined with high
accuracy from the fit. Fitting with a fixed dimerization rate constant kD results in significant
deviations of the fit curves from the measured refolding traces, especially for high monomer
concentrations in the first 10 to 50 ms of the reaction. The fit is therefore run freely without
any restrictions, which results in an increased dimerization rate of kD = 1.5 · 106 M−1 · s−1.
This value is twice as large as the one determined from the initial slope fit, but still within the
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error range of this value. The refolding traces of foldon P4T in urea show a larger resemblance
to the foldon wild-type refolding traces in GdmCl than to the ones in urea. Comparison of the
rate constants of foldon P4T and foldon wild-type in urea show that the dimer association rate
constant is decreased by a factor of two for foldon P4T. The stabilization of the dimeric inter-
mediate found for foldon wild-type is lost. Separation of the dimer and trimer formation phase
is further perturbed by the fact that the trimerization rate constant is slightly larger than the
dimerization rate constant, which is contrary to the results determined for foldon wild-type.
In foldon wild-type in urea, dimerization happens with a faster rate than trimerization. The
dissociation rate constant of the native state is two orders of magnitude lower than in foldon
wild-type, caused by the higher stability of foldon P4T compared to foldon wild-type.
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Figure 4.5.: Normalized global fit traces of foldon P4T GdmCl refolding kinetics. A) Normalized GdmCl
refolding traces after fitting with fixed dimerisation rate constant kD. B) Normalized GdmCl refolding
traces after fitting with all parameters run freely. C) Fitting model with all determined rate constants
with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants with all
parameters run freely.
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Figure 4.6.: Normalized global fit traces of foldon P4T urea refolding kinetics. A) Normalized urea
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In the crystal structure of foldon A6Abu, the additional methyl-group of the 2-(L)-aminobutyric
acid points towards the arginine 15 of the neighboring chain. This causes a steric clash with
the Cγ of this arginine side chain. An increased contact area to none of the other amino acids
of the hydrophobic cluster can be seen. If any observed effects of this variant are due to im-
pacts on the native state, they are likely a consequence of the steric hindrance with residue
15. However, the crystal structure of foldon A6Abu highly resembles the foldon wild-type
structure, thus any structural effects are unlikely.

The shape of the native state fluorescence spectrum of the foldon A6Abu variant has an almost
identical shape to the one of foldon wild-type, except that its maximum is lowered by about
10 %. It is unclear whether this decrease is caused by a change in the fluorescence properties
of the tryptophan due to the changed local environment of the fluorophore or just due to a
lower stability and thus fewer formed native trimer of foldon A6Abu. The maximum is also
decreased by about 10 % for the unfolded state of foldon A6Abu, but otherwise no devia-
tions are detected in the shape of the spectrum. The intermediate spectrum of foldon A6Abu
matches the spectrum of foldon wild-type I, despite a slight increase of the fluorescence maxi-
mum. Foldon A6Abu thus seems highly comparable in all states to foldon wild-type. The free
folding enthalpy of foldon A6Abu is determined by both GdmCl and urea transitions. The
stabilities are ∆G0(H2O) = (-73.7 ± 1.4) kJ · mol−1 with meq = (11.0 ± 0.5) kJ · mol−1 ·
M−1 in GdmCl and ∆G0(H2O) = (-69.3 ± 0.7) kJ · mol−1 with meq = (5.3 ± 0.1) kJ · mol−1

· M−1 in urea. The difference in the determined stability can be caused by the ill-defined
native baseline for the native state in the GdmCl transitions. A global fit resulting an overall
free folding enthalpy is thus performed, resulting ∆G0(H2O) = (-70.7 ± 0.8) kJ · mol−1 with
meq(GdmCl) = (9.7 ± 0.3 kJ) · mol−1 · M−1 and meq(urea) = (5.5 ± 0.2) kJ · mol−1 · M−1.
This procedure had also to be carried out for several other foldon variants. The results are
summarized in Table 4.6 in Chapter 4.14, where the observed differences in the free folding
enthalpies detected in GdmCl and urea are discussed in detail.

Unfolding of foldon A6Abu in 0.58 M GdmCl 20 mM sodium cacodylic acid pH 7.0 is
achieved by 6fold dilution with GdmCl stock solutions of varying concentrations (3 M to 8 M)
with pH 7.0. Unfolding is detected by stopped-flow measurements at all used GdmCl concen-
trations, and traces are fitted to a double-exponential equation without significant systematic
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BA

C

Figure 4.7.: Crystal structure of foldon A6Abu. A) Crystal structure of foldon A6Abu in a ribbon rep-
resentation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the
structure are colored in grey. The side chain of the mutated residue 6 is shown in stick representation
and the side chain colored in red. B) Backbone alignment of foldon A6Abu and foldon wild-type. Foldon
wild-type, also shown in ribbon representation, is colored in white, with the exception of the β-strands,
which are colored in light blue. The alanine residue at position 6 is shown in stick representation and
colored in green. The foldon A6Abu crystal structure is shown and colored as in A). C) Overlay of
the residue 6 side chains of both foldon wild-type and foldon A6Abu, together with the neighboring
residues Pro7 and Arg15. All three side chains are shown in stick representation, while the rest of the
proteins is colored as in A). The carbon atoms are shown in green (with the exception of Abu6, were
the carbon atoms are shown in brown), the nitrogen atoms in blue and the hydrogen atoms in white.
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Figure 4.8.: A) Fluorescence spectra of foldon wild-type and foldon A6Abu. The native state spectra
are colored in blue, the spectra of the unfolded state in orange and the burst-phase intermediate
spectra in green. The fluorescence spectra of foldon A6Abu are lighter colored than the corresponding
foldon wild-type spectra. B) Comparison of the foldon wild-type (blue) and foldon A6Abu (orange)
GdmCl transitions at 30 µM foldon monomer concentration. C) Linear plot of the two phases of the
foldon A6Abu GdmCl unfolding. The common logarithm of the apparent rate constants are plotted
against the corresponding GdmCl concentrations. D) Chevron plots for foldon A6Abu urea unfolding.
The common logarithm of the apparent unfolding rate constants is plotted against the varying urea
concentrations, and the data points are fitted using equation 3.17, derived in Chapter 3.9.
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deviation of the residuals, as shown by the fit and residuals in Figure A.11A. The common
logarithm of the two apparent rate constants are plotted against the final GdmCl concentra-
tions after dilution and should yield a linear plot of the unfolding limb seen in chevron plots
(Figure 4.8C). The apparent rate constants are grouped according to their contribution to the
total amplitude of the reaction, which is necessary, as the rates of the largest amplitude change
show a kink in their plot and are for low GdmCl concentrations slower than the rate constants
of the lower amplitude, although this assignment is not robust for the unfolding traces with
4 and 5 M GdmCl. For higher GdmCl concentrations, however, the major phase is also the
fastest phase, showing a kink or roll-over in the unfolding trace for this reaction. Only one
phase is detectable for the highest GdmCl concentration at 8 M. This behavior is also seen for
all other residues in the N-terminal region of foldon, as shown below. The slowest unfolding
rate constant determined is always considered to correspond to k−T , which for foldon A6Abu
results in k−T = (6.52 ± 0.81) · 10−4 s−1 with an mU = (4.55 ± 0.64) kJ · mol−1 · M−1. A
summary of all GmdCl unfolding experiments is shown in Table 4.7 in Chapter 4.15.

Urea unfolding traces of foldon A6Abu are fitted with a one-exponential equation, though
some systematic deviations are observed for t > 100 s. However, these deviations can be ne-
glected due to the small amplitude. The deviations are likely caused by photo-bleaching of the
tryptophan. The typical V-shape of a chevron plot is observed when the common logarithms
of the apparent rate constants are plotted against the final urea concentrations (Figure 4.8D).
Fitting yields kf = (3.4±1.1) ·10−2 s−1 and ku = (3.2±2.8) ·10−4 s−1; the kinetic m-values
are mf = (975± 328) kJ · mol−1 ·M−1 and mu = (1.3± 0.3) · 103 kJ · mol−1 ·M−1, respec-
tively. While it is clear that the unfolding rate constant ku is equivalent with k−N , kf cannot be
clearly assigned. The same holds true for the mf -value, especially as the sum of both kinetic
m-values does not yield the meq-value, but falls short by 3.0 kJ · mol−1 · M−1. A possible
explanation is that the folding reaction probed in the chevron plot does not represent the com-
plete assembly reaction, but only the step from an assembly intermediate to the native trimer.
Whether this intermediate is the trimeric intermediate T or the dimer D cannot be determined.
kf , though apparent first-order, could thus be a combination of the first order rearrangement
step and previous concentration-dependent second-order association steps. A summary of all
urea unfolding experiments is shown in Table 4.8 in Chapter 4.15.

The reaction order for GdmCl refolding of foldon A6Abu is determined as 2.96 ± 0.26 from
the concentration-dependent refolding half-life times. While the deviation from the linear
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behavior is still observable for higher foldon monomer concentrations, the effect is not as
pronounced as for foldon wild-type (Figure A.26B). The initial slope results in a reaction or-
der of 2.04 ± 0.05, yielding kD = (3.32 ± 0.04) · 105 M−1 · s−1. In urea, a reaction order
of 2.67 ± 0.03 is determined from the half-life times. This broken reaction order could be a
consequence of the strongly decelerated refolding reaction. The initial slope of the urea refold-
ing traces yields a reaction order of 2.09±0.13, resulting in kD = (5.75±0.13)·104 M−1 · s−1.

Fitting of the GdmCl refolding data was accompanied by severe difficulties for all foldon vari-
ants except foldon P4T and foldon P4T P7Nva. The refolding curves need to be adjusted to
the fraction of natively folded protein at both the monomer concentration and the stability at
the refolding conditions. If using the fraction of N for each foldon monomer concentration
determined in this manner, fitting of the adjusted refolding curves is not possible. The fitting
curves are not able to globally represent the reaction course, or lead to non-physiological asso-
ciation or dissociation rate constants. When the stability ofN is however enlarged, resulting in
higher fractions of folded protein, fitting of the data yields well-defined results with little or no
deviation from the determined data. The fitting of the refolding traces after adjustment to the
respective fraction of N is however possible in urea for all studied foldon variants. A wrong
model is thus unlikely, as a change of the denaturant should not have an effect on the reaction
mechanism. There is no consistent explanation for the needed corrections of the native state
stability in GdmCl, and unfortunately the adjustment necessary to gain a suitable fit varies for
different foldon variants. The complete process to determine the least error-prone free folding
enthalpy is an iterative process and accompanied by a large uncertainty. The obtained results
have thus to be interpreted with extreme caution.

Despite the adjustments, and especially in urea, deviations of the fits from the refolding curves
are observed. There are several possible explanations for this behavior: First, an exact de-
termination of the foldon monomer concentration is not possible, especially at low foldon
monomer concentration and in buffers with high denaturant concentrations. A deviation of the
concentration from the determined one by light absorption has large impacts on the fit, as all
association steps are highly sensible to the monomer concentration. Additionally, when using
an erroneous concentration, the calculation of the formed fraction of N cannot yield correct
results. This step is additionally error-prone as the determined stability of the foldon variant
is itself defective, leading to a propagation into the rate constant determination. This is the
most likely source for all deviations: The low stability results in a strong shift of the equi-
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librium towards the unfolded state, and the strong concentration dependence of the reaction
yields fractions of N at all refolding conditions which are significantly lower than 1. When
considering all these effects, the observed deviations of around 5 % are rather small. Foldon
wild-type and P4T however are so stable that the fraction of native trimers is close to 1 under
all chosen refolding conditions, thereby eliminating this error source. This explains the better
fits observed with these two variants.

Every mutation at the position six results in an increase of the cis content of the Xaa6-Pro7
peptide bond to approximately 10 %. This cis content is found both for serine and valine81,
and is also expected for 2-(L)-aminobutyric acid. This should lead to an increase of the
concentration-independent phase in all mutations at position 6 caused by the cis-trans iso-
merization. Comparison of the normalized refolding curves shows that not an increase, but a
decrease of the amplitude of this phase is observed. The slow phase only contributes about
10 % to the overall amplitude change of the reaction, in contrast to the 30 % that would be
expected using the modified folding model. Global fitting of the refolding data for each foldon
variant with a mutation at position 6 is however not possible when using the modified folding
model, even for single traces. Instead, the model used before to fit the foldon wild-type re-
folding traces in GdmCl is used, where only foldon monomers in the all-trans conformation
are able to form dimers that can actively contribute to the association of the native trimer.
This together with the lower amplitude of cis-trans isomerization points to the fact that for
foldon A6Abu as well as all other foldon variants at position 6 (shown below), dimerization of
monomers with a cis conformation of the Xaa6-Pro7 peptide bond is not possible any more.
Results of the fit together with all rate constants for foldon A6Abu in GdmCl are shown in
Figure 4.10. The stability used for the adjustment of the foldon A6Abu refolding traces is
∆G0 = 73.7 kJ · mol−1.

The dissociation rate constants of the dimeric and trimeric intermediate state k−D and k−T
show a large deviation from foldon wild-type, while the association rate constants kD and kT
are only decreased by a factor of two for the fit with all rate constants run freely. The increase
of the dissociation rate constant of the native trimer is expected from the lower overall stabil-
ity of the foldon A6Abu variant, although a robust fit can only be achieved if the dissociation
rate constant is increased by almost one order of magnitude compared to the value determined
from the unfolding fits. The fit traces show a good agreement with the detected data points,
and the close resemblance with the curves of foldon wild-type indicates the minor changes of

63



4. Results

time, s

no
rm

al
iz

ed
 fl

uo
re

sc
en

ce
, a

.u
.

time, s

A B

10–3 10–2 10–1 100 101 102

0.0

0.2

0.4

0.6

0.8

1.0

10–3 10–2 10–1 100 101 102

0.0

0.2

0.4

0.6

0.8

1.0

Figure 4.9.: Comparison of foldon wild-type (blue) and foldon A6Abu (orange) refolding traces. A)
10 µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces
in 1.0 M urea.

all rate constants compared to foldon wild-type. The most tremendous effect of the A6Abu
mutation is the fact that 10 % of all monomers are not able to productively form dimers and
trimer any more but have to undergo cis-trans isomerization of the Xaa6-Pro7 peptide bond
before any further association reaction.

An overview over the normalized urea refolding traces after fitting and the resulting rate con-
stants for each individual step are given in Figure 4.11. The dimerization rate constant is
decreased by a factor of 20 compared to foldon wild-type, while the trimerization rate con-
stant is enlarged by a factor of 2. The dissociation rate constants of the native and intermediate
trimeric state are enlarged as well, as expected from the increased free folding enthalpy. The
difference between the fixed and the free run are only marginal.
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4.4. Foldon A6S

Similar to the A6Abu structure, the X-ray structure of foldon A6S shows that the hydroxyl-
group of the serine side chain at position 6 points away from the tryptophan residue at position
20 and towards the arginine at position 15 of the neighboring chain, resulting in a steric hin-
drance of the oxygen of the side chain with the Cγ of Arg15. The side chain of this serine is
not oriented in a fashion that allows direct solvent interaction of the hydroxyl group. It is prob-
ably energetically more favorable to bury the hydroxyl group within the hydrophobic cluster
than a distortion of the backbone to orient the side chain towards the solvent. The only surface
accessible region of the residue 6 is the backbone, which has a solvent-accessible surface of
only 210.45 Å2, or about 2.2 % of the total surface area of the native foldon trimer, calculated
using MacPyMOL163.

For foldon A6S, almost the same characteristics of the fluorescence spectra are observed as
for foldon A6Abu. The maximum of the native state spectrum is decreased to approximately
60 % of the wild-type spectrum with no significant deviation of the shape. The spectrum of
the unfolded state is decreased by approximately 20 % at the maximum. The spectrum of the
burst-phase intermediate is red-shifted by 10 nm and has a slightly lower maximum, but the
overall shape highly resembles the foldon wild-type intermediate spectrum. The stabilities for
foldon A6S determined by denaturant transitions are ∆G0(H2O) = (-70.2 ± 0.3) kJ · mol−1

with meq = (14.2 ± 0.1) kJ · mol−1 · M−1 in GdmCl and ∆G0(H2O) = (-65.3 ± 0.7) kJ ·
mol−1 with meq = (5.8 ± 0.2) kJ · mol−1 ·M−1 in urea. The global fit results in ∆G0(H2O) =
(-68.1 ± 0.5) kJ · mol−1 with meq(GdmCl) = (13.1 ± 0.3) kJ · mol−1 · M−1 and meq(urea) =
(6.4 ± 0.1) kJ · mol−1 ·M−1.

Unfolding traces of foldon A6S can, as for A6Abu, be fitted with a single or double-exponential
equation without significant deviations of the residuals (Figure A.12A in Appendix A.4). One-
exponential fits are possible for GdmCl concentrations higher than 4 M. The second phase
observed for GdmCl concentrations lower than 4 M contributes up to 20 % to the overall
amplitude, while the rate constants are similar to the ones of the major amplitude change.
Omitting of this second phase however leads to a strong systematic deviation of the fit. Plot-
ting of the common logarithms of the apparent rate constants of the major phase against the
final GdmCl concentrations yields a plot which can be fitted with two linear equations, one for
the lower and one for the higher GdmCl concentrations (Figure 4.13C). The dissociation con-
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Figure 4.12.: Crystal structure of foldon A6S. A) Crystal structure of foldon A6S in ribbon representa-
tion, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure
are colored in grey. The side chain of the mutated residue 6 is shown in stick representation and the
side chain colored in red. B) Backbone alignment of foldon A6S and foldon wild-type. Foldon wild-type,
also shown in ribbon representation, is colored in white, with the exception of the β-strands, which
are colored in light blue. The alanine 6 residue is shown in stick representation and colored in green.
The foldon A6S crystal structure is shown and colored as in A). C) Stick representation of the residues
Ser6, Pro7 and Arg15 colored as described in Figure 4.2. The van der Waals-radii for all atoms are
shown to determine wether or not steric hindrance occurs due to the inserted hydroxyl-group of the
serine side chain. D) Overlay of the residue 6 side chains of both foldon wild-type and foldon A6Abu,
together with the neighboring residues Pro7 and Arg15. The stick representation of these amino acids
shows all carbon atoms in green (with the exception of Abu6, were the carbon atoms are shown in
brown), the nitrogen atoms in blue and the hydrogen atoms in white.
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stant is determined as k−T = (3.52± 0.01) s−1, with a mu = (4.57± 0.01) kJ · mol−1 ·M−1.
The dissociation of the native trimer is approximately 20fold faster than in foldon wild-type,
which is very likely caused by the reduced stability of foldon A6S.

For foldon A6S urea unfolding experiments, a two-exponential equation is sufficient to yield
a good fit, although some systematic deviation from the fit is seen in the residuals for t > 10 s.
This can be neglected as the amplitude is too low to be fitted with an additional phase, as
the fitting would rather produce fitting artifacts than follow this phase. Additionally, as ob-
served before for foldon A6Abu, the phase is very likely due to a photo-bleaching artifact. The
equilibrium is shifted by 2 molar to lower urea concentrations compared to the foldon A6Abu
chevron plot in urea, making the refolding limb almost undefined. This shift in the equilibrium
must be due to a kinetic effect of the mutation, resulting in a change of the equilibrium constant
of one of the reaction steps, as the free folding enthalpy of foldon A6S and foldon A6Abu is al-
most identical. Fitting of equation 3.17 to the data points yields kf = (8.6±4.3) ·10−2 s−1 and
ku = (1.9±0.3)·10−3 s−1; the kineticm-values aremf = (2.0±0.5)·103 kJ ·mol−1 ·M−1 and
mu = (1.2± 0.1) · 103 kJ ·mol−1 ·M−1, respectively. Comparison between the unfolding rate
constants ku of foldon A6Abu and A6S reveals a major difference between these two variants,
as unfolding of foldon A6S is accelerated by almost one order of magnitude. The mu-values
of both foldon variants at position 6 are almost identical, in contrast to the mf -values, which
deviate by a factor of two. The reaction orders of A6S refolding experiments show broken
reactions for both GmdCl and urea refolding traces with (2.57 ± 0.02) and (2.65 ± 0.08) for
GdmCl and urea, respectively. The kD´s determined from the initial slope in GdmCl and urea
are (2.06 ± 0.13) · 105 M−1 · s−1 and (5.25 ± 0.08) · 104 M−1 · s−1, respectively, while the
reaction orders are 2.06± 0.14 and 1.93± 0.08.

For foldon A6S, the stability finally used to globally fit the refolding traces is ∆G0(H2O)
= −70.2± kJ · mol−1, the stability at 0 M GdmCl determined by the GdmCl transition. The
deviations of the "free" fit in GdmCl are small compared to the fixed fit with constrained rate
constants kD and k−T . The dimerization and trimerization rate constants are decreased by
about one order of magnitude compared to the foldon wild-type rates, while the dissociation
rate constant of the dimer is five-fold lower compared to A6Abu. This finding shows that de-
spite the almost identical steric hindrance of the mutations, the hydroxyl group seems to have
a slightly stabilizing effect on the dimer.
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Figure 4.13.: A) Fluorescence spectra of foldon wild-type and foldon A6S. The native state spectra are
colored in blue, the spectra of the unfolded state in orange and the burst-phase intermediate spectra in
green. The fluorescence spectra of foldon A6S are lighter colored than the corresponding foldon wild-
type spectra. B) Comparison of the foldon wild-type (blue) and foldon A6S (orange) GdmCl transitions
at 30 µM foldon monomer concentration. C) Linear unfolding plot of the two phases of the foldon A6S
GdmCl unfolding kinetics against the corresponding GdmCl concentrations. D) Chevron plots for foldon
A6S urea unfolding. The common logarithm of the apparent unfolding rate constants is plotted against
the varying urea concentrations, and the data points are fitted using equation 3.17, derived in Chapter
3.9.
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Figure 4.14.: Comparison of foldon wild-type (blue) and foldon A6S (orange) refolding traces. A) 10
µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces in
1.0 M urea.

The fitting of the urea refolding traces of foldon A6S yields only minor statistical deviation of
the fit from the data points for the lower foldon monomer concentrations. As in GdmCl, the
dimerization rate constant is decreased significantly in urea. The decrease is almost identical
to the one seen for foldon A6Abu, as is the trimerization rate constant. In contrast to both
foldon wild-type and foldon A6Abu, the dissociation rate constants are increased for both the
native state and the trimeric intermediate k−N and k−T . The effect of the hydroxyl group is
thus not seen during association, but in a faster dissociation. The effect is however too small
to have a significant impact on the free folding enthalpy, as otherwise a larger difference to
foldon A6Abu would have been observed.
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Figure 4.15.: Normalized global fit traces of foldon A6S GdmCl refolding kinetics. A) Normalized
GdmCl refolding traces after fitting with set dimerization rate constant kD. B) Normalized GdmCl
refolding traces after fitting with all parameters run freely. C) Fitting model with all determined rate
constants with set dimerization rate constant kD. D) Fitting model with all determined rate constants
with all parameters run freely.
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Figure 4.16.: Normalized global fit traces of foldon A6S urea refolding kinetics. A) Normalized urea
refolding traces after fitting with fixed dimerization rate constant kD. B) Normalized urea refolding
traces after fitting with all parameters run freely. C) Fitting model with all determined rate constants
with fixed dimerization rate constant kD. D) Fitting model with all determined rate constants with all
parameters run freely.
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4.5. Foldon A6V

Foldon A6V is one of the two foldon variants that did not form crystals that allowed a struc-
ture determination by X-ray diffraction. Nevertheless the stability and kinetics of foldon A6V
can be determined in GdmCl. The native state fluorescence spectrum of foldon A6V does not
show any characteristics of the foldon wild-type native state fluorescence spectrum any more.
In fact, it strongly resembles the spectrum of the unfolded state of foldon wild-type. The only
difference is a slight blue-shift of the maximum of the native state and the absence of the char-
acteristic shoulder with a maximum around 303 nm, indicative for tyrosine fluorescence. In
the native state, tyrosine fluorescence in foldon is quenched by fluorescence resonance energy
transfer (FRET) to the tryptophan. The missing of this shoulder indicates that FRET between
the tyrosine residues and the tryptophan is still possible. Thus the native state spectrum does
not show completely unfolded foldon, seconded by the fact that the unfolded state fluores-
cence spectrum shows an even lower fluorescence intensity. The burst-phase intermediate of
foldon A6V shows the highest fluorescence intensity of all foldon A6V fluorescence spectra,
though still lower than the intermediate spectrum of foldon wild-type. The fluorescence inten-
sities at 320 nm of the native and intermediate spectrum are almost identical, thus it has to be
shown that kinetic measurements at this wavelength are possible. The intermediate spectrum
of foldon A6V has a maximum at 348 nm, which is red-shifted by almost 10 nm with respect
to the foldon wild-type spectrum. Additionally, the shape of the spectrum is changed from a
smooth curve to a more pronounced peak.

The stability determined for foldon A6V in GdmCl is ∆G0(H2O) = (-62.6 ± 0.3) kJ · mol−1

with meq = (11.9 ± 0.1) kJ · mol−1 · M−1. The insertion of an additional methyl group by
the valine results in an additional shift in the N
U equlibrium towards U by two orders of
magnitude compared to foldon A6Abu or foldon A6S, while the insertion of either the first
methyl- or the hydroxyl group shifts the equilibrium by almost three orders of magnitude for
a 1 M foldon monomer concentration. Foldon A6V is directly comparable to foldon A6S in
its unfolding behavior. The kink in the unfolding trace is again seen at approximately 4 M
GdmCl concentration. Fitting of the unfolding traces is achieved by fitting with a single-
exponential equation for all chosen GdmCl concentrations, the dissociation rate constant of
the native trimer is determined as k−T = (3.98± 0.11) · 10−3 s−1. Due to the low stability and
the missing structure data, no experiments were carried out in urea.
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GdmCl refolding experiments show a clear increase of the tryptophan fluorescence intensity
upon refolding in the stopped flow. The reaction order determined from the half-life times of
the GdmCl refolding experiments is shifted to 2.05±0.09, indicating that one of the association
rate constants can govern the reaction order if the rate constants become slow enough. The re-
action order determined from the initial slope is 2.15±0.15, with a kD = (1.45±0.19)·104 M−1

· s−1.
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Figure 4.17.: A) Fluorescence spectra of foldon wild-type and foldon A6V. The native state spectra
are colored in blue, the unfolded state in orange and the burst-phase intermediate in green. The
fluorescence spectra of foldon A6V are lighter colored than the corresponding foldon wild-type spectra.
B) Comparison of the foldon wild-type (blue) and foldon A6V (orange) GdmCl transitions at 30 µM
monomer concentration. C) Linear plot of the common logarithm of the apparent rate constant of
the foldon A6V GdmCl unfolding experiments against the corresponding GdmCl concentrations. D)
Comparison of 10 µM monomer concentration foldon wild-type (blue) and foldon A6V (orange) refolding
traces in 0.58 M GdmCl.
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The fits and rate constants in GdmCl for foldon A6V are given in Figure 4.18. The assumed
stability used for the adjustment of the refolding traces is 61.6 kJ · mol−1. Despite this cor-
rection, the fits of foldon A6V are the least-defined of all global GdmCl refolding fits. Both
association rate constants are decreased compared to foldon wild-type and the dimerization
rate constant is the slowest rate constant of all GdmCl refolding fits with a 260fold decrease
compared to foldon wild-type. The dissociation rate constant of the dimer k−D on the other
hand is the lowest determined for all GdmCl refolding experiments. Any formed dimer has
thus a higher probability to bind a third monomer rather than to dissociate. The decrease of
the trimerization rate constant by two orders of magnitude is larger than for most other foldon
variants, with the exception of foldon P7Nva, discussed below.
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Figure 4.18.: Normalized global fit traces of foldon A6V GdmCl refolding kinetics. A) Normalized
GdmCl refolding traces after fitting with fixed dimerization rate constant kD. B) Normalized GdmCl
refolding traces after fitting with all parameters run freely. C) Fitting model with all determined rate
constants with fixed dimerization rate constant kD. D) Fitting model with all determined rate constants
with all parameters run freely.
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4.6. Foldon P7F

The X-ray structure of foldon P7F shows that the conformation of the backbone is slightly dis-
torted compared to foldon wild-type, with φ- and ψ-angles of foldon wild-type of φ = -54.22 ◦

and ψ = 144.84 ◦, and φ = -50.37 ◦ and ψ = 142.37 ◦ in foldon P7F. This is very likely induced
by the side chain, which points into the solvent and not towards the hydrophobic cluster, in
contrast to the proline or norvaline side chain (shown below). The norvaline side chain has
enough conformational freedom to prevent steric hindrances and clashes with the tyrosine side
chain at position 13 while still maintaining the native-like backbone conformation. The op-
posing effect is observed for the phenyl side chain. A steric hindrance of the phenylalanine
side chain with the tyrosine side chain at position 13 changes the backbone conformation.
This leads to a loss of direct interaction with the tryptophan at position 20 of the hydrophobic
cluster. The gap formed between the phenylalanine at position 7 and the tryptophan at posi-
tion 20 is only slightly covered by the phenylalanine side chain. The steric hindrance with
Tyr13 additionally causes a tilt of the tyrosine 13 side chain. This distortion leads to a further
destabilization of the hydrophobic cluster. Foldon P7F shows the lowest stability determined
in GdmCl with ∆G0(H2O) = (-46.5 ± 11.3) kJ · mol−1 and meq = (13.2 ± 4.2) kJ · mol−1 ·
M−1. This low stability would render most refolding experiments impossible due to the low
fraction of natively formed trimer at the refolding conditions, thus no further experiments were
performed.

4.7. Foldon P7V

Next to foldon A6V, foldon P7V is the only foldon variant in this study which did not form any
suitable crystals for X-ray structure determination. The stability of foldon P7V is determined
by GdmCl transitions, resulting in a free folding enthalpy of ∆G0(H2O) = (-53.0 ± 6.0) kJ
· mol−1 with meq = (10.7 ± 2.4) kJ · mol−1 · M−1. Due to the low stability and the lack of
structural data, no further experiments were carried out using this foldon variant.
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BA

C D

Figure 4.19.: Crystal structure of foldon P7F. A) Crystal structure of foldon P7F in ribbon representa-
tion, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure
are colored in grey. The side chain of the mutated residue 7 is shown in stick representation and the
side chain colored in red. B) Backbone alignment of foldon P7F and foldon wild-type. Foldon wild-type,
also shown in ribbon representation, is colored in white, with the exception of the β-strands, which are
colored in light blue. The proline 7 residue is shown in stick representation and colored in green. The
foldon P7F crystal structure is shown and colored as in A). C) Overlay of the residue 7 side chains
of both foldon wild-type and foldon P7F, together with the neighboring residues Tyr13 and Trp20. The
all-atom representation shows all carbon atoms in green (with the exception of Phe7, were the carbon
atoms are shown in brown), the nitrogen atoms in blue and the hydrogen atoms in white. The tilt of the
tyrosine 13 side chain due to the insertion of the phenyl-group at position 7 is shown by the overlay
of the two crystal structures. D) Stick representation of the residues Pro7, Tyr13 and Trp20 colored
as described in Figure 4.2. The van der Waals-radii for all atoms are shown to highlight the steric
clash of the phenylalanine and the tyrosine side chains and the gap between the phenyl-ring and the
tryptophan 20.
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Figure 4.20.: GdmCl transitions of foldon P7F and foldon P7V. A) Comparison of the foldon wild-type
(blue) and foldon P7F (orange) GdmCl transitions at 30 µM monomer concentration. B) Compar-
ison of the foldon wild-type (blue) and foldon P7V (orange) GdmCl transitions at 30 µM monomer
concentration.
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4.8. Foldon P7Nva

The backbone conformation of the X-ray structure of foldon P7Nva at position 7 is in trans

conformation and superimposes completely with the foldon wild-type conformation although
the constraint of this conformation by the proline is missing. This can be seen from the back-
bone angles, which are φ = -54.22 ◦ and ψ = 144.84 ◦ for foldon wild-type and φ = -55.72 ◦ and
ψ = 147.62 ◦ in foldon P7Nva. The norvaline side chain is not constrained in the same con-
formation as the proline side chain, but points outwards into the solvent. This results in a gap
between the residues 7 and 20, which is closed by the pyrrolidine ring in foldon wild-type.
The resulting loss of van der Waals contact and the higher accessibility of the hydrophobic
core towards the solvent and thus to denaturants is likely to cause the decreased stability and
higher meq-value determined for this foldon variant. Additionally, the loss of the restraining
pyrrolidine ring leads to a higher entropy of the backbone, hence energy is needed to constrain
the N-terminal in its native conformation. This is necessary to fix the N-terminal amino acids
in the correct orientation packed against the β-turn.

The native spectrum of foldon P7Nva has a high resemblance to the spectrum of the foldon
A6V native state, and it is as discussed before not determinable whether this effect is due to a
change in the fluorescence properties or just a stability effect. However, the destabilization is
not as profound as for foldon A6V. The unfolded state has the same characteristics as observed
for all previously discussed foldon variants, as the maximum is decreased and the intensity is
reduced for the lower wavelength while no significant deviation is observed for the higher
wavelengths. The intermediate state spectrum is red-shifted in its maximum by 10 nm and the
fluorescence intensity is also slightly increased compared to foldon wild-type. This indicates
that the hydrophobic core of the burst-phase intermediate has a different conformation which
influences the shape of the emission spectrum while the quantum yield is not effected. The
stability determined in GdmCl is ∆G0(H2O) = (-58.7 ± 1.3) kJ · mol−1 with meq = (12.4 ±
0.7) kJ · mol−1 · M−1. Foldon P7Nva is the only variant at position 7 which was chosen for
studies in urea, and the free folding enthalpy in urea is ∆G0(H2O) = (-54.6± 0.6) kJ ·mol−1,
with ameq = (6.2± 0.2) kJ ·mol−1 ·M−1. The global fit of both transitions results ∆G0(H2O)
= (-57.8 ± 0.4) kJ · mol−1 with meq(GdmCl) = (11.8 ± 0.2) kJ · mol−1 · M−1 and meq(urea)
= (7.2 ± 0.2) kJ · mol−1 ·M−1

81



4. Results

BA

C D

Figure 4.21.: Crystal structure of foldon P7Nva. A) Crystal structure of foldon P7Nva in ribbon rep-
resentation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the
structure are colored in grey. The side chain of the mutated residue 7 is shown in stick representation
and the side chain colored in red. B) Backbone alignment of foldon P7Nva and foldon wild-type. Foldon
wild-type, also shown in ribbon representation, is colored in white, with the exception of the β-strands,
which are colored in light blue. The proline 7 residue is shown in stick representation and colored in
green. The foldon P7Nva crystal structure is shown and colored as in A). C) Overlay of the residue 7
side chains of both foldon wild-type and foldon P7Nva, together with the neighboring residues Tyr13
and Trp20. The all-atom representation shows all carbon atoms in green (with the exception of Nva7,
were the carbon atoms are shown in brown), the nitrogen atoms in blue and the hydrogen atoms in
white. D) Stick representation of the residues Pro7, Tyr13 and Trp20 colored as described in Figure
4.2. The van der Waals-radii for all atoms are shown to highlight the missing interaction of the norvaline
side chain with the tryptophan side chain of residue 20, as the norvaline side chain is pointing into the
solvent, in contrast to the native conformation in the proline side chain of foldon wild-type.
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Figure 4.22.: A) Fluorescence spectra of foldon wild-type and foldon P7Nva. The native state spectra
are colored in blue, the spectra of the unfolded state in orange and the burst-phase intermediate
spectra in green. The fluorescence spectra of foldon P7Nva are lighter colored than the corresponding
foldon wild-type spectra. B) Comparison of the foldon wild-type (blue) and foldon P7Nva (orange)
GdmCl transitions at 30 µM monomer concentration. C) Linear plot of the common logarithms of the
apparent rate constants of the foldon P7Nva GdmCl unfolding experiments against the corresponding
GdmCl concentrations. D) Linear plot of the common logarithms of the apparent rate constants of the
foldon P7Nva GdmCl unfolding experiments against the corresponding urea concentrations.

Plotting the common logarithm of the apparent rate constants of GdmCl unfolding experiments
of foldon P7Nva against the varying final GdmCl concentrations shows a kink in the unfold-
ing limb. The kink is shifted by 0.5 M GdmCl concentration to approximately 4.5 M GdmCl
compared to the variants at position 6, indicating that the high-energy intermediate has a more
native-like structure. The linear fit results k−T = (3.83±0.43)·10−3 s−1 andmU = 4.39±0.33

kJ · mol−1 ·M−1. The apparent rate constants are determined by single-exponential fitting of
the unfolding traces. Fitting of the urea unfolding traces of foldon P7Nva at varying final
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urea concentrations is also achieved by a single-exponential equation. The common logarithm
of the apparent rate constant is plotted against the final urea concentrations, yielding a lin-
ear slope. Thus foldon P7Nva is too unstable to allow detection of the refolding limb of the
chevron plot in urea. The plot is fitted with a linear equation, yielding an unfolding rate con-
stant ku = (4.79 ± 0.03) · 10−4 s−1 and a mu = (2.19 ± 0.02) · 103 kJ · mol−1 · M−1. The
mu-value is significantly larger than the ones obtained for the foldon variants at position 6, but
it is not clear whether this is an effect of the mutation or of the fitting procedure. The reaction
orders determined from the half-life times in both GdmCl and urea are close to 2, indicating
a strong influence of one of the association rate constants on the folding reaction. A reaction
order of 2 is also found by determination of the initial slopes. The dimer association rate con-
stant determined in this way for GdmCl and urea refolding are (1.03 ± 0.12) · 104 M−1 · s−1

and (5.89± 0.09) · 102 M−1 · s−1, respectively.
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Figure 4.23.: Comparison of foldon wild-type (blue) and foldon P7Nva (orange) refolding traces A) 10
µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces in
1.0 M urea.

The model used for the global fit of the foldon P7Nva refolding traces does not show any cis-

trans isomerization reaction of proline peptide bonds. This is feasible due to the finding that
only the proline at position 7 is responsible for the cis-trans isomerization, as known from the
mutations at position 4 and 6. The fit model is thus reduced to a linear model consisting of
dimerization, trimerization and the rearrangement step from the trimeric intermediate to the
native state for GdmCl fitting. The refolding traces are adjusted using a free folding enthalpy
of 58.4 kJ · mol−1. The fit traces show a systematic shift in the lower foldon monomer con-
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4.8. Foldon P7Nva

centrations. Only minor changes are observed upon a global fit with all rate constants run
freely. Both association rate constants are lowered by two orders of magnitude, while the
dissociation rate constants of the intermediates are only slightly changed compared to foldon
wild-type. The dissociation rate constant of the native state is 10fold larger than in the foldon
wild-type, as expected due to the decreased stability. This value is similar to those determined
for mutations at position 6, thus the free enthalpy of folding is not the sole cause for an in-
crease or decrease of k−T .
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Figure 4.24.: Normalized global fit traces of foldon P7Nva GdmCl refolding kinetics. A) Normalized
GdmCl refolding traces after fitting with fixed dimerisation rate constant kD. B) Normalized GdmCl
refolding traces after fitting with all parameters run freely. C) Fitting model with all determined rate
constants with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants
with all parameters run freely.
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The fit mechanism for refolding of foldon P7Nva in urea is even more simple than in GdmCl
as the rearrangement step from the intermediate trimer Ttrans to the native stateN is negligible
in urea. The mechanism is shown in Figure 4.25C and D, together with the global fits with
both fixed and free dimerization rate constant kD.
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Figure 4.25.: Normalized global fit traces of foldon P7Nva urea refolding kinetics. A) Normalized urea
refolding traces after fitting with fixed dimerisation rate constant kD. B) Normalized urea refolding
traces after fitting with all parameters run freely. C) Fitting model with all determined rate constants
with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants with all
parameters run freely.

Foldon P7Nva shows the strongest effect on the dimerization reaction of all studied foldon
variants in urea, with a decrease of the dimerization rate constant by three orders of magni-
tude, compared to foldon wild-type. Although only four rate constants are used in this folding
model and two are already pre-determined by other experiments and evaluations, this is not
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4.9. Foldon P4T P7Nva

sufficient to yield robustly defined trimerization and dimer dissociation rate constants kT and
k−D. These two rate constants show a strong coupling over several orders of magnitude with-
out significantly changing the characteristics of the fit traces. The overall effect of the mutation
at position 7 is that a loss of the critical cis-trans isomerization reaction leads to a tremendous
deceleration of the dimerization reaction. The gain in backbone entropy seems to cause a large
shift towards the unfolded state, as the backbone is no longer fixed in the correct conformation.
This disfavors efficient dimerization of foldon monomers.

4.9. Foldon P4T P7Nva

The double-mutant foldon P4T P7Nva does not show significant differences in the X-ray struc-
ture of the native state at the mutated locations and especially not in the overall conformation
of the N-terminal region when compared to both the wild-type and the single-point mutations
at position 4 and 7. These comparisons are done both by an overlay of the structures and
comparison of the backbone angles. In the foldon P4T variant the angles for the Cα at position
4 are φ = -85.68 ◦ and ψ = 167.87 ◦, compared to φ = -83.71 ◦ and ψ = 163.82 ◦ at the same
position in the double-mutant. For foldon P7Nva, the angles are φ = -55.72 ◦ and ψ = 147.62 ◦,
while they are φ = -54.83 ◦ and ψ = 145.14 ◦ in the double-mutant. Even in the absence of
both proline residues, the poly-proline II structure of the N-terminal region is preserved in
the native state, as seen by an alignment of both wild-type and mutant crystal structures. The
side chains of the two mutated residues in the double-mutant have a different conformation
compared to the single-mutant crystal structures, indicating that the mutant side chains gain
conformational freedom in the native state.

The burst-phase intermediate spectrum of foldon P4T P7Nva shows the largest deviation from
all other variants and foldon wild-type. A sharp peak with a maximum at 342 nm is ob-
served that even exceeds the native state fluorescence of foldon wild-type. This spectrum
indicates that the intermediate state has a tremendously changed hydrophobic core conforma-
tion in the intermediate state that is not seen in neither the native nor the unfolded state of
foldon P4T P7Nva. The native and unfolded state spectra closely resemble the foldon wild-
type spectra, with decreased fluorescence intensities. The change in the intermediate spectrum
could indicate a changed packing of the N-terminal region of the foldon domain against the
β-turn, which could lead to a strong enhancement in fluorescence.
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BA

Figure 4.26.: Crystal structure of foldon P4T P7Nva. A) Crystal structure of foldon P4T P7Nva in
ribbon representation, with the β-strands highlighted in blue, while the 310-helix and the other regions
of the structure are colored in grey. The side chains of the mutated residues 4 and 7 are shown in
stick representation and the side chain colored in red. B) Backbone alignment of foldon P4T P7Nva
and foldon wild-type. Foldon wild-type, also shown in ribbon representation, is colored in white, with
the exception of the β-strands, which are colored in light blue. The proline 4 and 7 residues are shown
in stick representation and colored in green. The foldon P4T P7Nva crystal structure is shown and
colored as in A).

As substitutions of the proline residues at position 4 and 7 lead to opposing effects regarding
the stability of the native trimer, the question arises whether the effects are additive or not. The
stability determined for the foldon P4T P7Nva double substitution in GdmCl is ∆G0(H2O) =
(-70.2 ± 6.0) kJ · mol−1, with an meq-value of meq = (14.2 ± 3.2) kJ · mol−1 · M−1. From
the comparison of the ∆∆G0(H2O) values of the individual mutations (-12.3 kJ · mol−1 for
foldon P4T, 30.5 kJ · mol−1 for foldon P7Nva) with the double mutation (19.0 kJ · mol−1),
it is likely that the effects exerted by the mutations are additive. The meq-value is relatively
large, as seen before for the single-point mutations at position 7.

Foldon P4T P7Nva shows the most complex unfolding kinetics of all studied variants in
GdmCl. Despite its comparable stability with other foldon variants, fitting of the unfolding
traces shows a significantly different unfolding behavior, both in the shape of the unfolding
traces and the length of the unfolding reaction. Fitting of these traces has to be done using a
three-exponential equation, and all three phases contribute significantly to the overall fluores-
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4.9. Foldon P4T P7Nva

cence signal change. Plotting of the common logarithms of the three apparent rate constants
against the final GdmCl concentrations yields three linear unfolding traces which are grouped
due to their amplitude. The lowest of these three rate constants has the largest contribution to
the overall fluorescence change and is thus considered to correspond to the dissociation rate
constant with k−T = (7.48 ± 0.49) · 10−5 s−1. This rate constant is even 5fold lower than
the dissociation rate constant of foldon wild-type, despite the overall destabilization of foldon
P4T P7Nva compared to foldon wild-type.

The double mutant foldon P4T P7Nva is an exception with regard to the global GdmCl re-
folding fit (Figure 4.28). It is the only variant with a lower stability than foldon wild-type
where the exact stability for each monomer concentration at the GdmCl refolding conditions
can be used and global fitting remains possible. Additionally, no initial slope measurement
is needed to gain robust fit results. It is a common observation throughout this study that
the fidelity of the association rate constants is increased with lower rate constants. The other
exception of foldon P4T P7Nva refolding kinetics is that the concentration-independent fold-
ing step from the trimeric intermediate to the native state N is not needed for a suitable fit
any more. The same model as for foldon P7Nva in urea is used for global fitting. The reac-
tion order determined from the half-life times of the concentration-dependent reaction steps is
t1/2 = 2.00 ± 0.11, as observed before for other foldon variants with a strong deceleration of
the association steps. The dimerization rate constant is lowered by a factor of 1,000, while the
dissociation rate constant of the dimer is the largest found throughout this study. The effects
on the trimerization rate constant are in the same range as the other foldon variants with its
10fold decrease. The dissociation rate constant of the native state is almost identical to the
dissociation rate of foldon P4T, despite the lowered stability of foldon P4T P7Nva. As seen
for foldon mutations at position 6, the dissociation rate constant is not only ruled by the overall
stability. Instead, an exchange of the proline at position 4 seems to raise the free activation
enthalpy of unfolding, regardless of the overall stability of the foldon variant.
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Figure 4.27.: A) Fluorescence spectra of foldon wild-type and foldon P4T P7Nva. The native state
spectra are colored in blue, the spectra of the unfolded state in orange and the burst-phase interme-
diate spectra in green. The fluorescence spectra of foldon P4T P7Nva are lighter colored than the
corresponding foldon wild-type spectra. B) Comparison of the foldon wild-type (blue) and foldon P4T
P7Nva (orange) GdmCl transitions at 30 µM monomer concentration. C) Linear plot of the common log-
arithms of the three unfolding rate constants of the foldon P4T P7Nva GdmCl unfolding kinetics against
the corresponding GdmCl concentrations. D) Comparison of the foldon wild-type (blue) and foldon P4T
P7Nva refolding traces in 0.58 M GdmCl 20 mM sodium cacodylic acid pH 7.0. The monomer concen-
tration is 10 µM.
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parameters run freely.
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4.10. Foldon Y13F

Tyrosine 13 is the only amino acid within the hydrophobic cluster that has a polar side chain.
The hydroxyl group of the side chain is part of a hydrogen bond network in the first type-II-
turn structure formed by the residues 9 to 11. The hydrogen bonds are formed between the side
chain oxygens of glutamate 9, the side chain nitrogen of glutamine 11 and the hydroxyl group
of the tyrosine 13 side chain, while another hydrogen bond in this network is formed between
one oxygen of the glutamate 9 side chain and the backbone nitrogen of glutamine 11. Thus
tyrosine acts as a link between the hydrophobic cluster and the first type-II-turn. Removal of
the hydroxyl group by mutating the tyrosine to a phenylalanine at position 13 disrupts the con-
nection to the turn, which is still able to form hydrogen bonds within the turn structure as seen
from the X-ray structure, but lacks connectivity to other regions of the foldon monomer. Next
to formation of the discussed intra-molecular hydrogen bond, the hydroxyl group of tyrosine
13 makes up a minor region of the foldon surface, interacting with the surrounding solvent.
Removal of the hydroxyl group results in direct contact of the hydrophobic side chain of the
phenylalanine to the solvent, which is entropically unfavorable. An almost perfect alignment
of the phenyl rings of residue 13 in foldon wild-type and foldon Y13F is observed.

Foldon Y13F shows a strong resemblance to foldon A6V in its fluorescence spectra. The
native state fluorescence is decrease to around 40 % of the foldon wild-type intensity while
still showing the characteristic shape of the native state. The decrease can be due to a lower
stability of this variant, but tryptophan fluorescence can also be decreased due to the missing
FRET from the tyrosine in close proximity within the hydrophobic core. In the unfolded state
spectrum of foldon Y13F, where the intensity is decreased by approximately 25 %, the tyro-
sine shoulder with its maximum at 303 nm is not detectable any more, despite the fact that
the other tyrosine at position 3 is still present. The intermediate spectrum has a red-shifted
maximum at 346 nm and shows a slight peak, as observed for foldon A6S and P4T P7Nva.
The intensity of the burst-phase intermediate is reduced by almost 50 %.

The substitution of a tyrosine with a phenylalanine is probably the most conservative sub-
stitution in the whole study. Yet this exchange leads to a destabilization by 24.8 kJ · mol−1

compared to foldon wild-type, resulting in a ∆G0(H2O) = (-64.4 ± 0.1) kJ · mol−1 with an
meq = (13.8 ± 0.1) kJ · mol−1 ·M−1 in GdmCl. This result shows that not only the insertion,
but also the removal of a hydroxyl group within the hydrophobic core can lead to an increased
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BA

C D

Figure 4.29.: Crystal structure of foldon Y13F. A) Crystal structure of foldon Y13F in ribbon represen-
tation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure
are colored in grey. The side chain of the mutated residue 13 is shown in stick representation and
the side chain colored in red. B) Backbone alignment of foldon Y13F and foldon wild-type. Foldon
wild-type, also shown in ribbon representation, is colored in white, with the exception of the β-strands,
which are colored in light blue. The tyrosine 13 residue is shown in stick representation and colored in
green. The foldon Y13F crystal structure is shown and colored as in A). C) The hydrogen bond net-
work in the first β-turn of the foldon Y13F mutant. The hydrogen bond from glutamate 9 to tyrosine 13
present in foldon wild-type is replaced by a bond to the glutamine 12 nitrogen atom in the side chain.
D) Transparent surface representation of the first β-turn region, showing that the former hydrophilic
region of the Tyr13 hydroxyl group is now a hydrophobic patch where the solvent has direct access to
the hydrophobic core of the native trimer.
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susceptibility of the native trimer to the denaturant. The effect on stability is within the range
of the other mutations. The Y13F foldon variant shows the highest susceptibility to urea of all
studied variants with a meq = (6.9 ± 0.4) kJ · mol−1 ·M−1, accompanied by the largest differ-
ence between the determined stabilities in GdmCl and urea of 6.2 kJ ·mol−1, with ∆G0(H2O)

= (-58.2± 1.3) kJ ·mol−1. This low stability could lead to ill-defined native baselines and very
high errors of the determined results if compared to the other variants and foldon wild-type,
as shown in Figure A.9. A global fit using all transition curves of both denaturants results
in a free folding enthalpy of ∆G0(H2O) = (-59.1 ± 0.4) kJ · mol−1, the meq-values for the
respective denaturants are meq(GdmCl) = (10.9 ± 0.2) kJ · mol−1 ·M−1 and meq(urea) = (7.1
± 0.2) kJ · mol−1 ·M−1.

Foldon Y13F does neither show complex unfolding kinetics nor a kink or roll-over in the
plot of the common logarithms of the apparent rate constants against the GdmCl concentra-
tions. Fitting is achieved by a single linear equation, resulting in a ku of 5.4 · 10−4 s−1 and a
mu-value of 4.6 kJ · mol−1 · M−1. The unfolding traces are fitted with a single-exponential
equation. The same holds true for urea unfolding, resulting ku = (1.39± 0.01) · 10−4 s−1 and
a mu = (1.66 ± 0.01) · 103 kJ · mol−1 · M−1. The apparent rate constants are obtained by
single-exponential fitting of the unfolding traces. Themu-value is in the same range as the one
of foldon P7Nva, but significantly higher than for the foldon variants at position 6. It is thus
not clear if the obtained kinetic mu-values can be directly compared or if they represent local
unfolding events in one case and in the other case a global unfolding reaction. A comparison
with GdmCl unfolding reactions to determine which of the two cases is true is however not
possible, as unfolding with GdmCl always results in global unfolding, regardless of the used
GdmCl concentration.

The reaction order determined from the half-life times in both GdmCl in urea refolding ex-
periments is close to two, as is the reaction order determined from the initial slopes for both
denaturants. The dimer association rate constant is kD = (1.79 ± 0.12) · 104 M−1 · s−1 in
GdmCl and kD = (2.57± 0.22) · 103 M−1 · s−1 in urea.

The modified model for foldon association which allows productive dimer and trimer forma-
tion of monomers with a cis conformation of the Ala6-Pro7 peptide bond is used for global
fitting of the foldon Y13F refolding traces in GdmCl. The refolding traces are adjusted using
a free enthalpy of folding of 59.1 kJ · mol−1. The fit traces are in good agreement with the
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Figure 4.30.: A) Fluorescence spectra of foldon wild-type and foldon Y13F. The native state spec-
tra are colored in blue, the spectra of the unfolded state in orange and the burst-phase intermediate
spectra in green. The fluorescence spectra of foldon Y13F are lighter colored than the correspond-
ing foldon wild-type spectra. B) Comparison of the foldon wild-type (blue) and foldon Y13F (orange)
GdmCl transitions at 30 µM monomer concentration. C) Linear plot of the common logarithms of the
three unfolding rate constants of the foldon Y13F GdmCl unfolding kinetics against the corresponding
GdmCl concentrations. D) Chevron plots of the common logarithms of the major phase unfolding rate
constants of the foldon Y13F urea unfolding kinetics against varying urea concentrations.
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Figure 4.31.: Comparison of foldon wild-type (blue) and foldon Y13F (orange) refolding traces A) 10
µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces in
1.0 M urea.

refolding traces, with only a slight deviation for the 2 and 100 µM foldon monomer concentra-
tion traces, as seen in Figure 4.32. The most tremendous effect is observed for the dissociation
rate constant of the dimeric intermediate, k−D. The rate constant of 731 s−1 is however low-
ered to 257 s−1 after free fitting of all rate constants. The caused changes in the dimerization
rate constant are too small to be detectable after rounding of the results. However, they have
a tremendous effect on both k−D and kT . The association rate constants are decreased by one
order of magnitude for the trimerization and two orders of magnitude for the dimerization rate
constant. The highest impact of the amino acid exchange is found on the dimerization, as
the monomer-to-dimer equilibrium is shifted by a factor of 500 towards the monomeric state
compared to foldon wild-type.

Deviations from the global fit traces in urea are seen for 20 and 50 µM foldon monomer con-
centration. For the 50 µM foldon monomer refolding experiment, this is rather an artifact of
the measurement for the longer time-points than poor fitting. The systematic deviations for
lower foldon monomer concentrations are more serious in this regard, although they could be
explained by the error in the concentration determination. The dimerization rate is comparable
to the ones determined for the foldon variants at position 6 and position 7. The effect on the
trimerization reaction is even stronger, although the rate constant cannot be determined with
high accuracy, for the reasons discussed before.
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Figure 4.32.: Normalized global fit traces of foldon Y13F GdmCl refolding kinetics. A) Normalized
GdmCl refolding traces after fitting with fixed dimerisation rate constant kD B) Normalized GdmCl
refolding traces after fitting with all parameters run freely. C) Fitting model with all determined rate
constants with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants
with all parameters run freely.
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Figure 4.33.: Normalized global fit traces of foldon Y13F urea refolding kinetics. A) Normalized urea
refolding traces after fitting with fixed dimerisation rate constant kD. B) Normalized urea refolding
traces after fitting with all parameters run freely. C) Fitting model with all determined rate constants
with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants with all
parameters run freely.

98



4.11. Foldon W20Nal

Due to the large dissociation rate constant k−D, foldon Y13F has the lowest kT/k−D ratio of
all studied foldon variants in both denaturants. However, as the rate constant for trimerization
kT is similar in size to other foldon variants, this effect is solely caused by the dissociation of
the dimer. The low stability of the dimer compared to foldon wild-type is very likely caused by
the loss of the direct interaction of the hydrophobic cluster and the hydrogen bonding network
of the first turn-II-structure.

4.11. Foldon W20Nal

Foldon W20Nal is considered the least destabilizing of all mutants inserted into foldon. An
overlay of the foldon W20Nal crystal structure with the foldon wild-type structure shows that
the naphthyl- and indole-ring align almost perfectly with only slight deviations for naphthyl-
alanine due to the changed binding angle, as the indole is bound via a five-atom heterocyclic
ring to the backbone. But otherwise, no steric hindrance or clashes occur, and all hydrophobic
interactions are still present. The only deviation seen for the naphthylalanine variant is the
expected loss of the hydrogen bond from the indole nitrogen atom N´ to the oxygen of the
residue 4 backbone. All other interactions of the N-terminus with the rest of the molecule are
prevailed, so the missing bond does not cause any observable changes of the structure.

In contrast to all previously discussed foldon variants, the mutations at position 20 lead to
a tremendous change in the fluorescence spectra, as the tryptophan is removed from foldon.
The spectra of the foldon variants W20Nal and W20H are therefore not directly comparable
to the respective foldon wild-type spectra. Additionally, the measurement of the burst-phase
intermediate is not possible, as refolding experiments of the tryptophan 20 variants cannot
be carried out due to their extremely low stability and slow refolding reaction, as discussed
below. Thus only the native and unfolded state spectra are compared. The spectra of foldon
W20Nal are dominated by the fluorescence of the naphthylalanine. The fluorescence of naph-
thylalanine has a wide excitation range, which was probed to determine a suitable excitation
wavelength. In the end, 273 nm was chosen as excitation wavelength as tyrosine fluorescence
is also strongly excited at this wavelength. The fluorescence intensity is increased upon un-
folding. Additionally, upon unfolding, a second minor peak is observed with a maximum at
303 nm. The existence of this peak indicates that FRET from the tyrosine residues to the naph-
thylalanine occurs in the folded state. The FRET efficiency is obviously strongly reduced in
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BA
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Figure 4.34.: Crystal structure of foldon W20Nal. A) Crystal structure of foldon W20Nal in ribbon
representation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the
structure are colored in grey. The side chain of the mutated residue 20 is shown in stick representation
and the side chain colored in red. B) Backbone alignment of foldon W20Nal and foldon wild-type.
Foldon wild-type, also shown in ribbon representation, is colored in white, with the exception of the
β-strands, which are colored in light blue. The tryptophan 20 residue is shown in stick representation
and colored in green. The foldon W20Nal crystal structure is shown and colored as in A). C) Stick
representation of the residues Nal20 and Pro4. The carbon atoms are colored in green (with the
exception of Nal20, were the carbon atoms are shown in brown), the oxygen atoms in red, nitrogens in
blue and the hydrogen atoms in white. D) Overlay of the residue 20 side chains of both foldon wild-type
and foldon W20Nal, together with the neighboring residue Pro4. The proline at position 4 in shown in
an all-stick representation. The color scheme is the same is in C).
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4.11. Foldon W20Nal

the unfolded state, making the tyrosine fluorescence directly observable. That way the emis-
sion change at 303 nm after excitation at 273 nm can be used for further experiments. The
unfolded and native state spectra of foldon W20Nal variants are shown in Figure 4.35A.
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Figure 4.35.: A) Fluorescence spectra foldon W20Nal. The native state spectrum is colored in blue,
the unfolded state spectrum in orange. B) Linear plot of the common logarithm of the foldon W20Nal
GdmCl unfolding apparent rate constants against the corresponding GdmCl concentrations.

It was not possible to determine the stability of foldon W20Nal by either a GdmCl or urea
transition due to its low free folding enthalpy. The denaturant transition of this variant was
thus carried out in the presence of 500 mM sodium sulfate, as was a transition of foldon
wild-type to allow a comparison between the mutant and foldon wild-type. The free fold-
ing enthalpy of foldon wild-type is ∆G0(H2O) = (-108.3 ± 1.5) kJ · mol−1, the meq-value is
meq = (13.3 ± 0.4) kJ · mol−1 · M−1. The normalized transition curves are shown in Fig-
ure 4.38A. The difference of the free folding enthalpy of foldon wild-type to the transition
carried out without sodium sulfate is 19.1 kJ · mol−1, corresponding to a shift towards the
native state by a factor of 40,000. The increase in stability is accompanied by an increase
of the meq-value by 3.1 kJ · mol−1 · M−1. A transition of foldon wild-type in urea is not
possible as urea is not able to unfold the highly stabilized foldon wild-type within the sol-
ubility range of urea under these conditions. The free folding enthalpy of foldon W20Nal
cannot be determined precisely due to the low stability of foldon W20Nal, despite the pres-
ence of 500 mM sodium sulfate. Several global fits together with foldon W20H and foldon
wild-type are performed, which are discussed in detail in Chapter 4.12. In general, one can
determine the stability of foldon W20Nal to be increased by about 40 kJ kJ · mol−1 compared
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to foldon wild-type in both denaturants. Unfolding experiments of foldon W20Nal against
varying GdmCl concentrations reveals a kink in the plot of the common logarithm of the
apparent rate constant determined by single-exponential fitting against the effective GdmCl
concentration. While the slow phase has an already remarkable fast dissociation constant with
ku,slow = (0.21 ± 0.06) s−1 and an mu,slow = (4.41 ± 0.40) kJ · mol−1 · M−1, the fast phase
has a rate constant of ku,fast = (19.49 ± 2.26) s−1 with mu,fast = (1.47 ± 0.16) kJ · mol−1 ·
M−1. These are the fastest determined dissociation rate constants throughout this study and a
good explanation for the low stability of foldon W20Nal.

Despite the fact that equilibrium transitions in both GdmCl and urea and unfolding experi-
ments in GdmCl can be performed and evaluated using foldon W20Nal, it was not possible
to determine refolding experiments using this foldon variant. All refolding traces determined
were strongly governed by mixing artifacts and photo-bleaching, if any fluorescence changes
were determinable at all. This indicates that refolding is decreased to an extend that determi-
nation of the refolding reaction is not possible any more. Yet this foldon variant is still able
to fold into the native structure, given enough time. The extremely low stability of foldon
W20Nal is thus a consequence of both a fast unfolding and an extremely slow refolding reac-
tion, strongly shifting the equilibrium towards the unfolded state.

4.12. Foldon W20H

The exchange of tryptophan to histidine serves the purpose to control if formation of the hydro-
gen bond disrupted by the exchange of tryptophan to naphthylalanine in the W20Nal mutant
is restored. And although the hydrogen bond is formed, as can be seen clearly from the crystal
structure, the loss of hydrophobic interactions in the hydrophobic core and the likely trapping
of water within the native trimer overcompensate for the gained free folding enthalpy by the
formed hydrogen bonds. The water molecules within the hydrophobic core are not defined in
the crystal structure. This indicates that any solvent molecules trapped within the hydrophobic
core do not show specific binding to any groups forming the shell of the cavern.

In foldon W20H, the fluorescence emission spectra of both states is dominated by the tyrosine
fluorescence with its characteristic maximum at 303 nm after excitation at 273 nm. An in-
crease of the fluorescence intensity is observed upon unfolding in high GdmCl concentrations
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Figure 4.36.: Crystal structure of foldon W20H. A) Crystal structure of foldon W20H in ribbon represen-
tation, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure
are colored in grey. The side chain of the mutated residue 20 is shown in stick representation and
the side chain colored in red. B) Backbone alignment of foldon W20H and foldon wild-type. Foldon
wild-type, also shown in ribbon representation, is colored in white, with the exception of the β-strands,
which are colored in light blue. The tryptophan 20 residue is shown in stick representation and colored
in green. The foldon W20H crystal structure is shown and colored as in A). C) Stick representation
of the residues His20 and Pro4 in an all-stick representation. The carbon atoms are colored in green
(with the exception of His20, were the carbon atoms are shown in brown), the oxygen atoms in red,
nitrogens in blue and the hydrogen atoms in white. The hydrogen bond between the backbone oxygen
of residue 4 and the Nτ of the histidine 20 side chain is depicted as a dashed yellow line. D) Overlay
of the residue 20 side chains of both foldon wild-type and foldon W20H, together with the neighboring
residue Pro4 in an all-stick representation. The color scheme is the same is in C). The overlay shows
almost perfect alignment of the side chains.
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without any significant changes in the shape of the spectrum. This fluorescence increase upon
unfolding can be used to probe the transition between the unfolded and native state in other
experiments (Figure 4.37A).
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Figure 4.37.: A) Fluorescence spectra of foldon W20H. The native state spectrum is colored in blue,
the unfolded state spectrum in orange. B) Linear plot of the common logarithms of the apparent rate
constants of foldon W20H GdmCl unfolding kinetics against the corresponding GdmCl concentrations.

Despite the stabilization by sulfate and high foldon monomer concentrations, fitting of the
foldon W20H transitions leads to artifacts: Although the transition mid-points are clearly at
lower GdmCl concentrations compared to foldon W20Nal, the fits yield a lower free folding
enthalpy, accompanied with an increased meq-value of almost 20 kJ · mol−1 · M−1. Several
strategies are applied to overcome this problem: Using a fixed meq-value determined from
fitting of the higher foldon monomer concentration transition curve is one possibility. In ad-
dition, a global fit of both the W20Nal and W20H transition curves is performed, using a
global meq-value for both foldon variants, as the effect of both mutations on the susceptibility
to GdmCl should be rather similar. For this global fit, the traces of foldon wild-type are used
as well, as the clear native and unfolded baselines of the foldon wild-type transition result in
a well-defined overall meq-value. The normalized transition curves are shown in Figure 4.38,
the stabilities finally determined are ∆G0(H2O) = (-65.5 ± 0.4) kJ · mol−1 and ∆G0(H2O) =
(-55.0 ± 0.7) kJ · mol−1 for foldon W20Nal and W20H, respectively, with a meq-value of meq

= (12.9 ± 0.2) kJ · mol−1 · M−1 for both variants. The free folding enthalpy determined for
foldon wild-type by this method is ∆G0(H2O) = (-107.3 ± 0.9) kJ · mol−1, which is within
the error range of the value determined by fitting of the foldon wild-type data alone.
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Figure 4.38.: Normalized GdmCl transition curves of foldon wild-type and both tryptophan 20 sub-
stitutions in the presence of 500 mM sodium sulfate. A) Normalized GdmCl transition curves in the
presence of 500 mM sodium sulfate for 2 µM (orange) and 4 µM (blue) monomer concentrations of
foldon wild-type, measured by intrinsic tryptophan fluorescence change. B) Normalized GdmCl transi-
tion curves in the presence of 500 mM sodium sulfate for 60 µM (orange) and 90 µM (blue) monomer
concentrations of foldon W20Nal, measured by intrinsic tyrosine fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). C) Normalized GdmCl tran-
sition curves in the presence of 500 mM sodium sulfate for 60 µM (orange) and 90 µM (blue) monomer
concentrations of foldon W20H, measured by intrinsic tyrosine fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). D) Comparison of a 2 µM
foldon wild-type monomer concentration (green) with 90 µM foldon W20H (orange) and 90 µM foldon
W20Nal (blue) transition curves, measured by change in intrinsic tryptophan or tyrosine fluorescence,
respectively.

The same problems encountered during the evaluation of the GdmCl data are also present dur-
ing the evaluation of the urea transition data: Fitting of the foldon W20H transition curves
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alone results in a higher stability then found for foldon W20Nal, again accompanied by a high
meq-value. Thus, like for the GdmCl transitions, a global fit with a global meq-value for the
urea data is carried out, resulting ∆G0(H2O) = (-62.7 ± 0.8) kJ · mol−1 and ∆G0(H2O) =
(-49.8 ± 0.8) kJ · mol−1 for foldon W20Nal and W20H, respectively. The meq-value is meq =
(5.8 ± 0.2) kJ · mol−1 ·M−1. The transition curves in urea and a comparison of both variants
are given in Figure 4.39.

Comparing the transitions in both GdmCl and urea reveals that the free enthalpy of folding
determined in GdmCl is lower than in urea. Thus, an additional global fit is carried out. The
meq-values for foldon W20H for this fit are fixed to the values determined by the previously
performed global fits. All different free folding enthalpies ∆G0(H2O) are given in Table 4.2.
For both variants at position 20, the determined stabilities have to be seen rather as an accu-
mulation point than an exact result, although all determined values are within error range of
each other.

W20Nal
GdmCl urea

∆G0(H2O) meq ∆G0(H2O) meq

kJ · mol−1 kJ · mol−1 ·M−1 kJ · mol−1 kJ · mol−1 ·M−1
normal fitting -69.9 ± 1.5 15.1 ± 0.7 -61.5 ± 0.4 5.4 ± 0.1
global fit with W20H

-65.5 ± 0.4 12.9 ± 0.2 -62.7 ± 0.8 5.8 ± 0.2
using a global meq

global fit
-64.1 ± 0.5 12.2 ± 0.3 6.1 ± 0.1

of GdmCl & urea

W20H
GdmCl urea

∆G0(H2O) meq ∆G0(H2O) meq

kJ · mol−1 kJ · mol−1 ·M−1 kJ · mol−1 kJ · mol−1 ·M−1
normal fitting -64.6 ± 5.2 19.5 ± 3.7 -69.1 ± 7.2 13.8 ± 3.2
global fit with W20Nal

-55.0 ± 0.7 12.9 ± 0.2 -49.8 ± 0.8 5.8 ± 0.2
using a global meq

global fit
-53.4 ± 0.5 12.9 5.8

of GdmCl & urea

Table 4.2.: All free folding enthalpies and meq-values of both foldon W20Nal and W20H determined by
different global fitting attempts described in detail in the text. Results with the same colour have been
obtained from the same global fit, except for results colored in black, which are the results of individual
fits of the corresponding denaturant transitions.
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Figure 4.39.: Normalized urea transition curves of both tryptophan 20 substitutions in the presence
of 500 mM sodium sulfate. A) Normalized urea transition curves in the presence of 500 mM sodium
sulfate for 60 µM (orange) and 90 µM (blue) monomer concentrations of foldon W20Nal, measured by
intrinsic tyrosine fluorescence change (opaque points) or change in circular dichroism absorption at
228 nm (translucent points). B) Normalized urea transition curves in the presence of 500 mM sodium
sulfate for 60 µM (orange) and 90 µM (blue) monomer concentrations of foldon W20H, measured by
intrinsic tyrosine fluorescence change (opaque points) or change in circular dichroism absorption at
228 nm (translucent points). C) Direct comparison both foldon tryptophan mutant transitions at 90 µM
foldon monomer concentration. Foldon W20H (orange) and foldon W20Nal (blue) transition curves
were measured by change in intrinsic tyrosine fluorescence.

The variant W20H of foldon was chosen for the particular reason that a hydrogen bond is
formed between the nitrogen´s hydrogen atom in the side chain of the tryptophan at posi-
tion 20 and the backbone carbonyl group of proline 4. This hydrogen bond is missing in the
W20Nal variant and could be restored by the mutation to a histidine. The inserted histidine
side chain is however highly sensible to the surrounding pH, which can be used to determine
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Figure 4.40.: GdmCl transition curves of foldon W20H in the presence of 500 mM sodium sulfate at
varying pH-values. A) Original circular dichroism absorption data of foldon W20H GdmCl transitions
at 60 µM monomer concentration in the presence of 500 mM sodium sulfate at pH 5.5 (green), pH 7.0
(orange), and pH 8.0 (blue). B) Normalized GdmCl transition curves in the presence of 500 mM
sodium sulfate of foldon W20H at pH 7.0 (orange) and pH 8.0 (blue), measured by intrinsic tyrosine
fluorescence change (opaque points) or change in circular dichroism absorption at 228 nm (translucent
points).

the effect of this hydrogen bond on the folding mechanism and stability. Two additional tran-
sitions were carried out at pH 5.5 and pH 8.0 to cover the complete area around the pKa of
the imidazole side chain. A protonation of the histidine side chain leads to a positive charge
of the side chain within the hydrophobic core of foldon. This leads to a strong destabilization,
making the detection of a native base-line impossible. This is shown in Figure 4.40A. The
determination of a free folding enthalpy for foldon W20H is therefore impossible at pH 5.5.
Fitting of the transition data at pH 8.0 and also comparison of the transition curves at pH 7.0
and pH 8.0 however shows a stabilization by 2.4 kJ · mol−1 to ∆G0(H2O) = (-57.4 ± 0.6) kJ
· mol−1. The transition was only determined at one foldon monomer concentration (60 µM),
hence fitting was carried out using the same fixed meq-value as for the previous transitions
of foldon W20H. The increase in free folding enthalpy is caused by the fact that at pH 8.0,
all side chains of histidine are uncharged, while there is still a small fraction (9%) of proto-
nated and thus charged side chains at pH 7.0. This positive charge within the hydrophobic
core does have a strong destabilizing effect, as seen from the almost complete unfolding of
W20H at pH 5.5, where 76 % of the histidine side chains are protonated, according to the
Henderson-Hasselbalch equation28 and assuming a pKa of 6.0 for the histidine side chain1.
This reveals that the pKa of the histidine side chain within the hydrophobic cluster is only
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slightly perturbed compared to histidine free in solution. The transition curves at all pH-
values and a comparison of the pH 7.0 and pH 8.0 normalized fluorescence transition curve
are given in Figure 4.40. As seen for foldon W20Nal, unfolding of foldon W20H with GdmCl
can be measured, while refolding experiments fail due to an undeterminable fluorescence sig-
nal change or covering of the signal by mixing artifacts or photo-bleaching. Plotting of the
common logarithm of the apparent unfolding rate constants against the effective GdmCl con-
centration reveals a kink in the plot. The slow unfolding rate constant is determined with
ku,slow = (5.35± 0.19) · 10−5 s−1 and an mu,slow = (7.86± 0.32) kJ · mol−1 ·M−1, the fast
phase has a rate constant of ku,fast = (6.55±1.03) s−1 withmu,fast = (1.26±0.12) kJ ·mol−1

·M−1. It is striking that unfolding of W20Nal is the fastest unfolding rate constant observed of
all foldon variants, while unfolding of W20H is among the slowest unfolding variants in this
study. Refolding of foldon W20H thus must be even slower than refolding of foldon W20Nal,
explaining the failure of the refolding experiments.

4.13. Foldon L22F

In the X-ray structure of foldon L22F, the distance between the carbon atoms of the side
chains at position 13 and 22 is still around 3.5 Å, but the phenyl ring of the phenylalanine is
not able to interact favorably with the tyrosine side chain. For favorable interactions between
two aromatic side chains, the aromatic side chain rings have to ordered in a parallel fashion to
allow formation of π-π bonds between the delocalized π-electrons. The aromatic groups in the
L22F variant however are not ordered in parallel fashion, but the phenyl ring of phenylalanine
is tilted with respect to the tyrosine 13 side chain. This minimizes the possible van der Waals
interactions and is contrary to the desired effect, as the exchange of the leucine to a pheny-
lalanine should have led to a higher contact interface between the residues 13 and 22. The
interaction of the leucine with its neighboring tyrosine occurs only by the C5 carbon atom.
The bonds of this carbon atoms to the C4 of the leucine side chain is oriented in an almost
parallel plane with respect to the tyrosine´s phenol group. One of the hydrogens bound to the
C5 is thus very likely to point directly towards the delocalized π-electron system, which will
lead to a favorable interaction due to the partial positive charge of the hydrogen atom. The
hydrogens bound to the phenyl ring of phenylalanine are not in a favorable orientation to in-
teract in the described fashion. Instead, the orientation of the hydrogen atoms results in steric
hindrance. This steric hindrance between the side chains of tyrosine 13 and phenylalanine 22
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Figure 4.41.: Crystal structure of foldon L22F. A) Crystal structure of foldon L22F in ribbon representa-
tion, with the β-strands highlighted in blue, while the 310-helix and the other regions of the structure are
colored in grey. The side chain of the mutated residue 22 is shown in stick representation and the side
chain colored in red. B) Backbone alignment of foldon L22F and foldon wild-type. Foldon wild-type,
also shown in ribbon representation, is colored in white, with the exception of the β-strands, which are
colored in light blue. The leucine 22 residue is shown in stick representation and colored in green. The
foldon L22F crystal structure is shown and colored as in A). C) Overlay of the residue 22 side chains
of both foldon wild-type and foldon L22F, together with the neighboring residue Tyr13. The all-atom
representation shows all carbon atoms in green (with the exception of Phe22, were the carbon atoms
are shown in brown), the oxygen atoms in red and the hydrogen atoms in white. D) Stick representation
of the residues Tyr13 and Phe22 colored as described in Figure 4.2. The van der Waals-radii for all
atoms are presented to show the unfavorable overlap of the π orbitals of the side chains, due to the
tilted orientation of the phenylalanine side chain at position 22 with respect to the tyrosine side chain
at position 13.
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rather results in a repulsion, probably hindering efficient hydrophobic cluster formation and
thereby the orientation of the C-terminus with respect to the rest of the molecule.

The fluorescence spectra of all states of foldon L22F largely resembles the foldon wild-type
spectra, with the exception that the intensity is reduced in all cases by up to 50 %. The amino
acid exchange results in a destabilization of the native state, with ∆G0(H2O) = (-72.3± 0.7) kJ
· mol−1 and meq = (12.4 ± 0.3) kJ · mol−1 ·M−1 for the GdmCl transition. In urea the deter-
mined stability is ∆G0(H2O) = (-68.4 ± 0.7) kJ · mol−1 and meq = (6.2 ± 0.2) kJ · mol−1 ·
M−1, making L22F more stable in urea than A6S, which has a lower free folding enthalpy in
guanidinium chloride. GdmCl unfolding experiments of foldon L22F show a high similarity
to foldon Y13F: The plot of the common logarithms of the unfolding apparent rate constant is
linear over the whole range of used GdmCl concentrations, unfolding is fast and all traces can
be sufficiently fitted to a single-exponential equation.

In urea unfolding experiments of foldon L22F, two phases contribute significantly to the over-
all fluorescence signal change. Fitting of the unfolding traces is achieved by a two-exponential
equation. Plotting of the common logarithm of the apparent rate constants of the two phases
against the final urea concentrations reveals that both curves yield a chevron-plot. Fitting
of these plots results in a folding rate constant kf = (4.68 ± 5.81) · 103 s−1 with a mf =

(10.02±1.01) kJ ·mol−1 ·M−1 and ku = (1.42±0.73) ·10−4 s−1 with mu = (1.14±0.20) kJ
·mol−1 ·M−1 for the fast phase. The plot of the slower apparent rate constant results a folding
rate constant kf = (8.33± 3.26) · 10−4 s−1 with a mf = (1.67± 0.38) kJ ·mol−1 ·M−1 and ku
= (1.00±0.28) ·10−5 s−1 withmu = 1.30±0.95 kJ ·mol−1 ·M−1. As can be clearly seen from
the plot in Figure 4.42D, the unfolding limbs are almost parallel and hence yield nearly iden-
tical mu-values, while the resulting ku deviate by one order of magnitude. For the refolding
limbs a strong difference is seen, as refolding of the faster apparent rate constant is 7 orders
of magnitude faster than the slower one, accompanied by a five-fold higher mf -value for the
faster phase. The slower of the two apparent rate constants however contributes always at least
80 % to the complete amplitude change while the fast apparent rate contributes between 5 and
20 % of the total amplitude, depending on the final GdmCl concentration. The largest contri-
bution of the fast apparent rate constant is observed for the highest final urea concentration,
and this decreases in an almost linear fashion towards lower urea concentrations, as shown in
Figure A.22.
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Figure 4.42.: A) Fluorescence spectra of foldon wild-type and foldon L22F. The native state spectra are
colored in blue, the spectra of the unfolded state in orange and the burst-phase intermediate spectra in
green. The fluorescence spectra of foldon L22F are lighter colored than the corresponding foldon wild-
type spectra. B) Comparison of the foldon wild-type (blue) and foldon L22F (orange) GdmCl transitions
at 30 µM monomer concentration. C) Linear unfolding plot of the common logarithms of the apparent
rate constants of foldon L22F GdmCl unfolding kinetics against the corresponding GdmCl concentra-
tions. D) Chevron plots of the two phases of the foldon L22F urea unfolding kinetics. The common
logarithms of the apparent rate constants are plotted against the corresponding urea concentrations.
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Figure 4.43.: Comparison of foldon wild-type (blue) and foldon L22F (orange) refolding traces A) 10
µM foldon monomer refolding traces in 0.58 M GdmCl. B) 10 µM foldon monomer refolding traces in
1.0 M urea.

The determination of the reaction order for refolding of foldon L22F from the half-life times
of the concentration-independent phases reveals broken reaction orders for both denaturants,
with 2.82 ± 0.03 in GdmCl and 2.89 ± 0.11 in urea. The reaction order determined from the
initial slope is in both cases close to 2, and the dimerization rate constant determined from the
y-intercept is kD = (5.76± 0.09) · 104 s−1·M −1 in GdmCl and kD = (1.35± 0.32) · 103 s−1·
M −1 in urea. The refolding traces of foldon L22F are adjusted using a free folding enthalpy
of -72.2 kJ ·mol−1. The association rate constants are decelerated by two orders of magnitude
for kD and one order of magnitude for kT in GdmCl compared to foldon wild-type. The dis-
sociation rate constant of the native state shows a significant shift by a factor of two after the
free global fit. This is accompanied by a decrease of the dimer dissociation rate from 85 s−1

to 29 s−1, which are both in the range of the wild-type dissociation rate constant. The dissoci-
ation rate constant of the trimeric intermediate T is decreased by a factor of 500 compared to
foldon wild-type. This indicates a strong stabilizing effect on the trimeric intermediates of the
amino acid exchange from the leucine to a phenylalanine at position 22. The rate constant of
the last rearrangement step to the native state is not perturbed by this stabilization.

The rate constants determined for foldon L22F in urea are overall highly comparable to the
other foldon variants that make use of the modified model for rate constant determination.
However, the rate constant for the dissociation of the trimeric intermediate states, k−T , is only
1.1 · 10−2 or 3.3 · 10−2 for the fixed and free fit, respectively. This deceleration by more than
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Figure 4.44.: Normalized global fit traces of foldon L22F GdmCl refolding kinetics. A) Normalized
GdmCl refolding traces after fitting with fixed dimerization rate constant kD B) Normalized GdmCl
refolding traces after fitting with all parameters run freely. C) Fitting model with all determined rate
constants with fixed dimerization rate constant kD. D) Fitting model with all determined rate constants
with all parameters run freely.
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three orders of magnitude compared to foldon P4T and foldon Y13F hints to a strong stabiliza-
tion of the trimeric intermediate states, once successful association is achieved. This finding
is supported by the extremely slow unfolding of foldon L22F in urea, despite the comparable
stability with the other variants. The slow unfolding rates result in two chevron plots observed
upon unfolding in urea. The rate constants for dimerization and trimerization are of the same
magnitude as in foldon Y13F. Unfortunately, the global fit is not as well defined as for the
other foldon variants, especially regarding the higher foldon monomer concentrations.

For foldon wild-type, an N-test had to be performed to allow exact determination of all rate
constants. Although this is not the case while using the KinTek Software, undefined rate con-
stants still occur. Especially kT and k−D are highly coupled in the urea refolding fits. To gain
a more robust and better defined fit, an N-test was carried out for foldon L22F at 100 µM
foldon monomer concentration after initiating refolding. The normalized amplitudes are given
in Figure 4.46, together with the fit of the traces after global fitting to both the refolding and
the N-test plots.

It is obvious from the plots that N alone cannot account for the complete amplitude detected
from the N-test, especially for the early time-points. However, if including Tcis into the fit, the
trace represents the data points sufficiently. Observable unfolding of the trimeric intermediate
states of foldon is an explanation for the fast phases with low amplitudes observed for GdmCl
and urea unfolding traces, which are predominantly observed for low denaturant concentra-
tions, as the trimeric intermediate states Tcis and Ttrans should only be a minor species during
the folding reaction and should unfold considerably faster than the native state N . Although
the N-test can be fitted with the used model, it does not result in a better definition of the rate
constants kT and k−D, which remain coupled and cannot be completely defined. Thus only
one N-test was carried out, and fitting for all foldon variants was achieved without additional
information from interrupted refolding experiments.
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Figure 4.45.: Normalized global fit traces of foldon L22F urea refolding kinetics. A) Normalized urea
refolding traces after fitting with fixed dimerisation rate constant kD. B) Normalized urea refolding
traces after fitting with all parameters run freely. C) Fitting model with all determined rate constants
with fixed dimerisation rate constant kD. D) Fitting model with all determined rate constants with all
parameters run freely.
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Figure 4.46.: Interrupted refolding experiment of foldon L22F in urea. A) Normalized amplitudes of
urea unfolding after refolding for varying time-spans. B) Global fit of the amplitude, using the fraction of
the native state N only. The final fraction of N is adjusted to the stability under the used experimental
conditions. C) Global fit of the amplitude, using the fraction of the native state N and the trimer in cis
conformation Tcis. The trimer in all-trans conformation is not included, as it is spectroscopically silent
under the chosen experimental conditions. The final fraction of N is adjusted to the stability under the
used experimental conditions.
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4.14. Denaturant transitions

Denaturant transitions of proteins are an efficient way to determine the free folding enthalpy
∆G0(H2O). In this study, determination of the stability of the different foldon variants allows
a first glimpse of the impact of each mutation. Furthermore, the stability allows the calculation
of the natively folded fraction of the total protein present in solution. This allows to determine
if the fraction of N is high enough at the refolding conditions to measure and evaluate re-
folding traces. The fraction of N is also necessary for the exact evaluation of the refolding
experiments by global fitting. The stability of every obtained foldon variant is determined by
GdmCl transitions at at least two different foldon monomer concentrations. An overview of all
determined GdmCl transition results is given in Table 4.3, which also allows a comparison of
the ∆∆G0(H2O) values between the different foldon variants. The transition plots are shown
in Appendix A.2. An interesting finding is the lacking difference in stability of foldon A6Abu
and A6S. The incorporation of an additional methyl group or an additional hydroxyl group
in the side chain has a rather small impact on the folding stability, while the impact on the
meq-value is almost 30 %. Thus, stability in this case could be directly related to the steric
hindrance in the tightly packed hydrophobic core, while the meq-value is proportional to the
fact that the hydrophobic packing is disturbed by the insertion of a hydrophilic hydroxyl group.

∆G0(H2O) meq ∆∆G0(H2O)
kJ · mol−1 kJ · mol−1 ·M−1 kJ · mol−1

P4T -101.5 ± 3.0 11.4 ± 0.7 -12.3
A6V -62.6 ± 0.3 11.9 ± 0.1 26.6
A6S -70.2 ± 0.3 14.2 ± 0.1 19.0
A6Abu -73.7 ± 1.4 11.0 ± 0.5 15.5
P7F -46.5 ± 11.3 13.2 ± 4.2 42.7
P7V -53.0 ± 6.0 10.7 ± 2.4 36.2
P7Nva -58.7 ± 1.3 12.4 ± 0.7 30.5
P4T P7Nva -70.2 ± 6.0 14.2 ± 3.2 19.0
Y13F -64.4 ± 0.1 13.8 ± 0.1 24.8
L22F -72.3 ± 0.7 12.4 ± 0.3 16.9
wild-type -89.2 ± 0.6 10.4 ± 0.2 0.0

Table 4.3.: Folding stabilities and meq-values of all foldon variants, determined by guanidinium chloride
transitions in 20 mM sodium cacodylic acid buffer pH 7.0, 20.0 ◦C.
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Urea transitions of 5 chosen foldon variants were carried out and their stabilities determined.
These variants are all destabilized compared to foldon wild-type, which allows complete un-
folding in urea. A comparison of all free folding enthalpies determined by urea transitions is
given in Table 4.4, the transition plots shown in Appendix A.3. A comparison of the deter-
mined stabilities is given in Table 4.5. The meq-values of all foldon variants are larger than
for foldon wild-type in both denaturants. In average, the meq-value is about a factor 2 smaller
in urea than in GdmCl, ranging from 2.4 for foldon A6S to 1.9 in foldon wild-type. This
corresponds to the fact that GdmCl is twice as strong as a denaturant than urea57.

∆G0(H2O) meq ∆∆G0(H2O)
kJ · mol−1 kJ · mol−1 ·M−1 kJ · mol−1

A6S -65.3 ± 0.7 5.8 ± 0.2 23.9
A6Abu -69.3 ± 0.7 5.3 ± 0.1 25.3
P7Nva -54.6 ± 0.6 6.2 ± 0.2 34.6
Y13F -58.2 ± 1.3 6.9 ± 0.4 31.0
L22F -68.4 ± 0.7 6.2 ± 0.2 20.8
wild-type -89.2 ± 0.3 5.4 ± 0.1 0.0

Table 4.4.: Folding stabilities and meq-values of chosen foldon variants, determined by urea transitions
in 10 mM sodium cacodylic acid buffer pH 7.0, 20.0 ◦C.

Comparison of the urea and GdmCl transitions of a given foldon variant shows that the de-
termined stabilities differ for the two denaturants, as shown in Table 4.5. The difference is in
average about 4.7, with the GdmCl transitions resulting in an apparently higher stability for all
foldon variants for which the stability has been determined using both denaturants. The rea-
son could be the poorly defined native baseline for most GdmCl transitions, compared to the
transitions carried out using urea. This is caused by the stronger denaturing effect of GdmCl,
possibly leading to an incorrect extrapolation to 0.0 M GdmCl, resulting in a shifted folding
stability. This is supported by the observation that for foldon wild-type, no difference in the
∆G0(H2O)-values determined by GdmCl and urea transitions is observed. As the stability of
foldon wild-type is higher than for all studied mutants, the native baselines for both denatu-
rants and all chosen foldon monomer concentrations are well-defined.

To overcome the problem of differing ∆G0(H2O)-values, a global fit of all denaturant tran-
sition curves in both GdmCl and urea is carried out as described in Chapter 3.5. The folding
stability ∆G0(H2O) and the meq-values for both GdmCl and urea are given in Table 4.6. The
determined stabilities are located between the values for GdmCl and urea. The globally de-
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∆G0(H2O) (GdmCl) ∆G0(H2O) (urea) ∆∆G0(H2O)
kJ · mol−1 kJ · mol−1 kJ · mol−1

A6S -70.2 ± 0.3 -65.3 ± 0.7 4.9
A6Abu -73.7 ± 1.4 -69.3 ± 0.7 4.4
P7Nva -58.7 ± 1.3 -54.6 ± 0.6 4.1
Y13F -64.4 ± 0.1 -58.2 ± 1.3 6.2
L22F -72.3 ± 0.7 -68.4 ± 0.7 3.9
wild-type -89.2 ± 0.6 -89.2 ± 0.3 0.0

Table 4.5.: Comparison of the ∆G0(H2O)-values of foldon variants determined by both GdmCl and
urea transitions in their corresponding buffers at 20 ◦C.

termined stability of foldon L22F is close to the value for GdmCl, while it is near the value
determined in urea for foldon P7Nva. All other globally determined stabilities are approx-
imately in the middle between the two values determined from the single GdmCl and urea
transitions. The meq-value for GdmCl of the global fit is almost always lower than the fit for
GdmCl alone, again with the exception of L22F. For urea, the opposing effect is seen, where
allmeq-value are increased by approximately 1 kJ ·mol−1 ·M−1 compared to the original urea
transition. This leads to a shift in the quotient of these values from approximately 2 found for
the individual fits to an average value of about 1.7.

∆G0(H2O) meq (GdmCl) meq (urea)
kJ · mol−1 kJ · mol−1 ·M−1 kJ · mol−1 ·M−1

A6S -68.1 ± 0.5 13.1 ± 0.3 6.4 ± 0.1
A6Abu -70.7 ± 0.8 9.7 ± 0.3 5.5 ± 0.2
P7Nva -57.8 ± 0.4 11.8 ± 0.2 7.2 ± 0.2
Y13F -59.1 ± 0.4 10.9 ± 0.2 7.1 ± 0.2
L22F -72.2 ± 0.6 12.4 ± 0.3 7.4 ± 0.1
wild-type -89.2 10.2 5.4

Table 4.6.: Folding stabilities and meq-values of chosen foldon variants, determined by global fitting of
all transition curves using a global ∆G0(H2O) and different meq-values for both GdmCl and urea traces
in their corresponding buffers at 20.0 ◦C. The values for foldon wild-type are taken from their individual
transition fits and are shown for direct comparison; they are hence given without error range.

The systematic deviations between the stabilities determined by GdmCl and urea raised the
question if this is just a fitting artifact due to the ill- or non-defined native baselines found for
GdmCl. The finding that the difference between the determined stabilities is around 4 kJ ·
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mol−1 and the fact that the ratio of the meq-values is 2 if evaluating the denaturant transitions
independently speak against this explanation. Furthermore are the problems encountered dur-
ing the global fitting of the GdmCl refolding traces discussed for the individual foldon vari-
ants another evidence for the different influence the denaturants exert. The fraction of native
foldon at varying denaturant concentrations can be determined by carrying out unfolding ex-
periments of foldon solution in buffer with varying GdmCl concentration and comparing the
amplitudes of the respective unfolding experiments. For foldon Y13F, unfolding experiments
of 10 µM foldon stock solutions are performed and the fraction of N is plotted against the ex-
act GdmCl concentration. Comparison with the equilibrium transition of foldon Y13F at the
same monomer concentration shows that the determined fractions superimpose very well with
the equilibrium transition data points and the determined transition curve for this concentra-
tion. The most intriguing finding is the increase of natively folded trimer upon the increase of
denaturant from 0.0 M to 0.2 M GdmCl. This indicates that for destabilized foldon monomers,
low concentrations of GdmCl can have a stabilizing effect on the native state. This contradicts
the Hofmeister effect of guanidinium chloride, which is considered strongly destabilizing46.
An inversion of the Hofmeister series may be observed for pH-values below the pI of a pro-
tein49, but the isoelectric point of foldon is 4.78, as determined by ProtParam159, which is
well below pH 7.0. The increase in stability is also observed by an fluorescence increase in
equilibrium transition experiments, but was always assigned to a fluorescence artifact due to
the increased ionic strength without any impact on the stability.

The same experiment is also carried out using a 60 µM foldon L22F stock solution in buffer
with varying GdmCl concentrations. As no equilibrium GdmCl transition was carried out for
this monomer concentration, a direct comparison is not possible. However, equation 3.8 al-
lows the calculation of a transition curve for any given monomer concentration and stability.
Two curves are plotted together with the fraction of native state for the corresponding GdmCl
concentration in Figure 4.47. The upper one corresponds to the stability determined by the
GdmCl equilibrium transition with the corresponding meq-value, while the lower curve repre-
sents a hypothetical curve with the stability determined from the urea equilibrium transition
and the meq-value of the GdmCl equilibrium transition. It is clear that the obtained data points
correspond to the GdmCl transition rather than the hypothetical transition curve of the stability
determined in urea. The N-tests carried out with both foldon Y13F and foldon L22F support
the chosen stabilities used for the global GdmCl refolding experiments, although it is not clear
how GdmCl can exert a stabilizing effect on foldon association and folding.
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Figure 4.47.: Equilibrium N-test of foldon variants at varying foldon monomer concentrations. A)
Foldon Y13F equilibrium N-test at 10 µM foldon monomer concentration. The determined fraction
by the equilibrium N-test are shown in blue, while the orange data points are points determined from
the equilibrium GdmCl transition. The upper solid line is the transition curve determined from the
equilibrium GdmCl transition, while the lower one represents a hypothetical curve with the stability de-
termined from the urea equilibrium transition and the meq-value of the GdmCl equilibrium transition. B)
The same experiment as in A) is performed with 60 µM foldon L22F. The solid lines correspond to the
lines in A).

4.15. Unfolding kinetics

Denaturant-dependent unfolding experiments of the various foldon variants allow the deter-
mination of the unfolding rate constant of the native state k−T . Additionally, it is possible
to determine the kinetic unfolding mu-value. This allows the analysis of the transition state
location by a rate-equilibrium free energy relationship (REFER) of the denaturation, resulting
αD (see Chapter 4.16).

Unfolding experiments were carried out in both GdmCl and urea. All unfolding traces can be
fit with either a single- or a double-exponential equation, with the exception of foldon P4T
P7Nva, which shows a more complicated unfolding behavior. The only exceptions are foldon
wild-type and foldon P4T, which are too stable to determine denaturant-dependent unfolding
kinetics at neutral pH. Unfolding by GdmCl allows only the determination of the unfolding
limb of the chevron plot. For all foldon variants in the N-terminal poly-proline II helix, a kink
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of the unfolding limb is observed, which can be be interpreted as a shift of the transition state
or the presence of a high-energy intermediate. When more than one apparent rate constant
is determined, these are grouped according to their contribution to the total amplitude of the
fluorescence change. The unfolding traces of foldon Y13F and foldon L22F can be readily
fit with a single-exponential equation and yield a linear unfolding limb. The unfolding rate
constant of the native trimer can directly be determined from the linear fits, together with the
mU -value. A comparison of all variants is given in Table 4.7. The unfolding traces and deter-
mination of k−N are shown in Appendix A.4. When several rate constants can be determined,
the slowest one is always considered to be k−T . Any other observed rate constants are con-
sidered to be unfolding events of folding intermediates, especially Ttrans and Tcis. These rates
cannot be attributed directly and may be a mixture of several unfolding events. It is obvious
by a comparison of the unfolding rate constants of foldon P4T P7Nva and foldon L22F with
foldon wild-type that a decreased stability is not necessarily accompanied by an increase of
the unfolding rate constant. The mutations at position 4 and 22 seem to increase the activation
enthalpy of unfolding, resulting in a decrease of the unfolding rate constant k−T compared to
foldon wild-type. This is discussed in detail in Chapter 5.

ku,1 mu,1 ku,2 mu,2

s−1 kJ · mol−1 ·M−1 s−1 kJ · mol−1 ·M−1

A6Abu
(6.52± 0.81) · 10−4 4.55± 0.64 (4.43± 0.26) · 10−2 2.22± 0.08
(4.09± 0.38) · 10−2 1.88± 0.16

A6S (3.52± 0.01) · 10−3 4.57± 0.01 (7.90± 0.62) · 10−2 2.54± 0.09
A6V (3.98± 0.11) · 10−3 4.45± 0.12 0.12± 0.06 2.52± 0.05
P7Nva (3.83± 0.43) · 10−3 4.39± 0.33

P4T
P7Nva

(1.15± 0.19) · 10−2 1.02± 0.36
(9.74± 1.28) · 10−4 1.08± 0.43
(7.48± 0.49) · 10−5 1.26± 0.30

Y13F (5.35± 0.10) · 10−4 4.57± 0.08
L22F (9.46± 0.57) · 10−5 3.24± 0.24

wild-type 4.2 · 10−4

Table 4.7.: GdmCl unfolding experiments. The rate constants and kinetic m-values are determined by
a linear fit to the common logarithm of the apparent unfolding rate constants, plotted against the final
GdmCl concentration. The rate constant for foldon wild-type is determined from a global fit95, thus no
mu-value is known.
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Urea unfolding kinetics are in general slower than unfolding in GdmCl. The first reason for
this behavior is that urea is a weaker denaturant, making unfolding less strong and therefore
slower. Additionally, refolding of all foldon variants, including wild-type, is slower in urea
than in GdmCl. As the stability and therefore the overall equilibrium constant is similar at both
refolding conditions, unfolding must be slower. Furthermore, due to the less strong unfolding
strength of urea, unfolding does not occur over the whole range of used urea concentrations
for three of the five used foldon variants. Instead, refolding at low urea concentrations is
observed, giving the plots of the common logarithms of the apparent rate constants against
the final urea concentrations the characteristic V-shape of chevron plots. An overview of all
determined rate constants and kinetic m-values determined by urea unfolding experiments is
given in Table 4.8. The unfolding traces and determination of k−N are shown in Appendix
A.5. Urea unfolding traces of foldon A6Abu, foldon A6S and foldon Y13F are fitted with a
two-exponential equation, and foldon L22F unfolding traces are fitted with a three-exponential
equation. The major phase of the fits contributes at least 80 % to the total amplitude change
in all cases. A typical V-shape of a chevron plot is observed when the common logarithm of
the apparent rate constant of the dominant phase is plotted against the final urea concentration.
For foldon L22F, the two major phases contribute significantly to the overall fluorescence
signal change. The third phase neglected, as it does not contribute significantly to the overall
fluorescence signal change. Plotting of the apparent rate constants of the two major phases
against the final urea concentration reveals that both curves yield a chevron-plot.

4.16. Determination of αD-values

The properties of the transition barrier can be probed by linear rate-equilibrium free energy
relationships (REFERs). They were first proposed by Leffler, stating that the free enthalpy
of folding and the free activation enthalpy change linearly with a change of external factors
as temperature, pressure or change in the composition of the buffer167. Evaluation of linear
REFERs allows the characterization of the transition state position and its properties, defining
the αx-values. The αD-value represents the α-value determined by changes of the denaturant
concentration. It can be readily determined by a plot of the common logarithm of the folding
rate constant kf determined from a chevron plot against the common logarithm of the equilib-
rium constant Keq at the same conditions. The slope of this plot allows the determination of
the αD value. This value is directly proportional to the buried accessible surface area in the
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transition state71, which follows from:

αD =
δ∆G0‡

f /δ[Denaturant]
δ∆G0/δ[Denaturant]

=
mf

meq

(4.1)

Most αD-values reach from 0.6 to 1.0, indicating that the transition state has a higher similar-
ity to the native than to the unfolded state57. Curvatures in chevron plots can be analyzed by
non-linear REFERs, and these are a powerful tool to characterize the transition state region. If
a high-energy intermediate exists on the folding pathway, changes in denaturant concentration
can shift the height of the energy barrier and thus the rate-limiting step during the refolding
reaction. The high-energy intermediate is normally not detectable with equilibrium or kinetic
measurements due to its low stability. Tendamistat was the first protein where the analysis of
non-linear REFERs has lead to the detection of an on-pathway high-energy intermediate168.
This lead to an extensive analysis of apparent two-state folding systems with curvatures in
either the unfolding and refolding limb of the chevron plot, where high-energy intermediates
were found as well169. The detection of a high-energy intermediate on the folding pathway
is also a direct evidence when it is not clear whether or not an intermediate is located on
or off the folding pathway. With both the equilibrium meq-value and the kinetic unfolding
mu-value known from equilibrium denaturant transition and denaturant-dependent unfolding
experiments, respectively, it is possible to determine the αD-value for each variant and denat-
urant. The meq-value is defined by:

meq = |mf |+ |mu| (4.2)

It is thus possible to calculate |mf | from determined meq and mu values, assuming a two-state
transition. As the folding kinetics of foldon are more complex, the evaluation of the αD must
be performed with caution. The αD is calculated using equation 4.1. For several foldon vari-
ants, however, more than onemu-value is determined from the GdmCl unfolding experiments.
In this case, the mu-value of the slowest unfolding rate constant is used for αD determination.
All results are given in Table 4.9.

The αD-values are all in a range between 0.59 and 0.74, which is clearly within the range
normally found for small proteins57. The location of the transition state this more or less
identical for all foldon variants. The only exception is foldon P4T P7Nva. As for all other
foldon variants, only the mu-value of the slowest unfolding step is used to determine αD. This
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4.16. Determination of αD-values

meq mu mf αD(f)

kJ · mol−1 ·M−1 kJ · mol−1 ·M−1 kJ · mol−1 ·M−1
A6Abu 10.97± 0.54 4.55± 0.64 6.42 0.59
A6S 14.22± 0.07 4.57± 0.10 9.65 0.68
A6V 11.94± 0.07 4.45± 0.12 7.49 0.63
P7Nva 12.36± 0.71 4.39± 0.33 7.97 0.64
Y13F 13.80± 0.05 4.57± 0.08 9.23 0.67
L22F 12.45± 0.30 3.24± 0.24 9.21 0.74
P4T P7Nva 14.22± 3.19 1.26± 0.30 12.96 0.91

Table 4.9.: Determination of the αD-values for all GdmCl unfolding experiments. The mf -values are
calculated using equation 4.2.

value is only 1
3

of the values determined for all other foldon variants, hence the high αD of
0.91. This indicates a strongly shifted transition barrier towards the folded state. For urea, the
αD is determined as described for GdmCl. All results are given in Table 4.10.

meq mu mf αD
kJ · mol−1 ·M−1 kJ · mol−1 ·M−1 kJ · mol−1 ·M−1

A6Abu 5.26± 0.13 1.34± 0.27 3.92 0.74
A6S 5.77± 0.16 1.24± 0.05 4.53 0.78
P7Nva 6.23± 0.18 2.19± 0.02 4.04 0.65
Y13F 6.87± 0.39 1.66± 0.01 5.21 0.76
L22F 6.21± 0.15 1.30± 0.95 4.91 0.79

Table 4.10.: Determination of the αD-values for all urea unfolding experiments. The mf -values are
calculated using equation 4.2.

The transition barrier for the transition in urea is shifted towards the native state compared
to the same variant in GdmCl. However, while it is clear that global unfolding is achieved
by using GdmCl as a denaturant, it is not clear if complete unfolding of the native state is
within reach of all urea concentrations. This is obvious from the chevron plots of the foldon
variants A6Abu, A6S and L22F: The sum of the determined mu and mf -values does not result
the meq-value determined by the equilibrium transition, but falls short by approximately 3 kJ
· mol−1 M−1, which is almost half of the overall meq-value. The determined mu-values and
thus the αD´s have to be evaluated with caution.
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4.17. Folding kinetics

A comparison of the different foldon variants can only be complete if the individual rate con-
stants for each detectable folding and association step are known. Refolding experiments of
several foldon variants are performed in both GdmCl and urea at varying foldon monomer con-
centrations. As several foldon variants refold too slowly to determine the refolding kinetics
within the time-range of the stopped-flow, mixing and consequent fluorescence measurements
in a fluorimeter were carried out for these variants. Global fitting of the refolding traces in
both GdmCl and urea is carried out by the KinTek program, as described in detail in Chap-
ter 3.10. The fidelity of the fit can be enhanced as the dimerization rate constant kD and the
unfolding rate constant k−N are known from previous experiments. The initial slope of all
foldon refolding experiments is used to both determine the reaction order at the start of the
reaction and the dimerization rate constant kD. The reaction order is 2 in all cases, as deter-
mined from the slope of the common logarithm of the initial slope plotted as a function of the
common logarithm of the foldon monomer concentration. The ordinate intercept yields the
dimerization rate constant kD. The determined results for GdmCl and urea are summarized in
Table 4.11 and 4.12, respectively. Each mutation results in a decrease of the dimerization rate
constant by at least a factor of five, compared to foldon wild-type in GdmCl. The deceleration
is largest for foldon P7Nva, which shows a deceleration by two orders of magnitude.

reaction order ordinate intercept dimerization rate constant kD
M−1 · s−1

P4T 2.00± 0.06 5.86± 0.32 (7.24± 0.05) · 105

A6Abu 2.04± 0.05 5.52± 0.23 (3.32± 0.04) · 105

A6S 2.06± 0.14 5.31± 0.71 (2.06± 0.13) · 105

A6V 2.15± 0.15 4.16± 0.77 (1.45± 0.19) · 104

P7Nva 2.00± 0.10 4.01± 0.47 (1.03± 0.12) · 104

Y13F 2.00± 0.10 4.25± 0.49 (1.79± 0.12) · 104

L22F 1.94± 0.09 4.76± 0.43 (5.76± 0.09) · 104

wild-type 2.0± 0.1 6.0± 3.0 (1.1± 0.5) · 106

Table 4.11.: Initial slope values all foldon variants from the GdmCl refolding experiments.

The results given in Table 4.12 show that each mutation causes an at least 10fold deceleration
of the dimerization reaction compared to foldon wild-type. Amino acid exchanges at position
6 have the least impact on dimerization, while an exchange at position 7 slows down the dimer-
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4.17. Folding kinetics

reaction order ordinate intercept dimerization rate constant kD
M−1 · s−1

P4T 2.09± 0.06 5.68± 0.32 (4.80± 0.06) · 105

A6Abu 2.09± 0.13 4.76± 0.62 (5.75± 0.13) · 104

A6S 1.93± 0.08 4.72± 0.38 (5.25± 0.08) · 104

P7Nva 2.01± 0.06 2.77± 0.26 (5.89± 0.09) · 102

Y13F 2.11± 0.16 3.41± 0.74 (2.57± 0.22) · 103

L22F 1.98± 0.20 3.13± 1.01 (1.35± 0.32) · 103

wild-type 2.0± 0.1 6.1± 0.1 (1.1± 0.1) · 106

Table 4.12.: Initial slope values of all foldon variants from the urea refolding experiments.

ization reaction by a factor of 1,000. Foldon Y13F and L22F show an intermediate effect, as
both mutations lead to a deceleration by a factor of 100. As the effect on the dimerization
reaction of each mutation is similar to the effect of the mutation on the whole refolding kinet-
ics, as seen from the comparison of the foldon wild-type and foldon variant refolding traces
given for each foldon variant in the respective chapter, it seems obvious that the dimerization
step is most sensitive to changes in the hydrophobic cluster, governing the rate of the com-
plete association reaction. Determination of the reaction order allows a better understanding
of the refolding reaction and especially gives a first hind on the used association and folding
mechanism and the prominent steps within a reaction. As for foldon wild-type in GdmCl95,
the half-life time of the concentration-dependent steps is determined from the normalized re-
folding traces. The common logarithms of the half-life times are plotted against the foldon
monomer concentration and fit with equation 3.12. For an overview of all results see Table
4.13.

Foldon P4T, A6Abu and L22F refolding reactions have an apparent reaction order of three,
which deviate from linear behavior for higher foldon monomer concentrations in foldon P4T
and A6Abu. This is the same result as in foldon wild-type, indicating that the reaction mech-
anism is similar and that a concentration-independent folding step has to be considered that
becomes rate-limiting for higher foldon monomer concentrations. In foldon P7Nva guani-
dinium chloride refolding is a second-order reaction, indicating that either dimerization or
trimerization is affecting the complete refolding process, making the overall reaction of sec-
ond order. Foldon A6V, P4T P7Nva and Y13F show a dependence of the reaction order on
the foldon monomer concentration. While they show second order for low foldon monomer
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4. Results

reaction order ordinate intercept reaction order ordinate intercept
P4T 3.19± 0.19 −11.95± 1.01
A6Abu 2.96± 0.26 −9.71± 1.48
A6S 2.57± 0.02 −7.53± 0.11
A6V 2.05± 0.09 −3.59± 0.47 3.01± n.d. −7.93± n.d.
P7Nva 1.92± 0.11 −2.64± 0.58
P4T P7Nva 2.00± 0.11 −1.90± 0.59 2.92± 0.03 −6.27± 0.13
Y13F 2.04± 0.15 −2.91± 0.77 3.24± n.d. −8.39± n.d.
L22F 2.82± 0.03 −7.43± 0.13

wild-type 3.15± 0.19 −11.90± 1.00

Table 4.13.: Reaction order for all GdmCl refolding experiments determined from the half-life times.
Two reaction orders and the ordinate intercepts are given if a clear kink in the plot is observed and both
regions can be fitted using equation 3.12.

concentrations, refolding becomes apparent third-order for higher concentrations. The transi-
tion point for all three variants is between 10 and 20 µM foldon monomer. Foldon A6S finally
shows a broken reaction order of 2.57 over the complete concentration range. All foldon vari-
ants show broken reaction orders for their urea refolding kinetics. Those can be either closer
to 2 like in P7Nva and Y13F, which are of second order in GdmCl, or closer to third-order,
as in A6Abu, A6S and L22F. While the result is not surprising for foldon A6S, which shows
more or less the same reaction order as in GdmCl, the shift is not clear for A6Abu and L22F.
Only foldon P4T has an apparent reaction order of three, as does foldon wild-type.

reaction order ordinate intercept reaction order ordinate intercept
P4T 3.03± 0.08 −10.04± 0.45 A6Abu 2.67± 0.03 −7.31± 0.17
A6S 2.65± 0.08 −7.09± 0.38 P7Nva 2.13± 0.06 −3.06± 0.26
Y13F 2.17± 0.07 −2.80± 0.35 L22F 2.89± 0.11 −6.80± 0.52

wild-type 2.9± 0.1 −9.7± 0.3

Table 4.14.: Half-life values all foldon variants from the urea refolding experiments.

For three foldon variants, foldon A6V, foldon P7Nva, and foldon Y13F, a reaction order of
two is determined by plotting the half-life time of the association reaction as a function of
common logarithm of the foldon monomer concentration. Comparison of the apparent rate
constant from the half-life times plot with the dimerization rate determined from the initial
slope plot reveals that these rates are not identical, but that the apparent rate from the half-life
times is two orders of magnitude lower. Any rates determined from the half-life times are
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4.17. Folding kinetics

therefore not comparable with other rates determined, neither from the initial slopes fit nor
from the global fits. Fitting of the GdmCl refolding data was accompanied by severe difficul-
ties for all foldon variants except foldon P4T and foldon P4T P7Nva, discussed in detail in
chapter 4.3. All global fits carried out for urea refolding experiments can be performed with
adjusted traces to the free folding enthalpy of the respective refolding conditions. This is in
contrast to the global fit carried out for the GdmCl refolding experiments, where fitting in such
a manner is not possible. It is possible to omit the concentration-independent rearrangement
step of the trimer Ttrans to the native state N for all refolding experiments in urea, as known
from half-life times reaction order determination. Additionally, kct can be determined directly
for some foldon variants in GdmCl and urea from fitting of the original traces to a three- or
four-exponential equation, resulting the rate constant of the slow concentration-independent
step which is the rate constant of the cis-trans proline isomerization reaction95. With the
knowledge of the cis-trans ratio of the peptide bond between a proline and its N-terminal
amino acid81, or its proposed ratio as for 2-(L)-aminobutyric acid, ktc can be calculated. Iso-
merization of the trimeric state with all monomers in an all-trans conformation Tt back to
the trimeric state with at least one monomer in the cis conformation of the Ala6-Pro7 peptide
bond is considered to be such a rare event that this rate constant, k−6, is fixed to 0 for all
experiments. For all fitting procedures two fits are shown. In the first one the dimerization rate
constant kD is hold constant to the value determined from initial slope determination. This
is also done for the dissociation rate constant k−N , which is determined from the unfolding
experiments in GdmCl and urea, shown in Chapter 4.15. Both rate constants are run freely in
the second global fit to compensate for any errors of the previous rate constant determination
that could lead to significant deviations of the global fit from the original traces.

Another puzzling observation from the global refolding fits of the GdmCl refolding experi-
ments is the need to include the last concentration-independent rearrangement step from the
trimer the all-trans conformation Ttrans to the native state N , even if no deviation from linear
behavior is observed in the plots of the half-life times. This last reaction step is well-defined,
although it never becomes rate-limiting for most foldon variants. The need for this step prob-
ably arises from the concurrent insertion of the dissociation rate constant of the trimer k−T ,
which can become rather large and is often well-separated from both the dissociation rate
constants of the dimer and the native trimer, k−D and k−N . A direct observation of the rate
constant k−T is not possible, and the inclusion of this additional step is, like for the adjusted
stabilities discussed before, a consequence of the fitting procedure rather than a direct physical
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observation. An overview of all determined rate constants for the GdmCl and urea refolding
experiments is given in Table 4.15 and Table 4.16, respectively. Rate constants are shown for
both the fit with a fixed dimerization rate constant kD and with this rate constant allowed to
run free. Differences between these two methods are only marginal and are rarely larger than
a factor of two. As a general result, the dimerization is decreased by all amino acid exchanges
in the hydrophobic cluster by at least a factor of two, and up to a decrease by four orders of
magnitude. The effect of each mutation on the refolding kinetics is discussed in detail for each
foldon variant in the respective chapter.

The global fits of all foldon variant studies by urea refolding experiments yield robust fits and
rate constants for each individual folding step. The only exception are the second associa-
tion rate constant kT , yielding the native trimer N , and the dissociation rate constant of the
dimer D, k−D. These two rate constants are strongly coupled. The fit traces are insensitive
to changes of these two rate constants over several orders of magnitude as long as the the
coupling is prevailed. Thus the numbers given in Table 4.16 are not exact results and have
to be treated with caution. However, this finding provides further evidence that dimerization
is the critical step in the foldon association, and that further association to the trimeric state
has to be fast as otherwise dissociation of the dimer will occur. The impact of dimer desta-
bilization can be seen by the kT/k−D ratios given for each studied foldon variant in urea in
Table 4.18. The rate constants for the GdmCl refolding kinetics are all well-defined and little
to no coupling between rate constants is observed. Nevertheless the ration between the second
association rate constant kT and the dissociation rate constant of the dimer k−D is also deter-
mined for GdmCl refolding experiments. All rate constants and the resulting ratio are given in
Table 4.17.

Ratios are given for all refolding fits both with and without fixed kD. The larger this ratio of
the two rate constants, the more favorable is the formation of the trimeric state in contrast to
the dissociation of the formed dimer. From Table 4.17 and Table 4.18 it is clear that the ratio
is lowest for foldon Y13F, and that the ratio decreases the closer the mutation is towards (or
in) the β-hairpin. Comparison with foldon wild-type shows that this ratio is decreases for all
foldon variants by at least a factor of 2, with the exception of foldon P4T. For this variant, the
increase of the ratio can clearly be assigned to the decreased dissociation rate constant of the
dimer, as the increase in stability is not accompanied by an increase of the refolding speed. For
all other variants, it is not clear wether this effect is due to a decrease of the trimer formation
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4. Results
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4.17. Folding kinetics

fixed kD free kD
kT k−D kT/k−D kT k−D kT/k−D

M−1· s−1 s−1 M−1 M−1· s−1 s−1 M−1

P4T 5.4 · 106 32 1.7 · 105 4.2 · 106 50 8.4 · 105

A6Abu 5.6 · 106 319 1.8 · 104 2.0 · 106 206 9.7 · 103

A6S 7.6 · 105 40 1.9 · 104 8.0 · 105 42 1.9 · 104

A6V 8.6 · 104 11 7.8 · 103 8.4 · 104 5 1.7 · 104

P7Nva 8.7 · 104 35 2.5 · 103 8.8 · 104 35 2.5 · 103

Y13F 7.2 · 105 731 9.8 · 102 2.5 · 105 257 9.7 · 102

L22F 1.6 · 105 85 1.9 · 103 1.2 · 105 29 4.1 · 103

P4T P7Nva 3.7 · 105 405 9.1 · 102

wild-type 5.4 · 106 59 9.2 · 104

Table 4.17.: The kT /k−D ratio of GdmCl refolding global fits using both fixed and free kD-values.

fixed kD free kD
kT k−D kT/k−D kT k−D kT/k−D

M−1· s−1 s−1 M−1 M−1· s−1 s−1 M−1

P4T 6.8 · 105 45 1.5 · 104 6.7 · 105 32 2.0 · 104

A6Abu 1.0 · 106 123 8.1 · 103 1.0 · 106 125 8.2 · 103

A6S 1.0 · 106 205 5.0 · 103 1.0 · 106 218 4.8 · 103

P7Nva 2.2 · 104 11 1.9 · 103 2.0 · 104 11 1.8 · 103

Y13F 1.0 · 104 46 2.2 · 102 7.0 · 103 33 2.1 · 102

L22F 9.6 · 104 17 5.6 · 103 7.0 · 104 16 4.3 · 103

wild-type 4.5 · 105 36 1.3 · 104

Table 4.18.: The kT /k−D ratio of urea refolding global fits using both fixed and free kD-values.

or dissociation of the dimer due to the strong coupling of these two rate constants. The ratios
determined in urea and GdmCl show a high resemblance, indicating that both the unfolding
of the dimer and the formation of the trimer are equally effected by the change of the ionic
strength. The only exception is foldon P4T.
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5. Discussion

Foldon shows a high structural robustness upon mutations

A large amount of structural data had been known from NMR measurements for the fibritin
foldon domain, starting from truncated fibritin variants of varying length14, NMR data for
the native state, the acid-unfolded A-state and the monomeric E5R variant95,149,151. In this
study crystal structures of 10 different foldon variants were obtained. Despite some confor-
mational change at the N-terminal end due to the missing coiled-coil segments of fibritin95, all
structures except the acid-denatured A-state show a remarkable high structural similarity, with
backbone root mean square deviations of approximately 0.3 Å, regardless of the used structure
resolution method and variant. The large structural resemblance of the different foldon vari-
ants is however accompanied by a large change in stability of the native trimer by more than
50 kJ · mol−1 for the most destabilizing mutant. Although this finding is astounding at first
sight, a high elasticity of protein structures to mutations is a common observation. The most
prominent example is T4 lysozyme, with its currently almost 600 crystal structures deposited
in the RCSB Protein Data Bank170: Although all structures, regardless of inserted mutations,
are almost similar in their structure, the stability determined by thermal transitions can both
be significantly higher or lower171. Thus, high robustness and compensation of unfavorable
interactions is a common feature found in many proteins. Furthermore, when discussing the
strong effects of single-point mutations in foldon, one always has to keep in mind that each
mutation is present three times in the native trimer, thus the effect on stability is triplefold.
The stabilizing effect of one exchange of proline at position 4 to a threonine is only 4.1 kJ ·
mol−1, which corresponds to the stability gained by a newly formed hydrogen bond172. The
strongest destabilizing mutation of the proline at position 7 to a phenylalanine shows a ∆∆G0

= 42.7 kJ · mol−1 for the trimer. However, the destabilization per foldon monomer is only
14.2 kJ · mol−1, which corresponds to commonly observed destabilizations for single-point
mutations173,174.
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5. Discussion

No crystal structures could be resolved for the foldon variants A6V and P7V, as no suitable
crystals could be grown. It is striking that both mutations that insert a valine into the hy-
drophobic cluster hinder crystallization of foldon completely. Although both valine mutants
are among the most destabilized mutants, stability alone cannot be the sole criterion, as the
variants at position 20, which destabilize the native state even more, are able to crystallize.
Both mutations incorporate a valine at a critical location in foldon. Mutations at position 6
lead to a change of the overall reaction mechanism, making dimerization of monomers with
a cis conformation of the Xaa6-Pro7 peptide bond unproductive for the assembly pathway.
The valine side chain probably hinders the N-terminal region to adopt a backbone confor-
mation that allows near-native packing of this region against the β-hairpin. Although foldon
A6V is still able to fold in GdmCl refolding experiments, the unfavorable conformation of
the N-terminal region seems to have a stronger inhibiting effect on crystallization than low
stability, as a low stability can be overcome by higher monomer concentrations or adjustments
of the crystallization conditions. The reasons why it is impossible to obtain crystals of the
foldon P7V variant are likely very similar to the ones for foldon A6V. It was further shown
by Eckhardt et al. that the incapability to obtain crystals and solve the crystal structure is not
necessarily accompanied by the inability to fold into the native trimer175.

Mutations inserted into foldon can lead to local perturbations of the side chain conformations,
but do not have an impact on the overall backbone conformation. This is seen from the high
resemblance of the trimer structure. Despite the fact that mutations within the hydrophobic
cluster do not have any severe effect on the native structure, the effects on the fraction of
natively formed trimers are strong. All foldon variants except foldon P4T show a strong desta-
bilization upon insertion of a mutation into the hydrophobic cluster by at least 17 kJ · mol−1.
This destabilization corresponds to a shift in the N
U equilibrium towards U by a factor of
1,000 at 1 M foldon monomer concentration. At a physiological foldon monomer concentra-
tion of 5 µM, the fraction of N at 293.15 K is shifted from 0.988 for foldon wild-type to 0.885
foldon A6Abu, the least destabilized foldon variant. A decrease to 0.014 at 5 µM is observed
for the least stable foldon variant P7F. The meq-value of all variants is higher than the value
for foldon wild-type, representing a higher susceptibility of all foldon variants to denaturing
agents, and additionally representing a higher change in accessible surface area upon the tran-
sition. For some variants, the start of a second transition for high GdmCl concentrations is
seen. This could be interpreted that the first transition is only able to induce the dissociation of
the native foldon into monomers, and that there is still some residual structure present in the
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monomers. This residual structure could be the β-turn motif, because a strong resistance of
the β-turn against denaturation is seen in the acid-denatured A-state NMR structures149. This
residual structure may still be present in the denaturant-unfolded state of foldon wild-type,
leading to the second GdmCl transition. The insertion of the different mutants could however
induce an unfolding of this structure at high denaturant concentrations, making the unfolded
state of the variants more expanded and thus more accessible for denaturing agents, finally
yielding a higher meq-value. This ground-state effect is commonly observed, and is very often
caused by a change of the mf -value while the mu-value is almost unchanged74. This effect
will be discussed in detail below.

Mutations can in- or decrease the unfolding rate constant of the native trimer

A shift of the equilibrium towards the unfolded state of a protein unfolding-refolding equi-
librium is often accompanied by an increase of the unfolding rate constant. This increase is
found for most foldon variants, with dissociation rate constants of the native trimer k−T in the
range of 10−3 to 10−2 in GdmCl and 10−4 to 10−2 in urea. The increase of k−T can however be
as large as five orders of magnitude compared to foldon wild-type. A k−T of (0.21±0.06) s−1

is found for foldon W20Nal in the presence of 500 mM sodium sulfate. Due to the sodium
sulfate, this unfolding rate constant is not directly comparable to the other foldon variants.
However, in three mutants the shift of the equilibrium towards the unfolded state is not caused
by an increased unfolding rate constant k−T . In these cases, the unfolding rate constant is
lower than the one of foldon wild-type. These are the foldon variants P4T P7Nva, foldon
L22F and foldon W20H. The rate constant of foldon W20H, as the one of foldon W20Nal, is
determined in the presence of 500 mM sodium sulfate, thus comparability is constricted. It is
striking that the other two mutations found to cause decelerated unfolding are located at the
most N- or C-terminal positions of the hydrophobic cluster.

According to the Arrhenius equation, rate constants are generally dependent the temperature
and the free activation enthalpy28. As all experiments are performed at T = 293.15 K, only
the free activation enthalpy and pre-exponential factor can cause changes of the rate constant.
A decrease of the pre-exponential factor would lead to overall lower rate constants. However,
as the change introduced into the peptide by a single-point mutation is small, this effect can
most likely be neglected. The inserted mutations could, on the other hand, cause an increase
of the free activation enthalpy. The increase of the free activation enthalpy might be due to
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5. Discussion

decreased or weakened side chain interactions in the transition state. A possible explanation
for this finding is that foldon wild-type is not optimized for a high unfolding free activation
enthalpy. The moment the native trimeric structure is formed in fibritin, coiled-coil formation
is initiated. Thus foldon has served its purpose, and it is irrelevant for the overall stability of
fibritin if foldon can undergo local unfolding of its C-terminal domain. Secondly, a decrease
of the free activation enthalpy caused by increased side chain interactions could also result in
either an increased propensity of non-native secondary structure formation during the folding
and assembly process, or a stabilization of the intermediate compared to both the unfolded
and native state. Both cases would strongly perturb folding, as the formed structures would
have to be broken prior to folding. A similar process is observed for a single-chain foldon
variant, a protein where three foldon sequences are connected by flexible (GS)7-loops. De-
signed to allow a concentration-independent determination of the association rate constants,
it was shown that folding can only occur rapidly at a low GdmCl concentration, as a partial
unfolding of non-native structure motifs seems necessary to allow correct formation of the na-
tive trimeric structure150. The foldon domain is not optimized for slowest possible unfolding
or highest possible stability, as seen from the foldon P4T variant, but for fast association and
rapid contact formation of its native interactions.

Intra-molecular hydrogen-bonds in foldon

The hydrophobic cluster of foldon is not only stabilized by van der Waals interactions, but also
by two intramolecular hydrogen bonds. One bond is formed between the backbone oxygen of
the proline 4 and the N1 of the indole of tryptophan 20. This interaction could assure correct
packing of the N-terminal region against the β-turn during the folding reaction. The second
hydrogen bond in the hydrophobic cluster is formed between the tyrosine 13 side chain hy-
droxyl group and the aspartate 9 and glutamine 11 side chains in the first type-II-turn. These
amino acids constitute a hydrogen bond network between the hydrophobic cluster and this
type-II-turn leading to the first β-strand, as shown in Figure 5.1B. This hydrogen bond net-
work is crucial for the folding and assembly of the native trimer. Eckhardt et al. showed that
a disruption of this network by a single-point mutation of the aspartate 9 to a glutamine dis-
rupts cooperative folding into the native trimer175. The effect of hydrogen bonds within the
hydrophobic cluster on the stability and folding of the native structure is thereby of interest.
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BA

Figure 5.1.: Hydrogen bonds in the hydrophobic cluster. A) The hydrogen bond between the proline
4 backbone oxygen and the hydrogen of the tryptophan N1 of the indole side group. The side chains
are shown in stick representation and the atoms colored in green for carbon, red for oxygen, blue for
nitrogen and white for hydrogen, while the backbone of the loops is colored in gray and the β-strands
are in blue. The hydrogen bond is depicted as a dashed yellow line. B) The hydrogen bonding network
between the tyrosine 13 and the aspartate 9 and glutamine 11. The same color scheme is used as in
A).

In general, the formation of hydrogen bonds is one of the driving forces of the folding reaction.
The enthalpy of the formation of hydrogen bonds between a protonated nitrogen and an oxy-
gen, the most common hydrogen bond formed in proteins, is between -12 to -40 kJ ·mol−1 per
hydrogen bond176. This type of hydrogen bond is predominately found in secondary structure
motifs like α-helices and β-pleated sheets. The vast majority of hydrogen bonds in proteins
is formed within single elements of secondary structure25. Removal of a hydrogen bond by
mutation of the respective amino acid however only results in a commonly observed decrease
of stability of 2 to 7 kJ · mol−1 per hydrogen bond172. One reason for this deviation is that
the protein can also form hydrogen bonds with the solvent, though these are not as stable as
hydrogen bonds within a hydrophobic environment176. Additionally, binding of the solvent
water to the protein via hydrogen bonds causes a loss of solvent entropy, further raising the
free enthalpy27.

The energetic contribution and the influence on the association reaction of two hydrogen bonds
in the hydrophobic cluster are determined in this study. Removal of the hydrogen bond be-
tween the backbone carbonyl group of proline 4 and the N1 of the tryptophan 20 indole group
by an exchange of the tryptophan to a naphthylalanine results in a change of the free folding
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5. Discussion

enthalpy of ∆∆G0 = 41.8 kJ · mol−1 compared to foldon wild-type. The only difference ob-
served for the crystal structure of foldon W20Nal variant with regard to structure of foldon
wild-type is the loss of this hydrogen bond. The orientation of the naphthyl group and the
indole group in the hydrophobic core are alike, as can be seen in Figure 4.34. Neither are there
any other interactions of the naphthyl group within the hydrophobic cluster, nor is the rest of
the foldon domain perturbed. Therefore this mutation gives a grand estimate for the contribu-
tion of the hydrogen bond of 13.9 kJ ·mol−1 to the free folding enthalpy of foldon. This value
is higher than the stability normally found for hydrogen bonds. Nevertheless, contributions
in a similar range have been observed before177. Is there an explanation for this large effect?
The large contribution of the hydrogen bond is assigned to the hydrophobic environment of
the hydrogen bond. The test whether a restoration of the hydrogen bonds by insertion of a his-
tidine at position 20 would again lead to a stabilization of the native structure partially failed,
as the loss of hydrophobic interactions within the hydrophobic core and the probable inclusion
of water in the formed cavern overcompensate for the gained energy of the formed hydrogen
bonds between the histidine´s N´ and the residue 4 backbone carbonyl group. The effect of the
hydrogen bond in this W20H mutant is however not negligible, as shown by the pH-titrations
of the histidine. This titration shows an increase of stability upon changing the pH from 7.0 to
8.0, while folding into the native trimer is completely omitted at pH 5.5. This effect was also
shown before for villin head-piece178,179.

The second hydrogen bond disrupted by an amino acid exchange in the hydrophobic cluster
is the one between the tyrosine hydroxyl group and the side chain of the aspartate at position
9. Although the amino acid exchange of the tyrosine to a phenylalanine leads to a decrease of
the free folding enthalpy of ∆∆G0 = 24.8 kJ ·mol−1, foldon is still able to fold into the native
structure, in contrast to the results of Eckhardt et al. for different mutations175. The change in
free folding enthalpy cannot be attributed completely to the loss of the hydrogen bond. First,
the hydrogen bonding network in the first β-turn compensates by forming a new hydrogen
bond between the nitrogen of the glutamine at position 11 and the aspartate at position 9. Sec-
ond, the removal of the hydroxyl group leads to a change of the foldon surface, as the former
hydrophilic patch formed by the tyrosine´s hydroxyl group is now replaced by a hydropho-
bic surface from the phenyl group of the phenylalanine. A clear attribution of the energetic
contribution of this hydrogen bond is hence not possible. The role of this hydrogen bond can
rather be seen as a link of the hydrophobic cluster to the first type-II-turn. Despite the fact that
a removal of the two hydrogen bonds located within the hydrophobic cluster does not prevent
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the folding and association into the native state, the loss of energy leads to a strong shift of
the equilibrium towards the unfolded state. Both hydrogen bonds have therefore a vital con-
tribution to the overall stability and probably help finding the correct native-like interactions
during the folding reaction.

The function of the N-terminal poly-Pro II structure

The N-terminal region of foldon is a poly-proline (poly-Pro) type II helix. These proline-rich
motifs are commonly found in many organisms and make up a large fraction of all sequence
motifs180. The poly-Pro type II helix is left-handed and has three residues per turn with an
overall shape which is similar to a triangular prism181,182. Poly-Pro II helices are a favorable
binding partner for recognition domains183. All backbone carbonyl groups in the poly-Pro II
structure are exposed to the solvent due to the extended conformation, and the amino acids are
ordered in a highly repetitive manner184. The backbone conformation in a poly-Pro II helix is
restricted, thus the binding of the backbone is not accompanied by a negative entropic term185.
Any binding domains can thus interact favorable with the poly-Pro II helix. There are nu-
merous protein domains known that are able to bind poly-Pro II helices186–189. Each of these
domains binds to the poly-Pro II helix by the exposure of aromatic side chains to the solvent,
predominately tryptophan and tyrosine residues. The poly-Pro II helix is additionally not only
found in the native state of proteins, but also in the unfolded state. The extended conformation
allows hydrogen bond formation of the backbone carbonyl group with the solvent, regardless
of the proline content190,191.

The role of the poly-Pro II structure in the N-terminal region of foldon is probed by both
single-point mutations of the two prolines at position 4 and 7 and by a double-mutation of
both positions. An increase in stability of 12.3 kJ · mol−1 of foldon P4T compared to foldon
wild-type does not lead to a significant increase in the refolding kinetics in both GdmCl and
urea. The hydrophobic cluster is only slightly perturbed in the burst-phase intermediate, as
seen from the decreased fluorescence of the burst-phase intermediate of foldon P4T, but nev-
ertheless can still induce correct and fast association of the foldon monomers into the native
trimer. The local structure around residue 4 is possibly preserved by the conserved intra- and
intermolecular interactions of the surrounding residues of the foldon N-terminal region. The
peptide bond between the residues 3 and 4 is in the trans conformation in the native state of
both foldon P4T and foldon wild-tpye, but the isomerization of this peptide bond does not
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5. Discussion

have an impact on the overall refolding kinetics. This is supported by the finding of Habazettl
et al. where 10-14 % of the foldon monomers are in the cis conformation at the Ile3-Pro4
peptide bond151. However, it cannot be ruled out that in fibritin the proline 4 has to be in the
trans conformation to allow the formation of the fibritin coiled-coil structure. Loss of the rigid
backbone conformation by a mutation of the proline 7 has a large effect on the association re-
action and stability. The proline 7 in each monomer has to be in the trans conformation to form
the native foldon trimer. Formation of the dimeric and trimeric intermediate are nevertheless
possible even if the proline 7 residue of one or more monomers is in the cis conformation.
This indicates that the N-terminal region does not influence the association reaction by direct
interactions during the association, what is expected, as the association surfaces are located on
the other side of the foldon monomer.

The double-mutant P4T P7Nva is destabilized by 19.0 kJ · mol−1 compared to foldon wild-
type, what is, within error range, the sum of the effects of the single mutants on the folding free
enthalpy. The double-mutant´s refolding rate constants are further decreased by one order of
magnitude compared to foldon P7Nva. Though proline 4 is not responsible for the observable
cis-trans isomerization, its rigidifying effect on the N-terminal poly-Pro II structure is neces-
sary for efficient association during the folding process. The importance of the prolines in the
N-terminal region of foldon is possibly not the stabilization of the poly-Pro II structure in the
folded, but rather in the unfolded and the intermediate state to allow for a quick formation of
the hydrophobic core and efficient dimer and trimer formation. With three of the six amino
acids of the hydrophobic cluster located within this region, it is a major nucleation point for
the folding of the monomer. If the N-terminal region has a native-like conformation in the
unfolded state, which is induced by the two proline residues, the N-terminal residue could
act as a scaffold for the initial folding reaction of the unfolded state towards the burst-phase
intermediate. This could explain the extremely fast folding into the monomeric structure of
the burst-phase intermediate95,151. With both prolines missing in the P4T P7Nva mutant, the
gained conformational freedom of the N-terminus could lead to a less-prominent poly-Pro II
structure. This would lead to both a decreased rate constant of burst-phase intermediate for-
mation and result in a loss of the scaffold for efficient dimerization. Two monomers could
effectively form an encounter complex even if the monomers would not meet at the dimer
binding interfaces. The mechanism could be a temporary and weak binding of the poly-Pro
II structure with one of the exposed aromatic side chains of the other foldon monomer. The
poly-proline II structure would thus act as an additional temporary binding interface during
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association. The sharp peak observed in the fluorescence spectrum for the burst-phase inter-
mediate of the foldon P4T P7Nva variant supports this hypothesis. The peak could be caused
by a tremendously changed burst-phase intermediate structure, which causes a change of the
local environment of the fluorescent tryptophan. The increased fluorescence of tryptophan
could arise from a rigid environment of the indole side chain group. The loss of the poly-
Pro II structure could explain the low dimerization rate constant of foldon P4T P7Nva by the
lowered encounter complex formation propability. Upon folding into the native structure, the
closed packing is disrupted and the fluorescence intensity is decreased again. This proposed
mechanism is one way of the hydrophobic cluster to influence the association reaction.

Dimerization is influenced strongly by the hydrophobic cluster

The largest impact on the individual folding and association steps of foldon refolding caused
by the inserted mutations is seen on the dimerization rate constant, regardless of the used
denaturant. The dimerization rate constant is lowered by up to four orders of magnitude.
Dimerization is the slowest step of the association reaction in foldon wild-type, with the only
exception for large foldon monomer concentrations. The impact of the mutations on the dimer-
ization rate constant is strongly dependent on the amino acid position. An exchange at position
4 has a negligible effect on dimerization in GdmCl, while the largest detectable impact of a
single-point mutation is detected at position 6. The A6V variant shows the lowest dimeriza-
tion rate constant, with kD = 7.3 · 103 M−1 s−1. The other two mutants at position 6 are
only reduced by one order of magnitude. An additional effect is caused by the change of the
reaction mechanism by the mutations at position 6. All other single-point variants of foldon
show a decrease of the dimerization rate constant by two orders of magnitude. All refolding
traces determined in GdmCl strongly resemble the foldon wild-type refolding traces, despite
the strong effects on dimerization. Although these results strongly point towards dimer for-
mation as the crucial step to be influenced by the mutations, a clear result is only obtained by
measurements in urea. Any effects on the dimerization rate constant are even more prominent
in urea, as the dimer is strongly stabilized.

The effects on dimerization in urea differ from the effects in GdmCl. The characteristic refold-
ing traces of foldon wild-type in urea with the separation of the dimer and trimer formation
are not detected for any foldon variant. This separation of the kinetic phases of foldon wild-
type is caused by the fact that the dimerization rate constant is larger than the trimerization
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5. Discussion

rate constant, resulting in a stabilization of the dimeric intermediate under refolding condi-
tions in urea150. This separation of the dimerization and trimerization step of foldon cannot
be observed for any foldon variant in urea. Even foldon P4T, which shows an almost identical
behavior to foldon wild-type when refolded in GdmCl, shows a different shape of the refolding
traces. Dimerization of foldon P4T is decreased by a factor of five compared to foldon wild-
type at identical foldon monomer concentrations, while the trimerization rate constant is larger
in foldon P4T than in foldon wild-type (6.8 ·105 M−1 s−1 in P4T compared to 4.5 ·105 M−1 s−1

in foldon wild-type). This effect is even enlarged for the variants at position 6 studied in urea,
where the trimerization rate constant is increased by a factor of 2.5 compared to foldon wild-
type for both mutants. Dimerization is decelerated by a factor of 20 for these mutants, and the
stability of the dimeric intermediate is further reduced by an increase of the dissociation rate
constant k−D by a factor of three for foldon A6Abu and a factor of six for foldon A6S. The
trimerization rate constant kT and dimer dissociation rate constant k−D are strongly coupled in
the evaluation by a global fit of all refolding traces in urea. Therefore, absolute numbers cannot
be determined for these rate constants with high fidelity, but the tendency for a higher trimer-
ization rate constant in contrast to the dimerization rate constant is clearly observable from the
fits. Otherwise, the overall shape of the fit traces would resemble the ones of foldon wild-type
in urea. The lowest dimerization rate constant in urea is observed for foldon P7Nva, which
is almost a factor of 10,000 lower than in foldon wild-type. The dimerization rates of foldon
Y13F and L22F are very similar to each other and decreased by three orders of magnitude
compared to foldon wild-type. Insertion of any mutation into the hydrophobic cluster leads
to a stronger destabilization of the dimeric intermediate in urea, compared to foldon wild-type.

Normally, effects on the dimerization of proteins are observed when amino acids within the
dimer binding interface are mutated, while mutations in other regions show little to no effect on
the association113. While this is true for the foldon variants at position 20, where the refolding
kinetics cannot be determined, all other amino acids of the hydrophobic cluster are not located
within the dimer interface (with the exception of one alanine at position 6). The hydrophobic
cluster thus influences dimerization by other means. The fluorescence spectra for almost all
foldon variants of the burst-phase intermediates show a decrease of the fluorescence intensity.
A change of the local structure around the fluorophore of the burst-phase intermediate could in-
duce this change of the fluorescence properties. Changes in structure could strongly affect the
ability of the foldon monomers to dimerize, as the intermediate structure would become less
defined, and thus partially disrupts the association interfaces. This would likely be accompa-

146



nied by a decrease of the burst-phase intermediate concentration resulting in a shift of the fast
equilibrium between the unfolded state U and the burst-phase intermediate I . A shift towards
the unfolded state U reduces the active concentration of monomers which can productively
form dimers. Similar effects had been observed for several other proteins116–120, and changes
of the fraction of preformed structure can either increase or decrease the association rate con-
stant by up to two orders of magnitude116,117. Despite the good agreement of this assumption
with the determined data of most foldon variants, the foldon variants A6Abu and A6S seem to
contradict this proposed mechanism. The burst-phase intermediate fractions of these foldon
variant seems to be unchanged when considering the burst-phase intermediate fluorescence
spectra, and yet a decrease of the dimerization rate constant is observed for these variants.
Thus a change of the intermediate structure is not necessarily accompanied by a change of the
local environment of the tryptophan. Additionally, the change of the reaction mechanism fur-
ther decreases the observed speed of the association reaction. Due to the cis conformation of
the Xaa6-Pro7 peptide bond, 10 % of the burst-phase intermediate cannot dimerize any more.
This reduces the concentration of monomers that can productively form dimers, resulting in a
decrease of the association speed. While the effect of the inserted mutations on dimerization
is strong in both denaturants, only marginal influences on the trimerization reaction occur.
The largest effect is observed for foldon P7Nva and Y13F in urea and foldon A6V and P7Nva
in GdmCl, where the trimerization rate constant is decreased by approximately two orders of
magnitude, compared to one order of magnitude determined for all other foldon variants. After
dimerization the dimer offers a well-defined binding surface for the last monomer. This could
compensate for the less defined intermediate structure, thus the effect on the second binding
step would be less pronounced. Additionally, binding of the last monomer could be preceded
by an induced transition of the unfolded state to the burst-phase intermediate state, as observed
for intrinsically unfolded proteins or the S-protein/S-peptide system114,115. Binding of the un-
structured monomer could be induced by the formed poly-proline II structure to the exposed
aromatic side chains, as described before, followed by folding of the unfolded monomer and
association into the trimeric intermediate.
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5. Discussion

Transition state

Mutations within the hydrophobic cluster could not only change the rate constants, but also
the position of the transition state on the reaction coordinate. Any changes of the transition
state are determined by rate-equilibrium free energy relationships (REFERs). Any shift of the
transition state location can be probed by the determination of the αD-values in both GdmCl
and urea. It is seen for both denaturant agents that no significant shift of the transition state
is observable, with the only exception of foldon P4T P7Nva. In this variant the αD-value is
shifted from approximately 0.6 to 0.91, indicating a strong shift of the transition state towards
the native structure. This indicates a high compaction of the transition state, accompanied by
a low susceptibility to the denaturant. A high similarity of the transition state to the native
structure can thus be assumed. The lack of the stabilizing poly-proline II structure in the in-
termediate necessitate many more native-like interactions in the transition state to allow the
formation of the native structure, thus shifting the transition state position on the reaction co-
ordinate towards the folded state.

For all foldon variants, an increase of the meq-value in both denaturants is observed. This in-
crease can be attributed to the ground-state effect74: Most foldon variants show an increase of
the mf -value compared to foldon wild-type while the mu-value is almost unchanged. There
are only two exceptions in GdmCl: The mu-value of foldon L22F is decreased by approxi-
mately 30 % and the one of foldon P4T P7NVa decreases by 70 %, resulting in a significantly
increased αD for these variants. However, these variants also show a significant decrease of
the unfolding rate constant k−N despite a destabilizing effect of the two mutants on the native
state. Thus it is obvious that the effects of the amino acid exchanges on stability are caused by
changes of the kinetics.

Another commonly used probe to detect linear REFERs is the effect of mutations on both the
free activation enthalpy and the free folding enthalpy with respect to the wild-type protein.
This leads to the αS or φf -value173. It is defined by:

φf =
∆∆G0‡

∆∆G0
(5.1)

In general, a φf -value of 1 states that the effect of the mutation on the transition state is the
same as the effect on the native state. The amino acid thus has native-like interactions in
the transition state. A φf -value of 0 states that the mutation has no effect on the transition
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state, thus no native-like interactions of the amino acid are present in the transition state. This
method probes for folding nuclei, as these should show high φf -values. In general, φf -values
between 0 and 0.4 are determined for most amino acids and most positions in almost all studied
proteins192. φf -values larger than 0.4 are uncommon and interpreted as nucleation sites for the
folding reaction, as the interactions of these amino acids in the transition state are larger than
average173. Reliable φf -value determination requires several mutants at the same position. It
was shown that φf -values lower than 0 or higher than 1 are often obtained if only a two-point
analysis with the wild-type and one mutant is performed, as evaluation of only two data points
leads to a large error193. This becomes even more prominent if the stability change upon mu-
tation is less than 6-7 kJ · mol−1 194. The φf -values of the foldon variants are not determined
in this study as the refolding reactions were not probed in a denaturant-dependent manner and
more data points would be needed to obtain a robust fit for the denaturant-dependent unfold-
ing experiments. Furthermore, a φf -value analysis requires in most cases a global kf -value,
which cannot be determined for any foldon variant due to the missing phase of the burst-phase
intermediate formation. It is on the other hand obvious from the measured data that the foldon
P4T variant has a non-canonical φf -value. The slight increase of the free activation enthalpy,
causing the slightly decelerated refolding kinetics, is accompanied by a stabilization of the
native state. According to equation 5.1, this leads to a φf < 0. A φf -value equal to zero is
seen as a measure that no native state interactions of the amino acid side chain are present
in the transition state. The pyrrolidine group of Pro4 does however only have contacts with
the solvent, therefore a value around zero is not surprising. A φf -value below zero indicates
that the amino acid forms non-native interactions in the transition state. In case of residue 4
of foldon, any interaction of the side chain with other side chains of the protein in the transi-
tion state is a non-native interaction, thereby causing the change of the φf -value. If this side
chain is able to make contact to other regions of foldon, a significantly changed conformation
of the N-terminal region must be present in the transition state to allow an orientation of the
residue 4 side chain towards the core of the protein. In the native state, as seen from the crystal
structure, the threonine side chain of the P4T mutant points into the solvent and does not have
any contact to other parts of the folded protein. The non-native interactions formed during the
refolding reaction cause a deceleration of the association reaction, as they have to be broken
prior to completion of the folding reaction. This explains the deceleration of foldon P4T re-
folding despite a higher stability of this foldon variant.
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5. Discussion

Outlook and conclusions

Future experiments on the hydrophobic cluster of foldon could include additional mutations
at the positions 4, 13 and 22. These could be insertions of large, bulky amino acids at po-
sition 4, e.g. tyrosine or phenylalanine. An incorporation of isoleucine at position 22 would
show if the hydrophobic interactions between the residues 13 and 22 were preserved. To probe
the effect of the hydrophobic interactions of the tyrosine at position 13, insertion of the non-
natural amino acid 6-hydroxy-(L)-norleucine should be feasible. This amino acid lacks the
aromatic ring of tyrosine, but should be able to locate the hydroxyl group in a similar posi-
tion as the tyrosine, thus sustaining the hydrogen bonding network with the first type-II-turn.
To gain a better understanding of the burst-phase intermediate and the proposed rapid equi-
librium of this intermediate and the unfolded state, NMR structure determination of foldon
variants in the monomeric form could be a feasible tool. As all peaks in a 15N-edited HSQC
spectrum of the respective foldon variants could be compared to the already assigned peaks
of the foldon E5R, the changes of peak intensity should allow a determination of the fraction
of formed monomeric structure. The structure of the foldon P4T P7Nva with the additional
E5R mutation would further allow the determination of any formed secondary structure of the
N-terminal region of the foldon monomer which could account for the changed fluorescence
properties of the burst-phase intermediate and the strongly decreased association kinetics. The
determination of the free activation enthalpy of both unfolding and refolding of several foldon
variants, especially foldon L22F and foldon P4T P7Nva would lead to a φ-value analysis and
a more detailed characterization of the transition state. This would allow a detailed evaluation
of the non-intuitive effect on unfolding observed by the before-mentioned foldon variants.

Monod, Wyman and Changeux stated already in the 1960s when proposing their allosteric
model that homo-oligomeric proteins are subject to a higher evolutionary pressure195. Each
mutation within a homo-oligomeric protein complex is amplified by the number of subunits,
as is every deletion or addition of amino acids. In most cases, even small modifications will
lead to a ruinous effect on the overall stability and catalytic activity of a protein, while some
rare events will lead to a large beneficial change in the functional characteristics. The same
phenomenon is observed throughout this study: Almost any mutation in foldon, which can
be seen as a catalyst for the fibritin association, has tremendous effects on both stability and
folding. It seems that all advantageous mutations have already been applied to foldon by
evolution, making foldon an almost perfect folding and association domain.
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6. Summary

The foldon domain of bacteriophage T4 fibritin is an excellent model system to study the
folding and association of small multimeric proteins. The free folding stability of the foldon
domain was known from denaturant transitions in both GdmCl and urea, and refolding exper-
iments had been carried out for foldon wild-type which could determine the rate constants of
the majority of the folding and association steps during the foldon folding reaction. A wealth
of structural data had been resolved, showing foldon wild-type in the native trimeric and an
acid-denatured state, as well as the foldon E5R variant in a stable monomeric state. Fluores-
cence spectra of the burst-phase intermediate of foldon wild-type during refolding and foldon
E5R under native conditions show a large similarity. The structural data of the monomeric
foldon variant revealed the existence of a hydrophobic cluster. Additionally, the foldon E5R
indicated towards an association mechanism that involves the charged surfaces of the foldon
monomers, which show a clear separation of positive and negative charges on opposing sur-
faces of the foldon monomer. However, determination of the impact of varying ionic strengths
on the refolding kinetics had shown a primary salt effect of a single net charge. This corre-
sponds to the overall net charge of the foldon wild-type domain. Thus hydrophobic interac-
tions seem to influence the association reaction of foldon, as often found for homo-oligomeric
proteins. The hydrophobic cluster was hence chosen for further studies on the association
mechanism of foldon.

In this study we used mutations within the hydrophobic cluster of foldon to probe the associ-
ation mechanism. First, the X-ray structures of 10 different foldon variants were determined
which show a remarkable similarity with backbone root mean square deviations around 0.3 Å.
Although the effect of the mutations on the side chain packing within the hydrophobic cluster
is stronger for some foldon variants, this packing effects cannot account for the wide range
of stabilities observed for the different foldon variants. The determined stabilities range from
-101.5 kJ · mol−1 for the only stabilizing mutation foldon P4T to -46.5 kJ · mol−1 for foldon
P7F. The two mutations at position 20 are so strongly destabilized that the stabilities could
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6. Summary

only be determined in the presence of 500 mM sodium sulfate. The difference of the free fold-
ing enthalpy compared to foldon wild-type under these conditions is more than 40 kJ · mol−1.

The fluorescence properties of the different states of foldon during the assembly process are
probed prior to the kinetic measurements. The fluorescence spectra of the unfolded and native
state as well as the burst-phase intermediate show a high resemblance of their shapes to the
foldon wild-type spectra, while the fluorescence intensity of all states is in most cases strongly
decreased. For the native state, this is very likely caused by a lower population of natively
folded protein compared to foldon wild-type due to the lower stability of the mutant. The
reasons are less clear for the unfolded state and the burst-phase intermediate. In the unfolded
state, the fluorescence properties could be changed due to the change of residual structure in
the region of the fluorescent tryptophan. The same could hold true for the burst-phase in-
termediate, however, another reason could be a reduced fraction of I due to a shift of the
equilibrium towards the unfolded state caused by the inserted mutations. This is supported by
the fact that the burst-phase intermediate I shows a stronger loss of fluorescence intensity than
the unfolded state fluorescence in the foldon variants P4T, Y13F and L22F.

The refolding rate constants for several foldon variants are determined in both GdmCl and urea
by global fitting of refolding traces at varying foldon monomer concentrations. Unfolding ex-
periments and determination of the initial slope increase the fidelity of the fit as these methods
allow an independent determination of the dissociation rate constant k−T and the dimerization
rate constant kD. It is obvious from the global fits that the main effect of the mutations is ex-
erted on the dimer association reaction. This rate constant can be decreased by a factor of up to
10,000, while the trimerization reaction is only decreased by one order of magnitude in most
cases. The inserted mutations likely cause a weakening of the hydrophobic interaction within
the hydrophobic cluster, thereby hindering the association reaction. Additionally, a shift of
the equilibrium between the unfolded state U and the burst-phase intermediate I towards the
unfolded state causes a decrease of the association reaction speed. For all variants at position
6, the deceleration of the refolding velocity is additionally influenced by the inability of the
monomeric states to form dimers even if the Xaa6-Pro7 peptide bond is in the cis conforma-
tion. This causes a decrease of the active foldon monomer concentration by approximately 10
%, further decreasing the refolding speed.
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For foldon P4T, the effect on the association rate constants is only marginal compared to other
variants, and the stability of foldon P4T is increased compared to foldon wild-type . On the
other hand, mutations at position 7 cause the strongest deceleration observed for foldon vari-
ants, and the double mutant at both positions has the slowest dimer association rate constant
observed for any foldon variant in this study. The loss of the rigid backbone structure, which is
normally prevailed by the prolines, is a likely source for this behavior. The poly-proline type
II structure induced by the prolines could act as a scaffold for the folding reaction and even
enhance the encounter complex formation. Loss of this structure, perhaps accompanied by
the formation of non-native secondary structure, can be the source for the large impacts these
mutations have on the association reaction. The strong effects on the burst-phase intermediate
fluorescence spectra of foldon P4T P7Nva strongly point in this direction.
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A. Appendix

A.1. Crystal structure data

resolution (Å) r.m.s.d.s (Å) resolution (Å) r.m.s.d.s (Å)
P4T 1.10 0.29
A6S 0.90 0.30 A6Abu 1.10 0.33
P7F 1.20 0.34 P7Nva 1.10 0.28
P4T P7Nva 1.10 0.31
Y13F 1.00 0.30
W20H 0.90 0.34 W20Nal 0.90 0.33
L22F 1.10 0.29
wild-type 1.40 -

Table A.1.: Resolutions and backbone r.m.s.d.s compared to the foldon wild-type crystal structure of
all foldon crystal structures.
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Foldon P4T Foldon A6Abu Foldon A6S
Crystal parameter
Space group P63 P21 3 P63

Cell dimensions
a, b, c (Å) 27.8; 27.8; 63.9 46.3; 46.3; 46.3 28.0; 28.0; 63.9
α, β, γ (◦) 90.0; 90.0; 120.0 90.0; 90.0; 90.0 90.0; 90.0; 120.0

Molecules per AU 1 1 1
Data collection
Beam line CuKα CuKα CuKα

Wavelength (Å) 1.5418 1.5418 1.5418
Resolution range (Å)b 64.0 - 1.1 (1.2 - 1.1) 46.3 - 1.1 (1.2 - 1.1) 63.9 - 0.9 (1.0 - 0.9)
Unique reflectionsc 11,079 12,952 19,621
Completeness (%)b 99.60 (95.33) 99.99 (100.00) 99.49 (93.09)
Rmerge (%)b,d 7.1 (29.0) 6.0 (65.0) 4.9 (25.1)
I / σ (I)b 22.2 (4.9) 23.7 (2.0) 21.2 (4.2)
Refinement
Resolution (Å) 10.0 - 1.1 10.0 - 1.1 10.0 - 0.9
Rwork / Rfree

e 0.165 / 0.176 0.134 / 0.174 0.135 / 0.160
No. atoms

Protein 218 221 220
Waters 29 58 66

B-factors 7.897 12.965 9.440
R.m.s. deviationsf

Bond lengths (Å) 0.026 0.027 0.027
Bond angles (◦) 2.048 2.017 2.475

Ramachandran (%)g 96.0 / 4.0 / 0.0 95.5 / 4.5 / 0.0 96.0 / 4.0 / 0.0

Table A.2.: Data collection and refinement statistics for the foldon variants P4T, A6Abu, and A6S.
a Asymmetric unit
b Values in parenthesis of resolution range, completeness, Rmerge, and I / σ (I) correspond to the last
resolution shell
c Friedel pairs were treated as identical reflections
d Rmerge(I) =

∑
hkl

∑
j |[I(hkl)j − I(hkl)]|/[

∑
hkl Ihkl], where I(hkl)j is the jth measurement of the

intensity of reflection hkl and < I(hkl) > is the average intensity
e R =

∑
hkl ||Fobs|−|Fcalc||/

∑
hkl |Fobs|, where Rfree is calculated without a sigma cutoff for a randomly

chosen 5 % of reflections, which were not used for structure refinement, and Rwork is calculated for
the remaining reflections
f Deviations from ideal bond lengths/angles
g Percentage of residues in favored region / allowed region / outlier region
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A.1. Crystal structure data

Foldon P7Nva Foldon P7F Foldon P4T P7Nva
Crystal parameter
Space group P63 P63 P63

Cell dimensions
a, b, c (Å) 28.0; 28.0; 63.7 27.8; 27.8; 63.9 28.1; 28.1; 64.3
α, β, γ (◦) 90.0; 90.0; 120.0 90.0; 90.0; 120.0 90.0; 90.0; 120.0

Molecules per AUa 1 1 1

Data collection
Beam line CuKα CuKα CuKα

Wavelength (Å) 1.5418 1.5418 1.5418
Resolution range (Å)b 63.7 - 1.1 (1.2 - 1.1) 63.9 - 1.1 (1.2 - 1.1) 24.3 - 1.1 (1.2 - 1.1)
Unique reflectionsc 10,918 8,315 10,940
Completeness (%)b 100.00 (100.00) 99.35 (97.99) 98.48
Rmerge (%)b,d 4.6 (11.7) 4.6 (11.7) 5.2 (34.1)
I / σ (I)b 15.0 (4.0) 19.1 (4.3) 15.6 (6.2)

Refinement
Resolution (Å) 8.0 - 1.1 10.0 - 1.2 10.0 - 1.1
Rwork / Rfree

e 0.128 / 0.152 0.149 / 0.197 0.119 / 0.141
No. atoms

Protein 219 223 220
Waters 72 55 68

B-factors 8.426 8.783 8.962
R.m.s. deviationsf

Bond lengths (Å) 0.024 0.028 0.027
Bond angles (◦) 2.060 2.242 2.537

Ramachandran (%)g 95.5 / 4.5 / 0.0 96.0 / 4.0 / 0.0 95.2 / 4.8 / 0.0

Table A.3.: Data collection and refinement statistics for the foldon variants P7Nva, P7F, and P4T
P7Nva.
a Asymmetric unit
b Values in parenthesis of resolution range, completeness, Rmerge, and I / σ (I) correspond to the last
resolution shell
c Friedel pairs were treated as identical reflections
d Rmerge(I) =

∑
hkl

∑
j |[I(hkl)j − I(hkl)]|/[

∑
hkl Ihkl], where I(hkl)j is the jth measurement of the

intensity of reflection hkl and < I(hkl) > is the average intensity
e R =

∑
hkl ||Fobs| − |Fcalc||/

∑
hkl |Fobs|, where Rfree is calculated without a sigma cutoff for a ran-

domly chosen 5 % of reflections, which were not used for structure refinement, and Rwork is calculated
for the remaining reflections
f Deviations from ideal bond lengths/angles
g Percentage of residues in favored region / allowed region / outlier region
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Foldon Y13F Foldon W20Nal Foldon W20H
Crystal parameter
Space group P63 P63

Cell dimensions
a, b, c (Å) 28.0; 28.0; 64.0 27.8; 27,8; 64,3
α, β, γ (◦) 90.0; 90.0; 120.0 90.0; 90.0; 120.0

Molecules per AU 1 1 1

Data collection
Beam line CuKα CuKα CuKα

Wavelength (Å) 1.5418 1.5418 1.5418
Resolution range (Å)b 64.0 - 1.0 (1.1 - 1.0) 64.3 - 0.9 (1.0 - 0.9)
Unique reflectionsc 14,351 19,847
Completeness (%)b 98.43 (94.71) 99.99 (99.93)
Rmerge (%)b,d 6.4 (41.3) 4.8 (41.9)
I / σ (I)b 14.3 (4.3) 27.4 (6.1)

Refinement
Resolution (Å) 8.0 - 1.0 10.0 - 0.9
Rwork / Rfree

e 0.138 / 0.167 0.120 / 0.141
No. atoms

Protein 218 220
Waters 79 68

B-factors 9.524 8.136
R.m.s. deviationsf

Bond lengths (Å) 0.028 0.023
Bond angles (◦) 2.199 1.864

Ramachandran (%)g 96.0 / 4.0 / 0.0 95.5 / 4.5 / 0

Table A.4.: Data collection and refinement statistics for the foldon variants Y13F, W20Nal, and W20H.
a Asymmetric unit
b Values in parenthesis of resolution range, completeness, Rmerge, and I / σ (I) correspond to the last
resolution shell
c Friedel pairs were treated as identical reflections
d Rmerge(I) =

∑
hkl

∑
j |[I(hkl)j − I(hkl)]|/[

∑
hkl Ihkl], where I(hkl)j is the jth measurement of the

intensity of reflection hkl and < I(hkl) > is the average intensity
e R =

∑
hkl ||Fobs|−|Fcalc||/

∑
hkl |Fobs|, where Rfree is calculated without a sigma cutoff for a randomly

chosen 5 % of reflections, which were not used for structure refinement, and Rwork is calculated for
the remaining reflections
f Deviations from ideal bond lengths/angles
g Percentage of residues in favored region / allowed region / outlier region
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A.1. Crystal structure data

Foldon L22F
Crystal parameter
Space group P63

Cell dimensions
a, b, c (Å) 27.9; 27.9; 63.9
α, β, γ (◦) 90.0; 90.0; 120.0

Molecules per AU 1

Data collection
Beam line CuKα

Wavelength (Å) 1.5418
Resolution range (Å)b 62.2 - 1.1 (1.2 - 1.1)
Unique reflectionsc 5,922
Completeness (%)b 100.0 (100.0)
Rmerge (%)b,d 6.8 (42.4)
I / σ (I)b 16.4 ( 5.2)

Refinement
Resolution (Å) 10.0 - 1.1
Rwork / Rfree

e 0.129 / 0.169
No. atoms

Protein 220
Waters 68

B-factors 12.475
R.m.s. deviationsf

Bond lengths (Å) 0.029
Bond angles (◦) 2.120

Ramachandran (%)g 96.0 / 4.0 / 0.0

Table A.5.: Data collection and refinement statistics for the foldon variant L22F.
a Asymmetric unit
b Values in parenthesis of resolution range, completeness, Rmerge, and I / σ (I) correspond to the last
resolution shell
c Friedel pairs were treated as identical reflections
d Rmerge(I) =

∑
hkl

∑
j |[I(hkl)j − I(hkl)]|/[

∑
hkl Ihkl], where I(hkl)j is the jth measurement of the

intensity of reflection hkl and < I(hkl) > is the average intensity
e R =

∑
hkl ||Fobs|−|Fcalc||/

∑
hkl |Fobs|, whereRfree is calculated without a sigma cutoff for a randomly

chosen 5 % of reflections, which were not used for structure refinement, and Rwork is calculated for
the remaining reflections
f Deviations from ideal bond lengths/angles
g Percentage of residues in favored region / allowed region / outlier region
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A.2. GdmCl transitions

A.2. GdmCl transitions of all foldon variants
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Figure A.1.: A) Normalized GdmCl transition curves for 5 µM (orange) and 30 µM (blue) monomer con-
centrations of foldon P4T. B) Comparison of the 30 µM foldon wild-type (blue) and 30 µM foldon P4T (or-
ange) normalized GdmCl transition curves, measured by changes in intrinsic tryptophan fluorescence.
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Figure A.2.: Normalized GdmCl transition curves of all three alanine 6 substitutions and compari-
son with foldon wild-type. A) Normalized GdmCl transition curves for 10 µM (orange) and 30 µM
(blue) monomer concentrations of foldon A6V, measured by intrinsic tryptophan fluorescence change
(opaque points) or change in circular dichroism absorption at 228 nm (translucent points). B) Normal-
ized GdmCl transition curves for 10 µM (orange), 25 µM (blue) and 30 µM (green) monomer concentra-
tions of foldon A6S, measured by intrinsic tryptophan fluorescence change (opaque points) or change
in circular dichroism absorption at 228 nm (translucent points). C) Normalized GdmCl transition curves
for 10 µM (orange) and 30 µM (blue) monomer concentrations of foldon A6Abu, measured by intrinsic
tryptophan fluorescence change (opaque points) or change in circular dichroism absorption at 228 nm
(translucent points). D) Comparison of the foldon A6V (light blue), A6S (green) and A6Abu (orange)
variants at position 6 with foldon wild-type (blue) using 30 µM monomer concentration for all variants.
All concentrations apply to monomer concentrations.
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Figure A.3.: Normalized GdmCl transition curves of all three proline 7 substitutions and comparison
with foldon wild-type. A) Normalized GdmCl transition curves for 20 µM (orange) and 50 µM (blue)
monomer concentrations of foldon P7F, measured by intrinsic tryptophan fluorescence change. B)
Normalized GdmCl transition curves for 20 µM (orange) and 30 µM (blue) monomer concentrations of
foldon P7V, measured by intrinsic tryptophan fluorescence change. C) Normalized GdmCl transition
curves for 20 µM (orange), 30 µM (blue) and 90 µM (green) monomer concentrations of foldon P7Nva,
measured by intrinsic tryptophan fluorescence change (opaque points) or change in circular dichroism
absorption at 228 nm (translucent points). D) Comparison of the 30 µM foldon P7F (light blue), 50
µM foldon P7V (green), and 50 µM foldon P7Nva (orange) with 30 µM foldon wild-type (blue). All
concentrations apply to monomer concentrations.
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Figure A.4.: A) Normalized GdmCl transition curves for 5 µM (orange) and 30 µM (blue) monomer
concentrations of foldon P4T P7Nva, measured by intrinsic tryptophan fluorescence change (opaque
points) or change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of
the foldon wild-type (blue) and foldon P4T P7Nva (orange) normalized GdmCl transition curves at 30
µM monomer concentration, measured by changes in intrinsic tryptophan fluorescence.
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Figure A.5.: A) Normalized GdmCl transition curves for 5 µM (orange) and 30 µM (blue) monomer
concentrations of foldon Y13F, measured by intrinsic tryptophan fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of the foldon
wild-type (blue) and foldon Y13F (orange) normalized GdmCl transition curves at 30 µM monomer
concentration, measured by changes in intrinsic tryptophan fluorescence.
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Figure A.6.: A) Normalized GdmCl transition curves for 5 µM (orange) and 30 µM (blue) monomer
concentrations of foldon L22F, measured by intrinsic tryptophan fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of the foldon
wild-type (blue) and foldon L22F (orange) normalized GdmCl transition curves at 30 µM monomer
concentration, measured by changes in intrinsic tryptophan fluorescence.
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Figure A.7.: Normalized urea transition curves of all alanine 6 substitutions, A) Normalized urea transi-
tion curves for 30 µM (orange) and 60 µM (blue) monomer concentrations of foldon A6Abu, measured
by intrinsic tryptophan fluorescence change (opaque points) or change in circular dichroism absorp-
tion at 228 nm (translucent points). B) Normalized urea transition curves for 30 µM (orange) and
60 µM (blue) monomer concentrations of foldon A6S, measured by intrinsic tryptophan fluorescence
change (opaque points) or change in circular dichroism absorption at 228 nm (translucent points). C)
Comparison of the foldon A6S (orange) and A6Abu (blue) variants at position 6 at 30 µM monomer
concentration with foldon wild-type (green) using 5 µM monomer concentration.
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Figure A.8.: A) Normalized urea transition curves for 30 µM (orange) and 90 µM (blue) monomer con-
centrations of foldon P7Nva, measured by intrinsic tryptophan fluorescence change (opaque points) or
change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of a 5 µM foldon
wild-type monomer concentration (blue) and a 30 µM foldon P7Nva monomer concentration (orange)
normalized urea transition curves, measured by change in intrinsic tryptophan fluorescence.
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Figure A.9.: A) Normalized urea transition curves for 30 µM (orange) and 60 µM (blue) monomer
concentrations of foldon Y13F, measured by intrinsic tryptophan fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of a 5
µM foldon wild-type monomer concentration (blue) and a 30 µM foldon Y13F monomer concentration
(orange) normalized urea transition curves, measured by change in intrinsic tryptophan fluorescence.
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Figure A.10.: A) Normalized urea transition curves for 30 µM (orange) and 60 µM (blue) monomer
concentrations of foldon L22F, measured by intrinsic tryptophan fluorescence change (opaque points)
or change in circular dichroism absorption at 228 nm (translucent points). B) Comparison of a 5
µM foldon wild-type monomer concentration (blue) and a 30 µM foldon L22F monomer concentration
(orange) normalized urea transition curves, measured by change in intrinsic tryptophan fluorescence.
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A.4. GdmCl unfolding kinetics
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Figure A.11.: Foldon A6Abu GdmCl unfolding kinetics. A) Unfolding of foldon A6Abu in 0.58 M GdmCl
by dilution with a 6fold excess of a 6 M urea buffer, fitted with a two-exponential equation, and the
corresponding residuals B) Fraction of the amplitudes of the one or two phases from one- or two-
exponential fitting of the unfolding data at varying final GdmCl concentrations. C) Linear unfolding plot
of the common logarithms of the two phases of the foldon A6Abu GdmCl unfolding kinetics against the
corresponding GdmCl concentrations.
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Figure A.12.: Foldon A6S GdmCl unfolding kinetics. A) Unfolding of foldon A6S in 0.58 M GdmCl
by dilution with a 6fold excess of a 4 M urea buffer, fitted with a two-exponential equation, and the
corresponding residuals. B) Fraction of the amplitudes of the one or two phases from one- or two-
exponential fitting of the unfolding data at varying final GdmCl concentrations. C) Linear unfolding plot
of the common logarithms of the two phases of the foldon A6S GdmCl unfolding kinetics against the
corresponding GdmCl concentrations.
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Figure A.13.: Foldon A6V GdmCl unfolding kinetics. A) Unfolding of foldon A6V in 0.58 M GdmCl by
dilution with a 6fold excess of a 6 M urea buffer, fitted with a single-exponential equation, and the
corresponding residuals B) Plot of the common logarithms of the rate constants of the foldon A6V
GdmCl unfolding kinetics against the corresponding GdmCl concentrations.
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Figure A.14.: Foldon P7Nva GdmCl unfolding kinetics. A) Unfolding of foldon P7Nva in 0.58 M GdmCl
by dilution with a 6fold excess of a 4 M urea buffer, fitted with a single-exponential equation, and the
corresponding residuals. B) Plot of the common logarithms of the rate constants of foldon P7Nva
GdmCl unfolding kinetics against the corresponding GdmCl concentrations.
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Figure A.15.: Foldon P4T P7Nva GdmCl unfolding kinetics. A) Unfolding of foldon P4T P7Nva in
0.58 M GdmCl by dilution with a 6fold excess of a 3 M urea buffer, fitted with a three-exponential
equation, and the corresponding residuals. B) Fraction of the amplitudes of the all phases from three-
exponential fitting of the unfolding data at varying final GdmCl concentrations. C) Linear unfolding plot
of the common logarithms of the slow (orange), medium (blue) and fast (green) phases of the foldon
P4T P7Nva GdmCl unfolding kinetics against the corresponding GdmCl concentrations.
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Figure A.16.: Foldon Y13F GdmCl unfolding kinetics. A) Unfolding of foldon Y13F in 0.58 M GdmCl
by dilution with a 6fold excess of a 5 M urea buffer, fitted with a single-exponential equation, and the
corresponding residuals. B) Plot of the common logarithms of the rate constants of foldon Y13F GdmCl
unfolding kinetics against the corresponding GdmCl concentrations.
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Figure A.17.: Foldon L22F GdmCl unfolding kinetics. A) Unfolding of foldon L22F in 0.58 M GdmCl
by dilution with a 6fold excess of a 7 M urea buffer, fitted with a single-exponential equation, and the
corresponding residuals. B) Plot of the common logarithm of the apparent unfolding rate constants of
foldon L22F GdmCl unfolding kinetics against the corresponding GdmCl concentrations.
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Figure A.18.: Foldon A6Abu urea unfolding kinetics. A) Unfolding of foldon A6Abu in 1 M urea by
dilution with a 6fold excess of a 7 M urea buffer, fitted with a two-exponential equation, and the corre-
sponding residuals. B) Fraction of the amplitudes of the two phases from two-exponential fitting of the
unfolding data at varying final urea concentrations. C) Chevron plot of the common logarithms of the
major phase of the foldon A6Abu urea unfolding kinetics at varying urea concentrations.
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Figure A.19.: Foldon A6S urea unfolding kinetics. A) Unfolding of foldon A6S in 1 M urea by dilution
with a 6fold excess of a 7 M urea buffer, fitted with a two-exponential equation, and the corresponding
residuals. B) Fraction of the amplitudes of the two phases from two-exponential fitting of the unfolding
data at varying final urea concentrations. C) Chevron plots of the common logarithms of the major
phase of the foldon A6S urea unfolding kinetics at varying urea concentrations.
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Figure A.20.: Foldon P7Nva urea unfolding kinetics. A) Unfolding of foldon P7Nva in 1 M urea by
dilution with a 6fold excess of a 8 M urea buffer, fitted with a single-exponential equation, and the
corresponding residuals. B) Plot of the common logarithms of the rate constants of foldon P7Nva urea
unfolding kinetics against the corresponding urea concentrations.
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Figure A.21.: Foldon Y13F urea unfolding kinetics. A) Unfolding of foldon Y13F in 1 M urea by dilution
with a 6fold excess of a 7 M urea buffer, fitted with a two-exponential equation, and the corresponding
residuals. B) Fraction of the amplitudes of the two phases from two-exponential fitting of the unfolding
data at varying final urea concentrations. C) Linear unfolding plot of the common logarithms of the
major phase of the foldon Y13F urea unfolding kinetics at varying urea concentrations.
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Figure A.22.: Foldon L22F urea unfolding kinetics. A) Unfolding of foldon Y13F in 1 M urea by dilution
with a 6fold excess of a 5 M urea buffer, fitted with a three-exponential equation, and the correspond-
ing residuals. B) Fraction of the amplitudes of the three phases from three-exponential fitting of the
unfolding data at varying final urea concentrations. C) Chevron plots of the common logarithms of the
two major phases of the foldon L22F urea unfolding kinetics against varying urea concentrations.
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A.6. Reaction order from initial slope determination
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Figure A.23.: Reaction order determination of the GdmCl refolding experiments from the initial slope
for the foldon variants A) foldon P4T, B) foldon A6Abu, C) foldon A6S, D) foldon A6V.
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Figure A.24.: Reaction order determination of the GdmCl refolding experiments from the initial slope
for the foldon variants A) foldon P7Nva, B) foldon Y13F, C) foldon L22F.

182



A.6. Initial slope determination

log ([M]0 P4T / M)
C

A

E

D

B

F

lo
g 

(d
[A

]/d
t) 

(t 
= 

0)
lo

g 
(d

[A
]/d

t) 
(t 

= 
0)

lo
g 

(d
[A

]/d
t) 

(t 
= 

0)

log ([M]0 A6Abu / M)

log ([M]0 A6S / M) log ([M]0 P7Nva / M)

log ([M]0 Y13F / M) log ([M]0 L22F / M)

–5.5 –5.0 –4.5 –4.0

–7.0

–6.0

–5.0

–4.0

–5.5 –5.0 –4.5 –4.0

–6.0

–5.0

–4.0

–3.0

–5.0 –4.5 –4.0
–8.0

–7.0

–6.0

–5.0

–5.0 –4.5 –4.0
–8.0

–7.0

–6.0

–5.0

–5.4 –5.2 –5.0 –4.8 –4.6

–7.2

–6.8

–6.4

–6.0

–6.0 –5.5 –5.0 –4.5 –4.0
–8.0

–6.0

–4.0

–2.0

Figure A.25.: Reaction order determination of all urea refolding experiments by the initial slope deter-
mination method
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Figure A.26.: Reaction order determination of the GdmCl refolding experiments from the half-life times
for the foldon variants A) P4T, B) A6Abu, C) A6S and D) A6V.
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Figure A.27.: Reaction order determination of the GdmCl refolding experiments from the half-life times
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Figure A.28.: Reaction order determination of all urea refolding experiments from the half-life times
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