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1. Introduction

1.1. Proteins

Proteins represent the major class of biomolecules in living organisms. They are responsible
for a multitude of biological processes' such as catalysis, signal transduction, regulation, and
transport. Proteins are composed of 20 canonical a-L-amino acids, which are linked together
by peptide bonds. Although the number of the amino acid building blocks is limited, proteins
can fulfill the most various functions. To acquire biological function, the polypeptide molecule
has to adopt a well-defined three dimensional structure, also referred to as the native state
(N), in the protein folding process. The native state structure is fully encoded by the primary
sequence, i.e. folding to N occurs spontaneously? but may depend on the binding of ligands .
Non-covalent interactions such as electrostatics, hydrogen bonds, hydrophobic interactions
and van-der-Waals interactions are formed intramolecularly and with the surrounding solvent,
thereby determining the native state structure of proteins and its stability.

Although folding occurs spontaneously, it may be catalyzed by disulfide isomerases® and
peptidyl-prolyl isomerases’, which ensure efficient folding in vivo. Protein misfolding might
lead to aggregation into nonfunctional structures, and is associated with several diseases such
as Alzheimer and Creutzfeldt-Jacob disease®.

The goal of studying protein folding is to elucidate, which mechanisms lead to the native state

of proteins, and how folding is coupled to functionality.

1.2. The Native State of Proteins

The native state (N) of proteins describes the thermodynamic state populated by proteins with
a defined conformation under folding conditions. N is most often associated with the bi-
ological function in proteins. An exception are disordered proteins which are intrinsically
unstructured under ambient conditions®. Structures of the native state of a vast number of

proteins could be resolved with atomic resolution using X-ray diffraction crystallography '
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=13 Structural elements of

and nuclear magnetic resonance (NMR) for proteins in solution
different hierarchical levels can be found in structures of native proteins. The primary struc-
ture is formed by the unbranched polypeptide chain. Interactions between groups close in
primary structure (short-range interactions), mostly hydrogen bonds between backbone amide
groups, are responsible for the formation and stabilization of the most common secondary

structural elements like a-helices and 3-sheets'®!>.

The third level of structural hierarchy
(tertiary structure) describes the spatial arrangement of secondary structure elements, stabi-
lized by long-range interactions. They are packed together in order to avoid an unfavorable
loss in solvent entropy, which would arise from the ordering of water molecules around solvent
exposed hydrophobic side chains!®!”. This driving force, known as the hydrophobic effect,
leads to the burial of hydrophobic groups and the formation of a hydrophobic core in proteins.
A tertiary structured unit, which can fold independently is called a domain. Domains remain
folded in isolation and have a size rarely exceeding 200 amino acid residues'®. The largest
known proteins consist of several hundred domains forming proteins with mass weights up to

3 MDa !,

Native state structures in protein crystals and in solution are often similar with only minor
differences?!. This is a consequence from the location of the native state in a narrow free en-
ergy minimum, which results in a narrow conformational distribution of structures. However,
folded proteins show flexibility over different magnitudes of motion and timescales. They are
ranging from thermal fluctuations and group movements within femtoseconds and picoseconds
up to large scale rearrangements or induced fit mechanisms in enzymes within microseconds
and milliseconds, respectively??. Native states of proteins are thus not as rigid as one would
expect from the static X-ray pictures. The native state rather comprises a collection of struc-
turally similar conformational sub-states, where dynamics play an essential role in its function

and movement on the free energy surface?.

Although a vast number of native state structures has been solved, the driving forces for at-
taining a specific three dimensional structure are largely unknown. Atoms or groups with
particular properties show only limited tendencies to be found at specific positions in the
native state?*. Knowledge about the structure of the native state is thus not sufficient for un-
derstanding, how the native state is formed from the ensemble of molecules in the unfolded

state.
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1.3. The Unfolded State of Proteins

The unfolded state (U) differs from the well defined native state. It is hard to characterize U
under conditions which favor N, since only an extremely small number of unfolded protein
molecules exist. Therefore the unfolded state appears to be transient. However, U can be pop-
ulated under conditions which favor unfolding. Denaturing conditions like acidic or alkaline
pH, high temperature and pressure, or denaturants may lead to the population of U, constitut-
ing a defined state over a wide range of denaturing conditions?>?. It is not clear, whether the
unfolded state under denaturing conditions is comparable to the unfolded state under condi-
tions which favor the native state. (The most stable unfolded form under native conditions was
speculated to be a collapsed but dynamic state (molten globule), rather than being comparable
to the unfolded state under denaturing conditions®*.) Properties of the unfolded state might

27-32

be investigated under native conditions, using protein fragments , short and flexible model

33-37

peptides , as well as proteins destabilized by reduced disulfide bonds or mutations.

In strong denaturing conditions Tanford and others found the polypeptide chain to be highly
expanded and solvent exposed. They concluded, that the unfolded chain in denaturing condi-
tions could be described as a structureless random coil****!. A random coil or freely jointed
chain is constituted by a number of n bonds, each having a fixed length [*>. The chain segments
are thought to perform a random walk in three dimensional space (random flight). Angles at
bond junctions may adopt all values with identical probability, non-correlated with one an-
other. Given these requirements, a vast number of conformations with identical energies can
be sampled by the chain. The root mean square end-to-end distance (r?) for all conformations

can be written as
a2 = nl? (1.1)

with the end-to-end vector r. Brackets denote the statistical average over all conformations.

The distribution of end-to-end distances W (r) is shown to be Gaussian.

() () e

This simple chain model fails to describe all features of unstructured polypeptide chains. In

polypeptides, the number of possible angles at bond junctions constituting the peptide back-
bone is restricted. The peptide dihedral angles w, 1) and ¢ (Figure 1.1) specify the geometry

for each amino acid in the chain and define the overall conformation. Ramachandran et al.
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Figure 1.1.: Structure of the peptide backbone with side chains represented by R;. Dihedral angles
w, ¥ and ¢ are indicated. Carbon atoms colored in green. C, atoms labeled with «. Nitrogen atoms
colored in blue, oxygen in red and hydrogen in white.

constructed maps with allowed pairs for ¢ and v, displaying the dependence of each other**.
Flory assumed, that each ¢,/ pair is independent from pairs of other chain segments*?. How-
ever, calculations showed that this assumption does not hold and that the accessible confor-
mational space is restricted*. If hydrogen bonding constraints are taken into account, the
region for allowed pairs of angles is further restricted®, thereby lowering the conformational
entropy of U in favor of the native state. These restrictions result in stiffer chains than would
be expected for a random coil. As a consequence, the end-to-end distance for a polypeptide is
larger than calculated from Equation 1.1. Accounting for this phenomenon, Flory introduced
the characteristic ratio C,,,

r* = C, - nl? (1.3)

a measure for the ideality of a polymer. Freely jointed long chains have a characteristic ratio
of one, yielding Equation 1.1. In non-ideal chains, C,, is larger than unity and depends on
n. With increasing length, C,, approaches a limiting value, yielding the constant C, for very

long chains (n — 20). Equation 1.3 can be rewritten.
a2 = Cp - nl? (1.4)

In homo-polypeptides of the canonical a-L-amino acids, the most flexible poly-glycine chain
exhibits the lowest value for C',, while the stiff poly-proline chain exhibits the highest value
for Cy.

In addition to interactions between groups close in the polymer chain, interactions between

chain segments distant along the chain (long-range effect) need to be considered. Since real
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polymers like polypeptide chains have a finite volume, two segments cannot occupy the same
spatial volume. This repulsive interaction called the excluded volume effect leads to a swelling
of the polymer*®. Edwards developed a statistical chain model, which accounts for excluded
volume effects*’ (but not attractive forces). His model describes the probability to find the n'"
chain segment along the polymer at a distance r from the origin. Considering excluded volume

L 48

effects, Haas er al.” used a skewed Gaussian function (Equation 1.5) as an approximation to

describe the end-to-end distance distribution,

W (r) oc 472 exp (—T ;”’)2 (1.5)

where r is the end-to-end distance. ¢ is related to the half-width of the distribution and r is

proportional to the excluded volume.

Many attemps have been made to describe the dynamics of polymers %!

. Rouse proposed to
model the dynamics of a polymer in solution by representing the polymer by a set of beads
along the chain connected by springs*’. Brownian motion of these beads define the chain’s
dynamic behavior. An extension for this model was worked out by Zimm>°, where hydrody-
namic interactions between different parts of the chain and the solvent are taken into account.
A pronounced event in polymer dynamics is the intrachain loop formation. The probability
for loop formation (p,0p) Was calculated by Jacobson and Stockmayer>?. For an ideal chain,

Ploop Can be shown to be a function of the number of bonds (see also Equation 1.1)
Proop 102 (1.6)

In a first passage time approach, Szabo, Schulten and Schulten calculated the time dependent
probability distribution for end-to-end distances®'. Assuming encounters between chain ter-
mini being diffusion controlled, the kinetics for loop closure reactions can be described by a
single exponential decay

S (t) ~ Sapprox(t) = ¢ 77 (1.7)

where the average reaction time 7 is related to the probability Y(¢) that loop formation not
yet happened at time ¢. Loop formation thus yields a single rate constant given that the inter-
conversion between chain conformations is fast compared to the loop formation and that the

fraction which forms loops at equilibrium conditions is small.
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1.4. Protein Folding Kinetics

The number of possible conformations for a polypeptide is vast. Assuming each residue could
only be found in two configurations, a protein with 100 amino acids would have 2!% (~ 10%°)
possible conformations. Levinthal pointed out in the 60’s, that the time needed for a polypep-
tide chain to sample all the possible conformations in a random search for the native state
would be astronomic™. Yet proteins fold in milliseconds to seconds®*>¢. He thus concluded
that a random search is not an effective way to find the native state and as a consequence,
pathways and folding intermediates must exist, which speed up the folding process®*>’. By
introducing a small energy bias in favor for the native state, calculations showed that the fold-

ing time reduces to a few seconds>®.

1.4.1. Mechanisms of Protein Folding

Several hierarchical models exist to describe the protein folding reaction, which uncouple the
formation of secondary and tertiary structure. In the nucleation-growth model'®, secondary
structure elements are expected to be formed by neighboring residues in sequence. These
elements are thought to act as a nuclei for the folding reaction, from where the structure
propagates in a stepwise manner. In the framework model or diffusion collision model>*,
local secondary structure elements are speculated to be able to form independently of tertiary
structure. The secondary structure elements diffuse together, collide and combine. The for-
mation of a secondary structured folding nucleus can be seen as the rate limiting step in the

6162 "where the protein is assumed to condense around the nu-

nucleation-condensation model
cleus in order to form the native state. A hydrophobic collapse® is expected to exist for several
proteins, where the polypeptide chain collapses around hydrophobic side chains, followed by
a rearrangement of the so-formed intermediate into the native state.
Folding from the unfolded state ensemble can often be described apparently by a two state
model,

ky

U= N (1.8)

ku
where k; and k, are the microscopic rate constants for folding and unfolding, respectively. A
single exponential function can be used to describe folding and unfolding kinetics for many
small single domain proteins, yielding the single observable apparent rate constant A, which

is the sum of k; and k,. In apparent two state folders, high energy intermediates may exist.
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They are not detectable directly by spectroscopic methods due to their low stability compared
to the folded and the unfolded state®%. However, their existence can be verified and they
were shown to speed up folding®. Deviations from apparent two state folding can be found
for proteins with kinetic intermediates, which are populated during the folding reaction. These
proteins show multi-exponential kinetics, giving rise to more than a single apparent rate con-
stant. Existing intermediates can be on-pathway or off-pathway, or the folding pathway might
be branched, which leads to parallel pathways. Intermediates have been found both for refold-
ing%” and unfolding® in kinetic experiments. They are speculated to be necessary for guiding
the protein on the folding pathway, thereby speeding up the folding reaction®-’°. This leads

to a complex free energy surface with defined saddle points, which guide the protein folding

reaction.
GO A
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Figure 1.2.: Hypothetical free energy surface for two state folding. U and N are separated along the
reaction coordinate by a free energy barrier, with the transition state located on the barrier top. Motions
in the wells and at of the transition state are subject to the motional frequencies w.

1.4.2. Protein Folding Barriers

The different states of a protein are separated by a major free energy barrier. The characteri-
zation of this barrier along with the transition state on the barrier top and eventually existing
intermediate states along with their position on the reaction coordinate is necessary to describe
the free energy surface for a protein folding reaction. Figure 1.2 shows a hypothetical free en-

ergy surface for two state folding. Transition state theory can be applied”!, where the rate
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constant for a reaction is shown to depend on the free energy barrier AG.

(1.9)

0f
k = ko -exp (—AG )

RT

The pre-exponential factor k represents the maximum rate constant for a reaction in the ab-
sence of free energy barriers. For bimolecular reactions in solution, the upper limit defined by
ko is set by diffusion of the reaction partners. In reactions, where covalent bonds are formed or
broken, k( corresponds to the time associated with a single bond vibration for small molecules
in the gas phase, with kg~ 6:10'2 s=! at room temperature’!. For protein folding reactions,
the pre-exponential factor depends on the respective protein and is expected to be in the range
of 107 — 1087134,

To characterize the free energy barrier and the transition state for the protein folding reaction,
the relationship between the folding or unfolding rate constant and the respective equilibrium
free energy can be consulted. Leffler found a linear relationship between changes in activa-
tion free energy and the equilibrium free energy (Rate equilibrium free energy relationship or
REFER) 2. He defined a proportionality constant c,, which is a measure for the sensitivity of

the transition state relative to the ground states, caused by a perturbation oz.

_ 0AG"/ox

% = TACH jox (1.10)

An o, = 1 represents the case, where the transition state has the same property as the product,
where in the case of o, = 0, the transition state resembles the educt. By rewriting the Gibb’s
Fundamental Equation (Equation 1.17) it can be applied to the activation free energy of folding

(AG?i) and unfolding (AG?}), assuming a transition state between U and N.
AGE = AV dp — ASIEAT + my - [D] (1.11)

From Equation 1.11 can be seen, that AG?i and AGY are subject to different perturbations.
By varying the pressure (p) at constant temperature, an «, can be obtained which gives in-
formation about the volume of the transition state (AVfOi). Informations about the entropy
(ASfO ") or heat capacity (ACS;&) of the transition state can be obtained accordingly by varying
the temperature at constant pressure (o). In addition to the above mentioned REFERs which
are medium- or solvent-induced, structural information of the transition state can be obtained

by amino acid exchanges (¢-values). In several cases, deviation from linear REFERs can
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be observed®73-7>

. In that case, transition state movement along the reaction coordinate or
changes in the unfolded state as well as the existence of sequential or parallel transition states
might be responsible for the non-linear behavior. Characterizing the transition state can be
further achieved for ligand binding proteins as a function of ligand concentration. If the ligand
is bound in the transition state, folding proceeds faster in the presence of ligands than in the

absence.

1.4.3. Effect of Friction on Chemical Reactions

Considering the influence of the solvent on chemical reactions, Kramers developed a transi-
tion state theory, where the crossing of a hypothetical particle over a barrier of height £ is
related to Brownian motion’®. The probability for a transition of the particle between the two
states (native and unfolded) depends, aside from FE also on temperature 7" and inversely on
the friction +, a factor accounting for the solvent damping of the rate constant. The theory
resembles models, where chemical reactions are treated as a diffusive problem. Therefore, it

appears to be a well suited formalism to describe reactions in solution.
Wows E
= 0 S 1.12
2m -y P < RT) (1.12)

In this formalism, wy and w; describe the frequency of motion of the system in the starting well
and on the barrier top, respectively. In the case where v would be solely represented by the
solvent viscosity 7)1y, k£ Will be proportional to 1/7,. Deviations from the inverse viscosity

dependence have been encountered where a fractional dependence on the solvent viscosity can

B
k= koo (2) (1.13)
o

In this case, the exponent 3 will deviate from -1 (8 > —1). In addition to a fractional viscosity

be observed.

dependence of k, Equation 4.11 predicts, that £ would become infinite with 7., — 0. It was
argued, that such a behavior is implausible, since dissipative interactions within the polypep-
tide chain would eventually take control of the dynamics”’. Intrachain interactions or internal
friction effects’® eventually set an upper limit for %, leading to a deviation from the simple
behavior £ oc ns’o}v at low solvent viscosities. 7 (= 1/k) was instead suggested to be expressed

by the sum of the solvent-controlled relaxation time 7}, (Which depends on solvent viscosity
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Msolv) and a solvent-independent timescale 7.

n\ "
T = Tint + Tsolv * (—) (1.14)
Mo
By measuring 7 at different solvent viscosities, it is possible to determine contributions from
internal friction (7i,) through extrapolation of 74,, — 0. Hagen et al. used this strategy to
determine 7y, by setting 5 to -1. For Tryptophan Cage folding and unfolding, they found
Tint to be 0.7 us and 3 us”. For the folding of cytochrome ¢ 7i, =8 us at 20°C?’. In both
cases, increasing temperature led to a decrease in 7y, and 74,,. However in several reported
cases, Tins Was found to be zero when determined with a 3 of -1384. Kinetics in these cases
were in the order of milliseconds to seconds, while the internal friction was found to be in
the microsecond or nanosecond range’7780:8386 The determination of 7;,, from kinetics with
time constants of milliseconds thus comes with a large error. To determine the internal friction
time constant more accurate, fast reactions need to be investigated with time constants close
to the internal friction time constant. Therefore, techniques are necessary, which are able to
monitor kinetics with a high time resolution.
To date remains unclear, whether a S-value of -1 should be used when determining 7;,; accord-

ing to Equation 4.12 or if S might deviate from -1 resulting in a power law for determining

Tint-

1.5. Protein Stability

Most small single-domain proteins exhibit a thermodynamically cooperative transition be-
tween U and N, which can be described by two state behavior with only the fully folded or
unfolded state populated.

U=N (1.15)

This does not mean that intermediate states must be absent. They are rather energetically
unstable compared to U or N and only transiently populated. The unfolded state comprises
many thermodynamic sub-states (see Chapter 1.3). Since these different structural forms of
U are in rapid equilibrium and their interchange is much faster than the folding/unfolding
reaction, it is valid to group these sub-states into a single thermodynamic state. The same
holds true for N with the difference, that the ensemble of different structural sub-states is

much narrower. The thermodynamic stability of the native state relative to the unfolded state

10
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is given by
AG’=-RThK;, K;= V] (1.16a,b)
U]

with the equilibrium constant Ky and is speculated to be the state where the Gibbs free energy
of the system is minimal?. AG" values for protein stability are usually small due to compen-
sating enthalpic and entropic contributions of the protein-solvent system with typical values
of —15 to —60 %55’87. As a result of the low stability of the native state, a small fraction of
unfolded molecules exists even under optimal native conditions and protein molecules unfold
and refold many times during their lifetime, even at equilibrium.
The two state model fails to explain the folding of large, multi-domain or ligand-binding pro-
teins, since they often fold through intermediates or depend on additional factors such as
peptidyl-prolyl isomerases’, chaperones®, disulfide isomerases® or ligands. Calcium (Ca®")
binding proteins like a-lactalbumin or S-parvalbumin form partially folded intermediate struc-
tures in the absence of Ca%* %%, Whether two state behavior is observed can be tested by dif-
ferential scanning calorimetry®’. The calculated van’t Hoff enthalpy change based on the two
state assumption will only be equivalent to the calorimetrically determined enthalpy change if
the two state criterion is fulfilled.
From the Gibbs fundamental equation it can be seen that protein stability is susceptible to
perturbations which change the difference in volume AV, entropy AS° or chemical potential
Apd.

dAG® = AV dp — AS°dT + > Apfdn; (1.17)

This can be achieved through modulation of pressure, temperature or solvent composition.
Modulating the latter is possible through the addition of co-solutes, which alter the chemical

potential.

1.6. The Role of Osmolytes and other Co-Solutes in
Protein Stability

The question how different co-solutes act on protein stability has a long history. In the 19th
century, Hofmeister studied the amount of various salts needed to precipitate proteins from
whole egg white®. The series of anions and cations bearing his name could later be associated

with changes in the protein stability. However, the molecular mechanism by which Hofmeister

11
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ions stabilize or destabilize the native state of proteins to date remains controversial®'. In
addition to ions, small organic co-solutes were found in various organisms, with the ability
to regulate protein stabilization and destabilization in order to protect the proteins in the cell
from environmental stress conditions®?. These substances called osmolytes, together with
other co-solutes influence the stability of proteins by modulating the solvent quality, a concept
already used in polymer science*?. They are capable of turning the solvent either into a good
or a poor solvent for the polypeptide chain. In a good solvent, the polypeptide chain mainly
interacts with solvent molecules, while in a poor solvent it mainly interacts with itself**%4.
Therefore it is possible to tune the strength of intramolecular interactions by modulating the
solvent quality. Denaturing co-solutes like urea and guanidinium chloride (GdmCl) render
a good solvent for proteins and lead to unfolding due to interaction of protein surface with

3940 or direct binding of denaturant molecules to the polypeptide®>*°. Protecting

the solven
osmolytes like sarcosine and trimethylamine N-oxide (TMAQO) render a poor solvent for the
polypeptide chain, thereby stabilizing the native state relative to the unfolded state. Different
models exist to describe the effect of co-solutes and osmolytes on proteins. In the following,

the two models believed to describe the effect with high accuracy are described in detail.

1.6.1. The Tanford Transfer Model

The Transfer Model developed by Tanford**°7 describes the effect of osmolytes and other co-
solutes on protein stability. It allows for the calculation of the free energy associated with the
transfer either of a protein in the folded or unfolded state from water to a solvent containing
a certain type of osmolyte or co-solute and gives insight into the interaction of protein groups
with solute molecules. Transfer energies can be determined by summing the free energy con-
tributions from hydrophilic and hydrophobic groups exposed to the solvent in the native and
denatured state of a protein, assuming that the energetic contributions of the groups are ad-
ditive. The transfer free energy for a protein from O to 1 M co-solute can be calculated by

Equation 1.18a,b for the denatured state (a) or the native state (b) for all groups ¢,

0;tr _ Ostr 0;tr _ ) Ostr
AGyg i = Z i;uAgioLam » AGK g = Z AiNAGi0 1 (1.18a,b)
i i

where «; is the solvent accessibility of each group of type 7 and Ag%ilM is the group trans-
fer free energy (GTFE) for each individual group. Tanford combined these calculated free

energies to a thermodynamic cycle depicted in Figure 1.3, where the following relationship
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AGYH:0

N—=U

Naq N an

Figure 1.3.: Thermodynamic cycle of the Transfer Model. Horizontal equilibria represent unfolding in
water (top) or 1 M of co-solute (bottom). Vertical equilibria represent transfer of either the native (left)
or unfolded state (right) from water (aq) to 1 M of co-solute (Cos).

holds:
;1M ;H20 str itr
AGYE, — AGR) = AGHG v — AGN G 1y - (1.19)

The difference in stability between the native state in 1 M co-solute (AG?\}E\)/IU) and wa-

ter (AG%IE(U) ) is equal to the difference between the transfer energy of the denatured state
(AGEY .\ and the native state (AG'%'s ;) from water to 1 M osmolyte, respectively. In
theory, the difference between AG?\}I_I\,/IU and AG?\}}E((J) or between AG?}%_AM and AG?\}%QM
is equal to the protein folding m.q-value, which can be determined experimentally by the linear
extrapolation method *8-1%°,

0;[Cos]
OAGHS

0[Cos]

where [Cos] is the co-solute concentration. The comparison of the experimentally determined

Meq =

(1.20)

meq-value and the difference between AG%%_AM and AG(])\}%_AM provides a way to test the
validity of the thermodynamic cycle and the additivity of the GTFE’s.

Bolen et al.'®' determined the difference between AG?}Z_AM and AG(])\}%_AM according to
Equation 1.18a,b. They calculated ary by summation of the surface exposed area of backbone
units and amino acid side chains in the native state. ay was calculated by a similar summa-
tion, except that the exposed surface area was based on denatured state models. Two extreme
models were used to represent the denatured state ensemble %2, In the first model, the dena-
tured state is represented by a fully extended chain in a good solvent. In the second model,

the denatured state is represented by a collapsed chain in a poor solvent. The mean denatured
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1. Introduction

state accessibility of these two models was used for the determination of ay.

Predicted meq-values were found to be identical with experimental 1m.,-values for induced
folding or unfolding'°"!9, thereby confirming the validity of the thermodynamic cycle and
the additivity of GTFE’s. It is thus possible to predict solvent dependent cooperative folding

and unfolding free-energy changes on the basis of GTFE’s from water to various osmolytes.

1.6.2. Schellman’s Weak Binding Model

In the weak binding model derived by Schellman, co-solute molecules are thought to bind to
sites along the polypeptide chain®>1%4-19  The number of binding sites in U is larger than in
N due to a higher solvent accessible surface area (SASA) of the former. The difference in
the number of binding sites between U and N was found empirically to be proportional to the
difference in the SASA®. According to the classical binding theory!"’, the free energy for

binding of a co-solute molecule to equivalent binding sites is given by
AG° = AG(H,0) — An - RT In(1 + K[Cos]) (1.21)

with An being the difference in the number of binding sites between U and N, and Kj, the
binding constant. For simplicity, all binding sites are assumed to be identical and binding to
the different sites is independent. Equation 1.21 works well for strong binding ligands but
cannot be used in the case of denaturants or osmolytes, where high co-solute concentrations
(several molar) are necessary in order to exert their action*4%°+1%8 A non-zero free energy
associated with binding would be found in the case of weakly interacting co-solute molecules
with proteins, even if the occupancy of co-solute molecules on the protein surface is identical
to that in bulk solvent. This thermodynamic inconsistency was clearly pointed out by Schell-
man, which resolved this paradox by developing a "site exchange" formalism to describe the

weak interaction of co-solutes with proteins*>!19-111,

AG® = AG°(H,0) + An - RTIn(1 + (Ko — 1) Xcos) (1.22)

Equation 1.22 is usually written as a function of the co-solute mole fraction (X .s) rather than
the molar concentration. K is a dimensionless equilibrium constant for the exchange of a
water molecule with a co-solute molecule at a binding site. When water and co-solute interact
with an equal free energy with the protein, K, becomes unity and the intrinsic free energy

associated with the exchange of a water molecule for a co-solvent molecule vanishes. In the
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1.7. Loop Formation in Polypeptide Chains

case where K, » 1, then K., — 1 ~ K, and Equation 1.22 becomes similar to the ordinary
binding polynomial (Equation 1.21).

The findings of the Tanford Transfer Model and the weak binding model from Schellman do
not contradict each other. Both models are able to describe the thermodynamics of folding

under varying co-solute compositions.

1.7. Loop Formation in Polypeptide Chains

In order to understand the dynamic behavior in proteins, it is essential to measure intrachain
diffusion in peptides, protein fragments or full-length proteins and compare obtained absolute
rate constants with scaling laws from polymer theory. A variety of experimental systems ad-
dressed intrachain diffusion by measuring loop formation through contact formation between
specific sites in the polypeptide chain. Haas ef al. used time-resolved Forster resonance en-
ergy transfer (FRET) between two fluorophores, coupled to the polypeptide chain to measure
dynamics in the unfolded state''?. Difficulties arose for recovering both distance distributions
and segmental diffusion due to strong correlation between the fitting parameters. However,
using two different donor-acceptor pairs, distance distributions and diffusion constants could
be obtained from which rate constants for loop formation were calculated>®,

Intrachain loop formation was further studied by contact formation between specific points
along the polypeptide chain. Hagen et al. estimated the intrachain diffusion rate by measuring
the rate for an intramolecular bond formation in denatured cytochrome ¢%. A methionine re-
acts with a heme group, separated by approximately 50 amino acids, yielding time constants
for contact formation around 35-40 us. However, the reaction of the methionine with the heme
group is not diffusion controlled, which results in slower apparent rate constants compared to
rate constants measured with diffusion-controlled systems. Loop formation was studied fur-
ther by intramolecular triplet-triplet energy transfer from either thioxanthone or xanthone to
naphthalene*}. The results from these measurements are described in Chapter 1.7.1. Lapidus
et al.'® measured loop formation by triplet quenching of the tryptophan triplet state upon
contact formation with a cysteine. The triplet state was populated selectively by a laserflash
and the triplet decay was monitored by absorption. Since the excitation of the tryptophan into

115 "additional

the triplet state is slow !'* and quenching does not occur upon every encounter
information is required to extract absolute rate constants. Intrachain loop formation was mea-

sured in unfolded cytochrome c by electron transfer from the excited Zn-porphyrine group in
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the triplet state to a Ru-complex attached to a specific histidine''®. The electron transfer rate
constant was shown to be close to the diffusion limit allowing the determination of absolute
rate constants for chain diffusion. A time constant of 250 ns was obtained for the formation of

a 15-residue loop 1.

In addition to triplet transfer and triplet quenching studies, fluorescence quenching has been
used to measure loop formation. Intrachain loop formation was monitored by fluorescence
contact quenching of 2,3-diacabicyclo[2.2.2]oct-2-ene (DBO) by tryptophan!!”-!!8, The flu-
orescence quenching rate was found to be close to the diffusion limit. However, due to the
limited donor lifetime of <1 us'!” this method is restricted to relatively short peptides.

Intrachain loop formation was measured on the single molecule level, where tryptophan quen-

)19 This lead to fluorescence

ched the fluorescent state of an oxazine derivative (MR121
fluctuations, which could be followed by confocal fluorescence microscopy. However, rate
constants obtained from this method have been shown to be significantly lower compared to

120

those determined by more direct methods'~”, indicating that fluorescence quenching is not

solely diffusion controlled.

Although some of the methods presented appear not to be diffusion controlled, the afore-
mentioned studies reveal the importance of methods, which are able to measure intrachain
diffusion. In order to obtain absolute rate constants for loop formation, model free methods

are necessary.

1.7.1. Triplet-Triplet Energy Transfer to Study Loop Formation

A method perfectly suited to study intramolecular loop formation is triplet-triplet energy trans-
fer (TTET)333*12%, The triplet state of a donor (D) group is transferred to an acceptor (A) group
upon contact formation with D ending up in the ground state. This process can be described
by

D*(T1) + A(So) 25 D(So) + A*(Ty) (123)

where *(T;) describes the first electronically excited triplet state and (Sy) the singlet ground
state. Dexter reported a quantum mechanical treatment for TTET where he described the
energy transfer as a simultaneous exchange of two electrons '>'. He proposed the rate constant

for energy transfer (kgr) to be strongly distance dependent, where the orbitals of D and A
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1.7. Loop Formation in Polypeptide Chains

need to overlap in order to allow electron exchange.

7 (1.24)

kg oC exp (— ZRDA)
The critical electron transfer distance R between D and A thus becomes essentially equal
to the sum of their van-der-Waals radii, L'?'. Energy transfer from D to A is not possible
through a coulombic (Forster-type) mechanism due to an extremely small oscillator strength
for singlet-triplet absorption by A. TTET thus differs from FRET where energy transfer occurs
via dipole-dipole interactions and displays a weak distance dependence with kgp oc 1/79.
Suitable pairs of chromophores for TTET measurements need to fulfill several requirements.
Intersystem crossing from the excited singlet state to the excited triplet state in the donor
needs to be fast and virtually irreversible with a high quantum yield. Irreversibility in ISC
is normally given due to an increase in entropy caused by the higher density of states in the
lower-energy electronic state '?2. The triplet state of the donor should be long-lived, giving rise
to a large experimental time window. Relaxation from the triplet state to the ground-state is
quantum mechanically forbidden (unless magnetic interactions are included) as it is associated
with a spin flip which changes the multiplicity of the system. Triplet state relaxation therefore
is usually slow. Further, the triplet energy of the donor should exceed the triplet energy of
the acceptor in order to allow efficient and irreversible energy transfer. It is also necessary to
be able to exclusively excite the donor molecule. This can be achieved by selecting a pair of
molecules which absorb at different wavelengths.

Xanthone and naphthalene have been shown to be a suitable donor-acceptor pair in TTET mea-
surements fulfilling the requirements listed above. Triplet states of xanthone are formed within
~ 2 ps with a high quantum yield of ~ 99 % !?>!2*, Energy transfer was shown to be diffusion
controlled with a time constant for triplet transfer of ~ 2 ps with the chromophores in close
contact**123, In well-degassed solutions, the intrinsic donor lifetime exceeds 10 us'?. The en-
ergy transfer can be directly followed by time-resolved absorbance measurements at 590 nm
and 420 nm, where xanthone and naphthalene have strong triplet absorption bands, respec-
tively (Figure 1.4 (A) and (B)). When xanthone and naphthalene are attached to a polypeptide
chain, TTET gives information about chain dynamics (Figure 1.5). Loop formation brings the
chromophores into proximity with energy transfer happening when they form van-der-Waals
contact. This mechanism called the through-space mechanism is the single possibility for en-
ergy transfer between D and A, where a through-bond mechanism was found to be inexistent

in bichromophoric systems with > 5 C-C bonds between the labels!?°. Since kgt » ke, k_.
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Figure 1.4.: Triplet-triplet energy transfer between the donor xanthone and the acceptor naphthalene.
(A) Jabtonski diagram. (B) Time-based change in the absorption spectra upon excitation by a short
laser pulse. Figure B taken from34,
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Figure 1.5.: Scheme for intramolecular triplet-triplet energy transfer in an ensemble of unstructured
peptides to monitor site-specific interactions. Figure adapted from34.
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1.7. Loop Formation in Polypeptide Chains

(Figure 1.5), absolute rate constants for intrachain loop formation can be directly obtained
from 10 ps to several ys.

Polypeptide sequences from naturally occurring proteins commonly consist of a balanced set
of amino acids with a wide variety in size and chemical properties amongst their side chains.
In order to measure TTET in natural sequences, the influence of the canonical amino acids
on the triplet state of xanthone was tested. Several amino acids interact with the triplet state
of xanthone by triplet quenching or TTET. Methionine and Histidine showed to efficiently
quench the xanthone triplet state with a bimolecular rate constant close to the diffusion limit.

For a complete list of amino acids affecting the xanthone triplet state, see Table 1.1. To perform

Table 1.1.: List of amino acids interacting with the triplet state of xanthone. Table adapted from32.

Amino acid kg M~ts™h)®  Conditions Interaction type
Naphthyl acetic acid (4.0 & 0.1)-10° Water, pH 7 TTET

Trp (3.0 £ 0.1)-10° Water, pH 7 TTETP

NAla (2.8 + 0.1)-10° Water, pH 7 TTET

Tyr (2.5 £0.1)-10° Water, pH 7 TTETP

Met (2.0 £0.1)-10° Water, pH 7 Triplet quenching
His (1.8 £0.1)-10° 0.1 MKP, pH 8 Triplet quenching®
His® (2.8 £ 0.1)-107 0.1 M NaOAc, pH4 Triplet quenching
Cys (5.1 +£0.2)-10" Water, pH 7 Triplet quenching
N-terminal NHY (2.0 £ 0.5)-10°  Water, pH 7 Triplet quenching

#Bimolecular quenching constants were measured under pseudo-first-oder conditions.
PRadical formation as side reaction.

TTET in proteins, it is thus important to find suitable models, where amino acids interfering

with the energy transfer reaction from xanthone to naphthalene are absent.

1.7.2. Dynamics of Intramolecular Loop Formation in Polypeptide
Chains

Measuring intramolecular loop formation kinetics in peptides is important to get information

about the flexibility and the dynamics in polypeptide chains. The kinetics for the chain to

form a loop were measured in Glycine-Serine (Gly-Ser) peptides of different length with 1-28

repeats. The length dependent loop formation in the poly(Gly-Ser) peptides could be described
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Figure 1.6.: Length dependence of the rate constant (A) and the activation energy (B) for loop forma-
tion in poly(Gly-Ser) peptides. Data from Krieger et al.®*127.

by Equation 1.25,
1

ke = 1/ko + 1/(k; - N7)

where N is the number of interchromophore peptide bonds. For loops with N > 20, the loop

(1.25)

formation rate constant scales with N~1-7+91 where k; = (6.7£1.6)-10° s7*3*. This exponent
is in good agreement with the model for end-to-end diffusion, when excluded volume effects
are considered ?>!?”, For N < 20, the linear scaling law does not hold. In very short peptides,
a limiting value for loop formation of ky = (1.8 & 0.2) - 108 s™! is reached, corresponding to
a time constant of 5.6 ns. This behavior can be explained by different processes, limiting the
peptide chain motions over long and short segments. Chain stiffness is expected to dominate
the dynamics in short chains. This view is supported by differences in enthalpic barrier height
for loop formation in Gly-Ser chains of different length*. While long loops with N > 17
encounter very low activation barriers (~ 4 kJ/mol), short loops experience significant barriers
(~ 14kJ/mol for N = 3, see Figure 1.6 B). Polyserine chains are stiffer due to their lack of
flexible glycyl residues. Loop formation is almost independent of loop size in short loops
(N < 5), where ky = (8.7 £0.8) - 10”s™! and two to three times slower than in poly(Gly-
Ser) peptides. The regime where the rate constant for loop formation scales linearly with N
in poly-serine peptides is only reached for longer chains compared to poly(Gly-Ser), which is
a sign for decreased flexibility of the chain. This is in good agreement with the characteristic
ratio, which is larger for polyserine than for poly(Gly-Ser) chains 2. A slightly stronger effect
of increasing loop size on the loop formation rate constant was found for poly-serine chains
compared to poly(Gly-Ser), with v = 2.1 £ 0.3 and k; = (1.0 = 0.8) - 10!9 s7!34, Denaturants

have been shown to affect loop formation kinetics in poly(Gly-Ser) peptides. In the presence of
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1.7. Loop Formation in Polypeptide Chains

8 M GdmCl, k. scales with the peptide length already for shorter chains, with v = —1.8 +0.1.
Polymer theory states, that chain dynamics are subject to the amino acid composition of the
polypeptide. The characteristic ratio can be used to estimate the flexibility of the different
amino acids. Glycine with the lowest C,, amongst all canonical amino acids thus appears to
be the most flexible residue, whereas proline with the highest C., appears stiff'?%!%_ To verify
the effect of different amino acids on chain dynamics, a series of short host-guest peptides was
investigated by TTET with the uniform structure Xan-Ser-Xaa-Ser-Nal-Ser-Gly, where Xaa
denotes the variable guest amino acid (Xaa = Gly, Ala, Gln, Ser, Glu, Arg, His, Ile, Pro) 34
(Figure 1.7). The fastest loop formation was measured for the peptide with the flexible glycyl

40 I I I I I I I I I I
20f ul

10| .

21 F‘ 4
1 1 1 1 1 1 1 1 1 1 |

SGS SAS SQS SSS SES SRS SHS SIS SPS SPS
trans cis
Sequence

ko (107-s71)
HH

Figure 1.7.: Effect of individual amino acids on the loop formation rate constant in host-guest peptides.
Data taken from references34130,

residue. The kinetics for the host peptide with proline yielded two rate constants, one for
cis-proline and one for trans-proline, which showed the slowest loop formation rate constant.
Amino acids with bulky side chains slightly slow down the dynamics, whereas charges have
no influence. Although the amino acid composition influences chain dynamics, the effect of
the different side chains is small*.

During protein folding, not only loops between terminal residues need to be formed but also
between residues within the polypeptide chain. The influence of additional tails on loop forma-

131

tion was studied in peptides with extensions either on one or on both termini *'. As predicted

by polymer theory '*2, a limiting value for the effect of very long additional tails on loop for-
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mation kinetics was found. In this limit, loop formation is 2.5 times slower for chains with a
single long extension. Formation of loops with two extensions are further slowed down by a
factor of 1.7 compared to chains with a single extension. These findings suggest, that dynam-
ics are faster at the chain ends due to higher flexibility compared to segments within the chain.
Chain dynamics are strongly dependent on solvent viscosity>>!%*. A linear relation of log k.
as a function of log n was found (Equation 4.15). Long Gly-Ser chains (N > 15) experience
the full viscous effect with § = —1 in the presence of viscogens with approximately the size
of the persistence length. Short peptides show [3-values deviating from -1 and are not solely
diffusion controlled.

The effect of different sized co-solutes on chain dynamics was investigated for several model
peptides'*°. The viscosity dependence can be described by Equation 4.15. An increase of
the solvent viscosity slows down loop formation kinetics for all investigated co-solutes, but
the magnitude of the effect depends on their size. |5l was found to decrease with increasing
co-solute size even for long polypeptide chains. These findings show, that polypeptides do
not experience the full macroscopic viscous effect in the presence of large viscogens, which
is in good agreement with large crowding agents having only a small effect on bimolecular

diffusion processes '3,

Denaturants have been shown to influence intrachain diffusion in unstructured peptides*%.
A linear change of In k. with denaturant concentration [D] was observed,
H>0 [D]
Ink, =1Ink,? —mc~ﬁ (1.26)

yielding an m.-value (dlnk./0[D]) two times higher for GdmCl than for urea. In the absence
of denaturant, the rate constant for loop formation is equal to Ink!29, the rate constant for loop
formation in water. When correcting for the viscous effect, In k. depends no longer linearly
on [D]. The interaction of denaturant molecules with the peptide chain can then be described
by the weak binding model from Schellman.

In addition to unstructured polypeptides, TTET through intramolecular loop formation was
used to monitor dynamics in folded and partially folded structures, when linked to a fold-
ing/unfolding equilibrium '2>:135136  The TTET labels were attached to the polypeptide chain,
unable to form contact in the folded structure. Loop formation can thus only happen by local
or global unfolding. Figure 1.8 shows the folding/unfolding equilibrium and the irreversible
probing step in a folded structure. Two apparent rate constants were observed, which allowed

to determine the microscopic rate constants for folding (k¢), unfolding (k,) and loop forma-
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Figure 1.8.: Probing local dynamics and stability in «-helical peptides. Helix unfolding (k,) can be
followed by refolding (k) or by loop formation (k.). Figure taken from Fierz et al.13®.

tion in the unfolded state (k.), using a three state model. To determine the microscopic rate
constants more reliably, experiments were performed at different urea concentrations. A linear

effect of urea was assumed on In & and In k,,.

In helical peptides, loop formation occurs on the time scale of ~ 100 ns, similar to loop for-
mation in unstructured peptides. Local helix formation kinetics are position independent,
revealing a time constant of ~ 400 ns. Helix unfolding however is fast at the termini but slow

in the center of the helix and varies between ~ 250 ns and ~1.4 us'®.

Conformational fluctuations were investigated in the 35 amino acid long villin headpiece sub-
domain (HP35)!'?°. Two native states with a slightly different conformation in the C-terminal
region could be found. They exhibit different conformational dynamics and are connected
by an unlocking/relocking equilibrium. Unlocking occurs with a time constant of ~ 1 us at
5°C. The unlocked state exhibits a fast local conformational fluctuation with a time constant
of 170 ns, which can be addressed to C-terminal helix unfolding and undocking from the core.
Global unfolding occurs from the unlocked state on a much slower time scale. Global unfold-
ing is only possible after an initial unlocking of the native state, leading to a more flexible

native-like conformation.

Up do date, no full-length protein has been investigated by TTET. It has proven challenging
to find a suitable model, where amino acids interfering with the triplet state of xanthone are

absent. In addition, site specific labeling in full length protein is not straightforward.

23



1. Introduction

1.8. Carp -Parvalbumin, as a Model to study Loop
Formation by TTET in Different States of a Protein

Parvalbumins constitute a class of highly soluble all a-type calcium binding proteins with

138 139

and mammals and mediate

140

low molecular weight. They exist in fish!*’, amphibians
Ca’*-exchange between the sarcoplasmatic reticulum and myofibrils '*°. Mouse mutants defi-
cient in parvalbumins exhibit tetanic contractures after muscular stimulation'#!. 3-Parvalbumin
(PV) from cyprinus carpio (common carp) can be found in white tissue of carp muscles and
fast firing neurons, with intracellular concentrations in the milli-molar range'**>. PV has an
acidic isoelectric point (pI) of 4.25 and an unbalanced composition of amino acids. Its primary
sequence of 108 amino acids is rich in alanine, aspartic acid, glutamic acid and phenylalanine
with a single histidine and cysteine. Methionine, proline, tyrosine and tryptophan are lacking
completely 43, Kretsinger and Nockolds resolved the crystal structure in 1973 to a resolution
of 1.9A by the multiple isomorphous method'**. This structure was refined by restrained

least-squares analysis to 1.5 A resolution '3,

Figure 1.9.: Structure of carp S-parvalbumin with the helix-loop-helix motifs AB, CD and EF. Calcium
ions are shown as black spheres. The figure was prepared using MacPyMOL and the protein databank
(PDB) file 4CPV 145146

The overall structure of PV consists of six helices, A through F. They are associated in three
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helix-loop-helix motifs, AB, CD, and EF, giving rise to a spherical shape. Two calcium ions
can be bound per protein molecule, one by the CD and EF-motif with dissociation constants of
1077-107° M for both Ca?*-binding loops'*’ (Figure 1.9). It was this EF-motif which served
as eponym for the well-known EF-hand structural motif. Although the AB region does not
bind calcium, it has a structure similar to the CD and EF regions, which show an approximate
intramolecular two-fold axis and may have resulted from gene triplication with loss of calcium
binding ability of the AB-loop!**. Hydrophobic amino acids like phenylalanine, isoleucine,
leucine and valine point to the center of the structure and form a well-defined hydrophobic
core. Polar side chains, except those associated in Ca?*-coordination reside on the surface
and may interact with surrounding solvent.

The two Ca?*-ions can be removed independently from the Ca®*-binding loops of PV through
chelation with ethylene glycol tetraacetic acid (EGTA), displaying the non-cooperativity of
Ca®*-binding. Removal of the first Ca®* has no significant effect on the helical content while
the removal of the second ion leads to reduced helical content®.

Folding of PV was expected to yield simple kinetics due to the absence of proline residues 3.
However, a transient folding intermediate accumulates in the dead-time of stopped-flow re-
folding'*. This fast pre-equilibrium between the unfolded and intermediate state has been
shown to be a Ca?*-dependent mechanism where the first ion is bound during the transition

from U to I with the EF-hand Ca?*-binding domain being formed first and rapidly '*°.

1.8.1. Loop Formation in Protein Fragments of Carp
S-Parvalbumin

TTET was used to monitor dynamics in different fragments of PV 32127130151 " Common to all
studied PV fragments are two flanking phenylalanines, which form contact in the hydrophobic
core of the native PV. The phenylalanines were replaced by xanthone and naphthylalanine
during solid-phase peptide synthesis (SPPS).

Dynamics in the 18-amino-acid long, calcium binding EF helix-loop-helix motif (PV residues
85-102) were studied. Single exponential kinetics were observed in TTET-measurements, with
the time constant for loop formation of 50 ns. Chain dynamics in the EF-loop are comparable
to the dynamics in polyserine peptides with the same number of peptide bonds, although the
former contains amino acids with larger side chains. These were shown to slow down intra-
chain dynamics*?. The high glycine content of the EF-loop might on the other hand increase

chain dynamics, in summary resulting in chain dynamics comparable to those of polyser-
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ine peptides of the same length. Replacing the charged amino acids aspartate and glutamate
showed no effect on loop formation dynamics, neither did the addition even of high concen-
trations of calcium.

The 16 amino acid long DE-loop (PV residues 70-85) does not bind calcium but also con-
nects two helices, D and E. Single exponential kinetics were observed with the time constant
of 70 ns. Dynamics of the DE-loop are slower compared to those of polyserine peptides of
identical length due to the presence of larger amino acid side chains. Where this effect was
compensated in the EF-loop by its high glycine content, this is not the case in the DE-Loop,
which consist only a single glycine residue.

A short fragment of 5 amino acids (PV residues 66-70) represents the N-terminal end of the
D-helix. The position of the phenylalanines along the helix is i/i+4, with the side chains
contributing to the hydrophobic core. Surprisingly, identical intrachain dynamics compared to
the polyserine of the same length were found, although the PV fragment contains only amino

acids with larger side chains and completely lacks Gly.

1.8.2. Introducing Non-Natural Amino Acids into Proteins by
Native Chemical Ligation

To apply TTET to a full length protein, xanthone and naphthalene have to be attached at
specific positions in the polypeptide chain. The chromophores are usually introduced site-spe-
cifically into peptides in a fully protected manner during SPPS. Despite the relatively small
size of PV (108 amino acids), it exceeds the size of polypeptides accessible by SPPS. Recom-
binant protein expression is usually used for the generation of long polypeptides and proteins
but fails incorporating non-canonical amino acids with a xanthone- and a naphthalene moiety
directly. To circumvent this limitation, a condensation reaction known as native chemical liga-
tion can be used to generate proteins bearing non-canonical amino acids or biophysical probes
at defined positions. The condensation strategy known as native chemical ligation (NCL) was
developed by Dawson et al. '>?, to circumvent the limitations of SPPS and recombinant pro-
tein expression. In NCL, two unprotected polypeptides, either synthesized or expressed, can
be ligated together in aqueous condition at physiological pH, yielding a native peptide bond at
the ligation site. The principle of NCL is shown in Figure 1.10 A.

The first step in NCL is the nucleophilic attack of the side chain of an N-terminal cysteine of
peptide 2 on a C-terminal thioester of peptide 1. This reversible transthioesterification step

is followed by an S—N-acyl transfer of the so-formed thioester. This results in the ligated
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1.8. Loop Formation in Different States of Carp [-Parvalbumin
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Figure 1.10.: Native chemical ligation. (A) Principle, (B) intein mediated thioester generation, (C) com-
mercially available expression vector for peptide-thioester formation.

product with a native peptide bond at the ligation site.

Despite the ease of NCL, generating the a-carboxyl thioester has shown to be the bottleneck in
NCL '3, Different attempts have been made to obtain peptide thioesters using solid phase tert-
butyloxycarbonyl (Boc) or 9-fluorenylmethoxycarbonyl (Fmoc) peptide synthesis 3!, NCL
can be applied to protein semi-synthesis due to its compatibility with all naturally occurring
amino acids. However, a strategy is needed for the preparation of recombinant polypeptide
a-carboxyl thioesters in case a synthetic peptide needs to be ligated to the C-terminus. The
discovery of inteins provides a solution for the need of a-carboxyl thioesters. Inteins can be
seen as the protein counterpart of introns, self-excision modules, which ligate their flanking
portions together in a process called protein splicing 1*>15¢. Modified inteins with a mutation

I57.158 * These inteins

of the crucial residue loose their ability to catalyze their ipso excision
can only promote the first step of protein splicing, getting stalled after the formation of a C-
terminal thioester at an N-terminally located protein (Figure 1.10 B). The intein-thioester can
be substituted by a small, nucleophilic thiol, forming a thioester better suited for subsequent
NCL. Modified inteins from e.g. Mycobacterium xenopi'>*'* (Mxe GyrA) cloned into special
expression vectors are commercially available (see figure 1.10 C).

A successful application of NCL would for the first time allow to prepare full length proteins
bearing the chromophores xanthone and naphthalene. Getting insights into dynamics in dif-
ferent states of proteins using TTET would become possible and eventually reveal how these

dynamics are coupled to protein folding.
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2. Aim of Research

The aim of this thesis is to compare loop formation dynamics in model peptides, in protein
fragments and in a full-length protein, in order to determine the effect of amino acid side
chains on the dynamics of polypeptide chains. Further, I wanted to study, how the nature of
the solvent and solvent viscosity affects the dynamics of loop formation in model peptides and

natural sequences.

Effect of Osmolytes and other Co-solutes on Loop Formation: The dimensions
and dynamics of a polypeptide chain depend on the properties of the solvent. For polypeptides,
a solvent can be good or poor, depending on the strength of peptide intramolecular interactions
in comparison with peptide-solvent interactions. In good solvents, peptide-solvent interactions
are more favorable than intramolecular interactions. In poor solvents, however, intramolecular
interactions are more favorable than peptide-solvent interactions. Small organic compounds
exist, which are able to modulate solvent quality. We planned to investigate the influence of
stabilizing, destabilizing and neutral co-solutes on the dynamics and barriers of loop formation
in the unfolded state of different polypeptide chains. By comparing the effect on poly(Gly-
Ser) homopolymers and on natural sequences, we wanted to determine the contributions from
side chains and intramolecular interactions on loop formation dynamics. Further, we wanted
to test, whether the effect of the co-solutes on the polypeptide chain could be described by
Tanford’s Transfer Model or by the weak binding formalism proposed by Schellman.

Internal Friction for Loop Formation: Diffusive motions in polypeptide chains lead
to the exploration of conformational space during protein folding. It was suggested, that in-
tramolecular peptide motions are subject to friction evoked by the solvent and to internal
friction within the polypeptide chain. The internal friction effect, expectedly caused by in-
tramolecular interactions and chain stiffness, should be independent of solvent viscosity and
would set an upper limit to the dynamics of loop formation. We wanted to investigate, whether
internal friction exists for loop formation in unstructured polypeptide chains and which theo-

retical model is able to describe the contributions from internal friction. We planned to deter-
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2. Aim of Research

mine the effect of amino acid composition, solvent quality and temperature on solvent friction
and internal friction, by investigating poly(Gly-Ser) homopolymers and fragments from natu-

rally occurring proteins in the presence of stabilizing, destabilizing and neutral co-solutes.

Dynamics in Different States of Carp -Parvalbumin: Understanding the dynamics
in different states of a protein is important to understand its free energy landscape. Little is
known about the dynamics in unfolded and in intermediate states of full-length proteins. The
introduction of triplet labels into a natural occurring protein would enable us to characterize
the dynamics in different states. We chose to study carp S-parvalbumin (PV) by TTET, since it
is folded in the presence of calcium and forms an equilibrium intermediate (I) in the absence of
calcium. Amino acids interfering with the energy transfer reaction are absent in PV. We wanted
to attach the chromophores selectively at the termini of the E-helix in the context of full-length
PV, using native chemical ligation to couple a synthesized C-terminal fragment bearing the
triplet donor to an expressed N-terminal fragment. The triplet acceptor was planned to be
attached using a thiol reactive naphthyl derivative. With this double-labeled full-length PV,
we wanted to measure dynamics in U and I. We further wanted to investigate, how long range
interactions affect dynamics in a protein in different states by comparing the result with those

obtained from identically labeled isolated protein fragments.
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3. Material and Methods

3.1. Used Materials

All solvents and chemicals used in this work were purchased from Carl Roth (Karlsruhe, Ger-
many), Merck (Darmstadt, Germany), Sigma-Aldrich (St. Louis, MO, USA), VWR Interna-
tional, LLC (West Chester, PA, USA) or Honeywell Riedel de Haén (Seelze, Germany) if not
stated otherwise. Guanidinium chloride (GdmCl) AA grade was purchased from Nigu Chemie
GmbH (Waldkraiburg, Germany), urea ultrapure from Gerbu Biotechnik GmbH (Heidelberg,
Germany). Fmoc-protected amino acids were purchased from Novabiochem (Hohenbrunn,

Germany) or Iris Biotech (Marktredwitz, Germany).

3.2. Solid-Phase Peptide Synthesis

All peptides were synthesized using 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide
synthesis (SPPS) on a ABI 433A peptide synthesizer from Applied Biosystems (Foster City,
CA, USA). A slightly modified version with prolonged coupling times of the FastMoc™-
chemistry protocol on the 0.1 mmol scale in a 10 ml reaction vessel was applied. 1 mmol or
0.5 mmol of dry a-amino Fmoc-protected amino acid was activated with O-(Benzotriazol-
1-yD)-N,N,N’, N -tetramethyluroniumhexafluorophosphate (HBTU) or N-hydroxybenzotriazol
(HOBt) /HBTU and N, N-diisopropylethylamine (DIPEA) in N,N-Dimethylformamide (DMF)
forming an active ester. The N-terminus of the growing polypeptide was deprotected with 20%
piperidine in N-methyl-pyrrolidone (NMP). Fmoc-deprotection efficiencies were controlled
via UV feedback monitoring at 301 nm. Deprotection steps were repeated, until the absorbance
was less than 5% of the initial value.

Key amino acids were coupled manually. 0.3 mmol of Fmoc protected amino acids were acti-
vated with benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) in
DMF and 130 pl of 44% N-methylmorpholine (NMM) in DMF. The side chains remained

protected during the whole process in automated and manual peptide synthesis.
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3. Material and Methods

Solid supports (resins) were purchased from Rapp Polymere GmbH (Tiibingen, Germany) for
all syntheses according to Table 3.1.

Table 3.1.: Solid supports, double building blocks and activation reagents used for SPPS.
Peptide Resin (TentaGel)  double building blocks Activation

Trt-Gly Fmoc

poly(Gly-Ser) ¢ e’ Gly Fmoc Fmoc-Gly-Ser(yM*Me).OH HBTU
py7o-8 R RAM Fmoc-Asp(OtBu)-(Dmb)Gly-OH HBTU

Fmoc-Asp(OtBu)-(Dmb)Gly-OH
py75-108 S RAM Fmoc-Phe-Thr(yMeMe)-OH HBTU

Fmoc-Lys-Thr(y)MeMe_OH)

S RAM Fmoc-Asp(OtBu)-(Dmb)Gly-OH
py/78-108 R RAM Fmoc-Phe-Thr(yMeMe).OH HBTU
R PHB-Ala Fmoc  Fmoc-Lys-Thr(¢/MeMe_OH) HATU

_ Fmoc-Asp(OtBu)-(Dmb)Gly-OH
Py RRAM Fmoc—LyE—Thr(Q/JMe’Me—OH)y HBTU
py ool SRAM Fmoc-Lys-Thr(4 Ve Me_OH) HBTU
py5—-102 R RAM Fmoc-Asp(OtBu)-(Dmb)Gly-OH HBTU
GBI1 Hairpin R RAM - HBTU

Special procedures were applied for difficult sequences. Aspartimide formation for sequences
containing an aspartate-glycine motif was prevented by the use of a 2,4-dimethoxybenzyl pro-
tected aspartate-glycine building block (Fmoc-Asp(OtBu)-(Dmb)Gly-OH) from Novabiochem
(Hohenbrunn, Germany). Aggregation of the peptides during synthesis was prevented by
using oxazolidine dipeptide building blocks from Novabiochem. The more efficient acti-
vating reagent 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-

phate (HATU) was used for the coupling of difficult amino acids.

3.3. Peptide Modification

3.3.1. Synthesis and Introduction of Chromophores for
Triplet-Triplet Energy Transfer

9-oxoxanthene-2-carboxylic acid (xanthonic acid) was synthesized as described earlier'®! and
either coupled to the N-terminus or the selectively deprotected side chain of diaminopropi-
onic acid (Dpr) while the rest of the side chains remained protected. The N-methyltrityl
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3.4. Peptide Purification

(Mtt) protecting group was removed from Dpr by shaking the resin four times six minutes in
1% trifluoroacetic acid (TFA), 5% triethylsilane (TES) in dichloromethane (DCM), followed
by thorough washing with DMF. A three fold excess (relative to the resin functionality) of
xanthonic acid dissolved 1:1 with PyBOP in DMF was used for labeling. 5 equivalents N-
Methylmorpholine (NMM) were added to the mixture right before transferring it to the pep-
tide. After 30 minutes of reaction, the resin was washed with DMF and DCM. For incorporat-
ing the triplet acceptor naphthalene into polypeptides, the nonnatural Fmoc protected amino
acid 1-(L)-naphthylalanine (BACHEM, Switzerland) was introduced during peptide synthesis.
Alternatively, 2-bromo-N-(1-naphthyl)acetamide (BNAA) provided by A. Reiner'®? was used
to attach a naphthyl moiety to the side chain of cysteine residues in an SN2 reaction. Peptides
were labeled with BNAA as described in Chapter 3.6.6.2, except that labeling was performed
in 100 mM Tris/HCI pH 8.48 in DMF (1:1). Labeling reactions were carried out for 40 minutes
at room temperature. The success of the labeling reaction was tested with high-performance
liquid chromatography (HPLC) and matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF).

3.3.2. Acetylation of the Peptide Amino-Terminus

10% acetic anhydride, 10% DIPEA in DMF were added to the resin bound peptide and shaken
for 10 minutes, followed by washing of the resin with DMF. The procedure was repeated three

times and in a final step the peptide was washed with DCM.

3.3.3. Peptide Cleavage

The peptide was simultaneously deprotected and released from the resin by a cleavage cock-
tail of 95% (v/v) TFA, 2.5% (v/v) TES and 2.5% (v/v) HyO for 2 hours while stirring under
argon atmosphere. No additional precautions were necessary to avoid oxidation of cysteine

containing peptides.

3.4. Peptide Purification

Peptides were precipitated from the cleavage cocktail in ~ 40 ml ice-cold methyl zerz-butyl
ether. The precipitate was pelleted by centrifugation and lyophilized. 20 mg of dried raw
product was dissolved in 1 ml TFA, diluted with 5 ml of a 20% (v/v) acetonitrile (ACN)/water
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3. Material and Methods

mixture and loaded onto a HPLC column. Small or hydrophobic peptides, which did not
precipitate in ether, were directly loaded onto the column without a previous precipitation
step. An ACN/water gradient in the presence of 0.1% TFA was applied to elute the peptides
from the column. Peak fractions were collected and lyophilized. The purity of the fractions
was approved by analytical HPLC. Fractions containing the desired product were identified by

MALDI-TOF or electrospray ionization mass spectrometry (ESI-MS).

3.5. Molecular Biology Methods

3.5.1. Site-Directed Mutagenesis

The carp S-parvalbumin (PV) double mutant C18S/H26F was obtained by site-directed muta-
genesis of the triple PV mutant C18S/H26F/F102W provided from Langheld '*°. Mutagenesis
was performed using the QuickChange® Site-Directed Mutagenesis Kit from Stratagene (La
Jolla, CA, USA). The mutagenic primer and wild-type sequences are given in Table 3.2 and
were obtained from Microsynth AG (Balgach, Switzerland).

Table 3.2.: Mutagenic primer sequences used for QuickChange® site-directed mutagenesis.

PV variant Direction Primer sequence
PV C18S/H26F 5 —3’ CGG TGT TGA CGA ATT TAC CGC
TCT GGT TAA AGC ATG AGG

35 CCT CAT GCT TTA ACC AGA GCG
GTA AAT TCG TCA ACA CCG

)163

Polymerase chain reaction (PCR) " was performed on a Advanced Primus 25 PCR thermo-

cycler from PEQLAB (Erlangen, Germany) with the temperature program given in Table 3.3.

Parental DNA strands were digested with Dpn I for 60 minutes at 37 °C. In the kit included
supercompetent XL1-Blue E. coli cells (genotype: endAl gyrA96(nal®) thi-1 recAl relAl
lac gInV44 F’[ ::Tn10 proAB™ lacl4 A(lacZ)M15] hsdR17(rx ~ mk ™)) were transformed (see
Chapter 3.5.3) with the Dpn I treated PCR product and incubated on 0.1 mg/ml ampicillin
(Amp) containing lysogeny broth (LLB) agar plates overnight at 37 °C. Overnight cultures, in-

oculated from freshly grown colonies, were prepared in LB and 0.1 mg/ml Amp to amplify the

34



3.5. Molecular Biology Methods

Table 3.3.: PCR Temperature program
Temperature Time Cycles

95°C Il min 1x
95°C 1 min
58 °C 1 min 18x
72 °C 6 min

4°C 24 h Ix

mutated plasmid. A QIAprep Spin MiniPrep Kit from QIAGEN (Hilden, Germany) was used
to extract and purify the plasmids. Plasmids were sequenced by GATC Biotech (Konstanz,

Germany), in order to confirm the success of the site-directed mutagenesis.

3.5.2. Preparation of Chemically Competent Cells

Chemically competent cells were prepared after a modified protocol from Cohen et al.'®,

2ml of a BL21 (DE3) E. coli (genotype: F~ ompT gal dem lon hsdSg(rg~ mp~) A(DE3
[lacl lacUV5-T7 gene 1 ind1 sam7 nin5])) overnight culture were diluted into 100 ml dYT-
medium and grown at 30 °C to an ODgg of 1. Cells were incubated for 15 minutes on ice
and pelleted by centrifugation at 4 °C. After resuspending and incubating the cells in 40 ml
ice-cold 100 mM CaCl,-solution for 30 minutes, they were pelleted again and resuspended in
5 ml ice-cold 80 mM CaCly, 20% glycerol (v/v). Aliquots of 200 ul were frozen in liquid

nitrogen and stored at -80 °C.

3.5.3. Transformation of Chemically Competent Cells

200 pl of chemically competent BL12 (DE3) or XL1 blue E. coli cells were thawed on ice and
mixed with an appropriate amount of vector, followed by an incubation on ice for 10 minutes.
After a 2 minutes heat shock at 42 °C, ~200 ul dYT- or LB-medium were added immediately
and the cells were incubated for 30 minutes at 37 °C. The cell suspension was transferred to

2-3 agar plates containing 0.1 mg/ml Amp. The plates were incubated overnight at 37 °C.
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3. Material and Methods

3.6. Protein Expression, Purification and Modification

3.6.1. Protein Expression in E. coli

Induced Expression: The PV!~""-intein fusion protein was expressed as follows. Overnight
cultures of transformed BL21 (DE3) E. coli cells were diluted into 500 ml LB medium (10 g/1
tryptone, 5 g/l yeast extract, 5 g/l NaCl) to a starting ODggg of 0.1. Protein expression was
induced by the addition of 500 1 1 M 3-D-1-thiogalactopyranose (IPTG) at an ODgqq of 0.6.
The cells were harvested after 5 hours of expression and pelleted by centrifugation, frozen in

liquid nitrogen and stored at -80 °C.

Autoinduced Expression: Expression of the PV mutant C18S/H26F was performed by
autoinduction in a lactose medium. Pre-cultures of transformed BL21 (DE3) E. coli cells were
diluted into 500 ml lactose medium (10 g/l tryptone, 5 g/l yeast extract, 25 mM Na,HPO,,
25 mM KH,PO,, 50 mM NH,Cl, 5 mM Na;SO,4, 2 mM MgSO,, 0.18 mM CaCl,, 68 mM glyc-
erol, 2.8 mM glucose, 5.8 mM lactose and 0.16 nM carbenicillin) to an ODg, of 0.1 and grown
overnight at 37 °C. The cells were harvested the next day, frozen in liquid nitrogen and stored
at -80 °C.

3.6.2. PV!-7" Purification and Intein Mediated Thioester Formation

For the preparation of the PV!~""-protein thioester, the pTXB3 expression vector of the IM-
PACT?™™ kit from New England Biolabs Inc. (Ipswich, MA, USA) was used. The PV!~"7
coding sequence was cloned in-frame into the polylinker (multiple cloning site, MCS) up-
stream of the Mxe GyrA-intein/chitin binding domain using the Ncol and Sapl restriction sites
(Figure 3.1 A). Induced expression of the fusion protein was performed as described in Chap-
ter 3.6.1. Pelleted cells were thawed and resuspended in standard buffer (list of used buffers in
Table 3.4). Lysis was performed with a SONOPLUS ultrasound device from Bandelin (Berlin,
Germany) and a Basic Model Z microfluidizer from Constant Systems (Kennesaw, GA, USA).
Inclusion bodies containing the fusion protein were pelleted by centrifugation for 15000 rpm,
30 min at 4 °C and the supernatant discarded. In order to remove the cell debris, the inclusion
bodies were washed 2 times with washbuffer I followed by two 2 times with washbuffer 11
and two times with standard buffer. The inclusion bodies were resolved in unfolding buffer
and stirred for 1 hour at room temperature. The urea concentration was lowered by dialysis

for two hours against 3M, 1.5M and OM urea at room temperature, followed by a dilution
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3.6. Protein Expression, Purification and Modification

A B PViZZ g B-lactamase
Polylinker Reglon: A Mxe Gyrh I
PTXES T7 Universal Primer — lac operator 2 {

5°...C66 GGA TCT CGA TCC CGC GAA ATT AAT ACG ACT CAC TAT AGG GGA ATT GTG AGC T7 promotor
T7 Promoter lac operator

GGA TAA CAA TTC CCC TCT AGA AAT AAT TTT GTT TAA CTT TAA GAA GGA GAT ATA
Xbal ShineDalgarno
Intein —
Met Ala Ser Ser Arg Val Asp Gly Gly Arg Glu Phe Leu Glu Gly Ser Ser¥Cysl
ACC ATG GCT AGC TCG CGA GTC GAC GAC GGC CGC GAA TTC CTC GAG GGC TCT TCC TGC
Ncol ~ Nhel  Nrul Salt Notl EcoRI  Xhol Sapl

ATC ACG GGA GAT GCA CTA GTT GCC CTA CCC GAG GGC GAG TCG GTA
Spel

CGC ATC GCC GAC ATC GTG CCG ...37

Figure 3.1.: Cloning of PV~ in frame with the Mxe GyrA-intein/chitin binding domain into the pTXB3
vector using the Ncol and Sapl restriction sites (A). The sequence in Figure A was taken from the New
England Biolabs Inc. homepage.

with three volumes of standard buffer. Eventually accumulating precipitate was removed by
centrifugation and filtration. The refolded protein from inclusion bodies was loaded onto an
equilibrated chitin column with chitin buffer at a flow rate of 1 ml/min. After washing with
10 column volumes of chitin buffer, the column was flushed at a flow rate of 10 ml/min with
3 column volumes of cleavage buffer. Subsequently the flow was stopped and the on-column
cleavage was performed overnight at room temperature. The PV!~""-MESNA thioester was
eluted with chitin buffer the following day and analyzed by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE, Chapter 3.6.5) in the absence of thiols. The fractions

were frozen in liquid nitrogen and stored at -20 °C.

Table 3.4.: List of buffers needed for protein thioester formation

Buffer name Composition

Standard buffer 20 mM HEPES®, pH 8 0.5M NaCl 1 mM EDTA
Wash buffer I I mg/ml deoxycholic acid - -

Wash buffer I~ PBSP, 1% triton X-100, 25% sucrose - 5mM EDTA
Unfolding buffer 20 mM HEPES?, pH 8, 6 M urea 0.5M NaCl 1mM EDTA
Chitin buffer 20 mM HEPES?, pH 8 0.5M NaCl -

Cleavage buffer 20 mM HEPES?, pHS, 0.2M MESNA® 0.5M NaCl -
#4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH adjusted with HCI or NaOH
bphosphate buffered saline

“sodium 2-sulfanylethanesulfonate
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3. Material and Methods

3.6.3. PV C18S/H26F Purification

The purification of the PV pseudo wild-type mutant C18S/H26F was performed by a modified
protocol of Moncrieffe et al.'*>. Cell pellets were thawed on ice and resuspended in 40 mM
2-Amino-2-hydroxymethyl-propane-1,3-diol (Tris) pH 8, 2mM DTT, 5 mM CaCl; (buffer A)
and the protease inhibitors phenylmethanesulfonyl fluoride (PMSF, 1 mg per 10 ml of lysate),
aprotinin (20 ug per 10 ml of lysate), pepstatin A (10 ug per 10 ml of lysate) and a spatula
tip of benzamidine. After cell lysis by sonication with a SONOPLUS ultrasound device from
Bandelin (Berlin, Germany), the sonicate was spinned for 30 minutes at 18000 rpm. Ammo-
nium sulfate was added slowly to the supernatant up to a concentration of 70% (w/v) and
stirred overnight at 4 °C. Precipitate was spun down the next day and the supernatant dialyzed
in a 6000-8000 mass weight cutoff (MWCO) Spectra/Por dialysis bag (Spectrum Laborato-
ries, Inc, Rancho Dominguez, CA, USA) against 51 of H,O for 1 hour, followed by two times
dialysis for 4 hours against 51 of 20 mM Tris, 1 mM DTT, 5 mM CaCl, and dialysis once for 4
hours against 101 of buffer A. The solution was then loaded to a HiTrap diethylaminoethanol-
sepharose fast flow column from GE Healthcare Life Sciences (Chalfont St Giles, UK) and
the flow through containing the protein collected. Residual impurities were removed by HPLC
using a Pack C8 column (10 mm x 250 mm), with 5 ym particle size and 20 nm pore size from
YMC Europe GmbH (Dinslaken, Germany). Peak fractions were frozen and lyophilized. The
purity was checked by analytical HPLC using a Pack C8 column (4.6 mm x 250 mm), with
5 pm particle size and 20 nm pore size from YMC Europe GmbH (Dinslaken, Germany). The
peaks with the desired product were identified with MALDI-TOF and ESI-MS.

3.6.4. Native Chemical Ligation (NCL)

Full length PV (residues 1-108) bearing the triplet donor xanthone was prepared as follows.
Eluted fractions from the chitin column containing the PV!~7"-MESNA thioester were thawed
and pooled together. The thioester was concentrated and transferred to ligation buffer (50 mM
Tris pH8, 100 mM NaCl, 150 mM MESNA) using VIVASPIN 20 centrifugal concentrators
with a mass weight cutoff of 3,000 Da from Sartorius (Go6ttingen, Germany). The final con-
centration of the PV!~""-MESNA thioester in the ligation buffer was determined with the
method after Bradford'®> and the same concentration of the synthesized PV"®~1%8Cys! Xan!!
fragment was added. Urea was then added to a final concentration of 1.5M and the mixture

shaken overnight at room temperature. The success of the ligation reaction was checked with
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3.6. Protein Expression, Purification and Modification

SDS-PAGE (Chapter 3.6.5), analytical HPLC with a Pack C8 column (4.6 mm x 250 mm),
with 5 pm particle size and 20 nm pore size from YMC Europe GmbH (Dinslaken, Germany)
and MALDI-TOF. Eventually oxidized cysteines were reduced by incubation of the ligation
product in S0mM Tris pH8, 100 mM NaCl, 2 mM dithiothreitol (DTT) overnight at room
temperature. Reduced full length PV!~1%Cys™Xan® was purified by HPLC using a Pack C8
column (10 mm x 250 mm), with 5 ym particle size and 20 nm pore size from YMC Europe
GmbH (Dinslaken, Germany).

3.6.5. Sodium Dodecylsulfate Polyacrylamide Gel
Electrophoresis

Discontinuous sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-Page) after

Laemmli %

was used to analyze the purity of protein fractions or protein samples according
to their size. The polyacrylamide gel containing a separating and a stacking gel were prepared
using a Serva multiple gel caster from GE Healthcare Life Sciences (Chalfont St Giles, UK)

according to Table 3.5. Protein samples were mixed 1:1 (v/v) with Laemmli Sample Buffer

Table 3.5.: SDS-PAGE casting of separating and stacking gel

Chemical Separating Gel Stacking gel
40% Acrylamide/Bisacrylamide 29:1 1.85 ml 288 ul
Water 1.13 ml 1.95 ml
Gel buffer® 1.50 ml 750 pl
TEMEDP 4.5 ul 7 pl
10% (w/v) APS¢ 45 pl 70 pl

2Gel buffer: 3 M Tris, 0.3% SDS, pH 8.45
bTetramethylethylenediamine
°Ammonium persulfate

from BioRad (Hercules, CA, USA) and kept at 95 °C for 5 minutes before loaded on the
gel. When analyzing the purity of PV!~""-intein or PV!~7"-MESNA, no [3-mercaptoethanol
was added. The molecular weight size marker Roti-Mark 10-150 from Carl Roth (Karlsruhe,
Germany) was used as a reference. Electrophoresis was carried out at ~ 100V, ~ 100 mA.
Selective staining of the protein bands was achieved by incubating the gel for 1 hour in 0.1%
(w/v) Coomassie Brilliant Blue G-250, 80% methanol, 20% acetic acid, followed by destain-

ing overnight in 10% acetic acid, 5% methanol.
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3. Material and Methods

3.6.6. Protein Modification
3.6.6.1. Desulfurization of Cysteine Residues

Removal of the cysteine-sulfur was performed according to the selective free radical desulfu-

rization method of Wan & Danishefsky '’

, which yields an alanyl-side chain. The cysteinyl-
protein was dissolved in 200 mM sodium phosphate, pH7, 4 M urea and an equal volume
of 0.5M tris(2-carboxyethyl)phosphine (TCEP) bond-breaker® solution from Thermo Fisher
Scientific Inc. (Rockford, IL USA). The reaction was started by the addition of 5% (v/v)
ethanethiol and 2.5% (v/v) 0.1 M 2,2’-Azobis[2-(2-Imidazolin-2-yl)propane]dihydrochloride
(VA-044, radical initiator) from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) dis-
solved in water. After shaking the mixture overnight at room temperature, the conversion
of the cysteine residue into alanine was nearly quantitative as determined by analytical or
semipreparative HPLC, using the Pack C8 column from YMC Europe GmbH (Dinslaken,

Germany).

3.6.6.2. Thiol Reactive Labeling

Water soluble 2-bromo-N-(1-naphthalen-1-yl)acetamide (BNAA) was used to attach a naph-
thyl moiety to the side chain of cysteine residues in an Sy?2 reaction (Figure 3.2).

A Cysteine BNAA B Naphthylalanine

G

FRUSE SR % U NS

) H
HBr

Figure 3.2.: Introduction of a naphthalene moiety into proteins and peptides for TTET. (A) Protein
labeling of cysteine with 2-bromo-N-(naphthalen-1-yl)acetamide (BNAA). (B) Peptide labeling with
naphthylalanine (Nal) during SPPS.

Labeling of purified, reduced PV 1% Cys™Xan® was performed in 100 mM Tris/HCI pH 8.48
in the presence of 1.8 equivalents of BNAA, added from a 11.7 mM stock solution in DMF.
BNAA concentrations were determined by UV-VIS spectroscopy with an extinction coefficient

of 5500 cm~'M~! at 296 nm. The reaction was incubated for 40 minutes at room temperature
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3.7. Sample Solutions and Viscosity

while shaking and the success controlled by analytical HPLC and MALDI-TOF. Excess label

was removed by preparative HPLC and fractions with pure PV!~1%®NAA™Xan® were frozen,
lyophilized and stored at -20 °C.

3.7. Sample Solutions and Viscosity

Solvent viscosities were measured with a HAAKE falling-ball viscosimeter Type C from
Thermo Scientific. The temperature of the solution was adjusted with a F20,HC/7 water bath
from Julabo Labortechnik GmbH (Seelbach, Germany). The sample viscosity was calculated

from the time ¢ (s) needed by a ball to traverse a defined distance by

n=tx(p—p2) K (3.1)

where p; and p, are the density (g/cm?) of the ball and the solvent, and where K (mPa-%) is

a ball specific constant.

Peptide and Protein concentrations were determined spectrophotometrically with an Agilent
8453 UV-visible Spectroscopy System (Santa Clara, CA, USA) using the Lambert-Beer re-
lationship. An extinction coefficient of 3900 cm™~! M~ at 343 nm was used for polypeptides
labeled with Xan. The concentration of the PV mutant C18S/H26F was determined with an

extinction coefficient of 2200cm~! M~ at 258 nm '8,

Urea and GdmCI concentrations were calculated from the refractive indices in the presence

(n) and absence (ng) of denaturant after Pace et al. '**.

[urea] = 117.66 - (n — ng) + 29.753 - (n — ng)* + 185.56 - (n — ng)? (3.2)

[GAmCI] = 57.147 - (n — ng) + 38.68 - (n — ng)? — 91.60 - (n — ng)* (3.3)

Measured solvent viscosities of the denaturant solutions were compared to calculated viscosi-
ties using an empirical equation from Perl et al.'®. Densities and concentrations of TMAO,
sarcosine and proline were calculated from the refractive indices using standard curves, which
were kindly handed over from Wayne D. Bolen, University of Texas. A standard curve for
determining the concentration by refractive index n of 10 mM potassium phosphate buffered

arginine solutions was recorded by dilution of a concentrated arginine stock solution and could
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3. Material and Methods

be described by the following equation
[arginine] = —33.3799 + 25.1866 - n — 0.1140 - n* . (3.4)
Co-solute mole fractions of the different solutions yc,s were calculated from the co-solute

concentrations [Cos] by

[Cos]

os — 35
XCos = TEosT+ (p = Mo - [Cos]) /Mo (3-5)

where p is the density of the solution, M, the molar mass of the co-solute and My, the

molar mass of water.

3.8. Calculation of Transfer Free Energies

Transfer free energies for the unfolded state were calculated according to Auton and Bolen '%!,
using Equation 1.18a,b. The fractional solvent accessibility for the backbone (P) or the side

chains (o) in the unfolded state were calculated by

bb/sc
S ASAYY

bb/sc i
alPe = - (3.6)
nASAYY o

where n is the number of the group of type ¢ in the polypeptide sequence. The side chain and
backbone solvent accessible surface area ASA; were obtained from Creamer et al. ' by inter-
polation between the upper and lower limit for the ASA. AS Aik(’}/icx_(} describes the standard
side chain or backbone solvent accessibility determined from Gly-Xaa-Gly tripeptides by Lee
and Richards!”’, where Xaa is the amino acid residue of type i. Tables with solvent accessi-
bility of the unfolded state and tripeptides as well as group transfer free energies (Ag%LIM)

can be found in the Appendix (Tables A.1 and A.2).

3.9. Laserflash Photolysis

A commercial laser flash photolysis reaction analyzer model LKL.60 from Applied Photo-
physics Ltd (Surrey, UK) was used for TTET-measurements. Xanthone was excited to the

triplet state by a 4 ns laser pulse at 355 nm using a Nd:Yag Brilliant laser from Quantel (Les
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Ulis, France). Relaxation from the triplet excited state of the xanthone was followed by the
change in absorption at 590 nm, measured with a pulsed Xe short arc flash lamp from Osram
(Miinchen, Germany). The concomitant formation of the triplet state of the acceptor was fol-
lowed at 420 nm. At least four traces were recorded at each wavelength and averaged for a
better signal to noise ratio. Peptide and protein concentrations were in the 15-100 ym range.
Samples were degassed prior to TTET measurements in order to minimize triplet quenching

by dissolved oxygen.

3.10. Circular Dichroism Spectroscopy

All circular dichroism (CD) measurements were carried out on an AVIV DS62 or an AVIV
410 circular dichroism spectropolarimeter (Lakewood, NJ, USA). The fractional helix content
f# of the PV mutant C18S/H26F was calculated according to Luo & Baldwin!"! at 222 nm

with

[@]obs - [@] %

0
_ , (3.7)
T 1010z — Olo
where 100% and 0% ' helix content are given by:
[O©]100% = (—44000 + 250 - T) - (1 — 3/N)deg - cm ™2 - dmol (3.8)
[©]o% = 13000 deg - em ™2 - dmol ™ . (3.9)

[©]ons describes the observed mean residual ellipticity at 222 nm, 7' the temperature and N

the number of residues.

3.11. Equilibrium Transitions

Temperature Transitions Temperature transitions were carried out on an AVIV 410 cir-
cular dichroism spectropolarimeter (Lakewood, NJ, USA) at a wavelength of 222nm in a
cuvette with a 10 mm path length while stirring the sample solution. The temperature was
increased with a ratio of one degree celsius per minute using a peltier element. The signal was

recorded in steps of one degree after temperature equilibration for five minutes.
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3. Material and Methods

Urea Transitions Urea transitions of the PV mutant C18S/H26F and the TTET-variant
PV!~108Cys(NAA)®Xan®®were carried out on an AVIV 410 circular dichroism spectropo-
larimeter (Lakewood, NJ, USA) at a wavelength of 222 nm in a cuvette with a 1 mm path
length at 25°C and 1.5 nm bandwith. The signal was recorded and averaged over 60 s and
the buffer signal subtracted. Samples were prepared from a protein stock solution in 10 mM
cacodylic acid, pH 7 and urea by dilution in buffers with different urea concentrations . Tran-

sitions were performed in the presence and absence CaCls,.
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4. Results and Discussion

4.1. Chain Dynamics and Barriers for Loop Formation
in Unfolded Polypeptide Chains

Chain dynamics in the unfolded state ensemble are the process, by which polypeptide chains
explore conformational space on their way to acquire native-like interactions. Knowledge
about the dynamics of the unfolded state ensemble and the barriers for forming specific inter-

actions by loop formation are thus essential to understand elementary steps in protein folding.

4.1.1. Loop Formation in Model Peptides

To study chain dynamics and barriers for loop formation in U, unstructured poly(Gly-Ser) pep-
tides were used as a model for the unfolded state. These peptides serve as model for a simple
chain, where amino acid side chains are absent and no other interaction than intramolecular
or peptide-solvent hydrogen bonds can be formed. Loop formation was measured in Gly-Ser
peptides of different length*. The peptides all share a uniform chemical structure, which is
depicted in Figure 4.1, where n describes the number of Gly-Ser repeats. The repetitive ar-
chitecture ensures, that only the influence of chain length but not amino acid composition on
chain dynamics is observed. The triplet donor xanthone (Xan) was attached to the N-terminus
and the triplet acceptor moiety naphthalene was introduced via the nonnatural amino acid L-
I-naphthylalanine (Nal) in the vicinity of the C-terminus. Intramolecular TTET from Xan to
Nal was measured by Krieger et al. ** for peptides with up to 14 (GS)-repeats (N=29). In short
peptides with less than 20 peptide bonds, the rate constant for loop formation decreases only
weakly with increasing peptide length. In peptides with N > 20, it decreases with N —17+0-1,
In short peptides, loop formation is controlled by contributions from chain stiffness, which
limit local chain dynamics. In long peptides, contribution from chain stiffness are low and
loop formation is governed by an entropical search in conformational space.

Chain dynamics were investigated in the intermediate long (GS)g (n=38) and the long (GS)4
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Figure 4.1.: (A) Chemical structure of poly(Gly-Ser) peptides. The repetitive sequence within the
brackets is repeated n times. The triplet donor xanthone (Xan) was coupled to the N-terminus forming
an amide bond while the triplet acceptor moiety naphthalene was introduced via the nonnatural amino
acid L-1-Naphthylalanine (Nal) close to the C-terminus. (B) triplet chromophores Nal (top) and Xan
(bottom)

(n=16) peptide. In (GS), the time based change in absorbance at 590 nm could be described
by a double exponential function (Figure 4.2 A). A fast main phase with 94% amplitude and a

10 100
Number of peptide bonds (N)

Figure 4.2.: Loop formation kinetics poly(Gly-Ser) peptides. (A) Time based change in absorbance at
590 nm. (B) Loop formation rate constant of (GS)14 (e) in comparison with (GS)-peptides of different
length.

rate constant k. =(1.46 +0.05) - 10" s~* corresponds to intramolecular TTET by loop forma-
tion. As expected from earlier findings, (GS),4 behaves like a random chain and lies in the
limit, where k. scales with N~1-7*%1 (Figure 4.2 B). Additionally, a slow phase with low am-
plitude (6%) and a time constant of 1.7 4+ 0.2 us was found, which corresponds to the intrinsic
donor lifetime and presumably arises from small peptide aggregates, in which the labels are

unable to form contact.
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4.1. Chain Dynamics and Batrriers for Loop Formation in Unfolded Polypeptide Chains

4.1.2. Effect of Solvent Viscosity on Loop Formation in Model
Peptides

The macroscopic solvent viscosity is expected to affect the polypeptide’s exploration of the
conformational space by chain diffusion. To test the effect of increased solvent viscosity
on chain dynamics, TTET was measured in (GS)g at different solvent viscosities (1), which
were adjusted by the addition of the viscosifier glycerol. Figure 4.3 A shows the time based
absorbance decay at 590 nm at the indicated solvent viscosity. A double exponential fit is
necessary to describe the triplet decay of Xan. The main phase corresponds to intramolecular
TTET and yields the rate constant for loop formation k.. The minor phase corresponds to
intrinsic Xan triplet decay in molecules unable to form contact with the acceptor. A linear

relationship exists for log k. as a function of log 7 (Figure 4.3 B). The data can be described

B
ke = KO- <ﬂ) 4.1)
o

where £? is the rate constant for loop formation at the reference solvent viscosity 79. The expo-

by the empirical Equation 4.1

nent [3 reflects the sensitivity of loop formation to solvent viscosity. While a S-value of -1 indi-
cates, that k. is inversely proportional on solvent viscosity, k. is independent of solvent viscos-
ity for a 3-value of 0. The fit yields a 3-value of 0.94 4 0.01 and £!2© =(4.02 £+ 0.02)-107 s~ 1.
The [ value is close to -1, and reveals an almost inverse proportionality of chain dynamics

with solvent viscosity.
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Figure 4.3.: Effect of solvent viscosity on loop formation in (GS)s. (A) Time-based absorbance decay

at 590 nm at the indicated solvent viscosity. (B) Rate constant for loop formation as a function of solvent
viscosity. The solid line corresponds to a fit of Equation 4.1 to the data.
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4. Results and Discussion

4.1.3. Barriers for Loop Formation in Model Peptides

In order to get insight into the barriers for loop formation dynamics, intramolecular TTET
was measured in (GS);4 between 5 °C and 30 °C. Figure 4.4 shows the time-based decay in

absorbance at 590 nm. A significant acceleration for loop formation can be observed with

2107

0.8

Asgo
k (s™)
/

2
0.41 107k \
3.

— 52°C ) "

— 19.9°C el

— 29.7°C
0.0 . 7108 . . .
10-8 10~7 10~ 3.3103 3.4103% 3.5103 3.610°3

t(s") 1/T (K1)

Figure 4.4.: Chain dynamics of (GS);s at different temperatures. (A) Time based change in ab-
sorbance at 590 nm at the indicated temperatures. (B) Loop formation rate constants as a function
of 1/T. The solid lines correspond to a fit of Equation 4.2 to the data.

increasing temperature. A double exponential fit was necessary to describe the decay traces
at 590nm. The fast main phase corresponds to TTET from Xan to Nal and yields the rate
constant for loop formation. The origin of the second minor phase is discussed above. When
plotting log k. as a function of 1/7, a linear relationship can be found, which can be described

by the Arrhenius Equation (Equation 4.2),

Ea
ke=A-exp| —— 4.2
o P < RT) (4.2)
where A is the pre-exponential factor and F/5 the activation energy. The apparent activation
energy and the pre-exponential factor for loop formation contain contributions from tempera-
ture based changes in solvent viscosity. In order to correct A and F s for these contributions,
we calculated the viscosity-corrected rate constant for loop formation £/ from the observed

rate constants k. using Equation 4.3 with 5 =-1.

-8B
k= ke - (ﬂ> 4.3)
To

In this Equation, n describes the macroscopic solvent viscosity at the respective temperature,

measured by viscosimetry (see Appendix, Figure A.1). As for k., the change in the viscosity-
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4.1. Chain Dynamics and Batrriers for Loop Formation in Unfolded Polypeptide Chains

corrected rate constant k. with 1/7" could also be described by Equation 4.2, yielding the
corrected values for A and F,. Within the measured temperature range, no deviation from
linearity could be observed for log k. or log k. as a function of 1/7". This indicates that the
change in the activation heat capacity Cé is negligible in the temperature range between 5 °C
and 30 °C. The results from the fit of the Arrhenius Equation to the data are summarized in
Table 4.1.

Table 4.1.: Parameters for the temperature dependence of loop formation in (GS)1¢

AG™H Ex (kJ/mol) AHY (kJ/mol) AS% 2(J/mol/K)
k. (1.1+£0.3)-10"" 22.1+0.6 19.7+0.6 11.7+23
K. (65+1.7)107  39+06 1.5+0.6 -50.2+22

2Calculated with k=101 s~!

When comparing the Arrhenius Equation to the general rate equation k£ = kg-exp (—AGO1t / RT)
(Equation 1.9), the activation enthalpy AH% can be expressed by the activation energy E
when differentiating In & with respect to the temperature. This results in the following rela-
tionship:

AH% = Ey — RT (4.4)

For high activation energies, A H 0t ~ E\. However, for low activation energies, the difference
between E, and A H% is significant. The viscosity-corrected loop formation rate constant for
(GS);¢ reveals a A H%-value of 1.5 kJ/mol (Table 4.1). To get information about the entropy of
activation associated with loop formation, Equation 4.4 can be used to express the Arrhenius
pre-exponential factor A as a function of the pre-exponential factor k, (rate constant in the

absence of any barriers), the entropy of activation A S and the universal gas constant R.

5 (4.5)

A= kg oxp (M)
It is not possible to directly calculate AS% from A, since the correct kq value for loop forma-
tion is not known. Single bond rotations, which bring the chromophores into van der Waals
contact are expected to set the upper limit for intrachain loop formation. We assume £ for this
process to be approximately 10*° s~1. Figure 4.5 summarizes Fy, A, and AS% for the different
lengths of the poly(Gly-Ser) peptides. The pre-exponential factor A decreases with increasing

chain length. Short (GS)-peptides with a narrow conformational distribution have the highest
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Figure 4.5.: Activation energy, Arrhenius pre-exponential factor and activation entropy in homo-
polypeptides of different length. (A) Activation energy Ex, (B) Arrhenius pre-exponential factor A and
(C) activation entropy AS% in homo-polypeptides of different length. Data for (GS)¢ is shown as (e).
(GS), (e), (S), (o). Figure adapted from Joder'*°. Black data points taken from References 27130,

Arrhenius pre-exponential factor. With increasing chain length, a higher number of confor-
mations can be adopted by the polypeptide chain. A thus decreases from 4.6 + 2.4 - 101057}
in (GS), to 6.5 + 1.7 - 107 s~ ! in the long (GS),¢ peptide. The entropy of activation was
found to depend on peptide length, too with negative values for all homo-polypeptides except
the shortest homo-polypeptides. While the loss in entropy upon loop formation is smallest in
short peptides, it increases with increasing chain length. The loss in conformational entropy
is larger in long chains and loop formation is therefore a more unfavorable process. Although
loop formation is less unfavorable in the short peptides compared to that in long peptides,
AS% is still expected to be negative for loop formation, even in the shortest peptides. This

indicates that the value for kj is in fact larger than 101 s~

The activation energy ['5 decreases in short (GS), peptides with increasing chain length up
to n = 6, while it is independent of chain length for peptides with > 8 peptide bonds.
Short and long peptides thus experience different barriers for loop formation. For the short
(GS); peptide, an 5 = 13.9kJ/mol was measured '*’, which corresponds to a A H%-value of
11.4kJ/mol. Chain stiffness in short peptides is responsible for the high E4. In long (GS),
peptides (n > 8), which exhibit statistical chain behavior, an E, of 4-5kJ/mol was found,
independent of chain length. This corresponds to a AH% ~ 2kJ/mol at room temperature.
However, A H% is assumed to be inexistent in diffusion controlled reactions, where dissipative
forces would be absent. Intrachain loop formation in long and flexible (GS) peptides is thus not
completely diffusion controlled. A AH% =+ ( in long and flexible peptides could be explained
by residual intramolecular interactions, which have to be broken before loop formation, thus

impeding loop formation.
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4.1.4. Chain Dynamics and Barriers for Loop Formation in
Natural Sequences

The primary sequence of fragments from naturally occurring proteins normally consist of a
variety of amino acids with side chains differing in size and chemical property. We wanted to
test, what effect amino acid side chains have on loop formation by comparing chain dynamics
in natural sequences (Figure 4.6) and model peptides. We chose three protein fragments,
which are part of common local folds such as S-hairpins or the helix-loop-helix structural
motif in the native state of the full length protein, but which are unstructured in isolation. They
are free of the amino acids histidine (His), methionine (Met), tryptophane (Trp) and tyrosine
(Tyr), which would interact with the TTET reaction. It is thus possible to obtain absolute rate
constants for intramolecular loop formation. Two fragments from the 108 amino acid long
calcium binding protein carp S-parvalbumin (PV) were chosen to be investigated. The loop
region connecting helices D and E (residues 70-85) and the conserved calcium binding loop
between the helices E and F (residues 85-102, Figure 1.9). Both sequences are flanked by
phenylalanines (Phe), which are part of the hydrophobic core and form contact in the native
state of PV. The N-terminal Phe was replaced by Xan while the C-terminal Phe was substituted
by the nonnatural amino acid Nal, introduced in the course of solid phase peptide synthesis
(SPPS). The PV-DE-loop contains a single Gly residue, while the PV-EF-loop contains three
between the chromophores. A Gly residue can be found each at the two loop ends flanking
the C-terminal end of helix E and the N-terminal end in helix F in the PV-EF-loop. The
presence of Gly at the ends of helices is common, since it acts as a helix breaker!”, due to
the high conformational flexibility, which makes it entropically unfavorable for Gly to adopt
a-helical structures. The EF-loop contains further alternating parts of negative sidechains
and small uncharged sidechains between residues 89 and 96, with aspartate (Asp) being a
frequent neighbour of Gly. The aspartic acid residues at position 90, 92 and 94 are associated
in calcium binding by complexing the Ca®"-ion in the native state. While calcium was shown

176.177 no influence was found on loop formation kinetics'?’.

to be bound by PV fragments
Additionally to the PV sequences, an eight amino acid long turn sequence (residues 45-52)
of the 56 amino acid long and highly stable B1 domain of protein G was investigated. In the
native state structure, the side chain of Tyr at position 45 is close to the side chain of Phe at
position 52. Phe45 was replaced by the triplet donor Xan while Phe52 was substituted by Nal.
Amino acid sequences of the synthesized peptide fragments from naturally occurring proteins

and the (GS), are summarized in Table 4.2.
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Figure 4.6.: Peptide fragments from naturally occurring proteins used to study chain dynamics. The
structures are shown in the context of the full-length protein on the left in orange with the respective
amino acid sequence given on the right. (A) Hairpin residues 45-52 of the B1 domain from protein
G, (B) DE-loop of parvalbumin and (C) calcium binding EF-loop of parvalbumin. Blue residues were
replaced by Xan, red residues by Nal. The Figure was prepared using PyMOL 73 and the pdb 146 files
4CPV %5 for parvalbumin and 1GB1'7# for the B1 domain of protein G.
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Table 4.2.: Amino acid sequences of investigated peptides. Poly(Gly-Ser) peptides and natural frag-
ments. The triplet donor Xan is attached at the N-terminus and the triplet acceptor Nal in the vicinity
of the C-terminus. Chain flexibility was increased in all fragments in the proximity of the resin in the
course of SPPS by Ser-Gly at the C-terminus.

Name Sequence charges® net charge®
+

(GS)s Xan-(GS)g-Nal-SG-O° 0 1 -1

(GS)16 Xan-(GS);4-Nal-SG-0° 0 1 -1

PVPE.Joop  Xan-KADARALTDGETKT-Nal-SG-NHY 4 3 +1

PVF . loop  Xan-LKAGDSDGDGKIGVDE-Nal-SG-NHY 3 5 -2

GB1-hairpin  Xan-DDATKT-Nal-SG-NHY 2 2 0

atpH7

Loop formation in the natural sequences was measured in 10 mM potassium phosphate at
pH7 and 22.5 °C (Figure 4.7). The time based change of the absorbance at 590 nm could be
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Figure 4.7.: Loop formation kinetics in natural sequences. (A) Time based change in absorbance at
590 nm. (B) Loop formation rate constant in comparison to (GS),, and (S), peptides.

described by a double exponential fit. The main fast phase corresponds to loop formation. A
second phase with low amplitude and a time constant around 1 s was found in all peptides,
which corresponds to the intrinsic donor lifetime from small peptide aggregates, in which the
labels are unable to form contact. The rate constants for loop formation for all peptides are
plotted in Figure 4.7 B in comparison to poly(GS) and poly(S) model peptides. They are in
good accordance with the values from Reference!'?’. A rate constant for loop formation of
(1.82 £ 0.01) - 107 s~ was found for the PV-EF-loop. Its chain dynamics are comparable to
the dynamics in polyserine peptides of identical length, although the former contains amino

acids with larger side chains, which were shown to slow down intrachain dynamics in host-
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guest studies®*. However, the high glycine content of the EF-loop might on the other hand
increase flexibility, in summary resulting in chain dynamics comparable to those observed in
polyserine peptides (black open points in Figure 4.8) of the same length. Loop formation
rate constants of (1.77 +£0.01)- 10" s~! and (3.49 +0.03) - 107 s~ were fond for the PV-DE-
loop and the GB1 hairpin, respectively. They are significantly smaller than the rate constants
observed in polyserine chains of identical length. This might be due to the presence of bulky

amino acids and a low Gly content.

4.1.5. Effect of Solvent Viscosity on Loop Formation in Natural
Sequences
To investigate the effect of increased solvent viscosity on loop formation in the natural se-

quences and to compare it with the effect in model peptides, TTET was measured in different

glycerol/water mixtures at pH 7 and 22.5 °C (Figure 4.8). Panels A and B of Figure 4.8 show
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Figure 4.8.: Intramolecular loop formation in natural sequences. (A, B) Time dependent absorbance
decay at 590 nm at different solvent viscosities. (C) Rate constants for loop formation as a function of
solvent viscosity. (D) Comparison of rate constants for loop formation of natural sequences with (GS),,
and S,, peptides. Data for (GS),, and S,, taken from Reference*

the time based change in absorbance at the indicated solvent viscosities. A significant deceler-
ation can be observed for the kinetics at high solvent viscosities. The traces could be described
by a double exponential fit, with the main phase yielding the rate constant for loop formation,
which is shown in Figure 4.8 C as a function of solvent viscosity. A linear decrease of log k. as
a function of log 1 could be observed and described by Equation 4.1. The obtained parameters
from the fit are summarized for the natural sequences in Table 4.3, in comparison to (GS)s.

For all natural fragments, the 3-values are close to -1, revealing an almost inverse viscosity
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Table 4.3.: Parameters for the viscosity dependence of chain dynamics.
Peptide k120 (51 -3
(GS)g (4.024+0.02)-10° 0.94 +0.01
PV-DE-loop (1.824+0.01)-10" 0.91 +0.01
PV-EF-loop (1.76 +£0.01)-10"  0.92 +0.01
GB1-hairpin® (3.27 +0.03)- 10" 0.90+0.05
2Data taken from Reference '*’.

dependence. They are slightly smaller than that of (GS)g, due to the influence of the amino

acid side chains.

4.1.6. Effect of Temperature on Loop Formation in Natural
Sequences

To characterize the barriers for intrachain loop formation in natural sequences and to compare
them with model peptides, TTET was measured in the PV-DE-loop, the PV-EF-loop and the
GB1-hairpin (Figure 4.6) at different temperatures. The temperature dependence of loop for-
mation kinetics are shown in Figure 4.9. As for the (GS)-peptides, loop formation is speeded
up significantly with increasing temperature. Double exponential kinetics were necessary to
describe the time-based decay at 590 nm at the different temperatures. The main phase cor-
responding to TTET yields the rate constants for loop formation (o), which was corrected for
changes in solvent viscosity with temperature (e) as described in Chapter 4.1.3. The broken
and solid lines represent a fit of the Arrhenius Equation (Equation 4.2) to the uncorrected and
viscosity-corrected loop formation rate constants, respectively. Table 4.12 summarizes the
measured activation energies and pre-exponential factors for the natural sequences in compar-
ison with the (GS)-model peptides.

The natural sequences exhibit both a higher activation energy and a larger pre-exponential
factor when compared with (GS)-peptides of the same length. The highest values for £/4 and
A were found for the GB 1-hairpin, since chain stiffness is high and large side chains affect loop
formation. In the longer PV fragments, £/4 and A are lower, indicating less stiff chains. The
slightly lower A and F, in the PV-EF-loop compared with the PV-DE-loop can be explained
by the higher Gly content in the former sequence. The lowest values for A and Es are found
for (GS)g and (GS)1¢. Due to their long chains and the high Gly content, chain stiffness is low,

allowing for efficient loop formation. The Gly content and chain length thus seem to have a
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Figure 4.9.: Loop formation dynamics as a function of temperature. Top: Time-based absorbance
decay at the indicated temperature. Bottom: uncorrected (o) and viscosity-corrected (e) rate constants
for loop formation as a function of temperature. The solid and broken lines represent a fit of Equation

4.2 to the data.

Table 4.4.: Arrhenius parameters for the indicated peptide in water.

Peptide A(s™hH E (kJ/mol)
(GS), ® (4.1+2.4)-10"°° 13.6+1.4
(GS)s 244+1.2)-108 48+1.2

(GS)q6 6.5+ 1.7)-107 3.9+0.6

PV-DE-loop (4.6 + 1.4)-10° 14.3+0.7
PV-EF-loop (1.9+ 0.3)-10° 12.5+0.7
GB1-hairpin (1.8 + 0.7)-10'°  15.7+0.9

a taken from Reference
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4.1. Chain Dynamics and Batrriers for Loop Formation in Unfolded Polypeptide Chains

large contribution to the chain flexibility and thereby strongly influence the barriers for loop

formation.
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4. Results and Discussion

4.2. Effect of Osmolytes and other Co-Solutes on the
Dynamics of Loop Formation

Solvent quality describes the characteristics of a solvent for a particular polymer in relation
to the characteristics of a reference solvent. In good solvents, peptide-solvent interactions are
more favorable than intramolecular interactions. As a consequence, the conformations of a
polymer will on average be more stretched out. In poor solvents, intramolecular interactions
are more favorable than peptide-solvent interactions and the polypeptide chain will on average

be more compact.

We want to modulate the solvent quality for the polypeptide chain and thereby tuning the
strength of intramolecular peptide interactions or peptide-solvent interactions, in order to study
their effect on loop formation dynamics and barriers. Modulation of the solvent quality can be
achieved by adding a third component (co-solute) to the polypeptide-water mixture. Nature
found a way to modulate solvent quality by using co-solutes with specific properties, which
are called osmolytes. They are present in many organisms, which experience environmen-
tal stress conditions like extreme temperatures, desiccation, osmotic pressure or denaturing
stress '8, Osmolytes are small organic molecules and can be produced by the organisms itself
as a means of stress response. The function of osmolytes includes counteracting osmotic pres-
sure and adjusting protein stability by modulation of the solvent quality. Protein destabilizing
osmolytes or co-solutes render a good solvent, increase solubility and stabilize the unfolded
state relative to the native state. Examples of destabilizing compounds are the osmolyte urea
and the co-solute GAmCI. Stabilizing osmolytes (stabilizers) were found to do the opposite,
i.e. lowering solubility and stabilizing the native state of proteins relative to the unfolded state
by rendering a poor solvent. Examples for stabilizing osmolytes are trimethylamine N-oxide
(TMAO) and sarcosine. Additionally, osmolytes exist, which have only a marginal effect on
protein stability. Examples for these neutral osmolytes are proline and arginine. Their func-
tion might be to increase the equilibrium solubility of both N and U, therefore suppressing
aggregation of denatured protein'” without stabilizing the native state '3*-'%2, All mentioned
substances are soluble up to concentrations of several molar and therefore allow measure-
ments at high co-solute concentrations. This is crucial, since the effect on the polypeptide

chain might be small and only prominent at high co-solute concentrations.

In proteins, osmolytes have been found to interact mainly with the backbone, less with side

chains and hardly with hydrophobic groups. Since the main effect is exerted on the backbone,
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4.2. Effect of Osmolytes and other Co-Solutes on the Dynamics of Loop Formation

it is expected that solvents of different quality lead to the formation and breaking of peptide
hydrogen bonds or peptide-solvent hydrogen bonds®?.

In contrast to proteins, which populate both the unfolded and the native state in equilibrium, we
wanted to investigate, whether co-solutes affecting protein stability also affect the dynamics
of loop formation in peptide chains, unable to form a folded state. By studying loop formation
in unstructured peptides, it is possible to observe the effect of co-solutes they solely exert on
the unfolded state.
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Figure 4.10.: Chemical structure of co-solutes. Stabilizers: Trimethylamine N-oxide (TMAO, A), Sarco-

sine (B). Neutral osmolytes: L-proline (C), L-arginine (D). Denaturants: urea (E), guanidinium chloride
(GdmCl, F). Compounds are ordered according to their measured Ag)'",,, values of a backbone unit

—

from water to 1 M co-solute '83. Value for L-arginine was provided by A. Tischer and M. Auton (personal
communication). Compounds A-E belong to the class of osmolytes.

The influence of different co-solutes on chain dynamics was tested for model peptides (Figure
4.1) and natural sequences (Figure 4.6). By comparing the effect of osmolytes in the different
proteins, we are able to determine the influence of of osmolytes on the peptide backbone and

the amino acid side chains.

4.2.1. Effect of Destabilizing Osmolytes and Co-Solutes on the
Dynamics of Loop Formation

The destabilizing compounds GdmCI and urea are used to determine protein stability and to

investigate kinetics and mechanisms for protein folding. Empirically, a linear relationship

between the logarithm of the microscopic rate constant for folding (k¢) or unfolding (%,) and

the denaturant concentration has been found, yielding the kinetic m-values m; and m,, for the
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4. Results and Discussion

folding or unfolding reaction, respectively. However, it is difficult to disentangle the effect of
denaturants on protein stability and folding, since both the native and the unfolded state are
affected. It is thus not possible to determine the effect of denaturants separately on U or N.
However, using flexible chains unable to attain the native state, the effect of denaturants on
unstructured polypeptides can be investigated and the contribution of chain dynamics to the
mg-value assessed.

Intramolecular TTET was measured by time resolved change in absorbance at 590 nm in the
presence of different urea or GdmCI (Figure 4.11) concentrations in the peptides used before
(Figure 4.6). A double exponential fit is necessary to describe the data, where the main phase
with high amplitude (90-95%) corresponds to TTET from Xan to Nal, yielding the rate con-
stant for loop formation k.. In all peptides, the denaturants urea and GdmClI reduce the rate
constant for loop formation. The value decreases in (GS)¢ from (1.39 + 0.03)-107 s~* in water
by a factor of 4 to (3.45 £ 0.02)-10° s~ in 10 M urea and by a factor of 7 to (2.00 + 0.03)-10° s ™1
in 8 M GdmCl. In the PVP%-loop k. was found to decrease from (1.50 +0.01)-107 s~! in water
by a factor of 4 to (4.11 +0.01)-10°s~! in 10 M urea and a factor of 6 to (2.50 + 0.02)-10% s—*
in 8 M GdmCl. The logarithm of the rate constant for loop formation depends in all investi-
gated peptides linearly on the molar denaturant concentrations of urea and GdmCI. Denatu-
rants thus affect k. in a comparable way as they influence the microscopic rate constant for

protein folding 33, The effect of denaturants on k. can be described by Equation 4.6

[D]

Ink, = In k20 — - =2
n neK, m RT

(4.6)
where k20 is the rate constant for loop formation in the absence of denaturants and m,. de-
scribes the strength of the influence of denaturants on loop formation. The fit parameters are
summarized in Table 4.5. In all peptides, the effect of GAmCI on k. is stronger than that of
urea, which results in 1.4 - 1.7 times higher m.-values in GdmCI compared to m,-values in
urea.

Moglich et al. > found a weak length dependence of the m-value for loop formation in GdmCl
and Urea in poly(GS) peptides. The m.-value for GdmCl and urea determined for (GS)
are slightly larger or identical when compared with the values of (GS)s. The three natural
sequences also show a weak length dependence of m, for both denaturants, where the highest
m. was found for the longest peptide, the PV-EF-loop in GdmCI.

The presence of denaturants in buffer solutions is known to drastically increase solvent vis-

169

cosity ', which affects chain diffusion. Aside from a viscous effect, urea and GdmCl are
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Figure 4.11.: Chain dynamics at various denaturant concentrations. (A-D): Effect of urea on loop for-
mation, monitored by time-based absorbance change at 590 nm. (E) Rate constants for loop formation
of the indicated peptide as a function of the urea concentration. (F-l) Effect of GdmCI on loop forma-
tion, monitored by time-based absorbance change at 590 nm. (J) Rate constants for loop formation of
the indicated peptide as a function of the GdmCI concentration. The solid lines in E and J represents
a fit of Equation 4.6 to the data. All measurements were performed in 10 mM potassium phosphate at
pH7 and 22.5°C.
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Table 4.5.: Denaturant dependent fitting parameters of Equation 4.6.

Peptide GdmCl urea
ke me K me e
(s™h (J/mol/M) (s™h (J/mol/M)

(Gly-Ser)s *  (3.65+ 0.01)-10" 488 +2 (3.86 +0.02)-107 348 +2 1.4
(Gly-Ser);s  (1.37 £0.02)-10" 582+ 13 (1.43 +£0.01)-10" 341 + 1 1.7
PVPEJoop  (1.50 + 0.01)-10" 511 +7 (1.50 + 0.01)-10" 299 + 2 1.7
PVEF Joop  (1.76 £ 0.01)-10" 557 +3 (1.80 + 0.01)-10" 343 + 1 1.6
GBl-hairpin  (3.64 + 0.03)-10" 447 + 10 (3.43 +0.02)-10" 280+ 5 1.6

aData taken from Moglich et al.

expected to exert an additional, denaturant specific effect. In order to determine this effect, the
rate constant for loop formation needs to be corrected for contributions from increased solvent
viscosity to chain dynamics. Equation 4.7 is applied to calculate the viscosity-corrected rate

constant &, from the loop formation rate constant

-B
K =k - <ﬁ> @.7)
o

71 is the measured solvent viscosity of the buffer containing urea or GdmCI (see Appendix,
Figure A.1). For (3, we use the values, which have been determined for each peptide according
to Equation 4.1 in the presence of glycerol (Table 4.3).

Figure 4.12 shows k. as a function of the molar denaturant concentration and the denaturant
mole fraction in comparison to the uncorrected data (A and D, see also Figure 4.11). In
all peptides, the viscosity-corrected rate constants for loop formation k. become slower in
the presence of denaturants. They asymptotically approach a limiting value at high urea and
GdmCl concentrations, respectively. This indicates, that the specific effect of destabilizing co-
solutes becomes saturated at high concentrations. The effect is similar for the (GS),, peptides
and the natural sequences, pointing towards a unifying mechanism, independent of the amino
acid sequence. The effect of urea and GdmCI on k. can therefore be explained by the sum
of the denaturant specific effect and an increase in solvent viscosity, while the latter effect
dominates k. at high co-solute concentrations, where the co-solute specific effect is already
saturated.

In order to describe the specific effect of destabilizing co-solutes on loop formation, Schell-

man’s weak binding model was applied. In this model, co-solutes and osmolytes are assumed
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Figure 4.12.: Non-corrected (A, D) and viscosity-corrected rate constants for loop formation as a func-
tion of the molar denaturant concentration (B, E) and the denaturant mole fraction (C, F). The solid
lines in C and F correspond to a fit of Equation 4.9 to the data.

to bind to independent sites along the polypeptide chain. Binding to the sites is weak and can
only happen via an exchange mechanism where a water molecule needs to leave in order for a
co-solute molecule to bind. An average fractional binding site occupancy v can be expressed

as a function of the co-solute mole fraction X5 by

(Kex - 1)XCOS
(KEX — 1)XCos +1

V= (4.8)
where Ky, describes the equilibrium constant for the exchange of a water molecule with a
denaturant molecule at a single binding site. The effect of co-solute binding on chain dynamics
is assumed to be proportional to the fractional binding site occupancy v, therefore treating all
co-solute binding sites along the polypeptide chain as being identical and independent of each
other. Above assumptions lead to the following Equation for the co-solute dependence of k:; 35

k= k0 — k% - (4.9)

C

where £ is the rate constant for loop formation in the absence of co-solute and where ~
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4. Results and Discussion

reflects a proportionality constant for the strength of the effect exerted on intrachain diffusion
by weakly bound co-solute molecules. The solid lines in Figure 4.12 C and F represent a fit
of the weak binding model (Equation 4.9) to the measured data. The fitting parameters v and

K, are summarized in Table 4.11. Differences in ~ for the various peptides are small while

Table 4.6.: Denaturant parameters for Schellman’s weak binding model

Peptide GdmCl urea

v Kpx gl K
(Gly-Ser)s 0.66 £0.01 33.8+09 0.69+0.01 133406
(Gly-Ser);s  0.77 £0.01 23.74+20 0.78+0.06 7.7+1.3
PVPEJoop 0.78 £0.01 162 +£0.7 078 £0.01 7.1+£0.2
PVEFJoop 072+ 0.01 41.8+28 083+0.02 8.6+0.6
GBl-hairpin 0.74 £0.02 104 £0.5 0.59 £0.03 9.4 +0.9

Ky differs significantly. At high urea or GdmCl concentrations, k., is speeded up by a similar
factor in all peptides but the concentration differs, at which the limiting regime is reached.

Further, Tanford’s Transfer Model was used to correlate the thermodynamic effect of the de-
naturants with the loop formation kinetics. The transfer free energy is obtained by summing
over the group transfer free energies (GTFE) of all groups within a polypeptide from water to

the respective co-solute (Ag%LIM), multiplied with each groups solvent accessibility, o;.ir.

AG%{SHM = Z ai;UAg?;g;M (4.10)
GTFEs are available for the side chains of the 20 canonical amino acids and the peptide
backbone unit from water to 1 M for the co-solutes TMAO, sarcosine, proline, arginine and

urea %134 According to earlier findings !0'-103

, we used the mean solvent accessibility of an
extended and a collapsed unfolded chain for c;.;;. The GTFEs of Trp was used to calculate the
GTEFE of Nal and multiplied with 1.5 for Xan. Calculated transfer free energies from the GTFE
are usually negative (favorable) for the transfer of a polypeptide from water to 1 M denaturant
while they are positive (unfavorable) from water to 1 M protectant. Figure 4.13 shows k. as a
function of the free energy for the transfer from water to 1 M urea for each peptide sequence.
For all peptides, the transfer free energy of both the side chains (SC) and the backbone (BB)
from water to 1 M urea is favorable. Accordingly, k. is lower in all peptides at 1 M urea (filled

points) compared to k. in water (open points).
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Figure 4.13.: Viscosity-corrected rate constant for loop formation as a function of the transfer free
energy from water to 1 M urea (closed points) in comparison with water (open points). BB: backbone,
SC: sidechain.

In addition to the effect various concentrations of denaturants have on loop formation dynam-
ics, we investigated the influence of destabilyzing osmolytes and co-solutes on the barriers
for loop formation. Loop formation dynamics were measured at different temperatures with a
fixed concentration of urea or GdmClI, respectively. We chose high concentrations of denatu-
rants, since the co-solute effects were expected to be small. Figure 4.14 shows k. and £/ as a
function of temperature in the presence of 6 M GdmCl or 8 M urea. k.. was calculated from k.
by Equation 4.3 with the solvent viscosity 7 of the buffer at the respective temperature.

For all peptides, k. and £, could be described by the Arrhenius Equation. The fit parameters for
for the viscosity-corrected loop formation rate constant are given in Table 4.7 in comparison
to the values obtained in water.

Interestingly, destabilizing co-solutes, which are expected to break intramolecular interactions,
do not lead to lower activation energies for loop formation compared with those in water. In
(GS)16, a viscosity-corrected activation energy of 6.4 + 0.2 % and 4.8 + 0.2 % was found
in the presence of 6 M GdmCI and 8.1 M urea, respectively. When comparing these values to
the £, =39+ 0.6 mk_i1 in water, it can be seen that denaturants are not lowering the activation
energy and the activation enthalpy but lead to a slight increase in £/4 instead. A similar result

was found for (GS);, (GS)s and the natural sequences.

4.2.2. Comparison of the Effect of Destabilizing Osmolytes and
Co-Solutes on the Dynamics of Loop Formation

Our results show, that denaturants lead to a deceleration of the loop formation rate constant in

all investigated peptides. The deceleration can be explained by the sum of two effects, namely
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4. Results and Discussion

an increase in solvent viscosity and a denaturant specific effect. The denaturant specific effect
becomes saturated at high concentrations and can be explained by Schellman’s weak binding
model. The fit yields higher K, values for the more potent denaturant GdmCl compared to
urea. However in the high concentration limit, the strength of the denaturant specific effect is
identical for both denaturants.

The activation energies associated with loop formation are slightly increased in both denatu-
rants in comparison to water, while the Arrhenius pre-exponential factors are similar to that
in sole water. A possible explanation for the slightly increased /5 and the slower loop for-
mation evoked by denaturants is, that denaturant molecules might bind to the backbone of the
polypeptide, since the effect is independent of the amino acid sequence. This view is supported

by the large favorable transfer free energy of the backbone in 1 M urea.
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4.2.3. Effect of Stabilizing Osmolytes and Co-Solutes on the
Dynamics of Loop Formation

Loop formation kinetics were investigated in the presence of the stabilizing (protecting) os-
molytes TMAO and sarcosine to assess their effect on the unfolded state dynamics. To test,
whether these compounds affect the intrinsic donor lifetime of Xan, we investigated peptides
bearing the donor but not the acceptor. Figure 4.15 and 4.16 show the effect of TMAO and
sarcosine on these donor-only peptides, respectively.

The triplet state of xanthone of the donor-only peptides in the presence of co-solutes was fol-
lowed by time based absorbance at 590 nm. A double exponential fit was necessary do describe
the kinetic traces in sole buffer and low stabilizer concentration, as expected for a bimolecular
triplet quenching process with approximate identical concentrations of the quenching com-
pound and the donor-only peptide. In case of a quenching compound in excess of donor-only
molecules, single exponential kinetics are expected. Accordingly, at co-solute concentrations
higher than 1 M (TMAO) or 3 M (sarcosine), single exponential kinetics were observed due to
an excess of triplet quenching compounds present in the buffer. While sarcosine and TMAO
itself do not interfere with TTET, quenching of Xan is addressed to remaining impurities (e.g.
residual heavy metal ions). These impurities were present even at the highest commercially
available grade for both protectants and could not be removed efficiently by an additional
purification step. It is thus not possible to directly obtain absolute rate constants for loop for-
mation from the kinetics in the presence of TMAO or sarcosine. An apparent rate constant
(Kapp) 1s obtained instead, which represents the sum of the rate constant for loop formation
and the donor triplet quenching rate constant in the respective buffer. In order to determine the
absolute rate constants for loop formation k., donor-acceptor and donor-only peptides were
measured under identical conditions and the xanthone decay rate constant determined by the
donor-only peptide subtracted from k,,,. (GdmCI, urea, Na;SO, and proline did not influence
the xanthone lifetime in donor-only peptides in the concentration range used. Therefore, k.
could be obtained directly from the kinetic traces at 590 nm in the presence of denaturants due
to the long intrinsic donor lifetime).

Loop formation dynamics in the presence of TMAO (Figure 4.17) and sarcosine (Figure 4.18)
were monitored by TTET in the peptides used above, bearing donor and acceptor.

In the presence of protectants, the signal to noise ratio of the normalized kinetic traces is
lower than in the presence of denaturants. This is a consequence of the lower solubility of the

peptides in the poor solvents formed by TMAO and sarcosine. A double exponential fit was
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Figure 4.15.: Decay of the triplet state in donor-only peptides in the presence of TMAO. Left: Time
based change in absorbance at 590 nm. Right: Rate constants for the triplet decay as a function of
[TMAQ].
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Figure 4.17.: Chain dynamics at various TMAQ concentrations. Left: Time-based absorbance change
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ing corrected rate constants for loop formation (e) as a function of the TMAQO concentration in com-
parison with the apparent rate constant (o). All measurements were performed in 10 mM potassium
phosphate at pH7 and 22.5°C.
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necessary to describe the data for all doubly labeled peptides in sarcosine and at low TMAO
concentrations (< 1 M) while single exponential kinetics were observed for higher TMAO
concentrations. The main or single phase corresponds to TTET from Xan to Nal and yields
an apparent rate constant. For both stabilizing osmolytes, the apparent rate constants display
a weak concentration dependence at low TMAO or sarcosine concentrations. While k,, is
decreasing only slightly in most peptides with increasing protectant concentration, it even in-
creases slightly in the PV-DE-loop. The concentration dependence of the rate constant gets
more pronounced for intermediate protectant concentrations. At high TMAO concentration,
the effect on k,;,, decreases again due to the quenching of Xan. The rate constants for loop
formation k. are shown on the right in Figure 4.15 and Figure 4.16 as a function of the molar
co-solute concentration, in comparison to the apparent rate constant. In contrast to denatu-
rants, no linear relationship is found for log k. as a function of the co-solute concentration.
At low concentrations, k. is only weakly sensitive for changes in [TMAQY] or [sarcosine]. For
(GS)s, (GS)14, PV-DE-loop and GB1-hairpin in TMAO as well as the PV-DE-loop in sarco-
sine, k. increases slightly and reaches a maximal value at around 0.4 M of protectant. k. then
decreases rapidly with increasing [protectant] at higher concentrations. Since both TMAO
and sarcosine are known to increase the viscosity of the buffer significantly with increasing
co-solute concentration, solvent viscosity is expected to be responsible for the strong decrease
in k. at high co-solute concentrations. In order to elucidate the specific effect of stabilizing
osmolytes, k. was corrected for changes in solvent viscosity as described in Chapter 4.2.1, by
using Equation 4.7 and the (3-values obtained from the viscosity dependence measurement.
Non-corrected and viscosity-corrected rate constants are compared for all peptides in Figure
4.19. k. and k. are shown as a function of the molar TMAO concentration in Panels A and B
and as a function of the molar sarcosine concentration in panels D and E. In panels C and F, £,
is shown as a function of the TMAO or sarcosine mole fraction, respectively. In all peptides,
both TMAO and Sarcosine lead to an acceleration of the viscosity-corrected rate constants for
loop formation. As for loop formation in the presence of the destabilizing co-solutes GdmCl
and urea, k. asymptotically approaches a limiting value at high TMAO or sarcosine concen-
trations, respectively. This indicates, that the specific effect of stabilizing osmolytes becomes
also saturated at high concentrations. The effect is similar for the (GS),, peptides and the natu-
ral sequences, pointing towards a similar mechanism of action, independent of the amino acid
sequence. As for the destabilizing co-solutes, the effect of TMAO and sarcosine on k. can be
explained by the sum of the osmolyte specific effect and an increase in solvent viscosity, while

the latter effect dominates k. at high co-solute concentrations, where the co-solute specific
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effect is already saturated.
The protectant specific effect on loop formation could be described by Schellman’s weak bind-
ing model (see Chapter 4.2.1). The fit parameters for the weak binding model are summarized

in Table 4.8. In contrast to destabilizing osmolytes and co-solutes where positive y-values

Table 4.8.: Parameters for Schellman’s weak binding model for protecting osmolytes.
Peptide Sarcosine TMAO
g Krx g K

(Gly-Ser)g -040 +£0.06 452 +250 -0454+0.05 180+ 55
(Gly-Ser);s -0.38 £0.04 45.6 £10.3 -0.39+0.03 100 £ 21
PVPE.Joop -0.56+0.04 474+99 -0.58+0.03 493 +73
PVEF _Joop -0.65+ 006 16.1+29 -045+0.02 17.9+2.2
GBl-hairpin -0.45 +£0.06 18.1+49 -0.77+0.02 28.0+23

have been found, protectants yield negative y-values in order to account for the increase in k.,
with increasing protectant concentrations. The absolute effect of denaturants and protectants

on k! is comparable. Values for K, in TMAO and sarcosine are positive as for denaturants,
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4. Results and Discussion

while the values for TMAO are generally larger than for sarcosine. The limit for £ is thus
reached already at lower concentrations for TMAO than for sarcosine. In contrast to denat-
urants, which interact favorably with polypeptides, TMAO and sarcosine are expected to be
preferentially excluded from the polypeptide vicinity and binding of a water molecules to a site
along the polypeptide chain is more probable than binding of a stabilizing osmolyte molecule.
Accordingly, v, which has been positive in denaturants is negative for stabilizing osmolytes.

To test, whether k. is correlated with the free energy for transfer from water to 1 M TMAO or
1 M sarcosine, AG?}?S_,

available GTFE’s. Figure 4.20 shows k. as a function of the transfer free energy for each

v Was calculated for each peptide according to Chapter 4.2.1 using

peptide sequence. For all peptides, the free energy of transfer of the backbone from water to
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Figure 4.20.: Viscosity-corrected rate constant for loop formation as a function of the transfer free
energy to 1M TMAO (A-C) and 1M sarcosine (D-F) in comparison with water (open points). BB:
backbone, SC: side chain.

1 M TMAO and 1 M sarcosine is unfavorable (positive), while it is weakly favorable (negative)
for the side chains, resulting in an unfavorable sum of the transfer free energy. Generally,
transfer energies are larger for | M TMAO than 1 M sarcosine. Accordingly, k. is higher in
1 M TMAQO than in 1 M sarcosine in most peptides.

Additionally to data from water to 1 M of osmolyte, GTFE’s are also available for the transfer

from water to 2, 4 and 6 M sarcosine'®°. The viscosity-corrected rate constant for loop for-
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mation as a function of the energy for the transfer from water to the respective [sarcosine] is
summarized in Figure 4.21 for all peptides. Transfer energies were calculated by interpolation
of the available data (panels on the far left in Figure 4.21). The panels on the left, right and far
right show log k! as a function of the total, the BB or the SC transfer free energy, respectively.
As seen before, the free energy associated with the transfer to medium or high concentrations
of sarcosine is smaller for the SC when compared with the BB. A slightly favorable transfer
free energy is found for the SC, while it is unfavorable for the BB and the sum of BB and
SC. There exist two regimes for changes in log k.. both for the sum and the BB transfer free
energy. At low concentrations, log &’ increases strongly, while the transfer free energy AG%
changes only marginally. At higher concentrations, log k.. increases only slightly with increas-
ing AG%'". This observation is alike for the natural sequence and the (GS)-repeat peptides,
revealing only a marginal effect of side chains. It is not clear, which effects lead to these
two regimes at low and high AG%"". Eventually, all possible intramolecular interactions are
formed already at a transfer energy of several kJ/mol. An additional decrease in solvent quality

then hardly affects loop formation dynamics.

We were further interested, what effect the stabilizing osmolytes TMAO and sarcosine have
on the barriers for loop formation. Loop formation dynamics were measured at different tem-
peratures with a fixed concentration of urea or GdmCl, respectively. Loop formation was
measured by TTET in the presence of 4 M TMAO or 4 M sarcosine in the temperature range
between 5 °C and 30 °C. In order to calculate the rate constant for loop formation, intrinsic
triplet decay in donor-only peptides was measured at identical conditions. The rate constant
for loop formation was calculated from the apparent rate constant by subtracting the rate con-
stant for the intrinsic triplet decay as described in Chapter 4.2.3. Figure 4.22 shows the cal-
culated and viscosity-corrected rate constants for loop formation as a function of temperature.
Viscosity-corrected rate constants were calculated as shown in Chapter 4.1.3. Table 4.9 sum-
marizes the measured activation energies and pre-exponential factors for the different peptides
in the presence of 4 M TMAO or 4 M sarcosine. The activation energy and the Arrhenius pre-
exponential factor are increased in the presence of stabilizing osmolytes compared to water
for both the (GS)-model peptides and the natural sequences (except in the GB1-hairpin.). An
activation energy of 10.4 £+ 0.8 kJ/mol was found for (GS)s in the presence of 4 M sarcosine,
~ 6 kJ/mol higher than that in sole buffer. The pre-exponential factor concomitantly increases
from (2.4 +1.2)-108s ' to (3.1 +£ 1.1)-107 s~ .
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Figure 4.21.: Rate constant for loop formation as a function of the transfer free energy from 0-6 M
sarcosine. (A-D) (GS)s, (E-H) (GS)6, (I-L) PV-DE-loop, (M-P) PV-EF-loop and (Q-T) GB1-hairpin.
Transfer free energy were calculated for the sidechains (SC), backbone (BB) and the sum of BB and
SC according to Auton et al. 10",
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Table 4.9.: Arrhenius parameters for the indicated peptide in the presence of stabilizing osmolytes in comparison to water.

Water 4 M sarcosine 4M TMAO
Peptide A(s™ E A (kJ/mol) A E A (kJ/mol) AGs™ E (kJ/mol)
(GS)s 2.4+ 1.2)-10° 48+1.2 3.1+ 1.1)-10° 104+0.8 (1.4+1.1)-10"° 14.0+1.9
(GS)16 6.5+ 1.7)-107 3.9+4+0.6 (5.9+9.0)-108 9.0+3.8 -

PV-DE-loop (4.6 +1.4)10° 143+0.7 (1.7+0.6)-10'" 222409 (4.6+2.4)10" 24.0+1.3
PV-EF-loop (1.9+0.3)-10° 125+0.7 (3.5+£0.7)-10'° 182405 (1.14£0.4)-10"° 153+0.8
GB1-hairpin (1.8 +0.7)-10'° 15.7+0.9 - - (1.2£0.1)-10"°  13.3+0.3

A and E, in water for (GS); taken from Reference '’
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4.2.4. Comparison of the Effect of Stabilizing Osmolytes and
Co-Solutes on the Dynamics of Loop Formation

In all investigated peptides, viscosity corrected rate constants for loop formation increase with
increasing TMAO or sarcosine concentration. The osmolyte specific effect becomes satu-
rated at high concentrations of stabilizing co-solutes and can be described by Schellman’s
weak binding model. The Ky, values are larger for for the more potent stabilizing co-solute
TMAQO in all peptides, in comparison with sarcosine. Both higher activation energies and
pre-exponential factors were found in the presence of stabilizers when compared with the val-
ues in water. The higher activation energy for loop formation in the presence of stabilizing
osmolytes indicates, that more intramolecular enthalpic interactions in the peptide chain are
present compared to water, which must be broken in order to be able to form loops. These
intramolecular interactions restrict the conformational space. Despite the formation of in-
tramolecular interactions and the restriction of the conformational space, loop formation is
faster in stabilizing osmolytes, due to a higher Arrhenius pre-exponential factor than the one
obtained in water. Since the effects are approximately the same in the (GS) peptides and the
two PV-loops, the intramolecular interactions are believed to be hydrogen bonds, since they

are the sole intramolecular interaction possible in the (GS) peptides.

81



4. Results and Discussion

4.2.5. Effect of Neutral Osmolytes on the Dynamics of Loop
Formation

To investigate the effect of neutral osmolytes on loop formation, chain dynamics were inves-
tigated in the presence of proline or arginine. While proline was not found to interact with
the triplet transfer reaction, arginine affects the intrinsic triplet lifetime of Xan. Figure 4.23
shows the time based decay in absorbance at 590 nm for the (GS)-donor-only peptide and the

donor-only peptides of the natural sequences at the indicated arginine concentration. A dou-
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Figure 4.23.: Effect of arginine on the Xan triplet state. (A-D) Time based triplet decay in the presence
of the indicated arginine concentration. (E) Rate constants for intrinsic triplet decay as a function of the
arginine concentration.

ble exponential fit was necessary to describe the Xan triplet decay. The rate constant for the
triplet decay is obtained from the main phase and is significantly increased in the presence of
arginine in all donor-only peptides.

TTET was measured for the model peptides and the natural sequences bearing donor and
acceptor in the presence of proline and arginine. TTET was followed by time-based decay in
absorbance at 590 nm. Figure 4.24 shows the effect of proline on the kinetic traces and the rate

constants for loop formation. The time based decay traces at 590 nm could be described by
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Figure 4.24.: Chain dynamics at various proline concentrations. Left: Time-based absorbance change
at 590 nm. Right: Rate constants for loop formation as a function of the proline concentration. All
measurements were performed in 10 mM potassium phosphate at pH7 and 22.5°C.
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a double exponential fit, directly yielding the rate constant for loop formation from the main
phase. Panels B, D F and H of Figure 4.24 show the obtained rate constant for loop formation
as a function of the proline concentration. It decreases with increasing proline concentration.
At high proline concentrations, the effect on k. becomes even more significant.

Results from TTET measurements in the presence of arginine are shown in Figure 4.25. The
time base absorbance decay at 590 nm could be described by single exponential kinetics (ex-
cept for (GS)s where a double exponential fit was necessary), yielding an apparent rate con-
stant. Similar to TTET measurements in TMAO and sarcosine, the rate constant for loop
formation could be obtained by subtracting the triplet decay rate constant of the donor-only
peptide from the apparent rate constant at identical conditions. Apparent (o) and loop forma-
tion (e) rate constants are shown in Figure 4.25 on the right. Due to limitations in arginine
solubility in aqueous buffer, the effect of arginine on chain dynamics could only be studied
for [arginine] up to about 1 M. However, even at these low concentrations, arginine was found
to strongly decrease k.. For all peptides, k. is decreased by a factor of 2-3 from water to
1 M arginine. Arginine thus decreases k. even stronger than GdmCl does at identical co-solute
concentrations.

The rate constant for loop formation k. was corrected for changes in solvent viscosity as de-
scribed in Chapter 4.1.3, by using Equation 4.7 and the /3-values obtained from the viscosity
dependence measurement in glycerol. Non-corrected and viscosity-corrected rate constants
are summarized in Figure 4.26. k. and k. are shown as a function of the molar proline con-
centration in Panels A and B and as a function of the molar arginine concentration in panels
D and E. In panels C and F, £ is shown as a function of the proline or arginine mole fraction,
respectively. Proline has little effect on the viscosity-corrected loop formation rate constant.
In all peptides except the PV-EF-loop, k. increases and reaches a maximum at around 3 M pro-
line. At higher proline concentrations, k! decreases again. In the PV-EF-loop, the corrected
loop formation rate constant decreases with increasing proline concentration and asymptot-
ically approaches a limiting value at high proline concentrations. Only in this peptide, the
data could be described by the weak binding model from Schellman (Equation 4.9). The fit
yields k0 =(1.80 £ 0.01)-107 s, v=0.41 +0.04 and Kg, =6.5 £ 1.2, the smallest value for
the exchange equilibrium constant found for the investigated osmolytes and co-solutes. The
effect of arginine could not be described by the weak binding model in any of the investigated
peptides.

To test, whether the transfer free energy could describe the effect of neutral osmolytes on k.,

the free energy of transfer from water to 1 M proline or 1 M arginine was calculated for each
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corrected (A, D) and viscosity-corrected (B, E) rate constants for loop formation as a function of the
molar concentration and the mole fraction (C, F) of neutral osmolytes. The solid line in C corresponds
to a fit of Equation 4.9 to the data.

peptide. This was done according to Chapter 1.6.1, using available GTFE’s. Figure 4.27 shows
k; as a function of the transfer free energy for each peptide sequence. For proline, small trans-
fer free energies are found for all investigated peptides. The unfavorable transfer free energy
of the backbone is compensated by a favorable transfer free energy of the side chains. Accord-
ingly, the viscosity-corrected rate constants for loop formation are almost identical to those
measured in water. For proline, Figure 4.27 thus yields the expected result, that osmolytes
with a small transfer free energy have only a little effect on the loop formation kinetics. For
arginine, the calculated transfer free energies are also small for the investigated peptides. A
small unfavorable transfer free energy of the backbone is compensated by a larger favorable
transfer free energy of the side chains. Although this results in slightly favorable transfer
free energies, a large effect can be observed for £ in arginine. Aside from the transfer free
energy, arginine seems to affect loop formation in the investigated peptides in an additional
way, probably due to specific interactions of arginine molecules with several amino acid side

chains.

The influence of the neutral osmolyte arginine on the barrier for loop formation was investi-
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Figure 4.27.: Viscosity-corrected rate constant for loop formation as a function of the transfer free
energy from water to (A-C) 1 M proline and (D-F )1 M arginine in comparison to water (o).

gated for the model peptides and the natural sequences. In order to calculate the rate constant
for loop formation, we measured the rate constant for the intrinsic triplet decay in donor-
only peptides in buffer containing 1 M arginine at various temperatures. k. was calculated
from the apparent rate constant by subtracting the rate constant for the intrinsic triplet decay
measured at identical temperatures (see Chapter 4.2.3). Figure 4.28 shows the calculated and
viscosity-corrected rate constants for loop formation as a function of temperature. Viscosity-
corrected rate constants were calculated as shown in Chapter 4.1.3. Table 4.9 summarizes the
activation energies and pre-exponential factors for the different peptides in the presence of
1 M arginine obtained from the Arrhenius Equation to the data. The activation energy and the
Arrhenius pre-exponential factor are significantly increased in the presence of 1 M of the neu-
tral osmolyte arginine in all peptides when compared with the values obtained in water. The
effect is identical for (GS)g and (GS)4, where the activation energy is increased by 9 kJ/mol
and the pre-exponential factor is increased by a factor of 30 compared to water. In the nat-
ural sequences, the activation energy is increased by 5-9 kJ/mol. An even larger effect on A
was observed for the natural sequences compared to the (GS)-peptides. Amongst the natural

sequences, the strongest effect for A and F, was observed for the PV-DE-loop.
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Figure 4.28.: Effect of temperature on loop formation dynamics in the presence of the neutral osmolyte
arginine. All measurements were performed in 10 mM potassium phosphate, 1 M arginine at pH 7.

4.2.6. Comparison of the Effect of Neutral Osmolytes on the
Dynamics of Loop Formation

The neutral osmolytes arginine and proline were expected to have only a small influence on
loop formation dynamics, since the calculated transfer free energy for all investigated peptides
from water to 1 M of the respective osmolyte is small. Proline indeed had only a negligible
effect on loop formation dynamics with values for & similar to those in water. The effect of
proline on £/ could not be described by Schellman’s weak binding model, except for the PV-
EF-loop. In the presence of arginine, an unexpectedly strong deceleration in loop formation
was found, with the magnitude of the effect depending on the peptide’s amino acid sequence.
This effect cannot be described by the transfer free energy but might arise from specific binding
of arginine to several amino acid side chains. Additionally, the presence of arginine leads to
a higher Arrhenius pre-exponential factor and a higher activation energy associated with loop
formation. Arginine thus leads to the restriction of the conformational space, due to interaction

with the side chains of polypeptides.
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Table 4.10.: Arrhenius parameters for the indicated peptide under different solvent compositions.

Water 1 M Arginine
Peptide AT E (kJ/mol) A E (kJ/mol)
(GS)s (2.4+1.2)-10° 48+12 (7.5+£1.6)10° 14.0+£0.5
(GS)16 (6.5+1.7)-107 39+0.6  (20+0.3)10° 13.1+04

PV-DE-loop (4.6 + 1.4)-10° 1434+0.7 ((32+1.2)-10" 257409
PV-EF-loop (1.9 +0.3)-10° 125407 3.6+1.2)-10"° 203+0.8
GBl1-hairpin (1.8 £0.7)-101° 15.74+0.9 (1.0£0.2)-10'* 20.1+0.6
A and E, in water for (GS); taken from Reference '’
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4.2.7. Summary of the Effect of Osmolytes and Co-Solutes on the
Dynamics of Loop Formation

This chapter summarizes the effect of destabilizing, stabilizing and neutral osmolytes and co-
solutes on loop formation dynamics and barriers, obtained for the investigated peptides. The
data is described with Schellman’s weak binding model and can be correlated to the peptides
transfer free energy calculated with Tanford’s Transfer Model.

4.2.7.1. Schellman’s Weak Binding Model

Viscosity-corrected rate constants for loop formation are summarized for all peptides in the
presence of the different osmolyes in Figure 4.29. While the viscosity-corrected rate con-
stants for loop formation &, become slower in the presence of destabilizing co-solutes, they
increase with increasing concentrations of protecting co-solutes and are almost unaffected in
the presence of the neutral co-solute proline. For the model peptides as well as the natural
sequences, k. asymptotically approaches a limiting value at high TMAO, sarcosine, urea and
GdmCl concentrations. This indicates, that the co-solute specific effect becomes saturated
at high co-solute concentrations. The effect of all co-solutes on k. can be explained by the
sum of the co-solute specific effect and an increase in solvent viscosity, while the latter effect
dominates k. at high co-solute concentrations, where the co-solute specific effect is already
saturated.

When plotting the viscosity-corrected rate constant as a function of the mole fraction concen-
tration scale, the Schellman weak binding model can be used to describe the data in aqueous
buffers containing denaturants but also in the presence of stabilizing osmolytes and for the
neutral osmolyte proline in the PV-EF-loop. Values of k. corrected for changes in solvent
viscosity are shown as a function of the co-solute molar (Figure 4.29 left) and mole fraction
(right) concentration scale for all investigated peptides. The solid lines represent a fit of the
weak binding model (Equation 4.9) to the measured data. The parameters v and Ky, from
this model were shown before and are summarized here for all investigated osmolytes and
co-solutes (Table 4.11). Positive y-values are found for denaturants, which interact favorably
with the polypeptide chain and thus lead to a decrease of &, with increasing denaturant con-
centration. Negative ~y-values can be found however for the stabilizing osmolytes TMAO and
sarcosine, which lead to an increase of k, with increasing concentration.

The effect of the co-solutes Na; SO, (for the PV-EF-loop and the GB1-hairpin), proline (for
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Table 4.11.: Parameters for Schellman’s weak binding model

Peptide GdmCl urea

Y Kgy Y Ky
(Gly-Ser)g 0.66 +0.01 33.8+09 0.69+0.01 13.3+0.6
(Gly-Ser);s  0.77 £0.01 23.7+20 0.78+0.06 7.7+1.3
PVPE_loop 0.78+0.01 162+0.7 0.78+0.01 7.1+0.2
PVEF_loop 0.72+0.01 41.8+28 083+0.02 86+0.6
GB1-hairpin 0.74 £0.02 104 +05 0.59+0.03 94+0.9

Sarcosine TMAO

i KEx Y KEx
(Gly-Ser)g -040 £ 0.06 452 +250 -0.45+0.05 180+ 55
(Gly-Ser);s -0.38 £0.04 456+ 103 -0.39+0.03 100 + 21
PVPE Joop -0.56 +0.04 474+99 -0.58+0.03 493+73
PVEf Joop  -0.65+0.06 16.1+29 -045+0.02 17.9+22
GB1-hairpin -0.45 £0.06 18.1+£49 -0.77+0.02 28.0+2.3

the (GS)s, PV-DE-loop and GB1-hairpin), NaCl (all peptides) and arginine (all peptides) on
k; could not be described by the weak binding model. In the presence of arginine, no limiting
value for k. was reached. This was also the case for the PV-EF-loop in the presence of Na;SO,.
In the presence of NaCl ((GS)g) and Na;SO, (GB1-hairpin), k'c decreases at low co-solute
concentration but increases at high co-solute concentration. This behavior is expected to be
due to a salt effect of these compounds, since charge interactions were found to dominate
the dimensions of unstructured polypeptides'®® and thus might also affect end-to-end loop
formation.

In order to compare the strength of the effect, stabilizers exert on k, between the different pep-
tides, relative k_-values were calculated. They were obtained by dividing k., at each co-solute
concentration by the value for k. of the same peptide in sole buffer. Figure 4.30 shows the
relative effect of the co-solutes on the loop formation rate constant for the different peptides.
It can be seen, that the relative effect of the different co-solutes is approximately identical in
all peptides. This indicates, that the amino acid sequence has only a marginal influence on
end-to-end loop formation in the presence of TMAO and sarcosine. Therefore, it seems ev-
ident, that the stabilizers interact mainly with the backbone of the polypeptide chains. They
lead to a ~ 40% increase in k;(rel) in the high co-solute concentration limit with TMAQO be-
ing slightly more efficient than sarcosine in speeding up the rate constant for loop formation

already at lower concentrations. Generally, larger K, values are found in TMAO compared
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to those found in sarcosine. Accordingly, larger values for Ky, are found for the more ef-
ficient denaturant GdmCI compared with those in urea. This can be seen most prominently
when comparing the (GS),, peptides in sarcosine and TMAO. Since these peptides represent
the bare backbone, the isolated effect of the osmolytes on the backbone is observed, where the
stronger effect of TMAO on £, is most apparent and agrees with TMAO being found to be the

most effective organic osmolyte !

4.2.7.2. Using Tanford’s Transfer Model to Describe the Effect of Osmolytes
and other Co-Solutes on Loop Formation

Figure 4.31 shows the rate constant for loop formation at 1 M co-solute (k}y; ) as a function
of the polypeptides transfer free energy from water to 1 M osmolyte or co-solute. The transfer
free energy from water to the respective co-solute is indicated by the different colors. In the
panels on the left, k7, is plotted as a function of the transfer free energy of the backbone
(BB), the sidechains (SC) and the sum of the two. The effect of the BB and the SC alone on
K1\ cos are shown in the middle and right panels of Figure 4.31, respectively.

0;tr;sum

A direct correlation between log k7y; . and the sum of the transfer free energy AGy."
can be found for the investigated peptides, except for arginine, whose log k7, ¢ are generally
lower than would be expected. A correlation can be also found for log k7, s With the BB
transfer free energy. This correlation is most distinct for the (GS), peptides, which represent
the backbone and where the effect of SC is absent compared to the natural sequences with
their large and complex SC. In all peptides but the short GB1-hairpin, the main contribution to
AGOUtgjL{T/I for TMAO, sarcosine, GAmCI and urea arises from the backbone transfer free en-
ergy. In contrast to the BB, no correlation for log k', s With the SC transfer free energy was
found. As a consequence, in arginine and the GB1-hairpin, where the side chain transfer free
energies are dominating, the correlation with AGY;>11; is ill defined. Arginine might bind or
tightly interact with the amino acid SC, which results in a strong deceleration end-to-end loop
formation. In the other cases however, Tanford’s Transfer Model is well suited to describe
the effect of the different co-solutes on the rate constant for end-to-end loop formation, where

stabilizers lead to faster kinetics and denaturants to slower kinetics, respectively.
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4.2.7.3. Summary of the Effect of Osmolytes and Co-Solutes on the Barriers
for Loop Formation

In order to unravel in detail, what influences barriers for intrachain loop formation and get
insight into their origin, TTET was applied to measure end-to-end loop formation in peptides
with different length and amino acid sequence at varying temperatures. Further, the influence
of the solvent quality on the barrier height was tested for the various peptides, in order to
understand, how solvent quality influences the properties of peptides with different length
amino acid composition. Solvent quality was modulated by the addition of GdmCI, urea,
sarcosine, TMAQ, arginine and Na,SO,, thereby rendering a good or poor solvent for the
polypeptide chain. The influence of temperature on loop formation was measured for the
three natural sequences (Figure 4.6) as well as (GS)s and (GS);6. Table 4.12 summarizes
the measured activation energies and pre-exponential factors for the different peptides for all
investigated conditions. For better visualization, the values are represented graphically in
Figure 4.32.

E is shown in red (left scale) and A in blue (right scale). At all conditions, the natural
sequences exhibit higher values for £y and A than (GS)s and (GS);6. Denaturants lead to a
slight increase in both A and E'5 in all peptides when compared to the values in water. The
increase is stronger in the presence of protectants, and analogue to the findings in the (GS)
peptides. The higher barrier and pre-exponential factor in the presence of protectants indicates,
that more enthalpic interactions must be broken in order to form end-to-end loop formation.
Thus, a larger number of enthalpic intramolecular interactions exists in poor solvents for the
polypeptide chain. Since the effects are approximately the same in the (GS) peptides and
the two PV-loops, these interactions are believed to be hydrogen bonds, since they are the
sole intramolecular interaction possible in the (GS) peptides. In the presence of protectants,
they are more favorable than peptide-solvent hydrogen bonds and therefore lead to a more
compact chain with a higher barrier for end-to-end loop formation. This is in good agreement
with earlier findings*® and with faster rate constants for loop formation at high protectant
concentration, where the effect can be addressed to a compactness of the polypeptide chain.
This is in agreement with higher values for A in poor solvents compared to those in water.

It was shown above, that loop formation in short peptides is not solely diffusion controlled.
For these peptides, [3-values # -1 are obtained. Concomitantly, high activation barriers for
loop formation were found for these peptides. This prompted us to plot F as a function of

B. A linear correlation between the two values could be found for (GS),- and (S),-peptides of
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Figure 4.32.: Summarized Arrhenius parameters for loop formation in the presence of the indicated
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different length (Figure 4.33). In the stiffer (S),-peptides, [/4 increases faster with increasing
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Figure 4.33.: Activation energy E 4 for loop formation as a function of the solvent viscosity sensitivity
3. Data for (GS), () and (S), (o) taken from References '27:1%,

B than in (GS),. Long (GS), peptides with n > 8, which behave like statistical chains, cluster
around [-values of -1 and activation energies of 4-5 kJ/mol. Short chains do not behave like
statistical chains, since enthalpic contributions have a significant influence for the loop forma-
tion reaction. Loop formation in these peptides is in contrast to long chains not predominantly
controlled by entropy. Steric or enthalpic effects are assumed to be the reason for the high
activation energy in chains with a large A, which indicates a compact conformation.

The natural sequences exhibit higher activation energies for end-to-end loop formation in wa-
ter than that expected for poly-(GS) chains with identical 5. The correlation of £y with 3 for
the PV-DE-loop and the PV-EF-loop in water and for the PV-EF-loop in 6 M urea is compara-
ble to that of the (S), peptides. In the presence of 4 M TMAO, the difference of the activation
energy of the PV-EF-loop and the poly-Ser with identical [ is significant. The 3 value of
the PV-EF-loop increases with decreasing solvent quality. This feature might be unexpected
on the first glance. A possible explanation for this observation is, that the polypeptide chain
is more sensitive to the viscous effect of glycerol, since TMAO is excluded from the peptide
vicinity. Under these conditions, the polypeptide chain interacts mainly with the viscosifier. In
the presence of urea, the peptide experiences less of the macroscopic solvent viscosity, since
urea is expected to bind weakly to the polypeptide and thereby occupying interaction sites of

the peptide with the viscosifier.
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4.2.7.4. Effect of Solvent Quality on the Dynamics of Loop Formation

In good solvents like urea, the end-to-end loop formation rate constant is lower than in water,
while £ becomes higher in poor solvents. The kinetics thus depend on solvent quality. We
assume the polypeptide chain in poor solvents to be more compact due to the formation of
intramolecular interactions at the expense of peptide-solvent interactions in agreement with

earlier findings '8’

. The more compact structure is responsible for the faster end-to-end loop
formation. In good solvents, the situation is inverse. The polypeptide chain is less compact,
since peptide-solvent interactions are formed at the expense of intramolecular interactions
within the polypeptide and the rate constant for end-to-end loop formation is lower. The
question remains, which intramolecular interactions a polypeptide can form. To answer it, we
measured chain dynamics in (GS)-peptides mimicking the bare backbone. In these peptides,
only hydrogen bonds between backbone amide and backbone carbonyl groups or between
backbone carbonyl groups and the serine side chain can be formed. We thus believe that in
poor solvents additional hydrogen bonds are formed (compared to water) while intramolecular
hydrogen bonds are broken in good solvents, which was also found earlier®®. Since the effects
on co-solutes are alike for the backbone mimicking peptide and the natural sequences, a similar
effect is expected to happen in the natural sequences. Modulation of the solvent quality by co-
solutes thus influences chain dynamics and chain compactness as intramolecular interactions
are formed or broken.

The effects osmolytes and several co-solutes exerted on polypeptides and proteins are mainly
due to interactions with the peptide backbone and are thus independent of the protein’s amino
acid sequence. In nature, osmolytes have to act on all proteins within a cell, independent of
their sequence. This can only be achieved, if osmolytes mainly affect the peptide backbone.

Our results agree with the desired universal way of action of osmolytes in organisms.
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4.2. Internal Friction and Solvent Friction in Loop Formation Dynamics

4.3. Contributions of Internal Friction and Solvent
Friction to the Dynamics of Loop Formation in
Unfolded Polypeptide Chains

In Kramers theory, a chemical reaction can be described by the crossing of a hypothetical
particle over a barrier of height £, controlled by Brownian motion’®. The particle arrives at

the final state with the rate constant k, given by

Wows E
k=—" -exp|——= 4.11

2m -y P ( RT) ¢-11)
The rate constant & is subject to the temperature 7" and the friction coefficient ~y, which ac-
counts for solvent damping of the rate constant. When ~ is assumed to be proportional to the
solvent dynamic viscosity 7)1y, £ then depends on ns_o%v. Equation 4.11 predicts that k£ would
become infinite for 74,, — 0. This appears implausible, since dissipative interactions within
the polypeptide chain are expected to take control of the dynamics’’. Intrachain interactions
or internal friction effects’® will eventually set an upper limit for %, leading to a deviation
from the proportionality of k& with ns_o%v at low solvent viscosities. De Gennes proposed, that
the relaxation time 7 of a polymer towards its equilibrium could be expressed as the sum of the

solvent-controlled relaxation time Ty}, (Tsoly o 77) and a solvent-independent timescale 7, °.

1 n

= =T = Tint T Tsolv (_) (412)
k To

It can be seen from Equation 4.12, that an eventually existing term for the internal friction 7,

can be found by extrapolation of 7 for » — 0 from 7. This formalism was used by several

groups to determine 7y, for protein folding reactions’’-79-8386.188-191 " A more common way to

write Equation 4.12 can be achieved by writing it as a power law according to Equation 4.13.

1 -
- = Tint *+ Tsolv * (E> (413)
k To

This power law deviates from Equation 4.12 by the exponent 3, which causes a downward cur-
vature in case [3 # -1 when plotting 1/k as a function of 7. The curvature is more pronounced,
the stronger [ deviates from -1. For §=-1, 1/k. depends linearly on 7., and Equation 4.13

simplifies to Equation 4.12. For protein folding reactions, /3 is unknown and a value of -1 is
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used often. For loop formation reactions, the 5-values for each peptide can be determined by
measuring loop formation at different solvent viscosities. In two-state systems, viscosifiers
might affect the solvent quality and thus change the free energy surface by stabilizing one
state relative to the other. This makes it difficult to separate thermodynamic from dynamic ef-
fects. In order to obtain solely the dynamical effect, changes in the free energy surface evoked
by the viscogenic agent need to be compensated by the addition of stabilizing or denaturing
co-solutes '%°. However in the case of loop formation, viscosifiers do not alter the free energy

surface since dynamics within a single state are observed.

When using the linear relationship (Figure 4.12) or the power law (Figure 4.13), the internal
friction and solvent friction in a polypeptide are expected to depend on chain length or amino
acid sequence. Identical values for 7;,; are expected for a polypeptide, independent of the
viscosifier used. Values for S are expected to depend on the amino acid sequence, the peptide

length and the buffer compositions.

An other model to determine the internal friction was developed by Schulz et al.'°?, which
found internal friction for end-to-end loop formation in explicit water molecular dynamics
simulations. Based on their findings, they developed a rouse model for the mean passage time

Tmp for end-to-end loop formation.

Tmp _ Cim, + CoNy |17 - 2 C3NTD - uA (4.14)
Coee Tlo "o

where 70 denotes the monomer relaxation time at the reference solvent viscosity 7 = 19, N
is the number of inter-chromophore amino acids and 7, is the bond relaxation time. It corre-
sponds to the internal friction parameter 7;,; in Equation 4.13 and is the only non-vanishing
term for n=0. At intermediate viscosities, the second term of Equation 4.14 is dominating
Tmp> While the last term dominates 7,,, at high viscosities. Cee, C1, Co and Cs are coefficients,
which are weighting the effect of the different terms in Equation 4.14 and were estimated to
be 0.01, 1.0, ~ 1 and ~ 2, respectivelzy '*>. In contrast to Equation 4.12 and Equation 4.13,
this model yields length independent fit parameters for 70 and 71,. 7° and 7;, might depend on
the amino acid sequence but should be identical for homopolypeptides, which only differ in

length.

Up to date, it is not clear, whether internal friction in polypeptide chains exists, neither how
large its contributions are for chain dynamics nor which model should be used for its determi-

nation. Several cases were reported, where the internal friction vanishes®!"%3. In other cases,
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4.3. Internal Friction and Solvent Friction in Loop Formation Dynamics

a substantial viscosity-independent component upon extrapolation to zero solvent viscosity
could be found’”79-80:86.188-191 " The reported opposing findings might be due to internal fric-
tion being small, probably in the order of microseconds or nanoseconds. For slow reactions,
the internal friction might appear to be zero, where it is actually not. To accurately determine
the internal friction is thus only possbile for very fast reactions. For observing the fast kinetics,
methods with a high time resolution like temperature-jump or TTET have to be used.

We wanted to test, which of the above models should be used to assess the magnitude of
the contributions of internal friction or solvent friction for loop formation in U. We used the
unstructured model peptide (GS)s and the natural sequences PV-DE-loop and PV-EF-loop
(see Chapter 4.1), serving as models for the unfolded state. An advantage in using unfolded
polypeptide chains is, that they only populate a single state and therefore are insensitive to
thermodynamical effects of the applied viscosifiers. By comparing the model peptides and
the natural sequences, we want to determine the influence of side chains on the internal fric-
tion and the solvent friction. The determination of internal and solvent friction depends in all
models on measuring the time constant for loop formation by TTET at different solvent vis-
cosities. To adjust the solvent viscosity, a multitude of viscosifiers with different sizes could
be used. To find the most suitable viscosifier, the influence of their size on the rate constant
for loop formation k. was studied for several peptides'*°. Figure 4.34 A shows k. for (GS),
as a function of solvent viscosity, induced by the addition of the viscogens ethylene glycol,
glycerol, glucose, sucrose, polyethylene glycol (PEG) 1500, PEG 6000 and PEG 20000. In

1.0 e B «
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. n (GS)
0.8 g 11 - iy o (@S
; [
©
&0.6» £0.5 %
3 2
0.4+ a
[}
0.2 i : ] ¢
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Figure 4.34.: Effect of viscosifier size on chain dynamics in (GS);. A) End-to-end loop formation rate
constant k. as a function of solvent viscosity, which was adjusted by the addition of ethylene glycol
(*), glycerol (), glucose (e), sucrose (e), polyethylene glycol (PEG) 1500 (=), PEG 6000 (¢) and PEG
20000 (). Absolute (B) and normalized (C) sensitivity (5) of k. to solvent viscosity as a function of the
co-solute hydrodynamic radius ry. Data taken from Reference '*°.

the presence of all co-solutes, the logarithm of the rate constant for loop formation decreases
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linearly with log  and could be described by the empirical Equation 4.15.

B8
ko = ko - (ﬂ> (4.15)
Mo

The sensitivity 3 of k. to solvent viscosity can be extracted from the slope when plotting log k.
as a function of log 7.1,. Peptides with a 5-value of -1 experience the full viscous effect, while
a [ larger than -1 indicates only a fractional dependence of chain dynamics on solvent viscos-
ity. For 8=0, k. would be independent of solvent viscosity. ky describes the rate constant at
the reference solvent viscosity 7. The magnitude of the effect of solvent viscosity on chain

dynamics was found to depend on the co-solute size!*.

A limiting value for /3 is reached
for peptides in the presence of the co-solutes glycerol and glucose, which have hydrodynamic
radii (r) less or equal to the size of the peptide C,-C,, distance of 0.38 nm**!*? (Figure 4.34
C). While in the short (GS); a limiting 5-value of -0.75 is found, 5 =-1 is reached for small
viscosifiers in long (GS),, peptides. The more the co-solute size exceeds the C,-C, length, the
more decreases the sensitivity towards 7 for all peptides (Figure 4.34 C). Peptides thus only
sense the full macroscopic viscous effect for co-solutes with ry < 0.4 nm. According to theses
findings, we chose the small viscogenic agent glycerol to adjust solvent viscosity. Loop forma-
tion was determined by TTET in glycerol/water mixtures up to 10 cP in the temperature range
between 5 °C and 30 °C. The macroscopic solvent viscosity 1 was determined by viscosimetry
at each temperature. Figure 4.35 top shows the time based changes in absorbance at 590 nm
for the indicated solvent viscosities and T = 22.5 °C. The effect of solvent viscosity on the loop
formation rate constant is shown on the right, where k. decreases linearly with 7 in a double
logarithmic plot. The data can be described by Equation 4.15, yielding the 3-value necessary
for determining the internal friction when using Equation 4.13. For all peptides (3 # -1 (Table
4.3). Chain dynamics therefore experience only a fractional macroscopic viscosity, i.e. loop

formation is not solely diffusion controlled.

The influence of temperature on [ is shown in Figure 4.36. In (GS)g (Figure 4.36 A, B)
and the PV-EF-loop (C, D), B approaches a value of -1 with increasing temperature. This
behavior can be explained by more ideal-like characteristics of the polypeptide chain at higher
temperatures. Interestingly, 5 does not change significantly in the PV-DE-loop (E, F) with
temperature. The limiting $-value in this case might already be reached, even at the lowest

investigated temperature. The S-values for glycerol at 22.5 °C are summarized in Table 4.13.

To test, which of the three described models describe the data for loop formation in (GS)s,
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Figure 4.35.: Effect of viscosity on chain dynamics. (A, C, E) Time based change in absorbance at
590 nm for the different viscosities. (D, B, F) loop formation rate constants as a function of solvent
viscosity. All measurements were performed in different glycerol/water mixtures buffered with 10 mM
potassium phosphate pH 7 and 22.5°C.

the PV-DE-loop and the PV-EF-loop at different solvent viscosities best, 1/k. was plotted as a
function of 7 (Figure 4.37). The solid line in Figure 4.37 A describes a linear fit to the data
according to Equation 4.12, while the broken line represents the fit of the power law (Equation
4.13). From Figure 4.37 A it is not obvious, whether the linear or power law relationship
is better suited to describe the time constants for loop formation as a function of 7. Loop
formation at varying solvent viscosity has been measured earlier for the model peptides (GS);
(B, C), (GS)s (D), (GS)14 (E) and (Ser),'*°. Loop formation kinetics of these peptides are
shown in Figure 4.37 B-F. The (GS); data could be well described by the power law (Figure
4.37 C) but only poorly by the linear law (Figure 4.37 B). A curvature of the data can be found
in all peptides, but it is most pronounced for the short (GS); with its 5-value of -0.75 in the
limit of small co-solutes. Large viscosifier like polyethylene glycole (PEG) 1500, 6000 or
20000 lead to even more pronounced curvatures (Figure 4.37). For the longer polypeptides
(GS)s and (GS),4 (Figure 4.37 D and E), [3 is close to -1 for small viscosifiers but deviates
strongly from -1 in the presence of large viscosifiers. The validity of a model can be tested by

using different sized viscosifiers, which should all yield an identical value for 7. Due to the
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Figure 4.36.: Effect of temperature on 5. Solid lines represent a fit of Equation 4.15 to the data. A/B)
(GS)s, C/D) PV-EF-loop, E,F) PV-DE-loop. 5°C (e), 10°C (e), 15°C (e), 20°C (e), 22.5°C (*), 25°C
(¢) and 30°C (o).

observed downward curvature and varying results for 7;,,; depending on the viscosifier size,
the linear function (Equation 4.12) is not suited to describe the loop formation time constant
at different solvent viscosities. Therefore, our findings suggest to use the power law (Equation
4.13) to determine the internal friction time constant for loop formation. As a consequence,
published values for 7, determined by linear extrapolation '** are too high when £ is expected
to deviate from -1. For the peptides (GS), withn= {1, 6, 14} and Sers, 7;,,; and 7.}, were fitted
globally for the various viscosifiers, since they were found to be independent of the viscosifier
size. The fit yields 7,,=0.15+ 1.71ns and 7, = 6.11 + 1.40ns with § fitted individually
for each co-solute. Internal friction in (GS); is not significantly different from zero when
determined with Equation 4.13. Also for the longer (GS), peptides with n = {6 & 14}, the
global fit yields 73, =0. In all three peptides, internal friction for loop formation is thus absent
at room temperature. The results of the fit are summarized in Table 4.13 for all investigated
peptides.

We studied the effect of varying temperature on 7;,,; and 7., to find out, whether loop for-

mation at other temperatures is associated with a nonzero internal friction. We investigated
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Figure 4.37.: Comparison between linear fit (dashed line) and power law (solid line). In panels C-F,
Tint @Nd 7501, Were fitted globally for all viscogens while 5 was fitted independently for each viscogen.
(B-F) Data taken from Reference 0.

three peptides, the (GS)g and the two PV-loops. To test, if the formation or breaking of in-
tramolecular interactions affects the 7;,; for loop formation in the PV-EF-loop, measurements
were performed in the presence of 4 M TMAO or 6 M urea, to render a poor or good solvent
for the polypeptide chain, respectively. All measurements were performed in the temperature
range from 5 °C - 30 °C in the presence of 10 mM potassium phosphate buffer at pH 7. Solvent
viscosity was adjusted by adding glycerol to the sample buffer. The results of the measure-
ments at different temperatures are summarized in Figure 4.38. The solid lines correspond to
a fit of the power law (Equation 4.13). The values for 7;,; and 7, obtained from the fit at
22.5°C are summarized for the model peptides and the natural sequences in Table 4.13. The
B-values were determined for each peptide at the respective temperature from the slopes of
Figure 4.36. The values for 7,,; and 7., at different temperatures are plotted as a function of
temperature in Figure 4.38 B, E, H, K and N. In all peptides , 7, is zero within error and inde-
pendent of temperature, pointing out a low or non-existing internal friction for loop formation,
even at low temperatures. In both the good and the poor solvent, 7;,,; =0. While an inexistent

or low internal friction is expected in the presence of urea, it is surprising in the presence of

107



4. Results and Discussion

300

30 : : : 5107 — : :

. B C
- [ B 3 -
200 20r 1%
B 0 =407
£ £ -
& 2 0. - 10| 1 3
100} . v
. o--§---§----§----§-§-§---§—
0 | | | | | 1 .4107 1 1 !
0 2 4 6 8 10 280 290 300 10 3.3-1073 3.41073 35102 3.6-1073
eta (cP) T (K) 1T (K™
800 . T . P . — 3107 . .
PV-DE-loop D = . E F
600 20 i . 1 -
60 = =
* 10 _ x| w2107 ]
c []
=400 c 40} {1~
& et 2
- '_m
200} . 20 ]
0 il . . . 0p-%-;-&--8.-00-0---04 107— . ,
0 2 4 6 8 10 280 290 300 3.3-1073 3.41073 351072 3.6-1073
eta (cP) T (K) 1T (K
4‘0 T T T T T
PV-EF-loop G gol = H-
0 e = . 2.107
60} 1
7 el
o
1 < a0} Eho
- 21.5107
12
| 20+ 1"
o . . Wwater Op-%;-F--e -2oo---o 1.1107— . .
o 2 4 6 8 10 280 290 300 ’ 3.3-1073 3.41073 3.5-1073 3.61073
eta (cP) T (K) T (K7)
: : : : : 2107 — : :
1200 g0 PV-EF-loop J s K L
2 120} s E

40 P =

1/k (ns)
©
[=]
S
=)
=)
w
o
o o
T (ns)
©
=)
T
"
[}
-
)
"'sc;lv-1 s
-
o
~

400 4 40+ 4

0 / 6 Murea °"§'r'§‘“*§:“§'§'§1“§' 6105 . .
0 4 8 12 280 290 300 3.3-1073 3.41073 351072 3.6-1073
eta (cP) T (K) 1T (K™
1200 . 80 . . : 6107
PV-EF-loop M N
o 80 60| B 4107|
800} 40 - -
2 @ 40 " . 12
E 0 £ *e. . '.'2
= 200l° 05 | * 20l 4 '_32-107
o--%---{h--{z---}%-i--é-
0 1 4.M TMAO 1 1 L 107 L L 1
0 10 20 30 280 290 300 3.31073 3.410°3 351073 3.6-1073
eta (cP) T (K) 1T (K™

Figure 4.38.: Temperature dependent determination of 7, (o) and 751w (). All measurements were
performed in 10 mM sodium phosphate buffered glycerol/water mixtures at pH 7. Temperatures: 5°C
(e), 10°C (o), 15°C (o), 20°C (o), 22.5°C (¢), 25°C () and 30°C (e). In panels A, D, G, J and M the
dashed lines represent a fit to the data at 5°C with g = —1.
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TMAQO, since the formation of intramolecular interactions leads to stiffer chain. The number
or strength of the intramolecular interactions thus does not lead to a significant internal fric-
tion. We therefore assume, that the chain dynamics are mainly governed by entropic rather
than enthalpic efffects in the low viscosity regime.

The effect of temperature on 1/7,.}, can be described by the Arrhenius Equation (Figure 4.38
C, F L L, O). 7y is related with k. by

1 i p
solv — ~ — Tin - . 416
ol k.(H20) it (770> (410

For 73, = 0, Equation 4.16 yields 7,1y = 1/k.(H20). In contrast to Ti,¢, Tso1y €xhibits a strong
temperature dependence. It decreases with increasing temperature in all peptides but depends
on the solvent composition and the amino acid sequence. The Arrhenius parameters for the
temperature dependence of 7., from Figure 4.38 are summarized in Table 4.13. All values
for F/A lie in the range around 14 - 19 kJ/mol (except in the (GS)8 peptide, where the data
quality is not good enough to be described by the Arrhenius equation) and correspond to an
apparent activation energy whose origin is the temperature based change in solvent viscosity.
To test, whether the length independent internal friction can be described globally for (GS)-
peptides of different length, we used Equation 4.14 to describe the loop formation time con-
stant as a function of 7 for (GS), withn = {1, 2, 3,4,5, 6, 8, 12, 14}. The global fit for 73, and
70 yields 0.68 4 0.06 ns and 0.35 & 0.01 ns, respectively with the coefficients Coox = 1, C; =
1, Cy =5 and C3 =2.5. 73, appears to be near zero. From the fit in Figure 4.39 can be seen, that
the model does not describe the data sufficiently, especially in case of the longer peptides at
low and intermediate solvent viscosities. This points out, that the first and middle term are not
suited to describe the data very well and the results from the fit need to be interpreted carefully.
Additionally, the last term suggests a linear relationship at high viscosities. However, curva-
tures have been found in measured data even under these conditions. Due to the infirmities,

Equation 4.14 is not well suited to describe the internal friction for loop formation.

4.3.1. Internal Friction in the Dynamics for Loop Formation

To test, which model should be used to describe the effect of solvent viscosity on the time
constant for loop formation, we measured TTET in different glycerol/water mixtures. Our
results show a downward curvature for 1/k. as a function of 7 and could only be described

by a power law (Equation 4.13), where the exponent (3 accounts for the curvature of the data.
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4. Results and Discussion

Table 4.13.: Arrhenius parameters for the temperature dependence of 1/7y.

Peptide Condition Tint & (8) Teolv & (8) -Baiycerol © Ea (kJ/mol) A(s™h
(GS), buffer 0.15+1.71 6.1+14 0.77+0.07 - -

(GS)s buffer 1.16£2.76 16.6+24 098+0.05 - -

(GS)s buffer -0.08+0.86 23.7+04 0.95+0.01 - -

(GS)14 buffer 6.45+18.38 50.8+169 1.03+0.17 - -

(Ser)s buffer 3.27 £2.65 93+24 093+0.08 - -
PV-DE-loop buffer 1.02+1.51 552+1.0 0.89+0.02 13.84+0.6 4.9+ 1.3)-10°
PV-EF-loop buffer 0.15+1.83 56.8+1.2 091+0.01 14.2+0.7 (5.6 +1.5)-10°
PV-EF-loop 6M urea -0.07+425 915422 085+002 165+0.9 (9.0 +3.5)-10°
PV-EF-loop 4MTMAO 2.05+530 30.0+08 094+002 18.8+53 (6.9+15.0)-10%°

for T=22.5°C
bGlobally fitted for all viscogenic agents.
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4.3. Internal Friction and Solvent Friction in Loop Formation Dynamics
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Figure 4.39.: Influence of peptide length on the time constant for loop formation as a function of solvent
viscosity. The solid line describes a global fit of Equation 4.14 to the data with C..*=1,C; =1, Cy=5
and C3=2.5. (GS); () (GS)2 (¢), (GS)3 (¢), (GS)4 (¢), (GS)s5 (), (GS)6 (¢), (GS)s (¢) (GS)14 (e). Data
taken from Reference '*.

In short peptides and in the presence of large viscosifiers, the curvature is most pronounced.
When determining the internal friction time constant by extrapolation to zero solvent viscos-
ity, we find 7;,¢-values of approximately zero for all peptides, independent of temperature or
solvent composition. Even in poor solvents, where intramolecular interactions are enhanced
at the cost of peptide-solvent interactions, the internal friction was still insignificant. Internal
friction thus seems to be absent or very low, not exceeding some hundreds of picoseconds.
Internal friction therefore has only a small contribution to loop formation dynamics.

In literature, 7;,,; was determined by a linear relationship, a power law or a Rouse model, in
which internal friction is included. When using the linear extrapolation, an internal friction of
several microseconds was observed in several cases. Compared with our findings, a value of
several microseconds for the internal friction is too large and therefore unlikely. The difference
can be attributed to the usage of the linear law to determine the internal friction, since generally
a smaller internal friction is found when determined with the power law. In other cases, a
negligible contribution from internal friction was observed. This is in accordance with our
results, where internal friction is small. Based on our findings, the internal friction should be
determined using the power law with the respective value for 5. Only in fast reactions, where
the internal friction time constant is close to the time constant of the observed reaction the

internal friction can be determined accurately.
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4. Results and Discussion

4.4. Dynamics of Loop Formation in the EF-Hand and
Full Length Carp g-Parvalbumin in the Unfolded
and an Intermediate State

In proteins, long range interactions stabilize the native state and partially folded intermediate
states. It is not known, what effect long range interactions have on chain dynamics in the
different states of a protein. We wanted to test their influence on loop formation kinetics in
different states of carp [-parvalbumin (PV) by comparing EF-hand fragments with the full
length protein.

4.4.1. Loop Formation in Different Fragments from the EF-Hand
Motif of Carp ;-Parvalbumin

Loop formation dynamics were measured by TTET in an E-helical fragment and the EF-hand.
Figure 4.40 shows the chemical structure of EF-hand fragments, which are all labeled at iden-
tical positions (i/i+10). Fragment I represents the PV residues 78 to 91, which form the E-helix
in the full length protein. Fragments II and 111 represent the EF-hand of PV (residues 78-108).
In all three fragments, Thr78 was replaced by the triplet acceptor, while Ala88 was replaced
by the triplet acceptor. In the EF-hand fragment II, Nal was used as acceptor. In Fragment
I1I, the naphthalene moiety was attached to the Cys side chain using the thiol reactive and wa-
ter soluble compound 2-bromo-N-(naphthalen-1-yl)acetamide (BNAA). The labeling reaction
results in the Cys side-chain modified by N-(naphthalen-1-yl)acetamide (NAA), with bromine
serving as leaving group. The properties of NAA as triplet acceptor in TTET were tested in
bimolecular TTET experiments yielding a diffusion controlled bimolecular rate constant of
(4.1 £0.3)-109 M~ 1s1162,

Loop formation was measured in the E-helix (Fragment I) at different solvent viscosities.
Viscosity was adjusted by the addition of glycerol to the buffer solution. Figure 4.41 shows
the time based absorbance decay at the indicated solvent viscosities. The kinetic traces could
be described by double exponential kinetics for low and high solvent viscosities. A three
exponential function was necessary to describe the kinetics at intermediate solvent viscosities.
The rate constants and relative amplitudes are summarized in Figure 4.41 B. The rate constant
of the main phase with an amplitude of 70-90 % could be described by Equation 4.1 (solid
line), yielding k.(H,0)=(2.90 +0.05)-10"s~! and 3=-0.94 + 0.01. A slow phase with low
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Figure 4.40.: Sequence of C-terminal PV fragments with their location indicated in orange in the full
length protein. (A) E-helix (residues 78-91). (B) EF-hand (residues 78-108). In all peptides, Thr78 was
replaced by the triplet acceptor (red) and Ala88 by the triplet donor (blue). The figure was prepared
using PyMOL 73 and the pdb 46 files 4CPV %5 for PV.
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Figure 4.41.: Chain dynamics of the PV E-helix as a function of solvent viscosity. (A) Time-based
change in absorbance at 590 nm at the viscosities indicated. (B) Rate constants with their correspond-
ing amplitude as a function of solvent viscosity . The solid line corresponds to Equation 4.2. All
measurements were performed at 10 mM potassium phosphate at pH7.
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4. Results and Discussion

amplitude can be observed for 17 < 7 cP, corresponding to the intrinsic lifetime of xanthone. At
viscosities >4 cP, a fast phase with an amplitude of 20 -30% can be found. This fast phase

with a rate constant of about 2- 107 s~!

is independent of solvent viscosity. It is assumed,
that residual helical structure exists, which is stabilized by high concentrations of glycerol.
When the helix is formed, the labels are close together and are able to form contact by minor

conformational rearrangements. Since the E-helix seems to have a latent tendency to form

a helical structure, we used 2,2,2-trifluoroethanol (TFE) as co-solute, to induce secondary
195,196

structure and measure TTET in a helical state (Figure 4.42). From the CD-measurement,
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Figure 4.42.: Chain dynamics in the PV E-helix as a function of the TFE concentration. (A) CD spec-
trum at the indicated [TFE]. (B) Time-based decay of the absorbance at 590 nm under identical condi-
tions. (C) Rate constants and corresponding amplitudes.

it can be seen that in the absence and at low TFE concentrations, helix content is negligible.
It can be gradually increased with increasing TFE concentrations (the helix content of the
E-helical fragment cannot be calculated due to the contribution of the chromophores to the
CD-signal). The isosbestic point at 202 nm indicates, that the peptide contains only of two
secondary structure elements, which are a-helix and coil. The results show, that the helical
content in the E-helix can be adjusted easily by the addition of TFE. In the EF-hand, no
secondary structure can be observed by CD (Figure 4.43 A, B). Loop formation was measured
by TTET in the EF-hand fragments II and III in water and 8 M urea (Figure 4.43). The time-
based decay at 590 nm could be described for the NAA-labeled EF-hand in both conditions
by double exponential kinetics. For the Nal labeled EF-hand peptide, double exponential
kinetics were necessary in the absence of urea while a single exponential was sufficient to
describe the data in 8 M urea. The rate constants corresponding to the main or single kinetic
phase are shown in Figure 4.43 E and F. At both conditions, the kinetics differ for the two
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Figure 4.43.: Loop formation dynamics in EF-hand peptides. (A) Far UV CD spectrum of the EF-hand.
(B) Thermal transition of the EF-hand at 222 nm. Comparison of the absorbance decay of the EF-hand
with the acceptor Nal (black), NAA (red) and donor-only (grey) in dilute buffer (C) and 8 M urea (D).
Rate constants (E) and amplitudes (F) from the kinetics in panels C and D, using identical colors.

alternatively labeled EF-hand peptides. The rate constant for loop formation is slower in the
Nal labeled peptide compared to the NAA labeled peptide. This might be due to additional
N-terminal amino acids in Fragment II, which were introduced to prevent the triplet acceptor
from interactions with the N-terminus, or due to the longer linker in Fragment III, which
allows loop formation without the formation of a very tight loop. To compare loop formation
dynamics of the EF-hand with the full length protein, results from the NAA-labeled version
were used. The kinetics for loop formation are identical in Fragment I and III, suggesting also
the presence of residual structure in the EF-hand as in the E-helix, in which the labels are close
and loop formation can occur fast and where the additional tail in the EF-hand does not affect

loop formation.

4.4.2. Loop Formation in the Unfolded and in an Intermediate
State of Full Length Carp g-Parvalbumin

To measure loop formation in different states of a full length protein, S-parvalbumin from
cyprinus carpio represents an ideal model, since a thermodynamic intermediate exists, which

can be populated in the absence of the ligand calcium'¥. Furthermore, the PV wild-type
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4. Results and Discussion

contains only two amino acids, namely Cys18 and His26, which interfere with the triplet state
of xanthone. They can be replace by Ser and Phe, respectively without affecting the protein

stability 10,

4.4.2.1. Semisynthesis of Carp S-Parvalbumin for TTET Measurements

In order to measure loop formation in full-length PV by TTET, the moieties xanthone and
naphthalene need to be introduced at specific positions along the protein. To gain insight into
the local dynamics of a helix in the context of a full-length protein, we chose to label the
amino acid side chains at positions 78 and 88 with naphthalene and xanthone, respectively,
which reside at the ends of the E-helix and are solvent exposed. The structure of PV with the
triplet labels is shown in Figure 4.44 (PVTTET) Xanthone is colored in blue, naphthalene in

red and the EF-hand structural motif is represented in green. In short peptides, Xan and Nal

F-helix

C
Xan88

E-helix

helices A-D
NAA78

Figure 4.44.: PV variant for TTET measurements (PVTTET). Xanthone attached at position 88 is
shown in blue, naphthalene at position 78 in red. The EF-hand structural motif is represented in
green, residues 1-77 in orange. The N- and C-termini are indicated in black.

can be introduced in the course of SPPS, allowing for the introduction of nonnatural amino
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4.4. Dynamics of Loop Formation in the EF-Hand and Carp 3-Parvalbumin

acids. However, full-length proteins like PV exceed the accessible length of peptides, which
can be fully chemically synthesized. Long polypeptides and proteins are usually expressed in
recombinant organisms. However, it is not possible to introduce chromophores directly during
protein expression. In order to prepare a full length, doubly labeled version of PV, we wanted
to combine the strength of both methods by using native chemical ligation (NCL) to condense
an expressed long fragment with a chemically synthesized fragment bearing the triplet donor.
The strategy for the production of full-length doubly labeled PV is shown in detail in Figure
4.45. First, a fusion protein with the N-terminal protein fragment (PV residues 1-77) with an
in frame C-terminal intein and a chitin binding site needs to be expressed. The fusion protein
can be bound to a chitin column, purified and cleaved on column with S-mercaptosufonic
acid (MESNA), which leads to an a-carboxyl MESNA thioester. The thioester can be eluted
and mixed with a Xan bearing C-terminal protein fragment, synthesized by SPPS. An N-
terminal cysteine of this fragment is crucial for the ligation reaction with the C-thioester of the
expressed N-terminal protein fragment. The sulfur of the Cys residue attacks the a-carboxyl
MESNA thioester in a chemo selective nucleophile reaction. A following S—N acyl shift
results in a native peptide bond, linking the two protein fragments irreversibly together and
yielding the full length protein. Unfortunately, the sulfur of the cysteine, necessary for the
ligation reaction, quenches the triplet state of xanthone 2. This drawback can be circumvented
using a thiol reactive naphthyl derivative to attach the triplet acceptor to the side chain of this
Cys residue.

To generate the N-terminal PV fragment (residues 1-77) with the a-carboxyl thioester, we
used the high expression plasmid pTXB3, where the PV fragment was cloned upstream in
frame with the Mxe GyrA-intein, using the restriction sites Ncol and Sapl. Protein expres-
sion was induced by the addition of 3-D-1-thiogalactopyranose (IPTG) at an ODg of 0.6 in
the logarithmic growth phase. The fusion protein was expressed as inclusion bodies. They
were washed, disaggregated in high concentrations of urea and the protein renatured after
removal of urea by dialysis. To prepare the a-carboxyl thioester, the renatured fusion pro-
tein was loaded onto a chitin column. The column was washed, flushed with MESNA, the
flow stopped and the mixture incubated over night at room temperature. The PV!~""-MESNA
thioester was eluted the next day from the chitin column. Purity and identity were verified
by SDS PAGE, HPLC and mass spectrometry (Figure 4.46). PV1~"7 containing the reactive
a-carboxyl MESNA thioester (PV!~""-MESNA) corresponds to the lower band in the gel. The
faint upper band with a size of ~ 30000 Da corresponds to the uncleaved intein fusion protein.

A theoretical mass of 8386 Da was calculated for the single protonated PV'~"" a-carboxyl
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Figure 4.45.: Native chemical ligation (NCL) of a protein thioester fragment with a synthesized frag-
ment. The C-terminal thioester of the N-terminal protein fragment was planned to be generated with
the help of an in frame C-terminal intein via an N—S acyl shift followed by cleavage with sodium
2-sulfanylethanesulfonate (MESNA). The so-formed thioester can be ligated in a chemo selective step
to a synthesized C-terminal protein fragment, bearing the triplet donor and an N-terminal Cys, neces-
sary for the transthioesterification. A following S—N acyl shift would yield the native peptide bond at
the ligation site. The chromophore moiety naphthalene serving as triplet acceptor can be introduced
in a thiol reactive step using 2-bromo-N-(naphthalen-1-yl)acetamide (BNAA).
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Figure 4.46.: Analysis of prepared PV'~7") a-carboxyl MESNA thioester. SDS-PAGE of eluted frac-
tions from the chitin column after intein cleavage with MESNA (A). Verification of the desired product
by HPLC and mass spectrometry (B). Calculated average mass for the single protonated PV'~77)
a-carboxyl MESNA thioester: 8386 Da.

MESNA thioester. Mass spectrometry was performed for the main (I) and a minor (II) peak,
eluted by analytical HPLC. For the main peak, a single protonated mass of 8386 Da can be
found. The minor peak corresponds to the hydrolyzed thioester, resulting in a mass shift of
123 Da. The hydrolysis of the thioester can be slowed down at low temperatures but it is rela-
tively long-lived, even at room temperature. The thioester was stored at -20 °C for subsequent
ligation steps.

The C-terminal fragment corresponding to the PV residues 78-108 (PV®198) bearing the
chromophore xanthone was synthesized by standard 9-fluorenylmethoxycarbonyl (Fmoc) SPPS.
Xanthone was attached to the side chain of the nonnatural amino acid a-L-diaminopropionic
acid (Dpr) at position 88 in the fully protected peptide during peptide synthesis. The N-
terminal amino acid Thr 78 of PV7~108 was replaced by Cys. The cleavage product (Figure
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Figure 4.47.: Analysis of synthesized PV78-198_ (A) Analytical HPLC of crude product. (B) Absorption
spectrum of the main product (arrow). (C) Mass spectrometry measurement of the main product
(arrow).
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4.47 A) was purified by HPLC. The purity and identity of PV®~1% was confirmed by analyt-
ical HPLC and mass spectrometry. The desired product can be identified by the characteristic
absorbance band of the attached Xan at a wavelength of 343 nm (Figure 4.47 B). The calcu-
lated average mass of 3426 Da could be confirmed by MALDI-TOF (C).

In order to obtain the full length PV!~1%8 the PV!~"" a-carboxyl MESNA thioester was mixed
1:1 with PV™~198_ Urea was added to a final concentration of 1.5 M, to increase solubility and
remove residual structure in the fragments. The mixture was incubated while shaking at room
temperature over night (see Materials and Methods, Chapter 3.6.2). The success of the ligation
reaction was checked by SDS PAGE, analytical HPLC and mass spectrometry (Figure 4.48).

A mass of 11670 Da was measured for the ligated product, identical with the expected mass of
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Figure 4.48.: Analysis of the native chemical ligation. (A) SDS PAGE of ligation mixtures after 12h
incubation. (B) Analytical HPLC after the ligation reaction. Ligated, full length PV is indicated by the
arrow. Mass spectroscopy of HPLC peaks I (C) and II (D).

the full length protein. Full length PV!~108Cys™®Xan®® (species II, Figure 4.48 B and D) was
purified by semi preparative HPLC, freeze dried and stored at -20 °C. Eventually oxidized Cys
residues (e.g. by MESNA) were reduced by dithiothreitol (DTT) prior to purification. The
non-ligated educt PV™®~108Cys™Xan®® (species I, Figure 4.48 B, C) was recycled for later
ligation reactions after being purified and lyophilized.
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BNAA was used to attach the naphthyl moitey NAA to Cys 78 in the full length protein.
Labeling was performed for 40 minutes in aqueous buffer at pH 8.48 and its success confirmed

by analytical HPLC and mass spectrometry (Figure 4.49). An increase in the mass of 183 Da

50—

I A 120.0 1 | [M2HP2* I C.
200+ 1 [M+H]*

= | 1 =5 i )
E 100 £ [ T
< 1 < a00f + : 1 s
50} - Lo 1‘_
i i
0 T T N 1 . 1 . 0.0p--p--7--¢ i Era—— 0 I. """"" T et I-.--

10 12 14 16 18 250 350 250 350 6000 8000 10000 12000

elution time (min) A (nm) m/z

Figure 4.49.: Labeling of the Cys sidechain with the thiol reactive naphthyl derivative BNAA. (A) HPLC
profile with unlabeled (I) and labeled (II) PV. Absorption spectra (B) and mass spectra (C) of the two
species.

corresponds to the attachment of NAA to the Cys side-chain. Excess labeling reagent was

VTTET was freeze dried and stored at

removed by semi preparative HPLC. Purified labeled P
-20°C.

To test the lifetime of the Xan triplet state in PV, a donor-only variant with xanthone at position
88 was prepared by NCL, as described for the doubly labeled PV. The quenching Cys sulfur,
necessary for the ligation reaction, was removed with a selective free radical desulfurization
method'%” (see Matherials and Methods), resulting in an alanyl-side chain. Desulfurization of
the full length protein could be followed by analytical HPLC and resulted in a mass shift of

32 Da (Figure 4.50).
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Figure 4.50.: Desulfurization of donor-only PV. (A) Analytical HPLC profile of the educt
PV1-108Cys7Xan®8. The insert shows the mass of the main peak (arrow). (B) Analytical HPLC profile
after the desulfurization reaction, yielding PV!~198Ala™Xan®8. Mass spectra of the main peak (arrow)

shown as insert.
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4.4.2.2. Loop Formation in the Unfolded and an Intermediate State of PV

The effect of the triplet labels Xan and NAA on the stability of PVITET was determined by

VTTET

an equilibrium urea transition (Figure 4.51). P unfolds cooperatively between 5 and
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Figure 4.51.: Characterization of the secondary structure and stability of PVTTET. (A) Far UV CD
spectrum at the indicated Ca?* concentrations. (B) Urea equilibrium transition at the indicated Ca2*
concentrations. (C) Urea equilibrium transition in the PV double mutant at the indicated Ca?* concen-
trations. PMIB: polyvalent ion metal binding resin. All measurements were performed in 10 mM sodium
cacodylic acid at pH7 and 25 °C.

9M urea at a calcium concentration of 100 mM (o). The transition could be described by
Equation 4.17 from Santoro and Bolen'®” on the basis of the linear extrapolation method®,

which relates the mean ellipticity per amino acid ©ygw with the denaturant concentration [D].

(AOx + mn[D]) + (ABy + my[D]) - exp(—(AGY_y/(RT) + meq[D]/(RT)))
1+ exp(—=(AGY _y/(RT) + meq[D]/(RT)))

Onmrw =
(4.17)

Oy and Oy represent the intercepts and my and my the slopes of pre- and postunfolding base-
lines, respectively. AGY_\; and m., describe the intercept and slope of the linear extrapolation
method. The fit yields AG°(H,0) = 26.9 + 1.8 kJ/mol and m., = 3.6 + 0.2 kJ/mol/M with the
denaturation midpoint at 7.5 M urea. In comparison to the double mutant, the values for 1,
and AG°(H,0) are smaller in the PVTTET variant. The triplet labels thus seem to affect the

stability of the native state of PV. However, the stability of PVTTET

is still high. In the pseudo
wild-type, a cooperative urea transition was found even when no calcium was added to the
sample solution (Figure 4.51 C). Chelating agents had to be used to remove calcium ions from
PV. These findings prompted us to perform a urea transition in the PVI T where no calcium
was added. As observed for the pseudo wild-type, PVIET also unfolds cooperatively (Fig-
ure 4.51 o). Similar to the double mutant, PV*TET binds Ca?* so strong, that even residual

calcium traces are enough to stabilize the protein and thereby lead to a cooperative thermody-
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4. Results and Discussion

namic transition, which is in good agreement with reported strong calcium binding of PV 47,
In order to remove calcium from the protein and to populate an intermediate state, a polyvalent
ion metal binding resin (PMIB) has to be used (Figure 4.51 C).

To investigate loop formation dynamics in the unfolded state of PVTTET

, intramolecular TTET

was measured in 8 M urea at different temperatures (Figure 4.52). To describe the time based
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Figure 4.52.: Temperature dependence of chain dynamics in the unfolded state of PV. (A) Time based
absorbance decay at 590 nm. (B) Rate constants and associated amplitudes as a function of temper-
ature. (C) Non-corrected (o) and viscosity-corrected rate constants (e). The solid lines in B and C
correspond to the Arrhenius Equation. All measurements were performed in 10 mM sodium cacodylic
acid and 8 M urea at pH7.

absorbance decay at 590 nm, a triple exponential fit was necessary. The rate constant of the
main phase with an amplitude of 60-80% depends linearly on 1/7" and could be described
by the Arrhenius equation (Figure 4.52 B, C). The viscosity-corrected rate constant was cal-
culated with a S-value of -1 (Figure 4.52 C, o) and could also be described by the Arrhenius
equation (Equation 4.2) yielding £y =3.4 + 0.9kJ/mol and A= (3.7 + 1.4)-10” s~ 1. The value
for the activation energy is unexpectedly small and comparable to that of long (GS) chains.
The low Ex might be a hint, that the triplet labels can make contact with minor conformational
rearrangements of the peptide backbone, due to the quite long linkers. An additional fast phase
with 15 - 35% amplitude can be found in PVTTET | with its rate constant independent of tem-
perature. This phase might correspond to a species, where residual structure is present and
where the labels are closer together than in the stretched out chain, therefore leading to fast

loop formation. We thus have evidence for residual structure in PVTTET

, even under strong
denaturing conditions. A third slow phase with 8% amplitude corresponds to the intrinsic de-

cay of the xanthone triplet state, most probably due to small aggregates, in which xanthone
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4.4. Dynamics of Loop Formation in the EF-Hand and Carp 3-Parvalbumin

and naphthalene are unable to form contact.

In addition to kinetics in the unfolded state, we investigated the chain dynamics in a partially
folded intermediate state of PV. According to observations from Kuwajima et al.'#°, this state
was populated in aqueous buffer when calcium was removed by EDTA. Figure 4.53 shows

the dynamics in the presence of resin bound EDTA (polyvalent metal ion binding resin). As

e 8108 - . — 8106 : . -
22.5deg /A 3 B] i C.
— 8Murea{ ~3106} .

— PMIB 0 I 1

0.16

0.12 C
o 10° E
L ] ]I ~
b= 1%
3 0.08 3105} ] 24108
< | o
x

0.04

© r @ ) [ ] [ ] [ ] [ 1
1 <9 0.5 4 o k
0.00 r 1 o k*(n/no)®
st il 0 : : : 2-106 - :
107 107 107" 10™ 107 33.49-3 3.510°3 3.3103 3.5-10°3
t(s 1/T (K1) 1/T (K1)

Figure 4.53.: Chain dynamics ain an intermediate state of PV as a function of temperature. The inter-
mediate state was populated by removing calcium from PV by chelators. The solid lines represent a fit
of the Arrhenius Equation to the data. All measurements were performed in 10 mM sodium cacodylic
acid pH?7.

for dynamics in the unfolded state of PVTTET | the viscosity-corrected rate constants were
calculated with a S-value of -1 and could be described with the Arrhenius equation (Equa-
tion 4.2) yielding F5 =8.2 +2.0kJ/mol and A=(1.5+1.2)-10*s~!. Both parameters exhibit
higher values in the intermediate state than in the unfolded state. The higher pre-exponential
factor indicates a more compact conformation in I compared to U. This can be explained by
a higher number of native intramolecular interactions in the intermediate state compared with
the unfolded state. An additional fast phase was not found in the intermediate state of PVITET,
although the amount of residual structure is expected to be higher in the intermediate state than
in the unfolded state. However, a loss in amplitude was found for the dynamics in I compared
to U. Therefore, a fast reaction occurs in the dead-time of the kinetic measurement. This reac-
tion is addressed to the population of molecules, in which the labels are able to form contact

by only a few bond rotations.
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4. Results and Discussion

4.4.3. Comparison of Loop Formation Dynamics in PV Fragments
and Full Length PV

Loop formation kinetics in the E-helix, the EF-hand and PVTTET are compared, to assess
the contributions of long range interactions to chain dynamics in proteins. The rate constants
for loop formation from TTET in presence or absence of 8 M urea are shown in Figure 4.54,
in comparison with the dynamics of (GS),-peptides in water () and in the presence of 8 M

denaturant (o). The fastest loop formation kinetics are observed for the E-helix and the EF-
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Figure 4.54.: Loop formation dynamics in the E-helix, the EF-hand and PVTTET as a function of inter-
chromophore peptide bonds at different conditions.

hand in water. In PVTTET | the loop formation is significantly slowed down by a factor of 5
in comparison to the EF-hand. The additional tail in PVTTET is predicted to slow down loop
formation only by a factor of 1.7. Therefore, long range interactions in the intermediate state
are held responsible for the additional effect. In the presence of denaturants, the kinetics for
loop formation in PVTTET are slowed down only by a factor of 1.9. This value is close to
the predicted value of 1.7, accounting for the additional tail. In the unfolded state, long range
interactions are absent and therefore do not influence loop formation.

In PVTTET  the rate constant for loop formation in the intermediate was found to be identical
with the rate constant of the main kinetic phase in U. It is assumed, that this rate constant arises
from a mainly unfolded subpopulation in the intermediate state. The additional fast phase in U
and the loss in amplitude for loop formation in the intermediate state indicate, that a partially

folded species exists, where the E-helix is formed and the labels may form contact by a few
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4.4. Dynamics of Loop Formation in the EF-Hand and Carp 3-Parvalbumin

bond rotations.

Using TTET to monitor the dynamics in PVTTET

is shown to be perfectly suited to identify
sub-states, determine their chain dynamics and thereby assess the contributions of long range

interactions in the different states.
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5. Summary

During protein folding, the polypeptide chain explores the conformational space to form in-
tramolecular native-like interactions, which result in loop formation. In this work, we used
triplet-triplet energy transfer (TTET) to monitor loop formation kinetics in model peptides,
natural sequences and a protein. In TTET, the triplet energy from the donor xanthone is trans-
ferred to the acceptor naphthalene in a diffusion controlled process, when the chromophores
are in Van der Waals contact. This allowed us to measure absolute rate constants for loop
formation in polypeptides on a timescale between hundreds of picoseconds and several mi-

croseconds.

TTET was used earlier to measure loop formation in poly(Gly-Ser) homopolymers ((GS)-
peptides). Different regimes for loop formation have been found in short and long (GS)-
peptides. In short peptides, chain stiffness is high, while long peptides behave like statistical
chains. In this work, we investigated loop formation in (GS),-peptides with n=1, 8 and 16,
which serve as simple models for the polypeptide backbone. To determine the effect of amino
acid side chains on the loop formation dynamics and the associated activation energy, we com-
pared the (GS)-peptides with fragments from naturally occurring proteins. These fragments
were derived from carp [S-parvalbumin (PV) and from the B1 domain of protein G. In the
two PV fragments representing the loops between helices D-E (PV-DE-loop) and helices E-F
(PV-EF-loop) as well as in the B1 hairpin (GB 1-hairpin), loop formation is slower and the acti-
vation energy higher when compared with (GS)-peptides of identical length. We attribute this
effect to the lower Gly content and the presence of large side chains in the natural sequences

to be responsible for the observed effects.

The properties of a solvent determine the dimensions and dynamics of a polypeptide chain.
The solvent can be either good or poor, depending on the strength of interactions within the
peptide in comparison with the strength of peptide-solvent interactions. In good solvents,

peptide-solvent interactions are more favorable, while intramolecular interactions are more
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5. Summary

favorable in poor solvents. Osmolytes and other co-solutes exist, which are able to modu-
late solvent quality, to tune the strength of peptide intramolecular interactions and thereby
stabilize, destabilize or do not affect the native state. To test the influence of solvent qual-
ity on barriers and dynamics for loop formation within a single state, we measured TTET in
polypeptide chains in the presence of the destabilizing co-solutes urea and guanidinium chlo-
ride (GdmCl), the stabilizing osmolytes trimethylamine N-oxide (TMAOQO) and sarcosine, and
the neutral co-solutes arginine and proline. The effect of amino acid side chains on loop for-
mation in good, poor and neutral solvents was determined by comparing (GS);, (GS)s and
(GS)1¢ with the natural sequences in the respective co-solute. The results show, that all inves-
tigated osmolytes and co-solutes slow down loop formation both in the model peptides and
in the natural sequences. The addition of co-solutes significantly increases solvent viscosity,
which additionally affects the chain dynamics. When correcting for the effect of increased
solvent viscosity caused by the addition of co-solutes, a co-solute specific effect was found
which is different for stabilizers, denaturants and neutral osmolytes. Independent of the amino
acid sequence, loop formation is accelerated in all peptides in the presence of stabilizers. At
high TMAO or sarcosine concentrations, the viscosity-corrected rate constant for contact for-
mation asymptotically approaches a limiting value. In the presence of GdmClI or urea, the
viscosity-corrected rate constant for loop formation is decelerated with increasing denaturant
concentration and approaches a limiting value at high concentrations. This indicates, that the
co-solute specific effect becomes saturated at high concentration of stabilizing and destabi-
lizing agents. In the presence of the neutral osmolyte proline, the viscosity-corrected rate
constant for loop formation only changes slightly compared to water. The magnitude of the
effects of the different co-solutes on loop formation were similar in the (GS)-peptides and the
natural sequences. Thus, the co-solute specific effect is exerted mainly on the peptide back-
bone. Additionally, we measured the effect of different osmolytes and co-solutes on barriers
for loop formation. Loop formation was measured in the temperature range between 5 °C and
30°C, to determine the activation parameters in the presence of stabilizing or destabilizing
co-solutes. The effect of temperature on the corrected rate constant can be described by the
Arrhenius Equation. The activation energy and the Arrhenius pre-exponential factor associ-
ated with loop formation are hardly affected in the presence of denaturants when compared
with water. Stabilizing co-solutes however increase both parameters significantly, independent
of the peptide sequence.

Two models were used to describe the effect of the various co-solutes on loop formation ki-

netics. In the exchange formalism from Schellman, co-solutes are assumed to bind weakly
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to the polypeptide chain. Stabilizing co-solutes yield negative y-values, while destabilizing
co-solutes yield v > 0. An equilibrium constant for the exchange of a water molecule with a
co-solute molecule at a binding site was determined. The exchange constant is larger for the
more potent denaturant GdmCl, when compared with urea and larger in the stronger stabilizer
TMAO, when compared with sarcosine. Using Tanford’s Transfer model, a correlation be-
tween the calculated transfer free energy for the peptides to the respective co-solute and the
viscosity-corrected rate constant for loop formation at the respective condition can be found.
For denaturants, favorable transfer free energies were calculated for all peptides and deceler-
ated loop formation was observed. For stabilizing osmolytes, an unfavorable free energy for
the transfer of the peptides from water to 1 M osmolyte was calculated. Accordingly, loop
formation is accelerated at these conditions. For the neutral osmolyte proline, the transfer free
energy is small and the viscosity-corrected rate constant for contact formation changes only
slightly compared to water. The correlation between transfer free energies and corrected loop
formation rate constants allows us to predict the effect of different osmolytes and other co-
solutes on loop formation dynamics in any amino acid sequence.

The effect of osmolytes and other co-solutes is summarized in the following. Loop forma-
tion in stabilizing osmolytes and co-solutes is accelerated, due to a higher Arrhenius pre-
exponential factor in comparison with water. Additionally, the activation energy associated
with loop formation is increased in poor solvents due to the formation of intramolecular in-
teractions, which restrict the conformational space. Since the observed effect is independent
of the peptide sequence, we assume that these interactions must be hydrogen bonds formed of
the peptide backbone with itself or with the solvent. The kinetics for loop formation become
slower in denaturants in comparison to water, where intramolecular hydrogen bonds are dis-

rupted and the polypeptide chain is more stretched out.

Chain diffusion in polypeptides is subject to solvent viscosity (1) but might be affected by
contributions from the viscosity-independent internal friction. It was suggested, that in addi-
tion to solvent friction, contributions from internal friction affect the relaxation of a polymer
chain towards its equilibrium and could be determined by kinetic measurements at different
solvent viscosities through extrapolation to zero solvent viscosity. Up to date, it is not clear
whether a linear, a power law or a Rouse model should be used for the extrapolation of  — 0.
Loop formation was measured in model peptides and natural sequences at different solvent
viscosities to test, which model is able to describe the contributions from internal friction

(Tint) and from solvent friction (7,,,) and what effect side chains have. Our results show, that
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5. Summary

a power law with a fractional exponent 3 (with 5 describing the sensitivity of chain dynamics
to solvent viscosity) is suited best to describe the time constant for loop formation in (GS)g
and the natural sequences at different solvent viscosities. We used the determined (-value at
the respective condition to determine 7;,,; by extrapolation to zero solvent viscosity. We found,
that contribution of internal friction to chain dynamics are low, on the sub-nanosecond time
scale both in good and poor solvents, independent the amino acid sequence and temperature.
In contrast to Ty, Tsoy depends on the amino acid sequence and temperature. Contributions
from solvent friction are lower in (GS)g in comparison with the PV-DE-loop and the PV-EF-
loop. To test the effect of poor or good solvents on 74.1,, we measured loop formation in the
PV-EF-loop in the presence of urea or TMAO at varying solvent viscosities. We find, that
contributions from solvent friction to loop formation are high in good solvents, low in poor
solvents and intermediate in water. Using the Arrhenius Equation, we could describe 1/7,, as
a function of 1/T. The activation energy associated with 1/7,,}, of the PV-EF-loop was found

to be identical for all three solvents.

The last part of this thesis aimed at determining the effect of long range interactions on the dy-
namics of a helix in different states of a protein. To test the effect of long range interactions on
chain dynamics, we measured loop formation of the E-helix in protein fragments derived from
the calcium binding protein carp -parvalbumin (PV) and in full length PV. PV was chosen
to be studied by TTET, since it lacks amino acids interfering with the triplet state of xanthone
and exhibits a thermodynamical intermediate in the absence of calcium. Using native chem-
ical ligation, we successfully produced full length parvalbumin by condensing an expressed
fragment with a synthesized fragment bearing the triplet donor xanthone. The triplet acceptor
was introduced by using a thiol reactive mechanism to couple a naphthyl moiety to the side
chain of cysteine. The dynamics for loop formation in the doubly labeled full length PV were
measured by TTET in the unfolded state and an intermediate state and compared with an EF-
hand peptide and the isolated E-helix of PV. In the intermediate state of PV, loop formation in
the E-helix is slowed down due to long range interactions. In the unfolded state of PV, long
range interactions are inexistent and therefore do not influence the kinetics for loop formation.
Using TTET, we gained evidence for residual helical structure in a subpopulation of molecules
in the intermediate and the unfolded state, where the E-helix is formed and loop formation can

occur by only a few bond rotations.
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A. Appendix

Parameters for the Calculation of the Transfer Free Energy

Table A.1.: Solvent accessibilities for amino acids 1% and tripeptides 7°

ASA (Afresidue)  ASAqy,_x_qiy (A/residue)
residue backbone sidechain \ backbone sidechain
Ala 27.9 55.1 46.2 71.9
Arg 25.1 171.1 39.1 216.9
Asn 25.2 90.1 40.2 125.3
Asp 26.0 87.0 40.5 118.2
Cys 26.4 73.0 42.6 103.5
Gln 25.3 116.9 37.8 155.4
Glu 25.7 113.4 37.8 148.4
Gly 65.2 0.0 88.1 0.0
His 24.2 111.5 40.4 162.1
Ile 20.0 117.1 30.9 150.1
Leu 22.7 109.6 35.3 157.8
Lys 26.1 150.7 38.7 187.1
Met 25.3 122.4 38.6 164.8
Phe 24.3 128.8 384 184.4
Pro 22.5 87.0 35.6 111.0
Ser 29.4 66.5 44.0 85.8
Thr 24.1 84.3 37.9 114.6
Trp 23.6 156.6 374 228.9
Tyr 25.6 141.7 38.7 148.4
Val 20.4 96.4 36.1 128.4

133



A. Appendix

134

Table A.2.: Group transfer free energies in J/mol.

Side-chainand TMAO Sarcosine Proline Urea L-ArgHCI
backbone unit

Ala -61.25 45.65 -0.29  -19.62 107.06
ArgHCI -457.19 -134.89 -251.79  -88.58 215.89
Asn 233.01 -171.25  -74.10 -162.30 -697.88
NaAsp -278.95 -59.41 -378.69 14.85 -365.57
Cys - - - - -
Gln 173.26 -42.63 -134.98 -229.33 -605.28
NaGlu -348.32 -52.76  -373.09 2.59 -291.67
Gly 0 0 0 0 0
His 176.02 -87.03 -188.70 -211.33 -897.06
Ile -106.40 167.28 -11.38 -160.79 -472.58
Leu 48.62 160.37 19.96 -228.32 -366.20
LysHCI -461.20 -114.73  -250.50  -95.23 181.35
Met -32.01 3423 -146.94 -202.25 -508.10
Phe -38.99 -52.89 -298.15 -347.73  -1042.89
Pro -576.26 -143.22  -267.61  -73.85 -44.39
Ser -163.34 -117.07 -140.12  -86.02 -102.51
Thr 14.94 -31.55 -76.69  -92.42 -314.08
Trp -639.61 -472.92 -829.98 -591.87 -2136.26
Tyr -478.31 -110.33  -579.11 -188.61  -1634.86
Val -4.27 122.67 33.30 -90.58 -353.45
Backbone 376.56 217.57 200.83 -163.18 494.43




Solvent Viscosity as a Function of Temperature
Solvent viscosity measurement as a function of temperature (Figure A.1). The data was fitted
with a third degree polynomial function of the function y = ¢+ a;x + asx? + asx®. The results

from the fit are summarized in Table A.3.
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Figure A.1.: Measured solvent viscosities as a function of Temperature. A) 10 mM phosphate buffer
pH 7, B) 10 mM phosphate buffer pH 7 and 4 M TMAO, C) 10 mM phosphate buffer pH 7 and 6 M urea.
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Table A.3.: Fit parameters of solvent viscosities as a function of temperature.

10 mM phosphate buffer; pH 7

Glycerol (% (v,v)) ¢ a; a, as

0 -1.5333-10*  1.3988-107  -4.2635-10° 4.3445-10'!
5 -3.0898-10% 2.8127-10° -8.5669-107 8.7536-10°
10 -4.4653-103  4.1250-10°  -1.2740-10° 1.3168-10'!
15 -2.4723-10%  2.3454-10°  -7.4514-10" 7.9574-10°
20 -3.0059-10%  2.7324-10°  -8.3002-10° 8.4351-10'°
30 -6.5260-10% 5.9582-10° -1.8207-10° 1.8663-10'°
40 -3.4482-10% 3.2739-10°  -1.0406-10° 1.1106-10'°
50 -2.1874-10%> 2.0540-10° -6.4608-107 6.8332-10°
60 -2.3418-10%  2.1243-10°  -6.4535-107 6.5878-10°
10 mM phosphate buffer; pH 7; 6 M urea

Glycerol (% (v,v)) ¢ a a as

0 -182.89 1.6984-10° -5.2871-107 5.5455-10°
2 -194.90 1.8514-10° -5.8805-10" 6.2748-10°
6 -430.96 3.9453-10° -1.2082-10% 1.2415-10%
12 -111.05 1.1880-10°  -4.2123-10" 4.9950-10°
20 -2080.6 1.8630-10¢  -5.5747-10° 5.5828-10'°
30 -3503.1 3.1996-10° -9.7689-10% 9.9818-10%
10 mM phosphate buffer; pH7; 4 M TMAO

Glycerol (% (v,v)) ¢ a a, as

0 322.52 -1.9777-10°  3.0590-107 -

4 -906.02 9.0229-10°  -2.9982-10® 3.3324-10'°
8 -3830.0 3.4888-10° -1.0631-10° 1.0850-10*!
11 -4905.1 4.4637-10°  -1.3577-10° 1.3818-10'!
18 -8865.2 8.0655-10°  -2.4530-10° 2.4963-10'!
20 -9439.8 8.5885-105 -2.6124-10° 2.6590-10'
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