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1 Introduction

1.1 Protein Folding

Proteins are one of the major components in living cells and are involved in all
processes within the cell and in multicellular organisms. They fulfill functions in
catalysis, transcription and translation as well as in transport, signal transduction
and structural stability. In the cell proteins are synthesized at the ribosome by trans-
lation and can be post-translationally modified. They consist of a linear sequence
of 21 proteinogenic a-L-amino acids that are linked by peptide bonds. All amino
acids have the same composition of the backbone but distinct side chains with dif-
ferent properties and reactivities. The sequence of amino acids determines the three-
dimensional structure of the protein in solution®. The spontaneous process in which

a linear poly-amino acid chain finds its structure is referred to as protein folding.

1.1.1 The unfolded and the native state

A polypeptide chain can only adopt certain angles within the backbone (Fig. 1.1
A). In the Ramachandran plot the axes represent the two dihedral angles ® and ¥
of the protein backbone®? (Fig. 1.1 B). Secondary structures are defined by the
dihedral backbone angles ® between C-N-C,-C, and ¥ between N-C,-C-N (Fig. 1.1
A). In this two-dimensional plot only a broad -region and the a-regions are sterically
allowed. In these regions no atomic clashes appear between neighboring residues.
Recent work extents the requirements for allowed regions in the Ramachandran plot
by taking into account that all backbone polar groups should form hydrogen bonds
either intramolecularly or with the solvent?.

The unfolded state (U) is generally defined as a unstructured random coil®". U is
flexible and has no direct structural correlation to distant parts of the polypeptide
chain. The restrictions in the conformational space that are shown in the Ramachan-

dran plot reduce the conformational entropy in U. Usually the unfolded state is ex-
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Figure 1.1: Structure of the protein backbone. (A) The dihedral angles ® and ¥ as well as the
angle of the peptide bond w are shown. Figure adapted from®. (B) Ramachandran plot of a alanine
dipeptide. The area within the dashed lines designate the allowed regions in the hard sphere model.
In the top left corner is the 8-region and connected over a bridge the «a-region below. The bridge
region is reduced if hydrogen-bonding constrains are included (solid line). Figure from*

amined under denaturing conditions, i.e. at high concentrations of denaturant, high
temperature, pressure or extreme pH. However, the properties of the unfolded state
under these conditions might differ from those under folding conditions. Recently,
many intrinsically disordered proteins were found, which can serve as models for the
unfolded state® under physiological conditions. There, the intrinsically disordered
proteins were shown to occupy mainly a collapsed but a highly dynamic state. Also
in the unfolded state of many proteins residual structure has been found that differs
from the model of a complete random coil®*?. These residual structure elements can
influence the protein folding reaction as already a bias to some secondary structures
is present. However U resembles a highly dynamic ensemble of multiple states with
low barriers between the conformations so they interchange rapidly.

Most proteins under physiological conditions are found to adopt a specific three-
dimensional structure, the native state (N). In the native state optimal hydrogen bond
saturation of the backbone amide groups can only be achieved in defined secondary
structure elements such as a-helices, 5-sheets and turns. These secondary structures
form very fast and often in the absence of specific tertiary interactions.

The secondary structure elements assemble in defined spatial topology to the ter-
tiary structure, which is mainly stabilized by side chain interactions such as elec-

1. van-der-Waals interactions, hydrogen bonds!'? and the hy-

trostatic interactions!
drophobic effect®'4. In most proteins the solvent is excluded from the interior thus

eliminating unfavorable interactions of water with the hydrophobic side chains. Big-
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ger proteins often consist of domains, which are typically about 100 amino acids in

1516 Tn some proteins quater-

size and form stable folding units within the protein
nary structures are formed by association of several polypeptide chains into larger
complexes. Many structures of proteins are known to atomic detail by X-ray crys-
tallography or nuclear magnetic resonance (NMR) spectroscopy. Although the struc-
tures sometimes appear to have a rigid topology the dynamics in the native state are
of fundamental importance for protein folding and function. These dynamics range
from small thermal fluctuations to motions of whole domains. The function of the
protein often is closely related to its dynamic properties as folding, binding and also
enzymatic activity depend strongly on the dynamic properties.

There are three basic models that describe how the proteins find their folded struc-
ture from the ensemble of unfolded states. In the nucleation-growth-model secondary
structure elements are assumed to nucleate locally from which the structure propa-
gates until it reaches the native topology!. Similarly, in the diffusion-collision-model
the secondary structures form first before they find and lock their tertiary structure
by diffusion!?. The third model, the hydrophobic-collapse-model, suggests a collapse
of the protein so the hydrophobic amino acids agglomerate. This intermediate can

then rearrange to the native state!®.

1.1.2 Thermodynamics in protein folding

In general, the protein folding reaction is cooperative and can be described as an
equilibrium reaction, which also implies that the reaction is reversible®!?. In the
simplest model, mainly valid in small, single domain proteins, only two states are
involved in the reaction: the native (N) and the unfolded state (U) (Eq. 1.1, Fig.
1.2)2,

Ny (1.1)
ke

N and U resemble thermodynamic states with a multitude of microscopic substates.
The folding rate constant is k¢ and the unfolding rate constant k,. The equilibrium
constant K.,, the ratio of the equilibrium concentrations of the native (N) and the
unfolded state (U), determines the free energy of the folding reaction AGY (Eq. 1.2).
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Figure 1.2: Free energy diagram of the unfolded (U) and the native state (N) in a two-state transi-
tion. The total free energy difference AG? is the energy difference of the states and the activation
free energies AG% and AG‘J)} are the height of the barrier. Additionally the effect of a perturbation

on the activation free energy 6AG2?f/6a: with respect to the effect on the total free energy SAG®/éx
is shown. Figure adapted from?'.

AG" = —RT -lmK,, = —RT - 1n%] (1.2)

Usually the free energy for protein folding is in the range of -15 to -60 kJ /mol?°. The
stability of the folded state is small due to compensating effects, the loss of entropy
and gain in enthalpy. The free energy is a function of pressure p, temperature 7" and

the concentration of denaturants, [D] (Eq. 1.3).

dAG? = AV dp — ASdT + m d[D] (1.3)

Each perturbation gives information on different thermodynamic parameters of
the system. Pressure changes allow direct measurement of volume changes AV? and
temperature transitions yield information on entropy AS® and enthalpy AH°. The

van'Hoff equation gives the effect of temperature on the reaction enthalpy:

InK,, dH°
dT~  RIT? (14)
The folded and the unfolded state have a different heat capacity C), since buried

parts of the folded protein are exposed to the solvent in U. Therefore, the thermody-
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namic parameters AH and AS change with the temperature according to equation
1.5. Due to this dependency proteins unfold at high and low temperatures, known a

heat and cold denaturation.

AAH(T) = AH(Ty) + AC, - (T — Tp) (1.5a)
dAS(T) = AS(Ty) + AC, - In (;) (1.5b)

The change of AG® with the denaturant concentration is typically linear with
the proportionality constant m. The m-value is defined in equation 1.3 to m =
SAG®/§[D]. Addition of denaturants provides information on the change in solvent
accessible surface area (SASA) (Eq. 1.3)?2. The folding equilibrium is governed
by interactions, solvent to backbone or backbone to backbone, depending on which
hydrogen bonds are more favorable. In general, water is a poor solvent for proteins,
not only for the hydrophobic side chains, but also for the protein backbone. Thus in
water intramolecular hydrogen bonds are favored and the protein folds?*. The effect
of the solvent additives is therefore a function of the solvent quality. Denaturants
such as urea or guanidinium chloride (GdmCl) are good solvents for the backbone®.
The protein unfolds and extents into the solvent thereby more surface gets exposed.
The m-value directly correlates with the change in SASA2*. On the other hand,
stabilizing additives such as trimethylamine N-oxide (TMAO) and sarcosin shift the

equilibrium towards N as they are even worse solvents than water?3.

1.1.3 Kinetics of protein folding

Typical timescales for protein folding reactions range from microseconds? up to
several seconds or hours?%2?, Very different kinds of motions are required for protein

folding. Side chain rotations already appear on the ps timescale, loop motions are usu-

28730 and whole domain motions up to microseconds®'. Reactions that

32,33
)

ally within ns
are known to slow down protein folding significantly are proline isomerizations
disulfide bridge formation®* and incorporation of cofactors.

In protein folding the unfolded and the native state are local minima in the free

energy landscape that are separated by a free energy barrier (Eq. 1.1, Fig. 1.2).
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Also the transition state and possible intermediates are energetically well-defined
and separated from the other states®. To obtain information on transition states as
well as minima in the free energy landscape thermodynamic and kinetic data have to
be combined. In the two-state model (Fig. 1.1) the observable rate constant A is the

sum of the folding and the unfolding rate constants.

)\:kf-l—ku (1.6)

The microscopic rate constants, ky and k,, can be determined in a chevron plot,
where the logarithm of the observed rate constant is determined as a function of
denaturant concentration. By extrapolation of the folding and the unfolding branch
to zero denaturant, k, and k; are resolved. The equilibrium constant K., is given
by by the ratio of the equilibrium concentrations of N and U as well as by the ratio
of rate constants for folding and unfolding (Eq. 1.7). If thermodynamic and kinetic

data yield the same results the apparent two-state mechanism is confirmed.

[Nleg _ ks
Uleg  ku

In addition, the height of the barrier AG% can be determined by the temperature

dependence of the rate constants k, and k; (Eq. 1.8)3%35. The pre-exponential factor

Keq = (1.7)

ko is the maximum rate constant in the absence of a free energy barrier. The total
free energy difference AGY is the difference between the activation energies for folding

and unfolding, AG} and AGY.

k= ko - e"AG"/RT) (1.8)

Characterization of the transitions state is difficult as it is not populated. To gain
information on the properties of the transition state the rate equilibrium free energy
relationships (REFERs) can be used. The activation parameters are analogous to the

Gibbs equation for protein folding (Eq. 1.3) given by:

dAG™ = AV%dp — AS™AT 4+ m* d[D] (1.9)

With the REFERs the effect of perturbations on the kinetics are compared to the

corresponding effects on thermodynamics (Eq. 1.10)%. The changes in the activation
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free energy AG% due to the perturbation are linearly related to the change in free en-
ergy AG? by the a-value. The perturbation can be a change in pressure, temperature,
denaturant concentration or structural changes by mutation?!.

_ OAGY /sx 8 Ink;

Y= SAGY/5r 6 Ink,, (1.10)

In the Lefflerplot3® the logarithm of the rate constant is plotted against the loga-
rithm of the equilibrium constant. The slope represents the a-value which it is usually
between 0 and 1. For o = 1 the perturbation acts on the transition state in the same
way as in the folded state, whereas for values close to 0 the transition state is more
like the unfolded state. If the perturbation is described by the reaction coordinate
the a-value locates the transition state between U and N (Fig. 1.2). In the special
case of mutational analysis the a-value is often referred to as ®-value.

Variation of pressure gives information on volume changes between U and N (AV?)
and the transition state (AV%). Temperature dependencies give the relative position
of the transitions state with respect to the entropy as well as indirectly the enthalpy.
The rate constants for folding and unfolding as well as the equilibrium constant are
linearly related to the concentration of denaturant such as urea and GdmCl with the
slope m. Denaturant induced REFERs therefore yield information on the change
of SASA between the transition state and the ground states?*. Mutational analysis
determines if the probed interaction is already present in the transition state?!.

With help of this analysis tools it is possible to obtain information on the structural
and thermodynamic properties of the transition state. It can be characterized with
respect to interaction (AHY), flexibility (AS?), volume(AV?) or solvation. The tran-
sition state can be located on the different reaction coordinates and this facilitates a

better understanding of the energy landscape for protein folding.

1.1.4 Folding intermediates and the dry molten globule state

The two-state behavior is mainly valid in small proteins and even in these inter-

t373%, Many larger proteins fold through partially folded

mediates are often presen
intermediates3®. Two models for the occurrence of intermediates during protein fold-
ing have been proposed. The first one assumes that sequential intermediates occur

on-pathway during folding in a hierarchical manner. Stable equilibrium intermediates
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observed under non-physiological conditions and the corresponding kinetic intermedi-

4041 According to the second model

ates show up in multi-exponential folding kinetics
protein folding occurs on multiple pathways on a rough energy landscape with local
minima. It accounts for the intermediates as kinetic traps in the energy landscape
with partly misfolded structure elements*?43.

Intermediates have been investigated by a multitude of experimental techniques,
nonetheless they represent a major challenge in this field. Often intermediates are
only transiently populated or their equilibrium concentrations are low compared to
the ground state species. Some intermediates arise from slow steps in the protein
folding mechanism, e.g. intermediates that have a native-like secondary structure
but a proline residue still has to isomerize to form N*4. Kinetic intermediates lead
to complex kinetics with more than one observable rate constant. In general, the
number of observable rate constants n corresponds to n + 1 kinetic species including
N and U. In some cases a heterogeneous unfolded state, e.g. different proline isomers,
cause multiple kinetic phases and have to be taken into account.

A special intermediate is the molten globule. The wet and the dry molten globule

state was first proposed by Shaknovich and Finkelstein 446

, who predicted it to be
a high energy state that cannot be detected experimentally. In both the wet and
the dry molten globule state secondary structure elements are formed and also the
topology is close to the native state but not tightly packed. In the wet molten globule
solvent is still present in the core whereas in the dry molten globule (DMG) solvent
is precluded from the core. In both the side chains have not yet established all
interactions and remain flexible. Compared to the native state the DMG state was
proposed to be expanded. As the secondary structure stays intact and solvation does
not change in the DMG compared to N, this intermediate is invisible for standard
spectroscopic methods such as circular dichroism (CD) or fluorescence as well as most
data evaluation methods of molecular dynamics (MD) simulations. However with
NMR and energy transfer methods such as Forster resonance energy transfer (FRET)
or triplet-triplet energy transfer (TTET) detection of the DMG was proposed*”. With
these methods distance distributions and contact formation are monitored, which are
parameters that change between the fully folded state N and the DMG state.
Intermediates on the native side of the major unfolding barrier were detected in
several proteins. The first hint was found in ribonuclease A (RNaseA) by NMR. In

hydrogen-deuterium (H/D) exchange experiments no intermediate for unfolding could
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be detected, but in real-time 1D 'H NMR spectra during the unfolding of RNaseA, a
rapidly formed intermediate was found that has increased side chain flexibility. The
backbone NH groups are highly protected thus in the intermediate state the solvent
accessibility stays native-like. This points to the proposed DMG state*® . A similar
intermediate was observed during unfolding of dihydrofolate reductase (DHFR). Un-
folding of the YF-Trp labelled DHFR, measured by stopped flow mixing, showed that
the YF-NMR resonance line of N disappeared but the line for U rose with some delay.
The slow phase corresponds well with results from spectroscopic measurements. The
protein rapidly forms an intermediate with flexible side chains that is not detectable

°L A further example for the

in kinetics recorded with far-UV CD or fluorescence
existence of the DMG state was found in single chain monellin. In near-UV CD data
an intermediate can be detected in which the Trp chromophore is not exposed to wa-
ter as seen in fluorescence data. The unfolding kinetics monitored by FRET revealed
changes in the distance between the labels suggesting an expansion of the protein®?.
Furthermore, the DMG intermediate was proposed in the villin headpiece subdomain.

This will be discussed in detail in section 1.4°3.

1.1.5 The effect of pressure on stability and dynamics of
proteins

Pressure perturbation in protein folding studies yields information on the funda-
mental principles of protein folding®. According to Le Chatelier’s principle with
increasing pressure the equilibrium is shifted to the state with the smallest system
volume. It was found that high pressure denatures proteins® %, but the exact ori-
gin of the volume increase upon folding is still under investigation. The volume

9 and

change upon protein folding is very small, often only 0.5 % of the total volume?
typically AV? ranges between 5-180 ml/mol®". Hence proteins denature only at pres-
sures above 300 MPa. Measurements under these high pressures are experimentally
demanding and therefore only few data are available. In general, it is assumed that
the native state stays unchanged under high pressure but the equilibrium is shifted
to U. The pressure unfolded state often maintains secondary structure elements even
at high pressures®962,

The pressure dependence of the equilibrium constant K., yields information on the

reaction volume AV? according to the Planck equation:
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dnkK,, A
=— 1.11
op RT ( )

The pressure-temperature phase diagram for a two-state system is elliptically shaped

63 The change of Gibbs free energy with respect to standard conditions py and Tj is
described by %

2 To
+ AVo(p — po) — ASo(T — Tp) + AGy

AG :%(p —p0)° + Aa(p — po)(T = Tp) — AC, (T (mz - 1) + TO) (1.12)

with the compressibility factor § and the thermal expansivity a. AG = 0 represents
the transition line in the phase diagram. This diagram includes pressure denaturation
as well as heat- and cold denaturation. Due to its elliptical shape it is possible to
start from a denatured ensemble at high temperature and enter the native area with
increasing pressure. At even higher pressure the denatured regime is re-entered again.
Two assumptions are made for this theory: first, it is a two state transition without

intermediates and second, the transitions is completely reversible%4.

pressure

denaturation

cold
denaturation

denatyfation

temperature

Figure 1.3: Elliptic pressure-temperature phase diagram of proteins. The area with a higher stabil-
ity for the folded state is shown in grey, the denaturing regime in white and the line represents the
transition from the native to the unfolded state with k., = 1. Figure adapted from®4.

10
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Many opposing contributions were found to cause changes in the system volume
upon folding. Newer studies suggest that the voids and cavities within the native
structure are the main cause of the volume increase upon folding®. On the other
hand the presence of intramolecular hydrogen bonds and van-der-Waals interactions
in the native state reduce the atomic volumes in the folded state®. As not only the
protein itself determines the system volume but also changes in the solvent contribute
to it, the increase of the water volume around exposed hydrophobic groups results in
a negative volume change upon folding®"%®. Electrostriction around charged groups®
and solvation of the peptide backbone contribute to a positive volume change upon
folding®.

Information on volume changes in the transition state of the protein folding reac-
tion can be obtained by kinetic measurements. The pressure-dependence of the rate
constant for folding and unfolding is proportional to the activation volume dV% (see
also Eq. 1.9):

dlnk _dVOi
Sp  RT

Only few studies on the effect of pressure on folding kinetics are available. In

(1.13)

Tendamistat chevron plots in the pressure range from 1 to 1000 bar were recorded

™. At higher pressures tendamistat is

by high-pressure stopped flow measurements
destabilized indicating that the folding reaction is accompanied by a increase in vol-
ume by 41.4 cm®/mol. The kinetic measurements revealed that the volume of the
transition state is 60 % native-like. At high concentrations of denaturant the volume
of the transition state even exceeds the volume of the native state. It was argued that
the protein folds in denaturant via a transition state that is already dehydrated but
still not well-packed?"™. In cold-shock protein CspB kinetic folding and unfolding
studies were done by pressure-jump relaxation experiments™>"2. The feasible pressure
jumps up to 16 MPa are very small compared to those needed for complete unfolding
transition. Therefore, the effect on the equilibrium constant is small and very small
signal changes have to be detected. For staphylococcal nuclease a high activation vol-
ume for the transition state was found showing the the transition state has a larger
volume than either of the folded or the unfolded state™. Also in some variants of the
ankyrin repeat domain of the Notch receptor a transition state with higher volume

than in either ground state was found ™.

11
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The protein folding reaction includes the formation of intramolecular hydrogen
bonds as well as packing and the formation of the hydrophobic core. How each of
these contribute to the volume change upon folding is still under debate. The effect
of pressure on the dynamics of secondary structure elements like a-helices, 3-sheets

and hairpins are not yet known.

1.2 Triplet-Triplet Energy Transfer as a Tool to
Monitor Peptide and Protein Dynamics

Detailed knowledge of the dynamics of polypeptide chains in the unfolded state
gives information on the early steps of protein folding. Loop formation within polypep-
tide chains is important for the search of the conformational space and for the for-
mation of specific interactions between distant parts of the polypeptide. Intrachain
diffusion might even limit the protein folding reaction”. The fast electron transfer re-
action triplet-triplet energy transfer (TTET) monitors the contact formation between
two labels. With the two labels within one polypeptide chain, it is a valuable method
to study loop formation within the peptide and also in proteins. Therefore, the donor
9-oxoxanthene-2 carboxylic acid (xanthone, Xan) to the acceptor naphthalene (Nal)
are introduced in peptides and proteins and TTET is monitored over time. TTET
can also be coupled to the conformational equilibrium to study folded systems. This

will yield information on local folding and unfolding rate constants.

1.2.1 Triplet-triplet energy transfer (TTET)

For TTET the donor xanthone is exited to the S; state by a short laser pulse at
355 nm and undergoes intersystem crossing to the triplet state efficiently (~ 99%) in
less than 2 ps“®"". The intrinsic lifetime of the triplet state in absence of oxygen is up
to 80 us in folded peptides which determines the upper time limit for observation.

The transfer of the triplet state from xanthone to the acceptor naphthalene through
space has a strong distance dependence. The energy transfer only occurs at distances
of up to 5A ™, which basically implies the formation of van-der-Waals contact. Energy
transfer through chemical bonds is only possible at a donor-acceptor separation below

9 bonds®'8!, which is much shorter than in all peptides used in this study. The

12
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Figure 1.4: Jablonski diagram for triplet-triplet energy transfer between xanthone and naphthalene.
Figure adapted from?.

energy transfer to the acceptor occurs radiationless through a two electron exchange
reaction (Dexter mechanism) within 2 ps (Fig. 1.4)™. The triplet states of the
donor and the acceptor can be monitored by time resolved absorbance spectroscopy.
The decay of the xanthone triplet state can be followed at 590 nm ( ey, ~ 10000
M~ em™!) and the corresponding increase of the acceptor triplet state at 420 nm.
Contributions from intermolecular energy transfer can be neglected below peptide
concentration of 50 uM?*?. In contrast to the Forster resonance energy transfer
(FRET), TTET measures the actual contact formation between the labels and not a
distance distribution of the labels.

Experiments under pseudo first order conditions with the labels free in solution
show that the energy transfer reaction is diffusion controlled. The second order rate
constant is 4 - 10 M~! s71297 in agreement with the prediction from the Smolo-

1
chowski equation. The rate constant in inversely viscosity-dependent (k ~ —) and

20,82 :

the activation energy for the energy transfer is zero (£, = 0) in accordance with

a diffusion-controlled reaction®. Due to the diffusion-controlled mechanism and the

13
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extremely fast photo physics of excitation and energy transfer, the contact formation
rate constant can be directly measured for processes slower than 20 ps®.

Some natural amino acids such as trypophane, tyrosine, methionine, histidin and
cystein quench the triplet state of xanthone or perform TTET themselves. For TTET

experiments these amino acids should not be present within the protein of interest™.

1.2.2 TTET in unfolded polypeptides

In unfolded model peptides, e.g. in poly-serine and poly-glycine-serine peptide
(GS), loop formation rate constants have been studied in great detail with TTET.
The labels were introduced within one peptide. Upon loop formation the labels get
into contact and the triplet state is transferred. The data of the unfolded polypep-
tides show single exponential absorbance decays at 590 nm and the loop formation
rate constant can be directly accessed as the rate constant of the decay. Thereby,
many details on the dynamics of intrachain diffusion and chain flexibility with varying
chain length and sequence could be obtained®?8 30828 Figure 1.5 shows represen-
tative traces from GS-peptides with varying loop sizes and their corresponding single

exponential fits?.
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Figure 1.5: Triplet decay curves of xanthone monitored by the change in absorbance at 590 nm
of Xan-(GS)y-Nal-SG peptides of different lengths with the corresponding single exponential fit.
Figure from?2°.

Also the effect of solvent properties and thermodynamic parameter have been de-

termined®®. In less flexible peptides, the viscosity dependence is affecting the contact

formation not to the full amount®. The temperature dependence of the viscosity
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1.2 Triplet-Triplet Energy Transfer as a Tool to Monitor Peptide and Protein Dynamics

corrected contact formation rate constant follows the Arrhenius law®® with activa-
tion energies between 5 and 20 kJ/mol. Addition of denaturant (D) has linear effect
on the logarithm of the contact formation rate constant k. with the proportionality

constant m83.

m, - D]
RT

Ink, = Ink? — (1.14)

1.2.3 TTET in folded peptides and proteins

TTET can also be applied to study folded systems. By coupling the irreversible
energy transfer reaction to a conformational equilibrium local dynamics in folded pep-
tides and proteins become accessible. For TTET the labels are inserted in a sequence
such as to prevent contact formation in the folded state. The local structure between
the labels has to unfold to facilitate the energy transfer reaction. By this method pro-
tein folding can be probed in equilibrium, in contrast to relaxation methods, such as
temperature jump (T-jump) spectroscopy, which are also used to investigate reactions

in the nanosecond to microsecond time range8¢9.

ku
NZU ey U (1.15)
f

The three-state system can be described by equation 1.15. N represents a folded
structure with the labels separated. In this scheme U represents a partially unfolded
conformation in which the region between the labels is flexible and loop formation
can occur. In U* the irreversible energy transfer from xanthone to naphthalene has
taken place. TTET can be followed spectroscopically (Fig. 1.5).

This mechanism is similar to the one in hydrogen-deuterium exchange experiments,
where the irreversible exchange reaction of an amide deuterium to a hydrogen from
the solvent is monitored. Exchange can only occur in non-hydrogen bonded and
solvent accessible regions and consequently the protection depends on the folding
and unfolding rate constant of the protein. The time scale of the probing reaction
(k.) determines the time resolution of the experiment. For the TTET experiments in
fast folding proteins all three rate constants ks, k, and k. are in the same order of

magnitude. If both N and U are populated, k¢, k, and k. can be directly calculated
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from the two apparent rate constants A; o and their corresponding amplitudes A; %
(Eq. 1.16).

ky + ki + ke £ \/(ku + Ky + k)2 — 4k, k.

/\1/2 = 9 (116&)
1

A = m<[(]]0'kc'(ku_)\l)+[N]O'ku'kC) (1.16b)
1

1.3 a-Helices

a-Helices?! are the most abundant secondary structure motif in proteins. About
30% of all amino acids in natural proteins participate in a-helices® and a-helix
formation is suggested to be one of the first steps in protein folding as only local
interactions have to be established. The average length of an a-helix within a protein
is 10 amino acids®?. The a-helix is a right handed twisted structure with a linear
translation of 5.4 A and 3.6 residues per turn (Fig. 1.6), i.e. 1.5 A per amino acid.
The helix shows very defined ® and ¥ angles in the backbone of the polypeptide chain
(Fig. 1.1) and is stabilized by consecutive hydrogen bonds between the backbone
amide and carbonyl groups in i,i+4 spacing with nearly optimal distance between
donor and acceptor of 2.8 A 939 The side chains of the amino acids point tangentially

outward from the helix.

JFLN

Figure 1.6: Structure of an «a-helix. The figure was prepared with the program MacPyMOL.
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1.3 o-Helices

The narrow 31p-helix with a i,i4+3 hydrogen bonding pattern is also found frequently
in crystal structures often in stretches of 3-4 amino acids at the termini of a-helices®.
The 7-helix with i,i+5 hydrogen bonds is energetically unfavorable and thus only

rarely found®4.

1.3.1 Stability of a-helices

Except glycine and proline all natural amino acids are found in a-helices. Never-
theless, the amino acids exhibit different helix propensities. Alanine was shown to
be the best helix forming amino acid. Alanine-based helical peptides are helical even

% To solubilize these peptides,

in isolation without stabilizing tertiary interaction
charged amino acids were introduced in i,i+5 spacing. With this system it was pos-
sible to study a-helix formation extensively and the helix propensities for all amino
acids were obtained (Tab. 1.2)°710! Besides the helix propensities of the amino
acids the effect of salt®”, denaturants!®®'9 and 22 2-trifluorethanol (TFE)! was
studied extensively in these alanine-based helical peptides. Addition of TFE to the
peptide solution induces a-helix formation significantly even in sequences with low
helix propensities!9%1% Tt is unclear wether this is due to shielding of hydrogen bonds

107 or the disruption of the solvent shell

from backbone to water in the unfolded state
in the a-helix1%. The helix propensity of all amino acids increases in TFE compared
to water 4.

In proteins secondary and tertiary structures fold cooperatively. Tertiary interac-
tions with other parts of the protein stabilize and enhance helix formation and lock in
the final structure. In isolation helices have been found to be highly dynamic systems
with multiple states and hence the two-state model is not valid. The helix can extend
and abridge at both termini in one amino acid steps.

For the first turn in the helix four amino acids need to be in the right conformation
to form one hydrogen bond (Fig. 1.7). This results in three amide NH groups at
the N-terminal end of the helix that cannot form intramolecular hydrogen bonds but
still have the unfavorable entropic restrictions. The same is true for three amide
CO groups at the C-terminal end of a helix. Consequently nucleation of the helix is
less likely than elongation where every residue contributes one hydrogen bond to the
stability.
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1,i+4

It H-bond ‘M

v

2nd H-bond m

v

3rd H-bond

Figure 1.7: a-helix formation. For the first turn the angles of four peptide bonds have to be re-
stricted to gain one hydrogen bond (H-bond), for helix elongation each peptide bond restriction
gains one hydrogen bond.

Stabilizing side chain interactions within o-helices

Helices can additionally be stabilized by side chain interactions. The side chains of
residues in i,i+3 or i,i+4 spacing are in close vicinity and can interact with each other.
The typical side chain interactions in proteins, such as salt bridges, hydrogen bonds,
hydrophobic interactions, basic/aromatic interactions and polar/nonpolar interac-
tions were also found to stabilize helices. It was possible to quantify the stabilizing
energies?. The alanine-based model systems even allowed the characterization of the
mechanism for the less known interactions, such as the Phe-His interaction that was
first found in the C-peptide!®®!1%  Also specific interactions between the non-polar

side chains tyrosine and leucine or valine!!!

as well as tyrosine and the non-natural
non-polar amino acids norleucine and norvaline'? were determined. The strength of
a Gln-Asp hydrogen bond was quantified to 1 kecal /mol for a charged aspartate in the
defined system of the helices and the findings were used to screen protein sequences,
where this interaction is quite frequent 314 With 1.6 kcal /mol the phosphoserine-
lysine salt bridge is the strongest side-chain interaction found so far!!®.

Although strong stabilizing effects of salt bridges and hydrogen bonds had been
found by CD spectroscopy the results could not be reproduced by TTET experi-
ments’®. One reason is the destabilization of the helix by replacing an alanine, the
best helix builder, with an amino acid that contributes to the interaction. The inter-

action could only counteract this effect and could not be quantified. The reference
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1.3 o-Helices

peptide without the studied interaction had a hydrophobic norvaline next to the label

and was therefore stabilized as well by side chain interactions®.

The helix dipole and helix capping

The successive hydrogen bonds in the helix arrange all peptide bonds equably
perpendicular to the helix axis and the dipole moments adds up over the complete
length to the helix dipole. The helix has an apparent positive partial charge at the
N-terminus and a negative partial charge at the C-terminus. Both effects destabilize
the helix and therefore have a high impact on amino acid preferences at the termini®*.
The first amino acid at the N-terminus without a-helical dihedral angles is the N-cap,
at the C-terminus its the C-cap. Helix capping includes the N- and C-cap as well as
the following amino acids denoted N1, N2, N3, N4 and C1, C2, C3, C4. These caps
are able to contribute to helix stability either by counteracting the helix dipole with
a charge or by providing favorable side chain to backbone or side chain-side chain
interactions.

For example, the side chain of asparagine as N-capping residue can form a hydrogen
bond with the amide NH of the third helical residue (N3) and counteract the dipole
with the negative charge of the side chain!'®. Capping boxes have been found in pro-

7 as well as the C-terminal end 18120,

tein sequences at the N-terminal end of helices!!
In artificial peptides such as the alanine-based peptides, an acetylated 21122 or even
a succinylated '3 N-terminus is the most favorable N-cap. It removes the positive
charge, succinyl even counteracts with a negative charge and the carbonyl group can
serve as a hydrogen bond acceptor for the unsaturated backbone NH groups of N3.
At the C-terminus amidation acts in a similar way on helix stability and is a rel-

atively good capping motif!'®. Favorable and destabilizing capping motifs!'” were

101,116 ;

introduced and characterized extensively in alanine-based helical peptides and

the N- and C-capping propensities are listed in table 1.2.

1.3.2 Helix-coil theory

Two models have been developed to describe the helix-coil transition, the Zimm-

1124 and the Lifson-Roig model*?. In the Zimm -Bragg model'?* a peptide

Bragg mode
group is considered helical if the NH group forms a i,i+4 hydrogen bond. The code

1 denotes a helical and 0 a coiled state (Tab. 1.1). The statistical weight of helix
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nucleation is os, the elongation of an existing helix has the weight s. Peptide groups
with no hydrogen bond of the NH group, state 0, are assigned a statistical weight of 1.
By this we have basically the initiation parameter ¢ and the propagation parameter
s that govern helix stability®®. Two further limitations are set, first helices shorter
than three segments are neglected and second the first three units are kept non helical
as they cannot form a hydrogen bond. The s-values were determined experimentally
for all proteinogenic amino acids (Tab. 1.2)%%1%.

In the Lifson-Roig model!?® the basic unit is one amino acid residue which is ac-
counted for as helical (h) or coil (¢) depending on the ® and ¥ dihedral angles (Tab.
1.1). Statistical weights are assigned to the middle residue of a triplet. This is re-
lated to that of a coil residue between two other coil residues in the triplet ccc, which
is defined as having a weight of 1. By this the actual state and the states of the
nearest neighbors contribute to the statistical weigh. A helical residue in a helical
region, such as in the triplet hhh, has the weight w, the last helical residue in chh or
hhc is referred to as v. To gain the statistical weight of a helix with N residues the

N=2 N- and C-caps are taken in

weights of the residues are multiplied and yield 2w
consideration by assignment of the statistical weights n and ¢ to the coil residue in
front and behind the helix as in cch and hce. In the same manner preferences in the
N1, N2 or N3 as well as the C-terminal helical residues can be included®. It is even
possible to consider side chain interactions with the i, i + 4 interaction parameter, p,

and an i,i + 3 interaction parameter, q'?°.

Zimm-Bragg code o000 1 11 1 1 1 0O0UO00O0
Zimm Bragg statistical weight 1 1 1 os s s s s os 1 1 1 1
Lifson-Roig code c ¢c¢c h h h h h h ¢ c¢c ¢ c
Lifson-Roig statistical weight 1 1 n v w w w w v ¢ 1 1 1

Table 1.1: Table of notation and statistical weights for the Zimm-Bragg and the Lifson-Roig model®*

The sum of the weights of all possible conformations determines the partition func-
tion. The population of one conformation can be calculated by dividing its statistical
weight by the partition function. Is the weight >1, the conformation has a higher
probability than the all coil reference, is it <1, it has a lower probability. By this the
overall helix-coil equilibrium can be retrieved®*. The algorithm AGADIR is based on
the Lifson-Roig model and gives reliable predictions on the helix-coil equilibrium for

a given sequence 127128,
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1.3 o-Helices

The statistical weights of the two models can be converted into each other by !2:

w

=115 (1.17a)
2
14

This model has often been used in combination with experimental work“8:130:131
where the experimentally obtained helix content is used to parametrize the Zimm-
Bragg model. Equation 1.18 gives the theoretical helix probability for a sequence of

the length N and specific s- and o-values'?4.

b= (n=3)(s—1)—2+((n —13)(3—1)+28)-s”+2 (1.18)
(n—=3)(s—=1)[1+(s—2)2- s—”“; —((n=3)(s—1)+s) s

The Zimm-Bragg model was used to interpret the thermal unfolding curves of
alanine-based peptides of different lengths yielding the propagation parameter s of
about 1.35 for alanine and the nucleation penalty o of about 0.003'3!. Here side chain
interaction between glutamate and lysine were present in i,i+4 spacing. In further
studies these could be eliminated and only lysine served to assist solubilization. With
host-guest studies in these peptides the s-values of all natural amino acids could be
obtained (Tab. 1.2)%1%  Furthermore, the Lifson-Roig model, which also accounts
for capping effects, was used to reproduce the helix content from CD measurements.
A propagation parameter w was assigned to all amino acids (Tab. 1.2) and also
converted to the s-value of the Zimm-Bragg model'?°. N- and C-capping preferences
were included by the parameters n and ¢ (Tab. 1.2).

With NMR H/D exchange and CD spectroscopy the length dependence of helix-
coil transitions in alanine-based helical peptides has been investigated and the results
were reproduced with the Lifson-Roig theory. The theory already infers length in-
dependent propagation and nucleation parameters and the experiment was able to
confirm this!32. Contrary to this a time resolved T-Jump infrared spectroscopy (IR)

study suggested length dependent s-values, but here a two-state model was invoked
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to model the relaxation kinetics!?33

. However, the two-state model cannot describe
the non-cooperative helix-coil transition in alanine-based helical peptides.

The kinetic linear Ising model is suitable for calculation of the helix-coil dynamics
using the Zimm-Bragg model. As described before, each position is assigned one
of two possible states and the transition between the states depends on the actual

state and the nearest neighbors!3*

. This is then expressed in statistical weights by
addressing the transitions of the middle residue in a triplet. There are three possible

scenarios:

1. Helix elongation:

hee k’% hhe  cch k% chh :—_11 = (1.19)
2. Helix nucleation:

cce 1:% chc :—22 =0s (1.20)
3. Coil nucleation: . by .

hhh ]i hch s (1.21)

The s-value is the equilibrium constant of the elementary helix folding and un-
folding reactions. Residues with a s-value bigger than 1 are more likely to be in a
helix than in a coil state, s-value smaller than 1 indicate poor helix propensities.
As described before, helix nucleation is unfavorable and o, the nucleation penalty, is
close to 0. For coil nucleation within a helix at least one turn has to unwind to open
the helix and also has a low probability in this model. In addition the model can be

extended to include kinetic effects by ** (1 <y < \/%;)

ky =n -0k ko =n -k (1.22)

ks =7c-0 -k ko3 =" k1
With the parameters s and o as well as 7, and 7, the helix-coil dynamics are fully
described and can be calculated with reference to k; which is arbitrarily set to 1.
The models suggests that only one helical sequence is present at a time, because the

nucleation is unlikely compared to helix propagation. Generally, this is referred to as
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1.3 o-Helices

the single sequence approximation'?’. The second consequence for helices in general
is, that at the termini the helix tends to open, known as helix fraying. This effect

was also confirmed experimentally?”.

amino acid  s-value w-value n-value c-value

Ala 1.54 1.61 1 1
Arg* 1.04 1.09 1.3 2.1
Leu 0.92 0.96 3.4 1.2
Lys™® 0.78 0.82 0.78 1.1
Glu 0.63 0.66 - 2.2
Met 0.60 0.63 1.8 1.6
Gln 0.53 .56 0.01 2.4
Glu 0.43 0.45 3.3 0.41
Ile 0.42 0.44 2.4 <0
Tyr 0.37-0.50  0.39-0.53 12 63
His 0.36 0.38 3.4 -
Ser 0.36 0.38 8.3 0.21
Cys 0.33 0.35 - 0.72
Asn 0.29 0.31 22 0.78
Asp 0.29 0.31 20 <0
Asp 0.29 0.31 - 0.66
Trp 0.29-0.36  0.30-0.38 7.3 <0
Phe 0.28 0.29 3.4 <0
Val 0.22 0.23 1.2 0.21
Thr 0.13 0.14 3.7 <0
His™ 0.06 0.06 - 1.4
Gly 0.05 0.05 8.9 0.88
Pro ~0.001 ~0.001 1.9 <0
Cys - - 14 -
acetyl - - 12 -
amide - - - 1.3

Table 1.2: Helix propensities of the Zimm-Bragg model, the s-value, for all natural amino acids
derived from host-guest studies in alanine-based helical peptides with CD spectroscopy %1%, The
error of the tryptophan and the tyrosine is due to the contribution of the aromatic side chain on the
CD signal. The s-values are converted to the corresponding w-value of the Lifson-Roig model. N-
and C-capping propensities are given as n-values and c-values '"®
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1.3.3 Kinetic studies in alanine-based helical peptides

Experimentally, the dynamics of the helix formation and unfolding in alanine-based
helical peptides were mainly investigated by perturbation methods and were found
to be on the time scale of the hundreds nanoseconds.

At first helical polymers, not on the basis of alanine, were investigated by dielectric
relaxation®® and ultrasonic relaxation methods!3°. In temperature-jump measure-
ments®137 fluorescent probes, that change quantum yield upon helix formation, were
introduced in alanine-based peptides. These experiments claimed to yield a helix
propagation rate constants of approximately 10® s™! but actually only fluctuations
at the N-terminal fluorescent probe are visible by this method. Also time-resolved
infrared spectroscopy measurements in alanine-based peptides revealed rate constants

138 With 13C labeled samples these experiments facilitated even

in a similar range
site-specific measurements'®®. However, the data from the IR experiments were eval-
uated on the basis of a two-state model. Data evaluation is a major challenge as
experimental data from alanine-based peptides cannot be explained by a two-state
model. The helix-coil transition is a highly dynamic multi-state system. The coupling
of a irreversible reaction to the equilibrium could resolve the folding and unfolding
rate constants. In a first approach triplet quenching of tryptophan by a disulfide was
applied to the system and found dynamics in the time range of ps'¥®. But here the
quenching mechanism is not diffusion controlled and does not allow direct determi-
nation of folding and unfolding rate constants.

Fierz et.al® used TTET to examine the helix-coil transitions at different positions
within a 21-amino acid alanine-based model peptide. Here the donor xanthone and
naphthalene were attached to the peptide in i,i+6 spacing so as to be on opposing
sides in the folded structure. Upon unfolding a loop can form and by van-der Waals
contact between the donor and the acceptor moiety the energy is transferred. As
energy transfer is an irreversible reaction the unfolding and the refolding reaction of
the conformational equilibrium can be studied using the analytical solution of the
three-state system (section 1.2.3).

Measurements of local dynamics at different positions within the peptide showed a
position independent time constants for folding of 400 ns whereas the helix unfolding
was faster at the termini (250 ns) compared to the center (1.4 ps)®. This behavior

could be reproduced in Monte Carlo simulations using a kinetic linear Ising (section
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1.3.2) with constant elementary steps of 50 ns for helix elongation and 65 ns for
helix shrinking. The dynamics were described well by a one-dimensional diffusing
boundary mechanism®. The boundary of the helical conformation moves along the
sequence, but nucleation events both of the helix and coil are unlikely. This model as
well as earlier experiments?® suggest that for stable helix forming peptides the helix
boundary resides in the terminal regions. Helix folding is only dependent on the helix
propensity of the sequence whereas helix unfolding at a certain position also depends
on the distance to the helix boundary. In central region the boundary has to diffuse
over a longer distance and helix unfolding is slowed down in the center compared to

the peptide termini.

1.3.4 Pressure effects on isolated a-helices

In proteins pressure denaturation is due to various effects. It has been shown that
cavities and void in the core contribute but also solvent effects are important. The
effect of pressure on secondary structure elements has not been studied yet. The
alanine-based helical peptides are well suited to study the effect of high pressure
on isolated a-helices. Contributions on the volume change upon exposure of side
chains to the solvent or packing of the hydrophobic core are absent in this system
and therefore the volume change for a-helix formation can directly be measured.

The amide-I band of a Fourier transform infrared spectroscopy (FTIR) spectrum
of a poly-alanine peptide was used to determine the fraction of helix and coil in

141

equilibrium under various pressures'. A positive volume change of 10.3 cm?/mol

was assigned to helix unfolding. But here the multi-state behavior of this system is not

142 ysed alanine-based model peptides to gain

taken into account. Imamura and Kato
information on the effect of pressure and temperature on the helix-coil transition.
In for this propose they correlated the change in the CD signal over temperature
with IR parameters from FTIR spectra. Thus the IR signal change of the pressure
dependence could be evaluated with the Zimm-Bragg model'?*. A positive volume
change of 0.98 cm?/(mol res) was obtained for helix unfolding indicating the helix is
stabilized under high pressure.

The volume change of an alanine-based peptide was also calculated by MD simula-
tions!43. In contrast to the experimental results a small but negative volume change

of -2.3 cm? /mol was found. However, this data was evaluated by a two-state model,
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that is not very well suited to describe the helix-coil equilibrium. In addition, the
amide-I band of the IR spectrum was calculated from the simulations and a red shift
of the peak with pressure was found. For this reason the amide-I IR band might not

be the best probe to determine pressure effects on the helix-coil equilibrium.

1.4 Villin headpiece subdomain

Villin is an actin-binding protein in the intestinal brush border and facilitates

44

the formation of microvilli by bundling of F-actin'#4. The villin headpiece subdo-

main (HP35) is the C-terminal domain of villin. It consists of 35 amino acid and
is stably folded in isolation!#>. The wild-type sequence is LSDEDFKAVFGMTR-
SAFANLPLWKQQNLKKEKGLF.

The structure of HP35 has been solved by NMR spectroscopy'#6 as well as Xray

147

crystallography '*" and showed a three helix bundle with a hydrophobic core (Fig.

1.8). The three helices are termed helix 1,2 and 3 starting from the N-terminus.

148,149 414

also the Leu20 is essential'®®. The Trp23 is highly conserved and the PXWK motif

is suggested to be involved in Trp-Pro stacking that determines the fold!5'. The
1152

Three phenylalanines at positions 6, 10 and 17 form the hydrophobic core

overall stability is small with ~12 kJ /mol*°? nevertheless the structure is well defined.

Equilibrium measurements showed a two-state behavior in GdmCI and temperature

induced unfolding experiments 4.

Figure 1.8: Structure of the villin headpiece subdomain based on the X-ray crystal structure .
The helices are shown as cartoon and the surface is outlined.The figure was prepared with the
program MacPyMOL.
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The folding kinetics of the villin headpiece subdomain have been subject to numer-
ous experiments. In different T-jump studies with fluorescence quenching of trypto-

phan either by histidine!®® or by cysteine !5

very fast rate constants of a few ys have
been found. The folding was highly cooperative, however the T-jump kinetics were
not as expected single exponential but showed biphasic behavior. The experiments
showed a transient unfolding intermediate?>1°2153 More studies with T-jump spec-
troscopy '*> and NMR line shape analysis'®® confirmed the fast folding rate constant.
By rational design an even faster folding time constant of 0.7 us was observed in the
mutant Lys24Nle/Lys29Nle?>. Thus HP35 is the fastest folding protein known. In

155,158,159 pative-like

computational studies!®” as well as in NMR and IR experiments
secondary structure elements in the unfolded state were suggested which could be
an explanation for the rapid folding. Furthermore experiments showed that even the
fragment consisting only of helix 1 and 2 is structured in isolation 178169,

Due to the small size, the simple topology and the fast folding kinetics the villin
headpiece subdomain is a perfect model for computational studies. It was the first
protein, for which all-atom MD simulations with explicit solvent up to us could be
performed'®!. The experimental folding kinetics of some ps were reproduced well in
further simulations'®”. The simulations found a rapid collapse of the molecule with

157

subsequent rearrangement to the native state In replica exchange MD simula-

tions Lei et. al. identified two intermediate states, one of which they suggested to

162 Also Ensign et al.'%® found in their

be an obligatory on-pathway intermediate
simulations complex kinetics in folding of HP35.

Dynamics in the villin headpiece subdomain HP35 has been investigated by TTET 3.
The labels have been introduced in the protein at different, well-separated positions.
Energy transfer thus only occurs after partial or global unfolding (Fig. 1.9) (section
1.2.3). The data suggest two native states on the native side of the major unfolding
barrier, the locked (N) and the unlocked native state (N’). In both states the sec-
ondary structure elements are intact but in N’ the side chain interactions are loosened
and the structure is more flexible.

Four variants of HP35 with the TTET labels in different positions were used to
study equilibrium and kinetic properties in the probed regions (Fig. 1.10). The
variant probing helix 1 and 2 (Fig. 1.10 A) and also the one probing the central region
(Fig. 1.10 B) only showed kinetics on the timescale of the global unfolding reaction

that cannot be resolved by TTET measurements. The first hint for conformational
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Figure 1.9: Schematic representation of TTET experiments to investigate native-state dynamics of
HP35. The locked (N) and unlocked (N’) native state are in equilibrium. Local unfolding of helix
3 to a partially unfolded intermediate (l) only occurs from N’. The TTET labels xanthone (blue)
and naphthylalanine (red) were placed at the N- and C-terminal ends of helix 3, respectively. After
unfolding of helix 3 loop formation can occur which leads to TTET from xanthone to naphthylala-
nine. These experiments yield the rate constants for unlocking and unfolding of helix 3 as well as
information on the populations of N and N’ in equilibrium.

heterogeneity was found in the variant with the labels at the N- and the C-termini
(Fig. 1.10 C). The labels should be in close contact in the folded state thus TTET
occurs in the dead-time of the instrument. An additional kinetic phase was detected
that originates from a native state fluctuation. In the native state ensemble there
was one population of about 70 % with the termini in close contact and a second
population of 30% with a fast rate constant for loop formation?3.

In the variant probing helix 3 (Fig. 1.10 D) the alternative state, the unlocked
native state (N), could be further characterized. The two native states show different
dynamics in the TTET experiments®. The slower process arises from the locked
state with about 80% of the amplitude and has a low denaturant dependence. The
fast process originating from the unlocked state with about 20% of the amplitude
has a large m-value. This indicates no change in the solvent accessible surface area
(SASA) in the rate limiting step in the locked state but a big change in SASA that
corresponds to about 50% of global unfolding from the unlocked state. Kinetics from
the locked state showed a large activation energy, which indicates a high enthalpic
barrier that has to be overcome to allow loop formation. But from the unlocked
state loop formation has a low activation energy although big structural changes, i.e.
partial unfolding of helix 3, take place®?

The locked state N is consistent with the X-ray and NMR structures with the
termini close to each other and large scale fluctuations cannot occur unless the protein
unlocks to N’. From N’ helix 3 can unfold and TTET is fast. The rate-limiting step
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Figure 1.10: Variants of the HP35 studied by TTETS53. The TTET labels xanthone (blue) and naph-
thylalanine (red) were introduced at the indicated positions. Figure from53.
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Figure 1.11: Free energy diagram for HP35 folding showing the two alternative native states sepa-
rated by a free energy barrier. From N’ helix 3 can unfold to the high energy intermediate | prior to
global unfolding. Figure from53,
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1 Introduction

in N is the unlocking reaction characterized by a the low m-value. The temperature
dependence revealed a positive AH of 35 kJ/mol and also a positive AS of 112 J/(mol
K) for unlocking, suggesting a higher flexibility but weakened interactions in N’. The
loop formation then occurred in an high energy intermediate state I with only helix 3
unfolded but intact helices 1 and 2°3. The loop formation rate constant in U agrees
with the rate constant that is expected for fully unfolded polypeptide chains. This
result contradicts the assumption of residual structure in U at high concentrations of
denaturant.

Beauchamp et al.'%* were able to reproduce TTET results with MD simulation
and Markov state models by simulation of contact formation times!'% and could also
monitor the two native conformations. Later on the alternative native state has
been found by others in MD-simulation studies as well as in experiment. Serrano

166 could monitor native state conformational heterogeneity by time resolved

et al.
FRET measurements. The donor p-cyanophenylalanine is excited and FRET to the

intrinsic Trp residue monitors the distance distribution between the labels.
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2 Aim of Research

To gain insight into the fundamental principles of protein folding and function, it
is essential to characterize the structural and dynamic properties of the native and
unfolded state as well as of intermediate and transition states. Triplet-triplet en-
ergy transfer (TTET) coupled to a conformational equilibrium yields information on
conformational dynamics in proteins and peptides on the nanosecond to microsecond

time scale. A time range, which is difficult to access with other experimental methods.

Folding and unfolding dynamics in the helix-coil transition

The formation of secondary structure elements is one of the earliest steps in protein
folding. Ala-based peptides form o-helical structures in isolation®® and thus are a good
model system for the investigation of structural and dynamic properties of o-helices
in the absence of tertiary interactions. Previously, TTET labels were attached to
Ala-based helical peptides and the local folding and unfolding rate constants between
the labels were determined. The measurements yielded a position-independent
helix folding rate constant (1/k;=400 ns) and a position-dependent helix unfolding
rate constant with faster unfolding at the termini (1/k, = 250 ns) compared to the
center (1/k, = 1.4 ps). The dynamics in these peptides were well described by a
kinetic linear Ising model?'?® which yielded thermodynamics as well as the kinetic

properties of Ala-based helical peptides®.

The mechanism of helix elongation and
unfolding is governed by boundary diffusion during which the helix-coil boundary
moves along the polypeptide chain. Due to this boundary diffusion mechanism the
length of helical peptides should effect the unfolding rate constant while the folding
rate constant should remain unaffected. It is the aim of this investigation to test
this model by measuring the dynamics in the center of helical peptides of different
lengths and investigate wether the dynamics can be described by an Einstein-type,

one-dimensional diffusion process.
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2 Aim of Research

Helix capping motifs are known to influence helix stability to a great extent by
interaction with the helix dipole or contribution of favorable interactions''?. I intent
to examine the origin of this effect by measuring the helix dynamics in the center
of helical peptides with different N- and C-terminal caps and investigate whether
these act on the diffusion of the helix-coil boundary. Locally, helix dynamics will be
characterized by the variation of helix stability in between the TTET labels. I aim
to introduce different N-caps and measure TTET dynamics at the N-terminus and
additionally to replace amino acid in the center between the labels in a host-guest
study.

To characterize the transition state and the ground state of the helix-coil transition
I intend the use of high pressure TTET in Ala-based helical peptides. With increas-
ing pressure most proteins unfold as the native state has a larger volume than the
unfolded state®”. The individual contributions of volume changes due to differences
between the native and the unfolded state and solvation effects are still under debate.
In Ala-based helical peptides the contribution of volume changes due to secondary
structure formation can be characterized individually as all side chains remain sol-
vent accessible and no void volumes are formed. Therefore, the TTET setup will be
equipped with a high pressure cell system to measure TTET kinetics under pressure.
I aim to investigate TTET kinetics of helical peptides under different pressures and
compare the results to simulations with the kinetic linear Ising model in order to
gain information on the reaction and the activation volume of adding and removing

a single helical residue to and from a preexisting helix.

Dynamics in the villin headpiece subdomain

The villin headpiece subdomain (HP35) is the smallest known independently fold-
ing protein domain and its folding and dynamics have been extensively studied both
experimentally and by simulations. In previous measurements the conformational
equilibrium fluctuations in the folded state of the villin headpiece subdomain (HP35)
were investigated by TTET coupled to the conformational equilibrium in HP35%3.
In addition to global folding and unfolding, a structural unlocking reaction has been
found. The unlocked state (N’) is on the native side of the major folding/unfolding
barrier and N’ exhibits weakened interactions and increased structural flexibility com-

pared with the locked state (N). These are properties of a dry molten globule state
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that was predicted before®®. If this is the case the weakening of the interactions

should result in a volume increase from the locked to the unlocked state. Therefore, 1
want to apply high pressure TTET to detect the reaction and the activation volume,
AV? and AVY%, between between N and N’ and thus gain more information on the
ground and transition states.

Furthermore, I want to characterize in more detail the N’/N equilibrium and its
dynamics as well as the dynamics of partial unfolding in HP35 mainly focussing on
the following questions: What are the effects of the solvent on the unlocking /relocking
reaction? How do mutations influence the unlocking/relocking reaction and the un-
folding of helix 37 Can also helix 1 unfold from the unlocked state N’ and form a
high energy intermediate? Is it possible to obtain an even smaller cooperative fold-
ing unit than HP357 For this purpose I will measure TTET under different solvent
conditions and synthesize HP35 variants to test the effect on the N'/N equilibrium
and its dynamics. In addition, I plan to place the TTET labels at different positions
within HP35 to characterize local dynamics in different parts of HP35.

33



34



3 Material and Methods

3.1 Synthesis and purification of peptides and
proteins

All poly-alanine helical peptides were synthesized on an Applied Biosystems 433A
peptide synthesizer (Foster City, CA, USA) with standard fluorenylmethoxycarbonyl
(Fmoc) chemistry. Synthesis was performed either on TentraGel S Ram resin or Tent-
aGel R PHB-Ala Fmoc (Rapp Polymer, Tiibingen, Germany) in a 0.1 mmol scale. In
the FastMoc 0.10 mmol chemistry standard amino acids with Fmoc protected amino
group were deployed in 10 fold excess, naphthylalanine and «, 8-diaminopropionic
acid (Dpr) in 5 fold excess. As activation reagent 0.45 M O-(benzotriazol-1-yl)-
N,N,N’ N’-tetramethyluronium hexafluorophosphate (HBTU) in dimethylformamid
(DMF) was used for all helical peptides. The coupling agent was 2M N,N-diisopropyl-
ethylamine (DIPEA) in NMP and deprotection was done in 20% (v/v) piperidin in
1-methyl-2-pyrrolidinone (NMP). By UV feedback monitoring the Fmoc deprotection
was controlled at 301 nm and deprotection was repeated when the following value was
more than 5% of the one before.

The villin headpiece subdomain varianta were synthesized on TentaGel R PHB-
Gly Fmoc resin. In the FastMoc 0.10 mmol chemistry prolonged coupling times were
introduced. The activation was done by 0.45 M O-(7-azabenzotriazol-1-y1)-N N, N’ N'-
tetramethyluronium hexafluorophosphate (HATU) in DMF and as coupling agent also
2M DIPEA in NMP was used. In addition to deprotection in 20% (v/v) piperidin
in NMP also 48 % (v/v) DMF, 48 % (v/v) dimethylsulfoxid (DMSO), 2 % (v/v)
piperidin, 2 % (v/v) 1,8-diazabicyclo|5.4.0lundec-7-en (DBU) was used to deprotect.

Introduction of the TTET acceptor naphthalene was done by incorporation of the
non-natural amino acid 1-(L)-naphthylalanine by solid-phase peptide synthesis. If
necessary acetylation of the N-terminus was achieved with shaking the resin four times
for 10 min in 10 % (v/v) acetic anhydride, 10% (v/v) DIPEA in DMF. Succinylation
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3 Material and Methods

was done four times 30 min with 2mg succinylanhydrid, 3 ul 4-methylmorpholine
(NMM) in 1,2 ml DMF.

The TTET donor 9-oxoxanthen-2-carboxylic acid was synthesized as described 7.
After selective deprotection of the Dpr side chain with 2 % (v/v) trifluoroacetic
acid (TFA), 2% (v/v) triethylsilan (TES) in dichlormethan (DCM) coupling of xan-
thonic acid to the g-amino group of Dpr was done in threefold excess by benzotri-
azol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) activation in
presence of 5 equivalents NMM in DMF for 40 minutes. Under the same conditions
the xanthonic acid was coupled to the N-terminus.

If necessary any remaining Fmoc group was cleaved four times 10 min in 20 %
(v/v) piperidin in DMF and additionally three times 10 min in 48 % (v/v) DMF,
48 % (v/v) DMSO, 2 % (v/v) piperidin, 2 % (v/v) DBU. Cleavage of the peptide
from the resin was done in 2.5 % (v/v) TES, 2.5 % (v/v) water in TFA for 2 h while
stirring. The product was precipitated in ice-cold methyl tert-butyl ether, centrifuged
and the pellet was lyophilized.

Prior to purification the pellet was resolubilized in TFA and diluted to approxi-
mately 15 % TFA, 15% acetonitrile in water. All peptides and proteins were purified
from the resolubilized pellet by high-performance liquid chromatography (HPLC) on
a 1200 series from Agilent Technologies in a acetonitrile/water gradient (0.1% TFA)
on one of the following columns: Merck RP-8 (LiChrosopher 100, 250 x 25.0 mm, 4
um), Phenomenex Jupiter Proteo (C12, 250 x 30 mm, 10 um) or Phenomenex Kinetex
(XB-C18, 250 x 21 mm, 5 ym). Purity to more than 98 % was checked by analytical
HPLC on Phenomenex Jupiter Proteo (C12, 150x4.6 um, 4 um) or Phenomenex Kine-
tex (XB-C18, 250x4.6 ym, 5 pm) columns. All masses were verified by matrix-assisted
laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS). The
protein was lyophilized and stored for further usage at -20°C.

3.2 Sample preparation

Measurements on helical peptides were done either in 5 mM cacodylic acid, pH7
or 10 mM potassium phosphate, pH 7 as indicated. For HP35 all measurements were
performed in 10 mM potassium phosphate buffer, pH 7 at 5°C. All buffers and samples

were filtrated prior usage with 0.2 um pore size filters. Protein concentrations were
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3.3 Spectroscopic measurements

determined by absorbance spectroscopy on a diode array absorbance spectrometer
8453 from Agilent Technologies (Santa Clara, CA, USA) with the molar absorption
coefficient of € = 3900 cm~' M~! of xanthonic acid.

Urea and GdmCI concentrations were checked by the refractive index measured on
a automatic refractometer AR7 Series of Reichert (Depew, NY, USA). Calculation of
the concentrations followed equation 3.1 with n being the refractive index with (np)

and without (ng) denaturant 8.

l l z
Carea = (11D — 710) 117.66% 4 (np — ng)? - 29.753% + (np — no)? - 185.56?

(3.1a)
mol mol

l
Caamar = (D — 7o) 57.147% + (np = no)” - 38.68" + (np — no)* - 1.0~

(3.1b)

Viscosities were determined with a HAAKE falling-ball viscometer Type C from
Thermo Scientific (Waltham, MA, USA). The solution was temperated in a water
bath (F20-HC) from Julabo Labortechnik GmbH (Seelbach, Germany). Temperature

equilibration was allowed for 10 min prior measurement.

3.3 Spectroscopic measurements

CD spectra were recorded on a circular dichroism spectrometer Model 410 of Aviv
biomedical, Inc. (Lakewood, NJ, USA). For wavelength scans a 1 mm cuvettes with 50
uM sample was used. If possible spectra were recorded from 180 nm to 250 nm in 1 nm
steps over either four or eight scans with 5 s averaging time. Temperature transitions
were measured in a 10 mm cuvette with 5 uM sample at 222 nm while stirring in 1°C
steps with 60 s signal averaging after 2 min of temperature equilibration. Denaturant
transitions were recorded in a 10 mm cuvette with 5 uM sample at 222 nm with 60 s
signal averaging. The samples for denaturant transitions were prepared from a stock
solution and measured. For all measurements the buffer signal was recorded under
the same conditions and subtracted.

TTET was measured on a Laser Flash Photolysis Reaction Analyzer (LKS.60)
from Applied Photophysics (Surrey, UK). Excitation was achieved by a Nd:YAG
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3 Material and Methods

laser (Brilliant from Quantel, Les Ulis France) with a 4 ns pulse length at 355 nm.
Transient absorbance changes at 420 nm and 590 nm were recorded on an Agilent
infiniium oscilloscope with 600 MHz and 4GSa/s over at least 5 half-life periods on a
logarithmic time base. Four to eight traces were recorded for each measurement and
averaged. As reference a sample of 50 M xanthonic acid was measured at each day
and all trace were normalized in relation to the amplitude.

For high pressure TTET experiments the setup was modified with a high-pressure
cell system from ISS (Urbana-Champaign, IL,USA). The cell was equipped with Sap-
phire windows and a high pressure was generated by a manual pump using ethanol
for pressure transmission. The high-pressure cell was installed in a home-built con-
struction, which allows alignment of the cell in the light path of the instrument.

The sample concentrations for all TTET measurements were between 30 and 60

uM and all samples were degassed three times prior measurement.

3.4 Data evaluation with the three-state model

Data evaluation in helical peptides

In helical peptides the three-state model for local helix-coil dynamics coupled to
TTET can be described by equation 3.2

H 'Z: e (3.2)
f

which results in two observable rate constants (A\; and ) and their corresponding

amplitudes (A; and Ay). From these experimental parameters all rate constants (k;)

can be determined using the following equations®169:

ko + kr+ ke £ y/(ku + kp + ke)? — dkyke

/\1/2 = 5 (33&)
1
1

Ay = m([c]o ke (A2 — ku) + [Hlo - K - k) (3.3¢)
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3.4 Data evaluation with the three-state model

The urea-dependencies of the TTET kinetics were fitted globally using equations
3.2 and 3.3 and assuming a linear effect of urea on the logarithm of the rate constants
for helix formation and unfolding® and on the rate constant for loop formation in

unfolded polypeptide chains (Eq. 3.4)%3.

mlureal
RT
Pressure dependencies of the TTET kinetics were also fitted globally using equa-

Ink; = Ink) — (3.4)

tions 3.2 and 3.3 with the pressure-dependencies of the rate constants yielding the

activation volumes dV%:

dlnk _dVOi
sp  RT

All helical peptides, especially the strongly destabilized ones, show reduced ampli-

(3.5)

tudes of the observable TTET kinetics compared to the traces of donor-only peptides,
due to rapid loop formation in the unfolded state during the dead time of the instru-
ment®. This effect is taken into account in the global fit by addition of the missing
amplitude to the amplitude of the fast TTET process (A;), which mainly represents
TTET from the coil state®.

In the absence of acceptor the intrinsic lifetime of the triplet state of a xanthonic
acid is about 30 ps. In some traces an additional phase with less than 5 % amplitude
and a lifetime corresponding to the donor-only protein is observed. This phase is not
considered in further analysis as it is probably due to small amounts of aggregated
peptides.

All data from TTET and CD experiments were evaluated using the program ProF'it
(QuantumSoft, Zurich, Switzerland).

Data evaluation in HP35

In HP35 the locked (N) and unlocked (N’) native state are in equilibrium. Local
unfolding to a partially unfolded intermediate (I) only occurs from N’. After partial
unfolding loop formation can occur and lead to TTET from xanthone to naphthy-
lalanine (I*) (Eq.3.6).

k.

- kop
N 2N =k (3.6)
ky kel
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3 Material and Methods

The intermediate I is a high energy intermediate that is only populated to small
amounts. Thus a single rate constant kr describes the energy transfer reaction from

N (Eq. 3.7).

ko -k
fop = —op e 3.7
T kg + kK, (3.7)

The experimental data exhibits two observable rate constants (A, and A\y) and their

corresponding amplitudes (A; and As) and from these all rate constants (k;) can be
determined (Eq. 3.8).

ki+ ki + kr £ \/(k_l + ki + kT)Z — 4k kr

/\1/2 = 5 (383)
1 /

Ay = m([N Jokr - (ka— M)+ [Nlo- ki kr) (3.8b)
1 /

A2 = m([N ]0 . kT . ()\2 — k-1> -+ [N}o . k-l . kT> (380)

The pressure dependencewas fitted globally using equations 3.6 to 3.8 and equation
3.5.

A minor slow kinetic phase with less than 10 % amplitude is observed in the triplet
decay curves, which corresponds to the intrinsic triplet lifetime of the donor-only

protein and probably is due a small fraction of aggregated protein.

3.5 Monte Carlo Simulations based on a Linear Ising
Model

All simulations were done in collaboration with Maren Biitter.

Simulations for the Test of the Diffusing Boundary Model for the Helix-Coil
Transition in Peptides.

Monte Carlo simulations based on a linear Ising model were performed as de-

scribed?. According to helix-coil theory, the helix is thus represented by a linear

40



3.5 Monte Carlo Simulations based on a Linear Ising Model

sequence of 21 amino acid residues , which can be either in the helical (h) or a coiled
state (c):

ccccchhhhhhhhhhhhccece (3.9)

1124

We applied the Zimm-Bragg model “*, which accounts only for nearest neighbor

interactions and used the kinetic extension of the model introduced by Schwarz 3.
This model describes helix elongation/shrinking, helix nucleation and coil nucleation

by the following equations:

Helix elongation:

k1 k1 k
hce = hhe  cch = chh L= (3.10)
k_1 k_1 l{f_l
e Helix nucleation:
ka2 ko
cee = che T os (3.11)
e Coil nucleation: )
k3 3 o
hhh = hch — = 3.12
k_3 ¢ ]{,3 S ( )
e Kinetic parameters:
ko =y -0k ko =k (3.13)

k3:7c'0"k71 kaZfYc'kl

For all peptides 107 steps with At = 0.05 were simulated and k; was set to 1. Val-
ues of s =1.31 or s =1.17 were used for analysis at the N-terminus and in the centre,
respectively. The nucleation parameter o was set to 0.003 and the kinetic parameters
to v, = 7. =2. The start conformations were taken from an equilibrated ensemble
of helices. The folding and unfolding dynamics were analyzed by computing first-
passage-times (FPTs). Since the experiments probe a region of five residues between
the labels we adapted the simulation procedure to monitor the dynamics of larger
segments instead of single site fluctuations. A segment of five residues was counted

as helical if at least four of its residues were helical at a certain time. In contrast

41



3 Material and Methods

to previous work?, we constrained the start conformations by the condition, that at
least 1 residue of the peptide should be in the H state. This constraint reduces the
number of simulations, in which the peptide has to nucleate before helix growth and
shrinking occur and thus improves the statistics of the boundary diffusion process.
Helix nucleation will also not be observed in TTET experiments, since loop formation
in the all-coil state is presumably much faster than helix nucleation. For each event
and position, 10° FPTs were collected and stored in 100 bins, adjusted to the longest
observed FPT. The distribution of the FPTs were fitted by single-exponential func-
tions yielding the reduced rate constants of local helix folding and unfolding ky/k;
and k, /k;. Ten simulations were averaged to obtain a more accurate determination of
the reduced rate constants. The best agreement between simulations and experiment
for the length-dependence was obtained by scaling with k;= 1.2-107 and s-values of
1.17 for centrally labeled peptides and 1.31 for N-terminally labeled peptides. The
difference in s-values between N-terminally and centrally labeled peptides is probably
due to the different location of the labels in the peptide. The TTET labels destabilize
the helix more strongly in the center compared to the ends®, which decreases the
average s-value, used in our simulations. The best agreement between simulations
and experimental data for the effect of N-capping on helix dynamics in the center was
obtained with k;= 7.6-10° and s=1.17. In simulations addressing the capping effects
the s-value at positions 1 to 4 was varied between 0.1 and 2 by varying k,. Since the
first residue always remains in the coil state no adjustment is needed for this residue.

All simulations were performed using the framework of Matlab R2011 and R2012

(Math-Works) in combination with compiled C code for time-consuming iterations.

Simulations on effect of pressure on the elementary rate constants

The Monte Carlo simulations to reveal the effect of pressure on the elementary rate
constants for helix elongation and shrinking was done as described before with some
changes. As we used a helical peptide with a destabilizing N-cap, we distinguished
the general s-value of the positions 5 to 21 from the s-value for the N-terminal cap
assigned to positions 2 to 4 as before. To determine optimal s-values, we applied
an optimization method using the Matlab fminsearch algorithm!™. In contrast the
procedure discribed before, the time step At’ = is 10-fold smaller to resolve the

capping effects in simulations with s-values close to 1.
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3.5 Monte Carlo Simulations based on a Linear Ising Model

We introduced an optimization method to estimate the s-values from a given set
of experimentally determined equilibrium constants at different pressures using the
Matlab fminsearch algorithm. The simulation generates a pair of reduced rate con-
stants ky/k; and k,/k;, which allows to compute the equilibrium constant K.,. The
procedure was repeated 10 times and the output ks/k1, k,/k1 and K., were averaged
each. Then, the difference in the logarithms of simulated and experimentally deter-
mined K.,-values was minimized using fminsearch by varying the general s-value.
The s-value of the N-cap was fixed at 0.1 since small variations of the N-cap s-value
have only minor effects on K.,. As the simulation exhibits a considerable statistical
error especially for s-values less than 1.1, we extrapolated the experimental equilib-
rium constants up to p=2000 MPa and computed In(K,,) in 50 MPa steps from 0.1
to 500 MPa and in 100 MPa steps to 2000 MPa.

In the next step we scaled the reduced rate constants from the simulations to the
experimentally determined rate constants with the scaling factor (SF). According to
the model in equations 3.10 to 3.13, this factor denotes the elementary rate constant
for helix growth, k;. To find the SF for both k, and k¢, we employed the fminsearch
algorithm again assuming a linear pressure-dependence of In(SF). The elementary
rate constant for helix shrinking, £_; was obtained from the s-value and k; using Eq.

3.10.
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4 Results and Discussion

4.1 Testing the Diffusing Boundary Model for the
Helix-Coil Transition in Peptides.

This chapter was published 2013 in Neumaier et al. ',

Folding and unfolding dynamics of o-helices play a prominent role in folding and
other physiologically important conformational transitions in proteins. In polyalanine-
based model peptides the structure and dynamics of a-helices can be investigated in
the absence of tertiary interactions which yields information on intrinsic helix prop-
erties?”. Experimental and theoretical work showed that a linear Ising model is able
to describe the equilibrium properties of the helix-coil transition both in long ho-
mopolymers and in short model peptides?®:124:125:129,130.136 " The kinetic mechanism of
helix-coil dynamics has long been under debate. Temperature jump-induced unfold-
ing experiments on short, Ala-based helices showed that global unfolding occurs on
the hundreds of nanoseconds time scale3"!38. In a previous study we applied triplet-
triplet energy transfer (TTET) to investigate local folding and unfolding dynamics
at different positions in a 21-amino acid Ala-based o-helix at equilibrium®. The re-
sults revealed a position-independent helix elongation time constant (1/k) of about
400 ns at 5° C and a position-dependent helix unfolding rate constant with faster
unfolding at the termini (1/k, =250 ns) compared to the center (1/k, =1.4 ys). This
behavior could be reproduced in simulations using a kinetic version of the linear Ising

199135 " which suggested that helix elongation and unfolding mainly occur via a

mode
diffusing boundary mechanism, i.e. by the movement of the helix-coil boundary along
the polypeptide chain. Helix nucleation in a completely unfolded chain and coil nu-
cleation within a helical region are rare events in short model helices®. The helix-coil
boundary is statistically more likely located near the peptide ends than near the cen-

ter98, Thus it takes on average longer for the moving helix-coil boundary to reach
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4 Results and Discussion

the helix center than the helix ends, which leads to the observed position-dependence

of helix unfolding.
* E
H

Figure 4.1: Schematic representation of TTET coupled to a helix-coil equilibrium. The triplet labels
xanthonic acid (Xan, blue) and 1-naphthylalanine (Nal, red) are placed in the helix with i,i+6 spacing.

C C*

Here we use TTET to test the diffusing boundary mechanism and to investigate,
whether diffusion of the helix-coil boundary along the polypeptide chain can be de-
scribed by a classical, Einstein-type one-dimensional diffusion process. We further
tested for local and non-local effects of changes in helix stability on folding and un-
folding dynamics in different regions of a-helical peptides. The triplet donor xanthonic
acid (Xan) and the acceptor naphthylalanine (Nal) were attached to helical peptides
in 1,i+6 spacing which places them on opposing sides of the helix and prevents TTET
in the helical state (H, Fig. 4.1)%. When the helical structure between the labels is
unfolded or partially unfolded (C conformations in Fig. 4.1) TTET can occur by van
der Waals contact to the state C*. Since TTET between these groups is an irreversible
process?%76.77 the overall reaction can be described by the three-state model shown
in figure 4.1. If helix-coil dynamics (ks and k,) and loop formation in the unfolded
state (k.) occur on a similar time scale, the observable rate constants for TTET and
their corresponding amplitudes yield the rate constants for local helix formation and
unfolding between the labels, k¢ and k,, as well as the rate constant for loop for-

mation (k)%

(see section 3.4). In addition, the local equilibrium constant (K,,) for
helix formation in the region of the labels can be calculated from K., = k¢/k,. It
should be noted that TTET experiments do not require perturbation of the helix-coil

equilibrium and thus yield information on equilibrium fluctuations of the system.
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4.1 Testing the Diffusing Boundary Model for the Helix-Coil Transition in Peptides.

Our results show that boundary diffusion in helical peptides can be described by
a classical, one-dimensional diffusion process. Non-local effects of changes in helix
stability exclusively affects the dynamics of helix unfolding, whereas helix formation
is unchanged. Locally, in contrast, changes in helix stability alter both folding and

unfolding dynamics with a ®¢-value of about 0.35.

4.1.1 Effect of peptide length on helix folding and unfolding
dynamics

As in our previous work? we studied alanine-based helical peptides with argi-
nine residues introduced with i,i+5 spacing to increase solubility®’, which yields the
canonical sequence Acc:AAAAA(AAARA),A-NH,. Labels were inserted with i,i+6
spacing, which prevents TTET in the helical state (Fig. 4.1). The triplet donor 9-
oxoxanthene-2 carboxylic acid (xanthonic acid, Xan) was attached to the side chain
of the non-natural amino acid a,3-diaminopropionic acid via an amide bond and the
non-natural amino acid 1-naphthylalanine (Nal) was introduced as triplet acceptor
(Figs. 4.1 and 4.2).

Our previous results suggested that the experimentally observed position-depen-
dence of helix formation and unfolding dynamics originates in a boundary diffusion
mechanism that can be described by a kinetic linear Ising model®®!35 (see section
1.3.2 and 3.5 for a detailed description of the model). The boundary diffusion model
predicts that the unfolding rate constant in the center of a helix is sensitive to helix
length due to varying boundary diffusion distances. Unfolding at the termini and helix
formation, in contrast, should be independent of helix length. To test this prediction
we synthesized helical peptides of different length between 16 and 41 amino acids and
placed the TTET labels either in the center of the peptide or at the N-terminus (Figs.
4.2 A E). Shorter peptides did not form helices that are stable enough to yield reliable
results on k, and ky. The far-UV CD spectra of all peptides display typical helical
bands with a maximum of the ellipticity at 190 nm and minima at 208 nm and 222
nm (Figs. 4.2 B, F). A quantitative analysis of the helix content using the signal at
222 nm would be inaccurate as the TTET labels have CD bands in the far UV region.
Our previous results showed that the average helical content of the centrally labeled

90,98

21-amino acid peptide is about 60 % , which suggests that the average helical

content of the peptides is approximately between 35 % (16-mer) and 75 % (41-mer).
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4 Results and Discussion
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Figure 4.2: Effect of peptide length on local helix dynamics and stability. Peptides were labeled
with the triplet donor/acceptor pair xanthone/naphthylalanine either in the center (A-D) or at the
N-terminus (E-H). Far-UV CD spectra (B, F) and triplet decay curves of xanthone monitored by the
change in absorbance at 590 nm (C, G) are displayed. The colors in the plot correspond to the
colors of the helical peptides in panels A and E. The grey line represents the triplet decay for a
donor-only peptide as a reference. The black lines represent double exponential fits to the kinetics.
In some traces an additional phase with less than 5 % amplitude and a lifetime corresponding to
the donor-only helix is observed. This phase is not considered in further analysis as it is probably
due to small amounts of aggregated peptides. A global fit using the analytical solution of the three
state model (Fig. 4.1) to the data yielded the rate constants for helix formation (&), unfolding (k.)
and loop formation (k.). Panels D and H show the length dependence of k; (blue) and k,, (red) in
the helix center and at the N-terminus, respectively. The results are summarized in table 4.1. The
experimental data (filled circles) agree well with results from Monte Carlo simulation (open circles)
based on the linear Ising model (see section 3.5).

The increase in the strength of the CD band at 222 nm with increasing peptide
length (Figs. 4.2 B, F; table 4.1) indicates a higher average helical content and thus
on average longer helices in longer peptides in agreement with previous studies!®?.
The labels destabilize the helix due to their lower helix propensity compared to Ala®.
Centrally labeled peptides form less stable helices compared to the corresponding N-
terminally labeled variants, in agreement with Lifson-Roig theory and with previous
experimental results®.

TTET kinetics were monitored by the decay of the xanthone triplet absorbance
band at 590 nm. All peptides exhibit double exponential Xan triplet decay curves,
indicating that both the helical state and the coil state are populated to detectable
amounts at equilibrium (Fig. 4.2). An additional very fast kinetic phase is observed

within the dead-time of the TTET experiments, which is due to fast loop formation
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Figure 4.3: Urea dependence of the local dynamics in helical peptides of different length labeled in
the center. The two observable rate constants A; 5 (squares) of single trace double exponential fits
are shown. Global fitting of all traces yields the observable rate constants and relative amplitudes
(black lines) as well as all microscopic rate constants, k&, (red), ks (blue) and k. (green). The
measurements were performed in in 10 mM potassium phosphate buffer, pH 7 at 5°C with a peptide
concentration of about 50 uM.
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in the coil state in a subset of conformations®2. Figure 4.2 C shows that TTET in
the central region of the helical peptides becomes slower in longer peptides, whereas
TTET in the N-terminal region is virtually independent of peptide length (Fig. 4.2
G). The data were fitted using the analytical solution of the three-state model shown
in Figure 4.1 (see section 3.4) to obtain ky, k, and k.. All peptides, especially the
strongly destabilized ones, show reduced amplitudes of the observable TTET kinetics
compared to the traces of donor-only peptides, due to rapid loop formation in the
unfolded state during the dead time of the instrument®2. This effect is taken into
account in the global fit by addition of the missing amplitude to the amplitude of the
fast TTET process (Ay), which mainly represents TTET from the coil state®. The
quality of the fits improves by performing a urea-dependence of the TTET kinetics
and globally fitting all kinetic traces (Fig. 4.3) to the three-state model assuming a
linear effect of urea on the logarithm of the rate constants for helix formation and

unfolding® and on the rate constant for loop formation®(Eq. 4.1).

mlureal
~RT

Figures 4.2 D and 4.2 H show the effect of peptide length on k; and k,. Helix
formation is independent of peptide length, both in the center (Fig. 4.2 D) and at the

Ink; = Ink) — (4.1)

N-terminus (Fig. 4.2 H). Helix unfolding in the center, in contrast, becomes slower
with increasing peptide length (Fig. 4.2 D) whereas unfolding at the N-terminus
is unchanged (Fig. 4.2 H). As a result, increasing peptide length increases helix
stability in the central region of the peptide, but does not affect helix stability at the
N-terminus (Tab. 4.1). The rate constant for loop formation, k., slightly decreases
with increasing peptide length (Tab. 4.1). This effect is stronger for the centrally
labeled peptides compared to the N-terminally labeled peptides, in agreement with
our previous results on the effect of tails on the dynamics of loop formation?’.

To quantitatively compare the experimental results with predictions from the ki-
netic linear Ising model, we performed Monte-Carlo simulations as described in sec-
tion 3.5. The simulation procedure was slightly modified to obtain better statistics
for the folding and unfolding transitions. The Monte Carlo simulations yield mean
first passage times (MFPT) for helix unfolding and formation in the region between
the labels. The rate constants k; and k, were determined from the distribution of
MFPTs by fitting the data to a single exponential decay (Fig. 4.4). Both in the center
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Figure 4.4: Histogram of first passage times for local unfolding (red) and folding (blue) in the center
of a peptides of 21 amino acids length with s = 1.17. Only conformations with at least one helical
residue were considered as starting conformations. The lines represent single exponential fits.

and at the N-terminus the simulations yield the same effect of peptide length on k,,
k¢ and K., as the TTET measurements (Figs. 4.2 D, H). The data from experiments
and simulations on all centrally labeled peptides can be quantitatively brought into
agreement with rate constants for the elementary steps of helix elongation (k;) and
helix shrinking (k_;) of 1.20-107 s™! and 1.03:107 s™!, respectively, which results in
a s-value of 1.17 (s=k1/k_1, Eq. 3.10 and the description of the model in section
3.5). For the N-terminally labeled peptides agreement is achieved with k;=1.20-107
s_1 and k_;= 9.16 -10° s_;, resulting in a s-value of 1.31. The difference in s-values
between N-terminally and centrally labeled peptides is probably due to the different
location of the labels in the peptide. The TTET labels destabilize the helix more
strongly in the center compared to the ends®, which decreases the average s-value,
used in our simulations. It should be noted that the elementary rate constants k; and
k_1 represent the elementary steps for adding (k;) and removing (k_;) a single helical
segment at the helix-coil boundary in the linear Ising model (Eq. 3.10 to 3.13). The
rate constants ky and k,,, in contrast, represent the rate constants for helix formation
and unfolding in the region between the TTET labels and characterize the transi-
tion between conformations which have the helix formed between the labels (H) and
conformations which allow TTET (C, Fig. 4.1).

A T-jump study on helix unfolding found that different s-values are required to
describe the stability of helical peptides with varying length!*3. In our study, in

contrast, the same s-value describes the behavior of the different length peptides,
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which is in agreement with previous results by Rohl et al.!*? and with the Lifson
Roig model. This discrepancy is likely due to the application of a two-state model to

calculate rate constants for helix formation from T-jump unfolding experiments!33,

which is not valid, since the helix-coil transition is a multi-state process?®125:129:135,137

The observed effect of helix length on unfolding dynamics in the peptide center
is expected if helix unfolding occurs by one-dimensional diffusion of the helix-coil
boundary. Increasing helix length increases the average diffusion distance from the
helix-coil boundary to the helix center and thus the helix-coil boundary takes longer to
reach the central region. This mechanism is equivalent to a one-dimensional diffusion
process with two boundaries moving, each from one end. To test whether motion of
the helix-coil boundary can be described by a Einstein-type, one-dimensional diffusion
process, we analyzed the effect of the diffusion distance on the rate constant of helix
unfolding. For a classical one-dimensional diffusion mechanism with diffusion from
two sides the survival probability (S) for a helical segment in the center can be

approximated by an exponential function!™

4Dt
S=e <I2> = chut (42)

where D represents an upper limit for the diffusion coefficient for one boundary
and < [? > is the average distance from the helix-coil boundary to the helix center.
Equation 4.2 results in a modified Einstein equation for the relationship between
diffusion distance of the boundary and the observed unfolding rate constant (Eq.
4.3).

4D
<PP>=-"= (4.3)
ko
For the calculation of (< [? >) we considered that the N- and C-terminal residues

124,125,129 and assumed the average helix-coil bound-

are not in a helical conformation
aries at residue 2 and n-1%%, We further assumed that four helical segments between
the labels in the center have to unfold for TTET to occur®. The plot of < I? > vs.
1/k, is linear (Fig. 4.5), which shows that helix-coil boundary diffusion in helical
peptides follows a classical one-dimensional diffusion law. The slope of the plot yields
D=3.0-10" aa?/s (Eq. 4.3) with < [ > given in units of amino acids (aa). The sim-

ulations reveal that unfolding in the central region of the helix contains increasing
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Figure 4.5: Correlation between the distance of boundary diffusion and the time constant for helix
unfolding. The average diffusion distances, |, of the boundaries were calculated between position
2 and the C-terminal label (Nal) for diffusion from the N-terminus and between position n-1 and the
N-terminal label (Xan) for diffusion from the C-terminus and are given in number of amino acids.
Data for the centrally labeled peptides shown in Figure 4.2 are plotted. The plot of 12 vs. 1/k, is
linear with a slope of 1.2-108 aa?/s indicating that boundary diffusion can be described by equation
4.2 with D=3.0-10" aa?/s (dashed line). The solid line represents a fit of Eq. 4.3 to the data for the
three shortest helices yields D=2.7-107 aa?/s.

contributions from coil nucleation with increasing helix length, which results in two
separate helical segments (Fig. 4.6). This mechanism occurs in addition to boundary
diffusion and increases the observed rate constant for helix unfolding in the central
region. The simulations reveal that in the 41-mer only about 50% of helix unfolding
events in the peptide center occur by boundary diffusion of a single helical segment
compared to about 95% in the 21-mer (Fig. 4.6 C). This result shows that the single-
sequence approximation, which assumes a single contiguous helix'?°, does not hold
for the unfolding kinetics in the center of the 41 amino acid peptide. Frequent helix
unfolding by coil nucleation in the helix center of the longest helical peptide leads
to faster unfolding in the center than expected from the diffusing boundary model.
The good agreement between experimental unfolding rate constants and simulations
for all peptides indicates that coil nucleation also contributes to the observed TTET
kinetics. At equilibrium, however, about 90% of all helices formed in the 41-mer have
a single helix, in accordance with the single sequence approximation (Fig. 4.6). The
comparison between equilibrium and kinetic effects shows that coil nucleation occurs
in the center of longer helices, but two isolated helices are not very stable, i.e. they

rapidly re-form a single helix. The length-dependence of k,, for the three shortest pep-
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Figure 4.6: Typical time course of a simulation of helical peptides with 41 residues (A) and 21
residues (B). Black segments depict residues in the coil state, white segment depict helical confor-
mation. Comparison of the simulations shows that coil nucleation in the helix center occurs more
frequently for the 41-mer (C) Effect of peptide length on the percentage of coil nucleation events in
the region of the TTET labels in the helix center (filled circles) which leads to TTET in addition to
boundary diffusion. Further, the equilibrium fraction of helical peptides with two helical segments is
shown (open circles).
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tides, in which boundary diffusion is the dominant process, yields D =2.7-107 aa®/s
or 6.1-107 cm? /s, with an axial translation of 1.5 A /aa in an o-helix (Fig. 4.5). This
value is low compared to free diffusion of small molecules and of globular proteins.
At 5°C, sucrose has a diffusion coefficient of about 2.5-107% ¢cm?/s and small globu-
lar proteins like ribonuclease and lysozyme have diffusion coefficients around 7-10~7
cm?/s'™. This indicates that boundary diffusion in an o-helix encounters barriers,
which are probably due to steric effects and to opening/closing of hydrogen bonds
during helix growth and shrinking. Helix boundary diffusion is, however, as fast as the
fastest reported one-dimensional diffusion processes of DNA-binding proteins along
double-stranded DNA, for which diffusion coefficients in the range of 1072 cm? /s and
1078 cm? /s were determined at room temperature, corresponding to a range from 103
bp? /s to 107 bp? /s173175.

length  Label k., ky k. K.,
(aa)  position  (10° s71) (108 1) (109 s71)
16 5/11 0.94+0.06 2.8+£0.5 9.3£0.3 3.0£0.6
21 7/13 0.761+0.05 1.74£0.2 8.3+0.1 2.3£0.3

31 12/18 0.36+0.03 2.8+0.5 6.8£0.2 7.8£1.7
41 17/23 0.27+0.01 2.5£0.6 5.4£0.3 9.5+2.4

16 1/7 3.1+0.4 2.1£0.7 14.443.0  0.7£0.2
21 1/7 3.240.4 2.84+1.0 11.94£3.5 0.9+0.3
31 1/7 3.24+0.3 2.7+0.9 11.343.2 0.940.3
length  Label My my me Amiss 0%,
(aa)  position (J/(molM)) (J/(moIlM)) (J/(molM)) (%)
16 5/11 15+70 986+131 284482 32 -14300
21 7/13 -187477 776+111 227452 24 -17100
31 12/18 -81+£57 9854101 262489 15 -23300
41 17/23 864105 1292+181 266165 13 -28100
16 1/7 228488 708+151 234465 43 -11500
21 1/7 194489 677£167 166189 37 -19200
31 1/7 15+£70 16689 93+94 35 -24800

Table 4.1: Effect of helix length on stability and dynamics in different regions of an a-helical peptide.
The canonical sequence for the helices is Ac-AAAAA(AAARA),,A-NH, with n=2-7. The triplet labels
xanthone (Xan) and naphthylalanine (Nal) were introduced at the indicated positions and span
either the N-terminal region or the central region of the helix (see figure 4.1). Xan was always
placed N-terminal of Nal. ¢ 0555 represents the CD signal at 222 nm and is indicative of the overall
helical content. It is given in units of deg cm? dmol—!.
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4 Results and Discussion

4.1.2 Effect of capping motifs on helix stability and dynamics
in the peptide center.

Specific N- and C-capping motifs are frequently found in protein o-helices!%176:177

and were shown to increase helix stability by favorably interacting with the helix

178-180 94,116,119 = T iy

dipole or by forming side-chain to backbone hydrogen bonds
vestigate the effect of stabilizing the helix termini on helix dynamics in the central
region we made several stabilizing or destabilizing sequence variations at the termini
of the 21 amino acid Ala-based peptide (Tab. 4.2). Fig. 4.7 A compares the effect of
the different N- and C-terminal sequences on global helix stability as judged by the
CD signal at 222 nm and reveals large effects on the global helix content (Tab. 4.2).
Especially, free N- or C-termini lead to a major destabilization of the helix, whereas
stabilization of the helix dipole by succinylation of the N-terminus has a strongly sta-
bilizing effect, as previously observed for the C-peptide derived from the N-terminal

helix of RNase A 123,
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Figure 4.7: Effect of end capping motifs on local dynamics and stability in the peptide center. Local
helix-coil dynamics in the center of a 21 amino acid helical peptide measured by TTET between
residues 7 (Xan) and 13 (Nal). (A) Far-UV CD spectra and (B) xanthone triplet decay monitored by
the absorbance change at 590 nm for peptides with different N- or C-capping motifs. The numbers
of the peptides correspond to the numbers in table 4.2. The gray line in panel B represents the
donor only reference. The black lines represent double exponential fits to the data. In some traces
an additional phase with less than 5 % amplitude and a lifetime corresponding to the donor-only
helix is observed. This phase is not considered in further analysis as it is probably due to small
amounts of aggregated peptides. The results of the fits are given in table 4.2. (C) Leffler plots of
helix growth (k; blue) and unfolding (%,; red) (Eq. 4.4). Experimental data (closed circles) and
results from simulation (open circles) are shown.

TTET kinetics in the peptide center become slower with increasing helix stabil-

ity induced by favorable capping motifs (Fig. 4.7 B). The global fit of the urea-
dependence of the TTET kinetics (Fig. 4.8) gave the values of k¢, k,, k. and K,
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Figure 4.8: Urea dependence of the local dynamics in the different helices investigated in this study.
The names of the peptides are indicated in each panel and correspond to the peptides in tables 4.2
and 4.3. The two observable rate constants A, » (points) of single trace double exponential fits are
shown. Global fitting of all traces yields the observable rate constants and relative amplitudes (black
line) as well as all microscopic rate constants, &, (red), ks (blue) and k. (green). The measurements
were performed in in 5 mM cacodylic acid buffer, pH 7 at 5°C with a peptide concentration of about
50 uM.
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shown in table 4.2. Stabilizing the termini slows down helix unfolding (k,) in the
central region of the peptide but has virtually no effect on helix growth (k) leading
to helix stabilization in the center. To quantify the effect of changes in helix stability
on the folding and unfolding dynamics we used the Leffler relationship (®-value anal-
ysis) which correlates the effect of changes in equilibrium free energy of a reaction
(AGY) with the corresponding effect on the free energies of activation (AG¥)%:36:181,
@f::5AC£i::51nkf’ @u::&AG$:: 0 Ink,
SAGY ¢ InK,, 0AGY ¢ InK,,

1— @ (4.4)

The Leffler plot for the effect of helix capping groups on the rate constants for
helix folding/unfolding in the peptide center is shown in Figure 4.7 C. The Leffler
plot yields a ®s-value of 0.034+0.16. The error is large due to the errors in the ky-
values, which depend on k, and on the amplitudes of the fast and slow phase in TTET
(Fig. 4.8). The k,-values are more accurate, since they are nearly exclusively reflected
by the rate constant of the slower observable kinetic phase in TTET (Fig. 4.8). The
corresponding Leffler plot for unfolding yields ®,-value of 0.974+0.08, confirming the
result that only the helix unfolding rate constant in the peptide center is affected
by changes in the stability at the termini but not the folding rate constant. All
helix capping variants fall on the same line in the Lefler plot indicating that changes
in stability at the N- or the C-terminus have the same effect on helix dynamics,
which suggests that boundary diffusion is identical from both directions. The overall
stability difference in the central region between the most and the least stable helices
is only about 2 kJ /mol, which would not yield reliable results in a classical, two-point
® -value analysis. However, the use of data from many variants in this stability range
increases the accuracy of the analysis!8%183,

These results from TTET experiments were compared to results from the kinetic
linear Ising model, with varying local helix stability at the N-terminus (see section
1.3.2 and 3.5). In the simulations the capping motifs were assumed to change the
stability of residues 1 to 4, which were given the same s-value (s = k1 /k_1, see section
1.3.2 and 3.5) between 0.1 and 2. The k,-, k- and K,,-values in the helix center from
the simulations agree well with the experimental results and also give a ®;-value of
0.03 (¢,=0.97) (Fig. 4.7 C).

In summary, both experiment and simulations show that increasing helix length

and stabilizing the terminal regions of an o-helix do not affect k; but slow down helix
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unfolding in the center of a helical peptide. These results demonstrate that non-local

effects play an important role in modulating stability and dynamics of a-helices.

# Label N-cap C-Cap k., kg ke
position (105 s71)  (10% s71) (106 s71)
1 7/13 TNH;-AAA A-NH2 2.840.4 1.44+0.4 16.0£2.2
2 7/13 TNH;-TAA A-NH?2 1.740.1  1.44£0.2 13.6%£1.6
3 7/13 Ac-AAA A-H 1.2+0.6 1.5+£0.1  9.7£0.8
4 7/13 Ac-AAS A-NH2 0.93+£0.04 1.440.1 9.7+0.9
5 7/13 Ac-AAA A-NH2 0.92£0.07 1.5+£0.2 10.5%1.6
6 7/13 Suc-AAA A-NH2 0.62£0.06 1.5+£0.3 4.7£1.8
7 1/7 TNH;3-XanAA A-NH2 0.2+0.7 2.5£0.8 20.5£3.4
8 1/7 Ac-XanAA A-NH2 3.6+0.2 3.3+£0.5  13.7+£2.0
9 1/7 Suc-XanAA A-NH2 2.6+£0.1  3.7£0.6 10.9£1.8
# My my me K., Amiss ©%55
(3/(molM)) (3 (molM)) _(J/(molM)) (%)
1 -43£171 8944286 330+36 0.5£0.1 59 -5600
2 -159%159 1010238 263134 0.9£+0.1 46 -10100
3 -136+66 871198 223427 1.240.1 29 -10900
4 -156+67 865194 237429 1.5+0,1 32 -13500
) -187£96 714+137 215+42 1.6£0.2 11 -17400
6  -139+£85 6724129 66+113 2.5£0.5 8 -19700
T 2TT£127 1008+200 258450 0.5£0.2 70 -18800
8 -10£52 461+104 13645 0.9£0.2 34 -18800
9 72£29 38975 107£57 1.4+0.2 15 -20500

Table 4.2: Effect of end capping motifs on stability and dynamics in the center and at the N-
terminus of a 21 amino acid a-helical peptide. The canonical sequence for helices 1 to 6 is N-
cap-AAAXanARAAANalRAAAARA-C-cap. The canonical sequence for helices 7 to 9 is N-cap-
AAANalARAAAARAAAARA-C-cap. The numbers give the position of the TTET labels. Xan was
always placed N-terminally of Nal. * 6555 represents the CD signal at 222 nm and is indicative of
the overall helical content. It is given in units of deg cm? dmol—!.

4.1.3 Local effects of capping motifs and amino acids

sequence on helix dynamics and stability.

Local stability of a-helices can be varied by introducing helix stabilizing or desta-

bilizing amino acids

94,99,184

. We synthesized two series of Ala-based 21 amino acid

peptides to investigate the effect of local changes in helix stability on the local fold-
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ing and unfolding dynamics. In the first series of peptides we introduced different
N-capping motifs and placed the TTET labels at positions 1 and 7 to probe local
effects on dynamics and stability in the N-terminal region (Tab. 4.2). In the second
series position 10 was varied and the labels were placed at positions 7 and 13, which
yields information on local changes in helix stability and dynamics in the center of

the peptide.
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Figure 4.9: Effect of N-capping motifs on local helix dynamics and stability at the N-terminus. Lo-
cal helix-coil dynamics at the N-terminus of a 21 amino acid helical peptide measured by TTET
between residues 1 (Xan) and 7 (Nal) (see table 4.2). (A) Far-UV CD spectra and (B) xanthone
triplet decay monitored by the absorbance change at 590 nm. The numbers of the peptides corre-
spond to the numbers in table 4.2. The gray line in panel B represents the donor only reference.
The black lines represent double exponential fits to the kinetics. In some traces an additional phase
with less than 5 % amplitude and a lifetime corresponding to the donor-only helix is observed. This
phase is not considered in further analysis as it is probably due to small amounts of aggregated
peptides. The results are summarized in table 4.2. (C) Leffler plots for helix growth (k; blue) and
unfolding (k. ; red) (Eq. 4.4).

Varying the N-capping region has only minor effects on the CD spectra of the
N-terminally labeled peptides indicating similar overall helix content (Fig. 4.9 A).
Despite this small effect on overall helicity, the stabilizing capping groups slow down
the TTET kinetics in the N-terminal region (Fig. 4.9 B). Global analysis of the urea-
dependence of the TTET kinetics 4.8 in the different helices shows that ky, k, and
K., are affected by changes in stability at the N-terminus (Tab. 4.2). The effect on
K., is as expected from the stabilizing effects of the different capping groups (Tab.
4.2). The Leffler plot (Fig. 4.9 C) gives a ®-value of 0.36£0.32 and a corresponding
more accurate ®,-value of 0.6540.11, which yields a ®;-value of 0.35£0.11.

Local dynamics in the N-terminal region of helical peptides were previously mea-
sured in T-jump induced helix unfolding experiments on fluorescence-labeled pep-
tides'37185 Both a 4-(methylamino)benzoic acid (MABA) group at the N-terminus,
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which changes its fluorescence upon formation of a hydrogen bond to the helix back-
bone'®” and an i,i+4 Trp-His interaction at the N-terminus'®® gave faster time con-
stants for helix unfolding of about 10 ns at 5°C and 1 ns at 30°C, respectively. The
faster dynamics compared to TTET-detected helix unfolding may be due to differ-
ent processes monitored by the different methods. TTET requires at least partial
unfolding of a five amino acid region between the labels, whereas the fluorescence
probes monitor local changes involving the fluorophores, namely formation of a single
hydrogen bond in the case of the MABA label and local opening of a single helical
segment at the Trp residue in the Trp-His pair.

Prominent sequence effects on the local dynamics are also observed in the central
region of the helical peptides when position 10 is varied (Fig. 4.10). Host-guest
studies on different helical model systems showed that Ala, which is the canonical
amino acid at position 10 in the host-guest peptides, is the most helix stabilizing

amino acid with an s-value around 1.59499:184

. Thus, any amino acid replacement at
position 10 should lead to a destabilization of the helix. The short, polar side chains
Ser and Thr at position 10 lead to the expected decrease in overall helical content
as judged by the decrease in CD signal at 222 nm (Fig. 4.10 A and table 4.3). The
larger hydrophobic side chains Leu and Ile, in contrast, have only little effect on the
CD signal (Fig. 4.10 A and table 4.3).

TTET becomes slower in the center of the peptide when local helix stability is
increased (Fig. 4.10 B). The values for k¢, k, and K., obtained from a global fit of the
kinetics at different urea concentrations are shown in table 4.3. Interestingly, Leu and
Ile at position 10 locally stabilize the center of the helix but leave the overall helical
content unchanged (Fig. 4.8). The Leffler plot for amino acid substitutions at position
10 is complex (Fig. 4.10 C). Linear slopes of ®;=0.33+£0.13 and ®,=0.67+0.07 are
obtained if only linear side chains are considered. These values are similar to the
® s-value observed for local effects in the N-terminal region (Fig. 4.9 C). However,
k¢ and k, for Val, Ile, Leu and Thr fall below the lines of the Leffler plots for the
linear side chains, indicating that both helix unfolding and folding are slowed down by
branched side chains. This observation suggests that branched side chains interfere
both with helix folding and unfolding. To test this idea we introduced the non-natural
amino acids norvaline and norleucine at position 10, which have linear side chains but
the same number of methylene groups as valine and leucine/isoleucine, respectively.

Also norvaline and norleucine at position 10 lead to a local stabilization of the helix
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Figure 4.10: Effect of amino acid replacements in the peptide center on local helix dynamics and
stability in central region of the peptide. Local helix-coil dynamics in the center of a 21 amino
acid helix measured by TTET between residues 7 (Xan) and 13 (Nal). Guest amino acids were
introduced at position 10. (A) Far-UV CD spectra and (B) xanthone triplet decay monitored by
the absorbance change at 590 nm. The gray line in panel B represents the donor only reference
peptide. The black lines represent double exponential fits to the kinetics. In some traces an addi-
tional phase with less than 5 % amplitude and a lifetime corresponding to the donor-only helix is
observed. This phase is not considered in further analysis as it is probably due to small amounts
of aggregated peptides. The results are summarized in table 4.3. (C) Leffler plots for helix growth
(ky; blue) and unfolding (k. ; red) (Eq. 4.4). Data for peptides with linear side chains are shown as
filled circles, for branched side chains as open circles.

compared to Ala (Tab. S 3) and to slower TTET kinetics (Fig. 4.10 B). In contrast to
the branched side chains, k; and £, for the non-natural linear side chains fall onto the
same line in the Leffler plot as all other linear amino acids (Fig. 4.10 C), indicating
that branching is the origin for slower local folding and unfolding dynamics of the
helix.

The unexpected helix stabilizing effect of large hydrophobic side chains at positions
10 may be due to stabilizing van der Waals interactions between the side chain at
position 10 and the TTET labels. The spacing between each label and position 10 is
i,i4+3, which brings them into close vicinity in the helical conformation and may lead

to the formation of a hydrophobic helical stair around the helix.
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Xaa k., ky ke

(108 1) (108 s71) (109 s71)
Ser 1.4+0.1 1.2£0.2 10.8£1.1
Thr 1.04+0.04  0.89£0.06 8.9£0.5
Ala  0.92+0.07 1.54+0.2 10.5+1.6
Val  0.67£0.03  1.14£0.07 8.1£0.5
Ile  0.50£0.02  1.05+£0.07 6.7£0.5
Leu 0.57£0.04 1.2£0.1 3.21+0.6
Nva  0.75%+0.03 1.6£0.1 9.24+0.8
Nle  0.71£0.02 1.6£0.1 8.0+0.7
Xaa My my me K., Amiss 0%y,

(J/(molM))  (J/(molM))  (J/(molM)) (%)

Ser  -126+94 736£139 191+32  0.8£0.1 56 -8100
Thr  -106458 896179 183+17  0.9+£0.1 53 -8900
Ala -187+96 7144+137 215442 1.6£0.2 30 -17400
Val -189£60 1032476 227422 1.7£0.1 26 -13400
Ile -224+£59 835£72 16727 2.1+0.2 19 -15700
Leu -50£55 830£78 -87+62 22403 12 -15800
Nva  -139+£50 906166 210£27 22402 21 -16400
Nle -141+47 879+61 160429 2.3+0.2 26 -16400

Table 4.3: Effect of single amino acid replacements in the helix center on local dynamics and
stability of a 21-amino acid a-helical peptide. The canonical sequence for the helices is Ac-
AAAAAAXanARXaaAANalRA AAARAA-NH2. In the center of the helix at position 10 (Xaa) different
guest amino acids were introduced and the local changes in stability and dynamics were probed
by TTET between the triplet labels at position 7 and 13. ¢ 0555 represents the CD signal at 222 nm
and is indicative of the overall helical content. It is given in units of deg cm? dmol—!.

4.1.4 Local and non-local effects on helix dynamics and
stability.

Our results demonstrate that local and non-local effects of amino acid replacements
on o-helix dynamics and stability have different origin. Stabilizing the ends of a helix
slows down helix unfolding and thus increases helix stability remote from the region
of stabilization. This non-local effect can be attributed to longer boundary diffusion
distances (Fig. 4.5). The dynamics of helix formation, in contrast, are not affected by
non-local changes in helix stability, since helix formation monitors a local process and
is thus independent of the position in the helix?. Changes in helix stability locally
affect both helix formation and unfolding with a ®;-value of about 0.35, both at the
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N-terminus and in the helix center. This observation suggests that helix stabilizing
and destabilizing interactions that lead to different helix propensities for different
amino acids, influence both elementary steps of helix elongation and shrinking (k;
and k_; in Eq. 3.10). ®g-values of about 0.3 are also found for the effect of most
mutations on folding of small, single-domain proteins, when only reliable ® -values
are considered 183186,

For many peptides the local changes in helix stability measured by TTET do not
correlate with the global helix content measured by the CD signal at 222 nm. When
the TTET labels are located in the N-terminal region, N-capping motifs have little
effect on overall helicity as judged by CD, but they locally increase helix stability at
the N-terminus (Fig. 4.9 A). The helical CD signal at 222 nm was proposed to contain
only minor contributions from the N-terminal region, since their amide protons are

187 " The center of the 21 amino acid peptide has a

not involved in hydrogen bonds
high helical content, independent of the capping sequence. Thus N-caps will mainly
affect the helical content in the N-terminal region, which changes the local stability
in the N-terminal region but has only little influence on the CD signal at 222 nm.
Similarly, helix-stabilizing amino acids in the center of the helices locally increase
helix stability but have only little effect on the overall helix content. The central

£9998  Local stabilization

region of a helical peptide has a very high helical conten
of this region thus only leads to minor increase in the intensity of the CD band at
222 nm, whereas TTET measurements directly measure local K.,-values and thus
directly give information on local stabilities.

Comparing the effect of N-capping motifs on local helix stability in the helix center
(Fig. 4.7) and in the N-terminal region (Fig. 4.9) reveals a 1.5-fold stronger effect
on the central region (Fig. 4.11). Stabilizing the helix ends leads to slower unfolding
both at the helix ends (Fig. 4.9) and in the helix center (Fig. 4.7). However, the
effect on k, in the helix center is larger than at the termini. Stabilizing the helix
termini obviously has a strong effect on the efficiency of boundary diffusion. These
results show that long-range effects of capping motifs have a strong influence on local

stability and unfolding dynamics in distant regions of the helix.
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Figure 4.11: Comparison of the effect of the N-capping capping motifs on local helix stability in the
peptide center and at the N-terminus. The fit gives a 1.5-fold stronger effect on stability (InK.,) in
the peptide center compared to the N-terminus. The effect of an N-cap on the K, at the N-terminus
was compared to the effect of the same N-cap on K., in the center of the peptide (Tab. 4.2).
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4.2 High Pressure Triplet Transfer Measurements on o.-Helical Peptides.

4.2 Transition State and Ground State Properties of
the Helix-Coil Transition in Peptides Deduced
from High Pressure Studies

This chapter was published 2013 in Neumaier et al. %%,

Understanding the effect of pressure on protein stability and dynamics provides
insight into fundamental principles and mechanisms of protein folding®. For most
proteins increasing pressure shifts the folding equilibrium towards the unfolded state,
which, according to Le Chatelier’s principle, shows that the native state has a larger
volume than the unfolded state®®. The origin of the volume increase upon folding
has been discussed controversially for a long time. The major obstacle in the interpre-
tation of volume changes are opposing contributions from different effects. Analysis
of high resolution X-ray structures suggested that formation of intramolecular hydro-
gen bonds and van-der-Waals interactions in the native state lead to a decrease in
atomic volumes and thus to a decrease in protein volume upon folding®. Further,
water around hydrophobic groups has a larger volume than bulk water, which also
leads to a decrease in volume upon burial of hydrophobic groups in the native pro-

% On the other hand, formation of ordered water structures around charged

tein
groups® and solvation of the peptide backbone decrease the water volume®, which
leads to a volume increase upon folding. Recent experimental results suggested that
volume changes associated with transfer of groups from solvent to the protein interior
upon folding are small and that compared to the formation of void volumes in native
proteins is the major origin of the volume increase upon folding%®.

Volume changes associated with the formation of protein folding transition states
are only poorly characterized. High pressure stopped-flow experiments on tendami-

t7 and cold shock protein™ as well as pressure-jump experiments on cold-shock

2 7

sta

protein” and an ankyrin repeat domain™ revealed that volumes of protein folding
transition states are close to the volume of the native state and may even exceed the
native state volume under some conditions™">™. Similar results were found for the
folding and unfolding reactions of ribonuclease A% which are both complex and
dominated by kinetic coupling between slow prolyl isomerization and protein folding

190-193

reactions . All folding and unfolding reactions of RNase A show positive acti-
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4 Results and Discussion

vation volumes, indicating that the transition state volumes are larger than those of
the native and unfolded state™.

To understand the origin of volume changes associated with protein folding it is
important to dissect contributions of intramolecular interactions, like secondary struc-
ture formation, from contributions of packing deficiencies in the native state. Volume
changes associated with the formation of protein a-helices can be obtained by study-
ing the effect of pressure on stability and folding/unfolding dynamics of o-helical
peptides. Alanine-based peptides form helical structures with intramolecular hydro-
gen bonds and solvent-accessible side-chains and are thus well-suited to study the
effect of pressure on secondary structure formation in the absence of void volumes
formed in the protein core of native proteins. The effect of pressure on the stability
of Ala-based helical peptides has been addressed both experimentally and in simu-
lations albeit with different conclusions. FTIR experiments revealed an increases in
helix stability with increasing pressure, indicating a smaller volume of the helical state
compared to the unfolded state'*?. Molecular dynamics simulations on alanine-based
peptides, in contrast, suggested that the unfolded state has a slightly smaller volume
than the helical state!43. The simulations further revealed a change in geometry and
length of hydrogen bonds with increasing pressure, which should have an effect on
FTIR bands and NMR chemical shifts. Changes in hydrogen bond length in protein
secondary structures with increasing pressure were experimentally confirmed in high
pressure NMR studies on ubiquitin %4,

To determine the effect of pressure on stability and dynamics of a-helices in the
absence of tertiary structure and without contributions from changes in spectroscopic
properties, we measured triplet-triplet energy transfer (TTET) at various pressures in
an alanine-based 21-amino acid helical peptide. TTET coupled to a folding /unfolding
equilibrium yields information on local conformational stability and dynamics on the

nanoseconds to microseconds time scale®390:171

Intrachain TTET in polypeptide
chains occurs through loop formation and is based on van-der-Waals contact between
a triplet donor and a triplet acceptor group?®%. If the triplet labels are introduced in
proteins and peptides at sites that are not in contact in the folded structure, unfolding
in the region between the labels has to occur prior to TTET. The resulting TTET
kinetics yield information on the local folding/unfolding dynamics and on the local
stability in the region between the TTET labels®'7119  In our previous work we

introduced the triplet donor xanthone (Xan) and the triplet acceptor naphthylalanine
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H C C*

Figure 4.12: Schematic representation of TTET coupled to a helix-coil equilibrium. The equilibrium
between a helical (H) and an unfolded or partially unfolded (C) conformation between the labels
is monitored by fast and irreversible TTET through loop formation in the ensemble of unfolded
conformations (C*). The triplet labels xanthonic acid (Xan, blue) and 1-naphthylalanine (Nal, red)
are placed on opposite sides in the central region of the helix with i,i+6 spacing.

(Nal) into o-helical peptides with 1,i+6 spacing, which places them at opposite sides
of the helix and prevents TTET in the helical state (Fig. 4.12). Thus, at least partial
unfolding of the helix in the region between the labels is required before TTET can

occur 90,171 .

The overall reaction can be described by the three-state model shown
in figure 4.12. Since the folding/unfolding dynamics and loop formation occur on
a similar time scale®17! the two observable rate constants, A\jand Xy, for TTET
and their corresponding amplitudes, Ajand A,, yield the rate constants for local
helix formation and unfolding between the labels, k; and k,, as well as the rate
constant for loop formation (k.) (see section 3.4). In addition, the local equilibrium
constant (K.,) for helix stability in the region between the labels can be obtained
from K.,=k; /k,. TTET experiments do not require perturbation of the helix-coil
equilibrium and thus yield information on equilibrium fluctuations of the helix. We
have previously investigated local stability and dynamics in various regions of the
21 amino-acid Ala-based helical peptide, which showed a position-independent helix
formation rate constant (ky) and a position-dependent helix unfolding rate constant

(k,) with faster unfolding at the termini compared to the center?.

This results in
higher local helix stability in the center compared to the ends, which is expected from
helix-coil theory based on a linear Ising model and in agreement with previous results

from hydrogen /deuterium exchange experiments!?.
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Since TTET coupled to the helix-coil transition gives information on local equi-
librium constants, independent of changes in spectroscopic properties of the helix,
this method is perfectly suited to study the effect of pressure on local helix stability.
In addition, pressure-dependent TTET experiments yield the activation volumes for
helix folding and unfolding, which have not been reported up to date. Here, we inves-
tigate the effect of pressures on stability and dynamics of the o-helix-coil transition
in the center of the 21-amino acid Ala-based peptide using a high pressure laserflash
setup. The results show that the helical structure becomes stabilized with increasing
pressure indicating a volume decrease upon helix formation. The dynamics of helix
formation and unfolding both slow down with increasing pressure, which shows that
the transition state for growth and shrinking of the helical structure has a larger
volume than both helical and unfolded state and points at a non-hydrogen bonded

transition state structure.

4.2.1 Effect of pressure on local helix stability and dynamics.

To investigate the effect of pressure on local helix dynamics and stability we used
a 21 amino acid Ala-based model peptide with arginine residues placed with i,i+5
spacing. The triplet pair Xan and Nal was introduced in the central region of the

peptide at positions 7 and 13, respectively, which yields the peptide sequence:
*NH3-AAAAA AXanARA AANalRA AAARA A-NH,

Xan was introduced by coupling 9-oxoxanthen-2-carboxylic acid to the side chain
of the non-natural amino acid a,3-diaminopropionic acid. The non-natural amino
acid 1-naphthylalanine was directly incorporated into the peptide during solid phase
peptide synthesis. The C-terminus was amidated but, in contrast to our previous
work, the helical peptide studied here has a free N-terminus, which decreases helix
stability and leads to about 50% helical conformations in the center of the peptide at
ambient pressure!™. The similar populations of unfolded and helical conformations
provide a high sensitivity of the measurements for both an increase and a decrease
in helix stability, since it was not clear whether pressure stabilizes or destabilizes the
helical structure.

We investigated the effect of pressure on helix stability in the center of the peptide
by TTET measurements in the range between 0.1 to 390 MPa (1 and 3900 bar).
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Figure 4.13: Pressure-dependence of helix-coil dynamics in the center of a 21-amino acid helical
peptide measured by TTET. (A) Xanthone triplet decay at the indicated pressures monitored by the
absorbance change at 590 nm. The grey curve shows the xanthone triplet decay in a donor-only
control peptide for comparison. All curves were fitted by the sum of two exponentials. Addition-
ally, a minor slow kinetic phase is observed in the triplet decay curves, which corresponds to the
intrinsic triplet lifetime of xanthone and probably reflects a small fraction of oligomeric molecules.
(B) Pressure dependence of the two observable rate constants \; and \; and of their respective
amplitudes, A; and As (C). The black lines in panels (B) and (C) show the results forA; and Ao
and their amplitudes from global fits of all kinetic traces according to the analytical solution of the
three-state model shown in Fig. 4.12 (see section 3.4). Global fitting of all kinetic traces addition-
ally yields the pressure-dependence of the microscopic rate constants, k, (red), k; (blue) and k.
(green) and indicated in panel (B), which results in activation volumes of AV.% =3.3+0.3 cm?3/mol,
AVJ91=1.7j:0.5 cm?/mol and AV # =3.640.4 cm3/mol. The measurements were performed in 10

mM potassium phosphate buffer, pH 7 at 5°C with a peptide concentration of about 50 uM.
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The experiments were initiated by a 4 ns laserflash at 355 nm, which produces the
xanthone triplet state that can be detected by its strong absorbance band at 590
nm?>?°. TTET to naphthylalanine leads to a decay in xanthone triplet absorbance
band (Fig. 4.13 A). The triplet decay curves can be described by the sum of two
exponentials under all conditions with the rate constants A\; and Ay (Fig. 4.13 B)
and their respective amplitudes A; and A (Fig. 4.13 C). This result indicates that
both the unfolded and the helical conformation are populated to significant amounts
in equilibrium at all pressures®. Figure 4.13A shows that TTET kinetics become
slower with increasing pressure. The results from the double exponential fits reveal
that increasing pressure decreases both A\; and A\; and leads to a gain in amplitude
of the slower kinetic phase at the expense of the amplitude of the faster phase (Fig.
4.13).
The effect of pressure on the rate constant of a reaction depends on the activation
volume (AV%) according to
0%
‘Sgipk - o (45)
However, the two rate constants observed for TTET (A; and \y) do not directly

correspond to folding or unfolding rate constants in Fig. 4.12 but are functions of ky,
k, and k. (see section 3.4), which can be determined by fitting the solution of the three
state mechanism (see section 3.4) to the observable rate constants (Fig. 4.13 B) and
their amplitudes (Fig. 4.13 C). The quality of the fit improves significantly when the
kinetic traces measured at the different pressures are fitted globally assuming a linear
pressure dependence of In(ky), In(k,)and In(k.) according to Eq. 4.5. The results
from the global fit reveal that all rate constants decrease with increasing pressure
with activation volumes of 1.740.5 cm?®/mol, 3.340.3 cm?®/mol and 3.64-0.5 cm? /mol
for AVJPI, AV and AV% respectively (Figs. 4.13 B, 4.14 B). This result indicates
that the transition state for helix formation and unfolding has a larger volume than
both the helical state and the unfolded state. In addition, loop formation in the coil
state (k.) slows down with increasing pressure.

The equilibrium constants at the various pressures can be obtained from K.,=k¢/k,.
Applying the Planck equation (Eq. 4.6)

dnkK,, dv?

e = T ET (4.6)
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Figure 4.14: Pressure-dependence of (A) the equilibrium constant for helix formation (K.q=Fk¢/k, )
in the peptide center and (B) the rate constants for helix formation (k) and unfolding (k,,). The lines
represent the results from global fits to the experimental data (Fig. 4.13 B) resulting in a reaction
volume, AV, of -1.6 cm3/mol. The filled circles are the results from the simulations based on
the linear Ising model with the parameters given in Egs. 4.13-4.15. The quality of the results was
improved by performing simulations up to s-values corresponding to p=2000 MPa (Fig 4.18).

yields the reaction volume for helix formation in the region between the TTET
labels, which equals the difference between the activation volumes for helix formation
and unfolding (Eq. 4.7).

AV = vyt — v (4.7)

The equilibrium constant for helix formation increases with increasing pressure
and the fit according to Eq. [2] gives a negative reaction volume (AV?) of -1.64-0.6
cm?®/mol (Fig. 4.14 A). This result shows that the helical state has a smaller volume
than the unfolded state and thus becomes stabilized with increasing pressure.

Dissociation of phosphate has a reaction volume of about -25 cm? /mol, which leads
to a decreases in its pKa-value of about 0.3 units per 100 MPa and results in a decrease
in pH of about 1.2 units in the pressure range applied in our TTET experiments .
The Ala-based helical peptide used in this study contains three arginine residues and
a free N-terminus, which have pKa values of 12.2 and 9.6, respectively. These values
should be independent of pressure since the deprotonation reaction of neither Arg nor
the N-terminus leads to a change in the number of charged species'®”. The pressure-
induced decrease in pH from 7.0 to 5.8 between 0.1 and 390 MPa applied in our
experiments does therefore not lead to a change in the protonation state of the helical

peptide and should not influence the helix-coil transition. This was confirmed by

measuring TTET kinetics in the pH-range between 5.8 and 7.0, which are insensitive
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to pH (Fig. 4.15). In addition, pressure in the applied range does not influence the
donor triplet lifetime (Fig. 4.16).
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Figure 4.15: Effect of pH on TTET kinetics in the 21-amino acid alanine-based helical peptide.
(A) Xanthone triplett decay curves at pH 7.0 and pH 5.8 at 0.1 MPa, as indicated. The results
from double exponential fits are shown as black lines. For comparison, the TTET kinetics at 390
MPa (Fig. 4.13 A) are shown. Due to the effect of pressure on the pKa-value of the phosphate
buffer, the pH of the solution is 5.8 at 390 MPa. (B) pH-dependence of the two apparent rate
constants, A;(open circles) and A (closed circles) in the range from pH 5.8 to pH 7.0. A linear
fit yields a minor linear decrease in In()\) with pH with values of (-1.740.1)-10~2/pH-unit for A,
and of (-2.040.7)-10~2/pH-unit for X, (solid lines). For comparison the slopes of the pressure-
dependencies on A\; and )\, derived from the values at 0.1 MPa (pH 7.0) and 390 MPa (pH 5.8)
are shown as dashed lines (Fig. 4.13 B). These results show that the change in pH induced by
pressure does not contribute to the observed effects of pressure on helix dynamics and stability.
The measurements were performed in 10 mM potassium phosphate buffer at 5°C with a peptide
concentration of about 50 uM.
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Figure 4.16: Effect of pressure on the donor lifetime in the 21-amino acid alanine-based peptide
labeled only with the xanthone donor. The Nal acceptor group was replaced by alanine. The results
show that pressure does not significantly change the donor lifetime. Since observed TTET kinetics
occur on a much faster time scale (Fig. 4.13 A) they do no contain significant contributions from
spontaneous triplet decay. The measurements were performed in 10 mM potassium phosphate
buffer, pH 7 at 5°C with a peptide concentration of about 50 uM.

4.2.2 Effect of pressure on the elementary rate constants for
helix elongation and shrinking.

The activation and reaction volumes obtained from the TTET experiments are ap-
parent volume changes for helix formation and closure between the labels that can
not be directly converted to the volume changes for addition or removal of a single
helical residue, since the helix-coil transition is not a two-state process?%:125:129,135,137
198,199 The dynamics and stability in the helix center are rather influenced by the
coupling of many microscopic opening and closing events at the different positions in
the peptide. Our previous studies showed that a kinetic linear Ising model with 1-D
boundary diffusion mechanism is quantitatively able to describe the experimentally
determined position-dependence® and length-dependence!™ of dynamics and stabil-
ity of the helix-coil transition. Applied to the helical peptide used in our study, the
helix is represented by a finite sequence of 21 identical residues, which can be either

in the helical state h or the coil state c leading the following type of conformations:

ccccchhhhhhhhhhhhccce (4.8)

The following equations describe the dynamic and equilibrium properties of the

system 124135
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e Helix elongation:

hee :ﬁll hhe  cch :ﬁll chh kk—ll =5 (4.9)
e Helix nucleation:
cce k% che :—_22 =05 (4.10)
e (Coil nucleation: N by .
hhh i hch /. = (4.11)
Although this model only accounts for nearest neighbor interactions!?* it is able

to quantitatively describe experimental data on the helix-coil transition in a variety

98,129,184 = \We further used the kinetic extension of the model

of different peptides
introduced by Schwarz'®®, which introduces additional factors for helix nucleation,
~r, and coil nucleation, 7, to account for kinetic effects on the nucleation reactions

relative to elongation:

ky =y, -0k ko=n-k (4‘12)

ks =7c-0-k_y ks ="c- k1
We performed Monte-Carlo simulations based on Eqgs. 4.8 to 4.12 and compared the
results with the experimental data to obtain information on the activation volumes of
the elementary rate constants for helix growth (AV,”* ) and shrinking (AV" ) and on
the reaction volume for adding a single helical residue at the helix-coil border (AV?
, see Eq. 4.9). In all simulations k; was set to 1, the nucleation parameter o was

= 29171 = As the model peptide has

0.003 and the kinetic parameters were 7. = v
a destabilized N-capping region, we distinguish between the average s-value of the
positions 5 to 21 and the s-value for the N-terminal cap assigned to positions two
to four'™. The folding and unfolding dynamics were simulated for different s-values
(Fig. 4.17 A) and analyzed by computing first-passage-times (FPTs) %™, Since the
experiments probe a region of five residues between the labels we analyzed the results
from the simulations by monitoring the dynamics of the whole segment between the

labels instead of single-site fluctuations. The segment of five residues between the
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4.2 High Pressure Triplet Transfer Measurements on o.-Helical Peptides.

labels was counted as helical if at least four of its residues were helical at a certain

time“>17! . In addition, the starting conformations had to contain at least one helical
residue. The distribution of the FPTs was fitted by single-exponential functions
yielding the reduced rate constants of local helix folding and unfolding kf/k; and

k. /ky for each s-value (Fig. 4.17 B).
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Figure 4.17: Pressure-dependence of (A) the s-value (Eqg. 4.9) and (B) the reduced rate constants
for local helix folding and unfolding, k/k: and k./k:, respectively, obtained from the Monte Carlo
simulations. The solid circles in panel (A) represent the results from the simulations that describe
the experimental data (Fig. 4.14 A) and the solid line represents the fit with the results given in
equation 4.13 resulting in AV? =-0.23 cm?/mol. (C) Pressure-dependence of s the rate constants
for adding (k1) and removing (k_1) a single helical residue to/from an existing helix (Eq. 4.9),
corresponding to activation volumes of AVlmt = 2.2 cm3/mol and AVB]{ = 2.4 cm?/mol. The quality
of the results was improved by performing simulations up to s-values corresponding to p=2000 MPa
(Fig 4.18).

Since the simulations exhibit a considerable statistical error, especially for small
s-values, they were performed up to s-values corresponding to p=2000 MPa (Fig
4.18), which gave more reliable results for the pressure-dependence of the kinetic and
equilibrium parameters in the experimentally accessible region between 0.1 and 390
MPa (see SI). The best agreement between simulated and experimental data (Fig.

4.14 A) is obtained with a pressure- independent s-value for the N-capping region of
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Figure 4.18: Results of Monte Carlo simulations on helix-coil stability and dynamics between 1 and
2000 MPa. (A) Pressure-dependence of the equilibrium constant for helix formation (K.q=k/k, )
in the helix center from the global fit of the experimental data (-) with results from Monte Carlo
simulations (cirlces). In addition, the result from a linear fit (red line) to the simulated data is
shown. (B) Effect of pressure on the simulated s-value used to describe the data in panel (A).
The line is the result of a linear fit with the parameters given in Eq. 4.13 of the main text. (C)
Pressure-dependence of the reduced rate constants for helix formation and unfolding, k/k; and
k./k1, respectively, resulting from the Monte Carlo simulations. (D) The results from the simulations
(filled circles) describe the experimentally determined rate constants for helix formation (k) and
unfolding (k) with the scaling factor (SF) given in Eq. 4.14 of the main text. (E) Scaling yields the
pressure-dependence of the elementary steps for helix growth (k1) and shrinking (k_1), by a single
segment.
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0.09940.004 and a pressure-dependent general s-value that can be described by (Fig.
417 A)

Ins = 0.041 +1.01-107*-p (4.13)

According to Eq. 4.6 this corresponds to s(0.1MPa)=1.04 and AV?=-0.23 cm?
/mol (0.38 A3 /molecule) for addition of a single helical residue.

The simulations further yield reduced rate constants, kf/k; and k,/k; for helix
formation and unfolding in the helix center (Fig. 4.17 B). Comparison of the reduced
rate constants, with the experimentally determined rate constants for helix folding
and unfolding in the region between the labels, k; and &, (Fig. 4.14 B) yields a scaling
factor for ki, which gives the actual rate constant for addition of a single helical
residue (see Eq. 4.9). The experimentally determined rate constants for folding and
unfolding are described by the simulations (Fig. 4.14 B) with a pressure-dependent
scaling factor (Fig. 4.17 C) that is described by

Ink; = 16.01 +9.4-107* - p (4.14)

which corresponds to an elementary rate constant for adding a helical residue at
0.1 MPa of k(0.1 MPa)= 8.7-10% s! and AV, =2.2 c¢m?®/mol (3.7 A% /molecule).
The pressure-dependence of k_; is obtained from k; in combination with the s-value
(see Eq. 4.9) which yields (Fig. 4.17 C)

Ink_, = 15.96 +1.04-107% - p (4.15)

corresponding to k_1(0.1 MPa)= 8.4-10% s~! and AV* =2.4 cm?®/mol (4.0 A3 /mo-
lecule).

These results show that the reaction volume for adding a single helical residue is
small and negative, whereas the activation volumes for adding or removing a heli-
cal residue are both large and positive. When a residue is added to a helix back-
bone/water hydrogen bonds and non-specific intramolecular hydrogen bonds are lost
(Fig. 4.19). Concomitantly, an intramolecular i,i+4 backbone hydrogen bond is
formed and additionally, the peptide backbone becomes partially shielded from sol-
vent. However, this solvent-shielding contribution is expected to be relatively minor

for alanine-based peptides, which permit water to solvate the intrahelical hydrogen
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Figure 4.19: Schematic representation of the structural and volume changes during addition of a
single helical residue to an existing a-helix. The coil state (hcc) has the carbonly oxygen and amide
proton hydrogen bonded to water molecule. Upon adding a helical residue (hhc) an intramolecular
hydrogen bond is formed and water is released. The large volume of the transition state (f) indicates
that neither an intramolecular hydrogen bond nor peptide/water hydrogen bonds are formed.

bonds due to the small size of the Ala side chains!®®. The negative reaction volume
for adding a helical residue suggests that intrahelical i,i+4 hydrogen bonds have a
slightly smaller volume than backbone/water and long-range backbone/backbone hy-
drogen bonds in the unfolded state. Contributions from void volumes to the reaction
volume are probably small, since the a-helix is a close-packed structure. However, we
cannot exclude the possibility that small void volumes accompany helix formation but
are compensated by the volume decrease upon formation of intramolecular hydrogen
bonds.

The larger volume of the transition state compared to the volumes of either the
helical or the coil state shows that formation or removal of a single helical residue
proceeds through a high energy state with a large volume. A plausible explanation
for this large transition state volume is the presence of amide groups that are neither
satisfied by hydrogen-bonds to water nor by intramolecular hydrogen bonds (Fig.
4.19). In this case the loss of a hydrogen bond between a carbonyl oxygen and an
amide hydrogen in the peptide backbone would correspond to a volume increase of

about 2.4 cm?/mol (AV%) compared to a non hydrogen bonded structure. Then,
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2.2 cm®/mol (AV™) are regained upon formation of backbone-water or non-specific
intramolecular hydrogen bonds in the unfolded state (Fig. 4.19). We cannot exclude
the possibility that steric effects and unfavorable packing contribute to the large
transition state volume, but this seems unlikely to have be a major factor, since
only a single amino acid at the helix-coil border changes its ®,¥ angles andthere is
an energetically favorable and sterically allowed route through ® W space from the
unfolded /extended region to the helical region®.

The volume decrease upon helix formation observed in TTET experiments is in
agreement with FTIR studies on Ala-based peptides, which also observed a sta-

bilization of the helical state!*2.

Using an equilibrium linear Ising model to ana-
lyze the FTIR data yielded a reaction volume of 0.9840.04 c¢cm?®/mol per residue,
which is larger than the reaction volume of 0.23 cm?/mol per residue determined by
TTET (Fig. 4.14). This discrepancy may be due to the difference in temperature
between the FTIR studies (25.4°C) and the TTET experiments (5°C), since it is com-
monly observed that reaction volumes for protein folding are strongly temperature-
dependent %57, The volume decrease upon formation of intramolecular helical hydro-
gen bonds is further in agreement with results on collagen folding, which showed a
volume decrease upon triple helix formation?®. As in o-helical structures formation
of the collagen triple helix mainly leads to formation of solvent accessible hydrogen
bonds between carbonyl oxygens and amide protons in the peptide backbone.
Comparison of the reaction and activation volumes for adding/removing a single
helical residueAV? | AV and AV | with the respective volume changes for folding
and unfolding of the helix in the center between the labels, AV, AV}) Fand AV
shows that the experimentally determined values are apparent reaction and activation
volumes, that do not represent properties of individual kinetic steps during growth
and shrinking of a helix. Due to the non-two-state nature of the helix-coil transition
the measured folding and unfolding rate constants are influenced by many microscopic
steps of adding or removing individual helical residues®»13%137:171 - The Monte Carlo
simulations show that this mechanism leads to an increase in the reduced folding
rate constant (ks/ki) and a decrease in the reduced unfolding rate constant (k,/k1)
in the helix center with increasing pressure, i.e. with increasing s-value (Fig. 4.17).
As a result, scaling of the pressure-dependence of the reduced rate constants to the
experimentally observed values gives AV10:E =2.2 cm?/mol compared to AVfO to1.7

cm? /mol. At the same time, scaling leads to a decrease from AV =3.3 cm?/mol to
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AV 2.4 cm? /mol (Fig. 4.17). These opposing effects of the scaling factors give rise
to the observed large difference in reactions volumes for helix stability in the center
(AVY =-1.6 cm?®/mol) and for adding a single helical residue (AV? =-0.23 cm?/mol).
These comparisons show that kinetic coupling between the microscopic shrinking
and growth steps at the individual positions in the peptide leads to macroscopically
observable rate constants for helix folding and unfolding that can not be analyzed by

a simple two-state model.

4.2.3 Effect of pressure on loop formation in the unfolded
state.

The analysis of the TTET experiments shows that loop formation in the unfolded
or partially unfolded state of the helical peptides (k.) is pressure-dependent with an
activation volume of 3.6 cm?/mol (Fig. 4.13). To test whether this large activation
volume is characteristic for loop formation in an unfolded Ala-based polypeptide chain
we investigated the pressure-dependence of the dynamics of loop formation in an 11-
amino acid peptide that corresponds to the central 11 amino acids in the 21-amino
acid helical peptide including the TTET labels

*NH3-AAXanARAAANalAA-COO™.

Leaving both the N- and the C-terminus unprotected prevents formation of de-
tectable amounts of helical structure as judged by its CD spectrum (Fig. 4.20 A). Fur-
ther, the temperature- dependence of the CD signal at 222 nm reveals a monotonous
decrease in ellipticity with increasing temperature (Fig. 4.20 B), which is character-
istic for an ensemble of unfolded conformations?*’ 293, The positive CD band around
227 nm and the negative band around 198 nm indicate the presence of significant
amounts of polyproline II (PPII) structure in the ensemble of unfolded states of the

204 in agreement with the observation of PPII structure in a

205

11-amino acid peptide
seven alanine residue peptide

Loop formation in the 11-amino acid unfolded polypeptide exhibits only a weak
pressure dependence (Fig. 4.20 C) with an activation volume of 0.5140.09 cm?/mol,
determined in a global fit of the kinetic traces (Fig. 4.20 D). This result shows
that the underlying fast conformational transitions in the unfolded state of an Ala-

based peptide do not involve major volume changes. Comparison of these results
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Figure 4.20: (A) CD spectrum and (B) temperature dependence of the ellipticity at 222 nm of the
11-amino acid unfolded model peptide. The pressure-dependence of the TTET kinetics (C, D)
yields an activation volume for loop formation (AV%%) of 0.414+0.15 cm?®/mol for the pressure-
dependence of the rate constants from the individual fits (D, black line) and of 0.51+0.09 for a
global fit (D, red line) of the kinetic traces shown in panel (C). Additionally a minor slow kinetic
phase is observed in the triplet decay curves (C), which corresponds to the intrinsic triplet lifetime
of xanthone and probably reflects a small fraction of oligomeric molecules. The measurements
were performed in 10 mM potassium phosphate buffer, pH 7 at 5°C with a peptide concentration of
about 50 uM.

to the pressure-dependence of loop formation reaction (k.) in the helical peptide
shows that the large activation volume for loop formation of the unfolded state is not
characteristic for an unfolded polypeptide chain. The results rather suggest that only
partial local unfolding of the helical structure between the labels is required to enable
donor and acceptor to come into van-der-Waals contact, as assumed in our previous
work %™ Loop formation in the partially unfolded coil-state of the peptide requires

structural re-arrangements that are associated with volume changes.
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4.2.4 Conclusions

The TTET experiments on the helix-coil dynamics in helical peptides reveal that
the volume decreases by 0.23 cm?®/mol (0.38 A3 /molecule) per helical residue upon
helix formation. This volume change for formation of a single helical residue is small,
but the coupling of many of these steps leads to a significant stabilization of the cen-
tral part of a 21-amino acid helix by pressure with a reaction volume for unfolding
of -1.6 cm3/mol (Fig. 4.14 A). Thus, the commonly observed increase in volume
upon formation of the native state is not due to the formation of helical secondary
structure, consistent with the idea that the volume increase upon protein folding is
mainly due to void volumes formed in the native state%. Notably, the actual void
volumes in folded proteins are larger than the observed volume increase upon folding,
since helix formation decreases the protein volume. Our results further show that the
decrease in helix stability in folded proteins with increasing pressure, as observed in
hydrogen-deuterium exchange studies?°®, is not due to an effect of pressure on intrin-
sic helix stability. Rather, increasing pressure destabilizes the tertiary structure of
proteins, in turn, destabilizes helical structures due to a cooperative destabilization
of the folded state. Equilibrium intermediates with residual helical structure have
frequently been observed in pressure-induced unfolding experiments monitored by
NMR 194207209 " The population of these persisting helical structure can be explained
by the opposing effects of pressure on the stability of tertiary and helical structure.
Whereas the native structure becomes destabilized with increasing pressure, helices
become increasingly stable. Thus, sequences with high intrinsic helix propensity may
remain helical even in the absence of long-range tertiary interactions and even become
stabilized with increasing pressure. In addition, pressure may induce helix forma-
tion in sequences with marginal intrinsic helix stability. This effect is in contrast to
thermal- and denaturant-induced equilibrium unfolding transitions of small proteins,
which typically exhibit two-state behavior since both tertiary interactions and helical
structures are destabilized under such conditions0%193:19 = Residual helical structure
is also frequently observed in cold-denaturation and alcohol-induced unfolding of pro-
teins. Similar to high pressure, these conditions lead to a destabilization of tertiary
structure but to a stabilization of helices.

The results further show that the transition state for adding or removing a single

helical residue has a 2.2 ¢cm?/mol and 2.4 cm®/mol larger volume compared to either
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the helical or coil state, respectively. Thus, even small structural re-arrangements in
the polypeptide chain may proceed through high energy states with large volumes,
because large activation volumes are already observed for changing only a single pair
of ®, ¥ angles in a secondary structural element. These effects will contribute to the
volume of protein folding transition states, which are typically large and often exceed

the volume of the native state 77274189,
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4.3 Native-state dynamics of HP35 measured by high pressure measurements.

4.3 Compact locked and unlocked states and a dry
molten globule transition state in native-state
dynamics of the villin headpiece subdomain
revealed by high pressure measurements.

Proteins can adopt different conformations besides the native state and the en-
semble of unfolded states. Native proteins typically exist in different conformational
sub-states that are important for protein function, like ligand binding and enzyme
activity 210212, Partially folded intermediate states of proteins are frequently observed
during folding of larger proteins®® but were also shown to be important in folding of
apparent two-state folders3™3®. The large majority of transiently populated interme-
diates, that have been observed experimentally, are located on the unfolded side of
the major folding barrier between U and N and typically contain large amounts of
secondary structure with the polypeptide chain being still highly solvent accessible.
Intermediates on the native state of the major free energy barrier have only been
detected during unfolding of a few proteins. Time-resolved 1-D NMR unfolding ex-
periments on ribonuclease A revealed a state with increased side-chain flexibility that
transiently accumulates prior to the rate-limiting step for unfolding*®. The interme-
diate has a solvent shielded protein interior, native secondary structure and a native
hydrogen bonding network?®%°. Similar unfolding intermediates were detected dur-
ing unfolding of DHFR by time-resolved *F NMR experiments®! and in monellin by
FRET®2. It was suggested that these unfolding intermediates represent dry molten
globule states (DMGs), which have been predicted based on theoretical considerations
and were proposed to be expanded native states with increased side-chain flexibility
and a solvent inaccessible core?’.

We recently investigated native-state dynamics in the villin headpiece subdomain
HP35 by triplet-triplet energy transfer (TTET) and detected an equilibrium between
two folded states with identical secondary structure and a solvent-shielded core®.
The major native state (N) is rigid and locked into conformations with low amplitude
motions. In the minor state (N’) rapid, large-scale structural fluctuations occur in-
cluding local unfolding of helix 3 (Fig. 4.21). The reaction from N to N’ is associated

with an increase in both entropy and enthalpy, which suggested that formation of N’
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is associated with a loss in interaction energy and an increase in conformational flexi-
bility. Due to these properties N’ was termed the unlocked state. The unlocked state
was also observed in molecular dynamics simulations, which were able to reproduce

164 The similarities between N’ and

the results from native state TTET experiments
the transiently populated unfolding intermediates observed in RNase A, DHFR and

monellin suggested that they represent the same type of intermediate®®.

oS

L

N N’ I I*

Figure 4.21: Schematic representation of TTET experiments to investigate native-state dynamics
of HP35. The locked (N) and unlocked (N’) native state are in equilibrium. Local unfolding of helix
3 to a partially unfolded intermediate (l) only occurs from N’. The TTET labels xanthone (blue)
and naphthylalanine (red) were placed at the N- and C-terminal ends of helix 3, respectively. After
unfolding of helix 3 loop formation can occur, which brings xanthone and naphthylalanine into van-
der-Waals contact and leads to TTET from xanthone to naphthylalanine. These experiments yield
the rate constants for unlocking and unfolding of helix 3 as well as information on the populations
of N and N’ in equilibrium.

To test whether the properties of the unlocked state are in agreement with a DMG,
we determined the volume difference between N and N’ in high pressure TTET mea-
surements. Since DMGs were suggested to represent expanded native states with a
dry core, they should have a larger volume than N. According to Le Chateliers princi-
ple increasing pressure would thus shift the equilibrium from N’ towards N. However,
the results from TTET experiments show that increasing pressure shifts the equi-
librium from N to N’ with a reaction volume of -1.841.3 ¢cm?®/mol. The transition
state for the unlocking/locking reaction has a larger volume than both N and N" with
respective activation volumes of 6.8 ¢cm?/mol and 8.6 cm®/mol. These results show
that the unlocked state represents a more compact, alternatively folded state whereas

the properties of the transition state for unlocking show characteristics of a DMG.
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4.3.1 Effect of pressure on the equilibrium between the locked
and the unlocked native state in HP35.
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Figure 4.22: Pressure dependence of the unlocking/relocking dynamics in HP35 Nal23/Xan35.
The triplet decay curves of xanthone were monitored by the transient absorbance at 590 nm at
the indicated pressures. The signal was normalized between 1 and 0. The grey trace shows the
xanthone triplet decay in the donor-only HP35 Xan35 protein as a reference. All curves were fitted
with double exponential functions. The residuals of the fits are shown for 0.1 MPa and 390 MPa.
The sum of two exponentials is sufficient to describe the data over the whole pressure range. Ad-
ditionally a minor slow kinetic phase with less than 10% amplitude with the intrinsic triplet lifetime
of xanthone is observed, due to small amount of aggregated protein. This phase is not used for
further analysis.The measurements were performed in 10 mM potassium phosphate buffer, pH 7 at
5°C at peptide concentrations of 50 uM.

To test whether the unlocked state of HP35 represents a DMG we determine the
volume difference between N and N’ in high-pressure TTET experiments. The exper-
iments were performed on the HP35 variant labeled with the triplet donor xanthone
at position 35 and the triplet acceptor naphthylalanine at position 23 (Nal23/Xan35
variant), which places the TTET labels at the opposite ends of helix 3 (Fig. 4.21). In
this variant the populations of N and N’ and the rate constants for their interconver-
sion can be determined, since the two states exhibit different behavior in the TTET
kinetics®*. TTET between xanthone and naphthylalanine is a diffusion-controlled
process that requires van der Waals contact between donor and acceptor?®™. The
xanthone triplet state is produced by a 4 ns laserflash at 355 nm and detected by its
absorbance band at 590 nm. TTET from Xan to Nal leads to a decay in Xan triplet
absorbance (Fig. 4.22). In the Nal23/Xan35 variant local unfolding of helix 3 is
required for donor and acceptor to come into van-der-Waals contact. In the unlocked
state, helix 3 unfolds fast, which leads to TTET from Xan to Nal by intrachain loop

formation. From the locked state, in contrast, helix 3 can not unfold (Fig. 4.21).
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Figure 4.23: Pressure dependence of (A) the two observable rate constants A\; (closed circles)
and )\, (open circles) and (B) their corresponding amplitudes A; (closed circles) and A, (open
circles) obtained from double exponential fits to the kinetics traces at each pressure (circles). Global
fitting of the pressure dependence of all kinetic traces according to Egs. 3.6 to 3.8 yields the
observable rate constants A; and A\, respective amplitudes A; and A relative amplitudes (black
lines in panels A and B) as well as the microscopic rate constants for unlocking k_; (red), relocking
k; (blue), and helix 3 unfolding/TTET k1 (green). The slopes of the pressure-dependence of the
microscopic rate constants yields the activation volumes of AV°/=6.8 cm?/mol, AV,**=8.6 cm?/mol

and Avtoi=3.6i0.4 cm3/mol (Eq. 4.17). (C) Pressure dependence of the equilibrium constant
for formation of N’ (K.,=[N'J/[N]=k;/k, ) calculated from the results of the global fit resulting in
AV°=-1.8 cm3/mol (Eq. 4.18).
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This mechanism leads to double exponential kinetics for native-state TTET in the
Nal23/Xan35 variant at ambient pressure (Fig. 4.22) with apparent rate constants of
A1=1.0-107% 71 (m1=1/A1=1 ps) and A\y=5.9x107% s7! (7=1/A,=170 ns) (Fig. 4.23
A). From the apparent rate constants and their amplitudes (A;=0.25, A2=0.75, Fig.
4.23 B) the microscopic rate constants for locking (k;), unlocking (k_;) can be deter-
mined using the analytical solution of the kinetic model shown in Fig. 4.21 (Eq. 3.6
to 3.8), which yields k_;=1.78-10% s7! and k;=1.34-106 s™'. From these values the
equilibrium constant for unlocking can be calculated using K.,=N'/N=k_;/k=1.33.
Thus, in equilibrium at 1 bar N’ is populated to 57 %. In addition, the rate constant
for TTET from N’ through unfolding of helix 3 is obtained. This reaction proceeds
through a high energy intermediate (I) with helix 3 unfolded from which TTET by
loop formation can occur (Fig. 4.21). Since I is populated to only small amounts, a
single rate constant, kr, describes the TTET process from N’, which is a function of
kop, ke and k. (Fig. 4.21) according to:

Kop - ke
kcl + kc

Equation 4.16 is identical to the formalism that describes hydrogen exchange ki-

(4.16)

kp =

netics in folded proteins, which proceeds by the same kinetic mechanism as TTET
but on a much slower time scale?!?
kr=3.20-10% s71.

Figure 4.22 shows the effect of pressure between 0.1-390 MPa (1 - 3900 bar) on
the TTET kinetics in the HP35 Nal23/Xan35 variant. All Xan triplet decay curves

can be described by the sum of two exponentials indicating that both N and N’

. The fit according to equations 3.6 to 3.8 gives

are populated in equilibrium at all pressures®»®. Both kinetic phases and their
amplitudes are sensitive to pressure (Fig. 4.23 A,B). The apparent rate constants, A
and Ay , both decrease with increasing pressure (Fig. 4.23 A) whereas the amplitude
of the faster kinetic phase (As) increases at the expense of the slower phase (A;; Fig.
4.23 B). The analytical solution of the kinetic model for native state TTET in the
Nal23/Xan35 variant (Eq. 3.6 to 3.8) was fitted globally to the pressure-dependence of
the TTET kinetics (Fig. 4.22) assuming a linear effect of pressure on the microscopic

rate constants, k;, k_; and k. according to

Slnk;  AV™
Sp  RT

(4.17)
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where AV% represents the activation volume of the reaction, i.e. the volume
change between the ground state and the transition state of the respective reac-
tion (Fig. 4.24). The result of the global fit reveals that all reactions become slower
with increasing pressure (Fig. 4.23 B) with activation volumes of 6.8 ¢cm?/mol (11.3
A3 /molecule), 8.6 cm®/mol (14.3 A®/molecule) and 3.8 cm®/mol (3.3 A?/molecule)
for unlocking (k_;), locking (k;) and triplet transfer through unfolding of helix 3 (kr),
respectively (Fig. 4.23 A). This result shows that the transition states both for un-
locking and for local unfolding of helix 3/TTET have larger volumes than all ground
state (Fig. 4.24). The observed AV% for the partial unfolding reaction of helix 3 is
nearly identical to the activation volume observed for unfolding of the central part of
an Ala-based a-helical peptide (AV%=3.3 cm3/mol) (section 4.2'88).

> &
£ ¥4y
ki ~ SNk é

8.6 cm3/mol

volume
AV 0¥

3.6 cm*mol

AV

N N’ I

A\ 2

reaction coordinate

Figure 4.24: Schematic representation of the volume changes for the equilibrium between the
locked (N) and the unlocked native state (N’) of HP35. In addition, the volume change for un-
folding of helix 3 is shown. Data were taken from the results of the pressure-dependence of native
state TTET shown in Fig. 4.22.

From the activation volumes for the unlocking and locking reactions the reaction

volume for unlocking (AV?) can be obtained using eq. 4.17
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Sn-
K, "k, AV (418)
S5p  op  RT '

Figure 4.23 C shows that the equilibrium constant for forming N’ increases with
increasing pressure, due to a negative reaction volume of AV%=-1.841.3 cm?/mol
(Fig. 4.23C). This result shows that the unlocked state has a slightly smaller volume
than N. This negative activation volume leads to an increase in the population of N’
from from 57 % at 0.1 MPa to 64 % at 390 MPa (3.0 A3/molecule). Consequently, N’
does not represent an expanded dry molten globule state. Rather, the unlocked state
is a compact folded state with a similar volume as the native state. The similar vol-
umes of N and N show that the structural rearrangements that occur upon unlocking
do not lead to an expansion of the molecule, which indicates that different ways to
tightly pack the HP35 structure exits. Our previous results have shown that unlock-
ing leads to an increase in conformational flexibility and entropy with a concomitant
decrease in enthalpy®®. Thus, the unlocked state may have non-optimized geometry
and orientation of intramolecular interactions, which leads to weaker intramolecular
interactions and increased conformational flexibility and explains the unfavorable en-
thalpy change and the increase in conformational entropy upon unlocking. The effects
on entropy and enthalpy almost compensate, which leads to similar free energies of N
and N'. It is unlikely that changes in interactions with water significantly contribute
to the observed differences in volume, entropy and enthalpy between N and N’ and
the transition state for unlocking. It was shown that these states have similar C),
indicating similar solvent interactions. In addition, the equilibrium between N and
N’ and the unlocking kinetics are virtually insensitive to denaturant concentration,
indicating similar SASA of all states. It is further unlikely that the observed decrease
in volume is due to partial unfolding or fraying of helical structures upon formation of
N’, since helices were shown to become more stable with increasing pressure and the
volume of an unfolded chain is slightly larger than the volume of an o-helix (section

4.2'8) " which would result in an increase in volume upon formation of N'.

4.3.2 Conclusions

Comparison of the kinetic and equilibrium properties of the N/N’ transition (Fig.

4.22 B, D) shows that the volume of the transition state for locking/unlocking is
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increased compared to both N and N’ (Fig. 4.23), which suggests that the structural
rearrangements during the locking /unlocking process require a significant expansion
of the molecule. Recent results on volume changes associated with the helix-coil
transition in peptides showed that the transition state for adding/removing a single
helical residue to an existing helix has a 2 cm?®/mol increased volume compared to the
helical and coil state (section 4.218%). This increased volume was ascribed to be mainly
due to the presence of an unsatisfied H-bond in the transition state. The volume of
the transition state for unlocking/locking has about a 4-fold larger volume than the
volume of the helix-coil transition state. It is plausible that this increased volume is
due to a combination of expansion of the molecule and structural re-arrangements of
that require formation and breaking of hydrogen bonds. Since the overall secondary
structures of N and N’ are very similar, is likely that structural re-arrangements
involving hydrogen-bonding mainly occur in the C-terminal region of HP35, which
was shown to have different orientations in N and N’°3. This model would further
be compatible with results from NMR studies?'# and MD simulations!%*, which both
revealed conformational heterogeneity in the C-terminal region of HP35.

The dry molten globule was initially proposed to represent a high energy state

45 This idea is in agreement with

that can not be observed directly in experiments
the results from our experiments. As predicted for a DMG, the unlocked native
state of HP35 has increased flexibility compared to the locked state and both states
have similar SASA, but also similar free energy and volume, which is not compatible
with an expanded DMG. The properties of the DMG are rather compatible with
the transition state properties for both unlocking and unfolding of helix3/TTET,
i.e. these states with increased volume represent states of highest free energy on the
reaction coordinate for locking/unlocking and for partial unfolding of helix 3 (Fig.
4.23). Transition states with increased volume compared to the native state were
also observed for folding/unfolding of tendamistat™, ribonuclease A%, cold shock
protein” and of an ankyrin repeat domain”™. These results in combination with the
large volumes for the transitions states for unlocking and partial unfolding of HP35
suggest that dry molten globules represent transition states for folding/unfolding and
structural rearrangements in native states rather than local free energy minima that
may be significantly populated under in equilibrium of transiently during unfolding.

The transient unfolding intermediates observed during unfolding of several pro-

teins 49,51,52
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°0 have properties similar to the unlocked state of HP35. In the light of our results
these intermediates may also represent unlocked states rather than dry molten glob-
ules, which suggests that unlocked states are commonly present on the native side
of the major folding/unfolding barrier. Unlocking of the optimized intramolecular
interactions seems to be required prior to local and global protein unfolding. Simi-
larly, during the folding process an unlocked state seems to be more easily accessible
and precedes optimization of the geometry and the energetics of the intramolecular
interactions. The presence of a compact folded state on the native side of the major
folding /unfolding barrier was also observed in high pressure NMR studies on several
proteins?!®. Comparison with our results suggests that these states may also repre-
sent compact and flexible unlocked states. The increase in conformational flexibility
and the ability to undergo large scale conformational fluctuations from the unlocked

state may be important for modulating protein function like binding and catalysis.
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4.4 Dynamics of the Unlocking/Relocking Reaction in HP35 Variants.

4.4 Dynamics of the Unlocking/Relocking Reaction
in Villin Headpiece Subdomain Variants studied
by TTET.

The protein folding reaction is an equilibrium reaction between an unfolded con-
formation U and the native state N, separated by a energy barrier. In this reaction
also intermediates can be populated on either side of the barrier. To study confor-
mational dynamics on the native side of the major unfolding barrier I characterized
HP35 variants with TTET.

The villin headpiece subdomain HP35 is a model system to study fast folding pro-
cesses in proteins. With only 35 amino acids it is one of the smallest cooperatively

folding domains®4®.

146,147

It consists of a three-helix bundle and is stabilized by a hy-

Equilibrium measurements showed a two-state behaviour in
145

drophobic core

and in kinetic studies the
153,154 (

GdmCl and temperature induced unfolding experiments
timescale for the folding reaction was found to be within ys see section 1.4).

To monitor dynamics in this time regime we used triplet-triplet energy transfer
(TTET). Therefore, the triplet donor xanthone and the acceptor naphthalene were
incorporated in the sequence in positions that are well separated in the folded state the
labels. TTET from xanthone to naphthalene only occurs via van der Waals contact
after partial or complete unfolding of the region between the labels (see section 1.2).

In a previous study>® our group characterized different variants of HP35 (see section
1.4, Fig. 1.10) and found two alternative native states, the locked state N and the
unlocked state N’, on the native side of the major unfolding barrier. The unlocking
reaction to N’ involves a positive change in AH as well as AS which reveals that the
unlocking weakens the interactions but facilitates more structural flexibility. From the
unlocked state helix 3 can partially unfold to a high energy intermediate intermediate
(I) (Eq. 4.19) (see section 1.4).

Including this information the kinetic model for TTET coupled to the unlock-
ing/relocking equilibrium in HP35 is:

k. kop
N=N =1 b (4.19)
ky ko
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The intermediate I is not visible in equilibrium experiments like temperature or
GdmCl induced unfolding transitions measured by CD spectroscopy'*>. Therefore, I
is a high energy intermediate that is not populated in the equilibrium. In the TTET
experiment only one rate constant for the unfolding of helix3/TTET kr is measured
that is composed of the local opening and closing rate constants and the contact
formation rate constant (Eq. 4.20).

ke = :ZPJFIZ (4.20)

In this case the rate constants for the unlocking k_; and relocking k; as well as

for the unfolding of helix3/TTET ks can be calculated from the two apparent rate
constants \; and Ay and their amplitudes A; and Ay (Eq. 3.8) if HP35 is completely

folded and no additional contributions from the unfolded ensemble arise.

4.4.1 Design of the HP35 variants

For TTET experiments the labels were incorporated in HP35 in solvent exposed po-
sitions. The triplet donor 9-oxoxanthene-2 carboxylic acid (Xan) was either attached
to the side chain of the nonnatural amino acid «, S-diaminopropionic acid (Dpr) or
to the N-terminus via an amide bond and the triplet acceptor was introduced as
the nonnatural amino acid 1-naphthyalanine (Nal) in solid phase peptide synthesis.
Additionally, if the sites Met12 and Trp23 were not used to incorporate the TTET
labels, they were replaced by norleucine or phenylalanine, respectively, due to the
TTET quenching properties of the side chains of methionine and tryptophane™.

Previously four variants of HP235 with different TTET label positions were char-
acterized (see section 1.4 Fig. 1.10)%%. In the variants HP35 Xan0Nal23 and HP35
X7Nal23 the labels span the core region of HP35. TTET experiments in these vari-
ants revealed that no TTET occurs in the native state and therefore global unfolding
does not takes place within the experimental time window of several s, which is the
intrinsic lifetime of the xanthone triplet state®. First indications on conformational
heterogeneity in the native state was found in the variant HP35 Xan0Z35. In these
positions the labels are in contact in the native state. In addition, to the kinetics
from the unfolded state two kinetic processes were found, one with about 70% of

the amplitude in the dead-time of the instrument and one with about 30% of the

98
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amplitude and 30 ns time constant®®. The variant HP35 Nal23Xan35 gives informa-

tion on dynamics in the C-terminal helix 3 as the TTET labels can only come into
contact if helix 3 is at least partially unfolded (Tab. 4.4 and Fig. 4.25 A). In this

variant the heterogeneity in the native state of HP35 was further analyzed revealing

the presence of two alternative native states, the locked and the unlocked state® (see
section 4.4.2).

Here I further characterize the equilibrium between the locked and the unlocked

native state, N and N’, to gain information on the properties of N’. Therefore, I

ask the following questions concerning the effects on the N’/N equilibrium and its

dynamics:

a)

What are the effects of the solvent on the unlocking/relocking reaction?

The variant HP35 Nal23Xan35 (Tab. 4.4 and Fig. 4.25 A) yielded valuable
information on the N'/N equilibrium and the properties of the two states. The
effect of solvent additives, especially the effect of urea, salt and sodium sulfate,

will therefore be determined in this variant.

How do mutations influence the unlocking/relocking reaction and the unfolding
of helix 37

Especially mutation that influence the packing might have impact on the N’ /N
equilibrium and its dynamics. The Leu28 contributes to the hydrophobic core
and substitution of the L28 should lead to destabilization of interactions and
hence destabilize the packing of HP35. It is replaced by an alanine in order
reduce the hydrophobic interactions and at the same time stabilize helix 3 (HP35
L28A Nal23Xan35, Tab. 4.4).

Can helix 1 unfold from the unlocked state N’ and form a high energy interme-
diate?

From the unlocked state N’ helix 3 can unfold and form a intermediate. Pre-
vious studies showed that both helices 1 and 2 together only unfold during the

53 But it is conceivable that also helix 1 is able to

global unfolding reaction
unfold after the unlocking reaction and form a high energy intermediate. To
test this hypothesis I introduced the TTET labels at the N-terminus and in the

linker between helix 1 and 2 (Tab. 4.4 and Fig. 4.25 B).
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d) Is it possible to obtain an even smaller cooperative folding unit than HP357

The fragment that only consists of helix 1 and 2 was proposed to be stable and

folded in isolation %1% To determine the folding and unfolding rate constants
the TTET labels were introduced at the termini of the fragment (Tab. 4.4 and

Fig. 4.25 C).
HP35 variant | mutations and sequence
HP35 M12Nle W23Nal F35Dpr(Xan)
Nal23Xan35 | LSDEDFKAVFGNIeTRSAFANLPLNalKQQNLKKEKGLXanG
HP35 L28A | M12Nle L28A W23Nal F35Dpr(Xan) G
Nal23Xan35 | LSDEDFKAVFGNIeTRSAFANLPLNalKQQNAKKEKGLXanG
HP35 Xan0 M12Nal W23F
XanONal12 Xan-LSDEDFKAVFGNalTRSAFANLPLFKQQNLKKEKGLF
HP23 Xan0 M12Nle W23Nal GS
XanONal23 Xan-LSDEDFKAVFGNIeTRSAFANLPLNalGS-NH,
HP35 Donor only M12Nle W23F F35Dpr(Xan)
Xan3b LSDEDFKAVFGNIeTRSAFANLPLFKQQNLKKEKGLXanG
HP35 Donor only Xan0 M12Nle W23F
Xan0 Xan-LSDEDFKAVFGNalTRSAFANLPLFKQQNLKKEKGLF

& 3F g
©, b

Table 4.4: List of HP35 variants. Xan: xanthone attached to the side chain of «, 5-diaminopropionic
acid (Dpr) or the N-terminus; Nal: 1-Naphthylalanine.

(

Figure 4.25: Label positions in the HP35 variants. The donor xanthone is shown in blue, the ac-
ceptor naphthalene in red and the probed region is highlighted in green. A) HP35 Nal23Xan35 B)
HP35 XanONal12 C) HP23 Xan0ONal23. Images were created using the MacPyMOL software.
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4.4.2 Effect of solvents on native-state TTET in the HP35
Nal23Xan35 variant

Our group studied the GdmCl dependence of the dynamics in HP35 Nal23Xan35
in CD and TTET experiments®®. The far-UV CD transition showed that in the
absence of denaturant >99% of the protein is folded (Fig. 4.27 B). Two apparent
kinetic phases occurred in native-state TTET with rate constants of 6 - 10° s~! and
1 - 105 s7!'. These two phases indicate the presence of two native states N and
N’. The slower process has only a very low m-value showing no significant ASASA
during the unlocking reaction. The fast process originates mainly from unfolding of
helix3/TTET from the unlocked state N’. The m-value of -1.8 kJ/(mol M) points to
a exposure of about 50 % of the SASA of the complete unfolding reaction.

Nevertheless a direct correlation between the amplitude of the kinetic phase and
the concentration of N or N’ is not valid as the unlocking and relocking as well as
the unfolding of helix3/TTET occur on similar time scales (Fig. 4.26)(Eq. 3.6 - 3.8).
With the two apparent rate constants \; and Ay and their amplitudes A; and Aj the
microscopic rate constants were determined to k_; = 1.7 - 105 s7!, k; = of 1.6 - 10% 571
an kr =3.7 - 10 s7! for HP35 Nal23Xan35 in the absence of denaturant. This yields
equilibrium constant of K., = k_;/k; = N'/N = 1.1 showing that the two states are
almost equally populated.

é’ e
Sk

cl

N N’

Figure 4.26: Kinetic model for TTET coupled to the dynamics in HP35 Nal23Xan35. Images were
created using the MacPyMOL software.

To eliminate salt effects the denaturant dependence was also recorded in urea. The
denaturant induced unfolding transitions were recored by fav-UV CD (Fig. 4.27)
and show that the midpoint of the transition is shifted from 2.2 M of GdmCl to 3.4
M of urea in accordance with the stronger denaturing properties of GdmCl. Both

transitions were fit globally with the same AG®. The stability was determined to
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Figure 4.27: Denaturant induced CD transitions of HP35 Nal23Xan35 in the presence of GdmCI
(A,B) and urea (C,D). Ellipticity (A,C) and calculated fraction of unfolded protein (B,D) in depen-
dence of denaturant concentration. The data of the GdmCI transition was taken from53.

AG® = -7.8 kJ/mol with a m-values of 3.2 kJ/(mol M) for GdmCl and 2.3 kJ/(mol
M) for urea. Compared to the wild type (WT) HP35 in the absence of the TTET
labels and with methionine in position 12 the stability of HP35 Nal23Xan35 is reduced
by 4 kJ/mol (AGY,+ = -12 kJ /mol) 152,

TTET kinetics between 0 M and 6.5 M urea of HP35 Nal23Xan35 show that urea
has only little effect on the TTET kinetics (Fig. 4.28 A), although it is known that
urea does unfold HP35 Nal23Xan35. The data was fit double or triple exponential
(Fig. 4.28 B,C). The two rate constants in the absence of urea correspond to the
two apparent rate constants that are expected from the TTET coupled to the N'/N
equilibrium. The slow phase lambda; (blue, Fig. 4.28) shows only little denaturant
dependence (m-value= -0.09 kJ/(mol M)). The amplitude of this phase drops with
increasing concentrations of urea following the CD transition. It comes very close with
only a factor 2-3 difference to the kinetics from the unfolded ensemble (black, Fig.
4.28). So these two phases are difficult to separate in the fitting procedure and the
amplitudes might mix at higher concentrations of denaturant. At low concentrations

of denaturant the fast rate constant lambdas (red, Fig. 4.28) is too close to the
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Figure 4.28: TTET kinetics of HP35 Nal23Xan35 in the presence of urea. (A) Triplet absorbance
decay recorded at 590 nm between 0 M and 6.5 M urea. Data from the donor only HP35 Xan35
was taken from53. Urea dependence of the rate constant (B) and their relative amplitudes (C). The
colors of the rate constant and their corresponding amplitudes are equivalent. The open circles
represent the fraction of unfolded molecules calculated from the CD unfolding transition.

rate constant from the unfolded ensemble. The difference in the urea dependence
of the fast phase compared to the GdmCl dependence might hint to a effect of salt
on the undocking reaction of helix 3. This will be examined in a separated salt
dependence of the dynamics in HP35 Nal23Xan35 (Fig. 4.29). Just above one molar
urea the third kinetic phase (black, Fig. 4.28), that arises from the unfolded state,
becomes visible. It has also a very low but positive m-value of 0.5 kJ/(mol M).
The amplitude of this kinetic phase shows the shape of a typical unfolding transition
and also follows the fraction of unfolded molecules calculated from the far-UV CD
data. However, the transitions seems not to be complete, as even at the highest
concentrations of denaturant the phase of the unfolded HP35 only reaches 72 % of
the complete amplitude. As discussed above this may be due to the small separation
from kinetics in the native state. The original kinetic traces do not shift visibly
during the urea induced unfolding transition as the kinetics arising from the unfolded

state have similar rate constants as the one from one of the native states. The data
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recorded in the presence of urea and GdmCl seem to agree with the model although

the data in the presence of urea is hard to evaluate.
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Figure 4.29: CD spectra and TTET kinetics of HP35 Nal23Xan35 in the presence of NaCl. (A)
Comparison of the CD spectrum of HP35 Nal23Xan35 in the presence and absence of 2 M NaCl.
(B) TTET kinetics recorded at 590 nm at various concentrations of salt. Rate constants (C) and the
corresponding amplitudes (D) of the exponential fit of the TTET traces.

The NaCl dependence was recorded to test for salt effects. The results (Fig. 4.29)
show that between 0 and 2 M NaC'l there is no effect neither in the far-UV CD
spectra nor in TTET kinetics.

The GdmCl transition of HP35 Nal23Xan35 already starts at low concentration
of denaturant. In the presence of 0.5 M NaySO, the folded state is stabilized and
the transition is shifted to higher GdmC]I concentrations (Fig. 4.30). The AG°-value
increases from 7.5 kJ/mol in the absence of NaySO4 to 12.8 kJ/mol in the presence
of NasSOy. Thus the protein is stabilized by more than 5 kJ/mol by 0.5 M NaySO;,.
The m-values of 3.8 kJ/(mol M) in the presence of NaySOy is only slightly higher
than the m-value of 3.3 kJ/(mol M) in the absence of NaySOy, which suggest that
the change in the SASA is not altered by the additive.

The TTET kinetics of HP35 Nal23Xan35 in the presence Na2SO, show the two
apparent rate constants A;/, that are expected for TTET in the native state (Fig.
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4.31). At 0 M GdmCl they are with 9 - 10° s™! and 4.7 - 10° s7! within the error of
the values in the absence of NaySO4. The slower phase lambda; has no significant
denaturant dependence whereas the faster lambdas one has an m-value of -2.2 kJ /(mol
M) which is slightly larger compared to the published value of -1.8 kJ/(mol M) in
the absence of Nay,S0,%. At 2 M GdmCl the kinetic phase of the unfolded ensemble

(black, Fig. 4.31) arises and the amplitudes follow the fraction of unfolded protein
calculated from the CD unfolding transition.
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Figure 4.30: CD transitions of HP35 Nal23Xan35 in the presence (blue) and in the absence of (red)
0.5 M of NaySO,4 in 10 mM potassium phosphate, pH7

The three-state model (Eq. 3.6 to 3.8) is applied to the TTET trace at 0 M
GdmCl, 0.5 M NaySO, and yields a unlocking rate constant k_; of 1.6 - 10% s7!
and a relocking rate constant k; of 1.7 - 10% s=!. This gives a equilibrium constant
K., = k_i/ki = N’'/N of 0.9. The values are in good agreement to the ones in the
absence of NasSO, (Tab. 4.5). The unlocking reaction is slightly reduced whereas
the relocking is slightly accelerated which results in a smaller equilibrium constant.
The rate constant for unfolding of helix3/TTET k7 is slowed down from 3.7 - 106 s*

to 3.2 - 10° s7! which might be due to a stabilization of the docking of helix 3 to the
core in NaSOy.
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Figure 4.31: GdmCI dependence of TTET kinetics of HP35 Nal23Xan35 in the presence of 0.5
M NaySO4(A) Triplet absorbance decay recorded at 590 nm at various concentrations of GdmCI
. GdmCI dependence of the rate constant (B) and their relative amplitudes (C). The colors of the
rate constant and their corresponding amplitudes are equivalent. The open circles represent the
fraction of unfolded molecules calculated from the CD transition.

4.4.3 Stability and dynamics of the HP35 L28A Nal23Xan35
variant

In the variant HP35 L28A Nal23Xan35 a leucine 28 has been replaced by an alanine.
The mutation is located in helix 3 that has been shown to unfold to an high energy
intermediate after global unlocking of the native structure. The structure shows that
leucine 28 takes part in the hydrophobic core and thereby it could contribute to the
energy barrier of the unlocking reaction. I chose to replace leucine 28 with alanine as
it lacks the bulky and hydrophobic side chain and at the same time stabilizes helix 3.
By altering the interactions that govern the unlocking reaction the dynamics or the
ratio of N’ to N could change and yield information on the mechanism.

Already in the far-UV CD spectrum of HP35 L28A Nal23Xan35 a lower helicity
compared to the non-mutated variant is found (Fig. 4.32 A). Due to contributions
of the TTET labels to the CD signal the helix content cannot be evaluated quanti-
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Figure 4.32: Far-UV CD spectra and unfolding transitions of HP23 L28A Nal23Xan35. A) CD spec-
tra of HP23 L28A Nal23Xan35 (red) in comparison to HP23 Nal23Xan35 (black). B) Temperature
transition of the CD signal at 222 nm in the absence (red) and in the presence of 0.5 M Na3S0,
(blue) in 10 mM potassium phosphate, pH7. C) GdmCI unfolding transition of the ellipticity at 222
nm and D) the calculated fraction of unfolded protein under the same conditions.

tatively. The temperature transition shows the stabilization of the native state by
NaySOy (Fig. 4.32 B). Also the GdmCl transition has been recorded in the pres-
ence and in the absence of Na2SOy. in the absence of Nay SO, the unfolded state is
populated to a significant amount and only 75% of HP35 L28A Nal23Xan35 is folded
at 5 °C. In the presence of NaySO, more than 95% of the protein is in the native
state. The global fit of the two GdmC]l induced unfolding transitions yields a stability
of HP35 L28A Nal23Xan35 of only 2.8 kJ/mol with an m-value of 3.1 kJ/(mol M).
Thus, the stability is reduced by 5 kJ/mol compared to HP35 Nal23Xan35 and by 9
kJ/mol compared to the WT.

In TTET experiments between 0 and 7 M GdmCl (Fig. 4.33 A) the kinetic phase
that originates from the unfolded ensemble is visible and the amplitude follows the
ratio of unfolded protein calculated from the far-UV CD transition (Fig. 4.33 B,C).

It has a small m-value of 0.4 kJ/(mol M). At low denaturant concentrations two addi-
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Figure 4.33: GdmCI dependence of TTET kinetics of HP35 L28A Nal23Xan35. (A) Triplet ab-
sorbance decay recorded at 590 nm at various concentrations of GdmCI . GdmCI dependence
of the rate constant (B) and their relative amplitudes (C). The colors of the rate constant and
their corresponding amplitudes are equivalent. The open circles represent the fraction of unfolded
molecules calculated from the CD transition.

tional kinetic phases are present. As the unlocking/relocking reaction is a equilibrium
reaction these two kinetics are apparent rate constant A\; and Ay of TTET coupled to
the equilibrium reaction (Eq. 4.19). In this variant not only the two native states are
present at low concentrations of denaturant but also the unfolded state is populated
to a significant amount. At OM GdmCl the kinetics from the unfolded ensemble and
Ao get very close and cannot be separated in the fit. To gain information on the
microscopic rate constants the apparent rate constants A;/; are extrapolated to OM
GdmCl. Additionally the sum of the amplitudes of A; /5 is normalized to 1 neglecting
the amount of unfolded protein. With these assumptions the microscopic rate con-
stants can be calculated to k_; = 1.6-10° s™!, k; =2.4-10° s~ and k; = 9.5-10% s71.
In comparison with the leucine containing reference HP35 Nal23Xan35 the slower ki-
netic phase A\ remains unchanged with also a very small m-value whereas the faster
kinetic phase Ay is accelerated (Tab 4.5). In HP35 Nal23Xan35 the faster phase Ao
extrapolates to 5.9-10° s7! at 0 M GdmCl and in HP35 L28A Nal23Xan35 to 1.2-107

108



4.4 Dynamics of the Unlocking/Relocking Reaction in HP35 Variants.

s7'. The m-value remains mainly unchanged with m = -1.8 kJ/(mol M) for HP35

Nal23Xan35 and m = -2.0 kJ/(mol M) for HP35 L28A Nal23Xan35. The unlock-
ing rate constant k_; in the L28A variant is unchanged in contrast to the relocking
k; which is accelerated. This results in a reduced equilibrium constant K.,. kr is
significantly faster in the L28A variant than the in the leucine containing variant.
Nevertheless these values might be not very reliable as many assumptions have been
made and the values are only calculated form the apparent rate constants and their

amplitudes and not fitted to a experimental trace.
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Figure 4.34: GdmCI dependence of the TTET kinetics of HP23 L28A Nal23Xan35 in the presence
of 0.5 M NaySO,. (A) Triplet absorbance decay recorded at 590 nm. GdmCI dependence of the
rate constant (B) and their relative amplitudes (C). The colors of the rate constant and their corre-
sponding amplitudes are equivalent. The open circles represent the fraction of unfolded molecules
calculated from the CD unfolding transition.

TTET kinetics were also recorded in the presence of 0.5 M NaySO,. The additive
NayS0O, stabilizes the compact structures of the protein and more than 95% of the
HP35 L28A Nal23Xan35 is folded in the absence of GdmCl (Fig. 4.32 D). The
kinetics of the unfolded ensemble appear at 1 M GdmCl and show the same m-value
of -0.4 kJ/(mol M) as in the absence of denaturant. Additionally the two apparent
rate constants A/, of the folded states are present. Between 1 and 3 M GdmCl the
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slow phase A; is close within a factor of 2 to 3 to the kinetics from the unfolded
proteins and the fit cannot separate them which results in amplitudes that are not
well defined. in the absence of denaturant but in the presence of Na, SO, the slow
phase A\; of 9-10° s~! corresponds well to the one in the absence of NasSO, and due
of the stabilization of the native states the fast phase Ay can be determined to 4 - 10°
s~ with an m-value of -1.8 kJ/(mol M). This is in very good agreement with \; and
Xy from HP35 Nal23Xan35.

In the presence of the stabilizing agent Nay SO, HP23 L28A Nal23Xan35 is folded
to more than 95 % und the unfolded population can be neglected. Thus the three-state
system (Eq. 4.19) can be used to determine the microscopic rate constants k; and
k_; to 7.7-10° st and 1.2 - 10% s, respectively. With K., = k_;/k; the equilibrium
constant can be calculated to 1.6. Comparison to the value that were gained in the
absence of Na2S0O, shows that all apparent and microscopic rate constants are slowed
down. This might be due to the addition of NasSO4 but as Na, SO, does not show
this effect in the HP35 Nal23Xan35 variant it could also be due to the inaccuracy of
the values that were determined in the absence of NasSO;.

Hence the values in the presence of Na, SO, give more reliable information on the
difference of the L28A variant to the leucine containing HP35 Nal23Xan35 and the
effect of the amino acid replacement. The unlocking rate constant is slightly decreased
in the L28A variant but the rate constant for the relocking reaction is decreased by
a factor of 2. This yields a higher equilibrium constant of 1.6 than the equilibrium
constant of 0.9 of the leucine containing HP23 Nal23Xan35 and thus the equilibrium is
shifted to the N’ state in the L28A variant. Alanine has a higher helix propensity than
leucine (see section 1.3, Tab. 1.2) and therefore favors a-helix formation. This might
be the explanation for the reduced rate constant for the unfolding of helix3/TTET
kr in the L28A variant.

4.4.4 Stability and dynamics of the HP35 XanONal12 variant

The variant HP35 XanONall2 was chosen to examine if also helix 1 can unfold to
a partial unfolding intermediate after unlocking of N to N’. Therefore, the donor was
introduced at the N-terminus and the acceptor between helix 1 and 2 in position 12
(Fig. 4.25).
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Figure 4.35: CD spectra and transition of HP35 XanONal12. (A) Far-UV CD spectra of HP35
XanONal12 (red) and HP35 Nal23Xan35 (black) for comparison. (B) CD Temperature transition
of HP35 Xan0ONal12 measured at 222 nm. Ellipticity (C) and calculated fraction of unfolded protein
(D) in dependence of GAmCI in the presence (red) and absence of (blue) 0.5 M NayS0;,.

The CD spectrum shows that HP35 Xan0ONall2 is helical to a similar amount as
the reference variant HP35 Nal23Xan35 (Fig. 4.35 A) and the temperature unfolding
is cooperative (Fig. 4.35 B). However, the denaturant dependence of the ellipticity
reveals the low stability of the HP35 XanONall2 variant (Fig. 4.35 C,D) and at
low denaturant concentrations only 70% of HP35 XanONall2 is folded. Only upon
addition of 0.5 M NayS0O4 >95% of HP35 XanONall2 is folded. The stability in the
absence and presence of NaySO, is 3.8 kJ/mol and 8.9 kJ/mol, respectively, which
shows that HP35 XanONall2 is folded but strongly destabilized.

A one-dimensional 'H NMR spectrum of the HP35 XanONall2 variant was com-
pared to the NMR spectrum of HP35 N23Xan35 and the WT (Fig. 4.36). The
signal /noise ratio of the *H NMR spectrum of HP35 XanONall2 is not very good
due to its low solubility. The 'H NMR spectra of HP35 variants usually exhibit some
typical peaks, especially the signal of the valine 9 methyl group at -0.5 ppm is charac-
teristic. This peak is completely missing in the spectrum of HP35 XanONall2 which

points to some disturbance in the structure in the first helix. In the aromatic region
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HP35 X0Z12

et S

HP35 723X35

HP35 WT

Figure 4.36: Comparison of the one-dimensional 'H NMR spectrum of HP35 XanONal12, HP23
Nal23Xan35 and HP23 WT in 10 mM potassium phosphate, pH 7, 10 (v/v) % D20, 5°C. The
spectrum from HP35 WT was recorded by Jeremy Sloan.
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the peaks are not well separated and the overall spectrum resembles mainly the spec-
trum of a unfolded protein. Nevertheless the temperature and the GdmCI induced

unfolding transition measured by CD spectroscopy show a cooperative unfolding.
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Figure 4.37: GdmCI dependence of the TTET kinetics of HP35 XanONal12. Data of HP35 Xan0
were taken from®3. Triplet absorbance decay of Xan recorded at 590 nm (A) and 420 nm (B)
between 0 M and 7 M GdmCl as indicated. The GdmCI dependence of the rate constant (B) and
their relative amplitudes (C) are shown. The colors of the rate constant and their corresponding
amplitudes are equivalent. The missing amplitude is shown in green. and the open circles represent
the fraction of unfolded molecules calculated from the CD transition.

In the TTET kinetics in the absence of denaturant more than 70% of the amplitude
is missing (Fig. 4.37 A). The triplet state of this population does not occur at the
acceptor absorbance of 420 nm (Fig. 4.37 B), which suggests that the labels are in
close contact at the time of excitation and undergo triplet quenching in the dead-time
of the instrument. The positions of the two labels were chosen such as they are not
in contact in the folded state based on the X-ray structure!*”. Nevertheless these
measurements reveal that xanthone and naphthalene interact closely in the native
state and therefore the structure of helix 1 must be disturbed by the labels.

All kinetic traces were fitted double or triple exponentially (Fig. 4.37 C,D). A

comparison of the amplitudes of the kinetic phases with the calculated fraction of
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unfolded protein from CD measurement reveal that the two slower kinetic phases
arise from the unfolded ensemble as the sum of the two amplitudes add up well to
the amount of unfolded protein. Additionally a faster phase that extrapolates to 2.0 -
107 s71 at 0 M GdmCl is present. Further evaluation of the data of HP35 XanONall2
does not allow any conclusions on the unlocking/relocking reaction of HP35 folding

in general as the overall structure of this variant is strongly perturbed by the labels.

4.4.5 Fragment comprised of helix 1 and 2 of HP35

It was proposed by Tang et al.'?%!69 that the fragment of the villin headpiece
subdomain consisting of helix 1 and 2 is folded in isolation. Here this fragment
containing amino acid 1 to 23 of HP35 was chosen to investigate its dynamics (HP23
XanONal23). The TTET labels were inserted at the two termini, Xan at the N-
terminus and Nal in position 23 replacing the Trp in the WT sequence. Methionine 12
was replaced by norleucine, as it quenches the triplet state and for synthesis reasons
an additional Gly-Ser motif was added at the C-terminus. Hence the sequence is
Xan-LSDEDFKAVFGNIeTRSAFANLPLNalGS-NH, (Fig. 4.25).
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Figure 4.38: A) Far-UV CD spectra of HP23 Xan0ONal23 in the absence (red) and presence of 40%

TFE (blue) in 10 mM potassium phosphate. B) Dependence of the Far-UV CD signal of the protein
concentration in 10 mM potassium phosphate.

The far-UV CD spectrum shows a positive band at 194 nm and negative bands at
208 and 227 nm (Fig. 4.38 A). These bands are slightly shifted from what is expected
for normal o-helical structures. The minimum at 227 nm is deeper than the one at 208
nm indicating additional contributions from the labels to this band. Nonetheless the

HP23 Xan0Nal23 is helical. In the presence of 40% trifluoroethanol (TFE) the shape
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of the CD spectrum changes and the maxima and minima are as expected for a-helices
at 192 nm, 208 nm and 222 nm. However, in the absence of TFE the helix content
is strongly dependent on the protein concentration and at low concentration HP23
XanONal23 has very little helical structure (Fig. 4.38 B). This points to association
of HP23 Xan0ONal23 into oligomers in which the helical structure is stabilized. If it is
assumed that the HP23 XanONal23 variant can oligomerize and the TTET labels get
into close proximity, this also explains the distortion of the spectrum. In the presence
of TFE the helical structure is stabilized and HP23 Xan0ONal23 remains monomeric.

— HP23 X0Z23
— HP23 X0Z23 40% TFE
— HP35 X0

0-0 EFEETIT BRI BRI AR IR I R
1077 10 10° 10
time (s)

Figure 4.39: TTET kinetics of HP23 Xan0Z2 and the donor only reference HP35 Xan0 (Data taken
from®3). Transient absorbance decay was measured at 590 nm.

The results from CD spectroscopy are confirmed by the TTET measurements. In
buffer the HP23 Xan0Nal23 variant shows a very small signal of the TTET traces with
only 25 % of the donor only amplitude (Fig. 4.39). As donor only reference serves
the full length variant HP35 Xan0 with 4.8-10—6 s~! half-life and hence no quenching
of the xanthone triplet state is visible. Omne explanation of the amplitude loss is
that HP23 XanONal23 oligomerizes in a conformation that brings the TTET labels
in close proximity. In this case the triplet transfer occurs within the dead-time of the
instrument. In the presence of TFE the amplitude is regained and TTET kinetics
look as expected. This is in agreement with the data from CD measurements, that
also indicate that TFE is able to stabilize HP23 XanONal23 in a monomeric from.

The data for this variant shows that the TTET labelled fragment containing only
helix 1 and 2 is not stably folded in isolation in a monomeric from and further char-

acterization of this variant would not give further insight into the folding mechanism
of HP35.
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4.4.6 Discussion on the dynamics in HP35 variants

Different variants of the C-terminal domain of villin headpiece HP35 have been
characterized by TTET. Previous results showed a equilibrium between two alter-
native states N and N’ on the native side of the major unfolding barrier®. These
show different kinetics in the variant HP35 Nal23Xan35 which has the TTET labels
located around helix 3 so this helix has to partially unfold to allow loop formation
and consequent energy transfer. Prior to global unfolding the structure unlocks to
the N’ state. The unlocked state N’ is characterized by weakened interaction but a
higher structural flexibility 3.

The coupling of TTET to the unlocking/relocking equilibrium can be described by
a three-state system (Fig. 4.26). It was possible to quantify the unlocking and the
relocking rate constants as well as the rate constant for unfolding of helix3/TTET by
the fitting the three-state model to TTET kinetics of HP35 Nal23Xan35 to k_;=1.7 -
10671, ky=1.6 - 105 s~ and k7=3.7 - 10° s7! (Tab. 4.5). All three rate constants are
in the same order of magnitude which gives a equilibrium constant K., = k_;/k; close
to 1, meaning that N and N’ are equally populated. To test for salt effects a urea
and a NaC'l dependence has been recorded and showed only minor contributions of
the salt on the unlocking /relocking dynamics in HP35 Nal23Xan35. In addition, the
GdmCl dependence of the TTET kinetics in the presence of 0.5 M Nay SO, could by
evaluated with the three-state model (Tab. 4.5). The rate constants for unlocking
and relocking do not change significantly compared to the values in the absence of
NaySOy. The rate constant for unfolding of helix3/TTET is reduced which might be
due to a deceleration of the partial unfolding or undocking of helix 3 in NaySO, as
this stabilizes compact structures,.

The leucine 28 is located in helix 3 and the side chain takes part in the hydrophobic
core. In HP35 L28A Nal23Xan35 is was substituted with alanine. The unfolding
transitions recorded by CD spectroscopy confirmed that the leucine 28 contributes
to the stability as replacement with alanine leads to a global destabilization by 5
kJ/mol. Due to the presence of a significant amount of unfolded protein in the
absence of denaturant reliable values for the microscopic rate constants could only
be obtained in the presence of Na,SO,. Compared to HP35 Nal23Xan35 all rate
constants are slowed down but mainly the relocking rate constant is affected (Tab.

4.5). This results in a higher equilibrium constant of 1.6. The L28A mutation slows
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down relocking to N and therefore the equilibrium is shifted to the unlocked state N’.
In addition, the rate constant for unfolding of helix3/TTET is reduced which might

be due to a increased stability of helix 3 as alanine has a higher helix propensity than

leucine.

HP35 solvent Al Ae k_; k; kr K,

variant additive
HP35 - 1.1 5.9 1.7 1.6 3.7 1.1
Nal23Xan35 | 0.5 M 09 4.7 1.6 1.7 3.2 0.9

NO/2SO4
HP35 L28A | - 1.3 122 | (1.6) (2.4) (9.5) | (0.7)
Nal23Xan35 | 0.5 M 09 3.9 1.2 0.8 2.8 1.6

NCLQSO4

Table 4.5: Apparent and microscopic rate constants and the equilibrium constant K., = N'/N =
k_;/k; of HP35 variants in 10 mM potassium phosphate, pH 7, in the presence and absence of
NayS0O4. All rate constants are given in 10° s=!. The values HP35 L28A Nal23Xan35 in the
absence of Nas S0, were calculated with extrapolated rate constants and the sum of the amplitudes
of A1 and )\, normalized to 1.

In the variant HP35 XanONall2 I examined if a partial unfolding intermediate
after global unlocking of N to N’ can also be formed by unfolding of helix 1. CD
measurements revealed that it is folded even though with a low stability. The 'H NMR
spectrum was disturbed compared to the spectrum of the WT or HP35 N23Xan35
and pointed to a not completely folded structure in HP35 XanONall12. Although the
labels should be separated based on the NMR and X-ray structures in the native
state TTET experiments show that they are in close contact and the triplet state is
quenched.

Further I tested wether a part of the HP35 folds in independently and therefore
even a smaller folding unit would be accessible as suggested by Tang et al. 17316
The TTET labelled fragment HP23 Xan0Nal23 containing only helix 1 and 2 was not
stably folded as a monomer as CD and TTET measurements revealed but could be
stabilized by addition of TFE.
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5 Summary

Dynamics in proteins do not only govern the folding reaction but are also involved
in function and regulation of proteins. To get further insight into protein dynamics
I characterized two small model systems, isolated a-helices and the small protein

domains HP35, in which it is possible to address individual questions.

Folding and unfolding dynamics of alanine-based helical peptides

Ala-based helical peptides are widely used to examine o-helix stability and dynam-
ics in the absence of long range interactions and tertiary structure®. In a previous
study local folding and unfolding rate constants were determined with triplet-triplet
energy transfer (TTET)%. The TTET donor xanthone and the acceptor naphtha-
lene were inserted with i,i+-6 spacing into helical peptides. Energy transfer via van
der Waals contact only occurs upon partial unfolding between the labels and was

2829 Previous results revealed a

be monitored by the absorbance change at 590 nm
position independent helix formation rate constant whereas helix unfolding is faster
in the peptide center compared to the termini, yielding a higher local stability in
the center. The experimental results were reproduced by Monte Carlo simulations
using a kinetic linear Ising model, which showed that the dynamics of helix formation
and opening are governed by a diffusion of boundary mechanism where the helix-coil
boundary moves along the polypeptide chain®.

Here the effect of helix length of the rate constants of helix formation and unfolding
was investigated to test this mechanism. The model predicts a length-independent
folding rate constant and a length-dependent unfolding rate constant in the peptide
center as well as unaffected rate constants in the terminal regions. TTET measure-
ments of Ala-based helical peptides between 16 and 41 amino acids length with the
labels in the center and at the N-terminus confirmed these predictions. The length
dependence was also simulated with the kinetic linear Ising model and could quanti-

tatively reproduce the experimental data. The boundary diffusion in helical peptides
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can be described by a classical Einstein-type, one-dimensional diffusion process with
a diffusion coefficient, D, of 2.7-107 (amino acids)?/s and 6.1-107% cm? /s for the helix-
coil boundary. Additional contributions from coil nucleation accelerates the unfolding
rate constant in long helical peptides above 40 amino acids, which is observed both
in experiment and simulations.

The end-capping of o-helices influences helix stability and helix-coil dynamics to
a great extent!'%. To investigate this effect, TTET kinetics were measured in cen-
trally labelled Ala-based helical peptides with different N- and C-terminal caps. The
folding and unfolding rate constants were evaluated with the Leffler relationship (-
value analysis) and yield a ®s-value of 0.03£0.16 and the corresponding ®,-value
of 0.97+0.08. The linear Ising model reproduced the ® ;-value of 0.03 showing that
boundary diffusion is slowed down by stabilizing capping motifs, whereas refolding is
not affected.

Local effects of stabilizing caps were investigated in helical peptides with the TTET
labels at the N-terminus. The ®-value analysis yielded a ®; of 0.35£0.11, showing
that helix formation as well as unfolding are affected. Likewise, the dynamics in the
helix center were investigated with amino acid replacements between the labels in
a host/guest study. Similar to the local effect of caps, a ®;-value of 0.3340.13 is
observed for amino acid replacements with linear side chains between the labels in
the central region of the peptide. If branched amino acids are incorporated into the
central region between the labels both the folding and the unfolding rate constant
decrease compared to the LefHler plot for linear side chains. Thus the branched amino
acids interfere with helix formation as well as unfolding. ® ¢-values of about 0.3 agree
well with ®-values that are commonly found in small, single-domain proteins #3186,

To gain additional information on the ground and transitions states of the helix-coil
transition the effect of pressure was measured in alanine-based helical peptides. Most
proteins unfold under increasing pressure as the native state has a larger volume than
the unfolded state. This volume change is the result of opposing contributions from
solvent and packing effects during the folding process. In isolated a-helices all side
chains remain solvent accessible and no void volumes are formed. Thus it is possible to
separate the contribution from secondary structure formation. We measured TTET
kinetics in a centrally labelled 21 amino acid Ala-based helical peptide between 0.1
to 390 MPa. The measurements revealed increased helicity with increasing pressure.

Comparison of the experimental results with Monte-Carlo simulations based on the
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kinetic linear Ising model yielded a negative reaction volume AV? of -0.23 cm?/mol
(-0.38 A3 /molecule) for the addition of a single helical residue. Residual helical struc-
ture has been detected in in the pressure unfolded state of several proteins 94207209,
These observations can be explained by the increase in helix stability with increasing
pressure. Thus increasing pressure destabilizes the native tertiary structure but lo-
cally stabilizes helical structure. Large activation volumes for addition and removal
of a single helical residue of 2.2 cm®/mol (3.7 A3/molecule) and 2.4 cm®/mol (4.0
A3 /molecule), respectively, show that the transition state has a larger volume than
either the helical or the coil state. The main difference between the helical and the coil
state are intramolecular i,i+4 hydrogen bonds in contrast to intermolecular backbone
to solvent hydrogen bonds. The small reaction volumes shows that both have simi-
lar volumes but the opening of a hydrogen bond in the transition state significantly

increases the volume.

Dynamics in the villin headpiece subdomain

The villin headpiece subdomain HP35 is a stably folded!*? with folding/unfolding
kinetics in the s time range as determined in T-Jump experiments and MD simula-
tions 193154157 Tt thus represents a good model system to study fast folding processes.
Previously, different variants of HP35 were studied by TTET®%. Two alternative na-
tive states, the locked state N and the unlocked state N’, were found on the native
side of the major unfolding barrier. Mechanistic insight into the dynamics of these
two states was gained in the HP35 Nal23Xan35 variant with the TTET labels span-
ning helix 3. The unlocking reaction to N’ involves a positive change in AH as well
as AS which reveals that the unlocking weakens the interactions but facilitates more
structural flexibility. From the unlocked state helix 3 can partially unfold to a high
energy intermediate®.

The data showed that N’ has increased flexibility and a dry core which are charac-
teristic of the dry molten globule (DMG) predicted by Shaknovich and Finkelstein®®.
This DMG should have an increased volume compared to the native state. To test
wether the unlocked state of HP35 represents a DMG@G, we determined the reaction
volume, AV?, and the activation volumes, AV%, of the N to N’ transition with
high pressure TTET experiments on the HP35 Nal23Xan35 variant. Experiments

between 0.1 MPa and 390 MPa revealed a small and negative reaction volume of

121



5 Summary

AVO=1.8 cm?/mol (3.0 A?/molecule), which shows that the unlocked state has a
slightly larger volume than the locked state. Thus N’ is a compact folded state, not
the proposed DMG state. In contrast, the activation volumes were large and posi-
tive with AV =6.8 cm®/mol (11.3 A3 /molecule) and AV,”*=8.641.3 cm®/mol (14.3
A3 /molecule), pointing to a transitions state with a larger volume than either the
locked state N or the unlocked state N’. This indicates that structural re-arrangements
during the locking/unlocking transition leads to an expanded transition state, which
shows the characteristics of a DMG state.

Furthermore, the properties of the N’ state were characterized under different sol-
vent conditions and for serveral HP35 variants. To test for salt effects on the N/N’
equilibrium, the effect of urea and NaC'l on the TTET kinetics was investigated. The
results did not show any significant effect on the dynamics or the equilibrium of the N
to N’ transition. Addition of sodium sulfate is known to stabilize compact structures.
However 0.5 M NaSO, has no effect on the unlocking and relocking rate constants
of the N to N’ transition. Only the rate constant for unfolding of helix3/TTET is
slowed down maybe due to a deceleration of the partial unfolding or undocking of
helix 3 by NaS0O;.

To test the effect of amino acid replacement in the core of HP35 on the N to
N’ transition a Leu28Ala variant was investigated. In the HP35 L28A Nal23Xan35
variant leucine 28 was replaced by alanine to reduce the hydrophobic interactions in
the core and at the same time to stabilize helix 3. The L28A mutation leads to a
global destabilization of HP35 by 5 kJ/mol. Therefore, the native state dynamics and
the N /N’ equilibrium is characterized in presence of 0.5 M NaySOy. The results show
a decrease of all rate constants compared to HP35 Nal23Xan35 with the greatest effect
on the relocking rate constant (Tab. 4.5). Thus in the L28A variant the relocking to
N is slowed down with a ensuing shift of the equilibrium to the unlocked state N’. In
addition, the rate constant for unfolding of helix3/TTET is reduced perhaps due to
increased stability of helix 3.

We further investigated whether in the N’ state helix 1 can also unfold indepen-
dently similar to helix 3. Therefore, a variant with the TTET labels in position 0
and 12 (HP35 XanONall2) was synthesized. It was strongly destabilized with only
little N formed and no meaningful results could be gained. Finally, we characterized
an even smaller folding unit, consisting of the first 23 amino acids of HP35, which

has been proposed to fold independently 138169 This fragment consists of helix 1 and
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helix 2 and the TTET labels are placed at the termini in position 0 and 23. The
results showed that HP23 Xan0ONal23 is not stably folded as a monomer but tends to

aggregate into helical oligomers.
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