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1. Introduction

1.1 The Protein Folding Problem

Proteins are involved in nearly every biological process in a living organism. They are
synthesized as linear chains in a specific order on ribosomes. To fulfill their function it
is necessary for them to fold into unique, native, three-dimensional structures that are
characteristic for each individual protein. The molecular structures of native proteins
consist of secondary structures such as a-helices, -sheets, loops and turns, which
represent the basic structural elements. The arrangement in space of all the atoms in a
single polypeptide chain is termed the tertiary structure. The overall organization of
proteins to not covalently linked oligomers is known as the quaternary structure.
Within the cell, protein folding takes place in a complex, highly crowded molecular
environment. To enable folding and to prevent aggregation a whole range of helper
proteins exists in the cell, collectively termed molecular chaperones.' A wide spectrum
of chaperone proteins interacts with and stabilizes non-native states of polypeptides.
There are also several classes of proteins that speed up specific steps in the folding
process which might otherwise be slow.” These folding catalysts include proteins
involved in increasing the rates of isomerization of peptidyl-prolyl bonds’ and of non-
prolyl bonds*, and accelerating the formation and rearrangement of disulphide bonds®.
In vitro, it has been shown that chemically denatured proteins refold spontaneously to
their fully native states when removed from denaturing conditions in the absence of
any additional molecular species.”® In 1961, Anfinsen and co-workers could show in
their famous experiment that the amino acid sequence of RNase A contains the
information needed to form the correct four disulfide bonds of the native protein.” The
information needed for a protein to form the native fold is therefore defined in the
genetically encoded sequence. Thus, in vitro studies of proteins should suffice to
understand protein folding.

Despite of enormous progress in the field the protein folding problem is still not
solved. It can be divided into two major questions: (i) How is the native structure
encoded in the amino acid sequence? The folding code is non-linear and of
discontinuous nature since residues far apart in sequence come close together in the

native structure. The folding code is degenerated: the same sequence can adopt



different structures and different sequences can encode a similar structure. (i1) What is
the mechanism to reach this state? Polypeptide chains can adopt an astronomical
number of conformations and it would take an unrealistic amount of time to find the
native structure by random chain fluctuations. Therefore, there must be an effective

mechanism to restrict conformational space.

1.2 Protein Stability

It is essential for the understanding of protein structure and function to know the
origins of protein stability. One of the most peculiar features of proteins is their
marginal stability within a narrow range of thermodynamic conditions.” This,
however, allows for the flexibility of the polypeptide chain, which is known to be
significant for enzyme catalysis and protein-protein and protein-nucleic acid
interactions.'”"” The native state can be disrupted by increasing or decreasing the
temperature, the pressure, pH or by adding denaturants. By disrupting a structure one
can study its architecture and energetics.

The temperature dependence of enthalpy, AH°(T), and entropy, AS°(T"), is defined by

the heat capacity changes, AC,. Assuming that AC, is independent of temperature we

can write:
AH’(T)=AH’(T))+AC,(T -T,) (1.1)
AS"(T)=AS°(T))+AC,T 1n(T/T) (1.2)

where T, is the reference temperature, and AH°(7,) and AS°(7,) are the enthalpy and
entropy changes, respectively, at the reference temperature.

Thus, the Gibbs energy, AG°(T), is defined as
AG’(T)=AH(T,)-TAS°(T,)+ ACP[T -T, —Tln(% )} (1.3)
0

The large AC, of protein unfolding causes a temperature at which stability of the

folded state is at a maximum and a temperature at which the entropy is zero (T)
(equation (1.3); Figure 1-1). The net stability decreases at both higher and lower
temperatures. Proteins therefore unfold at both high (heat denaturation, 7,) and low

(cold denaturation, T,,) temperatures (Figure 1-1).'%"*"



AG? [kJ/mol]

Figure 1-1: Temperature dependence of Gibbs energy, AG’ (—), enthalpy, AH’ (-+), and
entropic contribution, T-AS° (---), for tendamistat wild type at pH 7. Thermodynamic functions
were calculated according to equations (1.1), (1.2) and (1.3) using the following parameters:
AC, = -4.56 kJ/(mol-K), AH’ = -92.61 kJ/mol, AS® = -0.193 kJ/(mol-K) and a reference
temperature T, = 298.15 K. Data were taken from ref.”. Other abbreviations: T, temperature
of heat denaturation, T, temperature of cold denaturation, T, temperature at which enthalpy is
zero, T, temperature at which entropy is zero.

The very strong temperature dependence of both AH° and 7-AS° compensate the
relative small changes in AG°. This is due to the widely reported phenomenon of
entropy-enthalpy compensation, a natural consequence of a weakly interacting system
itself.'®" It is known that even small perturbations in the properties of solvents produce
dramatic changes in the enthalpy and entropy of unfolding.'® To analyze the factors
important for protein stability it is thus necessary to consider not only the interactions
between protein groups but also interactions between protein groups and the solvent.
The goal of studies concerning the thermodynamics of protein unfolding is to be able
to understand the contribution of different types of interactions to the heat capacity,
enthalpy and entropy changes.

The stability of folded structures has been found to exhibit an unusual temperature

dependence caused by large AC,."”* The change in heat capacity upon unfolding is

large and positive and, within experimental error, it can be taken as a constant for a
given protein®, leading to a curvature in plots of the free energy of unfolding as a
function of temperature'® (Figure 1-1 and equation (1.3)). A number of special
properties of proteins result form this curvature: a maximum in stability and
denaturation at both high and low temperatures. It was found that the AC, between

native and unfolded proteins correlates well with changes in accessible surface area



(ASA).” Heat capacity changes upon unfolding are entirely defined by the interactions
with the solvent of the protein groups that were buried in the native state but become
exposed upon unfolding. Non-polar groups have a large positive contribution while the
polar groups have a smaller and negative contribution to AC[,.ZI'29 There is evidence
that the dynamic properties of the native state also contribute to AC ,,.30

There are two major types of interactions, which can be considered as a possible source
of enthalpy: interactions with the solvent and internal interactions between protein
groups in the native state.”” The enthalpies of the internal interactions between protein
groups in the native state are enthalpically stabilizing. The internal interactions are the
hydrogen bonding and packing interactions between groups in the protein interior.
Direct evidence that disruption of packing interactions in the protein interior leads to
large positive enthalpy upon unfolding, was obtained by measuring the effects of
substitutions.” Measuring the effect of hydrogen bonding is complicated because the
enthalpy of disruption of hydrogen bonds in the protein interior is difficult to separate
from the effect of exposure (hydration) of hydrogen bonding groups to the solvent.”
The enthalpy of transfer of polar groups from the protein interior into water is positive
at lower and negative at higher temperatures.”>*****'** In contrast, the transfer of non-
polar groups is negative at low and positive at high temperatures.”*****'** Both effects
are due to the more ordered water molecules at low temperature. The polar groups
form their “own” ordered water, which generates a negative enthalpy due to the
increased molecular interactions, but the breakdown of water structure makes a
positive contribution to the overall enthalpy, which is greater at low temperatures. In
contrast, non-polar groups enhance pre-existing order, which is lost with increasing
temperatures. Thus, at high temperatures, the creation of ordered clathrate structures is
accompanied with positive enthalpy.

The effect of ordered water molecule at low temperature is also responsible for cold
denaturation since the entropic cost of denaturation is reduced due to the structuring of
the water molecules around the exposed groups. Due to the increase in the order of
water molecules around the solute relative to the bulk water, interactions with the
solvent by both polar and non-polar groups occur with negative entropy at higher
temperatures.””****> However, the entropy of hydration of non-polar groups decreases

through zero with decreasing temperature. This hydration of protein groups is



overcompensated at higher temperature by the increase in the configurational freedom

of the polypeptide chain in the unfolded state relative to the native state.’**’

Disulfide bridges

A single cross-link can affect the thermodynamic parameters of a particular protein in
different ways. Pace and coworkers showed that disulfide bond removal decreases the
stability of a protein by increasing the flexibility and conformational entropy of the
unfolded state.* Doig and Williams, on the other hand, come to the opposite
conclusion: cross-links destabilize folded structures entropically but stabilize them
enthalpically to a greater extend.*” To fully understand the entropic and enthalpic effect
of disulfide bridges on protein stability, the native state must be considered as well.*
Disulfide bonds are able to stabilize or destabilize local structures and therefore
influence the global stability of proteins.***" Thus disulfide bonds can introduce
various compensating effects, making it impossible to predict the consequences of a

natural or engineered covalent crosslink on the stability of a protein.

1.3 Kinetic Mechanism of Protein Folding

The folding kinetics are usually treated as a conformational change of two ground
states, the unfolded and the native one, and a number of intermediates. This
approximation is valid because the energy barriers of the intrachain diffusion in the
unfolded state is significantly smaller (10 to 100 ns time scale)** than the fastest
protein folding reaction (us to ms time scale)*”'. Thus, the transition between the large
ensembles of states can be analyzed using concepts from classical reaction kinetics and
from physical organic chemistry. With this simplified approximation questions can be
answered concerning the folding mechanism and the transition state regions: What is
the number of reaction pathways and intermediates between the unfolded and the
native state of a protein? What is the shape of the transition barrier, and what is the

structure of the protein at the top of the barrier?



1.3.1  Properties of the Unfolded State

The extreme case of an unfolded state of a protein is known as a ‘random coil’. This
leads to one of the key questions in protein folding: How does a protein find its lowest
energy structure in a reasonable time? In 1969, Levinthal pointed out that a
polypeptide chain would require an astronomical time to explore at random all possible
conformations in order to finally reach the native state.”> When Levinthal ‘s calculation
was repeated in 1992, with the addition of a small free energy bias as the driving force
for folding, the time needed to search all conformations by a random search process
was reduced to a few seconds.” Several NMR studies revealed local residual structures
under high denaturing conditions. **** Recent analysis of the effect of mutation and
denaturants on folding has shown that these interactions in the unfolded state increase
the speed of folding.” Tiffany and Krimm hypothesized that proteins unfolded in
chemical denaturants possess significant polyproline II helical content.” In recent
years, several measurements seem to confirm this hypothesis.®"*

The results from studies of peptide dynamics show that the amino acid sequence has
only little effect on local dynamics of polypeptide chains.* To form secondary
structure elements a first intramolecular contact on the linear polypeptide chain is
essential. The discovery of very fast folding proteins sparked the interest in finding the
speed limit for protein folding, which is closely related to the speed limit of the

fundamental steps of protein folding.”' These fast folding proteins are small single

70-72 73,74

domain proteins and include o-helical proteins’ ", B-proteins™™ and o.,-proteins™.
Some of them even fold on the 10 to 100 us timescale. Due to the limitations set by
chain dynamics, proteins will not be able to fold faster than on the 10-20 ns
timescale.”

The unfolded state of a protein can be treated as a single kinetic species as long as the
interconversion is faster than the kinetic reactions leading to the native state (chapter
1.1). Slow interconversion reactions between the different unfolded conformations lead
to kinetic heterogeneity. This was first observed by Garel and Baldwin who showed
that both fast and slow refolding molecules exist in unfolded ribonuclease A (RNase
A).” Brandts and co-workers suggested that slow and fast folding forms of RNase A
are caused by a slow equilibration process in the unfolded state and proposed cis-trans

isomerization at Xaa-Pro peptide bonds (“prolyl isomerization™) as the molecular

origin.”® This was confirmed later with proline mutations” and catalysis of the slow



reactions by peptidyl-prolyl cis-trans isomerases’. The partial double bond character of
the peptide bond demands a planar geometry, which can be achieved in either cis or
trans orientation of the substituents (Figure 1-2). The partial double bond character is
also responsible for a high energy barrier for the cis-trans isomerization” which gives
rise to relaxation times of about 10 to 60 s at 25°C*. This isomerization usually limits
the folding reaction of the unfolded molecules with non-native prolyl isomers. The
equilibrium population of the cis isomer in Xaa-Pro peptide bonds is between 7 and
36 %, depending on the preceding residue®'. This mechanism has meanwhile been
shown for many protein folding reactions**,
R
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trans isomer cis isomer

Figure 1-2: Schematic representation of the trans and cis conformations of a peptide bond in a
protein. R and R’ denote the side chains of the residues.

Another cause of heterogeneity in the unfolded state is the cis-frans isomerization of
non-prolyl peptide bonds (Figure 1-2).*** The rate constant of non-prolyl
isomerization is around 1 s”',*** which is significantly faster than prolyl peptide bond
isomerization. Fast non-prolyl isomerization will mainly effect the early stages of
folding as well as folding of fast folding proteins.* The population of the cis isomer in
equilibrium in the unfolded state is only about 0.15 % * but the large number of
peptide bonds in a protein leads to a significant amount of unfolded molecules with at
least one non-native peptide bond. Thus the non-prolyl isomerization will dramatically
effect protein folding of large proteins.*

Religation of the heme group in the unfolded state has been shown to cause parallel
pathways in the folding of cytochrome ¢ and is a source for kinetic heterogeneity in the

unfolded state other than prolyl and non-prolyl isomerization.”*



1.3.2 Kinetic Models

Since the formation of the native structure cannot be achieved by random exploration
of the conformational space (“Levinthal paradox”, chapter 1.3.1), several models were
developed to explain the phenomenon of protein folding. The observations of transient
populations of intermediates in protein folding led to two alternative folding models.
The first model was the “hydrophobic collapse model” which describes the
rearrangement of a compact collapsed structure to form the native protein
conformation.””” The early step in the folding pathway for this model is the formation
of a hydrophobic collapse, which reduces the entropy of the system and narrows the
conformational search to the native state. However, a nonspecific hydrophobic globule
may hinder reorganization of both the polypeptide chain and the side chains.

Based on the rapid formation of isolated a-helices™, a step-wise mechanism to reduce
the conformational search was proposed. In such a “framework model” it is assumed
that the secondary structure is formed early and the tertiary structure rather late in the
folding process.”” However, very strong conformational preferences are rare and
most sequences that form regular secondary structures in proteins are disordered in
small peptides.

Both models involve the formation of partially folded kinetic intermediates and
increased the interest in those. Partially folded equilibrium states of proteins were of
special interest due to the difficulty to study the structure and energetics of transiently
populated intermediates.”'” Correlations of the partially folded equilibrium species to
the corresponding kinetic intermediates were successful in some cases."”"”" The
framework model led, additionally, to an increased interest in structural studies of
peptide fragments as models for early events in folding.*'"*

For many years it was assumed that intermediates were an essential part of the folding
process.”” The characterization of several small single-domain proteins that fold and
unfold in two-state reactions changed this view of stepwise folding and argued against
the importance of intermediates.'”*'** This changed the view of populated intermediates
that slow down folding'” or as a result of independent folding of structural fragments
in multidomain proteins'®.

The “nucleation-condensation model” was suggested to explain rapid folding of a
number of small proteins, which fold without detectable intermediates.'”'** Folding is

limited by the formation of some critical side chain contacts and structure propagates



cooperatively from this nucleus.'"””'® This leads to the conclusion that small proteins
fold over one single broad and structural less-defined free energy barrier.'”

Apparent two-state behavior, however, does not exclude the presence of obligatory
intermediates on defined folding pathways."'”'"" In the last years, it could be shown
that many small proteins fold via sequential pathways with consecutive distinct barriers

and a few obligatory high-energy intermediates®''*'"

, which can speed up folding as
long as they are not significantly populated'*. These findings suggest that apparent
two-state or multi-state folding may be governed by a unified mechanistic scheme,
namely that folding takes place over linear pathways with obligatory intermediates that

become populated only under certain conditions."*'"!

1.3.3 Kinetic Mechanism

General treatment of kinetic data

To identify the kinetic mechanism the determination of the number of species during
folding is essential. This number can be easily determined for a monomeric protein.
Measurements of monomeric proteins have the major advantage that the folding
kinetics follow a simple exponential time course. With A as measured signal (e.g.
fluorescence) and A, as signal after infinitely long time, the time dependent change
can be represented as the sum of n exponentials with observable rate constants (A;) and

corresponding amplitudes (A,):'">'"

A=(2Ai-e‘“)+Aw (1.4)
i=1

The apparent rate constants, A,, are functions of the microscopic rate constants, which
depend on external parameters like temperature, pressure and denaturant
concentrations. Generally, kinetics with the sum of n exponential functions have n+1
different species significantly populated during the process and n-1 apparent rate

constants.'>!1°



Heterogeneity in the unfolded state
The refolding of most monomeric proteins shows no simple kinetics. In many cases

this is caused by the coupling of slow processes to the folding kinetics such as in the

117,118 78,80,86 84,86

case of disulfide bond formation , proline and non-proline isomerization™"*,

119

or heme-religation =~ (chapter 1.3.1). The most common cause for complex folding

78,80,86 84,86

kinetics are slow proline and non-proline isomerization™*" reactions. A way to
test for slow cis-trans equilibration reactions are double-jump experiments, which
monitor slow spectroscopically silent equilibration processes in unfolded proteins.” In
these experiments, native protein is unfolded under conditions where the unfolding
reaction is fast. After various times, unfolding is stopped by transfer the solution to
refolding conditions. Slow folding molecules, which are produced by slow
isomerization reactions in the unfolded state, will be formed slowly after unfolding has
occured.

Apart from these complications, two main classes of proteins can be described

according to the folding mechanism: multi-state and two-state systems.

Two-state folding
The simplest case in protein folding with single exponential kinetics (n=1) can be
described by a two-state mechanism (equation (1.5)) with k; and k, as the microscopic
rate constants for the folding and unfolding reaction, respectively:
Ki
U<=—N (1.5)
ku

The apparent rate constant A is defined as

A=k, +k, (1.6)
The ratio of native and unfolded molecules in equilibrium gives the equilibrium
constant K:
[N]e k ’
K=—"t=—L (1.7)
W, k,

The equilibrium constant K is connected with the Gibbs free energy by the van’t Hoff

relation:

AG® = -RT -In(K )= —RT-ln(%) (1.8)

u
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Thus, in a two-state system, the free energy value obtained from kinetic measurements
must be identical to the free energy value received by equilibrium methods.

Using extra thermodynamic relationships allows to obtain information on the free

energy of activation, AG**, for a given reaction (equation (1.9) and Figure 1-3).
k=k,-e 0T (1.9)

The absolute value of AG’* depends strongly on the correct pre-exponential factor k,,
which reflects the maximum rate of the reaction in the absence of free-energy barriers.
The pre-exponential factor is strongly influenced by intrachain diffusion processes and
is in the range of 107-10® s™.* It probably also depends on the protein and on the
location of the transition state along the reaction coordinate, which may change with
solvent conditions or mutation,*~*!'*!!!
Combination of equation (1.8) and (1.9) provides us with information on the free
energy changes along the reaction coordinate (Figure 1-3).

AG" = AG}" - AG) (1.10)
If the two-state assumption used for the transition state analysis is valid, then the
difference of the activation free energy for refolding and unfolding reactions will agree

with the free energy of stabilization from equilibrium data.

free energy

i I I

reaction coordinate

Figure 1-3: Free energy profile for a two-state folding reaction. (from ref.”’)
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Folding through intermediates

For a single folding intermediate (n=2) three possible pathways exist: with an on-
pathway intermediate (equation (1.11)), an off-pathway intermediate (equation (1.12))
and the triangular mechanism (equation (1.13)). The on- and off-pathway are special

cases of the triangular mechanism.

ky, k
Us= | ===N (1.11)
U NI
ko kuy
| ==—=U<—N 1.12
|'<U| |‘NU ( )
|
kUI kIN
Kiu K (1.13)
kUI'\J
U g N

The population of an intermediate can be detected by observation of two apparent rate
constants. Frequently, the formation of the intermediate is rapid and occurs in the
deadtime. In this case, a deadtime reaction can be observed by analysis of the initial
values of the measured kinetic trace and its amplitudes if there are deviations from the
expected values.*'® The distinction between the different pathways can be done by

121122 and kinetic modeling®.

interrupted refolding experiments
Interrupted refolding experiments, which are able to specifically monitor the formation
of native molecules during folding, can be used to discriminate between the triangular
(equation (1.13) and the on-pathway mechanism (equation (1.11).**'*"'** In the on-
pathway mechanism (equation (1.11) the native state is formed with a lag phase, in
contrast to the triangular mechanism (equation (1.13), where the native molecules are
produced in both kinetic phases. In interrupted refolding experiments the protein is
allowed to refold for a certain time (“age time”) and is then transferred to unfolding
conditions to monitor the resulting kinetics (Figure 1-4). Unfolding of all native
molecules (N) and partially folded intermediates (I) is monitored (Figure 1-4). Each
state (N and I) has its characteristic rate constant for the unfolding reaction. The
observed amplitudes of the unfolding reaction reflect the amounts of the respective
species present at the age time. Varying the age time gives the time course of the

formation of native protein and of population of the intermediate during the folding

process.

12
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Figure 1-4: Principle of interrupted refolding experiments to measure the time course of the
population of a folding intermediate (I) and of native proteins (N) starting from completely
unfolded protein (U). (from ref.*)

However, interrupted refolding experiments do not allow to discriminate between the
off-pathway mechanism (equation (1.12)) and the triangular mechanism (equation
(1.13)). Therefore, the analysis of the denaturant dependence of all folding and
unfolding rate constants is required.*

As discussed in chapter 1.3.2, it was shown that many apparent two-state folders fold
through an sequential pathway with high energy intermediates.'"' Due to their lower
stability compared to N and U, the existence of high energy intermediates can not be
detected directly with spectroscopic methods."*'""'* The kinetics at a single
denaturant concentration cannot be distinguished from two-state folding. However, the
chevron plots in this case, shows a clear downward curvature.*"'*"""'* The stability of
the high-energy intermediate cannot be determined, since it does not become
populated, but the difference in free energy between both transition states (AGjy, ;)
can be obtained.**""*'*

The analysis of more complex mechanisms lead to less obvious dependencies of the
macroscopic rate constant on the microscopic ones. Therefore, the determination of all
constants need to combine the results from interrupted refolding'*' and double—jump78
experiments and from the denaturant dependences of all observable folding and

unfolding reactions.®
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134 Characterization of the Free Energy Barriers

The structural and thermodynamic characterization of the energy barriers between
unfolded and native proteins is one of the major goals of protein folding studies and
has been targeted by several experimental approaches. With the knowledge of the
pathways and the numbers of intermediates one can analyze the shape and nature of the

rate-limiting transition state region.

Linear rate equilibrium free energy relationship in protein folding

A common approach to characterize the energy barriers is the analysis of the rate-
equilibrium free energy relationships (REFERs).”'""'*'*° It was observed in many
reactions that the changes in activation free energy (AG") induced by changes in the
solvent or in structure are linearly related to the corresponding changes in equilibrium
free energy (AG’) between reactants and products.'”'** To quantify the energetic
sensitivity of the transition states in respect to a perturbation, Jdx, a proportionality

constant can be defined:'**

IANG" | dx
a,=———
IAG" | dx

a, 1s commonly used to obtain information on the structural properties of the transition

(1.14)

state and it is a measure for the position of the transition state along the reaction
coordinate investigated by dx. The range of a, is normally from O for an unfolded-like
transition state to 1 for a native-like transition state.

To gain information on different properties of the transition state in protein folding
different perturbations can be applied. The Gibbs fundamental equation of chemical

thermodynamics
dAG® = AV dp — AS°dT + EAM?dni (1.15)
where AG’, AV®, AS and EAM? are the differences in Gibbs free energy, volume,

entropy and chemical potential, respectively, can be adapted for protein folding
transitions. Assuming a free energy barrier between the unfolded and the native

protein, the Gibbs equation can be applied to the activation free energy:

dAG" = AV 'dp —AS"dT + 3 A, (1.16)

14



In protein folding the most common perturbation of chemical potential is the addition
of chemical denaturants like urea and guanidinium chloride (GdmCl). Denaturation of
proteins with urea is known since 1900'*’, when also denaturation of complex systems
were known (“A dead frog placed in saturated urea solution becomes translucent and

falls to pieces in a few hours.”)'”®. GdmCI is known since 1938'* and has an even

130 131,132

greater effectiveness than urea'”. Generally, the equilibrium free energy (AG’)

and the activation free energy for folding (AG}*) and unfolding (AG,*) " depend

linearly on both denaturant compounds:
AG’(D)=AG"(H,0)+m [ Denaturant | (1.17)

0%
AG,,

(D)= AG% (H,0)+ ms, -[Denaturant] (1.18)

The linear denaturant dependence of the activation free energies (AG"*) for refolding
and unfolding for a two state mechanism leads to a V-shaped plot of /nA (A=k+k,)
versus chemical denaturant concentration, commonly called chevron plots (Figure
1-5).”*'% It was shown that the m, -values are proportional to the change in solvent
accessible surface area (ASA) upon unfolding of the protein.” Thus, the kinetic m-
values are interpreted as the changes in ASA with formation of the transition state in

the refolding (m,) or unfolding (m,) reaction. One can define a denaturant-induced free

energy relationship:

&AG}).iE /d|Denaturant] m f

h 1.1
JAG® /9[Denaturant] m (1.19)

D
eq

a,, 1s a measure for the relative change in solvent accessible surface area between the
unfolded state and the transition state.

A practical way to determine «, and to test for linearity is to plot the activation free
energy for folding AG}).iE vs. the Gibbs free energy Aqu and the rate constant for
folding (k;) vs. the equilibrium constant (K,,), respectively, determined under the same

conditions.
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Figure 1-5: Kinetic data for two-state tendamistat folding and unfolding at pH 2.0. GdmCI-
dependence of the logarithm of the apparent rate constant (A=ks+k,) gives a V-shaped profile
commonly termed Chevron plot. This reveals a linear dependence between GdmCl
concentration and the In(k;,) as indicated by the dashed lines. (from ref.%°)

Less data are available on the effect of temperature to determine REFERSs in protein
folding. With variation of temperature one receives the equilibrium parameters as well
as the activation parameters of enthalpy, entropy and heat capacity (chapter 1.2), which

allow the definition of a;, a; and o :

0% 0% 0% 0f
_OAG, [T _ASy'  AHy o AC,,

o, = = ,a 1.20
T oAG /o AS°T Y AH® (1.20)

a; and oy give information on the entropy and on the enthalpy of the transition state,

respectively. AC po like the m-values correlates with changes in accessible surface

area.” Thus a, allows the characterization of the transition state in terms of its relative
solvent exposure in the same way as «,. It is commonly observed that the «-values
are higher compared to a -values.'”
For equilibrium and kinetic measurements at constant temperature and different
pressures equation (1.14) can be rewritten as:
IAGY /dp  AV*
U TN Iap AV

(1.21)

Equations (1.19), (1.20) and (1.21) can be considered as medium- or solvent-induced
REFERs. Kinetic analysis of engineered proteins has often been used as a tool to

provide energetic and structural information about the transition state between folded
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and denatured states.””!*® Therefore the structure-induced REFER is defined

.135,137,139,140
as:

NG ; / dStructure

_ (1.22)
7 OAG® | dStructure

ag =

" measures the degree of formation of all interactions formed

a5, commonly called ¢,
by a side chain with the rest of the protein in the transition state relative to the native
state with the unfolded state as a reference. If interactions are completely formed in the
transition state the ¢, -value will be 1. The other limiting case, ¢, =0, means that the
interactions are completely absent in the transition state.

Many proteins were analyzed using this method.'”® The interpretation of the results is
often focused on a few residues with higher ¢, —values than the other values or even
higher than 1. It was proposed that these residues belong to the “folding nucleus” of
the protein.""' However, it was recently shown that the ¢; -values are highly inaccurate
if the stability change of a mutation is smaller than 6-7 kJ mol".'* Re-analysis of the
¢~values of eleven proteins taking into account all the values obtained contradict a

nucleation-condensation mechanism and revealed that transition states are best

described as diffused or polarized.'*’

Nonlinear rate equilibrium free energy relationships in protein folding

The linearity of the REFERs over a long range of experimental conditions in many
cases in protein folding indicates that the transition states are narrow and robust
maxima in the free energy landscape.”'” However, deviations from linearity in the
REFERs upon mutation or changes in solvent conditions are frequently observed in
protein folding."'*''>!*!#>!¥> They were shown to be caused by different effects: (i) a

110-113

change in the rate limiting step (Figure 1-6C) , (1) a change in the mechanism of

59,144

the reaction such as a switch to a parallel pathway™ ™, (iii) a change from two-state

143145146 (3v) a movement of the

folding to folding through a populated intermediate
transition state along the reaction coordinate (Hammond behavior; Figure 1-6A and
B)'*" and (v) structural changes in the ground states®. Thus, nonlinearities in REFERs

can give information on various properties of the transition states.

17



low stability low stability low stability
_ 4 B ..| C
e = = +
=] = 5
a o’ L
= L =
o 4 o )
o . i ) O +
% high stability o = )
- high stability high stability
-
U TS region N U TS N U TSI I TS2 N
reaction coordinate reaction coordinate reaction coordinate

Figure 1-6: Schematic representation of the response of different types of free energy barriers
to the same perturbation. The position of the transition state along the reaction coordinate is
more sensitive to the perturbation if the free energy shows a broader maximum (A) than if the
maximum is narrow (B). An apparent movement of the position of the transition state can also
be due to a switch between consecutive transition states on a linear pathway (C). An arrow
indicates the position of the highest point along the barrier region. (from ref.”)

A practical and systematic way to detect and analyze non-linearities was proposed by
Jencks and coworkers by applying self-interaction (p,) and cross-interaction (p,,)
parameters.'*® A self-interaction parameter p, measures the shift in the position of the
transition state along the reaction coordinate due to changes in equilibrium free energy
upon perturbation:

ja,  PPAGY

= G = (&AGS)Z (1.23)

Dy

A positive p,-value indicates a movement of the transition state to the destabilized
state according to Hammond postulate (Figure 1-6A and B), or a change in the rate-
limiting step (Figure 1-6C). In contrast, parallel pathways could cause negative values.

Self-interaction parameters are often not sensitive enough, because the energy range of
the measurements is too narrow or the curvature is too small. The sensitivity can be

improved by measuring the position of the transition state under different AG° caused

by a second perturbations dy:

b, PAGY  oa, .
Po=9aG" ~ (6AG°)(9AG") ~ 4AG? = Pu (1.24)

For nonlinear REFERs the value of the self-interaction as well as of the cross-
interaction parameters will be unequal zero. By definition, Hammond behavior and
ground state effects will yield positive p, -values; whereas negative values indicate

parallel pathways.
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Figure 1-7: Schematic representation of the possible effect of a perturbation on the position of
the ground states and on the transition states along a reaction coordinate probed by the
change in denaturant concentrations. The reference condition (A) is compared to real
Hammond behavior (B) and to apparent transition state movements caused by ground state
effects due to change in the structure of the unfolded (C) and native state (D). In all three cases
(B-D) the position of the transition state will change by the same amount relative to the ground
states. (from ref.”)

According to the Hammond postulate the position of a transition state is shifted
towards the ground state that is destabilized by the perturbation relative to the unfolded
state, leading to an increase in o, and curvatures in REFERs (Figure 1-6A and B,
Figure 1-7(B)).""” Any transition state should show Hammond behavior but if the
transition state is a rather narrow free energy barrier, the changes in a, will be too

small to be detected experimentally (Figure 1-6B).'¥

By contrast, Hommond behavior
should be observed experimentally for a broad and smoothly curved transition state
(Figure 1-6A)."* The structural changes in the native (Figure 1-7 (C)) or unfolded
(Figure 1-7 (D)) protein caused by a perturbation can change the length of the reaction
coordinate. These ground state effects can easily be mistaken for genuine transition

state movement.”'*'* The combined analysis of denaturant and structure-induced

rate-equilibrium free energy relationships revealed that Hammond behavior is rare in
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protein folding transition states and that most apparent transition state movements are
due to ground state effects.”

In contrast to Hammond behavior, a decrease in o, with destabilization of the ground
state relative to the unfolded state by the perturbation indicates anti-Hammond or

151,152 and for

parallel pathways. This effect was observed for the first helix of barnase
protein G'*. For both proteins, parallel pathways could explain the effect and no clear
example for anti-Hammond exists so far. Theoretical studies suggested the presence of
a manifold of parallel routes to the native state.”*'” Interrupted refolding
experiments'”' and kinetic modeling® can directly test the presence of parallel
pathways with populated intermediate (chapter 1.3.3). For lysozyme folding at least
three parallel pathways were described, some of which are detectable only under
certain conditions.'*""*'** However, evidence for parallel pathways in the absence of
intermediates is rare. A clear upward curvature in the chevron plot was reported for a
titin domain, which is the clearest example for parallel pathways in two-state
folding.'** The existence of parallel pathways was also proposed for GCN4'%, the

131132 “and for protein G'*.

formation of the first helix of barnase
Compared to the amount of data in protein folding by changing the denaturant
concentration in combination with mutations, only little is known about transition state
movements induced by changes in pressure and temperature. One of the few examples
is tendamistat, where the destabilization of the protein with increasing pressure leads to
a movement of the transition state to a less solvent-exposed structure, in accordance

with Hammond behavior.'>!®
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1.4 The Model Protein: Tendamistat

Tendamistat is an a.-amylase inhibitor from the soil bacterium Streptomyces tendae,
which secrets the protein into the media. It contains 74 amino acids with a total
molecular mass of 7952 Da and two disulfide bonds between residues 11 and 27 and
residues 45 and 73 (Figure 1-8). It exhibits a high degree of homology with other a-
amylase inhibitors from Streptomyces species.'” Its initial biochemical
characterization'” showed that it is highly soluble in aqueous solvents with an
isoelectric point of 4.35. It is a highly stable protein and resistant against acidic pH,
high temperature and proteases. Calorimetric studies on the wild type confirmed the
high thermostability and gave a pH optimum of stability around pH 5 for wild type.'®

The absorbance spectrum has a maximum at 276 nm (AZI;/Z =16.1 cm™) and a shoulder

at 281 nm. Tendamistat binds and inhibits mammalian a-amylases with an inhibition

W

{Cys 1
C)ﬁ 73

o

constant K; of 2:10"° M - 9:10"% M.'®

——

c Cys 27

Figure 1-8: Schematic drawing of the structure of tendamistat. The disulfide bonds between
Cysl1-Cys27 and Cys45-Cys73 are shown as ball-and-stick models. The figure was generated
using MOLSCRIPT'* and Raster3D'®.
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The three dimensional structure of tendamistat was solved independently in parallel by

166,167 168

both NMR spectroscopy and X-ray crystallographic methods ~°. Both approaches

169

gave very similar results. >~ The structure of the inhibitor/a-amylase complex was also

70 Tendamistat is comprised of B-sheets and loops

solved by X-ray crystallocraphy.
only (Figure 1-8). The strands are ordered in two twisted antiparallel 3-sheets that form
a fB-barrel structure. The topology of the P-strands is homologous to the
immunoglobulin fold, but the seventh strand and the inter-sheet disulfide bond are

! The first disulfide bond is located at the base of the hairpin

missing in tendamistat.
in the first sheet, whereas the second one is between the two outer strands of the
second sheet (Figure 1-8). The structure of the disulfide variant C45A/C73A, which
was solved by NMR, has only very local changes at the mutation site but is otherwise
virtually identical with the wild type structure.*® The solvent exposed triplet Trp18-
Argl9-Tyr20 at the first hairpin turn is necessary for the inhibitory activity of
tendamistat and is conserved in all inhibitors of this class.'®"'"*'”> The tryptophan
residue presents a rare case of a solvent exposed tryptophan in a native structure. A CI-
binding site is located at Arg19.'*®

The folding kinetics of tendamistat with intact disulfide bonds are well
characterized.>**!1*1017317 Apout 85 % of the fluorescence change upon folding
occur in a rapid reaction with an observable rate constant A of about 100 s in the
absence of denaturants at pH 7 and 25°C.""” No hydrophobic collapse could be
observed and the folding kinetics fulfill the criterion for a two-state reaction.'” The
remaining 15 % of the unfolded molecules fold in two slower reactions, which were
shown to be caused by cis-trans isomerization of non-prolyl® and prolyl peptide
bonds*"'” (Figure 1-9). With the help of interrupted refolding experiments, an
additional very slow folding reaction could be detected with an amplitude of about
12 %, which is caused by the interconversion of a highly structured intermediate to
native tendamistat.'”* About 2 % of this native like intermediate (N*, Figure 1-9)
remain populated in equilibrium after folding is complete. This very slow reaction
reflects prolyl isomerization of the Glu6-Pro7 and Ala8-Pro9 peptide bonds, located in

a region that makes strong backbone and side-chain interactions to both (-sheets

(Figure 1-9).'7

22



1.7
*
UP? = N%,
9.0% <0.5%

=4-10% g1 ||7.8-10F 5

0w S
6%

>

01 s 275!
U =——— N
, 69.2% 6.510% 571 97.9%
215
nenPro 78103 g1 [[1.7-10% 57!

5.2%

UPQ 1.7s N ;g

6.0% 21%
Figure 1-9: Kinetic scheme of tendamistat wild type folding at pH 2.0 and 1.0 M GdmCl
including all detectable native (N), native-like (N*) and unfolded (U) conformations. The
subscripts indicate peptide bonds in the cis conformation. The subscript F indicates fast folding
molecules with all prolyl and non-prolyl peptide bonds in the native isomerization state. The
numbers below the unfolded and native states give the relative equilibrium populations under
strongly denaturing conditions and native conditions, respectively. (from ref.'”)

Early thermodynamic characterization of the transition state of tendamistat wild type
were done varying of pressure at pH 2'“ and temperature at pH 7'°. The pressure
dependence of the kinetic data shows that the volume of the transition state is 60 %
native-like, indicating partial solvent accessibility of the core residues.'® Also
Hammond behavior could be observed for tendamistat at pH 2 due to the
destabilization of tendamistat with increasing pressure."”'® No transition state
movements could be observed for the temperature dependence at pH 7."> However, the
transition state movement could easily elude due to the high stability at pH 7 and the
uncertainty of the unfolded branch resulting in relative large errors of the m,-values. A
careful analysis of the temperature dependence of the folding kinetic at slightly
destabilizing conditions like pH 2 and/or of a destabilizing amino acid replacement
could, therefore, provide a better inside into the effect of temperature to the transition
state.

The disulfide topology is conserved among the a-amylase inhibitors from different
Streptomyces species.'”' The disulfide bridges in tendamistat were shown to be
important for maintaining proper folding and stability.*”'”> Calorimetric studies on
single disulfide variants of tendamistat showed that the destabilization occurring upon
removal of the 45-73 disulfide bridge is purely entropic whereas the stability decrease
of the replacement of the 11-27 disulfide bridge is caused by changes in both enthalpic
and entropic terms.”’ In addition, kinetic measurements of the effect of the C11/C27

disulfide bond replacements suggest the importance of the 12-26 B-hairpin for the
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initiation of B-sheet formation."” The equilibrium m-values are significantly increased
compared to the wild type reflecting an increase in solvent accessibility of the unfolded
state upon removal of the disulfide bond. Initial analysis of the temperature
dependence of the kinetic data reveals no significant change of the kinetic m-values."
However, small changes in m-values can easily elude detection, therefore a more
careful analysis is necessary. Elimination of the C45/C73 disulfide bond results in a
pronounced non-linearity of the rate-equilibrium free energy relationship, albeit the

110

lack of detectable populated intermediates.” ™ The result argues for a denaturant-

dependent switch between two distinct rate-limiting steps of folding with a metastable

obligatory intermediate (Figure 1-10).''%!'1

free energy

reaction coordinate reaction coordinate

Figure 1-10: Free energy reaction coordinate for the folding of tendamistat C45A/C73A at low
(A) and high (B) denaturant concentrations. Upon addition of denaturant a change in the rate-
limiting step occurs between two barriers separated by a high-energy intermediate. (from

ref:[l())

Less is known so far about the structural properties of both transition states. It will
therefore be of great interest to elucidate their structure and to verify the folding
mechanism by amino acid replacements and fragmentation. The difference of the effect
of temperature on both of the two transition states is also of great interest because it
would provide more information about the shape elucidate the shape of the two rate-

limiting steps in tendamistat folding.
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2. Aims of Research

Tendamistat is a small disulfide bonded all (3-sheet protein. It is a good model system
to study the structural and thermodynamic properties of the rate-limiting steps of
folding of a small all-B-sheet protein due to the wealth of structural information and
the well-characterized folding pathway. The known structure allows a molecular
interpretation of the results. Tendamistat wild type folds and unfolds in an apparent
two-state reaction. Folding kinetics of a disulfide variant have been shown to include at
least two distinct consecutive transition states with a high-energy intermediate. Thus,
tendamistat is an ideal system to characterize the structural and thermodynamic
properties of the barriers in folding of an apparent two state folder. By investigations
the stability and folding kinetics of different tendamistat variants and of various
fragments we hoped to receive an answer to the following specific questions on the

properties of the free energy barriers:

1) What are the properties of the two consecutive transition states in tendamistat
folding? Can we populate and characterize folding intermediates? To obtain a
more detail insight into the structural and thermodynamic properties of the shape of
the free energy barriers we analyzed the combined influence of mutation,
temperature, denaturant and sodium sulfate on tendamistat stability and folding.

2) Are fragments of tendamistat able to form specific structures? Is folding
initiated by the formation of secondary structures and are there initiation
sites? In order to examine these questions we studied spectroscopic properties and

the stability of different fragments of tendamistat.
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3. Summary of Manuscripts Ready for Submission

3.1 Shape of the Free Energy Barriers in Tendamistat Folding

These results are described in detail in the following manuscripts:

“Shape of Free Energy Barrier for Tendamistat Folding Measured by Multiple
Perturbation Analysis” Manuela Schitzle and Thomas Kiefhaber (2005). To be

submitted.

“Thermodynamic Properties of the Transition States in Tendamistat Folding” Manuela

Schitzle and Thomas Kiethaber (2005). To be submitted.

“Evidence for Parallel Pathways at the Early Stage of Tendamistat Folding” Manuela
Schatzle and Thomas Kiefhaber (2005). To be submitted.

3.1.1 Multiple Perturbation Analysis

A common approach to characterize transition barriers in protein folding is the analysis
of the rate-equilibrium free energy relationships (REFERs), which test the effect of a
perturbation on the kinetics and the equilibrium of a reaction.'”'** The most common
perturbation in protein folding is the addition of denaturants often combined with
mutations.’*'>"?*3> 137170 [ egg is known, however, of pressure and temperature induced
transition state movement,'>**!*12107T Apalysis of non-linear REFERs yields
information on the shape of the transition barriers and on the mechanism in protein
folding. A detailed analysis of data from several proteins suggested that the transition
states represent structurally well-defined barriers on the folding free energy landscape
and showed that Hammond behavior is rare.”'"" One of the clearest examples, where
Hammond behavior was described, was reported for the all-B-sheet protein

tendamistat.'®

Tendamistat folding involves two sequential transition states. Linear
Leffler plots induced by GdmCl are observed for tendamistat folding. However,
Hammond behavior could be detected by applying both pressure and denaturant as
perturbations. The results suggest that using multiple perturbation analysis may reveal

Hammond behavior in protein folding.
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Here, we used multiple perturbation analysis to test if transition state movement could
also be observed applying denaturant and temperature as perturbations and to test the
broadness of the different barriers during tendamistat folding. We measured the effect
of temperature and denaturant on tendamistat folding and stability. Perfectly linear
Leffler plots were obtained from Chevron plots at all measured temperatures indicating
that single perturbations are not sufficient to detect Hammond behavior. We used the
denaturant temperature cross-interaction parameter p,r to probe for transition state
movements.

_ PAG” da,  day
IAG)ING, NG, IAG)

Por 3.1

Por can be determined in two different ways: analysis of the effect of temperature on
ap, or analysis of the effect of denaturant concentration on o;. Determination of ppy
with both methods gave identical values within errors. The results revealed Hammond
behavior for tendamistat folding. Multiple perturbation analysis for tendamistat
variants, which have different rate-limiting transition states, revealed that ground state
effects for the late transition state accompany Hammond behavior, whereas for the
early transition state no ground state effect could be observed. The early transition state
exhibits significantly stronger Hammond behavior than the late barrier. Comparison of
our results with previous findings of the effect of pressure and denaturant on

tendamistat folding'®

shows that the transition barriers become increasingly narrow
and structurally more defined as the folding polypeptide chain approaches the native

state (Figure 3-1).

A

free energy

free energy

U TSI ITS2N U TSI ITS2N
reaction coordinate reaction coordinate

Figure 3-1: Schematic drawing of the free energy barriers for folding of tendamistat with (A) the
early and (B) the late transition state rate limiting. The response of variation in temperature on
the early transition state (TS1) is more sensitive than on the late one (TS2) due to the different
broadness of the barriers.

27



We have also examined data for 6 different monomeric proteins for which temperature
dependence of the kinetic data exists are published. 4 proteins show clearly Hammond
behavior and one has negative cross-interaction parameters suggesting parallel
pathways. Nearly all proteins show linear Leffler plots. Our results show that
temperature-induced Hammond behavior in protein folding is common.

Comparison of our results on the effect of mutations and denaturants of proteins on the
transition state suggests that the transition barriers in protein folding exhibit different
sensitivity to various perturbations. Hammond behavior was only observed in
tendamistat folding when multiple perturbations are applied. The use of multiple
perturbation analysis reveals important features on the shape of the free energy barrier
in tendamistat folding and, in addition, reveals the underlying complexity of apparent
two-state folding.

Another important consequence of our work is that we could show the need for
identical conditions in the experiments and simulations. Simulations are commonly
performed at high temperature. However, as we were able to show with our work, the

ASA of the transition state is temperature dependent.

3.1.2 Thermodynamic Properties of the Free Energy Barriers

We further studied the effect of temperature and denaturant concentration on
tendamistat folding and stability to gain information on the other thermodynamic
properties of the free energy landscape. The addition of denaturant leads to linear
changes of the activation parameters according to the linear free energy model." Due
to the linear denaturant dependence of the activation parameters we globally analyzed
the data. Comparison of the results reveals good agreement except for the denaturant
dependence of the heat capacity of transition states, which is, however, accompanied
with large uncertainties.

The activation parameters of both transition states show only less difference. The
transition states are both enthalpic and entropic barriers. However, they differ
significantly in their denaturant dependences. As discussed in chapter 3.1.1, the
denaturant dependence of the activation entropy of transition states correlates with the

temperature dependence of the m-values.
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Analysis of AH" of the early transition state reveals that addition of denaturant has
the same pH-independent enthalpic effect on the unfolded and the transition state. In
contrast to the early transition state, only small changes of the activation enthalpy with
variation in denaturant concentration was observed for the late transition state
indicating that the late barrier is more robust against perturbations.

The m and ACS -values correlate well with each other because both depend on the

amount of protein surface which becomes exposed to solvent upon unfolding.”

However, analyses of the denaturant dependence of AC;iE of the early transition state

of tendamistat wild type and tendamistat variants, reveals transition state movement
and ground state effects. This is in contrast to our previous observations. In contrast to

the m-values which have mainly contributions of the backbone, ACS have contribution

of the side chains and nearly none backbone contributions, which could explain the

differences. The denaturant dependence of AC;iE of the early transition state is in

contrast to the denaturant dependence of AH* and AS®*. The denaturant dependence

of AC;iE of the late transition state observed from measurements of two tendamistat

variants, revealed only ground state effect and no transition state movement.

Analysis of the denaturant dependencies of the activation parameters confirm our
previous results that the transition barriers become increasingly narrow and structurally
more defined upon folding of tendamistat (Figure 3-1). It further reveals the
importance of multiple perturbation analysis to test the properties of the free energy

barriers.

3.1.3 Evidence for Parallel Pathways

Theoretical studies suggested the presence of a manifold of parallel routes to the native
state.”*'> Although predicted, parallel pathways are not often observed in protein
folding. For lysozyme folding at least three parallel pathways were described.'*>"**"®
Parallel pathways in two-state folding was described for folding of the 27"
immunoglobulin domain of the human giant muscle protein titin (TI 127).'** The
existence of parallel pathways was also suggested for the formation of the first helix of

151,152

barnase , and for protein G'”.
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A destabilization of the native state will more affect the free energy of native-like
transition states. Therefore, a destabilization of the native state leads to a shift of the
rate-limiting step to a less native-like transition state. This leads to a decrease in o,
with decreasing protein stability, which is also sometimes referred to as anti-Hammond
behavior,”*>!*!

In chapter 3.1.1 we could show the importance of multiple perturbation analysis to
improve the sensitivity to test the properties of the free energy barriers. To test for
parallel pathways, we therefore measured the effect of denaturant and temperature on
the folding kinetics of a tendamistat variant lacking one of the two disulfide bonds.

1510 and leads to a

Removal of the disulfide bond results in a strong destabilization
change of the rate-limiting step at high denaturant concentrations. Assuming linear
denaturant-dependence of the activation parameters we are also able to fit the kinetic
data globally. The results of the single and global fits are in good agreement.
Determination of the temperature-denaturant cross-interaction parameters pp; (equation
(3.1)) reveals switches between parallel pathways at the early stage in folding upon
destabilization of the protein. In contrast, the apparent transition state movement
observed for the late transition state is caused by an increase in the average solvent
exposure of the unfolded state when temperature is increased, while the structure of the
transition state seems to be robust against this perturbation.

Analysis of the changes of the activation parameters with increasing denaturant
concentration reveals that the late transition state is rather insensitive to the addition of
perturbations compared to the early transition stages in tendamistat folding. These are
in accordance with our previous observation that the barriers become increasingly
narrow and transition state structures become more defined upon folding of the protein.
Parallel pathways are not observed in tendamistat folding when single perturbation was
applied. The results confirm our previous finding that multiple perturbation analysis
are important to test the shape of the free energy barrier in protein folding. and to

reveal underlying complexities of apparent two-state protein folding.
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4. Summary of Unpublished Work

4.1 Studies on Tendamistat Fragments

Analysis of folding and association of fragments derived from proteins provides insight
into the mechanism of protein folding. The association of peptide fragments to form a
fully reconstituted native-like protein structure has been described in detail for a few
small proteins like RNaseS'™, barnase'®'™, CI-2"%%"¢ GB1", thioredoxin'™®'¥,
ubiquitin'® and cytochrome c¢"'. The analysis of individual fragments and of their
assembly to form native-like structures can give information on the existence of
initiation sites for the folding of a protein. Some fragments show evidence for a native-

like structural propensity,'**'*>!%1%

whereas other fragments associate into native-like
protein structures without any evidence for well-defined initiation sites'*>'"**'*'. The
tendency of fragments to form structure similar to the one adopted in the full protein
supports the idea that local interactions play an important role in the early steps of the
folding process,'®*!86-188.190.192.193

We studied four different fragments of tendamistat (Figure 4-1). One of the fragments,
T(10-28)-A28G was chemically synthesized and corresponds to the N-terminal
B—hairpin of tendamistat. Two of the fragments, T(1-34) and T(35-74), are products
from the cleavage of native tendamistat with lysylendopeptidase. We introduced a
methionine to be able to chemically cleave the protein using cyanogen bromide and to
subsequently isolate the fourth fragment, T(11-74). The goal of these investigations
was to elucidate the capability of the fragments to fold autonomously as well as to
analyze their stability. A second aim was to find out where the two fragments T(1-34)

and T(35-74) are able to assemble into a native-like structure.
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Figure 4-1: Schematic drawing of the structure of tendamistat. The N-terminal (-hairpin is
coloured in red. The disulfide bonds between Cysl1-Cys27 and Cys45-Cys73 and the residues
Serl0 and Lys34 at the cleavage sites are shown as ball-and-stick models. The figure was
generated using MOLMOL"*,

41.1  Stability of the N-terminal g-hairpin of Tendamistat and the
C-terminal B-hairpin from the B1 domain of streptococcal
protein G

Designed short peptides that fold autonomously in water like a-helices and 3-sheets,
have proven extremely valuable in probing the relationship between local sequence
information and folded conformation in the absence of the tertiary interactions found in
the native state of proteins. Studies on water-soluble, non-aggregating monomeric [3-
sheets have emerged only recently,'” while the literature is rich in studies of a-helical
peptides.””® Autonomously folding B-hairpin motifs, consisting of two anti-parallel
B—strands linked by a reverse (3-turn, represent the simplest systems for probing weak
interactions in [-sheet folding and assembly. The first peptides, which could be
investigated in the monomeric soluble form, were derived from tendamistat,"’ B1

G,"”*" ubiquitin®* and ferredoxin®'. In most cases, however, they

domain of protein
showed a very weak tendency to fold in the absence of tertiary contacts.
The first example of a natural f-hairpin sequence that folded autonomously in water

was the C-terminal fragment of the B1 domain of streptococcal protein G, termed
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B—hairpin Gb1p."® Around 42 % B-hairpin structure population in water was estimated
from NMR measurements.'”® It was proposed that this B-hairpin is the initiation site of
folding of protein G."* Calorimetric and NMR studies of the peptide gave values of the
free energy of folding, AG,, of 0.9 and 0.5 kJ/mol, respectively.”” Kinetic analysis of
this peptide was studied by laser-induced temperature-jump, which reveals a single
exponential relaxation process with a time constant of 3.7 us.””

Several peptides have been synthesized based on the amino acid sequence of the N-
terminal B-hairpin of tendamistat located between the residues V12 and V26, termed f3-
hairpin 12-26. Some of these have been examined for protein structure and

175,204 . e
7204 whereas others were made in attempts to generate enzyme inhibitors™”.

folding,
A 9 residue fragment of the B-hairpin region has been shown to form transient 3—turn-
like structures in the same region where the native 3-turn exists, although no f-hairpin
structure was detected.”™ A disulfide bond is located at the base of this f—hairpin in

tendamistat (C11-C27), which is important for folding and stability.'>*"'"°

Folding
studies on disulfide variants gave evidence for late formation during folding of the {3-
hairpin 12-26."""

We studied the stability of a 19 residue peptide, T(10-28)-A28G, of the P-hairpin
12-26 of tendamistat. In order to investigate the tendency of this peptide to form a
B-hairpin we used the concept of the effective concentrations, C,, for disulfide bond
formation. ** To compare our results with other f-hairpins, we measured the stability
of the P-hairpin Gblp, where folding and stability are well described in

hterature 192,198,199,202,203

Theory

The linkage relationship between disulfide bond formation and protein stability were
first described by Creighton®”’ and further developed by Lin and Kim.***”® For proteins
or peptides that contain a disulfide bond, unfolding free energies can be obtained using

the following thermodynamic cycle:

SH e Ry
Ny = Ny
&
K ] | X 4.1)
S« S

SH g s
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where Ny, N3, US and Ul represent the native oxidized, native reduced, unfolded
oxidized, and unfolded reduced states, respectively. With the unfolding equilibrium
constants for the reduced, K;, and oxidized form, K,, and the pseudo equilibrium
constants for the half reactions of disulfide formation in the native, K,, and denatured
states, K, the linkage between conformational stability and disulfide stability is

K_E (4.2)
K2 K4

For the analysis of linkage relationships in protein stability the concept of effective

concentration (C,;) was introduced.”” C o represents the ratio of rate or equilibrium

constants of otherwise identical intra- and intermolecular reactions and is a useful

concept in enzymology.*” It is an empirical parameter, measured relative to a standard

species at a given set of conditions. C,; can be experimentally measured in a redox

equilibrium mixture for a polypeptide with two cysteines that can form a disulfide

bond, and glutathione:

: K .
P34 GSSG «* PS+2GSH (4.3)

SH
where P and P refer to the reduced and oxidized forms of the polypeptide and
GSH and GSSG refer to reduced and oxidized glutathione. C,; can be obtained by
comparing the pseudo equilibrium constant for disulfide formation in the peptide or

protein (K,,,,) to that for intermolecular disulfide bond formation (X,,,,) in glutathione:

nter.

Kintra _ [PSS ][GSH]2

¢ Kinter B [Psijl ][GSSG]

=K=

y (4.4)

To fix the redox potential of the solution, the concentrations of GSH and GSSG are
much larger than those of the protein or peptide. Thus, C can be calculated by
measuring the ratio of oxidized and reduced polypeptide. The ratio between K, and K,

can be obtained by measuring C,; of the thiols in the native (N) and unfolded (U) states

with:
oy LosHT
T [GSSG]
i (4.5)
v _ g [GSH]
T2 [GSSG]

It could be shown that urea does not affect the measurements, thus Cgf can also be

measured in concentrated urea solutions.””® Empirically, glutathione was shown to be
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an excellent reference thiol since formation of its disulfide bond does not depend on

urca COIlCE!l’ltI'EltiOIl.210

Observation of a high C, usually indicates that the molecule
adopts a conformation that brings the two reactive cysteine residues into an optimal
proximity and orientation for interaction, whereas a low C,, may indicate that either the
molecule lacks a defined structure or the two cysteine residues are even being held
apart from each other.*”’
Assuming a two-state mechanism for the denaturant-induced unfolding and using
equations (4.5) and (4.2), the equilibrium constant for unfolding of reduced
polypeptide is therefore
N

eff eff
This method can therefore be used to provide a sensitive probe for folded structure in
peptides and proteins as well as to obtain unfolding free energies for both the reduced
and the oxidized form by measuring the effective concentrations of thiols.**
In our case, we used the method as a probe for folding and stability of the B-hairpin

12-26 of tendamistat with the (3-hairpin Gblp, as a reference peptide.

Results and Discussion

NMR measurements of the 12-26 and the 15-23 fragment of tendamistat gave evidence
that the peptides are not random but adopt turn-like structures around their central
region, the same region where the native B-turn is formed in the protein.*** Therefore,
we synthesized the peptide T(10-28)-A28G based on the sequence of the f—hairpin 12-
26 of tendamistat:

Ac-""SCVTLYQSWRYSQADNGCG*-NH,,.

The turn sequence is highlighted in bold. A glycine residue replaced the alanine
residue at the position 28 to raise the yield of synthesized peptide. To prevent the
influence of the charged termini, the C-terminus was amidated and the N-terminus was

acetylated.

35



5103 T T T T T T T T T T T T T

e 0
1=
-
[&]
o 5103}
S,
101031 - 1
GEJ 1010 oxidized
-15.103

190 200 210 220 230 240 250 260
A [nm]

Figure 4-2: CD spectra in the far-UV region of the peptide T(10-28)-A28G with reduced
(dotted line) disulfide bond and with disulfide bond oxidized (solid line) of about 21 %.
Condition were 18 uM peptide in 50 mM KP, pH 8.0, 4°C. 35 uM DTT were added to the
solution to reduce the peptide.

At pH 8 and 4°C the far-UV CD spectrum of T(10-28)-A28G in its reduced form after
treadment with dithiothreitol (DTT) shows a negative band between 220 nm and
230 nm and a positive band around 200 nm (Figure 4-2). The peptide was analyzed by
HPLC after air oxidation and the relative amount of oxidized peptide was calculated.
Only about 21 % of the peptide was oxidized. The far-UV CD spectrum of the air
oxidized peptide (Figure 4-2) shows the same shape as the fully oxidized tendamistat
fragment T(1-34) (chapter 4.1.2, Figure 4-6) but with less signal intensity. In contrast
to the spectrum of the reduced peptide, the far-UV CD spectrum of the oxidized
peptide shows a negative band around 200 nm and a small shoulder at 210 nm,
whereas the negative band between 220 and 230 nm has disappeared (Figure 4-2).
These bands are typical for unordered peptides. The positive band around 190 nm, on
the other hand, is typical for (3-sheet structure. However, the contribution of [3-sheets to
the far-UV CD spectra is weak and diverse. The shape depends on the length and
orientation of the strands and on the twist of the sheet. Also, the aromatic side chains
contribute strongly to the far-UV CD spectrum. Thus, the CD data give little
information on the possible folded structure of the peptide. Interestingly, the far-UV
CD spectrum of Gblp in water shows a similar shape as the far-UV CD spectrum of
oxidized T(10-28)-A28G with a negative band at 200 nm and a positive band around

190 nm.'*
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As described above, the effective concentration C,; can be used as a measure of
intramolecular interactions that specifically stabilize the disulfide-bonded form. Thus,
if there were hairpin formations in our peptides, we would expect to detect them by
measuring the stability of the disulfide bond. Measurements were performed at varying
conditions in order to stabilize the secondary structure to different extends. Thus, a
change in C, as the structure is destabilized by chemical means would be a strong
indication that there is hairpin formation in water. The results of the measurements are
shown in Figure 4-3 and in Table 1 and Table 2.

The measurements of C, of the peptide T(10-28)-A28G at different urea
concentrations reveal, that the thiol-disulfide equilibrium is denaturant-independent
with a low C,, = (27.0 £1.4) mM (Figure 4-3).

Due to the well described folding and stability of the C-terminal fragment of the B1

domain of streptococcal protein G'?*'%%19:202203

we synthesizes the peptide SSGB1

based on the sequence of this f-hairpin with the following sequence:
Ac-*CGEWTYDDATKTFTVTECSG”-NH,

The turn sequence is highlighted in bold. We introduced a cysteine residue at both

ends, as well as a serine and glycine at the C-terminus because of synthetic reasons. As

in T(10-28)-A28G, we amidated the C-terminus and the N-terminus was acetylated.

1.00} ]
= 555
= 0
[1H]

(@]

0.10:- E
* )
¢+ 5 838 e ¢ ¢
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0 1 2 3 4 5

Urea [M]

Figure 4-3: Urea dependence of C, in the peptides T(10-28)-A28G (® ) and SSGb1 (O). Cyy
was measured under the conditions as described in methods. The results for SSGBI were
analyzed using equation (4.6). Results of the fits are given in Table 1 and Table 2.
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In contrast to T(10-28)-A28G, the values of the effective concentration of the peptide
SSGB1 decrease between 0 and 2 M urea (Figure 4-3). An effective concentration of

C” =(923 +54) mM in absence of denaturant and of CY, = (313 +26) mM above 2 M
eff eff

. . . . N U
urea were received by fitting the data using equation (4.6). Both, C,; and C,

are
significantly larger than C ; for T(10-28)-A28G (Figure 4-3 and Table 1). To fit the
data we assumed a two-state mechanism for the unfolding of the (3-hairpin, although
this has not been proven yet. However, all data of earlier measurements of Gb1p found

in literature were analyzed using a two-state mechanism.”>***"!

Table 1: Effective concentrations of disulfide formation in different peptides and proteins.
Cesr [mM] T [K]

peptides  random coil

Ac-Cys(Gly)¢Cys-NH,** 0-7 M urea 60 296

a-helix

Apamin variants*'? 18:33 298
>6M urea 10; 15

B-hairpin

T(10-28)-A28G* 27 288

SSGB1* 923 288
>2M urea 313

bth\/213’214 210 293

bhpW variants®"**'® 51-710° 293

141 - 1181°
38 -167¢

w-Conotoxin?"’ 9-390 298

8M urea 3-330
proteins  BPTI*'"® 2:10°-10° 298

Thioredoxin** 10* 296
>60M urea 24

Thioredoxin variant P34S**® 380 296
>60M urea 77

PDI?1%220 0.04; 0.06

DsbA?*! 0.081 298
8M urea 170

four-helix bundle protein®* 246 298

o-lactalbumin disulfide variants®* 29-10° 298
6M GdmCl 0.5-23

hen lysozyme disulfide variants** 21-72 298
>60M urea 0.7-13

barnase disulfide variant’*® >3M GdmCl ~5 298

sc-Arc-NC11%¢ 71-10° 298
denatured with GdmCI 0.04

* this work

® amino acid replacements at non-hydrogen-bonded strand positions
¢ amino acid replacements at the hydrogen-bonding strand positions
¢ amino acid replacements at turn positions
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Figure 4-4: Effective concentrations of the formation of an intramolecular disulfide bond in
different peptides and proteins under denaturing conditions (® ), plotted as a function of the
number of amino acid residues in the intervening loop. The line represent a single parameter
fit to the random walk model of an unfolded polypeptide chain using equation (4.7).>"**' Cyof
T(10-28)-A28G and C;f of SSGBI are plotted for comparison.

In Table 1 we compare our results with effective concentrations of different peptides
and proteins found in literature. The values of the effective concentrations in peptides
varied from 3 mM to 1181 mM, whereas in native proteins C,, ranged from 40 uM for
PDI to 10° M for BPTI (Table 1). Very low C,;-values were found for DsbA and PDI,
which are involved in the formation of the correct disulfide bridges in protein
folding.*"***' The formation of the disulfide bonds are structurally not favored in both

proteins, which makes them ideally suited as a potent oxidant.**'

This also explains the
increase of C,, for DsbA when adding denaturant.”' In general, the Cvalues are
significantly smaller for unfolded proteins compared to the native forms due to an
increase in chain flexibility. C,,—values typically lie in the range of 0.5 mM to 100 mM
depending on the loop length (Table 1, Figure 4-4). The significant deviation for
sc—Arc-NCI11 could be explained by a non-native residual structure in the unfolded
state.”
C, strongly depends on the loop length of the polypeptide chain in the absence of
residual structures. In Figure 4-4 the effective concentrations C,; of different peptides
and proteins under denaturing conditions are plotted as a function of the loop length
(N) for the individual disulfides. They show the expected inverse relationship. C, ;-

values for peptides and CY.—values for proteins were only used where no residual
pep off p y
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structure was found and no proline residue is located in the loop. The data were fit to a
function of the form:

Cyy =aN’ (4.7)
as predicted for a random-walk polymer,”’ where a and b are empirical constants and
N is the number of residues in the loop. The obtained value for the exponent b = -1.47
+0.02 is in good agreement with the value -’/, predicted by simple random-walk
models of disordered chains.””’ However, this is lower than the value of —1.8 expected
from the excluded volume effect. For the constant a a value of (621 +49) mM was
obtained, similar to what was observed previously by Kim & co-workers.*”

As shown in Figure 4-4, the C -value of T(10-28)-A28G is in the range expected for a

disordered chain revealing that no structure is formed. In contrast, the Cijff—value found

for SSGBI is significantly higher than expected for a random-walk polymer (Figure
4-4). This could be explained by residual structure under denaturing conditions. This is
consistent with the results observed by Blanco & Serrano.'” They found some folded
structure even in the presence of 6 M urea for the (3-hairpin.

From the urea dependence of the C, the unfolding equilibrium constant for the
reduced form K, was also obtained from the fit with a value of K; = (4.4 +5.2)-107
(Figure 4-3) as well as the equilibrium m-value with m = -(8.3 +£2.7) kJ/(moIlM). Using
equation (4.2) the unfolding equilibrium constant for the oxidized form,
K, = (1.5 £2.0)-107, was calculated. Thus, we received the free energies of unfolding
for the reduced and oxidized form with AG* = (7.5 +2.8) kJ/mol and
AG?" = (10.1 £3.2) kJ/mol, respectively.

In Table 2 the Gibbs free energies of folding of different 3-hairpins are compared. The
measured free energies for the reduced and oxidized form for SSGB1 are significantly
larger compared to previous measurements of the peptide Gb1p using NMR*?, DSC**
and Temperature-jump*” methods (Table 2). All three methods gave values for AG; in
the range from 0.09 to 0.9 kJ/mol (Table 2). However, the difference of C,; in the
absence of denaturant and at high urea concentrations (>2M) is small relative to the
errors (Figure 4-3). Thus, the results must be considered with caution. In addition, the

contribution of the cysteine groups to the f—hairpin stability is not known.

40



Table 2: Stability of B-hairpin peptides at 298 K including only natural amino acids.

Method B-hairpin AG; [kJ/mol]

CD melting curves  trpzip 1-3** 2.5--5.6
trpzip 4-6*** -2.0--7.1
trpzip 3 & 4*% -4.8;-6.3
Chignolin* -1.6
p4>! 0.6

NMR B-hairpin mimic of 0.3
met Repressor™”
B-hairpin 1&2* 0.7-2.8
YTV 0.01; 1.0
B1-4 24--1.2
peptide 1-6 **° 1.4--29
Gblp®**® 0.9

FTIR melting curve  peptide 17 0.4
trpzip 4 -6.7

DSC Gblp®**® 0.5

Temperature-jump Gblp* *” 0.09
peptide 1¢ *° -0.6
BHS8> *7 -0.02
MrH3a> *7 5.8
tripzip 1-4* ** -2.6--6.8

C,; measurements SSGBI1 oxidized® -7.5

reduced® -10.1

* sequence derived from Gblp

b with AC,=0

¢ peptides are dissolved in 21% hexafluoro-2-propanol

4 at 23°C

¢at 15°C, this work

Gblp is the first example of a natural $-hairpin sequence which shows folded structure
in water.'” The stability of the hairpin state of Gblp is attributed to hydrophobic
cluster formation between a valine side chain and the rings of three aromatic residues
(Trp, Tyr, Phe). These four residues are arranged in pairs, located in opposing non-H-
bonded strand positions. Cochran and co-workers have demonstrated significant
hairpin stabilization for the Gb1p sequence when all four side chains in the cluster are
indole rings (trpzip 4-6), with trpzip 4 displaying a melting point of 70°C and Gibbs
free energy of folding of —7.1 kJ/mol (Table 2).***

In contrast to SSGB1, T(10-28)-A28G shows no structural formation in water under
the conditions used in our measurements. The stability of the folded state of f—hairpins
has been attributed to interstrand hydrogen bonding and hydrophobic interactions.'”

However, the origin of specificity of B-hairpin folding is largely dictated by the
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conformational preferences of the turn sequence.”® The sequence at the turn for the N-
terminal B-hairpin of tendamistat is very well conserved in microbial a-amylase
inhibitors and when modified the biological function is lost.'""'"*'”* The apparent lack
of evidence for folding of the peptide derived from residues 15-23 of tendamistat led
do a partial redesign of the sequence to enhance folding through modification to the 3-
turn sequence by replacing the SWRY by an NPDG type I turn."”’ The replacements
stabilised the B-hairpin but the peptide folded into non-native conformations with a
three-residue G-bulged type I turn (PDG)."” Thus, the lack of hairpin formation could
be explained by the non-ideal (3-turn sequence, which is however important for the
biological function of tendamistat.

In summary, we have shown that the formation of the N-terminal -hairpin in
tendamistat is not favoured implying that the disulfide bond at the base of the -hairpin
plays an important role for formation of the hairpin during protein folding. This is
agrees with the observation that cyclisation through a disulfide bridge increases
B—hairpin conformational stability.” Measurements of a tendamistat variant lacking
the disulfide bond C11-C27 revealed a dramatically decrease of stability,"”> which also

confirms our result.

Materials and Methods

Peptide synthesis and purification

Both peptides were synthesized chemically with an ABIMED economy peptide
synthesizer EPS 221 (Abimed, Germany) using standard fluorenylmethoxycarbony!l (F-
moc) chemistry on preloaded NovaSyn TGK resin (Novabiochem, Switzerland).* The
peptides were purified using HPLC with a C-8 reverse-phase preparative column.
Amino acids were from Alexis Biochemicals, USA or from Iris Biotech, Marktredwitz,
Germany. Solvents and other chemicals were from Fluka (Buchs, Switzerland). Peptide
purity was checked by mass spectroscopy and analytical HPLC. The mass was
confirmed by electrospray ionization mass spectroscopy. Peptide concentrations were
determined using the method of Gill & von Hippel** with an extinction coefficient at
280 nm of 7980 M 'cm™ (reduced form) and 8105 M'cm™ (oxidized form) for T(10-
28)-A28G, respectively, and 6970 M'cm™ (reduced form) and 7090 M'cm™ (oxidized
form) for SSGb1, respectively.
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Spectroscopic Techniques

CD spectra were recorded in an Aviv 62A DS spectropolarimeter. Peptide
concentrations were 18 uM in 50 mM KP, at pH 8.0. The solution was incubated over
night to oxidize the disulfide bond by air. The amount of oxidized peptides was
analyzed using analytical HPLC. To measure the reduced peptide, 35 uM DTT was
added to the solution and the reaction mixture was also incubated over night. The

ellipticity was measured in a thermostatted 1 cm cell.

Thiol-disulfide equilibrium measurements

Lin and Kim have first described a HPLC assay to determine C, in peptides or
proteins.”**”® The reaction is performed under argon to prevent air oxidation and all
solutions are degassed before use. Peptides were incubated with a mixture of GSH and
GSSG in 0.1 M Tris, 1 mM EDTA and 0.2 M KCl, at pH 8.7. For measurements of C;
in urea solutions, the same conditions were used. To fix the redox potential of the
solution, the concentrations of GSH and GSSG in the reaction mixture were at least
100-fold higher than those of the peptide. The GSSG concentrations were 0.5 and 1
mM, respectively, and the GSH concentrations ranged from 3 to 35 mM. To prevent
dimer formation a low concentration of peptide was used (30 uM T(10-28)-A28G and
10 uM SSGbl, respectively). The reaction mixture was incubated for at least 3 h at
15°C to allow equilibration. The reaction mixture was then quenched with HCI to pH 2
and loaded onto a C8 reverse-phase column. GSH, GSSG, reduced and oxidized
peptides were then separated with a shallow gradient of acetonitrile in the presence of
0.1 % trifluoric acid. The reduced and oxidized forms of the peptides were detected by
simultaneous absorbance s at 230 nm and 280 nm for T(10-28)-A28G and by
fluorescence with an excitation wavelength of 280 nm and an emission wavelength of
345 nm for SSGb1. The peaks were quantitated by integration to receive the ratio of

oxidized and reduced peptides. C, ; was calculated as described above.
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4.1.2 Structural Property, Stability and Assembly of the
Tendamistat Fragments T(1-34) and T(35-74)

Lysylendopeptidase C cleaves tendamistat selectively after Lys34. The products of the
cleavage are the two fragments of similar size: T(1-34) and T(35-74). Figure 4-5 shows
the cleavage site and two resulting fragments highlighted in different colours. The
fragment T(1-34) consists of the N-terminal (-hairpin, which is held together by the
disulfide bond C11-C27 (Figure 4-5). It contains a tryptophan residue and two tyrosine
residues. All three aromatic residues are located in the hairpin. In contrast, the
fragment T(35-74) contains four tyrosine residues and no tryptophan. It consists of one
triple stranded P-sheet, one strand of the second triple stranded Pf—sheet and the

disulfide bond C45-C73 (Figure 4-5).

Figure 4-5: Schematic drawing of the structure of tendamistat. The two fragments are coloured
in blue (T(1-34)) and orange (T(35-74)). The disulfide bonds between CyslI1-Cys27 and Cys45-
Cys73 and the residue Lys34 at the cleavage site are shown as ball-and-stick models. The
figure was generated using MOLMOL'".

Recent studies of both fragments gave evidence for structure formation of the
N-terminal (-hairpin, suggesting that this region of the protein can serve as an

2 We used fluorescence and CD

initiation site for the folding process of tendamistat.
measurements under different conditions to study the structure of both separated
fragments. To test whether the fragments can assemble to fold into a native-like

structure, equilibrium studies were performed.
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Results and Discussion

N-terminal fragment T(1-34)

Fluorescence measurements of T(1-34) at pH 5.5 showed an emission maximum at 347

nm which is typical for tryptophan fluorescence (Figure 4-6A). With the addition of 6

M GdmCl, the signal intensity increases. This is in contrast to tendamistat where the

intensity of the signal decreases upon denaturation by GdmCI. The decrease of the pH

to 2 also induces an increase of the signal intensity. The maximum of the signal shifts

to 343 nm at pH 2. The increase of the signal intensity suggests a change in the solvent

environment of the fluorophores.
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Figure 4-6: Spectroscopic properties of the tendamistat fragment T(1-34). (A) Fluorescence
spectra at pH 2.0 and pH 5.5, respectively and at pH 5.5 and 6 M GdmCI. Fragment
concentration was 5 uM in 10 mM KP; at 3°C. (B) Far-UV CD spectra at pH 5.5 and pH 2.0,
respectively at 3°C and (C) far-UV CD spectra at pH 5.5 and at 3°C, 20°C and 90°C. (D)
Temperature dependence of the far-UV CD signal at 200 nm. (B)-(D) Fragment concentration

was 20 uM in 10 mM KP..
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Comparison of the far-UV CD spectra at pH 5.5 and pH 2.0 reveals only a small
increase of the signal intensity with decreasing pH (Figure 4-6B). However, no change
in the shape of the spectrum could be observed, suggesting that variation of pH does
not induce structure. Both spectra show a small shoulder between 210 nm and 220 nm
and a negative band around 198 nm. The shape of the far-UV CD spectra is similar to
that of the oxidized peptide derived from the N—terminal B-hairpin of tendamistat
(Figure 4-2), suggesting that the signal is mainly originating from the -hairpin.

The negative band in the far-UV CD at pH 5.5 increases with increasing temperature
and shows a slight red shift (Figure 4-6C). At higher temperature the signal intensity of
the shoulder between 210 nm and 220 nm increases. The spectrum of the fragment at
90°C has the same shape as that of tendamistat (Figure 4-8A). The fragment exhibits
reversible linear temperature dependence of the CD signal (Figure 4-6D).

Comparison of T(1-34) with the far-UV CD spectra of the N-terminal B-hairpin
provides evidence for the formation of the hairpin. However, in contrast to a-helices,
the contribution of B-sheets to the far-UV CD spectra is weak and diverse. Taking into
account that the aromatic side chains also strongly contribute to the far-UV CD
spectrum, the far-UV CD data give little information on the possible folded structure of
the fragments. Even the CD spectrum of native tendamistat lacks the typical bands of
B-sheet structures (Figure 4-8A), a positive band between 190 nm and 200 nm and a

negative band around 220 nm.

C-terminal fragment T(35-74)

The fluorescence spectrum of T(35-74) shows a maximum around 300 nm which is
typical for a random coil peptide containing only tyrosines (Figure 4-7A). The signal
intensity at this maximum increases upon addition of denaturant and at lower pH
suggesting a change in the solvent environment of the tyrosine residues. The
fluorescence spectra show a shoulder around 340 nm under all conditions but with

different intensities.
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Figure 4-7: Spectroscopic properties of the tendamistat fragment T(34-74). (A) Fluorescence
spectra at pH 2.0 and pH 5.5, respectively and at pH 5.5 and 6 M GdmCl. Fragment
concentration was 5 uM in 10 mM KP;, at 3°C. (B) Far-UV CD spectra at pH 5.5 and pH 2.0,
respectively at 3°C and (C) far-UV CD spectra at pH 5.5 and at 3°C, 20°C and 70°C. (D)
Temperature dependence of the far-UV CD signal at 220 nm at pH 5.5. (B)-(D) Fragment
concentration was 20 uM in 10 mM KP..

The signal intensity of the T(35-74) far-UV CD spectra between 180 nm and 220 nm
decreases upon decreasing of the pH from 5.5 to 2.0. In contrast, the spectra at both pH
are nearly identical between 220 and 250 nm, with a positive band at 231 nm (Figure
4-7B). The far-UV CD spectrum of native tendamistat also shows a positive band at
227 nm, suggesting a native-like (3-sheet formation of T(35-74). Both spectra have
their minimum at 195 nm. Between 205 and 210 nm a small shoulder is visible which
significantly increases at higher temperature (Figure 4-7C). With rising temperature the
positive band at 231 nm disappears and a shift in the minimum from 195 nm to 198 nm
occurs. The far-UV CD spectra of the temperature-denatured fragment has a shape
similar to the temperature-denatured tendamistat and the fragment T(1-34) (Figure
4-6C and Figure 4-8A). The far-UV CD spectra of all three denatured polypeptides
show a shoulder between 210 and 220 nm, which could be explained with the
increasing amount of polyproline II helical structure in the unfolded state. This is in

accordance with other proteins, where an increase of signal intensity at around 220 nm
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in the far-UV CD spectra could be observed with increasing denaturant
concentrations.”
Similar to the fragment T(1-34), the far-UV CD signal of the fragment T(35-74) at

220 nm shows a linear temperature dependence (Figure 4-7D).

Interaction of T(1-34) and T(35-74)

To find out if the two fragments associate, a solution of equal amount of both peptides
was incubated at pH 5.5, where native tendamistat has the highest stability. Different
far-UV CD spectra of this solution were recorded after incubation time from 2 h to
2 days. The spectra are identical at all incubation times. Comparison of the spectra
with the far-UV CD spectrum of native and unfolded tendamistat revealed, that no

native-like structure was formed (Figure 4-8A).
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Figure 4-8: Association studies. (A) CD spectra in the far-UV region of both fragments T(1-34)
and T(35-74) at 3°C, and tendamistat. Fragment concentrations were 20 uM in 10 mM KP, pH
5.5. The red line is the calculated spectra assuming that no interaction takes place. (B)
Temperature dependence of the far-UV CD signal at 220 nm at pH 5.5 for the solution
containing both fragments. Conditions as in (A). (C) Change in the fluorescence spectrum of
T(1-34) (5 uM) upon addition of 1.5-30 uM T(35-74). Excitation wavelength was at 295 nm,
and the buffer was 10 mM KP;, pH 5.5. (D) Change in fluorescence at 345 nm upon addition of
T(35-74). Conditions as in (C).
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The CD spectrum of two different peptides in solution without intermolecular
interactions should be additive. Thus, with the assumption that both fragments do not
associate, we could calculate the spectrum using the following equation:
o5k, - EL (7Ol 43)

Where n is the number of amino acids of protein i and ®},,,, the corresponding CD
signal. The calculated spectrum of both fragments is virtually identical with the
measured far-UV CD spectrum. The far-UV CD spectrum (Figure 4-8A) and the linear
temperature dependence (Figure 4-8B) of the reaction solution confirm that the
fragments do not associate.

We further analyzed the change of the fluorescence spectrum of T(1-34) upon addition
of different concentrations of T(35-74). T(1-34) contains one tryptophan residue,
whereas T(35-74) has none. We chose an excitation wavelength of 295 nm to excite
only the tryptophan residue. This allowed us to analyse the structural changes of T(1-
34) upon addition of T(35-74). Figure 4-8C and Figure 4-8D show the different
fluorescence spectra of 5 uM T(1-34) and varying concentration of T(35-74). The
spectra were recorded after different incubation times. No change in fluorescence
spectra with varying concentrations and at different incubation time could be observed

indicating that no association takes place.

Why do the two fragments not associate? One explanation could be that the cleavage
site is in the centre of the second (3-sheet. Thus, the cleavage seems to interrupt
structural properties, which are important to form native like structures. Analysis of
both fragments revealed only little evidence for structure formation. Some non-native

residual structure of the fragments may also inhibit the association of both fragments.
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Materials and Methods

Cleavage and purification

Wildtype tendamistat and lysylendopeptidase C (LEP) were mixed in a mass ratio of
25:1 in 8 M urea buffered with 50 mM Tris pH 8.5. The mixture was left to react for 14
h at 16°C. In a first step, more LEP was added to tendamistat to a final mass ratio of
1:100 and the reaction temperature was raised to 25°C for a further 6h. In a second
step, more LEP was added to the mixture (again in a mass ratio of enzyme to substrate
1:100) buth the urea concentration was simultaneously lowered from 8 M to 5 M by
addition of 50 mM Tris pH 8.5. The mixture was incubated for no more than 45
minutes at 37°C. Finally, the enzymatic cleavage was stopped by adjusting the activity
of the solution to pH 2.0 with trifluoric acid.

The fragments were purified using HPLC with a C-8 reverse-phase preparative
column. The purity and the mass were checked by mass spectrometry and analytical
HPLC. Protein concentrations were determined using the method of Gill & von
Hippel** with an extinction coefficient at 280 nm of 8105 M 'cm™ for T(1-34) and
5185 M''cm™ for T(35-74).

Spectroscopic Techniques

Corrected fluorescence spectra were recorded on an Aminco-Bowman fluorimeter with
a thermostated cell holder and magnetic stirrer. Excitation wavelengths were 276 nm
and 295 nm, respectively. Protein concentration was 5 uM in 10 mM KP, at pH 5.5 and
pH 2.0, respectively. For spectra with both fragments, the protein concentration of T(1-
34) was 5 uM in 10 mM KP; at pH 5.5 whereas different concentrations of T(35-74)
from 1.5-30 uM were used.

CD spectra were recorded in an Aviv 62A DS spectropolarimeter. Fragment
concentrations were 20 uM in 10 mM KP, at pH 5.5 and pH 2.0. The ellipticity was

measured in a thermostatted 1 mm cell at the indicated temperature.

Thermally Induced Denaturation

Far-UV CD at 200 and 220 nm, respectively, was used to monitor the thermal
unfolding using an Aviv 62A DS spectropolarimeter with a temperature control system
and cuvettes with 1 mm pathlength. The thermal unfolding curves were recorded using
a heating rate of 0.5°C/min. The fragment concentrations were 20 uM in 10 mM KP, at

pH5.5.
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4.1.3  Structural Property and Stability of the Tendamistat
Fragment T(11-74): Contributions of the first ten N-terminal

Amino Acids to Protein Stability

Tendamistat contains two -sheets and a N-terminal region consisting of 10 amino
acids. Although no regular secondary structure could be observed, the residues
between Ser5 and Ser10 are highly ordered.'**'®® This region is part of the hydrophobic
core and makes strong backbone and side-chain interactions to both 3-sheets. Pro7 and
Pro9 are found to be responsible for the formation of a highly structured
intermediate.'™ To elucidate if the protein is still stable without this N-terminal region
and if the structure formed similar to the native-like intermediate we designed the
tendamistat variant SIOM to specific cleave of the 10 N-terminal amino acids with
cyanogen bromide. Only one proline, Pro50, still remains in the protein. In Figure 4-9
the missing N—terminal region between Aspl and Ser10 is highlighted in red.

Analysis of this fragment T(11-74) should give valuable information of the
contribution of the N—terminal region between Aspl and Serl0 to the stability and
structural formation of tendamistat. To elucidate the capability of the fragment T(11-
74) to form a structure and to analyze the possible fold we used fluorescence and CD
measurements. To investigate the stability of this fragment, thermal and denaturant-

induced transitions were performed.

Figure 4-9: Schematic drawing of the structure of tendamistat. The first N—terminal residues
are highlighted in red. The disulfide bonds between Cysl1-Cys27 and Cys45-Cys73 are shown
as ball-and-stick models. The figure was generated using MOLMOL"”.
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Results and Discussion

Cyanogen bromide selectively cleaves polypeptide chains after methionine residues.
Because of the lack of methionine in the sequence of tendamistat wild type, we
produced the SIOM variant. The cyanogen bromide cleavage reaction of the variant
S10M produces two fragments: one fragment with the 10 N-terminal amino acids of
tendamistat with a homoserine as the C-terminal amino acid and a second fragment,
T(11-74), containing the residues 11 until 74 (Figure 4-9). We used spectroscopic
techniques to elucidate how the removal of the ten N—terminal amino acids affects the
protein and if it still folds into a native-like structure.

Fluorescence spectra were measured at pH 7 and pH 2 at 25°C (Figure 4-10). The
spectra of the fragment at both pH values show a maximum at 339 nm and have the
same shape as native tendamistat but with less signal intensity. Addition of 6 M
GdmCl results in a strong decrease in tryptophan fluorescence. The tyrosine band at
301 nm becomes visible as a consequence of the increase in distances and a less
efficient energy transfer between tyrosine and tryptophan. Comparison of the spectra
of the unfolded proteins, tendamistat and T(11-74), reveals nearly identical shapes and
similar intensity of the signal. These are strong indications for native-like structure

formation of the tendamistat fragment T(11-74).
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Figure 4-10: Fluorescence spectra at pH 7 and pH 2 of tendamistat and the tendamistat

fragment T(11-74). Conditions were 5 uM protein in 10 mM KP; at 25°C.
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Figure 4-11: CD spectra of tendamistat and the fragment T(11-74). (A) Far-UV CD spectra at
3°C. Fragment concentration was 20 uM in 10 mM KP,. (B) Difference spectra of the far-UV
CD spectra of tendamistat and T(11-74) at pH 7 and 3°C shown in (A). (C) Near-UV CD
spectra at pH 7 and pH 2, respectively. Conditions were 40 uM in 10 mM KP; at 3°C. (D) Far-
UV CD spectra of T(11-74). Fragment concentration was 20 uM in 10 mM KP;.

The far-UV CD spectrum of T(11-74) shows a minimum at 191 nm and two maxima at
230 nm and 203 nm, respectively (Figure 4-11A). The signal intensity at both maxima
decreases when decreasing the pH from 7 to 2, whereas the signal intensity at the
minimum is pH-independent. Compared to T(11-74), the far-UV CD spectrum of
tendamistat shows only a small shoulder around 205 nm and more signal intensity at
the minimum at 190 nm. Analysis of the difference of the far-UV CD spectra of the
two proteins (Figure 4-11B) reveals a maximum around 193 nm, where the spectra of
both proteins have their minimum. Comparison of both spectra displays strong
evidence for a native-like structure formation of T(11-74).

The near-UV CD spectra of T(11-74) and tendamistat show the same shape but have
small differences in the magnitudes (Figure 4-11C). Both spectra have two minima at
254 and 286 nm, respectively, a maximum between 270 nm and 275 nm and a shoulder
around 281 nm. Bands in the near-UV CD spectrum originate from the aromatic amino
acids and from small contributions of disulfide bonds. It is almost zero when the
aromatic residues are mobile, such as in unfolded proteins, due to their intrinsically
symmetric chromophores. In the presence of ordered structures, the environment of the

aromatic side chains becomes asymmetric, and therefore they show CD bands in the
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near UV. Thus, the near-UV CD spectrum represents a highly sensitive criterion for the
native state of a protein. The signs and the magnitudes of the aromatic CD bands
depend on the immediate structural and electronic environment of the immobilized
chromophores. Therefore, comparison of the near-UV spectra of tendamistat and T(11-
74) reveals that the aromatic residues have a similar structural environment and thus,
we can conclude that T(11-74) folds into a native-like structure.

Comparison of the far-UV CD spectrum of T(11-74) at different temperatures (Figure
4-11D) reveals that at pH 7 the protein still shows some folded structure at 70°C. In
contrast, the spectrum at pH 2 and 70°C has the same appearance as unfolded
tendamistat at high temperatures (Figure 4-8A). Both spectra have a minimum between
195 and 200 nm and a weak positive CD signal around 210 nm, which is characteristic
for unordered proteins and peptides.

Thermal unfolding and refolding experiments were monitored by the change in
ellipticity at 230 nm and are shown in Figure 4-12. The temperature transition at pH 2
is fully reversible and shows a linear dependence. In contrast, cooperative temperature
dependence could be observed for the thermal unfolding curve at pH 7 with a transition
midpoint at 68°C. In comparison, the calorimetrically determined transition
temperature for tendamistat wild type at pH 7 is 81.6°C.'” However, the thermal
unfolding transition of T(11-74) is not fully reversible. The far-UV CD spectrum after
cooling shows the same spectrum as before heating but with ~25 % less signal
magnitude. Also, the thermal refolding curves show only a small cooperative and

otherwise linear temperature dependence.

4103 ' 1 ' T v T N I i I ' I ' I ' 1 ' 1 ' T
= 3103 pH7 -
© ! _ ]
E 2103k heating

210 .

%3 I cooling
) 403k i
g 1-10
K I
g  of
= i .
S 1103+ heating _
o) cooling
2103 :

270 280 290 300 310 320 330 340 350 360 370
Temperature (K)

Figure 4-12: Temperature dependence of the far-UV CD signal of the tendamistat fragment
T(11-74) at 230 nm at pH 7 and pH 2, respectively. Fragment concentrations were 20 uM in
10 mM KP;
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Figure 4-13: GdmCl-induced unfolding transition of the tendamistat fragment T(11-74) at pH 7
and 25°C monitored by ellipticity at 227 nm. Concentration was 10 uM in 100 mM cacodylic
acid. The solid line represents the analysis assuming the two-state model. The results are given
in Table 3. The fit of the wild type (dotted line) was taken from Schonbrunner et al. ',

To compare the stability of the fragment with tendamistat we further analyzed the
chemical denaturation of T(11-74). The GdmCl-induced unfolding transition of T(11-
74) shows a broad transition between 2 M and 7 M GdmCl (Figure 4-13). In contrast,
tendamistat has its cooperative unfolding transition between 5 M and 8 M GdmCl.

The GdmCl-induced unfolding transition was fitted and the result is given in Table 3.
Comparison with tendamistat revealed a dramatical decrease of the Gibbs free energy,
AG’, and the m-value after the removal of the ten N-terminal amino acids. The AG-
value of T(11-74) is only '/; of the AG’-value for tendamistat, whereas the m-value of

T(11-74) is only half of that of tendamistat.

Table 3: Comparison of the Gibbs free energy and the m-value of tendamistat and the
tendamistat fragment T(11-74) at pH 7 and 25°C. The data are results from GdmCl-induced
unfolding transition states.

AG’ [kJ/mol] m [kJ/(mol-M)]

Tendamistat'”?  -(34.0 +0.7) 5.32 +0.06
T(11-74) -(11.5 £1.8) 2.75 +0.44

It was shown that the m-values are proportional to the change in solvent accessible
surface area (ASA) upon unfolding of the protein.” Thus, as a rule, the larger the
protein the bigger the ASA and therefore the larger the m-value. However, the m-value
is smaller than expected from AASA upon unfolding of tendamistat.'” This might be

due to the presence of two disulfide bonds, which probably restrict the GdmCl
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accessibility of the unfolded state,'”

and could be also originating from residual
structure in the unfolded state.

The removal of the ten N-terminal amino acids leads to a decrease in AASA of about
2200 A, which is significantly larger than expected from the calculated differences in
AASA between tendamistat and T(11-74) (= 530 A).” Although the N-terminal region
between Aspl and Ser10 shows no regular secondary structure, the residues between
Ser5 and Serl0 are highly ordered and form strong hydrophobic interactions and
hydrogen bonds with the rest of the protein. The side-chain of Ala8, which is located
between the two prolyl residues, is part of the hydrophobic core and makes contact
with side-chains from both f-sheets. Glu6, Ala8 and Pro9 participate in backbone
hydrogen bonds with Arg72, Leu70 and Vall2, respectively. Removal of these amino
acids leads to a significant destabilization and more compact state of the core.

To obtain information of the influence of the N-terminal region on folding and on
formation of intermediates, studies on folding kinetics at various denaturant conditions
would be of great use. Another interesting question to answer is whether the re-
association of a peptide consisting of the 10 N-terminal amino acids leads to a native-
like structure and what would than be the association constant and rate. Variation of
the amino acid sequence of the N-terminal peptide could also help to find out about the

influence of the N-terminal amino acids on tendamistat folding and stability.

Materials and Methods

Cleavage and purification

The tendamistat variant SIOM was expressed in Streptomyces lividans and purified as
described by Haas-Lauterbach et al.*** The molecular mass is 8005 Da and was
confirmed by electrospray ionization mass spectrometry. Protein concentration was
determined by UV absorption measurements using an absorption coefficient
AY* =1.61 like for wild-type.'”

S10M was dissolved in 0.1 M HCI. The sample was mixed with BrCN in 0.1 M HCI to
a final ratio of BrCN/methionine = 200. The solution was incubated for 4 h at 30°C in
the dark. The sample was lyophilized and redissolved for separation in 20 %

acetonitrile and 0.1 % TFA. The solution was analyzed using analytical HPLC.
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The fragment was purified using HPLC on a C-8 reverse-phase preparative column.
The purity and the mass were checked by mass spectrometry and analytical HPLC. The
mass of T(11-74) is 6976 Da. Protein concentration was determined by UV absorption

measurements using the same absorption coefficient Ay = 1.61 like for wild-type.'®

Spectroscopic Techniques

Fluorescence spectra were recorded on an Aminco-Bowman fluorimeter with a
thermostated cell holder and magnetic stirrer. The excitation wavelength was 276 nm.
Protein concentration was 5 uM in 10 mM KP, at pH 7 and pH 2, respectively.

CD spectra were recorded in an Aviv 62A DS spectropolarimeter. Fragment
concentrations were 20 uM in 10 mM KP,; at pH 7 and pH 2, respectively. The

ellipticity was measured in a thermostatted 1 mm cell.

Thermally induced denaturation

Far-UV CD at 230 nm was used to monitor the thermal unfolding and refolding using
an Aviv 62A DS spectropolarimeter with a temperature control system and cuvettes
with 1 mm pathlengths. The thermal unfolding curves were recorded using a heating
rate of 0.5°C/min. The protein concentration was 20 uM in 10 mM KP; at pH 7 and
pH 2, respectively.

Equilibrium unfolding transitions

The GdmCl-induced equilibrium transitions were monitored by the change in
ellipticity at 227 nm in an Aviv 62A DS spectropolarimeter. Protein concentrations
were 10 uM in 100 mM cacodylic acid, pH 7. Samples were incubated for at least two
hours before measurements. The ellipticity was measured in a thermostatted 1 cm cell.
The data were fit based on the two-state model and a linear dependence of the free
energy of folding on the GdmCI concentration following the procedure described by

131

Santoro & Bolen . This yields the free energy in the absence of denaturant (AG%ZO)

and the associated m-value.
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4.2 Studies on Tendamistat Variants

One of the major goals in protein folding is to understand the structural properties of
the energy barriers. Studies of the effect of amino acid replacements on folding
kinetics and stability give valuable information on the structural formation of the
protein during the folding pathways. The aim of these studies is to identify interactions,
which are formed in the rate-limiting step in folding. Mutational studies of different
proteins revealed that some proteins show a “diffuse” or “delocalized” transition state
whereas others have a “polarized” transition state structure.” Diffuse transition states
have low ¢-values (chapter 1.3.4) throughout the structured regions of the protein,
indicating partial formation of the native set of interactions. In contrast, polarized
transition states ¢-values are significantly higher in a large substructure but are close
to zero in other parts of a protein.

Analysis of the effect of mutations on the transition state structure revealed that
transition state movements according to Hammond are rare in protein folding
indicating structurally well-defined transition states.”'” Many proteins have
significantly structured unfolded states, which are sensitive to mutation.” Thus, studies
on the effect of amino acid replacements provide not only information on the structural
formation of the transition state but also on residual structures in the unfolded states. In
some cases, the replacement of amino acids revealed further information on the folding
pathway due to the population of transient intermediates or changes in the rate-limiting
steps during folding,''*!'"**

In order to gain further information on the folding mechanism of tendamistat and the
structural properties of the transition states, we have studied the consequences of the
amino acid replacements on stability and folding kinetics. We chose 14 different sites
mainly in the two (-hairpins of tendamistat: 4 are located in the N-terminal f—hairpin
(Leuld, Argl9, Ser21, Asn25), whereas 8 sites are located in the C-terminal B-hairpin
(Val31, Thr32, Val36, Glu38, Asp39, Asp40, Glu42, Leud4) (Figure 4-14 and Figure
4-15). In four positions the original amino acids were replaced by two different amino
acids: Leul4 was replaced by alanine and valine, Ser21 by alanine and glycine, Val36
by alanine and glycine, and Asp39 by asparagine and alanine (Figure 4-14 and Figure
4-15). Two of the sites are not located in either of the hairpins: Ser10 and Ile61 (Figure
4-14 and Figure 4-15).
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Figure 4-14: Schematic representation of the backbone structure of tendamistat. The four
cysteine residues, which are connected via a disulfide bridge, are indicated in blue and green.
The amino acid residues, which are replaced, are indicated in red.
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Figure 4-15: Schematic drawing of the structure of tendamistat. The disulfide bonds between
Cysl1-Cys27 and Cys45-Cys73 and the residues Serl0, Leul4, Argl9, Ser21, Asn25, Val3l,
Thr32, Val36, Glu38, Asp39, Asp40, Glu42, Leud44 and Ille 61 are shown as ball-and-stick

models. The figure was generated using MOLMOL"*.
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Tendamistat wild type folds and unfolds in an apparent two-state behavior and shows a
perfectly linear Leffler plot indicating that the change in accessible surface area (ASA)
between unfolded state and the transition state is insensitive to denaturant

123160173 1y previous studies it could be shown that folding

concentrations (chapter 3).
of tendamistat involves two sequential transition states.''® A change in the rate-limiting
step can be induced by mutation or changes in solvent conditions upon addition of

"% The effect of temperature on folding and stability as a

denaturant (chapter 3).
function of denaturant concentration was measured for tendamistat wild type and some
variants (chapter 3). Analysis of the temperature and denaturant dependence of the
early transition state revealed transition state movements. In contrast, ground state
effect and only small Hammond behavior could be observed in tendamistat variants for
the late transition state rate limiting. This indicates that the early transition state is a
broad and diffuse maximum, whereas the late transition state is rather narrow and well
defined.

We first analyzed the spectroscopic properties of the tendamistat variant to elucidate if
they form native structure (chapter 4.2.1). Furthermore, we analyzed the combined
influence of mutation and denaturant on the stability and folding of tendamistat
(chapter 4.2.2). To analyze the structural properties of the transition states, we
determined ¢-values of the tendamistat variants, which fold with an apparent two-state
behavior (chapter 4.2.2.1). For the tendamistat variants with unknown folding
mechanism, we measured the effect of pH and temperature on stability and folding and
performed interrupted refolding and double-jumps measurements to elucidate the
folding mechanism (chapter 4.2.2.2). We further wanted to determine the influence of
surface-exposed charges on tendamistat stability and folding by measuring loaded
variants (chapter 4.2.2.3). To measure the effect of sodium sulfate on tendamistat

stability and folding, we chose variants with the late transition state rate limiting

(chapter 4.2.3).
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421 Spectroscopic Characterization of Tendamistat Variants

To study the formation of the native structure we performed far-UV CD measurements
for all tendamistat variants except for the variant RI9L. Only the structure of the
variant R19L was investigated so far and was determined by NMR spectroscopy.”*
Comparison of RI19L with the tendamistat structures in solution and as crystals
revealed that the structure of R19L is nearly identical to tendamistat wild type.***

However, structural and spectroscopic properties of tendamistat variants other than

R19L are not determined in such detail. Figure 4-16 shows the far-UV CD spectra of

tendamistat wild type and the different tendamistat variants at pH 7.0 and 25°C.
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Figure 4-16: Far-UV CD spectra of tendamistat wild type and variants at 25°C and pH 7.0.
Protein concentration was 20 uM in 10 mM KP;.
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The far-UV CD spectrum of tendamistat wild type at pH 7 and 25°C shows a positive
band at 227 nm, a small shoulder around 205 nm and a minimum at 190 nm (Figure
4-16). It lacks the typical bands of -sheet structures: a positive band between 190 nm
and 200 nm and a negative band around 220 nm. Interestingly, the far-UV CD
spectrum of tendamistat wild type shows more similarity to an unordered polypeptide
chain, with a pronounced minimum between 195 and 200 nm. However, in contrast to
a-helices, the contribution of (3-sheets to the far-UV CD spectra is weak and diverse.
The shape of the CD spectrum of a 3 protein depends, among other factors, on the
length and orientation of the strands and on the twist of the sheet. Tendamistat has a
high content of aromatic amino acids (9.5%). Taking into account that aromatic side
chains strongly contribute to the far-UV CD spectrum, the far-UV CD data give little
information on the possible folded structure of the variants. However, comparison of
the far-UV CD spectra of tendamistat wild type and tendamistat variants gives
information about the influence of the amino acid replacements on structure formation.
Comparison of the far-UV CD spectra of tendamistat wild type and its different
variants reveals that the spectra of the tendamistat variants SI0M, S21A, S21G, T32A,
V36G and 161M show virtually identical shapes to the wild type (Figure 4-16). The
far-UV CD spectra of the tendamistat variants V31A, V36A and D39A have the same
shape as the wild type but with small differences in signal intensities (Figure 4-16).
Replacement of the carboxyl group of the acidic amino acids in the C-terminal
B—hairpin by an amide group leads to a shift of the maximum from 227 to 230 nm
(Figure 4-16). The four variants E38Q, D39N, D40N and E42Q are located in the turn
of the C-terminal 3-sheet (Figure 4-15). Changes of the overall charges in the protein
may lead to small changes of the orientation of the strands or the twist of the sheet
leading to a shift of the maximum in the far-UV CD spectra. Interestingly, the variant
D39A does not show a shift of the maximum as the variant D39N do.

The two variants L14A and N25A, both located at the N-terminal f-hairpin, show less
signal amplitude in the far-UV CD spectra than the wild type (Figure 4-16). Both,
Leul4 and Asn25 are involved in the hydrophobic core and make strong interactions
with the other 3-sheet. Amino acid replacements at these positions could cause changes
in the orientation of the strands and on the twist of the sheets and thus could lead to

differences in the far-UV CD spectra.
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The changes in the B-sheet structure induced by the amino acid replacement at Leul4
could also explain the far-UV spectrum of L14V. It shows a pronounced smaller signal
magnitude than found for the wild type and the other variants (Figure 4-16). The
positive band is shifted from 227 to 233 nm and the shoulder is around 200 nm. Due to
the shift of the maximum and the significantly reduced stability, the equilibrium
measurements were performed at 233 nm (appendix 9.3). A tyrosine is located at
position 15, which also influences the far-UV CD spectrum.

L14V has the same absorption spectrum as the wild type and all other tendamistat
variants with a maximum at 276 nm and a shoulder around 282 nm (data not shown).
Measuring the refolding kinetics by change in fluorescence signal above 230 nm after
excitation at 276 nm reveals, however, a different signal behavior from the wild type
and the other variants. This will be discussed in chapter 4.2.2.1 (Figure 4-19). A
detailed analysis of the GdAmCI dependence and the temperature dependence of the
kinetic data reveals a similar behavior of L14V and the tendamistat wild type (chapters
3.1 and 4.2.2.1). The unusual spectroscopic properties of tendamistat variant L14V
seems therefore to be due to small structural changes in the folded state compared to
the wild type. Interestingly, the replacement of the leucine residue by a valine residue
has a more pronounced effect on the far-UV CD signal than the substitution with an
alanine residue at the same position.

We can conclude from our far-UV CD measurements that all tendamistat variants fold

into native like structure.
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4.2.2 Stability and Folding Kinetics of Tendamistat Variants

To characterize the structural properties of the free energy barriers in tendamistat we
studied the effect of amino acid replacements on stability and folding kinetics. To
determine ¢~values (chapter 1.3.4), we analyzed tendamistat variants, which fold in an
apparent two-state behavior as the wild type (chapter 4.2.2.1). The effect of amino acid
substitution of Val36, Glu38 and Asp40 revealed an additional unfolding phase
indicating a change in mechanism (chapter 4.2.2.2). Further, we analyzed the effect of

the loading variants on stability and folding (chapter 4.2.2.3).

4.2.2.1 Tendamistat Variants with Apparent Two-State Folding

The method of protein engineering is a very powerful tool and provides an indirect
way of probing the interactions that are formed in the rate-limiting
structure.'*>?"13%17° Comparison of the resulting effects of a point mutation on the
folding kinetics and on equilibrium stability is used widely for the structural
characterization of protein folding transition states.'>*'*’

10 of the tendamistat variants at 8 different positions in the protein were found to fold
in an apparent two state behaviour at 25°C and pH 7 (Figure 4-17). To analyze the
structural properties of the transition state, we determined ¢e~values (chapter 1.3.4).

Furthermore, we used self- and cross-interaction parameters (chapter 1.3.4) to study

the effect of mutations on the transition state structure.

N\

Figure 4-17: Schematic drawing of the structure of tendamistat. The disulfide bonds between
Cysl1-Cys27 and Cys45-Cys73 and the residues Serl0, Leuld, Argl9, Asn25, Val3l, Thr32,
Leu44 and Ile61 are shown as ball-and-stick models. The figure was generated using
MOLMOL"".
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Effect of point mutation on the stability of tendamistat
All tendamistat variants are stable at native conditions (chapter 4.2.1). The GdmCl-
induced equilibrium unfolding transitions of the variants were cooperative without any

intermediate states (Figure 4-15).

N25A
L14A
L14v
V31A
T32A
S10M
R19L
L44A
161M

— wt

fraction folded

GdmClI [M]

Figure 4-18: GdmCl-induced unfolding transitions at pH 7.0 and 25 °C of tendamistat wild type

and the tendamistat variants. The lines represent the least squares fit assuming the two-state
model "

All tendamistat variants are less stable compared to wild type except for I61M and
S21A, which are about 2 kJ/mol more stable (Table 4). Amino acid replacements of
Ser10, Argl9 and Leu61 have nearly no effect on protein stability, whereas
substitutions of Thr32, Leul4, Val31 and Asn25 significantly destabilize tendamistat
with a AAG® from 7 to 24 kJ/mol. The effect of amino acid replacement of Ser 21 on

stability will be discussed later.

Table 4: Equilibrium parameters of tendamistat variants at pH 7 and 25 °C. All data were result
from global fit of equilibrium and kinetic data. Data for the wild type were taken from

Schénbrunner et al.'™
AG® m,,

(kJ/mol)  (kJ/moIM)
wt!? -35.93 +0.03 5.48 +£0.01
S10M  -33.90 £1.95 5.14 £0.24
L14A -14.41 0.11 4.85 +0.03
L14V -24.07 £0.16  5.27 +0.03
R19L -33.62+1.54 5.18 +0.19
S21G -19.87 £0.21 4.43 +0.06
S21A -38.76 £2.49  4.98 +0.30
N25A -12.35+0.10 6.15 +0.07
V31A -23.24+0.49 5.10 £0.08
T32A -29.18 £0.54  5.14 +0.08
L44A -33.67 £0.59  5.38 +0.08
I61M -37.55+x1.66 5.27 +0.21
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Effect of point mutation on the folding kinetics of tendamistat

Folding kinetics were measured following the change of fluorescence above 320 nm
after excitation at 276 nm. The kinetic data for L44A, 161M, T32A and L14A were
obtained by Daniel Poso. A sum of two and three exponential functions is needed to
describe the unfolding and refolding kinetics, respectively (appendix 9.3 and 9.4). The
two minor phases in refolding with amplitudes around 6 % and 8 % correspond to non-

prolyl and prolyl-isomerization, respectively.**'">!"*

Interestingly, the apparent rate
constants for refolding for prolyl (A, = 0.07 s') and non-prolyl (As = 4 s™)
isomerization are insensitive to structural variations measured in this work.'”"'”* The
only exception is N25A, where the refolding traces could be fitted well to a sum of two
exponentials due to a significant decrease of the fastest phase with the major
amplitudes to a value of (5.0+0.1) s at 0.4 M GdmCl.

The refolding traces of the tendamistat variant L14V show a different behaviour
compared to the wild type and the other variants. The amplitudes for the non-prolyl
isomerization have a different sign from the amplitudes for the other two phases in the
refolding kinetics of L14V (Figure 4-19). The positive amplitudes decrease with
increasing temperatures.

In what follows we will focus our analysis on the rate constants with the major
amplitudes corresponding to the molecules with native prolyl and non-prolyl isomers
(Figure 4-20). The kinetic and equilibrium data were fitted globally and the results are
shown in Table 5. The kinetic and equilibrium data of the tendamistat variants S21A

and S21G will be discussed later.
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Figure 4-19: Kinetic traces of the refolding of tendamistat variant L14V at 0.65 M GdmCl,
100 mM cacodylic acid and pH 7.0 as monitored by fluorescence above 320 nm at different
temperatures.
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Figure 4-20: GdmCl-dependence of the apparent rate constants for folding of the tendamistat
variants with similar op-value as wild type with a AAGOW,_va,ia,,, < 6 kJ/mol (A) and with a
AAG 1 variam > 6 kJ/mol (B) as well as of tendamistat variants with significantly higher op-
values (C) at pH 7 and 25°C. (D) Comparison of the apparent rate constants for folding of the
tendamistat variants L14A and L14V at pH 7 and 25°C. (A-D) Only the rate constant with the
major amplitude is plotted. The continuous lines represent the results of the global fits
according to the two state model. The results of the global fits are given in Table 5. Data for
the fit of tendamistat wild type (black line) were taken from Schonbrunner et al.'”.

The folding kinetics of S10M, L44A and R19L are virtually the same as for the wild
type (Figure 4-20A). The tendamistat variant [61M folds with the same rate compared
to wild type but unfolding is decelerated (Figure 4-20A and Table 5). Folding of L44A
is 1.5-fold accelerated in the absence of denaturant (Table 5). In contrast, all other
variants fold with similar or smaller rate constants compared to wild type (Figure
4-20B and C). Substitution of Val31, Leul4 and Asn25 significantly accelerate the
unfolding rate constants of the protein (Figure 4-20B, C and Table 5). Substitution of
Leul4 with alanine has little effect on refolding but the denaturant dependence of the
folding and unfolding rates are different (Figure 4-20D). Except for N25A, where the
rate constant is 6.5-fold decreased, variation of the structure has only little effect on the

refolding rates of tendamistat (Figure 4-20 and Table 5).
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Table 5: Kinetic and equilibrium parameters of tendamistat variants at pH 7 and 25°C. All
data were resulted from global fit of equilibrium and kinetic data. The microscopic rate
constants were extrapolated to 0 M GdmCI. Data for wild type were taken from Schénbrunner

etal.'”
K,
C)
wt'”? 71.6 £1.6
S1IOM 604 £5.0
B-hairpin V12-G26
L14A 48.9 £1.1
L14V 51.3+2.5
R19L 79.6 £5.2
S21G 70.5 £3.6
S21A 722 +2.8
N25A 11.1 £0.4
B-hairpin V31-V48
V31A 53.9+3.0
T32A 30.8 +1.7
L44A  109.1 £4.0
I61M 79.5+£2.5

k,
()
(3.6 £0.1)-107

(7.0 £3.8)-107

(14.6 +0.7)-10

(3.1 £0.2)-10°
(1.0 £0.5)-10°*
(2.3 £0.2)-10*
(1.2 £0.7)-107
(7.6 £0.4)-10

(4.6 £0.9)-10°
(2.4 +0.5)-10*
(1.4 £0.3)-10™*

(2.1 £1.0)-107

AG’
(kJ/mol)

-35.93 +0.03

-33.90 £1.95

-14.41 +0.11
-24.07 +0.16
-33.62 +1.54
-19.87 +0.21
-38.76 +2.49
-12.35 +0.10

-23.24 +0.49
-29.18 +0.54
-33.67 +0.59

-37.55 +1.66

mg

(kJ/molM)
3.53+0.01

3.37 +0.05

3.98 +0.04
3.76 +0.04
3.59 +0.04
3.24 +0.07
3.17 +0.03
5.08 £0.08

3.77 £0.05
3.57 +0.04
3.82 +0.02

3.58 +0.02

mll
(kJ/molM)

1.95 +0.02

1.77 £0.30

0.87 £0.07
1.51 £0.07
1.59 +0.24
1.19 £0.13
1.81 £0.33
1.07 +0.14

1.33 £0.13
1.58 +0.12
1.56 +0.10

1.70 £0.23

m,,
(kJ/molM)

5.48 £0.01

5.14 +0.24

4.85 +0.03
5.27 £0.03
5.18 +0.19
4.43 £0.06
4.98 £0.30
6.15 £0.07

5.10 £0.08
5.14 £0.08
5.38 £0.08

5.27 £0.21

To characterize the transition states we determined o, (chapter 1.3.4):

_ IAG" /G[Denaturant] _my

o, = =
b aAGO/a[Denaturant] m

eq

Qp
=m;/m,,

0.64 +0.01

0.66 £0.04

0.82 +0.01
0.71 £0.01
0.69 £0.04
0.73 £0.02
0.64 £0.05
0.83 £0.02

0.74 £0.02
0.69 £0.02
0.71 £0.01

0.68 £0.03

4.9)

ap is a measure for the relative change in ASA between the unfolded state and the

transition state. Comparison of the ap-values between tendamistat wild type and the

variants reveals that ap is in the range of 0.64 and 0.74 except for the two variants

L14A and N25A, which have a significantly higher ap-value of 0.82 and 0.83,

respectively (Table 5). Tendamistat folding involves two sequential transition states.' '

Thus, we assume that L14A and N25A have the late transition state rate limiting,

whereas the early transition state is the rate-limiting step for wild type and the other

variants. However, the kinetic m-values and the ap-values of the proteins with the

early transition state as the rate-limiting step change with structural variations, which is

an indication for transition state movement (Table 5).
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Effect of amino acid substitution of Ser21 on tendamistat folding and stability

Serine was replaced by alanine and glycine, respectively. Figure 4-21A shows the
GdmCl-induced unfolding transition of S21A. Due to the high stability no baseline of
the unfolded state is measured and therefore, fits of the equilibrium unfolding
transition are not reliable. Thus, we fitted the equilibrium data globally with the kinetic

data (Figure 4-21).
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Figure 4-21: GdmCl-induced unfolding (A) and the GdmCl-dependence of the apparent rate
constant of refolding and unfolding (B) and the residuals of the corresponding fit of the data at
pH 7 and 25°C for S21A. Only the rate constant with the major amplitude is plotted. The solid
lines represent the results of the global fit assuming a two-state model (blue) and a three-state
model with a high-energy intermediate (red), respectively.

Analysis of the refolding rates of S21A reveals a small downward curvature. A
population of intermediates in the deadtime of measurements will affect the amplitude
of the refolding reaction. However, analysis of the amplitudes does not show any
evidence for intermediates. However, deviation of linearity is hard to detect and it is
not clear, if this non-linearity is due to a change in the rate-limiting step during folding
or due to kinetic coupling of the prolyl-isomerization rates influencing the main
refolding rates. Therefore, the data were analyzed globally assuming either a two-state
model or a three-state model with high-energy intermediates. The results of both fitting

models are given in Table 6.
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Table 6: Kinetic and equilibrium parameters of the tendamistat variant S214 at pH 7 and
25°C. The data are results from the global fit of equilibrium and kinetic data. The microscopic
rate constants were extrapolated to 0 M GdmCI.

Kk, Kk, AG' m; -m, m,, op
() ") (J/mol)  (kJ/molM)  (kJ/molM) (kJ/molM)  =m,/m,,

two-state model
72+3 (1.2 +0.7)-107 -38.8 £2.5 3.17 =0.03 1.81 +0.33 498 +0.30  0.64 £0.05

three-state model

TSI  63+2 (23 +2)-10° 2.65+0.04  2.89 0.06 0.48 +0.02
TS2 80161 (3.0£0.1)10° 4*029 595006 1622002 33U 691002

The substitution of serine with alanine stabilizes the protein compared to wild type of
about 2.9 and 6.5 kJ/mol, depending on the fitting model, but seems not to have any
influence on m,, (Table 5 and Table 6). Assuming a two-state model, the ap-value and
the refolding rate ks have the same values as wild type (Table 5 and Table 6).
Comparison of the residuals of the kinetic data for both models reveals a better
compliance with the three-state model with a high-energy intermediate (Figure 4-21).
The ap-value of the early transition state is significantly smaller compared to the other
tendamistat variants (Table 5). However, the results of the fits are not very reliable due
to the high stability of S21A.

To find out how the substitution of Ser21 influences the folding mechanism of
tendamistat we determined the stability and folding kinetics of the more destabilized
variant S21G (Figure 4-22). Interestingly, replacement of serine by glycine leads to a
decrease in protein stability, whereas the substitution with alanine slightly increases the
stability of tendamistat (Figure 4-21 and Table 6). The GdmCl-induced unfolding
transition of S21G is cooperative without any apparent intermediate with a Gibbs free
energy, AG’, of —(17 +3) kJ/mol and mey of (4.2 £0.8) kJ/(mol-M) (Figure 4-22A).
Folding of S21G is accompanied by a smaller change in accessible surface area
(AASA) compared to wild type with a Am,, of 1.3 kJ/(mol-M) (Table 4). Figure 4-22B
shows the rate constants for folding of the tendamistat variant S21G with the major
amplitudes for refolding and unfolding. No curvature could be detect in the refolding

limb and thus, we fitted the data globally assuming a two-state mechanism (Table 5).
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Figure 4-22: GdmCl-induced unfolding (A) and the GdmCl-dependence of the apparent rate
constant (B) of refolding and unfolding of S21G at pH 7 and 25°C. Only the rate constant with
the major amplitude is plotted. The solid lines represent the results of the global fit assuming a
two-state model.

S21G is 16 kJ/mol less stable than the tendamistat wild type (Table 5, Table 7). The
ap-value of (0.73 +0.02) indicates that folding occurs with the early transition state
rate limiting. The refolding rate is essentially of the same value as the refolding rates of
S21A and wild type (Table 5, Table 7).

To verify the folding mechanism of S21G we measured stability and folding kinetics at
5°C and 45°C. Figure 4-23 shows the GdmCl-induced equilibrium transition and the
rate constants at both temperatures. No deviation from linearity was observed for the
folding kinetics at 45°C and the data can well be fitted globally using a two-state
model. In contrast, at 5°C a clear downward curvature appears in the refolding limb.
Analysis of the amplitudes reveals no evidence for an intermediate. The data at 5°C
was fitted using a sequential mechanism with a high-energy intermediate. The results

of the fits are given in Table 7.

Table 7: Kinetic and equilibrium parameters of the tendamistat variant S21G at 5°C and 45 °C.
The data are results from the global fit of equilibrium and kinetic data. The microscopic rate
constants were extrapolated to 0 M GdmCl.

Kk, k, AG® m; -m, m,, ap
(™) ") (&J/mol)  (kJ/molM) (kJ/molM) (kJ/molM) = m,/m,

45°C 105+5  0.73 +0.05 -13.1+£0.2 3.87+0.08 0.95+0.15 4.82+0.07 0.80+0.01
25°C 714 (2.3+0.2)107 -19.9+0.2 3.24 +0.07 1.19+0.13 443 +0.06 0.73 £0.02

5°C
TSI 11408 (72)10% 13820.17 3.2 %0.20 0.30 £0.06
TS2  66+15 (@225010% 22307 361001 098x004 %037 84011
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Figure 4-23: GdmCl-induced unfolding transition and the GdmCl-dependence of the apparent
rate constant of refolding and unfolding 5°C and 45°C at pH 7. Only the rate constant with the
major amplitude is plotted. The solid lines represent the results of the global fit assuming a two-
state model (blue) and a three-state model with high-energy intermediate (red), respectively.

ap at 5°C of the early transition state is significantly small with a value of (0.30 £0.06)
compared to wild type and the other tendamistat variants with the early transition state

rate limiting. This indicates that maybe another mechanism causes the downward

curvature at 5°C, which could be the same rate-limiting step as observed for

tendamistat upon addition of sodium sulfate (chapter 4.2.3). To verify the origin of the

downward curvature of S21G at low temperature further investigations are necessary.

¢r-value analysis

The effect of point mutations are commonly used to obtain a structure-induced free

energy relationship (chapter 1.3.4):'2>1371%
IANG™ | dStructure (4.10)
Oy = ¢f = 5
JAG" | dStructure

as, which is commonly called ¢y, measures the energetic of all interactions formed by a
side chain with the rest of the protein in the transition state relative to the native state.

¢r-values of 0 indicate that the energetic of the interactions of the transition state are
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the same as in the unfolded state. If the energetic of the interactions are the same as in
the folded state, the ¢, -value is 1.
¢ -values tends to be inaccurate if the difference in stability between the variant and

1.'* Therefore, we determined ¢, only for

wild type protein is less than about 7 kJ/mo
variants with a AAG® of more than about 6 kJ/mol and for variants with the same

transition state rate-limiting as wild type (Table 8).

Table 8: Changes in the Gibbs free energy and the activation free energy of folding upon
mutation in tendamistat and the resulting ¢, -values. Only tendamistat variants with the early
transition state as rate-limiting step were taken to calculate the ¢ -values.

Variant AAG® (kJ/mol) AAG}‘? (kJ/mol) o

= AG\?t - AG;?zutant = _RTln(kf,wt/kf,mumnt) = AAG;) /AAGO
S10M -2.03 £1.91 -0.42 +0.14 nd.®
L14V -11.86 +0.13 -0.83 +0.06 0.07 £0.01
R19L -2.31 £1.51 0.26 +0.10 n.d.*
S21A 2.84 +2.46 0.02 +0.04 n.d.*
S21G -16.05 +0.18 -0.04 +0.07 0.002 +0.004
V3I1A -12.69 +0.46 -0.70 +0.08 0.06 +0.01
T32A -6.75 +0.50 -2.09 +0.08 0.31 +0.03
L44A -2.26 +0.56 1.05 +0.04 n.d.*
I61M 1.63 £1.62 0.26 +0.02 n.d.*

* Only variants with a AAG® < 6 kJ/mol were used to determine the ¢-values

Due to this criterion only four of our variants were suitable for ¢y-value determination:
L14V, S21G, V31A and T32A (Table 8). L14V, S21G and V31A have ¢r-values close
to 0 indicating that the side chains have denatured-like interactions in the transition
state. Leul4 and Ser21 are localized in the N-terminal B-hairpin (Figure 4-17). By
contrast, Val31 is localized in the C-terminal f-hairpin but interacts with the
N—terminal $-hairpin in the native state (Figure 4-17). Therefore, the ¢, -values argues
for a late formation of the N-terminal f-hairpin. Also, destabilizing point mutations in
this B-hairpin lead to a change of the rate-limiting step, i.e. the late transition state is
more affected by mutations compared to the early transition state. However, ¢, -values
only report on side chain interactions and do not say anything about backbone
formation. It is possible to have a native-like topology without forming many or,

indeed, any significant side chain interactions.
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For the tendamistat variant T32A we obtain a fractional ¢, -value of 0.31 £0.03.
Interpretation of fractional ¢, values is more difficult. ¢, -value analysis of different

proteins revealed a mean ¢, value of around 0.3.1402%

The fractional ¢, -value could
indicate partial formation of the interaction, revealing a possible early formation of the
C-terminal B-hairpin.

The differences in stability of the two variants L14A and N25A are quite small (AAG’=
(2.1+0.2) kJ/mol). Therefore, a quantitative analysis of the ¢ values of the late
transition state is not very reliable.” However, a qualitativ analysis of the kinetic data
reveals similar rate constants at high denaturant concentration indicating ¢, (=1-¢y)-
values close to 0 (Figure 4-20 and Table 5). Therefore we conclude formation of the
N—terminal (3-hairpin in the late transition state.

Variation of the structure has only little effect on the refolding rates of tendamistat and
thus, most of the variants have ¢, -values close to 0, indicating polarized transition

states in tendamistat folding. The qualitativ analysis of the variants L14A and N25A

confirms this observation.

Analysis of transition state movement

To determine transition state movements we used self- and cross-interaction
parameters as proposed by Jencks and co-workers (chapter 1.3.4)."*%'* According to
the Hammond postulate the position of a transition state is shifted towards the ground
state destabilized by a perturbation, such as the addition of a denaturant (chapter
1.3.4)."7 A change in ap due to different denaturant concentrations can be detected
using the denaturant self-interaction parameter pp:

do,  ’AG* 4.11)

786" (aac")’

Hammond behavior yields positive self-interaction parameters and in the case of the
denaturant dependence of the folding and unfolding rates, that would result in a smooth
downward curvature in the limbs of the Chevron plot. Figure 4-20 shows that pp is 0
for nearly all tendamistat variants used for this analysis. The only exception is
tendamistat variant S21A, already discussed above. However, in our previous work we
showed that Hammond behavior is only observed in tendamistat when multiple
perturbations are applied indicating that transition state movement is weak in protein

folding (chapter 3.1).*'* Therefore, we analyzed the effect of denaturant and point
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mutation on tendamistat folding and stability. Figure 4-24 shows the effect of AG’ on
the ap-value and on the kinetic and equilibrium m-values.

The effect of denaturant and point mutations on folding and stability for the proteins
with the late transition state as rate-limiting step is a positive structure-denaturant
cross-interaction parameter

_da,
IAG.

(4.12)

Dps =(3+1)-10 mol/kJ

indicating transition state movement. Analysis of the m-values reveals Hammond
behavior accompanied by a ground state effect (Figure 4-24). However, the myand m.,-
values of S21G are significantly smaller than expected from comparison with the other
proteins. Analysis of the data without S21G reveals true Hammond behavior without
ground state effect. This is due to the independence of the equilibrium m-values on
point mutations and the changes of the kinetic m-values with changes in AG" with

equal amount but different sign (Figure 4-24).
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Figure 4-24: Effect of changes in AG” on a, and on m,, m; and —m, for the structure-
denaturant perturbation of tendamistat at pH 7 and 25°C. The red lines indicate fits without
the tendamistat variant S21G. The linear fits of all proteins with the early transition state rate
limiting (open symbols; black line) give values of pps=doy,/dAG’= (3+1)-107 mol/k] and
om,/dAG’=-(2.1£0.6)-10° M, om/dAG"=(2.220.2)-10° M and d(-m,)/dAG’=-(2.1+0.8)10”
M. Linear fits without S21G (red line) give values of pps=0d0y,/IAG = (3+1)-107° mol/kJ and
om,/dAG’=-(0.4£0.6)-10° M, om/IAG"=(2.8+0.3)10° M and d(-m,)/dAG’=-(1.7+0.9)10"
M. The tendamistat variants LI4A and N25A (filled symbols) significantly differ from the
other proteins. The data are taken from the global fits of the kinetic and equilibrium data of
each protein.
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The my—value of N25A is significantly increased indicating a ground state effect for
the late transition state. However, the cross-interaction parameter pps for the late
transition state is accompanied by too large uncertainties due to the less differences in

stability of the two proteins L14A and N25A (AAG(O )= (2.1 £0.2) kJ/mol).

N25A-L14A
The results are in good accordance with our previous results obtained from the
temperature-denaturation perturbation of wild type, L14V, L14A and N25A revealing
Hammond behavior for the early transition state, whereas the late transition state shows
only little Hammond behavior accompanied with large ground state effects (chapter

3.1).

76



4.2.2.2 Tendamistat Variants with Complex Unfolding Kinetics

Unfolding of tendamistat wild type at pH 2.0 at high denaturant concentration consists
of two unfolding reactions.'”* The major kinetic phase has a relative amplitude of
about 98 %, which was attributed to the actual unfolding process.'”* The remaining
2 % of the amplitude is caused by the unfolding reaction of a native like intermediate
(N*) (chapter 1.4).'™ Unfolding of N* is about tenfold faster than the unfolding
reaction of the native molecule.'”

Two unfolding reactions were observed for nearly all tendamistat variants (chapter
4.2.2.1). However, a sum of three exponentials is required to fit the unfolding reaction
at various conditions for the tendamistat variants V36A, V36G, E38Q and D39A. All
three mutated residues are located in the C-terminal P-hairpin (Figure 4-25). To
121,122

elucidate the origin of the complex kinetics we performed interrupted refolding

and double-jump experiments’ (chapter 1.3.3).

Lid \/ g, @
cn
Vs

Figure 4-25: Schematic drawing of the structure of tendamistat. The disulfide bonds between
Cysl1-Cys27 and Cys45-Cys73 and Val36, Glu38 and Asp39 are shown as ball-and-stick
models. The figure was generated using MOLMOL"”,

Folding and stability of the tendamistat variant V36A4

The GdmCl-induced unfolding transition states of V36A were measured at pH 7 and
pH 2 (Figure 4-26). A shift of the transition midpoint from 3.8 M to 1.1 M GdmCl
occurs upon decreasing pH. The equilibrium unfolding transitions were cooperative
without any apparent intermediate states and the data were fitted assuming a two-state

mechanism. The results of the fits are given in Table 9.
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Figure 4-26: GdmCl-induced unfolding transition of the tendamistat variant V364 atpH 7 (®)
and pH 2 (O) at 25°C monitored by ellipticity at 227 nm. Concentration was 10 uM in 100 mM
cacodylic acid. The line represents the analysis assuming the two-state model. The results are
given in Table 9.

The replacement of valine with alanine at position 36 decreases protein stability
significantly for about 16 to 18 kJ/mol independent of pH. A decrease of m,, for about
1 kJ/(mol-M) is observed at both pH values compared to wild type (Table 9). Changes
in the m-values indicate a change in the compactness of the unfolded structure due to

the correlation of m,, and the changes in accessible surface area upon unfolding.”

Table 9: Comparison of the Gibbs free energy and the m-value of the tendamistat variant V364
and tendamistat wild type at pH 7 and pH 2 at 25°C. The data are results from the GdmClI-
induced unfolding transition states. Data for wild type were taken from Schénbrunner et al.'™
(pH 7) and from Pappenberger et al.'™ (pH 2).

AG® m
[kJ/mol] [kJ/(mol-M)]

pH7 Tendamistat'” -(35.9+0.1)  5.48+0.01

V36A -(16.4 £2.0) 4.37 £0.52
pH2 Tendamistat'" -(21.4+0.8) 5.21 £0.19
V36A -(4.8 £1.2) 4.26 +0.34

The folding kinetics of V36A were measured following the change of the fluorescence
signal after stopped-flow mixing and manual-mixing, respectively (appendix 9.5). The
refolding kinetics are fitted well with a sum of three exponentials. The two slow rate
constants with about 6 % and 8 % (Figure 4-27A and C) seems to be due to non-prolyl

84,173,174

and prolyl-isomerization reactions as observed for the tendamistat wild type. In

contrast to the wild type, a sum of three exponentials is necessary to fit the unfolding
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kinetics. The fastest unfolding rate constants has an amount of approximatly 8 % of the
fluorescence amplitudes, whereas the two slower rates correspond to approximatly

43 % and 49 % of the fluorescence amplitudes (Figure 4-27A, B and C).
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Figure 4-27: GdmCI dependence the apparent rate constants (D) and of the amplitudes A; (A,
B, C) of refolding (circles) and unfolding (squares) of the tendamistat variant V36A at 25°C
and pH 7. (A, B) The kinetics were measured by stopped-flow mixing monitoring the change in
fluorescence after initiation by 11-fold (A) and 26-fold (B) dilution, respectively. (C) The
kinetics were measured by manual-mixing monitoring the change in fluorescence.
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Figure 4-27D shows the GdmCI dependence of refolding and unfolding rate constants
of V36A. Analysis of the refolding data reveals a deceleration of the apparent rate
constants with the major amplitudes, A, to a value of about 1.9 s in the absence of
denaturant compared to wild type (72 +2 s™) (Figure 4-27D and Table 5). The second
fastest phase is about tenfold slower (A; = 0.3 s™) compared to wild type and the other
tendamistat variants with an apparent two-state behavior (chapter 4.2.2.1). The
apparent rate constant of the slow phase, which was assumed to belong to the prolyl-
isomerization reaction, is identical to the rate constant observed in tendamistat wild
type (A2 = 0.07 s™) (chapter 4.2.2.1). All three unfolding rate constants show a very
similar GdmCI dependence. However, we cannot distinguish, which of the phases
belongs to the unfolding of native like intermediate (N*)'™* nor can we tell anything
about the origin of the third unfolding phase. It is also not obvious which of the
unfolding rate constants belongs to unfolding of native protein.

To further investigate the folding mechanism of the tendamistat variant V36A we
performed kinetic studies at pH 2 and 25°C, conditions that destabilize the protein with
a AAG® of (12 £3) kJ/mol but do not change the meg-value (Table 9). Refolding and
unfolding could be fitted with a sum of three exponentials (appendix 9.5). However,
Figure 4-28 shows that the folding kinetics are complex. The apparent rate constants
for refolding do not change significantly upon decreasing pH, in contrast to the
unfolding rate constants, which accelerate. Coupling of the two major unfolding phases
leads to scattered data (Figure 4-28). Fitting the data with fixed ratio of the amplitudes

of unfolding does not improve the results significantly.
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Figure 4-28: GdmCl dependence of the apparent rate constants (A) and the amplitudes (B) of
refolding (circles) an unfolding (squares) of the tendamistat variant V36A at 25°C and pH 2.
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Formation of native molecules during V36A folding
To understand the origin of the unfolding rate constants, we performed an interrupted

refolding experiment'*"'*

(chapter 1.3.3) in order to follow the time course of
formation of the unfolding reactions during folding. Interrupted refolding experiments
of tendamistat wild type at pH 2 revealed an additional slow folding reaction (A =
0.008 s') with an amplitude of 12 %, caused by the interconversion of a highly
structured intermediate, N*, to native tendamistat.'”* To find out, which of the three
unfolding phases are caused by unfolding of N*, we refolded the tendamistat variant
V36A in 0.6 M GdmCl (pH 7 and 25°C) for a certain time (¢,) and then transferred to
denaturing conditions (6.9 M GdmCl, pH 7) to initiate unfolding. Triple exponential
unfolding kinetics are observed at all folding times with rate constants of : A, = (0.224

+0.001) s, A, = (5.36 £0.02)-10? s and A, = (1.50 +0.02) s'. The rate constants of the

unfolding reactions do not depend on the age times (Figure 4-29B).
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Figure 4-29: (A) Refolding of tendamistat variant V36A at 0.6 M GdmCl, pH 7 and 25°C
monitored by an interrupted refolding experiment which allows us to follow the formation of
the native state (® ,® ) and of the native-like intermediate ( ® ). The lines represent a global fit.
The rate constants of the fits are given in Table 10. (B) Rate constants of the slow unfolding
reactions (® ,® ) and the fast unfolding reaction of the native-like intermediate (® ) as a
function of the refolding time.
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Figure 4-29A shows the amplitudes of the three unfolding phases as the function of the
refolding time (#;). The fast unfolding reaction shows similar behavior as observed for
the formation of the native-like intermediate N*."* The two slower unfolding
molecules rise in parallel. All three refolding phases could be fitted with the sum of
two exponentials. Comparison of the apparent rate constants reveals that the fast
increase of the two slow-unfolding molecules are identical within errors, whereas the
slow increase of the two slow-unfolding molecules mirrors the decay of the fast-
unfolding molecules, which is the slow interconversion of N* to the native state during
folding of tendamistat (Table 10). Therefore, we fitted the data globally with a value of
(0.06 +£0.01) s for the interconversion and a rate constant for the fast increase of the
two slow-unfolding molecules of (1.10 £0.05) s (Table 10). The relative amplitudes
of the end values are in good agreement with the results of the direct unfolding kinetics
(Figure 4-27). The same refolding rate constants for the two slow-unfolding molecules,
which are virtually identical to the recovery of the fluorescence signal in direct
refolding (Figure 4-27), reveal that both reflect the formation of native protein.

The refolding experiments clearly revealed that unfolding of N* causes the fast
unfolding rate constant. However, the amplitudes of the decay of N* are significantly

smaller than the amplitudes for the slow increase of the two slow-unfolding molecules.

Table 10: Apparent rate constants (A;) and amplitudes (4;) of V364 folding at 0.6 M GdmCl,
pH 7 and 25°C. Positive amplitudes were assigned to the formation of a species and negative
amplitudes to its decay. The data are from the interrupted refolding assay (Figure 4-29).

Formation of N Formation of N

single fit ~ A; (s7) 1.14 £0.09 1.12 £0.06
Aq (%) 37.6+1.4 35.2+0.8
N CH) 0.60 £0.06
Az (%) 14.8 +0.9
A (s 0.06 +0.02 0.03 +0.01 0.06 £0.01
Az (%) 12.6 +1.4 8.1+0.8 (8.4 +0.9)
SA; (%) 50.2 433 6.4
global fit A (s7) 1.10 £0.05 1.10 £0.05
Aq (%) 39.6 +1.0 34.7+0.9
MG 0.60 +0.10
Az (%) 15.8 1.2
A (s 0.06 +0.01 0.06 +0.01 0.06 £0.01
Az (%) 11.5+1.0 7.9+£0.9 (8.8 +1.2)
SA; (%) 51.1 42.6 7.0
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Double Jump experiments

Native protein and the native-like intermediate have virtual identical fluorescence
amplitudes in tendamistat wild type at pH 2, thus it could not detect with direct
refolding kinetics.'™ Interrupted refolding experiments revealed, however, that the rate
constant for the slow interconversion of the native-like intermediate to the native state
during folding of the tendamistat variant V36A is virtually identical to the slow
refolding rate constant observed by direct kinetic measurements (Table 10; Figure
4-27). This slow phase was originally assumed to be due to the prolyl-isomerization
reaction. To investigate the origin of the slow refolding reaction and to detect possible
populated intermediates during unfolding, we performed double-jump measurements’®

(chapter 1.3.3).
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Figure 4-30: (A) Time course of formation of the fast refolding ( ® ) and of the slow refolding
molecules (® ) of tendamistat variant V36A in 7.0 M GdmCl, pH 7 and 25°C, obtained by
double-jump experiments. The formation of the fast refolding phase occurs with rate constants of
(0.26 +0.01) s and (0.04 +0.01) s'. The slow refolding phase is formed with an apparent rate
constant of (0.058 +0.004) s™'. (B) Rate constants of the fast refolding ( ®) and the slow refolding
reaction ( ® ) as a function of the unfolding time.
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Double-jump experiments allow discrimination between unfolded states that are
populated immediately after unfolding and states produced by slow equilibration
processes in U. An equilibration step following the unfolding reaction would produce a
lag phase in the appearance of the amplitude of the slow refolding reaction. Native
protein is unfolded in 7.0 M GdmCl. After various times of unfolding (z,) the protein is
transferred to strongly native solvent conditions (1.2 M GdmCl), which allows
refolding to occur. Till a delay time 7, of about 4 s™ the refolding traces can well be
fitted with single exponentials with a rate constant of (31.1 £0.1)-10” s". Above 4 s, a
fit with two exponentials is necessary to describe the kinetics with a slower rate
constant of (6.5 +0.2)-10> s (Figure 4-30A). Figure 4-30B shows that the slow phase
are formed more slowly than unfolding occurs, indicating these reactions to be due to
slow folding molecules, which are produced by slow equilibration processes in the
unfolded state. The rate constant of (0.058 +0.004) s is compatible with prolyl
isomerization reactions. By contrast, the fast refolding reaction appears soon after the
molecules have been unfolded with a rate constant of (0.26 +0.1) s and a slower rate
constant of (0.04 £0.01) s, revealing that the fastest refolding pathway represents the
folding of unfolded molecules with all peptide bonds in the native trans state. The slow
rate constant has the same value as observed for the formation of the slow refolding
molecules. Comparison of the fast formation of the fast refolding reaction with the
fluorescence signal in direct unfolding (Figure 4-27) reveals that the main unfolding
phase with a relative amplitude of 49 % is caused by unfolding of the native molecule.

For a better characterization of the mechanism and to accelerate the unfolding reaction,
we performed double-jump experiments at pH 2. The native tendamistat variant V36A
was diluted to a final GAmCI concentration of 7 M at pH 2. After various delay time ¢,
unfolding was interrupted and the protein was allowed to refold at 1.2 M GdmCl at pH
7. In contrast to the double-jump experiments at pH 7, two exponentials are necessary
to fit the kinetic traces at all # with values of: A; = (32.2 £0.2)-10 s and A, = (7.0
+0.2)-10” s (Figure 4-31B). The formation of fast refolding molecules is significantly
accelerated ((13.3 £0.1) s™) and shows a significant delay, which mirrors the formation
of slow refolding molecules, both in amplitude and in the rate constant (Figure 4-31A).
This confirms our previous observation that the slow refolding phase is caused by

prolyl isomerization.
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Figure 4-31: (A) Time course of formation of the fast refolding ( ® ) and of the slow refolding
molecules (® ) of tendamistat variant V36A in 7.0 M GdmClI, pH 2 and 25°C, obtained by
double-jump experiments. The formation of the fast refolding phase occurs with a rate constant
of (13.3 #0.1) s and its decay can be fit with a rate constant of (0.03 20.01) s”'. The slow
refolding phase is formed with an apparent rate constant of (0.037 +0.008) s”. (B) Rate

constants of the fast refolding (®) and the slow refolding reaction (® ) as a function of the
unfolding time.

Folding and stability of the tendamistat variant V36G
To investigate the equilibrium unfolding behavior of V36G, we measured GdmCl-
induced unfolding transitions at 25°C and 45°C at pH 7 (Figure 4-32). The equilibrium

transitions were cooperative with no apparent intermediate.
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Figure 4-32: GdmCl-induced unfolding transition of the tendamistat variant V36G at 25°C ( ® ) and
45°C (O) at pH 7 monitored by ellipticity at 227 nm. Concentration was 10 uM in 100 mM

cacodylic acid. The line represents the analysis assuming the two-state model. The results are given
in Table 11.
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Table 11: Comparison of the Gibbs free energy and the m-value of the tendamistat variant
V36G and tendamistat wild type at 25°C and 45°C at pH 7. The data are results from the
GdmCl-induced unfolding transition states (Figure 4-32). Data for wild type were taken from
Schénbrunner et al.'”.

AG® m
[kJ/mol] [kJ/(mol-M)]

Tendamistat'” -(35.9 £0.1) 5.48 +0.01
V36G, 25°C -(13.6 £1.3) 3.57 £0.34
V36G, 45°C -(4.0+£5.9) 3.62 «1.15

Substitution of Val36 by glycine leads to a destabilization of 22.3 kJ/mol, which is
2.8 kJ/mol less stable than V36A. Increasing the temperature leads to a change in
Gibbs free energy of about 9.6 kJ/mol but no changes in m,, occur (Table 11).

The sum of three exponentials is necessary to fit the refolding and unfolding traces of
V36G at 25°C measured by following the change of the fluorescence signal after
stopped-flow and manual mixing (Figure 4-33). As we pointed out for V36A using
interrupted refolding experiments, the unfolding of native like intermediate probably
causes the fastest unfolding rate constant with relative amplitudes of 7 %. The two
slower rates correspond to 68 % and 25 % of the fluorescence amplitudes (Figure

4-33).
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Figure 4-33: GdmCl-dependence of the apparent rate constants of refolding (circles) and
unfolding (squares) of V36G at 25°C and pH 7. The mean amounts of the relative amplitudes
of the apparent rate constants are indicated. The lines are the results of the fit using parallel
two-state reaction mechanism of the rate constants with the major amplitudes A,.
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Analysis of the rate constants with the major kinetic phase reveals an upward curvature
near the midpoint of the unfolding transition. Assuming parallel pathways, the reaction
with the most native-like transition state will be most sensitive to a reduced stability of
the native-state and thus, a more unfolded-like transition state will become rate-
limiting leading to an upward curvature in Chevron plots.”

For a better characterization of the upward curvature, we measured the folding kinetics
at 45°C which destabilizes the protein and thus should affect parallel pathways (Table
11). Refolding and unfolding traces were well be fitted with the sum of two
exponentials with relative amplitudes of 78 % and 22 % for the refolding and 63 % and
37 % for the unfolding traces (Figure 4-34). The slow unfolding phase has the major
amplitudes and shows clearly an upward curvature between 5 and 6 M GdmClI. No
upward curvature was observed, however, in the fast unfolding phase.

The rate constant of the major phase was fitted using a parallel two-state reaction
mechanism and the results are given in Table 12. The results of the fits reveal a very
native-like transition state (op = 0.98 and 0.91) as rate-limiting step at low denaturant
concentrations. Around 5.5 M (25°C) and 5 M (45°C) GdmCl, respectively, a switch to
a less native-like transition state occurs with ap—values of 0.40 and 0.60 (Figure 4-33,
Figure 4-34). However, the results are not reliable since we do not know the origin of

the third unfolding phase.
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Figure 4-34: GdmCl-dependence of the apparent rate constants of refolding (circles) and
unfolding (squares) of V36G at 45°C and pH 7. The mean amounts of the relative amplitudes
of the apparent rate constants are indicated. The lines are the results of the fit using parallel
two-state reaction mechanism of the rate constants with the major amplitudes A,.
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Table 12: Kinetic and equilibrium parameters of tendamistat variants at pH 7 and 25°C. All data
were resulted from global fit of equilibrium and kinetic data. The microscopic rate constants
were extrapolated to 0 M GdmCl. Data for wild type were taken from Schonbrunner et al.'™

Ky k, my -m, Qp
G s™h (kJ/molM) (kJ/molM) =m;/m,,
25°C TS1 0.01 £0.01 (2 £1)-10° 1.77 £0.23 -(2.64 £0.31) 0.40 £0.09
TS2 2.8 £0.5 (5 +4)-10° 4.32 +0.54 -(0.09 £0.59) 0.98 +0.10

45°C TSI 0.1 0.1 (32)10° 332083  -(2.23+024)  0.60 £0.12
TS2 3.3+0.3 (7+1)102 508032  -(0.47027)  0.91=0.09

Folding and stability of the tendamistat variants E38Q and D39A

The GdmCl-induced unfolding transitions of the tendamistat variants E38Q and D39A
will be discussed in more detail in chapter 4.2.2.3. Both transition states were
cooperative and were fitted assuming a two-state mechanism. The results of the two-

state fits are given in Table 13. Both tendamistat variants are destabilized compared to

wild type with a AAG® of 15.7 kJ/mol (E38Q) and 21.9 kJ/mol (D39A).

Table 13: Comparison of the Gibbs free energy and the m-value of tendamistat and the
tendamistat variants E38Q and D39A at pH 7 and 25°C. The data are results from GdmCl-
induced unfolding transition states assuming the two-state model. Data for wild type were
taken from Schénbrunner et al.'™

AG’ m
[kJ/mol] [kJ/(mol-M)]
Tendamistat'”  -(35.9 £0.1) 5.48 +0.01
E38Q -(20.2 £2.6) 3.52 +0.58
D39A -(14.0 £2.2) 4.12 +0.59

The folding kinetics of E38Q and D39A were measured following the change of
fluorescence signal above 320 nm after excitation at 276 nm. The refolding and
unfolding kinetic traces can well be fitted to a sum of three exponentials as already
observed for V36A and V36G (appendix 9.5). Comparison of refolding of both
proteins reveals a deceleration of the rate constants of the main refolding phase from
about 27 s for E38Q to 3 s for D39A (Figure 4-35). Interestingly, the second rate
constant for E38Q with a relative amplitude of 10 % (A; = 2 s'l) is accelerated
compared to D39A, V36A and V36G, and has nearly the same value as observed for
wild type and the other variants with an apparent two state behaviour (A3 =~ 4 s;

chapter 4.2.2.1).
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Figure 4-35: GdmClI dependence of the apparent rate constants of refolding (circle) and
unfolding (square) of E38Q and D39A at 25°C and pH 7. The mean amounts of the relative
amplitudes of the apparent rate constants are indicated.

Like observed for V36A and V36G, the three unfolding rate constants show similar
denaturant dependences (Figure 4-35). The fastest unfolding rate constant is probably
due to unfolding of native like intermediate as pointed out for V36A.

In Table 14 we compare the relative mean amplitudes and the stability of the four
tendamistat variants V36A, V36G, E38Q and D39A. The fastest unfolding rate
constant, which is due to unfolding of native like intermediate (N*)'"*, has about twice
the amount of relative amplitude for E38Q compared to the other three variants with
about 7 % amplitude. The two most destabilized variants V36G and D39A have the
same relative amplitude of 68 % for the slowest unfolding reaction. In contrast, the
slowest unfolding reaction of the tendamistat variants V36A and E38Q have
amplitudes of 43 and 39 %, whereas the major amplitudes correspond to the faster
unfolding reaction. Interestingly, the ratio of the amplitudes for the two slow phases

correlates with the protein stability.

Table 14: Relative mean amplitudes of the tendamistat variants with three unfolding phases.

AG' (kJ/mol) A, (%) Ay (%)  As (%)
V36A 16 %2 49 +3 43 3 81
V36G 14 1 68 £3 2542 742
E38Q 20 3 45 +2 39 +4 16 +3
D39A 142 68 £6 25 +6 741
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Possible folding mechanism of tendamistat variant V36A

To elucidate the folding mechanism, we combined the results of direct folding kinetics
at various GdmCI concentrations of the variant V36A at pH 7 with the results obtained
from interrupted refolding and double-jump measurements. Figure 4-36 shows the
results of all three measurements. The main question to solve the folding mechanism
was to elucidate the origin of the three unfolding phases. With the interrupted refolding
experiment we could clearly show that the fast unfolding phase with a relative
amplitude of (8 £1) % (Table 14) belongs to the unfolding reaction of the native-like
intermediate N*'"* (Table 10 and Figure 4-29). The interrupted refolding experiment
also revealed that the two slow-unfolding molecules refold into native molecule (Table
10 and Figure 4-29). Since no change of fluorescence signal was observed in the
deadtime of the measurements for all four tendamistat variants with complex unfolding
kinetics (appendix 9.5), we assume that the major refolding phase is caused by
formation of native molecules from the unfolded polypeptide chain without transiently
populated intermediate. Double-jump experiments confirm our previous assumption
that the slow refolding phase belongs to the cis-trans prolyl-isomerization reaction
(Figure 4-30). It also reveals that the major unfolding phase is probably due to the
unfolding reaction of native molecules (Figure 4-30). No transiently populated

intermediate was observed in double-jump experiments.
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Figure 4-36: GdmCl dependence the apparent rate constants of refolding (circles) an unfolding
(squares) of the tendamistat variant V36A at 25°C and pH 7. The results of the interrupted
refolding experiment and double-jump experiment are indicated.
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But what is the origin of the slow unfolding phase with relative amplitude of
(43 £3) %? A possible answer is either it is due to unfolding of native molecules to an
intermediate or unfolding of an intermediate. Three possible pathways exist for folding
with a single intermediate (chapter 1.3.3). Combination of our results of the
tendamistat variant V36A and the observed upward curvature in unfolding of the

variant V36G revealed a possible triangular mechanism:

I
Kiu Kni (4.13)
k
Us—/—=N
NU

If kyn >> kyur at low GdmCI concentration, then only the reaction U = N will be

observed. For the unfolding reaction, two possible cases exist:

a) k >> knu > kni @ both reactions, N = U and N = I will be observed, followed by
a fast interconversion of the intermediate to the unfolded polypeptide chain.

b) ki and kv >> knu > kpu @ the interconversion of native molecules and the
intermediate is very fast compared to unfolding of N and I.

With both mechanisms we can explain the results of the kinetic data. However, up to

now we cannot fit the data to one of the possible models. Thus, further investigations

are necessary to solve the folding mechanism of all four proteins, which show complex

unfolding kinetics.
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4.2.2.3 Influence of Surface-Exposed Charges on the Stability of Tendamistat

Proteins are stabilized primarily by noncovalent interactions, such as hydrophobic, van
der Waals, coulombic and hydrogen bonded interactions. There is a multitude of
interactions, but all of them are weak. They must balance the loss of interactions with
the aqueous solvent and must compensate for the enormous decrease in chain entropy
upon folding. Thus, most proteins are only marginally stable. The dissection of the
overall protein stability into individual components remains difficult, because
interactions in proteins are often cooperative and thus any partitioning is

26,246

ambiguous. Rather than focusing on the contributions of certain types of

interactions, it is more straightforward to concentrate on the contributions of individual
residues or residue types to stability.**’

The contributions of charged residues to protein stability are thought to be small, but
there is a broad agreement between experimentalists and theoreticians that surface-
exposed charged residues can be important for the stability of proteins.******* In
tendamistat, the surface-exposed C-terminal B-hairpin between the amino acids 37 and
40 is formed of primarily acidic amino acids like aspartic acid and glutamic acid
(Figure 4-37). In contrast, the opposite turn between the amino acids 58 and 68
consists basic amino acids like arginine and histidine residues (Figure 4-14). To
elucidate the influence of the acidic amino acids of the C-terminal f-hairpin on the
total stability of tendamistat, we measured the stability of five loading variants: E38Q,

D39N, D39A, D40N and E42Q.

Figure 4-37: Schematic drawing of the structure of tendamistat. The disulfide bonds between
Cysl1-Cys27 and Cys45-Cys73 and the residues Glu38, Asp39, Asp40 and Glu42 are shown as
ball-and-stick models. The figure was generated using MOLMOL"”.
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Effect of acidic amino acid replacements on stability of tendamistat

The carboxylate group of Glu38, Asp39, Asp40 and Glu42 were substituted into an
amide group to destroy the surface salt bridges. Additionally, Asp40 was substituted
with an alanine. To obtain the stability of the tendamistat variants we measured the

GdmCl-induced unfolding transitions at 25°C and pH 7.0 (Figure 4-38).
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Figure 4-38: GdmCl-induced unfolding transition of the tendamistat variants E38Q, D39A,
D39N, D40N and E42Q at pH 7 and 25°C monitored by ellipticity at 227 nm. Concentration
was 10 uM in 100 mM cacodylic acid. The solid lines represent the analysis assuming the two-
state model. The results are given in Table 15. The dotted line is the fit for the variant D39N
assuming a three state model. The result is described in the text. Data for the fit of wild type
was taken from Schonbrunner et al. '’

The equilibrium unfolding transitions were cooperative without any apparent
intermediate states and the data were fitted assuming a two-state mechanism except for
the variant D39N (Figure 4-38). The results of the two-state fits are given in Table 15.
The equilibrium unfolding transition of D39N could not be fitted well with a two-state
mechanism (Figure 4-38). Thus, it was fitted assuming a three-state mechanism (Figure
4-38). The Gibbs free energy for the formation of an intermediate is AG’ (U—1) = -
(16.8 £13.4) kJ/mol and with m (U—1I) =(6.64 £6.52) kJ/(mol-M). The interconversion
of the intermediate to the native state is accompanied by a Gibbs free energy AG®
(I==N) of -(23.2 £12.8) kJ/mol and a m-value of (4.40 +1.98) kJ/(mol-M). The results
are accompanied by large errors due to the less well-defined denaturant dependent
baseline of the intermediate state. Re-measuring the equilibrium unfolding transition
with significant more data points would provide a better insight into a possible

population of an intermediate.
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Table 15: Comparison of the Gibbs free energy and the m-value of tendamistat and the
tendamistat variants E38Q, D39A, D39N, D40N and E42Q at pH 7 and 25°C. The data are
results from GdmCl-induced unfolding transition states assuming the two-state model. Data for
wild type were taken from Schénbrunner et al.'™

AG® m AAG® My, / Mygriang
[kJ/mol] [kJ/(mol-M)] [kJ/mol]

Tendamistat'”  -(35.9 £0.1) 5.48 +0.01 - -

E38Q -(20.2 £2.6) 3.52 +0.58 15.7 £2.7 0.64
D39N -(12.5 £1.9) 2.26 +0.48 23.4 2.0 0.41
D39A -(14.0 £2.2) 4.12 +0.59 21923 0.75
D40N -(22.7 £1.8) 3.55 +0.37 13.2x19 0.65
E42Q -(24.6 £1.2) 4.27 £0.24 11.3x1.3 0.78

The replacements of the acidic amino acids in the C-terminal f-turn significantly
reduce the protein stability at all four positions (Table 15). The replacing of the
carboxyl group with an amide group of the residues Glu38, Asp40 and Glu42
destabilizes the protein of about 11 - 16 kJ/mol. In contrast, the replacing and
removing of the carboxyl group of the residue Asp39 destabilize the protein
significantly compared to wild type.

For all variants a significantly decrease of the m-value are observed (Table 15). For the
variants E38Q, D39A, D40N and E42Q the m-value decreases between 64 and 78 %.
The significant low m-value for D39N could also be an indication that the two-state
model is not valid to analyze the GdmCl-induced unfolding transition. An increase or
decrease in the m-value reflects a change in the compactness of the folded and/or
unfolded structure due to the proportionality of the m, -values to the change in solvent
accessible surface area (ASA) upon unfolding of the protein.” The substitution of the
carboxylate group decreases therefore the change in ASA. The reducing of the overall

net charge of the native protein leads to a more compact structure.

Study of possible salt bridges of surface-exposed charges in tendamistat

To search for possible salt bridges, mean distances between the acidic amino acids
Glu38, Asp39, Asp40, Glu42 and basic amino acids in the protein were determined
using the program MOLMOL'"*. The atomic coordinates of tendamistat were obtained
from the Brookhaven Protein Databank.'°®'®® The three-dimensional structure of
tendamistat was determined by NMR spectroscopy in aqueous solution'®® and by X-ray

crystallography in single crystals'®. There is a very good agreement between
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coordinates determined by these two methods with only subtle differences in the
degree of disorder for residues near the solvent-exposed surface of the protein.'® Near
the protein surface areas the solution structure appears more disordered than the crystal
structure.

To obtain possible salt bridges, the distances between the oxygen atoms of the
carboxyl group of the acidic amino acids and the nitrogen atoms of basic amino acids
were calculated. The calculations were done for the structure obtained by X-ray'®® and
the different solution structures obtained by NMR spectroscopy'®®. The nine solution
structures differ slightly in the orientation of the side chains. The relevant distances
resulting of this study are reported in Table 16. Distances between oppositely charged
groups shorter than 4 A are converted into stabilizing salt-bridges in Figure 4-39.

Table 16: Distances (A, smaller than 4 A) between the oxygen atoms of the carboxyl groups of
the acidic amino acids Glu38, Asp39, Asp40 and Glu42 and the nitrogen atoms of the basic
amino acids Arg 68, His64 and Lys34.

acidic basic amino acids

amino acid X-ray Distance [A] NMR Distance [A]
Glu38 - - Arg68  2.49 —4.00 (6)'
Asp39 His64 2.87 His64 2.49-3.26(7)!
Asp40 Arg68 2.97-3.06 -- --
Glu42 Lys34 2.83 Lys34 2.68 -3.85 (3)'

"' In brackets are the numbers of structures with a distance smaller than 4 A.

Figure 4-39: Schematic drawing of the structure of tendamistat based on the (A) X-ray'® and
(B) NMR'® data, respectively. The residues Glu38, Asp39, Asp40, Glu42, Lys34, His64 and
Arg68 and the backbone carbonyl oxygen of Arg72 are shown as ball-and-stick models. The
possible salt bridges and H-bonds, respectively, are indicated as dotted lines. The figure was
generated using MOLMOL'*,
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From comparison of the results of the distances found in the solution and crystal
structure can be concluded that a surface salt bridge is formed between the Asp39 and
His64 (Table 16 and Figure 4-39). The longest distance between the carbonyl group of
Asp39 and the nitrogen atom N81 of the imidazole side chain of His64 are 4.77 A.

In the X-ray structure, a salt bridge is formed between Arg68 and Asp40 (Figure
4-39A), whereas these interactions are not found in the solution structure measured by
NMR spectroscopy (Table 16). The distance between Arg68 and Glu38 are
significantly smaller in solution than between Arg68 and Glu38 (Table 16 and Figure
4-39B). The distances between Arg68 and Glu38 found in X-ray structure is 4.30 A.
The question arose of a possible salt bridge triad between Glu38-Arg68-Asp40 with
the guanido group of Arg68 switching between the two carboxyl groups. However,
uncertainties and artifacts of the measurements could explain the difference.

Small distances between Glu42 and Lys34 are found in the structure solved by X-ray
diffraction and in three of the nine NMR structures (Table 16 and Figure 4-39A). In the
other six solution structures a H-bond was found between one of the hydrogen bonds
of the methylene group of Lys34 and the backbone carbonyl oxygen of Arg72 with a
distance of 1.69 A and an angle of 160.4° (Figure 4-39B).

Stabilization effect of surface-exposed charges in tendamistat
The contribution of electrostatic interactions to protein stability has been controversial

since it was first proposed by Perutz & Raidt in 1975.%>

It has been argued that
solvent-exposed ion pairs do not stabilize proteins because of the large desolvation
penalty and entropic cost of fixing two charged side-chains.>* However, there is
growing evidence to support the role of electrostatic interactions in the thermostability
of proteins, 247249:251.252.254.255
Analyses of thermophilic proteins revealed more charged residues at their surfaces than
their mesophilic homologues.**® This renewed the interest in ion pairs at the protein
surface. Various mutational and theoretical analyses support the influence of surface-
exposed charged residues to protein stability,**%2202>4277-261

A simplistic approach to determine the contributions of the surfaced-exposed charged
residues to protein stability is to determine distances in protein structures shorter than a
certain cut-off and translate them into stabilizing ion pairs. However, interactions
between charges of opposite sign are, in general, not very effective since the enthalpic

gain is balanced with a loss of entropy due to mobility restrictions in the side chains.*
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In fact, the surface charges in thermophilic proteins are apparently arranged as ion
networks rather than as isolated ion pairs. This finding is expected due to the long-
range nature of Coulombic interactions and the high mobility of charged groups at the
protein surface””. In this ion networks the ion charges are optimally placed to improve
the overall electrostatic interactions.

In tendamistat, the analysis of distances of the surface-exposed acidic amino acids of
the C-terminal B-hairpin revealed a possible salt bridge triad between Glu38, Arg68
and Asp39. Such an ion-network can have a stabilizing effect on the stability of
tendamistat. Indeed, substitutions of the carboxyl group with an amide group of the
two acidic amino acids have the same destabilizing effect on the protein. A similar
decrease in protein stability was observed for E42Q. Here, the possible salt-bridge
partner Lys34 is able to form a H-bond with the backbone carbonyl oxygen of Arg72
and can thus compensate the loss of the salt-bridge with Asp42. The strongest
stabilizing effect has Asp39, which make strong interaction with His64 found in all
structures.

To further elucidate the contribution of the single acidic amino acids to the stability of
tendamistat, determination of the protein stability with variation of pH, salt

concentrations and temperature would be useful.

Effect of replacement of the acidic amino acids Glu38 and Asp39 on the folding
kinetics of tendamistat

The folding kinetics of the tendamistat variants E38Q and D39A were measured at
25°C and pH 7. The refolding kinetic traces can well be fitted to a sum of three
exponentials as for wild type (appendix 9.5). As previously shown for wild type**'”,
the two slow components with an amount of approximate 8 % and 6 % of the
fluorescence amplitudes are due to non-prolyl and prolyl isomerization, respectively
(appendix 9.5). In contrast to wild type, a sum of three exponential functions is needed
to describe the unfolding kinetic traces (appendix 9.5). This additional unfolding phase
was also observed for the unfolding kinetics for the tendamistat variants V36A and
V36G and will be discussed in detail in chapter 4.2.2.2. On the following, we will
focus our analysis of the refolding data on the main refolding phase, which correspond
to folding of the unfolding molecule with all native prolyl and non-prolyl peptide bond
isomers (Figure 4-40).
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Comparison of the kinetic data reveals a deceleration of the refolding rates for E38Q
and D39A compared to wild type (Figure 4-40). The apparent rate constant, A, at 1 M
GdmCl decrease from 15.4 s for wild type'” upon replacement of the carboxyl group
with an amide group at position 38 to (7.7 £0.2) 5. Refolding of the variant D39A is
significantly decelerated with A = (0.69 +£0.02) s”'. Removing of the carboxyl group
seems to have a much stronger effect on the refolding rates than replacing with an
amide group. However, as discussed above, analysis of the equilibrium transition of the
variant D39N reveals also a strong destabilizing effect (Figure 4-38). The strong
influence of the removing of the surface exposed carboxyl group on the refolding rate
could be an indication of an early formation of the interaction between Asp39 and
His64 (Figure 4-39) during folding of tendamistat. The replacement of the carboxyl
group in Glu38 has less effect on the refolding rates of tendamistat. This may be due to
a compensating effect of formation of the salt bridge by Asp40 in the possible salt
bridge triad Glu38-Arg68-Asp40 (Figure 4-39 and Table 16). The decelerations of the
refolding rate combined with a decrease in stability are an indication of an early
formation of the C-terminal B-hairpin. However, the origin of the additional unfolding
phase is still not solved and thus, the exact folding mechanism of these variants are still
unknown.

A careful investigation of the folding mechanism of all five salt-deficient variants
under various conditions such as variation of pH and salt concentrations would provide
a more detailed insight into the influence of the surface-exposed charges on folding of

tendamistat.

In (/s

GdmClI [M]

Figure 4-40: GdmCl-dependence of the refolding rates of the tendamistat variants E38Q (O)
and D39A (O) at pH 7 and 25°C. Only the rate constant with the major amplitude is plotted.
The solid line represent the fit of tendamistat wild type taken from Schonbrunner et al.'”.
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4.2.3 Effect of Sodium Sulfate on the Folding Reaction of the
Tendamistat Variants L14A and N25A

Stabilization of proteins upon addition of salts was first described in 1888, when
Hofmeister studied the precipitation of proteins from whole egg white by various

262

salts.” He found the regular series of anions and cations that bears his name. One of

the salts, where the stabilization effect is described in detail, is sodium sulfate.”*****
The stabilization of folded states in proteins with sodium sulfate is mainly due to two

mechanism.*®

The first mechanism is reduction of the net positive charge on proteins
by specific anion binding to shield the charge repulsion. However, the most important
mechanism is the effect of sodium sulfate on water, which enhances hydrophobic
interactions and stabilize the native structure of proteins.

The denaturant dependence of the folding rate constant of tendamistat shows a
pronounced curvature in the presence of sodium sulfate at low denaturant
concentrations without evidence of intermediates.*®® The curvature is unlikely to be an
unspecific effect of the salt due to the observation of linear Chevron plots in the
presence of sodium sulfate described in literature.'' %752

To further investigate the effect of sodium sulfate on tendamistat folding, the stability
and folding of the tendamistat variants L14A and N25A were studied in the presence
of sodium sulfate at pH 7 and 25°C. L14A and N25A are the two most destabilized
tendamistat variants with intact disulfide bridges (chapter 4.2.2.1). The folding kinetics
at various temperatures of both proteins have been analyzed in detail and no deviation
of the linear denaturant concentrations dependence of the rate constants could be

observed (chapter 3.1). In addition, the effect of sodium sulfate on the folding rates

was compared with tendamistat and the proline free variant.

Effect of sodium sulfate on folding and stability of N25A

The effect of sodium sulfate on stability and folding of N25A was measured at 4
different concentrations of sodium sulfate: 0.125, 0.25, 0.35 and 0.45 M. The addition
of sodium sulfate leads to a shift of the GdmCl-induced unfolding transition midpoints
from 2.0 M GdmCl in the absence of salt to 3.1 M GdmCl upon addition of 0.45 M
sodium sulfate (Figure 4-41). The addition of 0.45 M sodium sulfate stabilizes the
protein for a AAG® of 5.6 kJ/mol (Table 17), which is only halve of the stabilization

effect as observed for L14A (Table 18). The mes-values decrease upon addition of
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sodium sulfate for about 1 kJ/(mol-M) (Table 17). This is in contrast to the effect of
sodium sulfate on L14A, where an increase of the change in ASA is observed (Figure
4-43, Table 18).

Analysis of the kinetic data of the main refolding and unfolding phases, which
correspond to folding and unfolding with all native prolyl and non-prolyl bonds
isomers,*!'”'™ reveals linear Chevron plots as expected for a two-state folding
reaction (Figure 4-41). Addition of sodium sulfate leads to an increase of the folding
rate constants and a deceleration of the unfolding reaction is observed (Figure 4-41).
The equilibrium and kinetic data are fitted globally using a two-state model and the

results are given in Table 17.

fraction native

In(n/s™)

GdmClI [M]

Figure 4-41: GdmCl-induced unfolding transition and GdmCl-dependence of the refolding and
unfolding rates of the tendamistat variant N25A at pH 7 and 25°C in the absence (® ) and in
the presence of 0.125(® ), 0.25(® ), 0.35 () and of 0.45 M ( ® ) sodium sulfate. The GdmClI-
induced unfolding transition was monitored by ellipticity at 227 nm with a concentration of 10
uM in 100 mM cacodylic acid. The lines represents the global analysis of kinetic and
equilibrium data assuming the two-state model.
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Table 17: Kinetic and equilibrium parameters of the tendamistat variant N25A at different
sodium sulfate concentrations. All data are results from the global fit of equilibrium and kinetic

data.
Na,SO, Kk, Kk, AG' m; m, m,, op
M) () ) &kJ/mol)  (kJ/moIM)  (kJ/moIM) (kJ/molM)  =m,/m,,
0 11.1+04 (7.6 £0.6)-10% -12.35+0.10  5.08 +0.08 1.07 +0.14 6.15 +0.07 0.83 +0.02

0.125 13.1£0.6 (52405107 -13.55+0.11  4.78 +0.07 1.17 £0.14  5.95+0.07  0.80 +0.02
0.25 148 0.4 (3.0+0.3)10% -15.1940.16  4.13 +0.05 1.34 +0.10  5.47+0.05  0.76 +0.02
0.35 227409 (2.6+0.3)10% -16.40+0.11  4.13 +0.05 1.29+0.09 543 +0.04 0.76 +0.01
0.45 33.0+1.5 (5.2+0.510% -18.05+0.45  4.10 £0.07 1.37£0.16  5.47+0.09  0.75 +0.02

Figure 4-42 shows the effect of increasing stability upon addition of sodium sulfate on
ap and on the m-values. With increasing sodium sulfate concentration the ap-values
decrease till it reach a value of about 0.76 and becomes salt-independent above 0.25 M
sodium sulfate (Figure 4-42A and C, Table 17). Analysis of the m-values reveals that
increasing the sodium sulfate concentration till 0.25 M m,, and m, decreases, whereas
m, increases with increasing protein stability (Figure 4-42B and C). Above 0.25 M
sodium sulfate, m.,, my and m, do not change significantly (Figure 4-42B and C).
Comparison with the results of the structure-denaturant perturbation (chapter 4.2.2.1)
reveals that a change of the rate-limiting step occurs due to the stronger stabilization of
the late transition state compared to the early transition barrier upon addition of sodium
sulfate (Figure 4-42C and D). The change in op upon stabilization of the protein is in
accordance with our previous assumption that N25A folds with the late-transition state
as the rate-limiting step.

The effect of sodium sulfate on protein stability cannot be analyzed using rate-
equilibrium free energy relationships due to the involvement of bimolecular

interactions.”®’
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Figure 4-42: (A, B) Effect of AG° on ap and on m, (@), m; (M) and m, (®) for N25A in the
absence and the presence of various sodium sulfate concentrations. The data are taken from
global fits of the equilibrium and kinetic data. (C, D) Comparison of the effect of AG° on op
and on my, (circles), my (squares) and m, (diamonds) for the structure-denaturant perturbation
on the early transition state (open symbols) and on the late transition state (filled symbols) and
for the perturbation with sodium sulfate and denaturant (red symbols).

Effect of sodium sulfate on folding and stability of L14A
Figure 4-43 shows the GdmCl-induced unfolding transitions of L14A in the absence
and presence of 0.5 M sodium sulfate. A shift of the transition midpoint from 2.8 M to

3.6 M GdmCl occurs upon addition of salt. The data were fitted assuming a two-state

mechanism (Table 18).
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Figure 4-43: GdmCl-induced unfolding transition of the tendamistat variant LI4A at pH 7 and
25°C in the absence (O) and in the presence (® ) of 0.5 M sodium sulfate monitored by
ellipticity at 227 nm. Concentration was 10 uM in 100 mM cacodylic acid. The line represents
the analysis assuming the two-state model. The results are given in Table 18.
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Table 18: Comparison of the Gibbs free energy and the m-value of the tendamistat variant LI4A
at pH 7 and 25°C in the presence and absence of sodium sulfate. The data are results from
GdmCl-induced unfolding transition states.

Na,SO,[M] AG’[kJ/mol] m,, [kJ/(mol-M)]

(14.4 +1.0) 4.85+0.03
0.5 (22.1 £0.8) 6.00 +0.48

The addition of 0.5 M sodium sulfate stabilize the protein with a AAG® = 7.7 kJ/mol
and increase the m, -value for about 1 kJ/(moIM) (Table 18). Due to the proportionality
of the m,-values to the change in solvent accessible surface area (ASA) upon
unfolding of the protein,” an increase or decrease in the m,-value reflect a change in
the compactness of the folded and/or unfolded structure. The change in AASA caused
by the addition of sodium sulfate is most likely due to changes of the unfolded state.
The refolding kinetics of L14A were measured following the change of the CD (Figure
4-44B) and fluorescence (Figure 4-44C, D) signal, respectively. The change in the
fluorescence signal was measured by a 11-fold (Figure 4-44C) and 26-fold (Figure
4-44D) dilution, respectively, of unfolded protein into various GdmCI concentrations.
The unfolding kinetics were measured only by monitoring the change of fluorescence
signal by a 11-fold dilution of native protein. The unfolding kinetic traces can well be
fitted to a sum of two exponential and the refolding ones to the sum of three
exponentials, as in the absence of sodium sulfate (chapter 4.2.2.1, Appendix 9.4). On
the following, we will focus our analysis of the kinetic data on the main refolding and
unfolding phase, which corresponds to folding with all native prolyl and non-prolyl
peptide bond isomers (Figure 4-44).

Upon addition of 0.5 M sodium sulfate to the folding conditions a significant curvature
is observed at low denaturant concentration (Figure 4-44A). This leads to nearly
identical folding rates as in the absence of sodium sulfate (Table 19). In a number of
proteins the addition of sodium sulfate was found to increase the population of

transient folding intermediates >¢*°%-265270

This is commonly correlated with a large
fluorescence change in the deadtime of refolding. The initial values for both
spectroscopic probes (Figure 4-44 B, C, D) do not show any burst phase at low
denaturant concentrations and thus argue against a populated intermediate or collapsed
state. These data support a three-state model with a high-energy intermediate for

folding of L14A in the presence of sodium sulfate (Figure 4-44A).
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Figure 4-44: GdmCl dependence of folding of LI4A at 25°C and pH 7 in the presence of 0.5 M
sodium sulfate. (A) Apparent rate constant of refolding and unfolding. Only the rate constant
with the major amplitude is plotted. The black line represents non-linear least-squares fits of
the data according to the three-state model with a metastable intermediate. The result of the fit
is given in Table 19. The red and blue lines represent the GdmCl-dependence of folding
kinetics for folding limited by the early transition state (red) and late transition state (blue),
respectively. The dashed line represent the fit of LI4A in the absence of sodium sulfate. (B),
(C), (D) Final (® ) and initial values (O), respectively for the refolding kinetics. The kinetics
was measured monitoring the change in ellipticity (D) and the change in fluorescence after
initiation by 11-fold (B) and 26-fold (C) dilution, respectively, of unfolded protein into various
denaturant concentrations.

Table 19: Kinetic parameters for the tendamistat variant LI4A with and without sodium sulfate

m; m, K, k, Qp

[kJ/(mol-M)]  [kJ/(molM)]  [s] [s™]

0.5 M Na,SO,
early TS 0.55+0.26  «(54520.12) 50+2  (7+2)-10°  0.09 +0.05
late TS 483043  «(1.170.05) 463+93 (63 7)10°  0.80 +0.14

0 M Na,SO, 3.98 £0.04 -(0.87 +0.07) 49+1 (146 £7)-10°  0.82 +£0.01
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The GdmCl-dependence of the observed rate constants and the GdmCl-induced
unfolding transition were fitted globally and the results are given in Table 19. The
results reveal that the solvent accessibility of the late transition state in the presence of
0.5 M sodium sulfate with o, = 0.80 is nearly identical to the a,-value (= 0.82) of the
transition state in the absence of sodium sulfate. The solvent accessibility of the early
transition state (o, = 0.09) is significantly low indicating an unfolded-like transition
state. The fit yields identical k, —values in the presence and absence of sodium sulfate

and thus the same activation free energy for folding, AG?.I , with about 36 kJ/mol using

a pre-exponential factor of 10* s (Figure 4-35 and Table 19). The early transition state
is 5.5 kJ/mol higher in free energy than the late transition state. At 1.3 M GdmCl
concentration, the two barriers have identical free energies and the rate-limiting barrier
changes from the early transition state to the late transition state.

The very low ay,-value arise the question after the origin of the curvature. Is it due to a
change of the rate-limiting step or has it another origin? To answer this question we

compared the effect of sodium sulfate on tendamistat folding.

Effect of sodium sulfate on the refolding reaction

Comparison of the effect of sodium sulfate on the refolding rates of tendamistat wild

265 265

, the proline free variant™ and L14A reveals nearly identical ks values in the

type
range from 44 to 50 s™' at zero denaturant (Figure 4-45). Thus, the activation free

energy for folding, AG?*, is about 36 kJ/mol using a pre-exponential factor of 10° s

All three proteins show a significant curvature nearly in the same range. In contrast,
N25A shows a perfectly linear refolding branch with a & of 33 s upon addition of
0.45 M sodium sulfate.
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Figure 4-45: Comparison of the apparent rate constant of refolding at pH 7.0 and 25°C for
tendamistat wild type (black), for a proline-free variant (green) and for L14A (red) in the
presence of 0.5 M Na;SO, and for N25A4 (blue) in the presence of 0.45 M Na,SO,. Only the rate
constant with the major amplitude is plotted. The dashed line represent the maximum refolding
rate of A = 50 s™'. The data for tendamistat wild type and the proline-free variant was from
ref 2%

What is the origin of the non-linear GdmCI dependence of the folding rate constants in
the presence of sodium sulfate? None of the proteins show a burst phase and the

265 Dye to the

curvature is identical over a wide pH-range but temperature-dependent.
linear Chevron plots for N25A it is unlikely an unspecific effect of sodium sulfate.

The rate of folding of tendamistat seems to be limited upon addition of sodium sulfate
with a maximal folding rate of about 20 ms. Analysis of the effect of point mutation on
folding revealed that only the tendamistat variant L44A folds faster than wild type with
a rate of about 10 ms (chapter 4.2.2.1). Folding of tendamistat seems to be limited by
intrinsic dynamic. This could be due to the two disulfide bonds, which reduce
conformational freedom.

Further investigations are necessary to understand the influence of sodium sulfate and

to elucidate the origin of the folding limit in tendamistat.
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Materials and Methods

Isolation and purification of tendamistat variants
Tendamistat variants were expressed in Streptomyces lividans and purified as

described by Haas-Lauterbach et al.**

The plasmids are gifts from Prof. Dr. Joachim
W. Engels and Dr. Huseyin Aygun. The mass was confirmed by electrospray
ionization mass spectroscopy. The molecular masses for the mutated proteins are:
Tendamistat wild type, 7961; S10M, 8005; L14A, 7919; L14V, 7947; R19L, 7918;
S21A, 7945; S21G, 7931; N25A, 7918; V31A, 7933; T32A, 7931; V36A, 7933;
V36G, 7919; E38Q, 7960; D39A, 7917; D39N, 7960; D40N, 7960; E42Q, 7960;
L44A, 7919; 161M, 7979. Protein concentration was determined by UV absorption

measurements using an absorption coefficient Ay = 1.61 for tendamistat wild type

and mutated proteins.'®

Spectroscopic Techniques

Fluorescence spectra were recorded on a Aminco-Bowman fluorimeter with a
thermostated cell holder and magnetic stirrer. The excitation wavelength was 276 nm.
Protein concentrations were 5 uM in 10 mM KP, at pH 7.

CD spectra were recorded in an Aviv 62A DS spectropolarimeter. Protein
concentrations were 20 uM in 10 mM KP, at pH 7. The ellipticity was measured in a

thermostatted 1 mm cell.

Equilibrium unfolding transitions

The GdmCl-induced equilibrium transitions were monitored by the change in
ellipticity at 227 nm in an Aviv 62A DS spectropolarimeter. Protein concentrations
were 10 uM in 100 mM cacodylic acid. Samples were incubated for at least two hours
before measurements. The ellipticity was measured in a thermostatted 1 cm cell.

The data were fit based on the two-state model and a linear dependence of the free
energy of folding on the GdmCI concentration following the procedure described by

131

Santoro & Bolen.”" This yields the free energy in the absence of denaturant (AG%ZO)

and the associated m-value.
Kinetic measurements
Fast refolding and unfolding kinetics were measured in an Applied Photophysics

SX.18MV or x*-180 stopped-flow instrument. The change in fluorescence above

320 nm after excitation at 276 nm and the change in ellipticity at 227 nm, respectively,
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were monitored. Unfolding or refolding was initiated by 11- and 26-fold dilution,
respectively, of native or unfolded protein into various denaturant concentrations. Slow
reactions were additionally measured by manual mixing and monitored by the change
in fluorescence at 340 nm after excitation at 276 nm in an Aminco-Bowman
Fluorimeter. Under conditions where the reactions could be measured by manual-
mixing and by stopped-flow mixing, both methods gave identical rate constants. The
final protein concentration for fluorescence and CD measurements were 3.8 and

10 uM, respectively.

Interrupted refolding experiments

The formation of native protein during refolding was monitored by stopped-flow
interrupted refolding experiments at 25°C as described.'*"'** Unfolded protein at 3.6 M
GdmCl in 10 mM glycine (pH 2) was diluted sixfold into final conditions of 0.6 M
GdmCl, 100 mM cacodylic acid (pH 7) to initiate refolding. After various time (t,),
refolding was interrupted by transferring the solution into final conditions of 6.9 M
GdmCl, 100 mM cacodylic acid (pH 7), and the resulting unfolding kinetic was
monitored. Under these conditions tendamistat unfolds with three rate constants. The
amplitude of these unfolding reactions were used as a measure for the amount of native

protein that was present after the time t; when refolding was interrupted.

Double jump measurements

The formation of the refolding phases of tendamistat at pH 7 and pH 2 were followed
by double jump experiments.”® Tendamistat in 1 M GdmCl, 100 mM cacodylic acid
(pH 7), was first unfolded in 8.2 M GdmCl, 100 mM cacodylic acid (pH 7) to yield a
final GdmCI concentration of 7.0 M. After various times of unfolding the solution was
diluted sixfold into final refolding conditions of 1.2 M GdmCl, 100 mM cacodylic acid
(pH 7), and the resulting refolding kinetics were monitored.

Analogously, double jump at pH 2 was measured. Therefore, tendamistat in 1 M
GdmCl, 5 mM cacodylic acid (pH 7), was diluted sixfold into 8.2 M GdmCl, 10 mM
glycine (pH 1.65) to a final GdmCI concentration of 7 M to a pH 2. After various times
t,, unfolding was interrupted by a second sixfold mixing step into refolding conditions

of 100 mM cacodylic acid (pH 7) to a final concentration of 1.2 M GdmCl (pH 7).
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Analysis of the kinetic data
The free energies of activation for folding (AG?*) and unfolding (AG)") were

calculated using transition state theory:*”'

k _ k _e_AGOi/RT (4.14)
(]

where the pre-exponential factor, k, represents the maximum rate constant for protein
folding in the absence of free energy barriers. This value was measured to be in the
order of 10’-10* s'.** A value of 10° s was used. The pre-exponential factor was
assumed to be temperature independent and does not change upon mutation.

The GdmCI dependence of the apparent rate constant (A) for folding/unfolding was

analyzed by using the two-state model with:

K 4.15
PRI (4.15)

kU
h=k, vk, (4.16)
(4.17)

m.
Ink, =Ink™° - —L(denaturant
Fu fa TRT [ 1

For the sequential three-state model with high-energy intermediate the apparent rate

constant was analyzed according to following equation:'"

kIU |'(NI
_B++/B*—4C (4.19)
)“1,2 = 2
with
B=—(ky +kyy +ky+ky) (4.20)

C=ky (ky +ky)+ky ky,
The stability of the high-energy intermediate I cannot be determined, since it does not
become populated, but the difference in free energy between both transition states
(AGys, ;) can be obtained. Therefore, the fitting of the data to the analytical solutions
of the three-state model (equation (4.20)) allows the determination of k,, and k,, and
their denaturant dependencies m,, and m,;,, respectively. Only the ratios k,/k,, and m,,-
m,, are defined, which have to be used for data fitting.""” Thus, k; and k, for the first

transition state is given by:
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-AGF(TS1)
k,(TS1) =k, = ke Vi 421
m ,(TS1) = my, '

-1 21
ku(TSI) = %klu = kN[(lliﬂ) = ku(TSZ)(kﬂ)

IN 1U klU

(4.22)

m, (TS1) =m,;, —m, +my,

In analogy, k; and k, for the second transition state can be expressed as:

k,(TS2) = @km = kyy K _ kf(TSDkﬂ

kIU klU kIU (4‘23)
m (IS2) = my, +my, —my,

_ACE
k,(TS2) = ky, = koe Y

m, (TS2) = m,, (2

Global analysis of kinetic and equilibrium data
For two-state folding the equilibrium constant (K) represents the ratio of the folding
(k) and unfolding (k,) rate constants (K=k/k,). Comparison with equations (4.14),
(4.17) and the relationship of the equilibrium constant (K) and the Gibbs free energy
(AG’ =-RT InK) reveals at constant GdmCl concentration:
AG, = AGY - AG? (4.25)
m,, =m;—m,

These relationships were used for global fitting of the GdmCl dependence of

equilibrium and kinetic data.

Determination of self- and cross-interaction parameters

A way to analyze the properties of the transition barriers is to measure the changes in
activation free energy (AG¥) and in equilibrium free energy (AG®) between the
unfolded state and the native state upon addition of a perturbation dx.'">"'*** To
quantify the rate-equilibrium free energy relationships (REFERs) a proportionality
constant can be defined:'**

o - OAG™ | ox (4.26)
Y AG’ /ax
a, 1s commonly used to obtain information on the structural properties of the transition

state and it is a measure for the position of the transition state along the reaction
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coordinate investigated by dx. The range of a, is normally from O for an unfolded-like
transition state to 1 for a native-like transition state.

To systematic analyze a shift in the position of the transition state along the reaction
coordinate due to changes in equilibrium free energy upon addition of denaturant, the
self-interaction parameter p,, was used.'*®

da,  IAGY (4.27)

o= 9nG) (9AG)

A positive pp-value indicates a movement of the transition state to the destabilized
state according to Hammond or a change in the rate-limiting step, whereas anti-
Hammond behaviour or parallel pathways could cause a negative value.'”

To improve the sensitivity in the detection of transition state movements we analyzed
the position of the transition state along the denaturant-induced reaction coordinate

under different AG® caused by a second perturbation, such as structural changes: '**

Ja,, I’ AGY Jag 0Py (4.28)
Pps = 0= oY 0\ 0= .0 = Psp
AGS  (MGY)AG)) MGy NG

Hammond behaviour and ground state effects will yield positive p,¢-values. Negative
Pps-values indicate anti-Hammond behaviour or parallel pathways. To distinguish

between these effects it is necessary to also determine the effect of AG) on the kinetic

and equilibrium m-values.
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5. Summary

The goal of this work was to improve our understanding of the properties of the free
energy barriers in protein folding. We used the small all-B-sheet protein tendamistat as
a model protein. Tendamistat contains two disulfide bridges and folds and unfolds in
apparent two-state reactions. However, previous studies on disulfide variants
demonstrated that tendamistat folds in at least two sequential steps with a high-energy
intermediate. Elucidation of the properties of the free energy barriers by studying
different tendamistat variants and various fragments provide a good insight into the
underlying complexity of apparent two state folders. To obtain this information several
approaches have been used in this work: we studied the combined influence of
denaturant, temperature, structural variation and sodium sulfate on folding and
stability; furthermore, we analysed the properties and stability of different fragments of
tendamistat.

Multiple perturbation analysis was used to gain information on the shape of the free
energy barriers in tendamistat folding. Analysis of denaturant and temperature as
perturbations revealed transition state movement according to the Hammond postulate.
Hammond behaviour is more pronounced in the early transition state compared to the
late transition state where only small transition state movement was observed. The
results suggest that the early transition state is rather broad compared to the late
transition state. These results emphasized the importance of multiple perturbation
analysis to test the shape of the free energy barriers in protein folding.

Determination of the activation parameters revealed less difference between both
transition states. However, the denaturant dependence of the activation parameters of
the transition states differs significantly. The results confirm our previous suggestion
that the early transition state is broad and structurally less well defined, whereas the
late transition state shows a rather narrow and structurally well-defined maximum.

We further studied the effect of denaturant and structural variation on folding and
stability. The results confirmed Hammond behaviour of the early transition state. To
know more about structural properties of the transition states we determined ¢-values.
The obtained results suggest a late formation of the N-terminal (3-hairpin in tendamistat

folding.
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To test for parallel pathways in protein folding we measured the effect of denaturant
and temperature on folding of the disulfide variant C11A/C27S. The denaturant
dependence of the apparent folding rate constant revealed a change in the rate-limiting
step at high denaturant concentrations. Multiple perturbation analysis of C11A/C27S
revealed switches between parallel pathways at the early stage in folding. In contrast,
the late transition state is rather insensitive to perturbations. Our results further
demonstrated that multiple perturbation analysis offers a good possibility to detect
parallel pathways in protein folding.

Folding studies on some variants revealed an additional unfolding phase. The
denaturant dependence of the unfolding rate constant of one of these variants was
found to have an upward curvature indicating parallel pathways. With the help of
interrupted refolding and double-jump experiments, we concluded a triangular
mechanism as the possible folding reaction of these tendamistat variants.

To know how the surface exposed charges contribute to tendamistat stability and
folding we determined the effect of denaturant on folding stability of different loading
variants. We found possible ion networks on the protein surface, which have
significantly contributions to tendamistat stability.

The denaturant dependence of the folding rate constant of the tendamistat variant
L14A was found to have a pronounced curvature upon addition of sodium sulfate. This
effect was already observed for tendamistat wild type and for a proline free variant.
Intrinsic dynamics as a rate-limiting step provides a possible explanation for the
influence of sodium sulfate in tendamistat folding.

To determine the influence of the ten N-terminal amino acids on protein stability we
analysed the structure formation and stability of a tendamistat fragment lacking these
ten amino acids. The removal of these amino acids leads to a significant destabilisation
and more compact state of the core.

Tendamistat was cleaved in the centre of the second B-sheet into two fragments. We
could observe only small evidence for structure formation for both fragments. They did
not show any tendency to associate. Cleavage in the centre of the second sheet seems
to interrupt important structural properties, which are important to form native like

structure.
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To determine the tendency of the N-terminal f3-hairpin to form secondary structure we
analysed disulfide bond formation of a peptide consisting the sequence of this hairpin
by using the concept of effective concentrations. Our results showed that this peptide
behaves like a random coil. This argues for the importance of the disulfide bond at the

base of the N-terminal B-hairpin to stabilise the secondary structure in tendamistat.
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Abstract
The characterization of the free energy barriers has been a major goal in studies on the
mechanism of protein folding. Here we present experiments that allow to obtain information
on the shape of the free energy barriers. By applying multiple perturbations, e.g. temperature
and denaturant, transition state movements are more easily detected than by applying a single
perturbation. We used the small a-amylase inhibitor tendamistat as a model protein.
Tendamistat is an apparent two-state folder, but it was shown that its folding mechanism
involves two consecutive transition states and a high energy intermediate. Measuring the
effect of temperature and denaturant on the position of the transition state in tendamistat wild-
type and several mutants showed, that the early transition state shows pronounced Hammond
behavior. The position of the late transition state, in contrast, is almost insensitive to the
applied perturbations. These results suggest that the barriers in protein folding become

narrower as the native state is approached.
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Introduction
Characterization of the transition barriers separating the ensemble of unfolded chains from the
native state is an important step towards the understanding of the mechanism of protein
folding. A common approach is the analysis of the rate-equilibrium free energy relationships
(REFERSs), which test the effect of a perturbation dx on the kinetics and the equilibrium of a
reaction.(1-8) For many reactions changes in activation free energy (AG*) induced by
changes in solvent conditions or in structure are linearly related to the corresponding changes
in equilibrium free energy (AG") between reactants and products (1, 6, 7). To quantify the
energetic sensitivity of the transition states in respect to a perturbation, dx, a proportionality

constant can be defined (1):

ING" | ox
Otx = 0
IAG® | ox

a, is commonly used to obtain information on the structural properties of the transition state
and it is a measure for the position of the transition state along the reaction coordinate probed
by dx. The range of «, is typically between O for an unfolded-like transition state to 1 for a

native-like transition state. Equation [1] shows that o, can be experimentally determined by
applying a perturbation dx and plotting the resulting values of AG?]F vs AG® or In(ky) vs

In(K,,) (Leffler plots). Information on different structural and thermodynamic properties of
transition barriers are obtained by applying different perturbations dx (7, 8). The most

common perturbation in protein folding is the addition of denaturants like urea and GdmCl

(9). The ap-value
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ap

locates the transition state along the reaction coordinate in terms of accessible surface area
(ASA) buried in the transition state relative to the ground states U (unfolded state) and N
(native state) (10). Other solvent-induced perturbations that have been applied include effects
of pressure (11, 12) and temperature (13-19). For structural characterization of protein folding
transition states the effect of mutations on folding and stability is widely used (os- or @-value)

(20, 21).

Leffler plots obtained from various perturbations are linear over a wide range of experimental
conditions for folding reactions of many proteins (7). This shows that transition state
structures are frequently insensitive to perturbations and indicates that barriers for folding are
narrow and robust maxima in the free energy landscape (6, 7, 22-24). However, deviations
from linearity in REFERs have also been observed in protein folding and can have different
origins: (i) a change from two-state folding to folding through a populated intermediate (25-
27); (ii) a change in the rate-limiting step in an apparent two-state reaction (18, 28-31), (iii) a
shift between parallel pathways (7, 32), (iv) Hammond behavior, i.e. a gradual movement of
the transition state along the reaction coordinate caused by a broad barrier region (6, 7, 22-24)
and (v) structural changes in the ground states (7). Elucidation of the origins of these non-
linearities therefore yields information on the shape of the transition barriers and on the

mechanism of protein folding (6-8).

Analysis of non-linear Leffler plots reported for a large number of apparent two-state folders

showed that folding of these proteins is best explained by a sequential folding model with
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consecutive transition states and at least one metastable high energy intermediate (31).
Gradual transition state movements were reported for several proteins when the effect of
mutations was investigated. However, in most proteins these effects could be attributed to
changes in the structure of the unfolded state (7). This leads to a movement of the position of
the transition state relative to the unfolded state, although the transition state structure remains
unchanged (6-8, 33). A detailed analysis of data from mutagenesis showed that transition state
structures are remarkably stable towards amino acids replacements in virtually all investigated
proteins. This suggested that transition states represent structurally well-defined maxima on

the folding free energy landscape (7) and showed that Hammond behavior is rare.

One of the clearest examples for Hammond behavior was reported for the a-amylase inhibitor
tendamistat. Tendamistat shows perfectly linear Leffler plots induced by GdmCl (12, 34).
Measuring the effect of pressure on folding and stability as a function of denaturant
concentration showed, however, that the volume of the transition state increases with
increasing denaturant concentrations and that the compactness (AASA) of the transition state
increases with increasing pressure (8, 12). The observed transition state movements are not
accompanied by ground state effects. These results suggested that Hammond behavior in
protein folding may be revealed by applying several perturbations. To test, whether
Hammond behavior can also be observed by other perturbations and to test the broadness of
the different barriers encountered during tendamistat folding we used multiple perturbation
analysis by measuring the effect of temperature and denaturant on tendamistat folding and

stability
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Material and Methods
Materials. Tendamistat wild-type protein was a gift from Klaus Koller (Hoechst, Frankfurt,
Germany). The variants L14V and N25A were constructed, expressed in Streptomyces
lividans and purified as described by Haas-Lauterbach et al. (35). Ultrapure GdmCI was
obtained by Nigu Chemie (Waldkaiburg, Germany). All other chemicals were analysis grade
and purchased from Merck (Darmstadt, Germany). All experiments were carried out in 100

mM glycine, pH 2.0 or in 100 mM cacodylic acid, pH 7.0.

Equilibrium unfolding transitions. The GdmCl-induced equilibrium transitions were
monitored by the change in ellipticity at 227 nm in an Aviv 62A DS spectropolarimeter.
Protein concentrations were 10 uM. The data were fitted to a two-state model following the

procedure described by Santoro & Bolen (36).

Kinetic measurements. Refolding and unfolding kinetics were measured in an Applied
Photophysics SX.18MV stopped-flow instrument. The change in fluorescence above 320 nm

after excitation at 276 nm was monitored. The final protein concentration was 3.8 uM.

Analysis of the effect of temperature and denaturant on protein folding and stability.
The free energies of activation for folding (AG?i) and unfolding (AGSi) were calculated

using extra-thermodynamic relationships

~AGY* /RT

k, =k -e and  k, = k-0 KT [3]

f f
where the pre-exponential factor, k, represents the maximum rate constant for protein folding
in the absence of free energy barriers. This value was estimated to be in the order of 10'-10° s

' (37, 38). A value of 10® s was used in the fits. If the pre-exponential factor is independent
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of the change in solvent conditions, the cross-interaction parameters are independent of the
absolute value of k,. However, the absolute values of ASJQiE and ASL? ¥ depend on k, and

should thus be treated with caution.

The microscopic rate constants for folding (k;) and unfolding (k,) were determined from the

apparent rate constant (A) and the equilibrium constant (K, ) according to the two-state model

k
! [4]

ho=kp+k, and K, ==L

The effect of GdAmCl on k; and k, was analyzed according to equ. [5] (8, 9)

mg
In kf,u =In kf,u (H,0) - #[denammnt] [5]

Leffler plots were calculated by determining k-values directly from the refolding limb of the
chevron plot. k; in the transition region and under unfolding conditions were calculated from

the measured apparent rate constant (A) using equ. [4]
The entropy changes for folding and unfolding were determined from the effect of

temperature on the folding and unfolding rate constants at different denaturant concentrations

using equ. [3] and [6]

AG* =AHO*°(TO)—T-ASO*‘(TO)Jrchj(T-T0 —T-1n1) [6]

0

with a reference temperature (T,) of 298.15 K.
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Global fitting of the effect of temperature and denaturant. To globally fit the Chevron
plots measured at different temperatures we assumed that the activation parameters AH",

AS% and AC 2H depend linearly on the denaturant concentration as observed for the respective

equilibrium thermodynamic parameters (39). This allows a global fit of the data according to

equation [7]

AG" (T [GdmCl]) = (AH(T,, H,0) + h(T,)[GdmCl]) - T (AS" (T, H,0) + s(T,)[GdmCl])

7
+(ACY(H,0) + | GdmCl)) [T T, - Tln(% )] [7]

with (T,) = JAH*' /3| GdmCl], s(T,)= 9AS™/9[GdmCl] and ¢ = dACY /9] GdmCl].
AH"(T,,H,0), AS™(T,,H,0) and AC)(H,0) are the entropy, enthalpy and the heat

capacity of activation in the absence of denaturant at the reference temperature T, = 298.15 K.

With m, (T) = IAG®

f,u(T,[deCl])/ 0[deCl ] and equation 7 we obtain the temperature

dependence of the kinetic m-values:
m, (T)=h, (T)-T"s, (T,)+c,,"|T-Ty,~Th|T ) 8
f,u( ) f,u( 0) f,u( 0) Cru [ 0 (ﬁo } (8]

Analysis of published data. The temperature dependence of the kinetic and equilibrium m-
values reported for FKBP12 (40) and for a destabilized variant of T4 lysozyme (41, 42) were
used to calculate cross-interactions parameters. For barnase (43) and CI2 (43) no AG® values

were reported and the transition state movement could thus not be quantified. For Bs-CspB

and Bc-Csp the denaturant dependence of AS and ASJ?E was reported (14, 44) and used for

calculation of the py; value.

Data fitting. The program ProFit (Quantum Soft, Zurrich, Switzerland) was used for all data

fitting.
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Result and Discussion
Transition state movement in tendamistat folding. A systematic way to analyze transition
state movements was introduced by Jencks and co-workers by applying self-interaction and
cross-interaction parameters (24, 45). A self-interaction parameter p, measures the shift in the
position of the transition state along the reaction coordinate in response to changes in AG’

caused by a perturbation 9x.

Ja,  I°AGY
Px = 0= 2 [9]
G, (aAG?)

Such a shift causes a curvature in the corresponding Leffler plot. The sensitivity in the
detection of transition state movements can be improved by measuring the position of the

transition state along a reaction coordinate o, when a second perturbation dy is applied.

Ja,  oa, J*AGY*

nG" AT (aG2)(AGY)

Puy = [10]

By definition, Hammond behavior yields positive cross-interaction parameters p, , whereas

negative values indicate anti-Hammond behavior or parallel pathways.

Wild-type tendamistat showed pronounced transition state movement when the effect of

denaturant and pressure on folding and stability was probed at pH 2 (12). Chevron plots
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measured at different pressures showed a positive denaturant-pressure cross-interaction

parameter

do
_ ‘?O‘DO = P 0.025 = 0.006 mol/kJ [11]
NG~ NG

Ppp
without detectable ground state effects indicating real Hammond behavior (6, 8, 12). The low
pH was chosen to decrease the effect of electrostriction. In addition wild-type tendamistat
unfolds only at very high GdmCI concentrations at neutral pH. Thus, measurements at pH 2
give more reliable baselines for the equilibrium transition and facilitate determination of
folding and unfolding rate constants in the linear parts of the chevron plots. To test whether
transition state movement can also be induced by a change in temperature we measured
Chevron plots at pH 2.0 and temperatures between 5° C and 46° C. Chevron plots with linear
folding and unfolding limbs are observed at all temperatures (Fig. 1). Assuming a two-state
model, the rate constants and kinetic m-values for the folding (m,) and unfolding reaction (m,)
obtained from the Chevron plots agree well with equilibrium values (data not shown)
supporting the previously described two-state behavior of tendamistat (12, 34). Figure 1B
shows that a perfectly linear Leffler plot is obtained from the Chevron plot at 25 °C,
indicating that the change in ASA between unfolded state and the transition state is
insensitive to denaturant concentration. Linear Leffler plots are also observed at all other

investigated temperatures.

To test whether the structure of the transition state of tendamistat folding is sensitive to a
change in temperature we determined the denaturant temperature cross-interaction parameter

from the data shown in Figure 1 according to
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NG da,  day [12]
IAG,)IAG,) OAG, IAG,

pDT

Equation 12 shows that p,; can be determined in two different ways. The effect of
temperature on q, i.e. on the relative change in ASA between unfolded state and transition
state, can be measured. Alternatively, the effect of GdmCl-concentration on o, i.e. on the
relative entropy change between unfolded state and transition state, can be determined. For
real Hammond behavior the p,; values obtained either way should be identical. Figure 1C
shows the effect of a change in AG’ induced by a change in temperature (AAG?) on Q.. Oy
increases significantly as tendamistat is destabilized by a change in temperature. A linear fit
of the data gives a pp-value of (8.1+0.8)-10° mol/kJ. The change in o, is caused by real

Hammond behavior since it is not accompanied by ground state effects as indicated by the
temperature-independence of the equilibrium m-value (m,, = aAGO/ d[GdmCl]) (Fig. 1D).

Hammond behavior is confirmed by analyzing the changes in AS° and AS* with denaturant
concentration. Figure 1E shows that a.; increases as tendamistat is destabilized by increasing
denaturant concentration while GdmCl has no effect on AS® (Fig. 1F) The change in a.; with
denaturant concentrations gives a py; value of (8.7+0.8)-10° mol/kJ, which is essentially
identical to the value observed for the change in a with temperature. The data shown in
Figure 1 can be fitted globally to eq. [7], which results in py;=(8.2+3.4)-10” mol/kJ (see table

1).

These results show that the ASA of the transition state for tendamistat folding is sensitive to
changes in temperature and that the entropy of the transition state is sensitive to denaturant

concentration. This is a surprising finding since linear Chevron plots were observed for wild-
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type tendamistat folding under all conditions. However, the results are in agreement with our
previous observation of Hammond behavior induced in response to perturbation by pressure
and denaturant. A detailed discussion of other thermodynamic properties of the transition
state for folding of wild-type tendamistat and of the other variants investigated in this work

will be given elsewhere (M.S. & T.K., manuscript in preparation).

Effect of pH on Hammond behavior. To test whether Hammond behavior is also observed
at neutral pH we determined the p,; value of the tendamistat L14V variant, which is
destabilized by 11.9+0.2 kJ/mol compared to wild-type tendamistat at 25 °C and pH 7. This
allows reliable determination of kinetic and equilibrium parameters at pH 7. The L14V
variant shows linear refolding and unfolding limbs of the chevron plot at all temperatures
(Fig. 2A) resulting in linear Leffler plots over the complete accessible range of GdmCl
concentrations (Fig. 2B) indicating a denaturant self-interaction parameter close to 0. The

transition state of the L14V variant is structurally identical to the wt transition state with an
ap-value of 0.67 at 25 °C. Figure 1C shows the effect of AG? on the a-value. As for the

wild-type protein at pH 2 the L14V variant shows an increase in o,-value with increasing

AGY , indicating temperature-induced transition state movement. The effect of AGp on the
kinetic and equilibrium m-values (Fig. 1D) indicates the absence of ground state effects. The
por-value is (8.5£0.7)-107 mol/kJ, which is almost identical to the value observed for the
wild-type protein at pH 2 (table 1). Essentially the same pp-value is obtained when the effect
of GdmCI concentration on o.; is determined (p;p=(8.6+0.5)-10” mol/kJ; Fig. 1E and table 1)).
As for wild-type protein AS° is independent of denaturant concentrations, indicating the
absence of ground state effects. The Chevron plots for the L14V variant measured at different

temperatures can be fitted with a global py,; value of (8.5+2.1)-10” mol/kJ.
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Hammond behavior in the late transition state of tendamistat folding. In previous studies
we have shown that tendamistat folding involves two sequential transition states (18). In wild-
type tendamistat and in the L14V variant the early transition state is rate-limiting for folding
and unfolding under all conditions. Some variants like tendamistat C45A/C73A show a
GdmCl-dependent switch between the two transition states (18) whereas in other mutants the
late transition state is rate-limiting under all conditions. An example of a tendamistat variant
with a late transition state is tendamistat N25A, which is destabilized by 23.6 kJ/mol
compared to the wild-type protein. The N25A variant shows two-state folding and unfolding
kinetics under all conditions and a linear GdmCl-induced Leffler plot (Fig. 3A, B). However,
the ap-value of 0.83 at 25 °C is significantly higher than for wild-type tendamistat (o.,=0.67)
indicating that the mutations leads to a switch from the early to the late transition state. To
test for Hammond behavior in the late transition state we measured Chevron plots at different
temperatures and determined the pp-value. Figure 3C shows that o, increases significantly as
the protein is destabilized by temperature. Accordingly, o increases with decreasing protein
stability upon addition of denaturant, indicating transition state movement (Fig. 3E).
However, the change in o, with AG% is non-linear in the N25A variant and a decreasing pp-
value with decreasing protein stability is observed. In contrast to the wild-type protein and to
the L14V variant the transition state movement in the N25A variant is accompanied by major
ground state effects as indicated by the increase in m,, and AS° upon decreasing protein
stability (Fig. 3D, F). The increased m,, value upon protein destabilization with increasing
temperature is in accordance with residual structure in the unfolded state, which is
destabilized as the intramolecular interactions are weakened. This leads to a more solvent-
exposed unfolded state. As previously observed for the effect of mutations on the m-values in

many proteins (7), the changes in m,, and AS" correlate with the changes in the respective

properties of the folding reactions, m, and ASJQiE (Fig. 4A,C). In contrast, the changes in m,
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and ASL? * are weakly anti-correlated with the changes in m,, and AS°. This indicates

Hammond behavior in addition to ground state effects in this variant. We therefore corrected
the properties of the refolding reaction for the ground state effects to quantify the extent of

Hammond behavior (Fig. 4B,D). Cross interaction plots of the corrected o, and o values

against AG? and AG% , respectively, are linear with a py; value around 2.5-10° mol/kJ (Fig.

4BD; table 1). This is about 4-times smaller than the value of wild-type tendamistat and the
L14V variant indicating significantly less movement of the late transition state region

compared to the early transition state. This result is supported by the comparison of the
absolute effect of the change in protein stability on m, and ASL? * (table 1). Both parameters

change less in the late transition state compared to the early transition state indicating that the
movement of the late transition state towards the native state is less pronounced than the
movement of the early transition state. The same result is observed for late transition states in
other tendamistat variants (data not shown). These results suggest that the early transition
state of tendamistat folding represents a broader region of the free energy landscape compared

to the late transition state (Fig. 5).

Temperature-induced Hammond behavior in protein folding. The presented results show
that both the early and the late transition state in tendamistat folding exhibit temperature-
induced Hammond behavior, which can be probed by the denaturant-temperature, cross
interaction parameter. To investigate whether temperature-induced Hammond behavior is
common in protein folding, we calculated pp-values for published data on different proteins.
Only few studies have been performed on the temperature dependence of the kinetic m-values
or on the denaturant dependence of the activation entropies in protein folding. Often, constant
m-values are assumed at different temperatures and the published results do not allow

determination of ppy (16, 46). Table 2 shows pp; values for 6 different monomeric proteins
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calculated from published data. For all proteins non-zero pp values are observed indicating
transition state movements. One of the proteins, T4 lysozyme, has a negative cross-interaction
parameter, arguing for parallel folding pathways (6, 7). A more detailed analysis of these data
reveals additional strong ground state effects on the native state as indicated by the decreased
m,-value upon destabilization by temperature. The other 5 proteins show positive cross-
interaction parameters. For CI2 the apparent transition state movement is exclusively due to
Hammond, whereas for barnase, CspB and Csp the transition state movements are caused by
Hammond behavior in addition to ground state effects in the unfolded state. For CspB a non-
linearity was observed for the temperature-dependence of the o,-value indicating a change in
the rate-limiting step. This is in accordance with our previous analysis on the denaturant-
dependence of CspB folding, which indicated the presence of sequential transition states (31).
For FKBP the apparent transition state movement seems to be caused by ground state effects
in the native state but the errors of the analysis are large. In addition, it is not clear whether
FKBP12 shows two-state equilibrium unfolding (31). These results show that temperature-
induced Hammond behavior in protein folding is common. However, for all proteins the

observed pp; values are small.

Shape of the free energy barriers for protein folding. The results from the effect of
temperature and denaturant on tendamistat folding show that Hammond behavior is only
observed when multiple perturbations are applied. Applying single perturbations results in
linear Leffler plots indicating that the transition state movement is weak. Similar results are
obtained when pp;-values are determined from published data on other proteins. Nearly all
proteins show linear Leffler plots but exhibit Hammond behavior when the effect of
temperature and denaturant is analyzed. Analysis of tendamistat variants that have different

rate-limiting transition states show that the early transition state exhibits significantly stronger
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Hammond behavior than the late transition state suggesting that the barriers become
increasingly narrow and transition state structures become more defined as the folding
polypeptide chain approaches the native state (Fig. 5). The observation of Hammond behavior
is in accordance with previous results from the effect of pressure and denaturant on
tendamistat folding. Combining the results from both studies suggests that the transition state
moves along the entropy and volume reaction coordinates upon destabilization by denaturant
and that the ASA of the transition state changes with destabilization by pressure or
temperature. This is in contrast to our previous findings on the effect of mutations on the ASA
of the transition state in a large number of proteins. This analysis showed that Hammond
behavior is extremely rare and if observed only small (7). This suggested that protein folding
transition states are structurally well-defined and native-like in topology. By applying
multiple perturbations we could show that the broadness of the free energy barriers for protein
folding is different for different reaction coordinates. Another interesting feature of the
analysis of the effect of temperature and denaturant on folding of several proteins is the
commonly observed absence of major ground state effects. This is again in contrast to results
from mutational studies, which revealed major ground state effects on the unfolded state in
most proteins (7). These results show that the ensemble of unfolded states is rather robust
against changes in denaturant concentration and temperature, whereas its structure is often

significantly changed by single mutations.

The temperature-induced transition state movement observed for tendamistat and other
proteins presented in this work has important consequences for the comparison of folding
simulations with experimental data. Since the ASA of the transition state is temperature
dependent, the commonly performed high temperature simulations should give more compact

transition state structures compared to the experimental data, which are usually obtained at
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ambient temperatures. This supports the need for identical conditions in experiment and

simulation.
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Table 1. Effect of changes in protein stability induced by temperature (9AG;) on a,, and on

m,,, m;and m, and effect of changes in protein stability induced by denaturant (9AG)) on a;

eq®

and on AS, AS}" and AS)".

pDT
variant |do,/9AGy do, [OAGY  global fit |am, [dAG) om,|IAGy —dm,|IAG) -IASy, | IAGy-IAS)* |IAG), IAS, |IAG),

(mOKI}10° (molky)10° (MOVKD10™ | hpijoe Mtae2 M10° K107 K'-10° K'-10°

wt | 81208 8708 8234 | -02xl0 3708 39205 0203  22x02  -2420.1
LI4V | 85207 8605 8521 | -02:08 42209 44202 0102 2301  -22:0.1
N25A | 4.6:0.5 9x1 10l -15202  3.0:0.1 3.6:0.1  -0.80.1
N25A()| 24204 27105 0 2220  -1510.2 0 0.6+0.1  -0.8:0.1
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Table 2. p,; values for proteins for which kinetic data on the effect of denaturant and

temperature are available.

Protein Ppr = 0at, | IAG? m,, | IAG;) dm, | NG, —dm, | IAG?
(mol/kJ)x10%) (M'x10% M'x10% M'x10%
Barnase® (43) >0 >0 >0 <0
CI2* (43) >0 ~0 >0 <0
CspB"* (14, 44) 8.6 0.1 7 £5 9.1 £3.3 2.1 +1.1
Csp (44) 10.8 0.1 2.6 £1.5 8.5x1.2 -5.3 0.6
FKBP12 (40) 7 £26 -7 15 0.2 £8.5 -9 +7
T4 lysozyme (41, 42) -17 £2 -21 %5 -42 +8 23 £5
tendamistat wt® 8.1 0.8 -0.2 1.0 3.7+0.8 -3.9+0.5
tendamistat L14V* 8.5 £0.7 -0.2 £0.8 4.2 £0.9 -4.4 +0.2
tendamistat N25A° 2.5+0.4 9 +1 10 £1 -1.5+0.2

“ For these proteins no free energy data were available. Thus, we could only analyze the m-values
against the temperature.

® The results of these proteins were calculated from the results of the global fits.

¢ Analysis of CspB reveals non-linearities for the changes of the a,-values with decreasing the protein
stability. Both p,,-values are the different maxima.

¢ Data from this work.
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Figure Legends

Figure 1. Effect of denaturant and temperature on folding of tendamistat wild type at pH 2.
(A) GdmCl-dependence of the apparent rate constants for folding. The lines represent the
result of the fit of the kinetic data. (B) Leffler plot of the effect of GAmCI concentration on
the equilibrium (K,,) and folding rate constant (k;) calculated from the kinetic data at 25°C.

The slope corresponds to the o,-value and a linear fit gives a value of 0.67. (C-F) Analysis of

the temperature-denaturant cross-interaction parameter py,. Effect of AG; on m,,, m; and —m,

(D) and on ay, (C), respectively, and effect of AG?) on —ASSq, —AS;i and ASSi (F) and on o,
(E), respectively. The data are taken from individual fits. The results of the linear fits are

given in table 1.

Figure 2. Effect of denaturant and temperature on folding of the tendamistat variant L14V at
pH 7. (A) GdmCl-dependence of the apparent rate constants for folding. The lines represent
the result of the fit of the kinetic data. (B) Leffler plot of the effect of GAmCI concentration
on the equilibrium (K,) and folding rate constant (k) calculated from the kinetic data at 25°C.

The slope corresponds to the o,-value and a linear fit gives a value of 0.71. (C-F) Analysis of
the temperature-denaturant cross-interaction parameter py,. Effect of AG; on m,,, m; and —m,
(D) and on ay, (C), respectively, and effect of AG?) on —ASSq, —AS;i and ASSi (F) and on o

(E), respectively. The data are taken from individual fits. The results of the linear fits are

given in table 1.
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Figure 3. Effect of denaturant and temperature on folding of the tendamistat variant N25A at
pH 7. (A) GdmCl-dependence of the apparent rate constants for folding. The lines represent
the result of the fit of the kinetic data. (B) Leffler plot of the effect of GAmCI concentration
on the equilibrium (K,) and folding rate constant (k) calculated from the kinetic data at 25°C.
The slope corresponds to the o,-value and a linear fit gives a value of 0.83. (C-F) Analysis of
the temperature-denaturant cross-interaction parameter py,. Effect of AG; on m,,, m; and —m,
(D) and on ay, (C), respectively, and effect of AG?) on —ASSq, —AS;i and ASSi (F) and on o,

(E), respectively. The data are taken from individual fits. The results of the linear fits are

given in table 1.

Figure 4. Correlation of the changes in m,, with changes in m; and m, (A) and correlation of

the changes in AS,, with changes in AS," and AS,” (C) for tendamistat variant N25A.
Correction of the properties of the refolding reaction for the ground state effects leads to the
cross interaction plots of the corrected o (B) and o values (D) against AG? and AG?),

respectively.
Figure 5. Schematic drawing of the free energy barrier for folding of tendamistat. The

response of variation in temperature on the early transition states (TS1) is more sensitive than

on the late one (T'S2) due to the different broadness of the barriers.
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Abstract

Folding of the all-B-sheet protein tendamistat involves two sequential transition states.
In our recent work we analyzed the shape of the free energy barriers for tendamistat
folding using multiple perturbation analysis. Here, we further analyzed the activation
parameters of the free energy barriers and their denaturant-dependence to characterize
the thermodynamic properties of both transition states in tendamistat folding.
Determination of the activation parameters revealed linear denaturant-dependence of

AH’*, AS" and AC;iE confirming the linear free energy model. The activation

parameters of both transition states show only less difference but differ significantly
in their denaturant dependences. The denaturant dependence of the entropy-values is
correlated with the temperature dependence of the m-values and therefore can also be
used to test for transition state movement. Analysis of the denaturant dependence of
AH°* reveals a less well-defined transition structure for the early transition state, in
contrast to the late transitions state. The results confirm our previous observation, that
the early transition state is rather broad compared to the late transition state, which is
a narrow and structurally well-defined barrier. It further reveals the importance of

multiple perturbation analysis to test the properties of the free energy barriers.

Abbreviations: GdmCI, guanidinium chloride; ASA, accessible surface area;

REFER, rate-equilibrium free energy relationship
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Introduction

The structural and thermodynamic characterization of the energy barriers between
unfolded and native protein is one of the major goals of protein folding studies and
has been targeted by several experimental approaches. A systematic way to analyze
transition states is to determine the rate-equilibrium free energy relationships
(REFERs)."® It was observed in many reactions that the changes in activation free
energy (AG’¥) induced by changes in the solvent or in structure are linearly related to
the corresponding changes in equilibrium free energy (AG’) between reactants and

products."* The proportionality constant'
ING"* | ox (1
O!X = —O
JAG" | dx
quantify the energetic sensitivity of the transition states in respect to a perturbation,
dx, and is a measure for the position of the transition state along the reaction
coordinate. o, is commonly used in protein folding to obtain information on the
structural properties of the transition state. The range of a, is normally from O for an
unfolded-like transition state to 1 for a native-like transition state. An experimentally

way to determine o, is to plot AG?* versus AG® or In(k;) versus In(K) obtained by

applying a perturbation dx (Leffler plot).

The most common perturbation applied in protein folding is the addition of
denaturants, such as urea and GdmCl. With the proportionality constants of the
denaturant dependences of the activation free energies (m;, = dAG"/d[Denaturant])
and the equilibrium free energy (m,, = d AG’/d[Denaturant]) we can define an o,-

value:

dAG"* /9| Denaturant| m,,, (2)

(04 =
P 9AG B[Denaturant] m

eq

It defines the relative change in solvent accessible surface area between the unfolded

state and the transition state.” Other possible perturbations are structural changes upon

11-15 16,17

site-directed mutagenesis®'® and variation of temperature''"” and pressure

Deviations from linearity in the REFERs are frequently observed. They are shown to
be caused by four major effects: (i) a change in the rate limiting step™*'®", (ii) a

20-22

change from two-state folding to folding through a populated intermediate™ ™, (iii) a
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change to a parallel pathway®*

, (iv) a movement of the transition state along the
reaction coordinate (Hammond behavior)** and (v) structural changes in the ground
states’. Determination of the origins of nonlinear REFERSs reveal important features
on the shape of the transition barriers and on the mechanism in protein folding.***

Jencks and coworkers proposed a method to analyze transition state movements by
applying self-interaction and cross-interaction parameters.”® A self-interaction
parameter p, measures the shift in the position of the transition state along the reaction

coordinate due to changes in equilibrium free energy upon perturbation.

do,  PAGY 3)

" 9AG (6aG°)’

Dy

A positive p,-value causes a curvature in the corresponding Leffler plot. To improve
the sensitivity in the detection of transition state movements we analyzed the position
of the transition state along the reaction coordinate o, under different AG® caused by a
second perturbation, dy: *°

PAGY  ga, O, )
0AGY)(9AG?)  0AG)  OAG!

Py = (

By definition, Hammond behaviour and ground state effects will yield positive p,;-
values. Negative p,,-values indicate anti-Hammond behaviour or parallel pathways.

For many proteins, Leffler plots are linear over a wide range of experimental
conditions indicating that transition states are narrow and robust maxima in the free
energy landscape.*® Analysis of the effect of mutations and denaturant in protein
folding showed that Hammond behavior is extremely rare and most apparent
transition state movements are due to ground state effects.® Multiple perturbation
analysis of tendamistat folding revealed that the broadness of the free energy barriers
is different for different reaction coordinates.'>'””” Folding of the small all-B-sheet
protein tendamistat (figure 1) occurs in two sequential steps.'* Applying single
perturbations results in linear Leffler plots under all conditions."'””” In contrast,
combining denaturant perturbation with variation in temperature or pressure revealed
Hammond behavior supporting the importance of multiple perturbation analysis to
test the shape of free energy barriers in protein folding.**"'” Hammond behavior was
observed at different pH." Significantly less Hammond behavior was found for the

late transition state compared to the early transition state indicating that the early
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transition state is a rather broad barrier whereas the late-transition state is narrow and
structurally well-defined maximum.

To examine the thermodynamic properties of the free energy landscape in tendamistat
folding we further analyzed the temperature dependence of the folding kinetics. We
further analyzed the effect of transition state movement on the other thermodynamic
parameters. We also verify the differences between the two transition states in

tendamistat folding and their denaturant dependences.

Materials and Methods

Materials. Tendamistat wild type protein was a gift from Klaus Koller (Hoechst,
Frankfurt, Germany). The tendamistat variants L14V, L14A and N25A were
constructed, expressed in Streptomyces lividans and purified as described by Haas-
Lauterbach et al.*®. Ultrapure GdmCl was obtained by Nigu Chemie (Waldkaiburg,
Germany). All other chemicals were analysis grade and purchased from Merck
(Darmstadt, Germany). All experiments were carried out in 100 mM cacodylic acid,

pH 7.0 and 100 mM glycine, pH 2.0, respectively.

Equilibrium unfolding transitions. The GdmCl-induced equilibrium transitions
were monitored by the change in ellipticity at 227 nm in an Aviv 62A DS
spectropolarimeter. Protein concentrations were 10 uM. The data were fitted to a two-

state model following the procedure described by Santoro & Bolen.”

Kinetic measurements. Refolding and unfolding kinetics were measured in an
Applied Photophysics SX.18MV stopped-flow instrument. The change in
fluorescence above 320 nm after excitation at 276 nm was monitored. The final

protein concentration was 3.8 uM.

Transition state analysis. The free energies of activation for folding (AG?.¢) and

unfolding (AG'*) were calculated using transition state theory™:
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k=k,-e 0T ©)

where the pre-exponential factor, k, represents the maximum rate constant for protein
folding in the absence of free energy barriers. This value was measured to be in the
order of 10’-10% s™'.>'** A value of 10® s was used in the fits. The pre-exponential
factor was assumed to be temperature independent and does not change upon
mutation.

The GdmCl dependence of the apparent rate constant (A) for folding (k;) and

unfolding (k,) was determined according to the two-state model

A=k, +k, 6)

Rate constants at different denaturant concentration was calculated according to

equation (7):

(7

m.
Ink, =Ink™° - —L“(denaturant
PRl ]

The temperature dependence of the rate constants at various denaturant concentrations

was analyzed using

8
AGO*=AHO*(TO)—T-ASO*(TO)+AC;*;(T—TO—T-1n£) ®)

0

with a reference temperature of 7, = 298.15 K. Equation (8) assumes that AC}?i is

itself independent of temperature.”> The value for the entropy of activation (AS*)
depends critically on the correct pre-exponential factor, whereas the values for the

enthalpy of activation (AH %) and heat capacity of activation (AC}Of) are nearly

independent of the pre-exponential factor used."

Global analysis of the kinetic data. To fit the kinetic data globally we assumed that

the activation parameters AH®, AS* and ACi depend linearly on the denaturant

concentration as shown for the equilibrium thermodynamic parameters™. This allows

a global fit of the data according to equation (9)
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AG" (T,[GdmCl]) = (AH*(T,, H,0) + h(T))[GdmCl)) - T(AS*(T,, H,0) + S(T)[GdmC1]) (9

+(ACE(H,0) + c[deCl])[T -T, - T]n(%))]

with h(T,) = dAH*/3[GdmCl], s(T,) = dAS*/d[GdmCl] and ¢ =JAC} [d[GdmCl].
AH(T,,H,0), AS*(T;,H,0) and AC}(H,0) are the entropy, enthalpy and the heat
capacity of activation in the absence of denaturant at the reference temperature T, =
298.15 K. With m, (T) = JAG}: (T.[GdmCl]) /[ GdmCl] and equation (9) we receive

the temperature dependence of the kinetic m-values:

(10)
mf,u (T) = hf:u (TO) -T- sf.u (TO) + Cf,ll ) I:T - TO -T ln(%o )]
The data were converted using equation (11):
0 0f : 11
he, OAHY, s, 9ASY, ¢, OAC, (11)

m IAG) " m _aAGg’m

eq eq

OAG)

eq

Data fitting. The program ProFit (Quantum Soft, Zurich, Switzerland) was used for
all data fitting.

Results and Discussions

Shape of the free energy barriers of tendamistat folding. Tendamistat folds in an
apparent two-state behavior with perfectly linear Leffler plots."*’ Analysis of the
effect of temperature and denaturant on tendamistat folding and stability revealed
transition state movement according to the Hammond postulat.”” Due to the high
stability of the protein at pH 7, the measurements were performed at pH 2 to give
more reliable baselines. To test for transition state movement at neutral pH we
determined the effect of temperature and denaturant on folding and stability of the
tendamistat variant 114V, which is destabilized by (11.9 +0.2) kJ/mol compared to
wild type. The folding kinetics of L14V show similar behavior like wild type at pH 2

with linear Leffler plots but a clear Hammond behavior was observed when the effect
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of temperature and denaturant was analyzed. In previous studies it was shown that
tendamistat folding involves two sequential transition states.'* Tendamistat wild type
and the variant L14V have similar a,-values indicating that both have the same rate-
limiting transition state. In contrast, the tendamistat variant N25A has a significantly
higher a,-value 0.83 +0.02 than for wild type tendamistat at 25°C 0.64 +0.01
indicating that the mutation leads to a switch from the early to the late transition state.
To probe for transition state movement in the late transition state we determined the
effect of denaturant and temperature on the tendamistat variant N25A. Using multiple
perturbation analysis reveals that a major ground state effect accompany the transition
state movement. Perfectly linear Leffler plots are obtained for all three proteins
applying single perturbations.

To further verify the transition state movement of the late transition state we
determine the effect of temperature and denaturant on the tendamistat variant L14A
which has an a-value of 0.82 +0.01 similar like a, for the variant N25A (figure 2).
Both mutated residues are located in the N-terminal B-hairpin (figure 1). Substitution
of leucine with alanine leads to a decrease in protein stability by (21.5 £0.1) kJ/mol at
25°C, which is 9.6 kJ/mol less stability than the replacement of leucine by valine. At
all temperatures linear Leffler plots are obtained (figure 2). As shown in our previous
work, transition state movements are only observed when the effect of multiple
perturbations is analyzed.*"” The temperature-denaturant cross-interaction parameter

(72AG_?-¢ _Jdap _ dag (12)
NGP)(aAGH) IAGY  IAG),

PDT=(

can be determined in two different ways: analysis the effect of temperature on o,
(equation (2)), i.e. on the relative change in ASA between unfolded state and

transition state, and the effect of denaturant concentration on o (= AS ?i / Aqu ), i.e. on

the relative entropy change between unfolded state and transition state.*'>** Figure 3B
shows the effect of changes in AG® caused by variation of temperature on o, 0.p
increases as the protein is destabilized with increasing temperature with a pp-value of
(5.7 £0.6)-10° mol/kJ indicating transition state movement (table 1). We cannot
determine the py-value using the denaturant dependence of o due to the nonlinear
dependence (figure 3E). To distinguish between ground state effects and Hammond

behavior, determination of the effect of temperature on the kinetic and equilibrium m-
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values and the denaturant concentration on the entropy-values, respectively, are

required (figure 3A and D). The increase of m,, and —Aqu with decreasing protein

stability reveals that the transition state movement is accompanied by a large ground
state effect. To quantify the extend of Hammond behavior we corrected for the
properties of the ground state effect (figure 3C and F). Corrected a-values are 3.6
+0.8 and 3.9 +0.9, respectively (table 1).

The result is in accordance with our previous results obtained for the late transition
state received from the measurements of the tendamistat variant N25A." Table 1
compares the cross-interaction parameters received from wild type, L14V, L14A and
N25A. The pp-values obtained for the late transition states are about 2.2 to 3.5-fold
smaller indicating significantly less movement compared to the early transition state.
The results confirm that the barriers become increasingly narrow and structurally

more defined upon folding of the protein (figure 4)."

Denaturant dependence of the activation parameters of the early transition state.
As we have shown in our previous work, the denaturant dependence of entropy
correlates with the temperature dependence of the m-values."” The origin of the
denaturant dependence of enthalpy and the change in heat capacity is not as

straightforward as for the entropy. AH" and ACS have contributions from the solvent

interaction with the protein, thus the values should change with denaturant
concentrations. Changes in enthalpy in protein folding reactions contain contributions
from the polypeptide chain and from its interactions with solvent. Figure SA and B

shows the changes of Aqu, AH ?i and AH"* with changes of AG’ with increasing

denaturant concentrations for tendamistat wild type and the variant L14V, which have
both the early transition state rate-limiting. For both proteins, the denaturant

dependencies of enthalpy show the same behavior. Aqu and AH'* significantly

decrease with decreasing protein stability, whereas AH’* shows no denaturant

;
dependence. This reveal, that the denaturant has the same effect on the polypeptide
chain in the unfolded and the transition state indicating that the structure of the early
transition state has similar water accessibility than the unfolded state. The results of

the denaturant dependencies of the activation parameters are given in table 2.
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The results allow the denaturant dependence of o, (=AH ?.i / AH fq ), i.e. the relative

enthalpy change between unfolded state and transition state (figure 5C and D).
Uncertainties of o, increase with decreasing protein stability. o, of wild type and
L14V show linear denaturant dependency within errors with a cross-interaction
parameter py, of —(5.5 +0.8)-10° mol/k] and —(2.9 +0.5)-10° mol/kJ, respectively
(table 1).

ACS is entirely defined by differences in interactions of the protein side chains with
the solvent and correlate well with meq.7 Therefore, ACS should also show similar
behavior than m,,. The denaturant dependences of ACS -values are accompanied with

large uncertainties due to the strong dependence of the values on the slope of the
denaturant dependence of the rate constants (table 2). The changes of heat capacity
with changes in denaturant concentrations are slightly different for both proteins with

the early transition state rate-limiting (figure 5E and F). ACgfu)

shows a strong
denaturant-dependence for the variant L14V but only small changes are observed with
decreasing protein stability for wild type. In contrast, wild type shows a strong

0% 0%
denaturant-dependence of AC,,,, whereas dAC

/ dAG,, only slightly increase for
L14V. Like for the kinetic m-values, the activation parameters of the change in heat

capacity show different denaturant dependences according to Hammond postulate but

0

with different magnitude. Thus, AC o(ed)

also change significantly with increasing

denaturant concentration. This effect can be explained due to the fact, that m-values

have mainly backbone contribution, whereas ACS has nearly none. The differences of

the denaturant dependencies of AC%, ~and AC’

o) »(eq) MY be due to differences in pH.

ac (=AC,G,

/ ACg(eq) ) allows the characterization of a transition state in terms of its
relative solvent exposure.” However, o is accompanied with significant large
uncertainties at nearly all denaturant concentrations (figure 5G and H). Therefore, the
cross-interaction parameter p, have large errors and are not well defined (table 1).
The magnitude for p., is nearly identical for tendamstat wild type and the variant
L14V with a value of (4.6 +2.5)-10° mol/k]J and (4.8 +2.0)-10° mol/kJ, respectively

(table 1).

169



The observation of the denaturant dependences of the activation parameters of the
early transition state confirms our previous results of a broad and less well structured

transition barrier.

Denaturant dependence of Enthalpy and heat capacity on the late transition
state. The denaturant dependence of enthalpy for the late transition state is not as

homogeny as observed for the early transition state. AH ?i and AH'* decreases with

increasing protein stability for the tendamistat variants N25A and L14A but with
different intensity (figure 6A and B; table 2). Thus, —aAqu / dAG, is slightly

negative for N25A but shows a positive value for L14A. However, the denaturant
dependence of the enthalpy-values of the late transition state are significantly smaller
than for the early one indicating that the late transition barrier is more structured and
robust against perturbations.

o, show linear denaturant dependency within errors for L14A and N25A (figure 6C
and D). The cross-interaction parameters, pyp, for the early transition state have
different signs compared to the late transition state with a value of (10.5 +0.7)-10
mol/k]J and (2.9 +0.5)-10° mol/kJ for L14A and N25A, respectively (table 1). The

differences in the py,-values are due to denaturant dependences of AH ?i for the late

transition state.

In contrast to changes in enthalpy with decreasing protein stability, aACg(eq) / IAG,

and 9AC"*

a0 / dAG, show similar behavior for L14A and N25A (figure 6E and F).

and AC°

p(eq)

AC®

s 18 denaturant-independent, whereas ACY*

o) strongly depend on
denaturant concentrations (table 2). This indicates that the side chains are well packed
in the late transition state and thus, increasing denaturant concentration has no effect

on AC”

(- Changes in AC}? upon addition of denaturant concentrations are only due
to changes of the ground states.
The values of the cross-interaction parameter p¢p, are not very reliable due to the large

uncertainties of a.. AC,,~and ACY?

(e (.- values of the late transition state significantly

changes with decreasing protein stability, which is in contrast to the relative small

changes for the early transition state (table 2).

170



Global analysis of the kinetic data. In accordance with the linear free energy
model,™ the changes in the Gibbs free energy, enthalpy, entropy and heat capacity
have a linear dependence with denaturant concentration. Compared to the equilibrium
thermodynamic parameters, where the linear denaturant dependence is proven for
many proteins,”*' less data are available for the activation parameters.*** Matthews
and Co-workers measured the urea-dependence of the unfolding activation parameters
of the a subunit of Tryptophan Synthase** and of the activation parameters of the
unimolecular rearrangement of the dimer Trp Repressor”. Even though the data are
scattered the linear dependence of the activation parameters on the urea concentration
is clearly visible. As shown in figures 3, 5 and 6 the activation parameters of
tendamistat folding show clearly a linear GAmCI dependence. Therefore we fitted the
kinetic data globally using equation (9). Table 2 compares the results from the single
and global fit of the thermodynamic parameters and their denaturant dependence.
Both methods gave similar results within errors for the entropy and enthalpy-values at

and AC°

oe q)—values and their

the measured denaturant concentrations. Acgffm

denaturant dependencies show larger differences between both fitting methods. The
denaturant dependence of the change in heat capacity for the tendamistat variant
L14A differ significantly. However, the values are accompanied with large
uncertainties. This is due to small uncertainties of the GdmCl dependence of the rate
constants, which results in large variations of the heat capacity. Interestingly, the
change in heat capacity received from the global fits has similar behavior between

L14A and L14V (table 2).

Comparison of a,- and a.-values. The m and ACS -values correlate well with each

other because both depend on the amount of protein surface which becomes exposed
to solvent upon unfolding.” Thus, the two thermodynamic criteria are most often used
in protein folding to locate the transition state with respect to the unfolded and the
native state. Table 3 compares both a -values from the single fits as well as the global
fits in the absence of denaturant and at 25°C. The results from the global fits and the
single fits agree well within errors, except for o, of L14A where the global fit is
significantly larger. However as described above, the values are accompanied with

large uncertainties due to the sensitivity of AC?

»(r) ON the denaturant dependence of

the apparent rate constants. o is 30 - 40 % lower than a,. Higher o, compared to o
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is commonly observed in protein folding.* ACS have mainly contributions of side

chains and nearly none from the backbone, in contrast to the m-values which have
mainly backbone contributions. Therefore, the o,,-values report on the interactions of
the transition state with the solvent, and the a.-values report on the hydrophobic and
polar hydration of the protein side chains in the transition state. Tendamistat wild type
and the variant L14V have an oa-value of 0.46 and 0.42, respectively. This is
significantly smaller than the values obtained for the variants L14A (o = 0.59) and
N25A (0=0.56) confirming the change of the rate-limiting step for the two variants

(table 3).

Thermodynamic properties of the free energy barriers in tendamistat folding.
Figure 7 shows the changes in enthalpy, entropy and heat capacity during folding for
the results of the global fit. The absolute value for AS®* critically depends on the
correct pre-exponential factor in the Eyring equation whereas the values of AH%* and

AC are nearly independent. Comparison of the results of tendamistat wild type at

pH 2 and the variant L14V at pH 7 reveals nearly identical changes for the activation
parameters relative to the folded state (figure 7 and table 2). There are small changes
for the activation parameters relative to the unfolded state for both proteins.

Formation of the early and late transition states are enthalpically unfavorable and
show relative small changes in entropy. Interestingly, both transition states show
similar values for the reaction from the unfolded state to both transition states,
whereas the formation of the native protein is accompanied with larger changes going
from the early transition state (figure 7). Since ACS and m-values correlate with each
other, formation of the transition states should have significantly larger changes in

heat capacity for the late transition barrier (figure 7). Formation of the early transition
state is accompanied with a value of —1.8 and —1.9 kJ/(mol-K), respectively, whereas
the late transition state is formed with a decrease of AC;iE of -2.2 and
—2.3 kJ/(mol-K), respectively (table 2).

These findings are in contrast to the results of the activation parameters observed for
the tendamistat disulfide variant C45A/C73A with the early transition state

representing only an enthalpic barrier, whereas the second step is an entropic barrier.

172



However, no transition state movement was observed for this variant indicating
different folding mechanism.

Both transition states have similar thermodynamic properties but the denaturant-
dependences of the activation parameters are quite different between both. These
findings confirm our previous observation of the importance of multiple perturbation

analysis to test the properties of the free energy barriers.

Conclusions

Tendamistat folding involves two sequential transition states. Multiple perturbation
analysis for tendamistat wild type and three different variants suggest, that the early
transition state is rather broad compared to the late transition state, which is a narrow
and structurally well-defined barrier. Determination of the activation parameters of
both transition states show only less difference in their activation parameters and are
both entropic and enthalpic barriers. However, they show different behavior in their
denaturant dependencies. Linear denaturant dependences are observed for all
thermodynamic parameters according to the linear free energy model. Analysis of
these denaturant dependencies of the activation parameters confirms our previous
observation of a rather broad and structurally less well defined transition state. The
results of the denaturant dependences of the activation heat capacity of early transition
state is pH dependent, whereas the enthalpy shows the same behavior at all pH upon
addition of denaturant. Analysis of the denaturant dependencies of the changes in
activation heat capacity of tendamistat variants with the late transition state rate-
limiting reveals ground state effect and only small changes are observed for the

activation enthalpy indicating a structurally well defined transition barrier.
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Table 1. Cross-interaction parameters of the folding reaction of wild type, L14V,
L14A and N25A.

Cross-interaction parameter wt L14V L14A N25A
Ppr =00, [IAG? ((mol/k]) x10%) 8.140.8° 85+0.7° 5706 4.6+04°
Poreon =00, [OAG; ((mol/k]) x10°) 3608 24+04°
Ppr =00 [OAGY ((mol/kJ) x10%) 8.7+0.8* 8.6+0.5°

Poreon =00, [IAG) ((mol/k]) x10°) 39409 2.7+05°
Pup = 00, [IAGY ((mol/kJ) x10°) 55+0.8 29405 105207 2905
Pep = da. [IAG) ((mol/kJ) x10%) 46425 48420 52429 47+14

* Data were taken from our previous work."
® a-values were corrected for the properties of the refolding reaction for the ground state effect.
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Table 2. Thermodynamic parameters of the folding reaction of the tendamistat wild
type at pH 2 and the variants L14A, L14V and N25A at pH 7 and the effect of
changes in protein stability induced by adding denaturant on the thermodynamic

parameters.
T™ wt TM L14V TM N25A TM L14A
single fit global fit* single fit global fit* single fit global fit* single fit global fit*
AS; (J/(mol K-M)) -257 +8 -261 +11 -265 +9 -267 12 =223 +5 =226 +7 -214 +4 -236 +11
AS;”‘ (J/(mol'K-M)) -36 1 -37+3 -48 +6 -49 +2 -44 +5 -46 +4 -46 +4 -49 +5
ASL‘:* (J/(mol'K-M)) 221 8 224 +8 217 +5 217 9 179 +2 180 +3 168 +4 186 +6
—ﬁAS?q/z?AGg (K107 -0.2+0.3 -0.5 0.7 0.1+0.2 -0.2+0.5 3.0+0.1 3.0+1.0 4.8+0.2 3512
—HAS%/&AGE (K'+10% 22+0.2 2.0+0.5 23+0.1 2.1+0.3 3.6+0.1 3.6+0.9 5.6+0.2 5.0+0.9
3ASS*/(9AG3 (K'-10%) -2.4 +0.1 -2.5+04 -2.2+0.1 -2.3+0.3 -0.8 0.1 -0.6 +0.1 -0.8 0.1 -1.4+0.2
AHSL] (kJ/(mol-M)) -96 +2 -97 +3 -103 +3 -103 +3 =79 2 -80 +2 =78 1 -85 +3
AH;”‘ (kJ/(mol-M)) 30 £1 29 +1 22 £2 22 +1 27 £2 26 x1 22 +1 21 £2
AH% (kJ/(mol-M)) 125 +2 126 +2 124 +2 125 +3 105 %1 106 +8 100 =1 106 +2
_(QAH;L/(;AGB -1.1+0.1 -1.2+0.3 -1.0 £0.1 -1.0+0.2 -0.10£0.03  -0.11+0.27 0.41+0.06 0.04 £0.33
¢9AH?$ /ﬁAGg 0.04 £0.04 0.08 £0.11 0.04 £0.04 0.07£0.07  -0.25+0.03 -0.25+0.25 -0.84+0.06 -0.65+0.27
&AHF/&AGg -1.1+0.1 -1.1+0.1 -0.95+0.02 -0.96+0.10 -0.35+0.01 -0.36+0.03 -0.43+0.02 -0.61+0.08
ACU'f ) (kJ/(mol'K)) -3.9+04 -4.1+04 -4.4 0.5 -3.9+0.5 -3.8+0.3 -3.8+0.3 -3.9+0.2 -29+04
pleq
ACOff) (kJ/(mol'K)) -1.8 +0.1 -1.9 0.1 -1.9+0.3 -1.8 +0.1 -2.1+0.3 -2.2+0.2 -2.3+0.2 -2.3+0.2
»
AC;:f , (kJ/(mol'K)) 2.1+0.4 2203 2.6+0.3 22+0.4 1.7 0.1 1.7 0.1 1.6 0.2 0.6 +0.3
—r?ACO( )/ﬁAG?) (K'-10% 25 £12 20 £25 -25 49 -11 +2 90 5 84 +33 97 £10 -30 38
pleq
" 1103
—&ACL’ff)/r?AGg (K'-10%) 33 8 32 +14 6 £7 10 £9 90 5 83 30 94 £10 8 +27
ﬁACU'f )/ﬂAG;) (K'-10% -7 +4 -13 +12 -3243 221 +1 -0.8 1.3 0.4 +4.0 343 38 x11
plu

* The data are results from global fits of kinetic data at various temperatures.
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Table 3. Comparison of the o-values and oc-values from the single fits of
tendamistat wild type, the tendamistat variants L14V, N25A and L14A. The results
from the global fits are in bracket.

Protein ap Qe adoy,
(298K) (OM GdmCl)
wt 0.66 +0.05 * 0.46 £0.05 0.70

(0.65 £0.46)"  (0.46 £0.08) (0.70)

L14V 0.71 £0.02 * 0.42 +0.08 0.59
(0.71 £0.35)*  (0.45 £0.09) (0.63)

N25A 0.83 £0.04 * 0.56 +0.11 0.67
(0.83£0.95)"  (0.57 £0.08) (0.68)

L14A 0.82 +0.02* 0.59 +0.09 0.72
(0.82 £1.06)"  (0.79 £0.18) (0.96)

* Data are from single fits.
® Data were calculated from the results of the global fits.
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Figure Legends

Figure 1. Schematic drawing of the structure of tendamistat. The cysteine residues
involved in the two disulfide bridges and the residues Leul4 and Asn25 are indicated

as ball-and-stick model. The figure was generated using the program MOLMOL*.

Figure 2. (A) GdmCl-dependence of the apparent rate constants for folding of the
tendamistat variant L14A at various temperatures at pH 7.0. The lines represent the
result of the global fit of the kinetic data. (B) Leffler plot of the effect of GdmCl
concentration on the equilibrium (K,,) and folding rate constant (k;) calculated from

the kinetic data at 25°C. The slope corresponds to the o,-value.

Figure 3. Analysis of the temperature-denaturant cross-interaction parameter ppy for

the tendamistat variant L14A. Effect of AG, on m,,, m; and -m, (A) and on a, (B),

eq®
respectively, and effect of AGg on —Aqu, —AS?.i and ASE * (D) and on o, (E),
respectively. (C, F) Both a-values were corrected for the properties of the refolding
reaction for the ground state effects. The data are taken from individual fits. (A) The

linear fits gives values of ameq/é)AG(T)=(O.11:0.01)M‘1, amf/aAG£=

(0.1320.0)M™" and 8(—mu)/8AG§ =-(0.017+0.004)M™". (B-F) The results of the

linear fits are given in table 1 and 2.

Figure 4. Schematic drawing of the free energy barrier for folding of tendamistat wild
type and tendamistat variants L14V, L14A and N25A. The response of variation in
temperature on the early transition states (TS1) is more sensitive than on the late one

(TS2) due to the different broadness of the barriers.

Figure 5. Denaturant dependences of enthalpy and changes in heat capacity of the

early transition state. Effect of AG;, on ~AH_ AH?* and AHY (A, B), on -AC)

eq?’ pleq)’

03 03
—ACP(f) and ACP(M)

tendamistat wild type (A, C, E, G) and variant L14V (B, D, F, H). The data are taken

(E, F) and on a (C, D) and on o, (G, H), respectively, on

from individual fits. The results of the linear fits are given in table 1 and 2.
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Figure 6. Denaturant dependences of enthalpy and changes in heat capacity of the

late transition state. Effect of AGg on -AH’ AH?* and AH;”IE (A, B), on -AC?

eq? pleq)’

-ACY%

o and ACE?M) (E, F) and on oy (C, D) and on o, (G, H), respectively, on

tendamistat variants N25A (A, C, E, G) and L14A (B, D, F, H). The data are taken

from individual fits. The results of the linear fits are given in table 1 and 2.

Figure 7. Changes in H, T-S and C, during folding of tendamistat wild type (O),
L14V (@), N25A (@) and L14A (@) at 25°C. For comparison the respective values
of the native proteins were arbitrarily set to 0. Data were taken from the fit parameters

given in table 2.
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Abstract

Although predicted, parallel pathways are not often observed in protein folding. In
our recent work we revealed the importance of multiple perturbation analysis to
improve the sensitivity to test the properties of the free energy barriers. To test for
parallel pathways, we therefore measured the effect of denaturant and temperature
on the folding kinetics of a tendamistat variant lacking one of the two disulfide
bonds. Replacement of the disulfide bond leads to a change of the rate-limiting step
at high denaturant concentrations. Determination of the temperature-denaturant
cross-interaction parameters revealed switches between parallel pathways at the
early stage in folding. In contrast, no transition state movement is observed for the
late transition state. Analysis of the denaturant dependence of the activation
parameters revealed that the late transition state is rather insensitive to the addition
of perturbations. These are in accordance with our previous observations that the
barriers become increasingly narrow and transition state structures become more
defined as the folding polypeptide chain approaches the native state.

Our results confirm the importance to use multiple perturbation analysis to test the
shape of the free energy barrier in protein folding and to reveal underlying

complexities of apparent two-state protein folding.

Abbreviations: GdmCl, guanidinium chloride; ASA, accessible surface area;

REFER, rate-equilibrium free energy relationship
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Introduction

Elucidation of structural and thermodynamic properties of the transition barriers
separating the ensemble of unfolded polypeptide chains from the native state are one
of the major goal in protein folding. A way to analyze the properties of the transition
barriers is to measure the changes in activation free energy (AG") and in
equilibrium free energy (AG’) between the unfolded state and the native state upon
addition of a perturbation dx."* To quantify the rate-equilibrium free energy

relationships (REFERS) a proportionality constant can be defined:'

o - &AGO*/&X‘ (1
* OAG /ox

a, is commonly used to obtain information on the structural properties of the
transition state and it is a measure for the position of the transition state along the
reaction coordinate investigated by dx. The range of o, is normally from O for an
unfolded-like transition state to 1 for a native-like transition state.
The most common perturbation applied in protein folding is a change in denaturant
concentration. Linear denaturant dependencies of the activation free energies (AG")
for refolding and unfolding lead to a V-shaped plot of [nA (A=k+k,) versus chemical
denaturant concentration, commonly called chevron plots.” With the proportionality
constants of the denaturant dependences of the activation free energies

(mm=dAG?i/d[Denatumnt]) and the equilibrium free energy

(m,, = dAG" | d[ Denaturant]) we can define an ay,-value:

IAG"™ |9 denaturant] m 2)

o = = fu
" NG/ a[denaturant] m

eq

It was shown that the m-values are proportional to the changes in solvent accessible
surface area.® Thus, o, defines the relative change in solvent accessible surface area
between the unfolded state and the transition state. Other possible perturbations are
structural changes upon site-directed mutagenesis and variation of temperature and
pressure.

It was observed in many reactions that the changes in activation free energy (AG"¥)
induced by changes in the solvent or in structure are linearly related to the

corresponding changes in equilibrium free energy (AG’) between reactants and
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products (Leffler plot)."*” The slope of the Leffler plot gives a,. Due to the
uncertainty of the absolute value of AG", a plot of the rate constant for folding (k;)
versus the equilibrium constant (K,) determined under the same conditions is a more
practical way to analyze REFERs.” This will not influence the slope of the Leffler
plot but it avoids some uncertainty on the absolute value of AG".

Deviations from linearity in the REFERs upon mutation or changes in solvent
conditions are frequently observed in protein folding. They were shown to be caused

8-11

by four major effects: (i) a change in the rate limiting step® ', (ii) a change from two-

12-14

state folding to folding through a populated intermediate =", (iii) a change to a

15,16

parallel pathway ™", (iv) a movement of the transition state along the reaction
coordinate (Hammond behavior)'” and (v) structural changes in the ground states'.
Therefore, analysis of nonlinearities reveals important features on the shape of the
transition barriers.

According to the Hammond postulate the position of a transition state is shifted
towards the ground state that is destabilized by the perturbation relative to the
unfolded state, leading to an increase in o, and downward curvatures in the Leffler
plots. In contrast, a decrease in o, with decreasing protein stability is sometimes
referred to as anti-Hammond behavior.'®'"” However, this phenomenon could be also
explained due to a change of the transition state on parallel pathways."

For a large number of apparent two-state folders non-linear Leffler plots were
reported for the denaturant dependence of AG" for refolding and unfolding.
Detailed studies of these proteins showed that folding is best explained by a
sequential folding model with consecutive transition states and at least one
metastable high energy intermediate.'’ Most of the apparent transition state
movements reported for several proteins when the effect of mutations was
investigated revealed that these apparent Hammond behavior are due to ground state
effects in the unfolded state.'”” Changes in the structure of the unfolded state leads to
a movement of the position of the transition state relative to the unfolded state,
although the transition state structure remains unchanged. This indicates that
transition barriers in protein folding are rather narrow and remarkably stable towards
amino acids replacements. Sensitivity to detect transition state movement can be
improved by applying multiple perturbations.*

In contrast to the sequential transition states, parallel pathways are rare in protein

folding.'""> However, theoretical studies suggested the presence of a manifold of
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parallel routes to the native state.”** For lysozyme folding at least three parallel
pathways were described, some of which are detectable only under certain
conditions.”?* Evidence for parallel pathways in the absence of intermediates is rare.
A clear upward curvature in the chevron plot was reported for a titin domain, which
is the clearest example for parallel pathways in two-state folding.'® The existence of
parallel pathways was also suggested for the formation of the first helix of

27 and for protein G*. In parallel pathways a shift in the rate-limiting step

barnase
to a more native-like transition state occurs upon destabilization of the protein. This
leads to a decrease in o, with decreasing protein stability, which is also sometimes
referred to as anti-Hammond behavior."'*"

We used the small all-f3-sheet protein tendamistat (figure 1A) as a model to test for
parallel pathways in protein folding using multiple perturbation analysis. In previous
studies it was shown that folding of tendamistat involves two sequential transition
states.'’ Applying single perturbations on results in linear Leffler plots.***** In
contrast, combining the effect of denaturant and temperature or pressure on folding
and stability revealed Hammond behavior supporting the importance of multiple
perturbation analysis to test the shape of free energy barriers in protein folding.>*™*
Significantly less Hammond behavior was found for the late transition state leading
to the conclusion that the transition barriers become increasingly narrow and
structurally more defined as the folding polypeptide chain approaches the native
state (figure 1B).

Tendamistat contains two disulfide bridges (Figure 1A). To test for parallel
pathways in tendamistat folding, we measured the effect of denaturant and

temperature on the folding kinetics of the tendamistat disulfide variant C11A/C27S.

Material and Methods

Materials. The tendamistat variant C11A/C27S was constructed, expressed in
Streptomyces lividans and purified as described by Haas-Lauterbach et al.’.
Ultrapure GdmCI was obtained by Nigu Chemie (Waldkaiburg, Germany). All other
chemicals were analysis grade and purchased from Merck (Darmstadt, Germany).

All experiments were carried out in 100 mM cacodylic acid, pH 7.0.

193



Kinetic measurements. Refolding and unfolding kinetics were measured in an
Applied Photophysics SX.18MV stopped-flow instrument. The change in
fluorescence above 320 nm after excitation at 276 nm was monitored. Unfolding or
refolding was initiated by 11-fold dilution of native or unfolded protein into various

denaturant concentrations. The final protein concentration was 3.8 uM.

Transition state analysis. The GdmCl dependence of the apparent rate constant (1)
for folding/unfolding was analyzed using the sequential three-state model with high-

energy intermediate described by Bachmann & Kiefhaber:'**

3)

U kui_ | King_

Thy o ke

The high-energy intermediate is always less stable than U and N thus the analysis

does not make any assumptions on the stability of the intermediate. Therefore, the

fitting of the data to the analytical solutions of the three-state model allows the

determination of k, and k,, and their denaturant dependencies m,, and m,,,

respectively. Only the ratios k,/k,, and m,~m,, are defined, which have to be used

for data fitting. The determined values allows us to calculate &, k,, m, and m, for the
early and late transition state, respectively.

Rate constants at different denaturant concentrations were calculated according to

equation (4):

—fx 4

Ink;, =In k;{f,o D [denaturant] “)
’ ’ RT

The free energies of activation for folding (AG;).¢) and unfolding (AGY) were

calculated using transition state theory™:
k=k,-e 0T (5)

where the pre-exponential factor, k, represents the maximum rate constant for
protein folding in the absence of free energy barriers. This value was measured to be
in the order of 107-10* s'.**% A value of 10® s' was used in the fits. The pre-
exponential factor was assumed to be temperature independent. The temperature
dependence of the rate constants at various denaturant concentrations was analyzed

using equations (5) and (6)
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6
AGO*=AHOi(TO)—T~AS°*(TO)+AC§(T—TO—T-ln%) ©

0

with a reference temperature (7,)) of 298.15 K. Equation (6) assumes that AC}?i is

itself independent of temperature.*® The value for the entropy of activation (AS"*)

depends critically on the correct pre-exponential factor, whereas the values for the

enthalpy of activation (AH %) and heat capacity of activation (AC}Of) are nearly

independent of the pre-exponential factor used.

For the Leffler plots the ki-values were calculated from the measured apparent rate
constant (A).

To systematic analyze a shift in the position of the transition state along the reaction
coordinate due to changes in equilibrium free energy upon addition of denaturant,

the self-interaction parameter p,, was used.*”’

da,  FPAGY )

o= 9aG) (9AG)

A positive p,-value indicates a movement of the transition state to the destabilized
state according to Hammond or a change in the rate-limiting step, whereas anti-
Hammond behavior or parallel pathways could cause negative values.

To improve the sensitivity in the detection of transition state movements we
analyzed the position of the transition state along the reaction coordinate o, under

different AG® caused by the second perturbation, dy: *’

FAGY  ga,  da, (8)
IAG})(0AGy)  IAG; NG,

pDT=(

As equation (8) indicate and was shown in previous work®, p,; can be determined in
two different ways: analysis the effect of temperature on o, i.e. on the relative
change in ASA between unfolded state and transition state, and the effect of
denaturant concentration on o, i.e. on the relative entropy change between unfolded
state and transition state.

By definition, Hammond behavior and ground state effects will yield positive p;-
values. Negative p,,-values indicate anti-Hammond behavior or parallel pathways.

To distinguish between these effects, determination of the effect of temperature on
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the kinetic and equilibrium m-values and the denaturant concentration on the

entropy-values, respectively, is necessary.

Global analysis of the kinetic data. To fit the kinetic data globally we assumed that

the activation parameters AH*, As* and AC} depend linearly on the denaturant

concentration as shown for the equilibrium thermodynamic parameters™. This allows

a global fit of the data according to equation (9)
AG" (T,[GdmCl]) = (AH¥(T,, H,0) + h(T))[GdmCl)) - T(AS* (T, H,0) + s(T)[GdmCl}) (9

+(ACE(H,0) + c[deCl])[T -T, - T]n(%))]

with h(T,) = dAH*/3[GdmCl], s(T,) = dAS*/d[GdmCl] and ¢ = JAC} [3[GdmCl].
AH*(T,,H,0), AS*(T,,H,0) and AC}(H,0) are the entropy, enthalpy and the heat
capacity of activation in the absence of denaturant at the reference temperature T, =
298.15 K. With m, (T)=dAG}* (T,[GdmCl])/d[GdmCl] and equation (9) we

receive the temperature dependence of the kinetic m-values:

(10)
mf,u (T) = hf:u (TO) -T- sf.u (TO) + Cf,ll ) I:T - TO -T ln(%o )]
The data were converted using equation (11):
0f 0f : 11
he, OAHY, s, OASY, ¢, OAC, (11)

m IAG) " m IAG) ~ m

eq eq

OAG)

eq

Data fitting. The program ProFit (Quantum Soft, Zurich, Switzerland) was used for
all data fitting.
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Results and Discussions

Folding through an on-pathway high-energy intermediate. We studied the effect
of temperature and GdmCl concentrations on folding and unfolding of the
tendamistat variant C11A/C27S at pH 7. The microscopic rate constants for folding
(kp and unfolding (k,) were measured at a variety of different GdmCI concentrations
between 1 and 8 M and at 7 different temperatures between 5°C and 35°C (figure
2A). At higher temperatures the unfolding limb clearly reveals a downward
curvature near the transition region and reaches a constant value above 4 M GdmCl.
The non-linearity can hardly be detected at lower temperatures due to the location of
the curvature near the transition region. Thus, the downward curvature in the
Chevron plot at 25°C in previous work escaped detection.” We re-measured the
kinetic data with more data points in the unfolding limb and in the transition region
revealing a small downward curvature (figure 2A and B). Analysis of the amplitudes
reveals no evidence for intermediates at all investigated temperatures (data not
shown).

Jencks and co-workers proposed a method to analyze transition state movements by
applying self- and cross-interaction parameters (equations (7) and (8)).” A self-
interaction parameter p, measures the shift in the position of the transition state along
the reaction coordinate due to changes in equilibrium free energy upon perturbation.
Such a shift causes a curvature in the corresponding Leffler plot. By definition,
Hammond behavior yields positive self-interaction parameters and a downward
curvature in the Leffler plot. The Leffler plot obtained from the Chevron plot at
25°C clearly shows a downward curvature (Figure 2B). Nonlinear Leffler plots are
also observed at all other investigated temperatures. At low temperatures, however,
deviations from linearity are almost invisible as also seen from the nearly linear
folding and unfolding limbs in the Chevron plots (figure 2A). Positive denaturant
self-interaction parameters indicate Hammond behavior. However, a change in the
rate limiting step causes also a downward curvature in Chevron plots.**""** Detailed
studies of tendamistat showed sequential transition states in tendamistat folding."
Therefore, we fitted the data using the sequential three-state model with high-energy

intermediate.'**?
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Apparent transition state movement of the early transition state in tendamistat
folding. As shown in our previous studies, transition state movements are only
observed when the effects of multiple perturbations are analyzed.'”* The cross-
interaction parameter py; (equation (8)) measures the position of the transition state
along the denaturant-induced reaction coordinate o, under different AG, which
improves the detection of transition state movements.”” Figure 3B shows the effect of
changes in AG, caused by variation of temperature on o, of the early transition
state. a, strongly decreases from 0.77 till 0.53 with increasing temperature. A linear
fit of the data gives a negative pp;-value of —(39+4)-10° mol/kJ for the early
transition state (table 1). Negative cross-interaction parameters could be due to
parallel pathways since the free energy of more native-like transition states would be
more strongly increased when the native state is destabilized."” This would lead to an
apparent movement to a more unfolded-like transition states often called anti-
Hammond behavior. To distinguish between ground state effects and apparent
transition state movements, the effect of changes in AG, on the equilibrium and
Kinetic m-values were analyzed (figure 3A). Large changes in m, and m, reveals
transition state movements accompanied by a ground state effect as indicated by the
increase in m,, upon decreasing protein stability. Ground state effects in the unfolded
state were also observed for the temperature-denaturant perturbation in tendamistat
folding in our previous work.” This is in accordance with residual structure in the
unfolded state. These intramolecular interactions are destabilized with increasing
temperature leading to a more solvent-exposed unfolded state. Thus, the m, and m,, -
values increases upon protein destabilization and contribute to the cross-interaction
parameter py;. To quantify the extent of apparent transition state movement we
therefore corrected the properties of the ground state effects. The corrected cross-
interaction parameter py; is larger with a value of —(48+4)-10° mol/kJ (table 1;
figure 3C).

An other way to determine py; is the determination of the effect of denaturant
concentration on the relative entropy change between unfolded state and transition

state o, = AS;TF / Aqu (equation (8)).*”* The parameters, received from the single

fits of the Chevron plots at each temperature, allow the calculation of k, and k; at any
given temperature and GdmClI concentration (figure 4) and thus, using equations (5)

and (6), the determination of the GdmCI dependence of entropy, enthalpy and the
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change in heat capacity (figures 3, 5 and 6; table 2). The magnitude of the activation
entropies critically depend on the choice of the pre-exponential factor in the Eyring
equation and therefore only relative values can be calculated from the kinetic data.
The cross-interaction parameter py is independent of the absolute value of the pre-
exponential factor. The analysis of the disulfide variant C11A/C27S is accompanied
by large errors due to the microscopic rate constant for folding (k) of the late
transition state and the rate constant for unfolding (k,) of the early transition state
were less well defined (figure 4).

Analyzing the changes in AS° and AS* with denaturant concentration confirm our
observation found for the early transition state (figure 3D). In contrast to the
temperature dependence of the a-values, the denaturant dependences of o, shows
no linear dependency accompanied by large uncertainties (figure 3E). The py-value
decreases with decreasing protein stability. Like for a,,, we corrected the properties
of the refolding reaction for the ground state effects. Cross-interaction plot of the
corrected a;-values against AG,, for the early transition state is linear with pyy;-value
of -(41%3)-10” mol/kJ (figure 3F; table 1). The result is in good agreement with the

por-value obtained from the corrected a,-value (figure 3C; table 1).

Origin of apparent anti-Hammond behavior. Theoretical studies on protein
folding predict that multiple pathways between the folded and unfolded states exist
for all proteins.”"*> However, there has been little experimental evidence of multiple
equivalent folding pathways to support these theories. One of the best-characterized
case has involved intermediates acting as kinetic traps to folding."* At least three
parallel pathways were described for lysozyme folding.** The existence of two
parallel pathways in two-state folding was found for folding of the 27"
immunoglobulin domain of the human giant muscle protein titin (TI 127).'

In the case of parallel pathways a perturbation should affect the transition states to
different degrees. When the native state is destabilized the free energy of a more
native-like transition states would be more affected. This leads to an apparent
movement to a more unfolded-like transition states and negative cross-interaction
parameters. Apparent transition state movements towards the unfolded state are
sometimes explained as anti-Hammond behavior.”™” However, a more detailed

analysis revealed that parallel pathways could also explain the effects.'>'**' No clear
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example for anti-Hammond behavior for protein folding exist so far, in contrast, it
was found that anti-Hammond behavior is not reasonable in protein folding.*’

No parallel pathways could be observed for the tendamistat disulfide variant
C11A/C27S analyzing Leffler plots at all measured temperatures (figure 2)
confirming our previous observation that apparent transition state movement is only
observed when multiple perturbations are applied.”® Analysis of the denaturant
dependence of folding of a tendamistat variant with intact disulfide bridges,
however, clearly reveals an upward curvature indicating parallel pathways
(unpublished results), which argues for parallel pathways rather than anti-Hammond
behavior as origin of the apparent transition state movement.

Together with our previous results, we conclude that the early transition state is
rather broad and less well-defined barrier with more pathways leading to the

intermediate.

Late transition state is a rather narrow barrier in tendamistat folding. In
contrast to the early transition state, the a-value of the late transition state is nearly
temperature-independent with o,-values between 0.90 and 0.91 and a small, positive
Por-value of (1.6+0.8)-10”° mol/k]J (table 1; figure 5B). Analysis of the changes of the
kinetic m-values with increasing temperature reveals that the change in o, is only
caused by ground state effects in the unfolded state as indicated by the temperature-
independence of m, and of o, corrected for the properties of the ground state effect
with a pp-value of -(0.1x0.7)-10” mol/kJ (figure 5A, C; table 1). The results are
confirmed by the denaturant independence of AS'* (figure 5D). The change in o
with AG, is non-linear in the late transition state as also observed for the early
transition state (figures SE and 3E). Figure 5F shows the corrected cross-interaction
plot, which is linear with a py-value of (0.2+2.8)-10° mol/kJ. Our observation is in
accord with our previous results of the late transition state where only small
Hammond behavior was observed.”

According to the linear free energy model,” changes in the activation parameters and
the equilibrium thermodynamic parameters are linearly dependent on the GdmCl
concentration and thus on the change of the Gibbs free energy AG,. Table 2

compares the results from the global fit with the results from the individual fits of
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the kinetic data. The result of the global fit for the denaturant dependence of AS°
and AS" is in good agreement with the results of the single fits. The denaturant
dependence of AS° and AS®, however are accompanied with large uncertainties

especially for the early transition state.

Denaturant dependences of the activation parameters. The origin of the GdmCl
dependence of enthalpy and heat capacity is not as straightforward as the GdmCl
dependence of entropy. Changes in enthalpy in protein folding reactions contain
contributions from the polypeptide chain and from its interactions with solvent.
Thus, the enthalpy-values should be dependend on the denaturant concentration.

AH fq increases only slightly with increasing GdmCl concentrations (figure 6A and

B). The activation enthalpies of the early transition state change significantly with
decreasing protein stability, in contrast to the late transition state, where only small
changes are observed (figure 6A and B; table 2). The results from the denaturant

dependence of the enthalpy allow the definition of o, (AHJ?.i / AHqu ), 1.e. the relative

enthalpy change between unfolded state and transition state. At high denaturant
concentration o, is accompanied by large uncertainties for both transition states
(figure 6C and D). a,; shows linear dependency within errors with decreasing protein
stability for the early and late transition state with cross-interaction parameters pyp of
—(39+4)-10” mol/k]J and pyy, of —(4+3)-10” mol/kJ. The results of the global fit are in
good agreement with the results obtained from the single fits (table 2).

Comparison of the results of the global and single fits for the change in heat capacity

received nearly similar results within errors for ACS and AC;iE (table 2). The

denaturant dependences of the change in heat capacity, however, show quite
differences between both fitting methods (table 2). The values of heat capacity
strongly depend on the denaturant concentration of the rate constants. Small
uncertainties in the GdmCI dependence of the rate constants result in large variations
of the heat capacity. The errors significantly increase with decreasing protein
concentration. The results of the denaturant dependence of the change in heat
capacity for the global fit is accompanied with large uncertainties as also observed
for the denaturant dependence of the entropy and enthalpy values. Despite from the

differences of the results of both fitting methods, comparison of both reveals that
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changes in heat capacity show a strong denaturant concentration dependence (figure

6E and F; table 2). In contrast to ACgfu) where only small changes with increasing

denaturant concentration was observed, AC’ and AC%

pleq) »(r-Values significantly

increase with decreasing protein stability for both transition states.

ACS is entirely defined by difference in interactions of the protein with the solvent

thus o (= Acf,ff) / ACg(eq)) allows the characterization of a transition state in terms

of its relative solvent exposure. The a-values are accompanied by very large errors
(table 2) and are not defined at higher denaturant concentration due to the change of

sign of ACg(eq) (figure 6E-H). m,, and ACS -values correlate well with each other

because both depend on the amount of protein surface which becomes exposed to
solvent upon unfolding.’ Thus, the two thermodynamic criteria are most often used
in protein folding to locate the transition state with respect to the unfolded and the
native state. o, report on the interactions of the transition state with the solvent, and
o report on the hydrophobic and polar hydration of the protein in the transition
state. Table 3 compares o and o, in absence of denaturant and at 25°C. The single
and global fit results of o, are in good agreement. However, the results for the global
fits are accompanied with large uncertainties. Comparison of the results of the single
and global fits of o differs significantly but is accompanied with large errors for
either fitting method. For the late transition state, the a,-value is higher than the o~
value, which is commonly observed in protein folding.* In contrast, o, is smaller
than o for the early transition state which is very unusual.

In summary, the activation parameters of the early transition state significantly
change with increasing denaturant concentration compared to the late transition state,
where only small changes are observed (table 2). This is in accord with the
assumption that the late transition state is rather narrow and well defined and does
not significantly change with changes in solvent conditions. In contrast, it is difficult
to interpret the data of the early transition states since folding occurs via parallel

pathways.

Influence of the disulfide bridges on tendamistat folding. Replacement of the
disulfide bond C11-C27 in tendamistat results in a large decrease in stability and to a

deceleration of the refolding rates.'”” Similar like the removing of the other
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disulfide bond C45-C73 in tendamistat, a change in the rate-limiting step occurs at
high denaturant concentrations.'” Our results of the late transition state of the
disulfide variant C11A/C27S is in accordance with our previous finding that the late
transition state is a rather narrow and structurally well-defined barrier.”” Folding of
the early stage in folding of C11A/C27S occurs over different parallel pathways. A
destabilization of the protein leads to switches between parallel pathways. Parallel
pathways without population of intermediates are not observed during folding of
tendamistat wild type and other tendamistat variants so far. This indicates the
importance of the disulfide bond connecting the N-terminal $-hairpin for the early
folding of tendamistat. Formation of this hairpin is not favorable (M.S. and T.K.,
unpublished results) leading to the conclusion of the importance of the disulfide
bond to stabilize the hairpin. Removing of this disulfide bond seems to lead to
different possibilities to reach the intermediate state, whereas the late transition state
is not affected confirming our observation of a well-structured late transition barrier.

The use of multiple perturbation analysis reveals important features of the shape of

the free energy barrier and the underlying complexities in tendamistat folding.
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Table 1. Effect of changes in protein stability induced by temperature (9AG,;) on o,
and on m,,, m; and m, and effect of changes in protein stability induced by denaturant
(9AG,) on o and on AS!, AS} and AS;* of the folding reaction of the tendamistat

disulfide variant C11A/C27S at pH 7.

TS1 TS2 TS1 TS2
corrected®  corrected *
Por
do, [IAG" -39 +4 1.6 +0.8 -48 +4 0.1 20.7
((mol/kJ)-10%)
da, [IAG) -41 £3 0.2 +2.8
((mol/kJ) -10%)
dm,, | IAG, 13 %5 0
M'-10%)
é‘mf/o?AG? -21 £5 13 +£5 -33 12 -0.1 0.5
M'-10%)
—dm, | IAG® 34 13 0.10.5 34 13 0.10.5
M'-10%)
—0AS,, | IAG), 2305 0
(K'+10%
—aASjF/aAGg -7.7 +0.8 2.4+0.5 -10.0 £0.8  -0.04 +0.50
(K'+10%
IAS"* [ ING?, 10.0+0.6  -0.04+0.05 10.0+0.6  -0.04 +0.05
(K'-10%

* Data were corrected of the properties of the refolding reaction for the ground state effect.
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Table 2. Thermodynamic parameters of the folding reaction of the tendamistat
disulfide variant C11A/C27S at pH 7 and the effect of changes in protein stability
induced by adding denaturant on the thermodynamic parameters.

TM C11A/C27S TM C11A/C27S
single fit global fit*
TS1 TS2 TS1 TS2

Aqu (J/(mol-K-M)) 243 +8 257 £21
AS? (J/(mol'K-M)) 213 +21 91 +15 201 +7 -104 +20
AS®* (J/(mol-K-M)) 30 +25 153 10 56 14 152 +1
—0AS., [IAG), (K'-10%) 23105 2.0£9.7
~IASY [OAGY, (K'10%) 7.7 0.8 2.4+0.5 -8.2+31.2 2.0 £9.7
IAS®* /OAGY (K'-10°) 100+0.6  -0.04+0.05 103 £38.6 -0.005%0.019
AH_, (kJ/(mol-M)) -83 £2 -88 +6
AH " (kI/(mol-M)) -23 +6 11 +4 -19 +2 7 £6
AH % (kJ/(mol-M)) 60 +8 95 +3 68 +4 95 +1
—&Aqu/c?AGg -0.3 £0.1 -0.4 £2.1
JAH Y [IAG, 2.9+0.2 0.2 0.1 3.1+11 0318
OAH " | IAG?, 26402  -0.10+0.02  2.7+10.0 -0.1 0.4
Acg (eqy (KJ/(moOl'K)) -3.2+0.3 -2.7+0.6
AC, ;) (kI/(molK)) -3.9 0.9 1.3 20.6 2.8 0.3 -0.4 £0.5
AC,(,, (kJ/(mol-K)) -0.7 £1.1 2.020.4 -0.1 0.4 2.4 £0.1
—0AC) . JIAG) (K'-10%) -82 £19 -69 +293
—0AC)i . [OAG), (K -10°) -168 +29 -78 +22 -77 +314 -61 +26
IAC)E, JIAG] (K'-10%) 86 +18 -3.8+2.3 8 £38 -7.8 +31

* The data are results from global fits of kinetic data at various temperatures.
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Table 3. Comparison of the a,,- and o-values from the single and global fits of the

tendamistat variant C11A/C27S at 25°C and absence of denaturant.

single fit global fit
Op O Op O
TS1 0.62 +0.11 1.21 £0.41 0.60 £1.01 1.04 +0.34
TS2 0.91 £0.14 0.40 £0.24 0.90 £1.74 0.13 £0.23
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Figure Legends

Figure 1. (A) Schematic drawing of the structure of tendamistat. The cysteine
residues involved in the two disulfide bridges are indicated as ball-and-stick model.
The figure was generated using the programs MOLSCRIPT* and Raster3D*. (B)
Schematic drawing of the free energy barrier for folding of tendamistat wild type.
The response of variation in temperature or pressure on the early transition states
(TS1) is more sensitive than on the late one (TS2) due to the different broadness of

the barriers.

Figure 2. (A) GdmCl-dependence of the apparent rate constants for folding of the
tendamistat variant C11A/C27S at various temperatures at pH 7.0. The lines
represent the result of the global fit of the kinetic data. (B) Leffler plot of the effect
of GdmCI concentration on the equilibrium (K, and folding rate constant (k)
calculated from the kinetic data at 25°C. The lines represent hypothetical Leffler
plots for the early transition state (TS1) and for the late transition state (TS2),

respectively.

Figure 3. Analysis of the temperature-denaturant cross-interaction parameter py, for

the early transition state in C11A/C27S folding. Effect of AG, on m,,, m; and —m,

(A) and on ay, (B), respectively, and effect of AGg on —-AS’

o —ASY" and AS)* (D)
and on o; (E), respectively. (C, F) Both a-values were corrected for the properties of
the refolding reaction for the ground state effects. The data are taken from individual

fits. The results of the linear fits are given in table 1.

Figure 4. Temperature dependence of the microscopic rate constants, k; (A, C) and
k, (B, D) of the early (A, B) and late (C, D) transition state at various GdmCl
concentrations. Microscopic rate constants at 0 M GdmCl were determined by fitting
the kinetic data using the three-state model with metastable intermediate. The results
were used to calculate the microscopic rate constants at various GdmCl
concentrations according to equation (5). The data were fitted using equations (3)
and (6). The resulting parameters are displayed in Figures 3, 5 and 6 and are given in

table 2.
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Figure 5. Analysis of the temperature-denaturant cross-interaction parameter ppy for

the late transition state in C11A/C27S folding. Effect of AG, on m,,, m; and -m, (A)

eq®
and on o, (B), respectively, and effect of AG}, on —Aqu, —AS?.i and AS* (D) and on
ar (E), respectively. (C, F) Both a-values were corrected for the properties of the
refolding reaction for the ground state effects. The data are taken from individual fits.

The results of the linear fits are given in table 1.

Figure 6. Analysis of the denaturant-dependences of enthalpy and heat capacity,
respectively, of the early (A, C, E, G) and late (B, D, F, H) transition state in
C11A/C27S folding. Effect of AG,, on enthalpy (A, B) and heat capacity (E, F) and
on the corresponding a-values, oy (C, D) and o (G, H), respectively. The data are
taken from individual fits. The results of the linear fits for the denaturant-dependences
of enthalpy and heat capacity are given in table 2. (C, D) The results of the cross-
interaction parameters py;, for the early and late transition states are -(39 +4)-107

mol/kJ and -(4+3)-10” mol/kJ, respectively.
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Figure 9-1: Schematic representation of the backbone structure of tendamistat. The four
cysteine residues, which are connected via a disulfide bridge, are indicated in violet. The
amino acid replacements, which folds and unfolds with the early transition state rate-limiting
and a stability like wild type are colored in orange, whereas the less stable ones are colored
in red. The two variants with the late transition state rate-limiting are colored in green. The
variants, where a third unfolding phase was found, are colored in blue.
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9.1 Temperature-dependence of Tendamistat wild type at
pH 2

A detailed analysis of the data are described in “Shape of Free Energy Barrier for
Tendamistat Folding”, Schitzle, M. & Kiefhaber, T., 2005, to be submitted and
“Thermodynamic Properties of the Transition States in Tendamistat Folding”,
Schatzle, M. & Kiefhaber, T., 2005, to be submitted. The results are summarized in
chapter 3.1.

Equilibrium and kinetic data were measured for tendamistat wild type at pH 2 at
various temperatures. Equilibrium data were obtained with 10 uM protein in 100 mM
glycine, pH 2, by monitoring the ellipticity at 227 nm. The kinetics were measured
monitoring the change in fluorescence after initiation by 11-fold dilution of native and
unfolded protein, respectively, into various denaturant concentration to a final

concentration of 4 uM protein in 100 mM glycine, pH 2.
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Figure 9-2: GdmCl-induced unfolding transition of tendamistat wild type at pH 2 at 5°C (@),
25°C (@) and 46°C (®). Data at 25°C were measured from Giinter Papppenberger and were
taken from ref.'””*. The lines represent the analysis assuming the two-state model.

Figure 9-3 — Figure 9-11: (following pages): GdmCl-dependence of the apparent rate constants A; (A),
the amplitudes A; (B) and the final and initial values for tendamistat wild type folding at pH 2 at
different temperatures. The values for the refolding reaction are plotted as circles, for the unfolding
reaction as squares.

Figure 9-7: Data at 25°C were measured from Giinter Pappenberger and were taken from ref.>®.
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wild type at 5°C and pH 2
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wild type at 10°C and pH 2
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wild type at 15°C and pH 2
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wild type at 20°C and pH 2
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wild type at 25°C and pH 2
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wild type at 30°C and pH 2
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wild type at 35°C and pH 2

3 - r T + : : .
' { ' ' ' ' ' A ] o Innfolding
2L 1 e Iniyfolding
L i.E e In ks folding
< T } ®e 4 = In 4 unfolding
» i "o " . { =  Iniyunfolding
— 0 L » : [ || - [ ] | .
= * " 5 " . | = Inkgzunfolding
£ ot
T s nf, LY o 1
) _ “a, i
n
-3 PR R S N S B - T T N T R SR B!
0 1 2 3 4 5 6 7 8
GdmCl [M]
T T T T T T T T T T T T T T T .
o 1ol B DDDEU””DDD | A4 folding
S ' oge, " e A, folding
— o=
o ol " » Ajfolding
£ i 1 o total amplitude folding
) o ,
> S o - -u, Ay unfoldfng
E : % %ecens 0(1)00 v m A, unfolding
rY I 000 = Agunfolding
E o° | ©  total amplitude unfolding
= e O
It o0?®
£ 1or 835000° _
1 1 1 1 1 1 1

GdmClI [M]
’ 1 ' I v I ’ 1 ' 1 v I ’ 1 . .

< - C e final values folding
E 12 LOgon 4 o initial value folding
-~ o
© goog® m final value unfolding
=2 ] goodoo op0O e .
S 08 "*a°f°s, 4 © initial value unfolding
(@] | |

»
o 04} ° _
4] F fe ™ 1

®
2 oo} CERSA Ontaan®
= : 0200000 "
[} 00 000000
g
04r I L 1 L I " I L 1 I I ]

OI‘I 2 3 4 5I6I7I8
GdmClI [M]

Figure 9-9

227



In(n/s1)

Amplitude (PM-Voltage / mV)

Amplitude (PM-Voltage / mV)

1.0

0.0

1.0

0.5

0.0

-0.5

wild type at 40°C and pH 2

°
™
.. I ..
n "
L ] [ | L
' ot
I. ?*
2ppe0"t
II!!! 4
(]

1 1 1 1 I 1 1 i 1 1 L 1 1 1
1 2 3 4 5 6 7
GdmClI [M]

T T T T T T T T T T T T T T
B DHDDDDDDDDDD
o | |
o

(u]
o
o
o
g of m =
oo, i
00
o
o
e® _o©
333000

GdmClI [M]

C 0
oO go
o Opog Chs
..'.H.nuuuunuu
|‘.
..
»
[ ] ]

»
.'anI‘.“ SL
00 00000 0000000

1 2 3 4 5 I 6 I 7
GdmClI [M]

Figure 9-10

228

"= O e o

In 2.4 folding
In }., folding
In 7.1 unfolding
In 25 unfolding

A4 folding

A, folding

total amplitude folding
A4 unfolding

Ao unfolding

total amplitude unfolding

final values folding
initial value folding
final value unfolding
initial value unfolding



wild type at 46°C and pH 2
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9.2 Temperature-dependence of the tendamistat disulfide
variant C11A/C27S at pH 7

A detailed analysis of the data are described in “Evidence for Parallel Pathways at
the Early Stage of Tendamistat Folding”, Schitzle, M. & Kiefhaber, T., 2005, to be

submitted. The results are summarized in chapter 3.1.

Kinetic data were measured for the tendamistat disulfide variant C11A/C27S at pH 7
at various temperatures. They were measured monitoring the change in fluorescence
after initiation by 11-fold dilution of native and unfolded protein, respectively, into
various denaturant concentration to a final concentration of 4 uM protein in 100 mM

cacodylic acid, pH 7.
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Figure 9-12: GdmCl-dependence of the apparent rate constant of refolding and unfolding of
the tendamistat variant C11A/C27S at pH 7 and 20°C. Only the rate constant with the major
amplitude is plotted. Data were measured from Annett Bachmann.

Figure 9-13 — Figure 9-18: (following pages): GdmCl-dependence of the apparent rate constants A;
(A), the amplitudes A; (B) and the final and initial values for the folding of the tendamistat variant
CI11A/C27S at pH 7 at different temperatures. The values for the refolding reaction are plotted as
circles, for the unfolding reaction as squares.
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C11A/C27S at 10°C and pH 7
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C11A/C27S at 15°C and pH 7

2 —r 7777
Lot A
¢
o=,
< " a®
® r . III.-...
; \.. .'...-.
— 2+ ]
P [ Soppume
S gwn )
L -
4k ..:.E}
_5 I 1 1 1 L 1 L 1 1 1 L 1 L 1 1
0 1 2 3 4 5 6 7
GdmClI [M]
T T T T T T T T T T T T T L T
=
E 1,D-B g DO0popoOOOoppoOdpbd
S d
3
S o
1
S 00t
o oo
s &
B 8
£
£ -‘I,D-.E&geeea
< ®
n 1 1 1 " L n 1 1 1 L n 1
0 1 2 3 4 5 6 7
GdmClI [M]
T T T v I v 1 L T I 1
> L
c 1.04 C o
- Op
© L poopgtd
% .nn dlm opOpooo .
S 05F S “
> [ §
=
a .o.
[0} -
3 0.0 & .
mn
= piE g
F n
g— %WOO%OOsU.I.I-I
< 05}
i 1 1 1 i | i 1 1 1 | i 1
0 1 2 3 4 5 6 7

GdmClI [M]

Figure 9-15

233

O m O e

In 2.4 folding
In }., folding
In .5 folding
In 2.4 unfolding
In Ao unfolding

A4 folding

A, folding

Aj folding

total amplitude folding
A4 unfolding

Ao unfolding

total amplitude unfolding

final values folding
initial value folding
final value unfolding
initial value unfolding



C11A/C27S at 25°C and pH 7
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C11A/C27S at 30°C and pH 7
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9.3 Variants with the early transition state rate-limiting

(a) Tendamistat variants with stability as wild type
Analysis and results of the data are described in detail in chapter 4.2.

Equilibrium and kinetic data were measured for the tendamistat variants S10M,
R19L, S21A, L44A and I61M at pH 7 and 25°C. Equilibrium data were obtained
with 10 uM protein in 100 mM cacodylic acid, pH 7, by monitoring the ellipticity at
227 nm. The kinetics were measured monitoring the change in fluorescence after
initiation by dilution of native and unfolded protein, respectively, into various
denaturant concentration to a final concentration of 4 uM protein in 100 mM

cacodylic acid, pH 7.
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Figure 9-19: GdmCl-induced unfolding transition (A) and the GdmClI-dependence of the apparent rate
constant of refolding and unfolding (B) of L44A and 161M at pH 7 and 25°C. Only the rate constant
with the major amplitude is plotted. The solid lines represent the results of the global fit. Data were
measured from Daniel Poso.
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Figure 9-20: GdmCl-induced unfolding transition (A) and the GdmCl-dependence of the apparent rate
constant of refolding and unfolding (B) of SIOM, RI19L and S21A at pH 7 and 25°C. Only the rate

constant with the major amplitude is plotted. The solid lines represent the results of the global fit.
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Figure 9-21 - Figure 9-23 (following pages): GdmCl-dependence of the apparent rate constants A; (A),

the amplitudes A; (B, C) and the final and initial values (D, E) for folding of the tendamistat variants
S10M, RI9L and S21A at pH 7 and 25°C. The values for the refolding reaction are plotted as circles,

for the unfolding reaction as squares. The kinetics were measured by stopped-flow mixing (B, D) and

by manual-mixing (C, E).

Figure 9-21: Folding of the tendamistat variant S10M.

Figure 9-22: Folding of the tendamistat variant RI19L.

Figure 9-23: Folding of the tendamistat variant S21A.
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R19L at 25°C and pH 7
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S21A at 25°C and pH 7
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(b) Tendamistat variants with less stability as wild type

A detailed analysis of the temperature dependence of L.14V are described in “Shape of
Free Energy Barrier for Tendamistat Folding”, Schatzle, M. & Kiefhaber, T., 2005,
to be submitted, and “Thermodynamic Properties of the Transition States in
Tendamistat Folding”, Schatzle, M. & Kiefhaber, T., 2005, to be submitted. The
results are summarized in chapter 3.1. Analysis and results of the other data are

described in chapter 4.2.

Equilibrium and kinetic data were measured for the tendamistat variants S21G, V31A
and T32A at pH 7 and 25°C and for the tendamistat variant L14V at pH 7 and various
temperatures. Equilibrium data were obtained with 10 uM protein in 100 mM
cacodylic acid, pH 7, by monitoring the ellipticity at 227 nm and for L14V at 233 nm.
The kinetics were measured monitoring the change in fluorescence after initiation by
dilution of native and unfolded protein, respectively, into various denaturant
concentration to a final concentration of 4 uM protein in 100 mM cacodylic acid,

pH 7.

In(x/s™T)

05,7 [10%*deg*cm?*dmol™]

GdmClI [M] GdmCl [M]

Figure 9-24: GdmCl-induced unfolding transition (A) and the GdmClI-dependence of the apparent rate
constant of refolding and unfolding (B) of T32A at pH 7 and 25°C. Only the rate constant with the
major amplitude is plotted. The solid lines represent the results of the global fit. Data were measured
from Daniel Poso.
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Figure 9-25: GdmCl-induced unfolding transition (A) and the GdmCl-dependence of the apparent rate
constant of refolding and unfolding (B) of L14V, 821G and V31A at pH 7 and 25°C. Only the rate
constant with the major amplitude is plotted. The solid lines represent the results of the global fit.
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Figure 9-26: GdmCl-induced unfolding transition of L14V at pH 7 at 5°C (@) and 45°C (O).
The line represents the analysis assuming the two-state model.

4000

300

2000

1000

0557 [deg*cm?*dmol-']

_1000 i 1 i 1 i 1 i 1 i 1 L L i 1 L 1
0 1 2 3 4 5 6 7 8

GdmCl [M]

Figure 9-27: GdmCl-induced unfolding transition of S21G at pH 7 at 5°C (@) and 45°C (O).
The line represents the analysis assuming the two-state model.

Figure 9-28 — Figure 9-40 (following pages): GdmCI-dependence of the apparent rate constants A; (A),
the amplitudes A; (B) and the final and initial values (C) for folding of the tendamistat variants L14V,
821G and V31A at pH 7 at different temperatures. The values for the refolding reaction are plotted as
circles, for the unfolding reaction as squares.

Figure 9-28 — Figure 9-36: Folding of the tendamistat variant L14V at different temperatures.
Figure 9-37 — Figure 9-39: Folding of the tendamistat variant S21G at different temperatures.
Figure 9-40: Folding of the tendamistat variant V31A at 25°C.
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L14V at 5°C and pH 7

3 T T T T T T T T T T T T T T T
2+ A ]
o~ ;
L ® 4
— 0f ° i
‘Tw A '. |
— '1' i [ ] - -
- i ] - 4
A . $2 %o ] "a )}
£ - ﬁT .'. .iiI--'I il
o ‘ } ' “e =" ]
i an -
-4_ { .5{ .‘ilnu"
5 { i;i 4
_6- 1 1 | 1 1 L 1 ! 1 i | 1
0 1 2 3 4 5 6 7 8
GdmClI [M]
- 0.8 I B A
2 . B
S LA
©  04f g .
g g
S a8’
> o
E 0.0 ':E..l;..i.s. .....;.. Sims
o
= o
[ o
° o
2 -04fF 0° .
s 8388°
£ i 5533658 8
< eﬁ
_08 i i 1 1 | 1 1 i 1 i 1 i | 1
0 1 2 3 4 5 6 7 8
GdmClI [M]
- 0.4 r—+ 1 ‘' T T T T r T T T T
£ * C
% 0.0 .o
;‘? .....'... Dnnnnunmu
= . ﬁ inﬂu
o fe
% -0.4 o ':.
= ot |
a % IE!
E 0000000000000000000 LR S
_08 | 1 1 L 1 | | 1
0 1 2 3 4 5 6 7

Figure 9-28

GdmClI [M]

245

o = O @

In 2.4 folding
In 7., folding
In .5 folding
In 34 unfolding
In 2.2 unfolding

A, folding

A, folding

A3 folding

total amplitude folding
A7 unfolding

A, unfolding

total amplitude unfolding

final values folding
initial value folding
final value unfolding
initial value unfolding



L14V at 10°C and pH 7
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L14V at 15°C and pH 7
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L14V at 20°C and pH 7
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L14V at 25°C and pH 7
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L14V at 30°C and pH 7
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L14V at 35°C and pH 7
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L14V at 40°C and pH 7
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L14V at 45°C and pH 7
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S21G at 25°C and pH 7
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S21G at45°C and pH 7
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V31A at 25°C and pH 7
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9.4 Variants with the late transition state rate-limiting

A detailed analysis of the temperature dependence of N25A are described in “Shape
of Free Energy Barrier for Tendamistat Folding”, Schitzle, M. & Kiefhaber, T.,
2005, to be submitted, and “Thermodynamic Properties of the Transition States in
Tendamistat Folding”, Schatzle, M. & Kiefhaber, T., 2005, to be submitted. The
results are summarized in chapter 3.1. Analysis and results of the other data are

described in chapter 4.2.

Equilibrium and kinetic data were measured for the tendamistat variants L14A and
N25A at pH 7 at various temperatures and salt concentrations. Equilibrium data were
obtained with 10 uM protein in 100 mM cacodylic acid, pH 7, by monitoring the
ellipticity at 227 nm. The kinetics were measured monitoring the change in
fluorescence after initiation by dilution of native and unfolded protein, respectively,
into various denaturant concentration to a final concentration of 4 uM protein in

100 mM cacodylic acid, pH 7.

In(x/s™T)

05,7 [10%*deg*cm?*dmol™]

GdmClI [M] GdmCl [M]

Figure 9-41: GdmCl-induced unfolding transition (A) and the GdmClI-dependence of the apparent rate
constant of refolding and unfolding (B) of L14A at pH 7 and 25°C. Only the rate constant with the
major amplitude is plotted. The solid lines represent the results of the global fit. Data were measured
from Daniel Poso.
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©,,; [100*deg*cm?*dmol-1]

GdmClI [M]

Figure 9-42: GdmCl-induced unfolding transition of LI4A at pH 7 at 5°C (@) 10°C (@) and 15°C (®).
The line represents the analysis assuming the two-state model. Data were measured from Daniel Poso.

Figure 9-43 (following page): GdmClI-dependence of the apparent rate constant of refolding and
unfolding of L14A at pH 7 and various temperatures. Only the rate constant with the major amplitude
is plotted. The solid lines represent the results of the single fits assuming the two-state model. Data
were measured from Daniel Poso.

8,,; [deg*cm?*dmol-']

GdmClI [M]

Figure 9-44: GdmCl-induced unfolding transition of LI4A at pH 7 at 25°C and 0.5 M Na,SO,. The line
represents the analysis assuming the two-state model.
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Figure 9-45: GdmCl-dependence of the apparent rate constant A; of refolding and unfolding of L14A
at pH 7 at 25°C and 0.5 M Na,SO,. The values for the refolding reaction are plotted as circles, for the
unfolding reaction as squares.
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Figure 9-46: GdmCl-dependence of the amplitudes A; (A, C, E, G) and the final and initial values (B,
C, F, H) for folding of the tendamistat variant L14A at pH 7 and 25°C at 0.5 M Na,SO,. Kinetics were
measured monitoring the change in ellipticity (G, H) and the change in fluorescence after initiation by
11-fold (A-D) and 26-fold (E, F) dilution of protein into various denaturant concentrations.
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Figure 9-47: GdmCl-induced unfolding transition (A) and the GdmCl-dependence of the apparent rate
constant of refolding and unfolding (B) of N25A at pH 7 and 25°C. Only the rate constant with the
major amplitude is plotted. The solid lines represent the results of the global fit. Data were measured
from Daniel Poso.
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Figure 9-48: GdmCl-induced unfolding transition of N25A at pH 7 at 5°C (@) 10°C (®) and 15°C
(®). The line represents the analysis assuming the two-state model. Data were measured from Daniel
Poso.

Figure 9-49 (following page): GdmCl-dependence of the apparent rate constant of refolding and
unfolding of N25A at pH 7 and various temperatures. Only the rate constant with the major amplitude
is plotted. The solid lines represent the results of the single fits assuming the two-state model. Data
were measured from Daniel Poso.
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Figure 9-50: GdmCl-induced unfolding transition of N25A at pH 7 and 25°C at different sodium
sulfate concentrations. The line represents the analysis assuming the two-state model.

Figure 9-51 — Figure 9-54 (following pages): GdmCl-dependence of the apparent rate constants A; (A),
the amplitudes A; (B) and the final and initial values (C) for the folding of the tendamistat variant
N25A at pH 7 and 25°C at different sodium sulfate concentrations. The values for the refolding
reaction are plotted as circles, for the unfolding reaction as squares.
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N25A at 25°C, pH 7 and 0.125 M Na,SO,
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N25A at 25°C, pH 7 and 0.35 M Na,SO,4
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N25A at 25°C, pH 7 and 0.45 M Na,SO,4
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9.5 Variants with complex unfolding kinetics

Analysis and results of the data are described in detail in chapter 4.2.

Equilibrium and kinetic data were measured for the tendamistat variants V36A,
V36G, E38Q and D39A at pH 7 and 25°C. Equilibrium data were obtained with
10 uM protein in 100 mM cacodylic acid, pH 7, by monitoring the ellipticity at
227 nm. The kinetics were measured monitoring the change in fluorescence after
initiation by 11-fold dilution of native and unfolded protein, respectively, into various
denaturant concentration to a final concentration of 4 uM protein in 100 mM

cacodylic acid, pH 7.
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Figure 9-55: GdmCl-induced unfolding transition of V36G, E38Q and D39A at pH 7 and
25°C and V36G at 45°C. The line represents the analysis assuming the two-state model.
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Figure 9-56: GdmCl-induced unfolding transition of V36A at pH 7, pH 2 and 25°C. The line
represents the analysis assuming the two-state model.
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Figure 9-57: GdmCl-dependence of the apparent rate constant A; of refolding and unfolding
of V31A at pH 7 at 25°C. The values for the refolding reaction are plotted as circles, for the
unfolding reaction as squares.

Figure 9-58 (following page): GdmCl-dependence of the amplitudes A; (A, B, C) and the final and
initial values (D, E, F) for folding of the tendamistat variant V36A at pH 7 and 25°C.

Figure 9-59, Figure 9-61 - Figure 9-63 (following pages): GdmCl-dependence of the apparent rate
constants A; (A), the amplitudes A; (B) and the final and initial values (C) for the folding of the
tendamistat variants V36A (pH 2, 25°C), V36G (pH 7, 45°C), E38Q (pH 7, 25°C) and D39A (pH 7,
25°C). The values for the refolding reaction are plotted as circles, for the unfolding reaction as
squares.

Figure 9-59: Folding of the tendamistat variant V36A at pH 2.

Figure 9-60: (following pages): GdmCl-dependence of the apparent rate constants A; (A), the
amplitudes A; (B, C) and the final and initial values (D, E) for folding of the tendamistat variant V36G
at pH 7 and 25°C. The values for the refolding reaction are plotted as circles, for the unfolding

reaction as squares. The kinetics were measured by stopped-flow mixing (B, D) and by manual-mixing
(C,E).

Figure 9-61: Folding of the tendamistat variant V36G at 45 °C.
Figure 9-62: Folding of the tendamistat variant E38Q.
Figure 9-63: Folding of the tendamistat variant D39A.
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V36A at 25°C and pH 7
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V36A at 25°C and pH 2
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V36G at 25°C and pH 7
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V36G at 45°C and pH 7
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E38Q at 25°C and pH 7
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D39A at 25°C and pH 7
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