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INTRODUCTION 
 
 
 

1.1 The Folding Problem 
 
The ability of a protein to fold rapidly and efficiently into its intricate and 
highly specific structure is an essential part of the conversion of genetic 
information into cellular activity. 
Despite over five decades of work, understanding protein folding still 
remains one of the major challenges in modern biochemistry and biophysics.  
Pioneering work in the 1950s by Christian Anfinsen, on the folding of 
ribonuclease, demonstrated that the primary structure of a protein "encodes" 
the information necessary for a nascent polypeptide to fold into its native, 
physiologically active, three-dimensional conformation (Anfinsen, et al. 
1961). After denaturation, indeed, small globular proteins can fold back, into 
proper shape, simply removing the denaturant agent. The spontaneity of the 
folding reaction led to the concept that the native conformation of a protein is 
the most stable accessible state and corresponds to the lowest free energy 
(Pace 1990). 
Afterwards, Cyrus Levinthal pointed out that folding can not occur by a 
stochastic search among all possible conformations; because otherwise even 
a small protein would need a unrealistically long time to fold (Levinthal 
1968). The attractive and repulsive forces between neighbouring amino acid 
residues, favouring certain conformations of individual amino acids in the 
polypeptide chain, dramatically reduce the conformational space and the 
number of possible folding pathways available. 
Therefore, to understand how proteins fold, it is necessary to understand the 
thermodynamics of the forces stabilizing the native state and also the 
dynamic mechanism whereby the conformational search to the native state is 
achieved. 
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1.2 In vitro Folding studies 
 
In order to draw general rules about this complex and fascinating process, 
most folding studies are carried out by characterizing in vitro the reversible 
folding mechanism of simple protein systems. Small globular proteins, 
involving a limited experimentally accessible number of states, are generally 
used. 
A fundamental experimental approach is represented by the so-called 
perturbation method: altering some environmental conditions, it is possible to 
alter the equilibrium of the system and the relative populations of native and 
denatured species. A small perturbation, obtained by chemical or physical 
agents such as urea, guanidine hydrochloride or heat, is associated to a 
relaxation process to a new equilibrium. It is possible to monitor this process 
by a variety of spectroscopic techniques, employing as optical probes 
absorbance, fluorescence, circular dichroism, small angle X-ray scattering 
and nuclear magnetic resonance. 
As described below, the current approach to study experimentally protein 
folding consists of characterizing folding reactions under equilibrium and 
transient conditions.  
 

1.2.1 Equilibrium studies 
 
Equilibrium studies provide information about the folding process in terms of 
stability and co-operativity. It has been empirically determined that the 
stability of proteins can be expressed as a linear function of the denaturant 
concentration (see inset panel of Fig. 1.1) (Tanford 1968). Consequently, in 
order to obtain the thermodynamic stability of a protein, expressed by the 
change in free energy between the native (N) and the denatured (D) state 
(ΔGD-N), the linear extrapolation method is routinely used. In these studies, 
the protein is unfolded with a chemical denaturant and a spectroscopic signal, 
generally fluorescence or circular dichroism, is recorded as a function of 
denaturant concentration. Following this approach, curves with sigmoidal 
shape are typically obtained (Figure 1.1). By applying simplified assumptions 
on the effect of a denaturant (Myers, et al. 1995), it is possible to estimate the 
protein stability in the absence of denaturant with some confidence (Pace 
1986). 
Moreover, this analysis allows to obtain a parameter, called mD-N value, 
which describes the co-operativity of the process. The mD-N value is the slope 
of the variation of the ΔGD-N with denaturant concentration; it has been 
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shown, on a purely empirical base, that this value is correlated with the 
number of residues and the surface area exposed to solvent during unfolding 
(Tanford 1968). mD-N value is expressed in kcal mol-1 M-1. 
 

 
 
Figure 1.1. Equilibrium unfolding of the second PDZ domain from PTP-BL 
(PDZ2) monitored by fluorescence (Gianni, et al. 2005). Inset Panel: Linear 
free energy extrapolation. A quantitative analysis of the observed 
spectroscopic signal as a function of denaturant allows to estimate the 
stability of the protein in the absence of denaturant and to calculate the mD-N 
value, which describes the co-operativity of the process. 
 
 

1.2.2 Kinetic studies 
 
The kinetic approach provides detailed information about the folding 
pathway of a protein and the reaction dynamics. Kinetic studies are based on 
rapid perturbations of the equilibrium conditions that change the energetic of 
the system. The perturbation induces a relaxation process to a new 
equilibrium which allows to estimate the relaxation rate of the reaction.  
Folding kinetics of small fast-folding proteins often exhibit two-state folding 
behaviour, as described by Jackson and Fersht (Jackson and Fersht 1991). 



CHAPTER 1. Introduction 

 4 

Due to the extremely fast folding of these small proteins, stopped-flow 
mixing devices with dead times in the millisecond range are usually required, 
and the folding reaction is monitored by following the change in circular 
dichroism or Trp fluorescence signal. The speed of the folding reaction is 
measured by rapidly diluting the protein from a high denaturant 
concentration, where it is completely denatured, into a low denaturant 
concentration where the folding reaction will occur. On the other hand, the 
speed of the unfolding reaction is measured by diluting the native protein 
from an aqueous buffer into a solution with high denaturant concentration. 
Folding and unfolding rate constants at a variety of denaturant 
concentrations, are determined by fitting the folding and unfolding curves to 
exponential equations. In the case of two-state folding, only a single 
exponential folding phase is observed (Figure 1.2), whereas multi-state 
systems may lead complex kinetics. 
 

 
 
Figure 1.2. Stopped-flow time courses of the engineered protein GA88. 
Unfolding (left panels) and refolding (right panels) reactions were monitored 
by the change in tryptophan fluorescence at pH 7.2 and 10 °C. The excitation 
wavelength was 280 nm and the fluorescence emission was measured using a 
320 nm cut-off glass filter. The unfolding transition was initiated by a jump 
from urea 0 to 7.27 M; the refolding transition was initiated by a jump from 
urea 7 to 1.10 M. Both the curves are described by a single-exponential 
function. 
 
 
If a protein folds following a two-state model (scheme 1.1), only the 
denatured and the native states are significantly populated (Buchner and 
Kiefhaber, 2005). 



CHAPTER 1. Introduction 

 5 

 

! 

kU
" # # 

kF# $ # D N                                                                              (Scheme 1.1) 

 
When a perturbation is imposed on the system, the observed rate constant kobs 
is represented by the following equation: 
 

! 

kobs = kF + kU                                                                                      (Eq. 1.1) 
 
where kU and kF represent the unfolding and refolding rate constants 
respectively. In a two-state reaction, the logarithm of the observed 
(un)folding rate constants is linearly dependent on denaturant concentration 
(Jackson and Fersht 1991). Figure 1.3 shows the folding/unfolding rate 
constants expected for a two-state system. Because of its classical V-shaped 
appearance, this kind of semilogaritmic plot is currently called “chevron” 
plot by the protein folding community. From the analysis of a chevron plot, it 
is possible to calculate (a) kF

H2O and kU
H2O, which represent the extrapolated 

folding and unfolding rate constants in absence of denaturant and (b), mF and 
mU which reflect their dependence on denaturant concentration and correlate 
with the change in accessible surface area between the two ground states and 
the transition state in between. 
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Figure 1.3. Semilogarithmic plot of the observed rate constants as a function 
of denaturant concentration (chevron plot); simulated data set. Dashed lines 
represent the best fit to a two-state model. As described in the text, for a two-
state system, the observed rate constant is the sum of the folding and 
unfolding microscopic rate constants. 
 
 

1.3 Transition State Theory 
 
Protein folding can be described as a unimolecular chemical reaction, in 
which the “reactant” (an unfolded protein) is converted to a “product” (the 
folded state). Unimolecular chemical reactions are typically governed by a 
single rate-limiting step, when the system passes through a high free-energy 
barrier called “transition state (TS)”. Correspondingly, the presence of two, 
well-defined, thermodynamic macrostates in a folding reaction implies the 
existence of an energy barrier in between. Two-state folding transitions 
(Figure 1.4) are, thus, adequately described by the transition state theory 
(TST). 
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Figure 1.4. Transition State Theory (TST). Schematic illustration of free 
energy profile for a folding reaction. The transition state is located between 
the denatured state D and the native (folded) state N of the protein. The 
folding rate constant is proportional to the exponential of the (negative) 
activation free energy, the free energy difference between the transition state 
and the denatured state D. 
 
 
Transition state theory was first proposed by Eyring in 1935 to explain 
chemical reaction rates (Eyring 1935). Equation 1.2 is used to describe this 
theory: 
 

! 

k =
"KbT
h

# 

$ 
% 

& 

' 
( e )Ea RT( )                                                                      (Eq. 1.2) 

 
where k is the rate constant of the reaction, K is called trasmission coefficient, 
Kb is Boltzmann’s constant, h is Plank’s constant, Ea is the activation energy 
for the reaction, R is the universal gas constant and T is the absolute 
temperature.  
The term (KKbT/h) is a pre-exponential factor interpreted as the vibrational 
frequency, which refers to the maximal theoretical reaction rate (〜 1013 sec-

1) for simple molecular reactions. 
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According to Eyring’s equation the observed folding rate constant, kf, is 
proportional to the free energy of activation (i.e., the free energy difference 
per mole between the denatured and the transition states, ΔG‡).  
One standard extension of the TST assumes that the reaction’s progress can 
be described by a reaction coordinate. In essence, an ideal reaction coordinate 
would be any degree of freedom that connects reactant(s) and product(s) 
along the lowest free energy continuous path on the free energy surface of the 
reaction; the highest free energy point along this path is the transition state 
(Figure 1.4). Moreover, while in ordinary chemical reactions, such as bond 
breaking in the gas phase, the TS corresponds to a well defined molecular 
structure, in protein folding the TS is described as an ensemble of high free 
energy conformations; it is therefore referred to as the transition state 
ensemble (J. N. Onuchic 1996; J.N. Onuchic 2004). 
 
 

1.4 Protein Folding Intermediates 
 
Understanding the role and structure of partially folded intermediates is of 
fundamental mechanistic importance for protein folding studies. Earlier work 
suggested that the folding of small single domain proteins generally conforms 
to an all-or-none behavior (Jackson 1991), involving simultaneous formation 
of secondary and tertiary structure (Itzhaki, et al. 1995). Following this view, 
folding occurs in a two-state fashion, via condensation around a marginally 
stable nucleus, and discrete intermediates tend to be avoided (Fersht 1995). 
When the inherent stability of folding nuclei is increased, however, even very 
simple protein systems appear to fold in a more complex fashion, with 
population, for example, of a partially folded intermediate, which may either 
transiently accumulate leading to multi-phasic kinetics, or be a high energy 
species en-route to the native state (Gianni, et al. 2003). In both cases, the 
system is represented by a three-state model (scheme 1.2). 
 

! 

D  "
kDI

#
kID

   I "
kIN

#
kNI

  N                          (Scheme 1.2) 

 
 
The presence of such local minima in the landscape is very difficult to 
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address experimentally (Bryngelson, et al. 1995) and intermediates may 
sometimes escape detection. 
 

1.4.1 Identification of Folding Intermediates: The roll-over effect 
 
The analysis of chevron plots is a common and powerful tool for detecting 
protein folding intermediates. A deviation from its classical V-shaped 
appearance may indicate that the system under analysis is kinetically more 
complex than a simple two-state reaction. This deviation, known as roll-over 
effect, in either folding or unfolding branches of chevron plots, may result 
from different scenarios, including accumulation of intermediates (Figure 1.5 
a) (Matouschek, et al. 1990; Parker, et al. 1995; Ferguson, et al. 1999) or 
changes in the rate-limiting step between two discrete barriers, due to a high-
energy never accumulating intermediate (Figure 1.5 b) (Oliveberg 1998; I.E. 
Sanchez 2003; Gianni, et al. 2009).  
It is sometimes possible to detect the accumulation of low-energy 
intermediates by observing multiphasic kinetics and/or by analyzing 
fluorescence amplitudes (Khorasanizadeh, et al. 1996; Ferguson, et al. 1999; 
Capaldi, et al. 2001; Jemth, et al. 2004). On the other hand, the mechanisms 
involving a change in the rate-limiting step (i.e., involving a high-energy 
intermediate) are more difficult to be detected. They often result kinetically 
equivalent to another event which could be responsible for a roll-over effect: 
a structural change in one single transition state, involving Hammond effects 
on smooth energy barriers (Figure 1.4 c) (Otzen, et al. 1999; Ternstrom, et al. 
1999). 
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Figure 1.5. Schematic free energy diagrams predicted for (a) three-state 
folding involving a low-energy accumulated intermediate; (b) three-state 
folding involving a high-energy never accumulating intermediate; (c) two-
state folding involving a broad energy barrier. Solid black lines and dashed 
gray lines represent schematic energy diagrams for the two different 
scenarios expected at low and high denaturant concentrations, respectively. 
While the mechanisms involving a change in the rate-limiting step (b) or a 
smooth barrier (c) are generally indistinguishable, accumulation of a folding 
intermediate (a) results in double exponential time courses and may be 
addressed using ultrafast mixing/relaxation techniques (Shastry, et al. 1998; 
Capaldi, et al. 2001; Jemth, et al. 2004). 
 
 
A classical roll-over effect is present in the chevron plot reported in Figure 
1.6. In this example, the observed rate constants follow a two-state behavior 
in the refolding and unfolding arms until 5.5 M guanidine concentration, 
whilst at higher denaturant concentrations, a deviation from linearity is 
detected.  
The roll-over effect can be more or less pronounced depending on the 
difference between the m values of each state. In particular if the intermediate 
state is native like, i.e. highly compact, the roll-over can be described by a 
kink in the refolding branch. However in many cases, the folding 
intermediate can display unfolded-like properties; in such a case, the 
deviation from linearity is much more difficult to detect and deviation from 
two-state folding may be detected by comparison between the 
thermodynamic parameters obtained by equilibrium and kinetic experiments 
(Matouschek, et al. 1989; Fersht 1999; Gianni, et al. 2003). 
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Figure 1.6. Chevron plot of the B1 IgG-binding domain of streptococcal 
protein G (generally called GB1) measured at pH 9.0 and 25 °. It is clearly 
evident that the data do not fit well to a two-state model (dashed line), since 
a deviation from linearity in the unfolding arm is present (roll-over effect).  
 
 

1.4.2 Alternative explanations for multi-state kinetics 
 
Roll-over effects may result from events other than the presence of a high or 
low-energy intermediate state; thus analysis of chevron plots must consider 
all possibilities. In particular, a deviation from linearity in a chevron can 
result either from changes in the position of the transition state along the 
reaction coordinate or from transient aggregation of the denatured protein. 
Changes in transition state ensembles consist in movements of the transition 
state position along the reaction coordinate as the denaturant concentration is 
increased. As shown in Figure 1.5 c, this instance is represented by a two-
state model involving a broad energy barrier, assuming the protein to display 
plastic folding pathways characterized by a malleable TS (Ternstrom, et al. 
1999; Cellmer, et al. 2007; Lindberg and Oliveberg 2007;). In other cases, the 
TS is surprisingly robust and maintains its structural features when the 
system is perturbed, for example by altering solvent conditions or by 
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mutagenesis (Jackson and Fersht 1991; Itzhaki, et al. 1995). In spite of the 
remarkable conceptual differences invoked by mechanisms implying either a 
malleable or a robust TS, it is extremely difficult, if not impossible, to 
unequivocally discriminate between these two models (Scott, et al. 2004). 
This is not surprising, because these two models correspond to extreme 
manifestations of a more complex scenario, whereby folding is characterized 
by a rough energy landscape (Hyeon and Thirumalai 2003) as detailed in 
“The Energy Landscape Theory” section (paragraph 1.7.2). 
Another mechanism underlying complexity is due to the presence of transient 
aggregates i.e. association of two or more non-native protein molecules. This 
event driven by hydrophobic interactions, results in the formation of 
amorphous structures that lack long-range order. Because aggregation is 
sensitive to protein concentration, monitoring the kinetics as a function of 
concentration is a mandatory control to exclude aggregation artefacts (Figure 
1.7).  
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Figure 1.7. An example of complexity due to aggregation and broad 
activation barrier. GdnHCl dependence of the rate constants for folding and 
unfolding of the spliceosomal protein U1A (Silow and Oliveberg 1997). The 
deviation from two-state folding observed at low [GdnHCl] (○), found also 
for other proteins, may be mistaken as accumulation of an intermediate. With 
U1A, this deviation was showed to be caused by transient aggregation of the 
denatured protein under refolding conditions (conditions where aggregation 
occurs are marked grey). At low protein concentrations the denatured 
protein remains monomeric during the refolding process while at higher 
protein concentrations the denatured protein aggregates in the dead-time of 
the stopped-flow instrument, giving rise to a retardation of the refolding rate. 
A part from transient aggregation commented above, it is evident the 
presence of a pronounced specular curvature in both the arms of U1A 
chevron plot. Silow and Oliveberg demonstrated that specular curvature is 
due to a broad activation energy barrier separating the native and the 
denatured states. 
 
 

1.5 Experimental strategies for Folding studies 
 
In analogy with classical organic chemistry, the best strategy to unravel the 
mechanism of the folding reactions would be to isolate all the intermediate 
states and characterize the transition states in between. Indeed, many 
advances in protein folding studies have been achieved by isolating 
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intermediates and studying their structure. However isolation and 
characterization of folding intermediates is often impossible because they are 
short-lived and at very low concentration (due to cooperativity). Indeed, for 
many single domain proteins, only the fully native and the fully denatured 
states may be populated at equilibrium. In these cases, a key role in protein 
folding studies has been played by the description and the characterization of 
folding transition states. A great contribution is due to A. Fersht and co-
workers (Fersht, et al. 1992) who introduced in the late 1980s the so-called 
Φ value analysis, contributing to the description of protein folding 
mechanism at nearly atomic resolution.  
 

1.5.1 Φ−Value analysis 
 
The protein engineering approach, termed Φ value analysis, was developed in 
the laboratory of Alan Fersht with the purpose of unveiling the structure of 
the protein folding transition states (Fersht, et al. 1992). Following this 
method, the degree of structure formation of individual residues in the 
transition state is actually inferred from analyzing the effect of single-site 
mutations on folding rates and stability. The Φ value analysis has been 
extensively used to investigate the transition state of many proteins 
(Matouschek, et al. 1989; Gianni, et al. 2007a; Zarrine-Afsar, et al. 2010; 
Banachewicz, et al. 2011). 
The Φ value is calculated as the ratio of the energetic perturbation induced on 
the transition state versus that induced in the native folded state, introducing 
a non-disruptive mutation, intended to cause a small perturbation: 
 

! 

" =
##G*

TS$D

##GN$D

                                                                                      (Eq. 1.3) 

 
where ΔΔGN−D is the change induced by mutation in the free energy of 
folding and ΔΔG*

TS−D that induced in the activation energy of folding.  
Φ values normally range from 0 to 1. A Φ-value near unity indicates that the 
TS is energetically perturbed upon mutation as much as the native state. This 
effect indicates that in the TS the mutated residue is engaged in fully native 
contacts (i.e. it has all its native interactions established) (Figure 1.8 right 
panel). On the other hand, a Φ-value near zero is taken as evidence that the 
TS is not energetically perturbed by the mutation, while the native state is 
(i.e. the mutated residue is as unstructured in the TS as in the denatured 
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ensemble) (figure 1.8 left panel). 
 

 
 
Figure 1.8. Φ-value analysis. The depicted energy profiles represent two 
different scenarios in which a hypothetical probed residue (shown in yellow 
on the structures) gives rise to different effects in the folding activation 
energy and in the stability of the protein, depending on the structure of the 
transition state. Left panel: the site of mutation is in an unstructured region 
of the transition state (Φ=0).  Right panel: the probed residue is highly 
native-like in the transition state (Φ=1). 
 
 
Experimentally determined Φ values are generally in between 0 and 1 (most 
often between 0.3 and 0.7). The traditional interpretation of fractional Φ 
values is, however, not straightforward as they might indicate the existence 
of multiple folding pathways or a unique transition state ensemble with 
genuinely weakened interactions (Oliveberg and Fersht 1996). 
Also the interpretation of the so-called non-classical Φ values (Φ> 1 and Φ < 
0), that are seldom observed, is not straightforward. While, in some cases, 
these values are due to an incorrect mutation, in some others, they appear 
genuine. Negative Φ values can be observed when the native state is 
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destabilized while the transition state is stabilized and vice-versa. Φ values 
higher than 1 may be detected when the transition state is affected by the 
mutation more than the native state (Gianni 2012 in press). Because unusual 
Φ values are often indicative of non-native contact formation (Ozkan, et al. 
2001), they can be used to detect local misfolding in transient intermediates 
either en-route to the productive folding pathway, as in the case of the Im7 
protein (Capaldi, et al. 2002), or acting as off-pathway kinetic traps, like in 
the case of the circularly permuted PDZ domain of  D1p protein (Gianni, et 
al. 2010). 
 

1.5.2 Comparative studies on Protein Folding: Homologous 
Proteins 
 
Current knowledge on the protein folding reaction has been achieved by 
extensively characterizing the folding mechanisms of simple globular 
proteins (Jackson 1998). However, given the diversity of protein folds and 
especially amino acid sequences, it is extremely difficult to draw general 
rules by studying folding pathways of individual proteins. In fact, when 
considering the folding of different proteins at least three key variables may 
jeopardize a comparison: i) sequence composition, ii) native and iii) 
denatured states structure variability. 
A powerful strategy to elucidate some of the relationships between sequence 
information and folding mechanism is to study proteins that differ in 
sequence but share the same overall fold (Chiti, et al. 1999b; Clarke, et al. 
1999a; Martínez and Serrano 1999; Riddle, et al. 1999; Friel, et al. 2003; 
Travaglini-Allocatelli, et al. 2003; Travaglini-Allocatelli, et al. 2005; Chi, et 
al. 2007; Calosci, et al. 2008). This strategy assumes that general correlations 
between amino acid sequences and folding pathways may be extrapolated by 
comparing folding processes for different members of a given protein family. 
The final goal is to identify the limited number of sequence determinants to 
achieve the common fold. Thus, the protein folding problem is often 
investigated using proteins with a low degree of sequence identity, yet 
adopting essentially the same fold. 
Over the years, it has been found that the mechanism of folding is, generally, 
conserved in protein families (Chiti, et al. 1999a; Gianni, et al. 2001a; 
Zarrine-Afsar, et al. 2005) suggesting that the native topology is one of the 
main factors controlling protein folding (Baker 2000). 
An interesting example of comparative study is represented by the 
cytochrome c (cyt c) family, which has been used extensively in different 
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laboratories, as a model system for folding studies (Elove, et al. 1994; Bai, et 
al. 1995; Colon, et al. 1996; Gianni, et al. 2001a; Brunori, et al. 2003; 
Travaglini-Allocatelli, et al. 2003). The c-type cythocromes are a large 
family of globular proteins with a characteristic α-helical fold and a 
covalently bound heme group. In 2004, using a comparative approach, it was 
shown that very different members of the cyt c protein family share a 
common folding mechanism (Travaglini-Allocatelli, et al. 2004). By 
comparing the folding kinetics of cytochrome c551 from the mesophilic 
bacterium Pseudomonas aeruginosa (Pa-cyt c551) and cytochrome c552 from 
the thermophilic bacterium Hydrogenobacter thermophilus, it was 
demonstrated that the folding transition states of these two proteins share 
some similarities, in spite of large differences in thermodynamic stabilities. 
Analysis of extensive kinetic data available on many eukaryotic cyt c has 
indicated that similar species are populated along the folding pathway, 
enabling to propose a consensus mechanism. 
The PDZ domains represent another example of comparative folding study. 
They constitute a large family of protein-interaction modules that mediate 
protein-protein recognition by binding to short amino acid sequences 
(Fanning and Anderson 1999). Different classes of PDZ domains recognize 
specific C-terminal sequences (PDZ motifs) on a variety of protein 
substrates. Analyzing and comparing the kinetic folding mechanisms of five 
related but distinct PDZ domains, it has been found that, despite their low 
sequence identity and apparent folding complexity, the folding reactions for 
PDZ domains can be explained by a model with an intermediate and two 
transition states that are rather conserved with regard to their positions along 
the folding reaction coordinate (Chi, et al. 2007). In particular, through a 
combination of Φ-value analysis and molecular dynamics simulations, it was 
found that the late transition states are much more structurally similar than 
the early transition states (Calosci, et al. 2008). Surprisingly, in a further 
study on a topological PDZ mutant (cpPDZ2), such as a circular permutant, 
where the native N- and C-termini were joined and the sequence cleaved in a 
different position (Ivarsson, et al. 2008), it was shown that, although circular 
permutation introduces a significant destabilisation of the native state, the 
folding kinetics of cpPDZ2 reveal a remarkable stabilisation of the folding 
intermediate, which accumulates transiently during folding. 
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1.5.3 A complementary approach in Protein Folding studies: 
Proteins with high sequence identity but different fold 
 
The analysis of heteromorphic proteins, that is proteins with high sequence 
identity but different structure, can be considered as a novel and alternative 
approach complementary to the folding studies on protein families.  
While the analysis of protein families allows to control one of the main 
factors governing protein folding, i.e. native-state topology, the study of 
heteromorphic proteins allows to control another relevant parameter: the 
amino acid sequence of a protein.  
It is known that, proteins with a significant similarity in their amino acid 
sequence are expected to have the same fold. In fact, analysis of the protein 
data bank (PDB) reveals that a sequence similarity of 40% nearly always 
leads to a conserved three-dimensional structure and function (Wilson, et al. 
2000). This observation provoked Rose and Creamer in 1994 to issue the 
‘‘Paracelsus Challenge’’, whereby the protein folding community was 
charged with the task of designing two proteins that were at least 50% 
identical but possessed different folds (Rose and Creamer 1994). Amazingly, 
this goal was fully achieved in only 3 years, when Dalal and co-workers 
designed a sequence that, in spite of being 50% identical to a mostly β-sheet 
protein, folded into a four-helix bundle (Dalal, et al. 1997). Since then, 
several other scientists have achieved similarly impressive feats of design 
(Davidson 2008). In 2008, ambitious work by Bryan and co-workers led to 
the design of a pair of proteins with an extraordinarily high degree of 
sequence identity but different structure and function (Alexander, et al. 2007; 
He, et al. 2008). In particular, the sequences of two domains from 
streptococcal protein G were subjected to an iterative design of 
heteromorphic proteins leading the authors to produce three pairs of protein 
G variants with an increasing level of sequence identity (30%, 77% and 88% 
respectively) (Alexander, et al. 2007; He, et al. 2008). Two proteins, sharing 
88% sequence identity (49 out of 56 amino acids), are called GA88, which is 
mostly α-helical (the 3 helix bundle protein A fold), and GB88, displaying the 
α+β protein G fold (Figure 1.9); yet they display divergent structures and 
functions that were similar to the respective wild-type proteins. The study of 
this remarkable protein engineering achievement offers some unique 
opportunities for a complementary analysis on protein folding mechanisms 
and allows to pose two key questions: (1) At which stage of its folding 
pathway does a protein commit to a given topology? and (2) Which residues 
are crucial in directing folding to a given structure?.  
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Figure 1.9. GA88 and GB88 structures. Sequence alignment and secondary 
structure are shown below. The 7 residues that differ between the two 
proteins are shown in different colours: 24 (red), 25 (green), 30 (blue), 33 
(orange), 45 (magenta), 49 (violet) and 50 (cyan). 
 
 

1.6  Theoretical studies 
 
A crucial approach in protein folding studies is represented by the 
comparison between experimental and theoretical results. Theoretical models 
and computer simulations have greatly advanced our understanding of 
protein folding and have helped the interpretation of experimental data. There 
is a synergy between theory and experiment, the former providing testable 
models and the latter aiming at validating hypothesis (Szilagyi 2007). 
One of the principal tools in the theoretical approach to the structure and 
function of biological molecules is the method of molecular dynamics (MD) 
simulations (Karplus and McCammon 2002). Simulations can help in 
identifying or predicting transition and intermediate states along the folding 
pathway, they provide estimates of the rate of folding and in some cases, 
predict the final, folded structure. 
Small proteins typically fold in the several microseconds to seconds 
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timescale; detailed atomistic simulations, however, are currently limited to 
the nanosecond to microsecond regime. Therefore, simulation of folding 
requires either simplified models or special sampling methods, both of which 
introduce some approximations. To simulate unfolding, the simplest method 
of increasing sampling is to increase the temperature of the simulation to 500 
K or more where the native structure of the protein is melting within a few 
nanoseconds. This approach has been applied to several small proteins, 
including bovine pancreatic trypsin inhibitor (Kazmirski and Daggett 1998b), 
lysozyme (Kazmirski and Daggett 1998a), myoglobin (Tirado-Rives and 
Jorgensen 1993), barnase (Wong, et al. 2000), ubiquitin (Alonso and Daggett 
1998), the SH3 domain (Day and Daggett 2003), etc. Features of the 
unfolding process, such as the transition-state ensemble or the unfolded 
ensemble, have in some cases shown remarkable agreement with 
experimental results (Tsai, et al. 1999).  
 
 

1.7 Folding mechanisms 
 
As mentioned previously, in 1968 Levinthal postulated the existence of 
folding pathways. The concept of folding pathways gave rise to a number of 
models describing the folding process, which are briefly summarized below. 
The various models of protein folding are not necessarily exclusive; they try 
to grasp different aspects of folding. 
In 1973, the nucleation model (Wetlaufer 1973) tried to resolve Levinthal’s 
paradox by assuming that the rate‐limiting step in the folding process is a 
nucleation event, presumably the formation of smaller structural units, and 
once nucleation occurs the nuclei grow fast and the folding process rapidly 
completes. This model is not consistent with the large number of 
observations where folding intermediates were observed.  
The ‘‘diffusion–collision model (DC)” (Karplus and Weaver 1976) implies 
fluctuating microdomains (portions of secondary structure or hydrophobic 
clusters) that move diffusively and repeatedly collide with each other. 
Productive collisions lead to coalescence into intermediates, which may 
involve microdomains that are not necessarily contiguous along the protein 
sequence. Folding proceeds as a series of coalescence events that might either 
follow a unique order (sequential folding pathways) or explore different 
routes (parallel folding). Also the so-called ‘‘jigsaw puzzle model’’ (Harrison 
and Durbin 1985) denied the necessity of a unique, directed folding pathway 
and stated that each protein molecule can follow a different route to the 
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native structure, just like there are multiple ways to solve a jigsaw puzzle. 
The introduction of the ‘‘hydrophobic collapse model’’ (Dill 1985), based on 
the intuition of C. Tanford, led to the view that the hydrophobic effect is the 
main driving force of folding, and the process starts with a rapid collapse of 
the chain, expulsion of the water and formation of the secondary structure.  
The ‘‘framework model’’ (Baldwin 1989) stated that the folding process is 
hierarchical, starting with the formation of the secondary structure elements, 
and the docking and the organization of the preformed substructures is the 
rate‐limiting step.  
The model named ‘‘nucleation–condensation (NC)’’ represents an attempt to 
unify the features of both the framework and the hydrophobic collapse 
mechanisms (Fersht 1995; Fersht 1997). In this model, secondary structure 
and hydrophobic interactions form nearly simultaneously and synergistically 
(Daggett and Fersht 2003), leading to the formation of a weak structured 
local nucleus. The nucleus is composed of a set of adjacent residues, 
stabilized by long-range interactions that are formed as the rest of the protein 
collapses around the nucleus: formation of the nucleus (nucleation) 
(Wetlaufer 1973) is coupled with a more extended formation of structure 
(condensation). 
 

1.7.1 Nucleation-Condensation and Diffusion-Collision: Extreme 
manifestations of a common mechanism for Protein Folding 
 
Among the models for protein folding, Nucleation-Condensation (NC) and 
Diffusion-Collision (DC) mechanisms are, currently, the two models 
generally used to describe the folding of small single-domain proteins. A 
critical test to distinguish between them is represented by the analysis of the 
magnitude and distribution of Φ values for a given protein.  
The transition state of a protein which folds according to the DC model, 
displays heterogeneous structure localization, with regions having Φ values 
close to 1 and others displaying Φ values close to 0, distributed in contiguous 
blocks, indicative of preformed secondary structure elements (or independent 
microdomains) (Gianni, et al. 2003).  
On the other hand, in the case of the NC model, the nucleus may be identified 
by the few residues displaying higher Φ values; the native-like structure in 
the TS should gradually decrease with a smooth gradient of decreasing Φ 
values from the nucleus (Itzhaki, et al. 1995). 
In 2007, a work on a PDZ domain (second PDZ repeat from Protein Tyrosine 
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Phosphatase-Bas Like, PDZ2) (Gianni, et al. 2007a), performed in our 
laboratory, suggested that NC and DC models may represent extreme 
manifestations of an underlying common mechanism and that proteins may 
appear to fold by either NC or DC depending on the inherent stability of their 
secondary structure elements. As reported above, it was already shown that 
the folding pathway of PDZ2 proceeds through two consecutive TS barriers 
(Gianni, et al. 2005). The interactions formed in the two distinct TSs were 
mapped by Φ-value analysis. Surprisingly, the first TS was characterized by 
many mutants displaying Φ = 0 and only some mutants having fractional Φ 
values, suggestive of a NC mechanism. On the other hand, the second TS 
displayed characteristics of the DC mechanism with several Φ-values close to 
1, and the rest displaying fractional Φ. The folding of PDZ2 has been 
suggested as a paradigmatic example in which the two extreme models are 
manifested in one single protein. According to this unifying folding 
mechanism, the folding of small globular proteins is suggested to involve 
three major events: (1) formation of a weak nucleus that determines the 
native-like topology of the structure, (2) a global collapse of the entire 
polypeptide chain, and finally (3) consolidation of the remaining partially 
structured regions to achieve the native state conformation (Gianni, et al. 
2007a).  
 

1.7.2 The Energy Landscape Theory 
 
Since the process whereby a protein acquires its native three-dimensional 
shape involves formation of many non-covalent weak bonds, a classical one-
trajectory view of protein folding is likely to be an over-simplification of the 
underlying mechanism. An original viewpoint emerged when the concept of 
energy landscape for a protein (Frauenfelder et al. 1991) was extended to 
folding. Energy landscapes are mathematical devices that help to understand 
the microscopic behavior of a molecular system (Bryngelson, et al. 1995). 
Although energy landscapes are, by definition, high-dimensional surfaces, 
they are often pictured as a surface in three-dimensions. In these pictures, the 
vertical axis represents the free energy and the horizontal axes represent the 
conformational degrees of freedom of the polypeptide chain. The statistical 
energy landscape perspective describes folding as taking place on a rugged 
free-energy landscape in which free-energy barriers separate ensembles of 
states displaying different levels of structural heterogeneity, such as the 
folded (F) and the unfolded (U) states. This view likens the energy landscape 
of a protein to a funnel, with the native structure at its global minimum 
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(Figure 1.10).  
 

 
 
Figure 1.10. Schematic representation of a folding funnel:  the free energy 
drives the polypeptide towards the folded state (F), the most stable 
conformation, and the conformational entropy dramatically decreases as the 
native state is approached. Implicit in this view is that folding may occur via 
alternative parallel pathways. This concept is graphically depicted using the 
structures of the early and late folding transition states for different PDZ 
domains, as obtained in ref. (Calosci, et al. 2008). 
 
 
According to the landscape theory, the plasticity of folding pathways 
assumes that proteins can be rerouted through the energy landscape by 
mutational (Wright, et al. 2003), topological  (Lindberg and Oliveberg 2007) 
or solvent perturbations (Gianni, et al. 2007b; Otzen and Fersht 1998). Thus, 
the polypeptide chain may fold by different pathways, potentially adopting 
multiple partially folded ensembles en route to the native state (J.N. Onuchic 
2004). Alternative folding pathways, involving different nucleation motifs, 
can be selectively stabilized via loop entropy perturbations, such as circular 
permutation. Over-stabilization of a nucleus may lead to frustration of the 
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folding landscape, involving the segregation into local minima that compete 
for producing the native state. An example of such a scenario is represented 
by the D1pPDZ domain, a naturally occurring circularly permuted variant 
that displays an off-pathway kinetic trap characterized by a misfolded N-
terminal hairpin incorrectly docked on an otherwise native-like structure 
(Gianni, et al. 2010). 
Whilst the presentation of the funnel model provided a novel outlook on 
protein folding, a detailed experimental description of such a complex 
scenario is still a challenge. 
 
 

1.8 The role of the Denatured State in Protein Folding 
 
A key issue for the proper evaluation of folding kinetics and mechanism is 
the starting state of the process, i.e., the denatured protein (Dill and Shortle 
1991). The denatured state of proteins has received significantly less 
attention than the folded state since biological function is a property of the 
native state. Further, the denatured state is generally complex and poorly 
defined and, cannot be studied by standard structural approaches, excluding 
sophisticated NMR methods. It is important to emphasise the distinction 
between the denatured state which prevails under conditions that favour 
folding being a transient species en-route to the folded state, and the 
completely unfolded state which is a more expanded chain populated at high 
concentrations of denaturant or high temperatures, which is behaving as a 
true random coil. For example, in a typical stopped-flow refolding 
experiment, the unfolded state refers to the protein in the presence of high 
denaturant concentrations, while the denatured state is generally the entity 
into which it is rapidly converted after the denaturant has been rapidly diluted 
and the protein is beginning to fold. 
Over the last decade, an increasing number of experiments provided evidence 
for a highly dynamic unfolded state (Dyson and Wright 2002; Dyson and 
Wright 2004) bearing distinct loosely structured conformational states 
(Chattopadhyay, et al. 2005; Pletneva, et al. 2005), under denaturing 
conditions. There is, indeed, considerable evidence that even in strong 
denaturants such as 6M guanidine and 9M urea, some dynamic structural 
constraints may remain in disordered polypeptides (Dill and Shortle 1991).  
As the starting state of the folding reaction, the structural and thermodynamic 
biases of the denatured state may hold important clues into the ‘folding 
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code’, which (unlike the genetic code) has proven difficult to decipher 
because of its redundancy (Bowler 2011). 
The earliest study on protein denatured states was carried out in the late ‘60s, 
when Tanford asked whether denatured proteins are completely random coils 
in 6M guanidine, which unfolds nearly all water-soluble proteins (Tanford 
1968). He used hydrodynamic properties such as intrinsic viscosity to 
characterize the overall dimensions of the polypeptide chain, after reducing 
any disulfide bonds present. Moreover, optical rotatory dispersion, the 
forerunner of circular dichroism, was used to detect secondary structure. 
Tanford found that denatured proteins in 6M guanidine can be described as 
random coils in the sense of being devoid of all secondary and tertiary 
structure. He pointed out, however, that thermally denatured proteins in water 
have optical rotatory dispersion spectra indicative of some secondary 
structure, possibly residual native structure. 
Since then, an increasing number of examples of proteins that maintain the 
gross features of their native topology in the denatured state have emerged 
(Bond, et al. 1997; Shortle and Ackerman 2001; van Gunsteren, et al. 2001; 
Fersht and Daggett 2002).  
The advent of site-directed mutagenesis methods revolutionized the study of 
the thermodynamics of protein folding. Careful analysis of important 
interactions in the native state became possible. However, some mutagenesis 
studies produced results that were difficult to reconcile with effects on native 
state interactions. Studies on Staphylococcal Nuclease (SNase) showed that 
the equilibrium denaturation mD-N-value could vary dramatically with single-
site mutations, both increasing and decreasing, by up to 50% (Shortle and 
Meeker 1986; Shortle 1995). As pointed out earlier, theoretical (Schellman 
1978) and empirical (Tanford 1968; Myers, et al. 1995) studies have 
demonstrated that the m-value is correlated to the change in solvent-exposed 
surface area upon unfolding. While the decrease of mD-N-value could be 
explained by a more labile native state with greater solvent exposure, it was 
more difficult to rationalize the highly compact native state becoming more 
compact in the mutant variants which showed an increased mD-N-value 
(Bowler 2007). Thus, it was proposed that these mutants might be 
characterized by changes in the permanence of residual structure in the 
denatured state. A number of spectroscopic studies, including NMR, 
supported these conclusions (Shortle 1995).  
The Nucleophosmin C-terminal domain (Cter- NPM1), a small 3-helix 
bundle protein, represents a recent example of protein with a residual 
structure in the denatured state. It has been clearly demonstrated that its 
denatured state retains some malleable, native-like, residual structure 
(Scaloni, et al. 2009). A very innovative method has been applied to this 
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protein to probe the importance of different amino acids in stabilizing its 
collapsed denatured state. The method combines two unrelated perturbations, 
i.e. mutations and stabilization by salt. The results show that individual 
amino acids of two α-helices give a significant contribution to the stability of 
the collapsed denatured state (Scaloni, et al. 2010). 
Deviations from random-coil behavior in the denatured state are of practical 
importance if they influence protein folding, stability, or function, or if they 
compromise the analysis and the interpretation of experiments (Cho and 
Raleigh 2009). Moreover, non-random native-like structure in the denatured 
state of fast-folding proteins is suggestive of an important role for the 
denatured state in efficient folding (Meng, et al. 2009; Neuweiler, et al. 
2009). Flickering structure in the denatured state could directly provide the 
elements of the transition state; residual structure in the denatured state could 
also provide a template for assembling more disordered parts of the 
denatured state in the transition state. The uncertainties surrounding the role 
of residual structure in the denatured state in promoting efficient folding 
indicate that this is an area in need of further investigation (Bowler 2011). 
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AIM OF THE THESIS 
 
The problem of spontaneous folding of a polypeptide into compact, highly 
organized three-dimensional structures represents a fundamental challenge in 
modern Biochemistry (Kennedy and Norman 2005). 
The sequence of a protein contains all of the information for folding to the 
functionally competent state (Anfinsen 1961). However, not all amino acids 
of a polypeptide chain are equally important in specifying which fold is 
adopted. The concept of “key residues” was previously proposed to describe 
the formation of “key contacts” in specific transition states of folding as a 
critical step to trigger “downhill” backbone collapse (Abkevich, et al. 1994; 
Vendruscolo, et al. 2001). The design of two proteins, called GA88 and GB88, 
with an extraordinarily high degree of sequence identity (i.e. 88%) but 
different structure and function (Alexander, et al. 2007), offered to us a 
unique opportunity of investigating the role of key residues in the mechanism 
of protein folding.  
The first part of the experimental work, described in this thesis, is focused on 
a detailed characterization of the folding and unfolding of both GA88 and 
GB88, the first being α helical and the second mostly β sheet. The results 
obtained under a variety of solvent conditions indicate the presence of a pH-
sensitive residual structure in the denatured state of GB88, which is not 
observed for GA88. Protein topology is, therefore, committed very early 
along their folding pathway being “imprinted” in the residual structure of the 
denatured state, and this weak, loosely defined topology is sufficient for 
dictating the folding pathway. By integrating our kinetic results with 
molecular dynamics studies, it appears that, while only a few residues are 
responsible for the selective stabilization of the two topologies, no residue 
acts as a unique gatekeeper in the selection of protein topology on the folding 
of GA88 and GB88. Both experiments and simulations on the folding of these 
two proteins suggest that native topology might be already pre-sculpted in the 
denatured state, where incipient nuclei are present. 
The surprising finding that the folding pathway of GA88 and GB88 diverges 
as early as in their denatured state, prompted us to carry out a systematic and 
very extensive analysis of each of the heteromorphic variants designed by 
Philip N. Bryan. In fact, as reported in the Introduction, GA88 and GB88 were 
obtained by an iterative design of heteromorphic pairs using genetic 
engineering (Alexander, et al. 2007). All the pairs of GA and GB proteins 
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produced by Bryan and co-workers, display structure and function similar to 
the respective wild-type proteins which are both known to interact 
specifically with two different macromolecules (i.e. serum albumin and IgG, 
respectively). The study of these protein variants allowed us to explore the 
sequence space associated with a given protein structure. To this purpose, we 
performed a detailed characterization of the folding pathway of all six GA and 
GB proteins, i.e. GA30, GB30, GA77, GB77, GA88 and GB88, considering also 
the natural GB domain, called GB1, a popular system for protein folding 
studies. 
The results were obtained by exploring the folding process of GB1 at 
different pH values, and by performing an extensive Φ-value analysis of the 
engineered GA and GB variants. Analysis of data shows that the mechanism of 
folding of all these GA variants conforms to a co-operative two-state model 
with a structurally conserved transition state. On the other hand, the folding 
pathway of the GB variants appears less co-operative and more complex, 
revealing the presence of an intermediate and the existence of a variable 
organization in the transition states. Therefore, while the GA-fold is populated 
via a single pathway with one conserved intrinsic nucleus, the GB-fold can be 
reached by formation of more than one nucleus, each being selectively 
stabilized by altering the amino acid sequence via site-directed mutagenesis. 
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METHODS 
 
 
 

3.1 Site-directed Mutagenesis  
 
GA and GB genes were cloned into the vector pG58, which encodes an 
engineered subtilisin pro-sequence as the N terminus of the fusion protein 
(Ruan, et al. 2004). pG58 plasmid containing the different GA and GB genes 
was generously provided by Prof. Philip N. Bryan (University of Maryland, 
USA). These genes were used as templates to perform site-directed 
mutagenesis. All mutants were obtained by using the QuikChange 
mutagenesis kit (Stratagene) according to the manufacturer’s instructions. 
 

3.2 Protein Expression and Purification 
 
Expression of the wild-type proteins and their mutants was obtained in Luria 
Bertani (LB) medium containing 100µg/ml ampicillin. Cultures (1 l in 2 l 
flasks) were shaken at 180 rpm and grown at 37°C until OD600 arrived to 
0,5; then protein expression was induced with 1 mM IPTG (isopropyl ß-d-
thiogalactoside). After induction, cells were grown for 20 hours at 25°C and 
then collected by centrifugation. 
Cells were resuspended in 50 mM NaPO4 buffer (pH 7.2) and sonicated. 
After sonication, cell extract was centrifuged 30’ at 13000 rpm to remove any 
insoluble material. 
Proteins were purified employing an affinity-chromatography previously 
developed (Ruan, et al. 2004). Soluble cell extract of pro-domain fusion 
proteins was injected on a 5-ml Bio-Scale™ Mini Profinity eXact cartridge at 
5 ml/min to allow binding and then washed with 10-column volumes of 100 
mM NaPO4 (pH 7.2) to remove impurities. To cleave and elute the purified 
target proteins, 15 ml of 100 mM NaF in the presence of 100 mM NaPO4 (pH 
7.2) were injected at 5 ml/min. After the first 10 ml, the flow was stopped 
and the column incubated for 30 minutes to allow complete cleavage. The 
purified proteins were then dialyzed to remove sodium fluoride. Purity was 
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checked by SDS/PAGE. 
 

3.3 Equilibrium unfolding 
 
Equilibrium denaturations were followed by Far-UV circular dichroism (CD) 
and fluorescence spectroscopy to monitor changes in secondary and tertiary 
structure, respectively.  
CD measurements were carried out on a JASCO spectropolarimeter (Jasco, 
Inc., Easton, MD, USA), in a 1 cm quartz cuvette (Schellman). The spectra 
were recorded between 250 and 200 nm. 
Fluorescence measurements were carried out on a Fluoromax single photon 
counting spectrofluorometer (Jobin-Yvon) with a cuvette of 1 cm light path. 
Tryptophan fluorescence emission spectra were recorded between 300 and 
400 nm. The excitation wavelength was 280 nm.  
Protein concentrations were typically 6 µM.  
 

3.4 Stopped-flow measurements 
 
Single mixing kinetic folding experiments were carried out on a Pi-star or on 
an SX-18 stopped-flow instruments (Applied Photophysics, Leatherhead, 
UK). The excitation wavelength was 280 nm and the fluorescence emission 
was measured using a 320 nm cut-off glass filter. In all experiments, 
performed at 25°C and 10°C, refolding and unfolding were initiated by a 11-
fold dilution of the denatured or the native protein with the appropriate 
buffer. Final protein concentrations were typically 1 µM. The observed 
kinetics were always independent of protein concentration (from 0.5 to 5 
µM), as expected from monomolecular reactions without effects due to 
transient aggregation (Silow and Oliveberg 1997).  
 

3.5 Temperature-jump measurements 
 
The observed kinetic rate constants of some GA mutants, turning out to fast 
for stopped-flow apparatus, were obtained by Temperature-jump technique. 
The relaxation kinetics were measured as a function of guanidine or urea by 
using a Hi-Tech PTJ-64 capacitor-discharge T-jump apparatus (Hi-Tech, 
Salisbury, U. K.). Temperature was rapidly changed from 18 °C to 25°C and 
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from 4 °C to 10 °C with a jump-size of 7°C and 6°C respectively. 10 to 20 
individual traces were averaged at given denaturant concentrations. The 
fluorescence change of N-acetyltryptophanamide (NATA) was used in 
control measurements. Protein concentration was typically 20 µM. Degassed 
and filtered samples were slowly pumped through the 0.5 x 2 mm quartz flow 
cell at 5 µl min during data acquisition. The excitation wavelength was 280 
nm and the fluorescence emission was measured using a 320 nm cut-off glass 
filter.  
 

3.6 pH variation 
 
Equilibrium and kinetic experiments were performed exploring a wide range 
of pH, from 2.0 to 10, using the following buffers: 50 mM Glycine /NaOH 
from pH 10 to 9.0, 50 mM Tris/HCl from pH 9.0 to 7.2, 50 mM sodium 
phosphate from pH 8.0 to 6.3, 50 mM Bis-Tris/HCl from pH 7.0 to 6.0, 50 
mM sodium acetate from pH 5.5 to 3.8, 50 mM sodium formate from pH 3.4 
to 3.0 and 50 mM sodium phosphate/phosphoric acid from pH 2.8 to 2.0. All 
reagents were of analytical grade. 
 

3.7 Data analysis 

3.7.1 Quantitative analysis of two-state equilibrium transitions 
The folding-unfolding transition in globular proteins can be described, in 
general, as a two-state equilibrium process. Although there is now increasing 
evidence for complex behavior within such simple systems (Brockwell and 
Radford 2007), many small monomeric proteins show simple, unfolding 
transitions between native and denatured states. Under these conditions, if a 
given optical probe (y) is used to monitor unfolding, the observed signal yobs 
will reflect the fractional population of the native and denatured state, being: 
 

! 

D[ ]
D[ ] + N[ ]

=
yobs " yN
yD " yN

                                             

! 

N[ ]
D[ ] + N[ ]

=1" yobs " yN
yD " yN

 

                          (Eq. 3.1)                                                                      (Eq. 3.2) 
 
where yobs is the optical measure at a given denaturant concentration, yD and 
yN  are the signals of the denatured and native states respectively.  
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By applying the linear free energy extrapolation assumption, it can be 
postulated that: 
 

! 

"GD#N = "G0
D#N #mD#N denaturant[ ]                                                  (Eq. 3.3) 

 
where ΔGD-N is the stability of the protein at different denaturant 
concentrations and ΔG0

D-N is the stability in water. 
Moreover, according to the mass action law, for a two-state system: 
 

! 

Keq =
D[ ]
N[ ]

                                                                                             (Eq. 3.4) 

and  

! 

"GD#N = #RT ln Keq( )                                                                            (Eq. 3.5) 
 
where Keq is the equilibrium constant of the reaction, ΔGD-N is the stability of 
the native state to the denatured state, R is the gas constant and T is the 
temperature. Combining Eq. 3.1 with Eq. 3.4 and Eq. 3.5, the equation that 
defines the dependence of a given spectroscopic signal from the denaturant 
concentration can be derived: 
 

! 

yobs =
yN + yDe

(mD"N denaturant[ ]"#G 0
D"N )

RT

$ 

% 
& & 

' 

( 
) ) 

1+ e
(mD"N denaturant[ ]"#G 0

D"N )
RT

$ 

% 
& & 

' 

( 
) ) 

                                     (Eq. 3.6) 

 
In practice, this equation is complicated by the dependence of the intrinsic 
spectroscopic signal for both the native and the denatured state on the 
denaturant concentration (namely the native and denatured baselines (Santoro 
and Bolen 1988). Eq. 3.6, based on the two-state assumption, is now 
routinely used for the equilibrium studies of folding. A useful test to verify 
the two-state assumption is to calculate the thermodynamic folding 
parameters using different spectroscopic probes. 
 
 

3.7.2 Quantitative analysis of folding kinetics: the two-state model 
Analysis was performed by non-linear least-squares fitting of single 
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exponential phases using the fitting procedures provided in the Applied 
Photophysics software. In a two-state reaction, as consequence of a 
perturbation induced on the system, the observed rate constant kobs is 
represented by the following equation: 
 

! 

kobs = kF + kU                                                                                      (Eq. 3.7) 
 
where kU and kF represent the unfolding and refolding rate constants 
respectively. The logarithm of the observed (un)folding rate constants is 
linearly dependent on the denaturant concentration. Such a relationship is 
formalized in Eq. 3.8 (Jackson and Fersht 1991): 
 

! 

kobs = kF
H2Oe "mF denaturant[ ] RT( ) + kU

H2Oe mU denaturant[ ] RT( )
 

(Eq. 3.8) 
 
where kF

H2O and kU
H2O are the extrapolated folding and unfolding rate 

constants in absence of denaturant and, mF and mU reflect their dependence 
on denaturant concentration and correlate with the change in accessible 
surface area between the two ground states and the transition state between 
them. 
Kinetic analysis of chevron plot allows the determination of the stability of a 
protein in the absence of denaturant agent (ΔG0

D-N ): 
 

! 

"G
D#N

0 = #RT ln kF
kU

$ 

% 
& 

' 

( 
)                                                                       (Eq. 3.9) 

 
where R is the gas constant and T the temperature.  
Moreover, the algebric sum of the two kinetic m-values, mU and mF, allows to 
calculate the total mD-N: 
 

! 

mD"N = mF + mU                                                                              (Eq. 3.10) 
 
A comparison between the equilibrium and kinetic parameters ΔG0

D-N and 
mD-N is crucial to verify the validity of the two-state model. 
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3.7.3 Quantitative analysis of folding kinetics: the three-state 
model 
As reported in the Introduction Section,, if a partially folded intermediate is 
present, the folding kinetics can be described by the following scheme: 
 

! 

D  "
kDI

#
kID

   I "
kIN

#
kNI

  N                          (Scheme 3.1) 

 
where kDI is the microscopic rate constant for the formation of the 
intermediate from the denatured state, kID is the microscopic rate constant for 
the unfolding of the intermediate to the denatured state, kIN is the microscopic 
rate constant for the formation of the native state from the intermediate and 
kNI is the microscopic rate constant for the unfolding of the native state to the 
intermediate state.  
Curved chevron plots were fitted, using the Kaleidagraph software package, 
by numerical analysis based on a three-state model following the equation: 
 

! 

kobs = kDI +
kNI

+ + Kpart

                                                                           Equ. 3.11 

 
where Kpart is the partition factor kID/kIN  proportional to the difference 
between the activation barriers for the intermediate state to revert to the 
reagents rather than proceeding to the products. The logarithm of each 
microscopic rate constant was assumed to vary linearly with denaturant 
concentration (the slope of each dependence yielding the corresponding m-
value). 
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RESULTS 
 
 
 

4.1 Folding characterization of GA88 and GB88 
 
To study the folding mechanism of GA88 and GB88, we carried out both 
equilibrium and kinetic experiments. The pathways of folding of GA88 and 
GB88 were extensively characterized at 10°C, under different solvent 
conditions by exploring a wide range of pH from 2.0 to 10. In the case of 
GB88, the experiments were performed also at 25°C, in presence of the 
stabilizing agent sodium sulfate (0.4 M) as described in paragraph 4.1.2. 
 

4.1.1 Equilibrium unfolding of GA88 and GB88 
Urea-induced equilibrium denaturations of GA88 and GB88, measured at 
10°C, pH 7.2 in 50mM sodium phosphate buffer and monitored by far UV-
CD spectroscopy, are reported in Figure 4.1.  
The observed transitions follow a simple two-state behaviour, suggesting the 
absence of stable equilibrium intermediates for both proteins and indicating 
that these designed variants encounter cooperative (un)folding reactions. 
Furthermore, the reaction was fully reversible at all conditions explored. At 
physiological pH and in the absence of denaturant the unfolding free energy 
of GA88, derived from a two-state analysis and a global fit of 60 wavelengths 
(from 250 to 220 nm), is ΔGD-N = 3.00 ± 0.18 kcal/mol, with a mD-N value of 
0.62 ± 0.04 kcal mol-1 M-1. In the case of GB88, the ΔGD-N = 2.35 ± 0.30 
kcal/mol, and the mD-N value is 1.10 ± 0.08 kcal mol-1 M-1. 
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Figure 4.1. Equilibrium denaturations of GA88 (A) and GB88 (B) monitored 
by CD in 50mM sodium phosphate buffer at pH 7.2 and 10°C. Lines are the 
best fit to a two state unfolding mechanism. 
 
 
Considering that the GB88 construct contains circa 10 structured residues 
more than GA88, both mD-N values are consistent with those expected from 
proteins of this size, according to the BPPred database (Geierhaas, et al. 
2007). Hence, the seemingly different cooperativity, as reflected by the 
different mD-N values, can be explained by considering the difference in the 
number of structured residues between the two proteins.  
 

4.1.2 Folding and unfolding kinetics of GA88 and GB88 
In an effort to unveil the folding and unfolding mechanism of GA88 and 
GB88, we carried out extensive kinetic experiments on both proteins under a 
variety of different experimental conditions. In particular, the folding and 
unfolding kinetics were investigated at several pH values, ranging from 10 to 
2. In the case of GA88, it was not possible to measure reliable folding and 
unfolding rate constants at 25°C over a wide range of denaturant 
concentration because the time-courses were too fast for our stopped flow 
apparatus. Thus, kinetic folding data for the two proteins were recorded at 
10°C to slow the process for GA88. In all cases folding and unfolding time 
courses were fitted satisfactorily to a single exponential decay at any final 
denaturant concentration (representative folding and unfolding time courses 
of the two proteins are reported in Figure 4.2).  
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Figure 4.2. Folding kinetics of GA88 (red) and GB88 (black) measured at pH 
7.2 and 10 °C. Unfolding (left panels) and refolding (right panels) time 
courses, monitored by the change in Trp fluorescence, were measured at 7.27 
and 1.10 M urea, respectively. 
 
 
A semi-logarithmic plot of the observed folding/unfolding rate constants of 
GA88 and GB88 versus denaturant concentration (chevron plot) recorded at 
pH 7.2 is reported in Figure 4.3.  
Both proteins displayed a V-shaped chevron plot, hallmark of two-state 
folding (Jackson 1991). In the case of GA88 there was excellent agreement 
between the thermodynamic parameters obtained by equilibrium and kinetic 
data. On the other hand, in the case of GB88, there was a detectable 
difference between the mD-N value obtained from equilibrium experiments 
being 1.10 ± 0.08 kcal mol-1 M-1, and that calculated from chevron plot 
analysis, 0.90 ± 0.05 kcal mol-1 M-1. As observed previously for other small 
single domain proteins (Mayor, et al. 2003; Religa, et al. 2005; White, et al. 
2005), a significant deviation of mD-N obtained from equilibrium and kinetic 
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data would suggest the presence of residual structure and/or changes in the 
exposure of non-polar residues in the denatured state of the protein.  
 

 
 
Figure 4.3. Semilogarithmic plot of the observed rate constants for folding 
and unfolding of GA88 (●) and GB88 (▲) versus [urea]. Each constant was 
measured at 10° C, in 50mM sodium phosphate, at pH 7.2. The (un)folding 
reactions were monitored by fluorescence emission. 
 
 
We inferred the presence of residual structure in the denatured state by 
performing additional experiments at various experimental conditions. 
Following Sanchez and Kiefhaber (Sanchez and Kiefhaber 2003), the 
measurement of chevron plots at different experimental conditions represents 
a powerful method to address the global properties of folding transition and 
denatured states. In fact, since the m-values (slopes of the unfolding and 
refolding arms of the chevron plots) reflect the change in accessible surface 
area upon (un)folding, analysis of their dependence when the experimental 
conditions are varied, may be of diagnostic value to identify transition state 
movements along the reaction co-ordinate, as well as denatured state collapse 
or residual structure. We compared the folding kinetics of GA88 and GB88 at 
various pH values, ranging from 10 to 2.0. Inspection of Figure 4.4 reveals 
that, while both the stability and m-values of GA88 are essentially insensitive 
to pH, GB88 is destabilized at pH < 5.  
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Figure 4.4. Chevron plots of GA88 and GB88 at different pH values. A: 
Semilogarithmic plot of the observed rate constant for folding and unfolding 
of GA88 versus [urea] measured at different pH values and 10 °C ( pH 
10.0,  pH 8.0, ● pH 7.2,  pH 4.0, + pH3.0,  pH 2.0).  B: 
Semilogarithmic plot of the observed rate constant for folding and unfolding 
of GB88 versus [urea] measured at different pH values and 10 °C ( pH 8.0, 
● pH 7.2, ◊ pH 6.2, ✕ pH5.5, ▷ pH 4.7, ▲ pH 4.3,  pH 4.0). The lines are 
the best fit to a two-state model. 
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However, the low stability of the GB88 protein and the poor definition of the 
observed refolding arms prevented a quantitative analysis of the observed m-
values. Therefore, as detailed below, we resorted to further investigate the 
folding of GB88 under stabilizing conditions. 
Certain inorganic salts, such as phosphates and sulfates, favor compact 
protein conformations because of preferential exclusion of solvent from the 
protein surface (Timasheff 1993); this makes them potent stabilizers of both 
the native and the partially folded states. Chevron plots of GB88 measured at 
different pH values and in the presence of 0.4 M sodium sulfate are provided 
in Figure 4.5 A. As expected, the stabilizing salt allows for a better definition 
of the refolding arms of the chevron plots. Consequently, we carried out a 
quantitative analysis of folding parameters over a wide range of pH 
conditions in the presence of salt. Figure 4.5 B shows the dependence on pH 
of calculated mD-N, mF and mU values for GB88. The data fit to the protonation 
of a single titratable group with an apparent pKa ~ 5. Interestingly, as 
reported in Table 4.1, the mD-N decreases with decreasing pH values, 
suggesting that the denatured state of this small single domain protein 
becomes more compact at acidic conditions. Importantly, however, even at 
pH 7.2, the total mD-N value, calculated as algebric sum of folding and 
unfolding m values, is lower than that calculated from equilibrium 
experiments (i.e. 0.93 ± 0.05 kcal mol-1 M-1), suggesting the presence of 
residual structure in the denatured state under more “physiological” 
conditions.  
Additional details regarding the structural features of the denatured state of 
GB88 were obtained by performing molecular dynamics (MD) simulations 
conducted in collaboration with Valerie Daggett. In Figure 4.6 are presented 
the snapshots from three independent thermal unfolding simulations 
performed for GA88 and GB88 at 498 K at neutral pH. Interestingly, in the 
case of GB88, the calculated denatured state displays detectable residual 
structure in the α-helix.  
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Figure 4.5. A: Semilogarithmic plot of the observed rate constants for folding 
and unfolding of GB88 versus [urea] measured at different pH values, in 
presence of 0.4 M sodium sulfate and  at 25 °C (■ pH 8.0, ▲ pH 7.2,  pH 
6.7,  pH 6.2, + pH 5.9,  pH 5.5, ✕ pH 5.0,  pH 4.7,  pH 4.3, ● pH 
4.0). The lines are the best fit to a two-state model. B: Dependence of mF (●), 
mU (■) and mD-N (◆) on pH. Lines are the best fit to an equation implying a 
single protonation site. 
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Figure 4.6. Three independent thermal unfolding simulations of GA88 
(above) and GB88 (below) performed at 498 K and neutral pH. The proteins 
are colored red → blue from the N → C. The Cα atoms of the 7 different 
residues between GA88 and GB88 (positions 24, 25, 30, 33, 45, 49, 50) are 
shown as gray balls.  The NMR structures of the native states are shown on 
the left, and the calculated structures at 20, 30, 40, and 50 nanoseconds for 
each of the three long 498 K simulations (1 - top, 2 - middle, 3 - bottom) are 
depicted. 
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 pH 
 

kf 
(s-1) 

ku 
(s-1) 

mf 
(kcal mol-1M-1) 

mu 
(kcal mol-1M-1) 

∆G 
(kcal mol-1) 

m D-N 
(kcal mol-1M-1) 

8.0 88± 12 7.3± 1.2 0.65± 0.08 0.11± 0.02 1.5± 0.1 0.76± 0.08 
7.2 105±12 5.9± 1.1 0.62± 0.06 0.09± 0.01 1.7± 0.1 0.72± 0.06 
6.7 107± 20 5.5± 1.2 0.60± 0.08) 0.10± 0.02 1.7± 0.2 0.71± 0.08 
6.2 89± 10 4.7± 1.1 0.60± 0.07 0.12± 0.02 1.7± 0.1 0.70± 0.06 
5.9 94± 12 4.2± 1.0 0.57± 0.06 0.13± 0.02 1.8± 0.2 0.70± 0.07 
5.5 84± 9 5.2± 1.2 0.55± 0.05 0.11± 0.02 1.6± 0.1 0.66± 0.06 
5.0 75± 8 3.0± 1.1 0.41± 0.06 0.19± 0.03 1.9± 0.2 0.59± 0.05 
4.7 56± 6 2.9± 1.2 0.30± 0.08 0.25± 0.04 1.7± 0.1 0.55± 0.08 
4.3 55± 8 6.1± 2.6 0.32± 0.08 0.16± 0.03 1.3± 0.1 0.48± 0.06 
4.2 56± 7 6.3± 3.6 0.30± 0.10 0.18± 0.05 1.3± 0.1 0.48± 0.10 
4.0 51± 4 5.8± 0.5 0.21± 0.03 0.18± 0.05 1.3± 0.1 0.39± 0.03 

 
Table 4.1. Folding parameters of GB88 as a function of pH. Chevron plots 
were fitted to a two-state model. Kinetic mD-N represents the sum of two 
kinetics m values for folding and unfolding reactions. 
 
 

4.2 Folding characterization of the different GA and GB 
variants 
 
The results described above, suggest the folding pathway of GA88 and GB88 
to diverge as early as in their denatured state. This surprising result promoted 
us to perform a systematic analysis of each of the heteromorphic variants 
designed by Bryan and co-workers (Alexander, et al. 2007; He, et al. 2008), 
considering also the natural GB domain, known as GB1.  

4.2.1 Folding characterization of GB1 
To study the folding mechanism of GB1, we carried out both equilibrium and 
kinetic experiments. GB1 folding pathway was extensively characterized at 
25 °C, under different pH conditions, exploring a wide range from 2.0 to 9.6.  
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4.2.1.1 Equilibrium denaturations. 
Guanidine-induced equilibrium denaturations of GB1, monitored by 
fluorescence spectroscopy, were obtained at 25°C exploring a wide range of 
pH, from 2.0 to 9.6 (Figure 4.7). Equilibrium denaturations were fitted both 
individually and globally with shared mD-N value. Values obtained from the 
global analysis are listed in Table 4.2. They were consistent within error with 
the values obtained by fitting individually each independent equilibrium 
experiments, as well as with the value calculated from kinetic experiments, 
confirming the two-state nature of the equilibrium unfolding transition of 
GB1. The denaturation profiles were all consistent with a two-state unfolding 
and returned an m-value of 1.75 ± 0.2 kcal mol-1 M-1. 
 

 
 
Figure 4.7. Equilibrium denaturations of GB1 monitored by fluorescence in a 
wide range of pH, from 2.0 to 9.6, at 25°C (● , pH 2.0;  , pH 2.5;  , pH 
3.0; ●, pH 3.5; ▲, pH 4.0; , pH 4.5; ●, pH 5.0;  , pH 6.0; ● , pH 6.5; 
 , pH 7.0; ■, pH 7.5; ● , pH 8.0; ■ , pH 8.5; , pH 9.0; ■ , pH 9.6). Lines 
represents the best fit to a two state unfolding transition. 
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4.2.1.2 Kinetic experiments  
The folding and unfolding kinetics of GB1 were investigated at several pH 
values, ranging from 2.0 to 9.6. In all cases, folding and unfolding time 
courses were fitted satisfactorily to a single exponential decay at any final 
denaturant concentration. Each rate constant was obtained from the average 
of at least five independent shots in stopped-flow experiments. Semi-
logarithmic plots of the observed folding/unfolding rate constants of GB1 
versus guanidine concentration (chevron plots) at the different pH values are 
presented in Figure 4.8. 
Surprisingly, the unfolding arm of the chevron plots at pH values higher than 
6.0 shows a deviation from linearity that becomes evident at high guanidine 
concentrations (roll over effect). This effect escaped previous studies 
probably because of the restricted range of experimental conditions, limited 
to [GdnHCl] < 5.5 M (Park, et al. 1997; McCallister, et al. 2000).  
Indeed, if we were to ignore the data we recorded for [GdnHCl] > 5.5 M, the 
unfolding arm of the chevron plots would appear essentially linear but would 
display a puzzling change in slope in the different experimental conditions. 
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Figure 4.8. Chevron plots of GB1 measured from pH 2.0 to pH 9.6. Three-
dimensional graph was obtained with Origin software. Lines are the best 
global fit to a three-state equation with shared m-values (Gianni, et al. 
2007b). Exclusion of data [GdnHCl] > 5.5 M would result in a quasi-linear 
unfolding arm with an apparent change in unfolding m-values. 
 
 
The deviation from linearity of the chevron plots of GB1is highlighted in 
Figure 4.9 where the chevron plot obtained at pH 9.0 is reported together 
with the residuals of the fit, showing a clear systematic deviation from the 
expected values for a two-state behavior.  
As reported in the Introduction Section, a deviation from linearity in either 
the folding or the unfolding branches may be considered of diagnostic value 
for the identification of intermediates (Parker, et al. 1995; Wildegger and 
Kiefhaber 1997). If a partially folded intermediate is present, the folding 
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kinetics can be described by a three-state mechanism and the observed 
chevron plots can be fitted by numerical analysis based on a three-state 
model following the Equation 3.11 reported in Methods Section. 
 

 
 
Figure 4.9. Chevron plot of wild-type GB1 measured at pH 9.0. The grey line 
is the best fit to a two-state equation. The residuals of the fit, showing a clear 
systematic deviation from the expected values for a two-state behavior, are 
reported below the graph. Inclusion of data at [GdnHCl] > 5.5 M are 
critical to detect the roll-over effect. 
 
 
Parameters calculated from global analysis (listed in Table 4.2) allow the 
identification of the relative positions of the two activation barriers along the 
reaction coordinate in terms of their relative accessible surface area (Tanford 
β-value), resulting in a βT-value of 0.76 ± 0.04 for the transition state TS1 
and 0.93 ± 0.04 for the native-like activation barrier TS2. 
The excellent statistical parameters of the global analysis indicate that the 
two activation barriers are robust to changes in pH conditions and display a 
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conserved solvent accessible surface area when pH and protein stability are 
altered. 
 

pH kDI 

(s-1) 

kNI/(1+ Kpart) 

 (s-1) 

Kpart ΔGD-N 
a 

(kcal mol-1) 

ΔGD-N 
b 

(kcal mol-1) 

2.0 1000 ± 90 11.0 ± 3.0 1.7 ± 0.2 2.7 ± 0.3 3.9 ± 0.8 
2.5 1000 ± 90 19.2 ± 4.8 3.0 ± 0.4 2.3  ± 0.2 3.0 ± 0.7 
3.0 1050 ± 95 5.2 ±1.3 0.9 ±0.1 3.1  ± 0.4 3.8 ± 0.4 
3.5 1200 ± 120 5.1 ±1.3 1.2 ±0.1 3.2 ± 0.2 3.9 ± 0.4 
4.0 1400 ± 120 1.3 ± 0.3 0.42 ± 0.09 4.1± 0.2 4.5 ± 0.4 
4.5 1800 ± 170 0.4 ± 0.1 0.20 ± 0.04 5.0 ± 0.2 4.2 ± 0.4 
5.0 1300 ± 120 0.15 ± 0.04 0.09 ± 0.02 5.3 ± 0.2 4.9 ± 0.5 
5.5 1370 ± 100 0.15 ± 0.04 0.13 ± 0.03 5.4 ± 0.1 4.6  ± 0.5 
6.0 720 ± 70 0.12 ± 0.03 0.09 ± 0.02 5.1 ± 0.1 5.2  ± 0.5 
6.5 830 ± 70 0.14 ± 0.04 0.10 ± 0.02 5.1 ± 0.2 4.7  ± 0.5 
7.0 670 ± 70 0.19 ± 0.05 0.12 ± 0.02 4.8 ± 0.2 5.3  ± 0.5 
7.5 630 ± 70 0.27 ± 0.07 0.11 ± 0.02 4.6 ± 0.2 4.3 ± 0.4 
8.0 600 ± 60 0.4 ± 0.1 0.12 ± 0.03 4.3 ± 0.3 4.3 ± 0.4 
8.5 500 ± 40 0.6 ± 0.2 0.11 ± 0.02 3.9 ± 0.2 3.8 ± 0.4 
9.0 390 ± 40 0.9 ± 0.2 0.13 ± 0.03 3.6 ± 0.2 3.3 ± 0.3 
9.6 220 ± 25 1.3 ± 0.3 0.11 ± 0.02 3.0 ± 0.2 3.0 ± 0.3 

 
Table 4.2. Folding parameters of GB1 as a function of pH. aCalculated from 
chevron plot analysis. The chevron plots were fitted globally to a three-state 
model with shared m values. kDI  is the microscopic rate constant for the 
formation of the intermediate from the denatured state; kNI is the microscopic 
rate constant for the unfolding of the native state to the intermediate state; 
Kpart is the partitioning factor kID/kIN reflecting the difference between the 
activation barriers for the intermediate to revert to the reagents rather than 
proceeding to the products. The analysis returned a total mD-N = 1.95 ± 0.2 
kcal mol-1 M-1. The Tanford β values for the two transition states were βTS1 = 
0.76 ± 0.04 and βTS2 = 0.93 ± 0.04. bCalculated from equilibrium 
experiments. Equilbrium denaturation curves were fitted both individually 
and globally with shared mD-N value. The global analysis returned mD-N = 
1.75 ± 0.2 kcal mol-1 M-1. This value was consistent within error with the 
values obtained by fitting individually each independent equilibrium 
experiments, as well as with the value calculated from kinetic experiments. 
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4.2.1.3 The effect of pH on the folding kinetics of GB1 
The analysis of the chevron plots reported in Figure 4.8 allowed measuring 
the folding and unfolding rate constants of GB1 over a very wide range of 
pH. The folding rate constants display a negligible dependence on pH (data 
not shown). A plot of the logarithm of apparent unfolding rate constants from 
the native state to TS2 (kNI) and TS1 (formally equivalent to kNI/(1+Kpart)) as a 
function of pH are reported in Figure 4.10.  
 

 
 
Figure 4.10 Unfolding rate constants versus pH. Logarithm of calculated 
unfolding rate constants from the native state N to the first transition state 
ku(TS1) and from the native state N to the second transition state ku(TS2) as a 
function of pH. The lines are the best fit to a model involving the protonation 
of two groups. In both cases, we obtained the same approximate pKa of ~ 4 
and ~ 8.   
 
 
Interestingly, both TS1 and TS2 display sigmoidal transitions at acidic and 
alkaline pH consistent with protonation of at least two groups in the native 
state with apparent pKa of ~ 4 and ~ 8. Importantly, the acid transition for the 
unfolding rate constant of TS1 (changing by almost two orders of magnitude) 
is more pronounced than that for the unfolding rate constant of TS2 
(changing by less than an order of magnitude), suggesting the contribution of 
a salt bridge that is weak or not formed in TS1, but is consolidated in TS2.  
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4.2.2 Φ-value analysis of the GA and GB variants 
In order to study the folding pathway of each of the heteromorphic pairs 
designed in the laboratory of Philip N. Bryan, i.e. GA30 and GB30, GA77 and 
GB77, GA88 and GB88, an extensive Φ-value analysis was performed. 
The Φ-value analysis represents a powerful strategy to obtain structural 
information about intermediate and transition states. Indeed, carrying out a 
systematic comparison of the folding and unfolding rate constants for a series 
of mutational variants, it is possible to map out the interaction patterns in the 
intermediate and transition states (Fersht, et al. 1992). We introduced the 
recommended non-disruptive mutations into the wild-type proteins and 
investigated their effects on the kinetic and thermodynamic properties. 128 
mutants were constructed; unfortunately 18 of them expressed poorly and 
could not be included in the analysis. The folding and unfolding kinetics of 
the remaining mutants were investigated in 50mM sodium phosphate buffer, 
at pH 7.2. Kinetic and thermodynamic parameters obtained by these 
experiments were used to calculate Φ-values. Following Fersht and Sato, the 
mutants with a ΔΔG D-N too low (<0.35 kcal M-1) to calculate reliable Φ-
values, were excluded from the analysis (Fersht and Sato, 2004).  
The chevron plots obtained for GA and GB mutants are shown in Figures 4.11 
and 4.12 respectively. Interestingly, whilst the observed chevron plots of GA 
proteins displayed a V-shaped behavior, hallmark of two-state folding 
(Jackson 1991), the folding pathway of the GB variants, in analogy to GB1, 
appeared more complex, consistent with the presence of an intermediate. 
Parameters calculated from global analysis of GA30, GA77 and GA88 are 
listed in Tables 4.3, 4.4 and 4.5 respectively; while these obtained for GB30, 
GB77 and GB88 are listed in tables 4.6, 4.7 and 4.8, respectively. The 
calculated Φ-values were divided into three categories and reported on the 
structures of GA and GB (Figures 4.13 and 4.14, respectively) using the 
following color code: red, 0 < Φ < 0.30; magenta, 0.30 < Φ < 0.70; blue, 0.70 
< Φ < 1. A comprehensive description of the folding pathways for each 
different protein, as obtained by Φ-value analysis, is reported in the 
Discussion. 
Since GA and GB proteins show different stabilities and their rate constants 
span different orders of magnitude, it was necessary to use two different 
temperatures (10°C and 25°C) and two different denaturant agents (guanidine 
and urea) to characterize all the proteins.  Moreover, the rate constants of 
some GA mutants, which were too fast for stopped-flow apparatus, were 
measured by employing a T-Jump instrument (in collaboration with the 
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laboratory of Prof. Per Jemth at the University of Uppsala, where I spent a 
period of one month during the Ph.D. work). In order to compare the Φ-
values calculated at different conditions, kinetic experiments of some mutants 
were performed at 10°C and 25°C with both guanidine and urea. The Φ-
values obtained at different conditions were approximately the same (data not 
shown). The folding mechanism of GA and GB proteins is therefore not 
affected by the nature of the denaturant agent used to obtain the data.  
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Figure 4.11. Folding kinetics of wild-type (WT) GA proteins (black filled 
circles) and their respective mutants. Observed rate constants were 
measured as a function of denaturant concentration at pH 7.2. a,b,c) 
Chevron plots of GA30 mutants measured at 25°C. d,e,f) Chevron plots of 
GA77 mutants measured at 10°C. f,h,i) Chevron plots of GA88 mutants 
measured at 10°C. The mutants GA30_L20A (panel a), GA30_V39A and 
GA30_V42A (panel c), GA88_L20A (panel g) and GA88_V42A (panel i) were 
measured by employing the Temperature-jump methodology (in 
collaboration with Prof. Per Jemth). All chevron plots, displaying a V-shaped 
behavior, were fitted by numerical analysis based on a two-state model. 
Lines are the best fit to this model.  
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Figure 4.12. Folding kinetics of wild-type (WT) GB proteins (black filled 
circles) and their respective mutants. Observed rate constants were 
measured as a function of denaturant concentration at pH 7.2 and 25°C. 
a,b,c) Chevron plots of GB30 mutants. d,e,f) Chevron plots of GB77 mutants. 
g,h,i) Chevron plots of GB88 mutants. All the chevron plots of GB30 and 
GB77 WT and mutants, showing a roll-over effect hallmark of an on-pathway 
intermediate, were fitted to a three-state equation; whilst the chevron plots of 
GB88 WT and mutants, displaying a V-shaped behavior, were fitted by 
numerical analysis based on a two-state model. Lines are the best fit to these 
models. 
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Figure 4.13. Structural distribution of the measured Φ-values on the native 
structures of GA30 (a), GA77 (b) and GA88 (c). The experimentally 
determined Φ values were divided into three categories and reported on the 
structure of GA variants using the following color code: red, 0 < Φ < 0.30; 
magenta, 0.30 < Φ < 0.70; blue, 0.70 < Φ < 1. A conserved nucleus between 
the helices α 1and α 2 is clearly evident in all the GA variants. 
 

 
 
Figure 4.14. Structural distribution of the Φ-values, measured for the first 
transition state, on the native structures of GB30 (a), GB77 (b) and GB88 (c). 
The experimentally determined Φ values were divided into three categories 
and reported on the structure of GB variants using the following color code: 
red, 0 < Φ < 0.30; magenta, 0.30 < Φ < 0.70; blue, 0.70 < Φ < 1. As 
detailed in the Discussion, by considering GB30 and GB88, it is possible to 
observe, a shift of the medium-high Φ-values from the first β-hairpin to the 
second, with GB77 displaying an intermediate behavior. 
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A 

B 

  
kF    
(s-1)  

kU    
(s-1)  

G D-N 

 (kcal mol-1)  

G D-TS 

(kcal mol-1)  
G D-N 

(kcal mol-1)  
W T  7800  ±  2 5 0  2 . 4  ±  0 . 1  4 . 5  ±  0.02          
I17V  4400  ±  1 3 0  5 . 1  ±  0 . 2  3 . 8  ±  0.02  0.32  ±  0.05  0.75  ±  0.01  
L20A  5900  ±  1 0 0  9 8  ±  2  2 . 3  ±  0.01  0.16  ±  0.03  2 . 2  ±  0.01  
Y23A  8500  ±  3 5 0  3 . 7  ±  0 . 2  4 . 3  ±  0.02  0.05  ±  0.04  0.19  ±  0.01  
I25V  5900  ±  3 0 0  2 . 4  ±  0 . 2  4 . 4  ±  0.03  0.15  ±  0.05  0.17  ±  0.01  
Y29A  4480  ±  1 0 0  3 . 4  ±  0 . 1  4 . 0  ±  0.01  0.31  ±  0.04  0.51  ±  0.01  
I30V  3800  ±  1 0 0  4 . 2  ±  0 . 1  3 . 8  ±  0.01  0.41  ±  0.05  0.72  ±  0.01  
L32A  5300  ±  2 0 0  4 . 7  ±  0 . 2  3 . 9  ±  0.02  0.22  ±  0.04  0.60  ±  0.01  
A36G  3300  ±  1 0 0  1 6  ±  0 . 4  3 . 0  ±  0.01  0.48  ±  0.05  1 . 5  ±  0.01  
T38S  8200  ±  2 5 0  3 . 8  ±  0 . 2  4 . 3  ±  0.02  0.03  ±  0.03  0.24  ±  0.01  
V39A  7700  ±  1 0 0  4 5  ±  1  2 . 9  ±  0.01  0.01  ±  0.02  1 . 7  ±  0.01  
V42A  3600  ±  1 0 0  2 1 0  ±  1 0  1 . 6  ±  0.01  0.43  ±  0.05  2 . 9  ±  0.02  
L45A  3420  ±  1 0 0  7 . 6  ±  0 . 2  3 . 4  ±  0.01  0.46  ±  0.05  1 . 1  ±  0.02  
I49V  6700  ±  1 2 0  7 . 0  ±  0 . 2  3 . 8  ±  0.01  0.08  ±  0.03  0.69  ±  0.02  
L50A  5100  ±  1 1 0  2 1  ±  1  3 . 1  ±  0.01  0.24  ±  0.04  1 . 5  ±  0.01  
 

 
    

WT     
I17V  0.43  ±  0.06  
L20A  0.07  ±  0.01  
Y23A  *  
I25V  *   
Y29A  0.61  ±  0.08  
I30V  0.56  ±  0.06  
L32A  0.36  ±  0.07  
A36G  0.31  ±  0.03  
T38S  *   
V39A  0.00  ±  0.01  
V42A  0.15  ±  0.02  
L45A  0.42  ±  0.04  
I49V  0.12  ±  0.04  
L50A  0.17  ±  0.03  

 
 
 
 
 
 
 
 
 
 

 
Table 4.3. A. Kinetic and thermodynamic 
parameters of wild-type (WT) and mutant 
GA30 proteins calculated from chevron 
plot analysis. The chevron plots were 
fitted globally to a two-state model. The  
Tanford β-value for the transition state 
was βTS = 0.70 ± 0.04.  
B. Experimentally determined Φ-values 
for the GA30 mutants.  
* Mutants with ΔΔG D-N too low (<0.35 
kcal mol-1) to calculate a reliable Φ value. 
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A 

  
kF 
(s-1)  

kU 
(s-1)  

G D-N 
(kcal mol-1)  

G D-TS 
(kcal mol-1)  

G D-N 
(kcal mol-1)  

W T  2460  ±  5 0  3 . 8  ±  0 . 2  3 . 6  ±  0.01          
I17V  9 9 0  ±  2 0  2 . 4  ±  0 . 1  3 . 4  ±  0.01  0.51  ±  0.04  0.26  ±  0.01  
L20A  1540  ±  3 0  1 3 6  ±  1 0  1 . 4  ±  0.01  0.26  ±  0.03  2 . 3  ±  0.02  
A23G  1100  ±  6 0  1 4  ±  1  2 . 4  ±  0.01  0.45  ±  0.03  1 . 2  ±  0.01  
I25V  2870  ±  1 0 0  3 . 2  ±  0 . 3  3 . 8  ±  0.02  0.09  ±  0.02  0.17  ±  0.01  
A26G  1320  ±  7 0  4 . 0  ±  0 . 1  3 . 2  ±  0.01  0.35  ±  0.03  0.38  ±  0.01  
Y29A  4 8 0  ±  3 0  1 2  ±  1  2 . 1  ±  0.00  0.91  ±  0.06  1 . 5  ±  0.01  
I30V  1120  ±  5 0  3 . 8  ±  0 . 2  3 . 2  ±  0.01  0.44  ±  0.03  0.45  ±  0.01  
L32A  1200  ±  5 0  1 1  ±  0 . 3  2 . 7  ±  0.01  0.40  ±  0.03  0.98  ±  0.01  
A34G  9 9 0  ±  5 0  2 . 9  ±  0 . 1  3 . 3  ±  0.01  0.51  ±  0.03  0.36  ±  0.01  
A36G  1100  ±  5 0  2 1  ±  0 . 6  2 . 2  ±  0.01  0.46  ±  0.03  1 . 4  ±  0.01  
T38S  2300  ±  8 0  1 0  ±  0 . 3  3 . 1  ±  0.01  0.04  ±  0.02  0.56  ±  0.02  
V39A  2800  ±  1 0 0  2 7  ±  2  2 . 6  ±  0.01  0.07  ±  0.01  1 . 0  ±  0.04  
V42A  1600  ±  4 0  1 1 9  ±  1 1  1 . 5  ±  0.01  0.24  ±  0.02  2 . 2  ±  0.01  
T44S  3000  ±  5 0  3 . 1  ±  0 . 1  3 . 9  ±  0.01  0.12  ±  0.02  0.22  ±  0.01  
L45A  1370  ±  5 0  1 5  ±  0 . 6  2 . 5  ±  0.01  0.33  ±  0.03  1 . 1  ±  0.01  

 

       
W T       
I17V   *    
L20A  0.12  ±  0.01  
A23G  0.37  ±  0.03  
I25V   *    
A26G  0.91  ±  0.07  
Y29A  0.59  ±  0.04  
I30V  0.98  ±  0.07  
L32A  0.41   0.03  
A34G  1.40  ±  0.09  
A36G  0.32  ±  0.02  
T38S  0.07  ±  0.03  
V39A  0.07  ±  0.01  
V42A  0.11  ±  0.01  
T44S   *    
L45A  0.30  ±  0.03  

 
 

Table 4.4. Kinetic and thermodynamic 
parameters of wild-type (WT) and mutant 
GA77 proteins calculated from chevron plot 
analysis. The chevron plots were fitted 
globally to a two-state model The  Tanford 
β value for the transition state was βTS = 
0.75 ± 0.04. 
B. Experimentally determined Φ-values for 
the GA77 mutants. 
* Mutants with ΔΔG D-N too low (<0.35 
kcal mol-1) to calculate a reliable Φ value. 
.

B 



CHAPTER 4. Results 

 57 

A 

B 

  
kF 

(s-1)  
kU 
(s-1)  

 G D-N 
(kcal mol-1)  

 G D-TS 
(kcal mol-1)  

 G D-N 
(kcal mol-1)  

WT  1500  ±  1 0 0  6 . 4  ±  0 . 8  3 . 0  ±  0.02            
A12G  5000  ±  7 8 0  1000  ±  9 0  0 . 9  ±  0.02  0.69  ±  0.01  2 . 1  ±  0.02  
I17V  7 0 0  ±  3 0  7 . 7  ±  0 . 8  2 . 5  ±  0.02  0.41  ±  0.07  0.52  ±  0.01  
L20A  6 7 0  ±  1 1 0  2 8 0  ±  2 0  0 . 5  ±  0.00  0.44  ±  0.00  2 . 5  ±  0.02  
A23G  7 7 0  ±  4 0  3 7  ±  3  1 . 7  ±  0.03  0.36  ±  0.07  1 . 3  ±  0.02  
I25V  1500  ±  3 0  7 . 6  ±  0 . 9  3 . 0  ±  0.01  0.01  ±  0.04  0.09  ±  0.00  
A26G  7 6 0  ±  3 0  1 0  ±  1 . 0  2 . 4  ±  0.02  0.37  ±  0.07  0.62  ±  0.01  
Y29A  2 1 0  ±  2 0  3 2  ±  3  1 . 1  ±  0.05  1.09  ±  0.22  2 . 0  ±  0.09  
I30V  5 0 0  ±  2 0  9 . 4  ±  0 . 9  2 . 2  ±  0.02  0.60  ±  0.10  0.81  ±  0.01  
A34G  4 1 0  ±  3  6 . 1  ±  0 . 1  2 . 4  ±  0.00  0.71  ±  0.09  0.68  ±  0.01  
A36G  2 0 0  ±  4  4 2  ±  1  0 . 9  ±  0.01  1.13  ±  0.20  2 . 2  ±  0.03  
T38S  1200  ±  2 0  1 6  ±  0 . 3  2 . 4  ±  0.01  0.11  ±  0.04  0.61  ±  0.01  
V39A  9 5 0  ±  2 0  3 9  ±  1  1 . 8  ±  0.01  0.24  ±  0.05  1 . 2  ±  0.01  
V42A  6 1 0  ±  1 0  2 6 0  ±  2 5  0 . 5  ±  0.01  0.49  ±  0.07  2 . 6  ±  0.06  
T44S  1770  ±  6 0  7 . 1  ±  0 . 5  3 . 1  ±  0.01  0.11  ±  0.03  0.05  ±  0.01  
L45A  1930  ±  8 0  6 3  ±  7  1 . 9  ±  0.04  0.15  ±  0.02  1 . 9  ±  0.02  
I49A  1210  ±  4 0  5 1  ±  5  1 . 8  ±  0.01  0.11  ±  0.04  1 . 3  ±  0.01  
L50A  1970  ±  3 0  8 9  ±  8  1 . 7  ±  0.01  0.17  ±  0.03  1 . 3  ±  0.01  
T51S  3050  ±  5 0  4 . 3  ±  0 . 1  3 . 7  ±  0.01  0.41  ±  0.02  0.63  ±  0.01  
 

 
       
W T      
A12G  0.32  ±  0.00  
I17V  0.80  ±  0.14  
L20A  0.17  ±  0.00  
A23G  0.27  ±  0.06  
I25V  *     
A26G  0.60  ±  0.11  
Y29A  0.55  ±  0.11  
I30V  0.74  ±  0.12  
A34G  1.04  ±  0.14  
A36G  0.52  ±  0.09  
T38S  0.19  ±  0.06  
V39A  0.19  ±  0.04  
V42A  0.19  ±  0.03  
T44S  *     
L45A  0.08  ±  0.01  
I49A  0.09  ±  0.03  
L50A  0.13  ±  0.02  
T51S  0.65  ±  0.03  
 

 
 
 

 
Table 4.5. A. Kinetic and thermodynamic 
parameters of wild-type (WT) and mutant 
GA88 proteins calculated from chevron plot 
analysis. The chevron plots were fitted 
globally to a two-state model. The Tanford 
β value for the transition state was βTS = 
0.72 ± 0.04.  
B. Experimentally determined Φ-values for 
the GA88 mutants. 
* Mutants with ΔΔG D-N too low (<0.35 kcal 
mol-1) to calculate a reliable Φ-value. 
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kDI 
(s-1)  

kNI/(1+Kpart) 
(s-1)  

Kpart 
     

G D-N 
(kcal mol-1)  

G D-N 
(kcal mol-1)  

WT  1600  ±  1 2 0  1 . 6  ±  0 . 1  0.03  ±  0.001  4 . 1  ±  0 . 3       
L5A  4 8  ±  3  3 5  ±  3  0.08  ±  0.004  0.18  ±  0 . 1  3 . 9  ±  0 . 2  
I 6V  1400  ±  1 1 0  1 . 9  ±  0 . 1  0.04  ±  0.001  3 . 9  ±  0 . 4  0.17  ±  0.06  
L7A  2 8 5  ±  2 5  2 7  ±  3  0.31  ±  0.010  1 . 4  ±  0 . 1  2 . 7  ±  0 . 2  
L12A  5 6 0  ±  3 0  1 . 5  ±  0 . 1  0.05  ±  0.001  3 . 5  ±  0 . 4  0.57  ±  0.01  
T16S  9 6 0  ±  5 0  7 . 7  ±  0 . 1  0.10  ±  0.002  2 . 8  ±  0 . 1  1 . 2  ±  0 . 1  
T17S  1100  ±  1 0 0  2 . 4  ±  0 . 1  0.04  ±  0.001  3 . 6  ±  0 . 3  0.46  ±  0.01  
T18S  8 0 0  ±  8 0  3 7  ±  3  0.13  ±  0.005  1 . 8  ±  0 . 1  2 . 3  ±  0 . 3  
A20G  9 5 0  ±  9 0  4 7  ±  4  0.08  ±  0.003  1 . 8  ±  0 . 1  2 . 3  ±  0 . 2  
A23G  5 5 0  ±  4 0  1 1  ±  1  0.05  ±  0.002  2 . 3  ±  0 . 3  1 . 7  ±  0 . 2  
A24G  9 8 0  ±  8 0  2 . 8  ±  0 . 5  0.04  ±  0.001  3 . 5  ±  0 . 1  0.61  ±  0.30  
T25S  1300  ±  1 0 0  1 . 6  ±  0 . 4  0.04  ±  0.001  4 . 0  ±  0 . 5  0.12  ±  0.02  
A34G  9 3 0  ±  9 0  2 7  ±  1  0.19  ±  0.005  2 . 1  ±  0 . 1  2 . 0  ±  0 . 3  
T38S  1500  ±  1 2 0  0 . 4  ±  0.01  0.01  ±  0.001  4 . 9  ±  0 . 1  0.81  ±  0.02  
V39A  1370  ±  1 3 0  8 . 4  ±  0 . 3  0.12  ±  0.001  3 . 0  ±  0 . 3  1 . 1  ±  0 . 1  
T44S  1170  ±  1 1 0  1 . 7  ±  0 . 1  0.04  ±  0.001  3 . 9  ±  0 . 1  0.22  ±  0.04  
T49S  8 8 0  ±  9 0  2 6  ±  2  0.03  ±  0.001  2 . 1  ±  0 . 1  2 . 0  ±  0 . 1  
T51S  5 5 0  ±  4 0  8 . 2  ±  0 . 4  0.08  ±  0.004  2 . 5  ±  0 . 2  1 . 6  ±  0 . 2  
T53S  8 1 0   8 0  6 . 7  ±  0 . 5  0.06  ±  0.001  2 . 8  ±  0 . 3  1 . 3  ±  0 . 2  
V54A  3 8 0   3 0  3 4  ±  2  0.20  ±  0.004  1 . 4  ±  0 . 4  2 . 6  ±  0 . 3  
T55S  2000    1 5 0  3 . 2  ±  0 . 3  0.06  ±  0.001  3 . 8  ±  0 . 5  0.28  ±  0.02  
   1      2      
W T            
L 5 A  0.53  ±  0.13  0.66  ±  0.10  
I 6 V   *     *    
L 7 A  0.38  ±  0.01  0.87  ±  0.12  
L12A  1.08  ±  0.03  1.07  ±  0.03  
T16S  0.24  ±  0.01  0.76  ±  0.05  
T17S  0.44  ±  0.01  0.50  ±  0.04  
T18S  0.18  ±  0.01  0.53  ±  0.10  
A20G  0.13  ±  0.01  0.36  ±  0.06  
A23G  0.36  ±  0.01  0.51  ±  0.05  
A24G  0.46  ±  0.02  0.71  ±  0.05  
T25S   *     *    
A34G  0.16  ±  0.01  0.67  ±  0.08  
T38S  0.05  ±  0.02  0.56  ±  0.02  
V39A  0.08  ±  0.01  0.76  ±  0.06  
T44S   *     *    
T49S  0.17  ±  0.01  1.04  ±  0.10  
T51S  0.39  ±  0.02  0.70  ±  0.05  
T53S  0.31  ±  0.01  0.58  ±  0.03  
V54A  0.32  ±  0.01  0.71  ±  0.03  
T55S  0.28  ±  0.02  0.80  ±  0.02  
 

Table 4.6. A. Kinetic and 

thermodynamic parameters of 
wild-type (WT) and mutant GB30 
proteins. The chevron plots were 
fitted globally to a three-state 
model. kDI is the rate constant for 
the formation of the intermediate 
from the denatured state; kNI is the 
rate constant for the unfolding of 
the native state to the intermediate 
state; Kpart is the partitioning 
factor kID/kIN. The Tanford β value 
for the two transition states were 
βTS1 = 0.77 ± 0.04 and βTS2 = 0.97 
± 0.04. B. Experimentally 
determined Φ-values for the GB30 
mutants calculated for the first 
(Φ1) and the second (Φ2) 
transition state. * Mutants with 
ΔΔG D-N too low (<0.35 kcal mol-

1) to calculate a reliable Φ-value.

B 

A 
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A 

B 

  
kDI 
(s-1)  

kNI/(1+ Kpart) 
(s-1)  

Kpart 
     

G D-N 
(kcal mol-1)  

G D-N 
(kcal mol-1)  

WT  1 0 7  ±  1 0  0 . 5  ±  0.01  0.03  ±  0.001  3 . 1  ±  0 . 3       
I 6V  8 8  ±  6  0 . 7  ±  0.00  0.05  ±  0.001  2 . 9  ±  0 . 2  0.25  ±  0.02  
L7A  2 2  ±  1  8 . 3  ±  0 . 1  0.27  ±  0.003  0 . 6  ±  0 . 1  2 . 6  ±  0 . 3  
L12A  7 9  ±  5  0 . 6  ±  0.01  0.04  ±  0.001  2 . 9  ±  0 . 1  0.25  ±  0.02  
A16G  1 3 9  ±  1 1  3 . 7  ±  0 . 1  0.08  ±  0.001  2 . 1  ±  0 . 1  1 . 0  ±  0 . 2  
I17V  9 1  ±  9  0 . 4  ±  0.04  0.03  ±  0.001  3 . 2  ±  0 . 1  0.08  ±  0.01  
T18S  4 3  ±  4  5 . 9  ±  0 . 2  0.04  ±  0.012  1 . 2  ±  0 . 1  2 . 0  ±  0 . 1  
A23G  4 9  ±  3  4 . 4  ±  0 . 1  0.05  ±  0.001  1 . 4  ±  0 . 1  1 . 7  ±  0 . 3  
A24G  5 6  ±  3  1 . 1  ±  0 . 1  0.04  ±  0.001  2 . 3  ±  0 . 1  0.82  ±  0.04  
T25S  9 6  ±  8  0 . 5  ±  0.01  0.04  ±  0.001  3 . 1  ±  0 . 2  0.08  ±  0.02  
L32A  8 6  ±  9  0 . 2  ±  0.01  0.02  ±  0.001  3 . 6  ±  0 . 3  0.48  ±  0.02  
A34G  5 1  ±  5  1 2  ±  0 . 2  0.20  ±  0.001  0 . 9  ±  0 . 1  2 . 3  ±  0 . 3  
A36G  1 3 0  ±  1 1  1 . 1  ±  0 . 1  0.05  ±  0.001  2 . 8  ±  0 . 1  0.35  ±  0.02  
T38S  1 3 7  ±  1 2  0 . 1  ±  0.01  0.01  ±  0.001  4 . 2  ±  0 . 4  -1 .1  ±  0 . 3  
V39A  8 5  ±  6  3 . 8  ±  0 . 1  0.18  ±  0.003  1 . 8  ±  0 . 1  1 . 3  ±  0 . 3  
V42A  7 6  ±  7  1 . 0  ±  0 . 1  0.03  ±  0.001  2 . 5  ±  0 . 1  0.60  ±  0.02  
T44S  8 4  ±  7  0 . 5  ±  0.01  0.03  ±  0.001  3 . 0  ±  0 . 3  0.17  ±  0.01  
T49S  5 4  ±  7  0 . 8  ±  0.01  0.03  ±  0.001  2 . 5  ±  0 . 1  0.63  ±  0.04  
T51S  2 6  ±  2  4 . 0  ±  0 . 1  0.11  ±  0.001  1 . 1  ±  0 . 1  2 . 0  ±  0 . 3  
T53S  6 1  ±  3  2 . 2  ±  0 . 1  0.07  ±  0.001  2 . 0  ±  0 . 1  1 . 2  ±  0 . 1  
T55S  9 1  ±  1  1 . 4  ±  0 . 1  0.07  ±  0.001  2 . 5  ±  0 . 2  0.66  ±  0.02  

 

 
 

  TS1     TS2     
W T            
I 6 V   *     *    
L 7 A  0.36  ±  0.02  0.84  ±  0.04  
L12A   *     *    
A16G  0.15  ±  0.01  0.35  ±  0.01  
I17V   *     *    
T18S  0.27  ±  0.02  0.33  ±  0.03  
A23G  0.26  ±  0.02  0.37  ±  0.03  
A24G  0.46  ±  0.02  0.66  ±  0.05  
T25S   *     *    
L32A  0.27  ±  0.02  0.24  ±  0.03  
A34G  0.19  ±  0.01  0.65  ±    
A36G  0.34  ±  0.03  0.26  ±  0.03  
T38S  0.13  ±  0.01  0.81  ±  0.06  
V39A  0.10  ±  0.01  0.86  ±  0.05  
V42A  0.34  ±  0.03  0.33  ±  0.02  
T44S   *     *    
T49S  0.63  ±  0.04  0.54  ±  0.04  
T51S  0.41  ±  0.03  0.74  ±  0.04  
T53S  0.28  ±  0.03  0.62  ±  0.06  
T55S  0.14  ±  0.01  0.79  ±  0.04  

Table 4.7. Kinetic and 

thermodynamic parameters of 
wild-type (WT) and mutant GB77 
proteins. The chevron plots were 
fitted globally to a three-state 
model. kDI  is the rate constant for 
the formation of the intermediate 
from the denatured state; kNI is the 
rate constant for the unfolding of 
the native state to the intermediate 
state; Kpart is the partitioning 
factor kID/kIN. The Tanford β value 
for the two transition states were 
βTS1 = 0.69 ± 0.04 and βTS2 = 0.96 
± 0.04. B. Experimentally 
determined Φ-values for the GB77 
mutants calculated for the first 
(Φ1) and the second (Φ1) 
transition state. * Mutants with 
ΔΔG D-N too low (<0.35 kcal mol-

1) to calculate a reliable Φ-value. 
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B 

A 

 

  
kF 
(s-1)  

kU kU 
   (s-1)  

G D-N 
(kcal mol-1)  

G D-TS 
(kcal mol-1)  

G D-N 
(kcal mol-1)  

W T  9 6  ±  5  4 . 3  ±  0 . 1  1 . 8  ±  0 . 1            
I 6 V  6 1  ±  7  6 . 9  ±  0 . 7  1 . 3  ±  0 . 1  0.26  ±  0.01  0.54  ±  0.01  
L 9 A  4 7  ±  1  2 1  ±  2  0 . 5  ±  0.01  0.42  ±  0.02  1 . 4  ±  0 . 1  
A 1 2 G  2 2 0  ±  2 0  1 . 8  ±  0 . 1  2 . 8  ±  0 . 1  -0.49  ±  0.01  -1.00  ±  0 . 1  
L 2 0 A  5 5  ±  1  0 . 2  ±  0.03  3 . 3  ±  0 . 1  0.33  ±  0.01  -1 .4  ±  0 . 1  
A 2 4 G  1 6  ±  1  1 2  ±  0 . 1  0 . 2  ±  0.02  1.07  ±  0.04  1 . 7  ±  0 . 1  
T 2 5 S  1 1 5  ±  1 0  6 . 0  ±  0 . 3  1 . 7  ±  0 . 1  -0.11  ±  0.01  0.09  ±  0.01  
Y 3 3 F  1 0 6  ±  1 0  8 . 0  ±  0 . 1  1 . 5  ±  0 . 1  -0.06  ±  0.01  0.35  ±  0.01  
A 3 4 G  9 6  ±  6  1 3  ±  1  1 . 2  ±  0 . 1  0.00  ±  0.01  0.67  ±  0.01  
A 3 6 G  8 6  ±  5  7 . 8  ±  0 . 3  1 . 4  ±  0 . 1  0.06  ±  0.01  0.41  ±  0.01  
T 3 8 S  1 2 5  ±  1 0  1 . 6  ±  0 . 1  2 . 6  ±  0 . 2  -0.16  ±  0.01  -0.74  ±  0.01  
V 3 9 A  7 9  ±  6  8 . 7  ±  0 . 4  1 . 3  ±  0 . 1  0.11  ±  0.01  0.53  ±  0.01  
V 4 2 A  6 2  ±  6  1 0  ±  1  1 . 1  ±  0 . 1  0.25  ±  0.01  0.75  ±  0.01  
T 4 4 S  9 5  ±  9  1 . 7  ±  0 . 1  2 . 4  ±  0 . 2  0.00  ±  0.01  -0.55  ±  0.01  
T 4 9 S  2 9  ±  1  7 . 2  ±  0 . 2  0 . 8  ±  0.01  0.70  ±  0.03  1 . 0  ±  0 . 1  
T 5 1 S  2 5  ±  1  1 8  ±  1  0 . 2  ±  0.02  0.80  ±  0.03  1 . 6  ±  0 . 1  
T 5 3 S  4 0  ±  2  1 4  ±  1  0 . 6  ±  0.01  0.52  ±  0.02  1 . 2  ±  0 . 1  
V 5 4 A  1 0 1  ±  9  1 7  ±  1  1 . 1  ±  0 . 1  -0.03  ±  0.02  0.78  ±  0.01  
T 5 5 S  7 5  ±  6  8 . 5  ±  0 . 1  1 . 3  ±  0 . 1  0.15  ±  0.01  0.55  ±  0.01  

 
  

 
 

       
W T       
I 6 V  0.48  ±  0.01  
L 9 A  0.31  ±  0.04  
A 1 2 G  0.49  ±  0.01  
L 2 0 A  -0.23  ±  0.01  
A 2 4 G  0.64  ±  0.02  
T 2 5 S   *    
Y 3 3 F  -0.19  ±  0.01  
A 3 4 G  0.00  ±  0.01  
A 3 6 G  0.15  ±  0.01  
T 3 8 S  0.21  ±  0.01  
V 3 9 A  0.21  ±  0.01  
V 4 2 A  0.34  ±  0.01  
T 4 4 S  0.00  ±  0.01  
T 4 9 S  0.70  ±  0.05  
T 5 1 S  0.49  ±  0.10  
T 5 3 S  0.42  ±  0.03  
V 5 4 A  -0.04  ±  0.01  
T 5 5 S  0.26  ±  0.02  

 

Table 4.8 A. Kinetic and 
thermodynamic parameters of wild-
type (WT) and mutant GB88 proteins, 
calculated from chevron plot 
analysis. The chevron plots were 
fitted globally to a two-state model. 
The Tanford β value for the transition 
state was βTS = 0.82 ± 0.04. 
B. Experimentally determined Φ-
values for the GB88 mutants. 
 * Mutants with ΔΔG D-N too low 
(<0.35 kcal mol-1) to calculate reliable 
Φ−values.
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DISCUSSION 

 
 

5.1 GA88 and GB88 
 
It is well known that proteins with a significant similarity in their amino acid 
sequence are expected to have the same fold. In fact, analysis of the protein 
data bank (PDB) reveals that a sequence similarity of approximately 40% 
generally leads to a conserved three-dimensional structure and function 
(Wilson, et al. 2000). As reported in the Introduction, an interesting question 
is which physical-chemical properties of the amino acid sequence dictate a 
particular fold. This conundrum originated, in 1994, the famous “Paracelsus 
Challenge” set forth by Rose and Creamer, which was to convert one protein 
fold into another by changing less than 50% of the original sequence (Rose 
and Creamer 1994). Amazingly, this goal was fully achieved in only 3 years, 
when Dalal and co-workers (Dalal, et al. 1997) designed a sequence that, in 
spite of being 50% identical to a mostly β-sheet protein, folded into a four-
helix bundle. Since then, several other scientists have achieved similarly 
impressive feats of design (Davidson 2008).  
Interestingly, in 2008 it was demonstrated by Roessler and co-workers 
(Roessler et a., 2008) that a pair of natural homologue proteins, displaying 
40% identity, exhibits markedly different folds. These proteins, named Pfl 6 
and Xfaso 1, are both repressors of the Cro family and were identified in 
prophage sequences present in the genomes of the bacterial species, 
Pseudomonas fluorescens (Pfl 6) and Xylella fastidiosa (Xfaso 1). The three-
dimensional structures of these two proteins reveal a similar N-terminal 
helix–turn–helix but widely diverging C-terminal region: Xfaso 1 displays an 
all-helical monomeric fold, whereas the Pfl 6 folds into an intertwined β-
sheet dimer. These unexpected observations definitely overturn the basic 
assumption that proteins with significant similarity in their amino acid 
sequence share an identical fold.  
In this perspective, the work by Bryan and co-workers led to the design of a 
pair of proteins with an extraordinarily high degree of sequence identity 
(88%) but different structure and function (Alexander, et al. 2007; He, et al. 
2008). The successful design of these two heteromorphic proteins, called 
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GA88 and GB88, provides the opportunity to address the protein folding 
problem from a novel perspective. In fact, one may ask definite questions, 
such as: What are the key residues that determine a given structure? At which 
stages of folding the polypeptide chain commits to its native topology?  
We have extensively characterized the mechanism and pathway of folding 
and unfolding of GA88 and GB88 at different pH values. Our results show 
that both engineered proteins appear to fold via a two-state mechanism, and 
protein topology is committed very early along the folding pathway. In 
particular, we detected clear differences in the denatured state properties of 
these two proteins. In fact, while just 7 of the 56 amino acids are different in 
between GA88 and GB88, only the latter displays a detectable residual 
structure in its denatured state. The extent of this residual structure may be 
tuned by changing pH, as reflected by analysis of mD-N values as a function of 
pH (pKa circa 5). Inspection of Figure 4.5 B shows that the mD-N decreases 
with decreasing pH, suggesting that the denatured state of GB88 becomes 
more compact at acidic pH. Importantly, however, even at neutral pH, the 
observed mD-N is lower than that calculated from equilibrium experiments 
(i.e. 0.93 ± 0.05 kcal mol-1 M-1), suggesting the presence of residual structure 
in the denatured state under more “physiological” conditions. Surprisingly, 
the 7 residues that are different in between the two proteins (see Figure 1.9) 
do not include amino acids titrating below neutral pH, suggesting that the 
observed compaction of the denatured state of GB88 originates from long-
distance effects. 
Additional details regarding the structural features of the denatured states of 
GA88 and GB88 come from the molecular dynamics simulations performed in 
collaboration with Valerie Daggett and reported in the experimental Section. 
It appears that the denatured state of GB88 displays some structural features 
that are reminiscent of its native topology, with detectable residual structure 
in the central α-helix (see Figure 4.6). This observation is also consistent with 
what predicted by the algorithm AGADIR (Munoz and Serrano 1997) that 
indicates a high helical propensity for the only α-helix of GB88 as shown in 
Figure 5.1.  
 



CHAPTER 5. Discussion 

 63 

 
 
Figure 5.1. AGADIR profile of percentage helix probability based on local 
propensities for GA88 (blue line) and GB88 (red line). Secondary structure of 
both the proteins is shown on top of the AGADIR profile. 
 
 
A plausible mechanism, emerging from both experiments and simulation, 
implies that the presence of a long central helix in GB88 prevents the 
formation of the loop connecting α1 and α2 in GA88. Ultimately this leads to 
a mixed α+β structure rather than the three-helix bundle topology of GA88. 
Interestingly, it was recently shown that a population switch between the GA 
and GB structures may be induced even by a single amino-acid substitution 
(Alexander, et al. 2009). Thus, under conditions where the GA fold is ~90% 
populated, mutation of Leu 45 into Tyr shifts the population to ~90% of the 
alternative GB fold. This represents a clear-cut effect of conformational shift 
by mutational perturbation. Surprisingly, position 45 is not in the loop where 
GA88 and GB88 display a different helical propensity (Figure 1.9), providing 
additional clues for the hypothesis that the more pronounced helical content 
of the denatured state of GB88 is affected by long-range interactions. 
Overall, the comparison of the folding of GA88 and GB88 highlights a 
conundrum: based on the folding mechanism no single residue appears to act 
as a unique gatekeeper in the selection of protein topology, although only a 

GB88 

GA88 
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few residues (or possibly a single one) are responsible for the selective 
stabilization of either one of the two topologies. Thus it may be concluded 
that the folding of GA88 and GB88 suggests that native topology might be 
pre-sculpted in the denatured state, where incipient nuclei are present. 
Stabilization of such nuclei is affected by long-range interactions, and 
commitment to the native fold occurs by selective stabilization of these 
incipient nuclei, rather than by actively blocking alternative pathways.  
 
 

5.2 The folding pathway of GB1: detecting an 
unexpected folding intermediate 
 
The main task of the work is focussed on the comparison of the folding 
pathways of GA88 and GB88, with particular emphasis on the identification of 
common intermediates (if any). The surprising finding that the folding of 
these proteins is committed early, already in the denatured state, prompted us 
to carry out a systematic and very extensive analysis of each of the 
heteromorphic variants designed by Philip N. Bryan (Alexander, et al. 2007; 
He, et al. 2008), including the natural GA and GB domains. In the case of the 
natural GA domain, we noted that this protein does not contain any intrinsic 
fluorescence probes (i.e. no Trp) and differs by only three amino acids from 
the variant GA30. Therefore we omitted its characterization from our analysis 
and decided to focus on the folding pathway of GB1, a popular system for 
protein folding studies, as well as the set of heteromorphic pairs GA30 and 
GB30, GA77 and GB77, GA88 and GB88 (Figure 5.2).  
The extensive experimental results obtained for the different domains are 
briefly discussed below.  
The folding pathway of the small α/β protein GB1 has been extensively 
studied during the past two decades using both theoretical and experimental 
approaches (Alexander, et al. 1992; Clarke, et al. 1999b; Krantz, et al. 2002; 
Ding, et al. 2004; Chung, et al. 2010). Most of these studies provided a 
consensus view that the protein folds in a two-state manner. 
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GA   MEAVDANSLA QAKKAAIKEL KQYGIGDYTI KLINNAKTVE GVESLKNEIL KALPTE 
GB1  MTYKLILNGK TLKGETTTEA VDAATAEKYF KQYANDNGVD GEWTYDDATK TFTVTE 
 
GA30 MEAVDANSLA QAKEAAIKEL KQYGIGEKYI KLINNAKTVE GVWSLKNEIL KALPTE 
GB30 MTYKLILNGK TLKGETTTEA VDAATAEKYF KLYANDKTVE GEWTYDDATK TFTVTE 
 
GA77  TTYKLILNLK QAKEEAIKEL VDAGIAEKYI KLIANAKTVE GVWTLKDEIL KATVTE 
GB77 TTYKLILNGK QLKEEAITEA VDAATAEKYF KLYANAKTVE GVWTYKDETK TFTVTE 
 
GA88 TTYKLILNLK QAKEEAIKEL VDAGIAEKYI KLIANAKTVE GVWTLKDEIL TFTVTE 
GB88 TTYKLILNLK QAKEEAIKEL VDAATAEKYF KLYANAKTVE GVWTYKDETK TFTVTE 

 
Figure 5.2. Structures and sequence alignments of the different GA and GB 
variants. All engineered GA and GB proteins, designed by Bryan and co-
workers, display structure and function similar to their respective natural 
wild-type domains GA and GB1. For each protein, amino acid identities are 
shown in blue and nonidentities in in gray.  
 
 
In the course of our characterization of the folding of GB1, we noted that this 
protein, when challenged over a wide range of denaturant concentrations, 
appeared to display a previously undetected complex behavior (namely a 
‘roll-over’ effect, highlighted in Figure 4.9). Because this roll-over effect was 
inconsistent with a simple two-state behavior (as discussed in the 
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Introduction), we decided to study the folding pathway of GB1 under a 
variety of different experimental conditions, i.e. carrying out equilibrium and 
kinetic experiments over a wide range of pH values (from 2.0 to 9.6). 
The existence of an intermediate in the folding of GB1 was previously 
proposed by Roder and coworkers (Park, et al. 1997; Park, et al. 1999), who 
suggested the presence of a collapsed state, accumulating in the ms time-
range, as observed by continuous-flow ultra rapid mixing experiments. This 
low-energy intermediate was later questioned by Sosnick and co-workers 
(Krantz, et al. 2002). Importantly, however, the partially folded state 
identified in this work, is distinct from that previously suggested, being a 
high energy species that never accumulates and whose presence suggests that 
GB1 folds via a complex and rough energy barrier with at least two discrete 
major transition states. 
When folding is characterized by a complex chevron plot, the deviation from 
linearity observed may have different origins: i) the curvature may be due to 
movement of the position of the transition state along a single broad barrier 
(Oliveberg 1998; Oliveberg, et al. 1998); or ii) the curvature may reflect a 
change in the rate-limiting step suggestive of a multi-state process 
(Bachmann and Kiefhaber 2001; Sauder J.M. 1996; Walkenhorst, et al. 1997; 
Wildegger and Kiefhaber 1997). In the case of GB1, the curved chevron plots 
are observed only above pH 6 (Figure 4.8), making the broad transition state 
model less likely since it would imply that it is possible i) to distort 
drastically the folding free-energy profile and ii) to switch between a narrow 
energy maximum (linear chevron plot) to a broad energy maximum (curved 
chevron plot) by changing pH. Furthermore, in analogy to what has been 
observed previously for other proteins (Bachmann and Kiefhaber 2001; 
Gianni, et al. 2009; Gianni, et al. 2005), detection of a roll-over effect only 
under some solvent conditions seems more consistent with a multi-step 
folding pathway. The observed chevron plots of GB1, obtained at different 
pH conditions, were fitted globally. The excellent statistical parameters of the 
global fit suggest that the two transition states are relatively robust and 
maintain their overall structural features when solvent conditions are varied. 
This observation is in stark contrast with previous experimental work, which 
suggested the unfolding m-value to depend strongly on experimental 
conditions (McCallister, et al. 2000; Park, et al. 1997; Park, et al. 1999). We 
conclude that both transition states TS1 and TS2 display a robust structure 
that is by-and-large maintained when solvent and/or sequence composition is 
altered. 
It is of interest to analyze the dependence of the unfolding rate constants 
measured for the two transition states at different pH values. In fact, both 
energy barriers appear to display a monotonic transition at acidic and alkaline 
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pH values. Both profiles are consistent with a model involving the 
protonation of two different groups with apparent pKa of ~ 4 and ~ 8 (Figure 
4.10). While the alkaline transition displays approximately the same change 
in activation free energy for both TS1 and TS2, the acidic transition is more 
pronounced in TS1, suggesting the presence of a charged interaction that is 
weak or not formed in TS1 and is consolidated in TS2. Inspection of the 
three-dimensional structure of GB1 suggests that such an interaction may be 
either Lys4-Glu15 (located at the N-terminal β-hairpin) or Lys10-Glu56 
(between the N-terminal turn and the C-terminus of the protein). These 
considerations led to the idea that the structures of the transition states appear 
robust to changes in pH and may be characterized by an extended nucleus, 
which is stabilized by both the N- and C-terminal beta-hairpins, as well as by 
contacts between the N- and C-terminal strands. 
 

5.3 Comparing the folding pathway of the GA and GB 
variants at nearly atomic resolution: Φ-value analyses. 
 
We have characterized, by extensive Φ-value analysis, the complete folding 
pathway of GA30, GA77, GA88, as well as GB30, GB77 and GB88. Whilst all 
the GA proteins were consistent with a two state folding transition, in the case 
of GB, we could detect an intermediate similarly to what observed for the 
naturally occurring GB1. Such an intermediate was more evident in the case 
of GB30 and GB77, whose chevron plots were obtained as a function of 
guanidine concentration. In the case of GB88, we could not perform the 
kinetic experiments in presence of guanidine because the stability of most of 
the mutants was far too low. Thus the Φ-value analysis of GB88 was carried 
out with urea as denaturant agent, allowing us to measure only the Φ-values 
corresponding to first transition state. In an effort to test whether the nature 
of the denaturant affects the experimentally determined Φ-values, we 
obtained the chevron plot of some selected variant using both denaturing 
agents. Importantly, we did not observe any significant variation in Φ-values 
when urea instead of guanidine was used. 
When mapped onto the native structures, the experimentally determined Φ-
values revealed a conserved transition state among all the three GA variants 
(GA30, GA77, GA88). In particular, the medium and high values of Φ, 
hallmarks of native interactions in the transition state, clustered at the 
interface between the helices α1 and α2 (Figure 4.13). These observations 
strongly suggests that the structure of the transition state of GA is robust to 
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changes in amino acid composition and that folding to the GA topology 
involves the formation of a conserved nucleus.  
In the case of GB, we observed a different behavior. In particular, the 
distribution of the measured Φ-values for the first transition state (Φ1), 
plotted on the native structure of GB, shows considerable differences among 
GB30, GB77 and GB88. In fact, considering GB30 and GB88 it is possible to 
observe, a shift of the medium-high Φ-values from the first β-hairpin to the 
second, with GB77 displaying an intermediate behavior (Figure 4.14). These 
results indicate that alternative folding nuclei, located at the hairpins between 
β1-β2 and β3-β4, drive the folding to the GB-topology. These nuclei may be 
selectively stabilized depending on amino acid compositions. 
Recently, it has been proposed that the number of accessible pathways for 
folding is determined by the different nucleation motifs contained within a 
given native topology (Figure 5.3). For example, the structure of ribosomal 
protein S6 seems to be composed of two different nucleation patterns, which 
act as indipendent cooperative units. It has been demostrated that each of 
these motifs constitutes a separate entry to parallel folding trajectories 
(Lindberg and Oliveberg 2007). Accordingly, it may be suggested that, in the 
case of GB, the symmetrical organization of its three-dimensional topology 
implies the presence of multiple nucleation motifs that permit alternative 
folding pathways. 
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Figure 5.3. Schematic representation of the proposed model for explaining 
converging folding pathways as a consequence of the presence of alternative 
folding nuclei. The representation was designed based on the topology of the 
PDZ domain fold (S.Gianni personal communication). Two distinct 
nucleation motifs (indicated in pink and violet respectively) are formed in the 
early events of folding. The partitioning between these events may lead to 
alternative pathways, as for example observed in the GB proteins. These two 
nuclei act as independent units that can be selectively stabilized by altering 
the sequence composition. At the late stages of folding, structure formation at 
the level of both nuclei results in apparently converging pathways. An 
extensive discussion of this scenario is reported in (Calosci et al., 2008).  
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