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1. Introduction 

1.1 The protein folding problem 

Using a literary metaphor, we might consider the twenty natural amino acids 

characterizing the biological active proteome, as the letters that compose a 

whole speaking language. The discrepancy between the limited numbers of 

units needed to build active proteins and the variety of all the vital activities 

generated by these structures, is the baseline of the protein folding problem: 

how the particular polypeptide chain holds the information of its own active 

tridimensional structure? 1,2 

One of the milestones of the protein folding field is the work of Christian 

Anfinsen on the (un)folding of Ribonuclease A, for which he has been 

awarded with the Nobel Prize in the 19723. Now, 50 years later, DeepMind 

company has released an artificial intelligence system that can predict protein 

3D structures with accuracy comparable to the experiments4. Big steps have 

been made to solve the protein folding problem, but still the relationship 

between the amino acids sequence of a protein and its biologically active 

native state needs to be understood. 

 

Protein folding is cooperative 

Just a few years after Anfinsen’s work on the reversibility of the chemical 

denaturation of Ribonuclease A, studies have been carried out on the 

mechanism of folding of proteins in solution. In particular, the biochemist 

Charles Tanford described the transition between the native and denaturate 

state of a protein, as a cooperative phenomenon5. As shown in Figure 1. 

small amounts of denaturant don’t affect the whole structure of the protein, 

which can resist the destabilizing environment. At higher denaturant 

concentration an all-or-none transition (represented mathematically by a 



 

6 

sigmoidal function) yields the protein to an unfolded state, in which the weak 

but numerous forces that contribute to the global stability have been broken 

cooperatively. 

 

Figure 1. Unfolding profile of the Grb2 SH2 domain. The transition is 

followed by measuring the change in fluorescence upon denaturant 

concentration. Inset panel shows the linear free energy extrapolation. As 

discussed in 1.2.1 paragraph, this analysis allows the estimation of the 

protein stability in absence of denaturant. 

 

Protein folding is not a random search 

Evolution solved the folding problem, choosing specific pathways instead of 

random exploration, but describing how these pathways are been chosen is 

the major challenge in this field.  

In the 1968 Cyrus Levinthal published “Are there pathways for protein 

folding?”6, a question resulting from the mathematical paradox of the 

estimation of the folding rate of a protein. Even for a short peptide (e.g. 100 

amino acids) the random inspection of all possible configurations would take 

more than the age of the universe, contrasting with the natural folding time 

scale of seconds or less. Therefore, there must be some constraints that lead 
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to the native state. A well-established answer to Levinthal’s paradox is that 

the main interactions characterizing the native state, shape the energy 

landscape of a foldable protein7–9; in fact among all the possible 

conformations, proteins are minimally frustrated, therefore, there is a bias 

towards the native state that can be considered the bottom of a rugged 

funnel1,10,11 (see Fig. 2).  

 

Figure 2. Schematic tridimensional representation of the different shapes of 

funneled energy landscapes. (a) A smooth energy landscape for a fast folder, 

(b) a rugged energy landscape with kinetic traps, (c) a golf course energy 

landscape in which folding is dominated by diffusional conformational 

search, and (d) a moat landscape, where folding must pass through an 

obligatory intermediate. (Adapted from Dill et al 2008) 

 

1.1.1 Folding studies on multidomain constructs 

Since Anfinsen’s experiment on the single-domain protein RNase A, most of 

the folding studies have traditionally focused on domains in isolation. The 

reason of such scaling down is not just that larger proteins are tough to study, 

but because domains are always been considered structural and functional 

units that can fold independently12 and, therefore, summed up to describe a 

bigger protein. Despite more than 70% of eukaryotic proteins are composed 
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by more than one domain13–17, relatively few studies have been carried out on 

the folding multidomain proteins18–26.  

Over the last decades the folding community started to question whether the 

information gathered on the folding of a domain in isolation matches closely 

what should be observed in the context of more complex structural 

architectures; one of the first detailed review on the folding of domains in a 

larger-sized system was written by Jaenicke and coworkers (2000)27, and a 

more comprehensive study was published by Batey et al28.  

Taking into account a two-domain construct, it is possible to summarize three 

main conditions:  

1. The two units are independent of one another, resulting in a perfect 

sum of each kinetic and thermodynamic properties29 

2. One domain facilitates the folding of the neighboring domain30 

3. The presence of the second domain slows down the folding of the 

first domain, causing the accumulation of transient kinetic 

traps20,21,24,31–36. 

Characterizing the inter-domain interactions responsible for these effects is 

not trivial but there are experimental strategies that have been developed for 

such goal that will be discussed further on in this introduction. 

 

1.2 Experimental strategies to study protein folding 

How fast proteins fold? How much stable are the ground states? Studying in 

vitro the kinetics and the equilibrium of proteins is based on inducing 

progressive denaturation while monitoring an optical feature of the construct: 

fluorescence, absorbance, circular dichroism or nuclear magnetic resonance 

(NMR). The denaturation can be caused by changing temperature, pH, 

chemical environment37 and, in the recent years, even applying a mechanical 

force as a mechanism to unfold the protein (AFM)38. Hence, measuring the 
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differences in the signals of those optical probes between the states that 

populates during the transition and the ground states enable to collect 

thermodynamic and kinetic information on the folding pathway of a protein. 

 

1.2.1 Equilibrium studies 

The experimental approach in order to assess the thermodynamic parameters 

of a protein at physiological condition is to insert a perturbation, e.g. adding 

chaotropic agents such as urea and guanidine, which can progressively affect 

the stability of the system. As discussed in the 1.1 paragraph, for a small 

single-domain protein, the transition from native to unfolded state is 

represented by a sigmoidal behavior, indicating a cooperative (un)folding 

process37. Plotting the calculated stability at different denaturant 

concentration results in a linear function, in which the intercept of the Y-axis 

referred to the protein stability in absence of denaturants (inset panel of 

Figure 1.). The slope of the line is an intrinsic constant of the protein, known 

as mU-N value that gives a degree of how the protein resists denaturation39. In 

addition, it has been shown empirically that the mU-N value correlates very 

strongly with the amount of protein surface exposed to solvent upon 

unfolding. 

Thus, a system that displays a two-state transition at the equilibrium 

populates only the native and the unfolded states, as described in Scheme 1: 

U↔D                               (Scheme 1.) 

Taking into account the linear free energy correlation is possible to 

extrapolate the difference in free energy between the unfolded and the folded 

state: 
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Δ𝐺𝑈−𝑁 = Δ𝐺𝑈−𝑁
0

−𝑚𝑈−𝑁[den]                       (Eq.1) 

 

The ΔGU-N, which is the stability of the protein at different denaturant 

concentrations, can also be derived using the mass action law as: 

 

Δ𝐺𝑈−𝑁 =−RTln(𝐾𝑒𝑞)    (Eq. 2)          and         𝐾𝑒𝑞 = [U]/[N]          (Eq. 3) 

 

Where Keq is the equilibrium constant of the (un)folding reaction, R is the gas 

constant, T is the temperature, the [U] and [N] the concentration of the 

unfolded and native states respectively. 

To test the robustness of the calculated thermodynamic parameters is 

recommended both to perform the equilibrium experiments monitoring 

different probes and to compare them with the ones derived from kinetics. 

 

Unexpected m-value in multidomain systems 

Although for a single two-state system the parameters resulting from this 

kind of analysis can be determined within a certain error, for a more complex 

system equilibrium denaturation can lead to different unfolding profiles. 

Considering Myers and coworkers’s work39, the m-value, thus, solvent 

accessible surface area, is related with the size of the protein; therefore for a 

larger size protein the m-value is expected to be higher than its own isolated 

domain.  

Figure 3 describes two possible denaturation profiles of tandem repeats 

compared to the same domains expressed in isolation. In the case (a) the 

PDZ1-PDZ2 tandem of Whirlin protein has two midpoints significantly 

separated, therefore two transitions are observed31. Moreover, the double 
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sigmoid is perfectly consistent with the sum of the individual curves for 

PDZ1 and PDZ2 in isolation. 

On the contrary, the unfolding denaturation shown in panel (b) the full-length 

protein displays a broader transition respect to the single domains. An 

apparent two-state transition hides the individual unfolding processes, 

leading to a lower m-value, consequently a lower total free energy of 

unfolding. 

 

 

Figure 3. (a) GdnHCl-induced equilibrium denaturation of PDZ1-PDZ2 

(black circles), PDZ1 (orange circles), and PDZ2 (green circles) monitored 

by CD. The difference in the midpoints of the domains in the tandem allows 

the detection of two transitions. (b) GdnHCl-induced equilibrium 

denaturation of Grb2 protein (black circles), SH2 domain (pink circles) and 

the C-SH3 domain (blue circles). Only one transition can be observed in the 

multidomain protein, due to the closeness of the individual midpoints. 

 

1.2.2 Kinetic studies 

While the thermodynamic studies provide information about the stability and 

the co-operativity of a protein, only the kinetics can describe the protein 

dynamics and the mechanical details of the folding pathway. Furthermore, 
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kinetics is essential to address the structural properties of folding transition 

states as well as in defining which amino acids are important for the folding 

of a given protein. A system described by a two-state transition in an 

equilibrium denaturation may be kinetically more complex, with a wrinkled 

folding pathway characterized by transiently populated intermediate(s).  

A general kinetic experiment implies the rapid perturbation of the 

equilibrium by changing the chemical (mixing techniques) or physical 

(relaxation techniques) properties of the solution containing the protein of 

interest. Whenever the system is perturbed, the variation in an optically 

active property of the system is measured along time scale of the reaction. 

This kind of analysis can be conducted using a stopped-flow device with 

pressure-driven syringes pushing the two solutions to a mixing chamber. The 

(un)folding reaction can be followed by monitoring the decrease (or increase) 

in the tryptophane’s fluorescence intensity. 

 

Two-state model 

In a two-state reaction only the native and unfolded state accumulates, 

therefore it can be described with Scheme 2: 

 

U ⇄ N                               (Scheme 2.) 

 

In these conditions, the stopped-flow traces are the best fit to a single 

exponential decay and the observed rate constant 𝑘obs is:  

 

𝑘𝑜𝑏𝑠 = 𝑘𝑓
0 exp(𝑚𝑓[𝑑𝑒𝑛]) + 𝑘𝑢

0exp(𝑚𝑢[𝑑𝑒𝑛])            (Eq. 4) 

k𝑜𝑏𝑠 = 𝑘𝑓 + 𝑘𝑢                                      (Eq. 5) 

k
u

 

k
f
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where 𝑘𝑓
0 and 𝑘𝑢

0 are the folding and unfolding rate constants in the absence 

of denaturant, 𝑘𝑓 and 𝑘𝑢 the folding and unfolding rate constants, and mf and 

mu are the m-values of folding and unfolding37. 

A semilogarithmic plot of the observed rate constants against different 

denaturation concentrations, called a Chevron plot, is used to describe the 

kinetics of protein folding (see Figure 4). Kinetic analysis of a Chevron plot 

allows the determination of thermodynamic parameters of unfolding. In 

particular, for a two-state model: 

 

Δ𝐺U-N
0 = −RT ln(𝑘𝑓 𝑘𝑢⁄ )                             (Eq.6) 

 

where Δ𝐺U-N
0  is the stability of the protein in the absence of denaturant, kf and 

ku are the refolding and unfolding rate, R is the gas constant and T is the 

temperature. As discussed in the 1.2.1 paragraph, the m-value represents the 

difference in accessible surface area between the two states39. The total 

𝑚𝑈−𝑁 value can be calculated as: 

 

𝑚𝑈−𝑁 = 𝑚𝑓 +𝑚𝑢                                  (Eq.7) 

 

where 𝑚𝑓 and 𝑚𝑢 are the slopes of the folding and unfolding (respectively) 

branches of the Chevron plots and can be used to estimate the position of the 

transition state along the folding reaction coordinate. 

 



 

14 

 

Figure 4. Chevron plot of the C-terminal SH3 of Grb2 protein showing the 

dependence of the refolding and unfolding rate constants (kf and ku) upon 

GdnHCl. Below schematic representations of the folding free-energy profile 

at 0, 2 and 6 M GdnHCl. Empirically, the free-energy differences between D, 

*, and N changes linearly with [GdnHCl] resulting in a V-shaped chevron 

plot. 

 

The equilibrium and kinetic Δ𝐺U-N
0  and 𝑚𝑈−𝑁  values should be robust and 

conserved at all the conditions explored; together with the linear dependence 

upon [GdnHCl] are crucial factors to verify the validity of a two-state model. 

Any deviation from these observations is a sign of a more complex folding 

model. 
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Three-state model 

As discussed in 1.2.1 paragraph, many proteins that exhibit a two-state 

equilibrium transition, may have kinetics that is not two-state, involving the 

presence of transiently populated intermediates along the folding pathway40. 

When a folding intermediate is present, the observed rate constant becomes 

dependent on more than one energy barrier, and refolding is generally 

described by the sum of two or more exponential processes41,42. Usually in 

that case the resulted plot deviates from the classical V-shaped Chevron and a 

roll-over effect is observed (see Figure 5). Also in this case, the traces are the 

best fit to a single exponential decay but the observed rate constant kobs is: 

 

𝑘𝑜𝑏𝑠 =
𝑘𝑓
0
exp(−𝑚𝑓[𝑑𝑒𝑛])

(1+𝐾𝑒𝑞𝑒𝑥𝑝(𝑚𝑒𝑞[𝑑𝑒𝑛])
+ 𝑘𝑢

0exp(𝑚𝑢[𝑑𝑒𝑛])        (Eq.8) 

 

where 𝑘𝑓
0 and 𝑘𝑢

0 are the folding and unfolding rate constants at zero molar 

denaturant concentration; mf, and mu indicate their dependence from 

denaturant concentration, Keq is the equilibrium constant between the 

denaturate and the intermediate and meq the associated m-value. 
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Figure 5. The three-state chevron plot of the PDZ1 of Whirlin protein. 

Bottom panel the free-energy diagram at two representative guanidine 

concentrations, 0 M and 3 M. In the upper panel, at low denaturant 

concentration the refolding branch deviates from linearity, displaying slower 

folding rate constant compared to those expected from a two-state model. 

Increasing the denaturant concentration, the folding intermediate is less 

stable than the unfolded state, therefore the V-shape trend is conserved. 
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1.2.3 Φ-value analysis: mapping transient states 

The importance of the kinetic experiments is to provide detailed information 

about the actual folding pathway of a protein and, in addition, to structurally 

describe the transition(s) state(s) of the reaction. Generally, the folding 

reactions are highly cooperative, thus sometimes intermediates are not 

populated at the equilibrium. Moreover, by definition, transition states never 

accumulate (Eyring’s Transition State Theory)43 therefore studying the 

folding of these metastable states may be experimentally problematic. 

However, they can be observed indirectly combining protein engineering and 

folding rate constants analysis. Alan Fersht and co-workers developed a 

powerful technique to obtain information about transition states and 

intermediates of reactions called the Φ-value analysis44. This method consists 

in the introduction of a perturbation in the system by systematically mutating 

side chains and assessing their effect on the (un)folding rate constants. In 

fact, mutations that destabilize the intermediate target the contacts formed in 

the structure. In this way it is possible to map out interaction patterns of the 

intermediates and transition states. Schematic representation of the 

differences in free energy caused by mutations is reported in Figure 6. 
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Figure 6. Energy diagram of Φ-value analysis for a folding reaction. D, TS 

and N are the denaturated state, transition state and native state of the WT; 

D’, TS’ and N’ are referred to the variant. The point mutation is represented 

as orange circle in all the structures.  

 

The Φ-value is calculated as the ratio between the change in the free energy 

variation between the denatured state (U) and the transition state (TS) and 

that between the unfolded state and the native state (N) upon mutation: 

 

𝛷 = ΔΔG𝑈−𝑇𝑆
ΔΔ𝐺𝑈−𝑁

                                       (Eq.9) 

 

Where the change in free energy variation between U and TS (ΔΔ𝐺𝑈−𝑇𝑆) is 

defined as: 

Φ= 0 Φ= 1
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ΔΔ𝐺𝑈−𝑇𝑆 = ΔG𝑈−𝑇𝑆
𝑊𝑇 − ΔG𝑈−𝑇𝑆

𝑀𝑈𝑇 = −𝑅𝑇𝑙𝑛
𝑘𝑓
𝑊𝑇

𝑘𝑓
𝑀𝑈𝑇             (Eq.10) 

 

And the change in the total free energy variation (ΔΔ𝐺𝑈−𝑁) is defined as 

follow: 

 

ΔΔ𝐺𝑈−𝑁 = ΔG𝑈−𝑁
𝑊𝑇 − ΔG𝑈−𝑁

𝑀𝑈𝑇 = 𝑅𝑇𝑙𝑛𝐾𝑒𝑞
𝑀𝑈𝑇 − 𝑅𝑇𝑙𝑛𝐾𝑒𝑞

𝑊𝑇
       (Eq.11) 

 

ΔΔ𝐺𝑈−𝑁 = 𝑅𝑇𝑙𝑛
𝑘𝑓
𝑀𝑈𝑇𝑘𝑢

𝑊𝑇

𝑘𝑢
𝑀𝑈𝑇𝑘𝑓

𝑊𝑇                         (Eq.12) 

 

Keq is the equilibrium constant defined as the ratio between kf and ku. kf and 

ku are respectively the rate constant of folding and unfolding, experimentally 

obtained for the wt and the mutants through kinetic experiments. A Φ-value 

of 0 means that the residue is not perturb by the mutation, hence it is 

probably unfolded as the denaturated state and folds downhill the main 

barrier of folding; whereas a Φ-value of 1 indicates that the mutation has 

perturbed the transition state as the native state, meaning that the residue is 

probably structured in the transition state. Calculating the Φ-values for each 

variant allows mapping the structure of the metastable states, therefore to 

assess the degree of similarity with the native state and finally to hypothesize 

the mechanism through which folding occurs. It is the only experimental 

technique available for fine structural analysis of transition states of folding. 

1.3 Studying protein binding in vitro 

Most of the physiological cellular pathways, such as gene expression, cell 

growth, metabolism, proliferation and apoptosis, require protein-protein 

interactions (PPIs). For this reason, it is a major biological and biophysical 



 

20 

interest to understand how proteins associate and dissociate. Characterizing 

protein–protein interactions through methods such as NMR, X-Ray 

crystallography, fluorescence spectroscopy, pull-down assay, Co-

immunoprecipitation, western blot, etc. is critical to understand protein 

function and the biology of the cell45.  

 

1.3.1 Equilibrium experiments 

At a simplistic level, the non-covalent interaction between a protein (P) and a 

ligand (L) is often represented as follows: 

 

                                                      P+L ⇄ PL                               (Scheme 3.) 

 

The term “ligand” in biological systems can represent different species. 

Usually, it is used to mean any molecule, which interacts with a given 

molecule (in this case a protein-protein complexes). At the equilibrium, the 

binding between P and L follow the law of mass action, and the dissociation 

constant is defined as: 

𝐾𝑑 =
[𝑃][𝐿]

[𝑃𝐿]
=

𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

                                (Eq.13) 

 

Kd is a measure of the tendency of the PL complex to dissociate and kon and 

koff are the association and dissociation rate constants (dimensions 

concentration-1 time-1 and time-1 respectively). 

In addition, the total concentration of protein PTOT is conserved: 

 

[P] + [PL] = [𝑃]𝑇𝑂𝑇                              (Eq.14) 

 

koff 

kon 
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Combining equation 13 and equation 14 and solving the resulting equation 

for [PL] leads to the Langmuir isotherm (or hyperbola), which describes the 

binding between two single species: 

 

[PL] =
[𝐿][𝑃]𝑇𝑂𝑇
[𝐿]+𝐾𝑑

                                  (Eq.15) 

 

A simple equilibrium binding experiment consists in measuring the change in 

fluorescence of the tryptophan residues of a protein at increasing ligand 

concentration. As shown in Figure 7 a decrease in fluorescence is monitored 

upon increasing ligand concentration (the opposite trend can be observed) 

and the fit follows the hyperbolic function where the Kd is the ligand 

concentration, which half of the binding sites are occupied at equilibrium. 

 

 

Figure 7. Equilibrium binding experiment of the N-SH3 domain of CrkL with 

C3G ligand. Triptophane residue is excited at 280 nm and the emission is 

monitored between 300 and 400 nm. On the right panel the fluorescence 

measured at 350 nm is plotted versus ligand concentration and the data are 

fitted with equation 15. 

 

Knowing the Kd of a bimolecular complex can give information about the 

affinity between two reactants, however at cellular level, proteins often 
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engage in transient interactions i.e. the dissociation rate constant is in 

micromolar range, making them hard to be detected46. For this reason, 

different methods have been developed to identify low affinity, transient 

interactions, such as the phage display technique. 

 

1.3.2 Phage display technique 

A relatively recent tool to map and analyse protein-protein interactions is the 

proteomic peptide-phage display (Prop-PD), which is a variant of classical 

phage display developed by George P. Smith and Valery A. Petrenko in 

199747,48 . 

This high throughput technique takes advantage from the use of phages, 

viruses that infects bacterial cells. In fact, it is possible to genetically fuse all 

or part of a foreign protein to the exposed parts of the capsid without greatly 

impairing the phage infection cycle. In this way, the foreign amino acids are 

displayed at the tip of the virion, where they may be accessible to 

macromolecules like proteins. If a large collection of diverse DNAs – for 

example, DNAs representing all or most of the protein-encoding genes in an 

organism – are inserted into a phage DNA, the result is a highly diverse 

collection of phage chromosomes called an expression library. When the 

DNA library is transfected into bacterial cells, a peptide library is then 

expressed and displayed by the bacterial machinery. A very large number of 

variants (up to 1010) can be selected in a single phage library, scaling up 

remarkably the search for novel protein binders.  

Schematic representation of the phage display workflow is reported in Figure 

8: after the phage library construction, the phages that bind the bait proteins 

are eluted and amplified several times. Peptide coding sequences of binding 
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enriched phages are then amplified using PCR before being sequenced 

through next-generation sequencing (NGS). NGS is relatively new 

technology for DNA and RNA analysis, which offers a simultaneous 

sequencing of thousands to millions of short nucleic acid sequences in a 

massive fashion49. Then the unique oligonucleotides are converted back to 

peptide sequences and matched back to the proteome library. A consensus 

binding motif is then generated using the enriched peptides sequences. 

 

Figure 8. Prop-PD workflow. Based on this method, the proteome of interest 

is segmented in short peptides. The DNA sequences of these peptides are 

cloned into a phagemid vector. The phage then infects the E. coli that 

produces the phage library. The library is then used to enrich phages that 

bind the target proteins. The selected phages are subjected to PCR and 

sequenced by NGS.  
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1.4 Learning from two case studies: Whirlin and CrkL proteins 

Recent studies have reported the importance of the inter-domain 

communication in the functionality of a protein. In fact, in both protein 

folding and binding, studying the effect of tethered domains within a more 

complex architecture is crucial for a better understanding of the physiological 

role of full-length proteins64,65. The effect of inter-domain interactions on the 

folding and the binding mechanisms is illustrated using two specific 

examples: Whirlin and CrkL proteins. 

  

1.4.1 Whirlin: Does PDZ1 fold by the same pathway in isolation and in 

the PDZ1-PDZ2 tandem?  

Whirlin is a large multi-domain scaffolding protein presents in both hair cells 

and retinal photoreceptor cells. In the inner ear it mechanically transmits, in 

complex with other proteins, the deflection of the stereocilia induced by 

sound waves. The full-length protein contains the N-terminal HHD1 

(Harmonin Homology Domain), a tandem of PDZ domains (PDZ1-PDZ2), a 

HHD2, a large proline-rich region, and PDZ3 directly followed by a C-

terminal PBM. One particular mutation responsible for Usher syndrome 

comes from the truncation of PDZ1-PDZ2 tandem (A207-K279 deletion), 

underlying the importance of this region in the function of the protein50,51. 

Delhommel and coworkers largely studied the structure of the tandem; their 

research reveals an atypical arrangement in which the PDZ domains are 

facing each other with a symmetric interaction of their binding site, leading 

to the burial of PDZ2 binding site, being hardly accessible for a ligand. The 

PDZ2 of whirlin is suggested to have evolved to favor PDZ1 stabilization, 

improving PDZ1 affinity by 3- to 4-fold52,53.  

The characterization of the folding kinetics of PDZ1-PDZ2 demonstrated the 

presence of a misfolded intermediate that competes with productive folding31. 
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In particular, the fortuitous differences in stability between PDZ1 and PDZ2 

allowed to show that only the concurrent denaturation of both domains leads 

to the accumulation of the kinetic trap that slows the productive pathway. 

Whereas when PDZ2 is held in its native conformation the refolding arm 

displays a detectable but less pronounced roll-over. Whilst it is clear that the 

presence of denatured PDZ2 has a pronounced effect on the folding of PDZ1, 

no studies have been carried out on the single domain when the former is 

held its native state. 

 

Figure 9. On the left side of the panel is reported a schematic representation 

of the species involved in the refolding process. The PDZ2 is coloured in 

orange and the PDZ1 in green. As shown in the chevron plot, there are two 

populations that can be detected starting from mild or high denaturant 

concentration (i.e. 2.2 M or 6 M GdnHCl). 

 

1.4.2 CrkL: Are there any differences in the binding affinities between 

the N-terminal domain and the full-length protein? 

CrkL is a ubiquitously expressed adapter protein, member of the proto-

oncogene CRK family. It mediates and regulates several physiological 

pathways and it has been observed its prominent role in the onset of different 

kind of human cancers54,55. Intriguingly, CrkL possesses no catalytic or 

transcriptional activity and exerts its functions through its protein–protein 
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interaction modules that compose the entire protein, i.e., one N-terminal SH2 

domain followed by two SH3 domains (namely N-SH3 and C-SH3). The 

SH2 domain binds short tyrosine phosphorylated proteins (pTyr-Asp-x-

Pro)56–58, while the SH3 domains bind proteins with signature proline-rich 

sequences (Pro-x-x-Pro-x-Lys/Arg)59–61. The signal transduction function of 

CrkL is attributed to the formation of coordinately protein complexes that 

bind to the SH2 and the more N-terminal SH3 domain. In particular, the 

phosphorylation of CrkL on Tyr 207 causes intra-molecular binding of the 

linker region to the SH2 domain, sequestering the SH2 and N-SH3 and 

preventing them from binding target proteins62. In fact, it’s well known that 

together with the specific binding site recognition, the quaternary structure of 

a domain has a role in modulating the affinity and allostery during the 

binding event63.   

1.5 The aim of the thesis 

Proteins have evolved increasing their structural complexity by selecting and 

orchestrating multiple domains66. In fact, inter-domain communication is an 

essential event both for the folding and the binding of these macromolecules. 

Surprisingly, even though multi-domain proteins compose the majority of the 

proteome, only recently biophysical studies have been expanded to more 

complex systems. For this reason, my research will present two examples on 

how a single domain is influenced by its natural supramodular context, both 

in the folding and in the binding processes.  

The first part of the thesis is focused on the comparison of the folding 

pathways of the PDZ1-PDZ2 tandem of whirlin and the PDZ1 expressed in 

isolation. The characterization of the intermediates as well as transition states 

was performed by using the Φ-values analysis.  The analysis of the 
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mutational data sets together with the in silico prediction of the frustration 

pattern of the PDZ1 domain allowed to pinpoint the residues that act 

differently in the folding of the two constructs. 

The second part of this work aims to describe the differences in the binding 

features between the CrkL protein and its N-terminal SH3 domain. Thanks to 

my secondment to professor Ylva Ivarsson’s laboratory in the Chemistry 

Department of Uppsala University, I have screened the CrkL and its 

constituent domains using the phage display technique. Thirty-nine peptides 

were identified as possible binders and eventually the interactions between 

the full-length protein and the isolated N-SH3 with four peptides was 

validated through equilibrium binding experiment. 

The combination of these two studies aims to answer to how domains interact 

within a full-length protein, and how this interaction can vary the folding and 

the binding processes of a single domain. 
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2. Materials and Methods 

2.1. Site-directed mutagenesis 

2.1.1 PDZ1-PDZ2 tandem and PDZ1 site-directed variants  

The constructs encoding the site directed variants of PDZ1 (140-224 

residues) and the tandem (140-361 residues) were engineered substituting 

Y168W (used as pseudo-wild type form). The constructs were obtained 

inserting the gene encoding pseudowild-type (pWT) in the pET28b+ 

expression vector. This DNA was chosen as a template to perform site-

directed mutagenesis using the QuickChange Lightning Site-Directed 

Mutagenesis kit (Agilent technologies) according to the manufacturer’s 

instructions. The stability and correct folding of pWT was validated by urea 

denaturation and circular dichroism experiments. All substitutions were 

conservative and were confirmed by DNA sequencing. 

 

2.1.2 CrkL and N-SH3 constructs 

The sequence encoding for CrkL protein (1-302 residues) and the N-terminal 

SH3 domain (123-183 residues) were subcloned in pET28b+ expression 

vector. The constructs were engineered substituting C44S and C248S to 

avoid any dimerization process. The transformations for DNA extraction 

were made in DH5α E.coli cells and sent for sequencing. 

 

2.2 Protein expression and purification 

2.2.1. PDZ1-PDZ2 and PDZ1 mutants 

DNA was transformed into Escherichia coli BL21 cells for protein 

expression. Bacterial cells were grown in LB medium, with kanamycin at 

final concentration of 30 μg/mL. The proteins expression was induced with 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 100 
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μg/mL at an OD600 of 0.8, and the cells were incubated for 3 h at 30 °C. The 

cells were then cultured after an overnight incubation at 20 °C. Each 

construct and mutant were purified from the soluble fraction in 50 mM 

NaPho at pH 7.2 with 0.3 mM NaCl with a HiTrap Chelating High-

Performance column (GE Healthcare) and then eluted with a gradient to 1 M 

imidazole. The imidazole was removed using a HiPrep Desalting column 

(GE Healthcare). The purity of the proteins sample was confirmed by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis. 

 

2.2.2. CrkL and N-SH3 constructs 

The expression of all the His-tagged constructs was performed in E. coli 

cells, strain BL21. Bacterial cells were grown in LB medium, with 30 μg/mL 

of kanamycin, at 37 °C until OD600 = 0.7−0.8 and then induced with 0.5 mM 

IPTG. The cultures were grown at 37 °C for three hours after induction, kept 

at 25 °C overnight and then collected by centrifugation. Purification was 

performed resuspending the pellet in 50 mM TrisHCl, 0.3 M NaCl, pH 7.5 

buffer with the addition of antiprotease tablet (Complete EDTA-free, Roche), 

and then sonicated and centrifuged. The soluble fraction from bacterial lysate 

was loaded onto a nickel-charged His-Trap chelating HP (GE Healthcare) 

column equilibrated with 50 mM TrisHCl, 0.3 M NaCl and pH 7.5. Protein 

was then eluted with a gradient from 0 to 0.5 M imidazole by using an 

ÄKTA-prime system. Fractions containing the protein were collected, and 

the imidazole was removed using a HiTrap Desalting column (GE 

Healthcare), with the protein purified in the final buffer of TrisHCl 50 mM, 

NaCl 0.3 M, pH 7.5. The purity of the proteins was analyzed through SDS-

page. 
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2.3 Proteomic peptide-phage display 

2.3.1 Construction of the phage libraries 

The libraries used in the phage display experiments were already available in 

prof. Ivarsson laboratory. The second-generation human disorderome (HD2) 

library encodes peptides representing the intrinsically disordered regions 

(IDRs) of the intracellular human proteome67. These regions were tiled as 16 

amino acid long peptides overlapping different section of each protein. HD2 

contains 938.427 peptides from 16.969 proteins. The RiboVD library 

includes peptides of IDRs of proteins from RNA viruses. It contains in total 

19.549 unique peptides in 1.074 proteins from 229 strain of 211 viral 

families68. 

 

2.3.2 Phage selections and initial NGS data processing 

The GST-tagged-proteins (0.5 mg/mL) were coated in 96-well Flat-bottom 

Immuno Maxisorp plates overnight at 4 °C. In parallel, GST was plated in a 

preselection plate. The Maxisorp plates were blocked with 0.5% BSA in 

PBS. The phage library (~ 1012 phage particles in each well) was added to 

the preselection plate for 1 h, transferred to the target proteins and were 

allowed to bind for 2 h. Unbound phages were removed by five times 

washing with cold wash buffer (PBS, 0.5% Tween-20) and bound phages 

were eluted by direct infection into bacteria by the addition of 100  µL of E. 

coli SS320 in 2YT (OD600 = 0.8) to each well and incubation for 30 min at 37 

°C with shaking. M13K07 helper phage (NEB, Ipswich, MA, USA) was 

added to enable phage production, and the cultures were incubated for 45 min 

at 37 °C with shaking. Eluted phages were amplified overnight in 1.5 mL 

2YT supplemented with antibiotics (carbencillin and kanamycin). Bacteria 

were then pelleted by centrifugation; the supernatant was heat inactivated at 

65 °C for 15 min, shilled on ice and then used for the next round of 
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selections. Five rounds of phage panning were conducted, and the selections 

were followed by pooled phage enzyme linked immunosorbent assays, which 

suggested that the selections were saturated after 4 days of selections. Phage 

pools of round four were barcoded for NGS. Undiluted amplified phage 

pools (5 μL) were used as templates for 24 cycles, 50 μL PCR reactions using 

unique combinations of barcoded primers for each reaction and Phusion High 

Fidelity DNA polymerase (NEB) with a maximum polymerase and primer 

concentrations. The PCR products were confirmed by gel electrophoresis 

(2% agarose gel) of 1 μL PCR products. The concentrations of the PCR 

products were estimated using PicoGreen dye (Invitrogen) and using lambda 

phage double-stranded DNA (dsDNA; Invitrogen) as a standard. The 

PicoGreen dye was diluted 1 : 400 in TE buffer and mixed with 1 μL of 

dsDNA standard or PCR product in a low-fluorescence 96-well plate (Bio-

Rad, Hercules, CA, USA). The plate was briefly centrifuged before reading 

the fluorescence in a qPCR machine (BioRad; excitation 480 nm, emission 

520 nm). The blank value was subtracted and the DNA concentration of the 

sample determined from the standard curve. Equal amounts of each PCR 

products were pooled. The PCR amplicons (~ 3 μg) was sent to Cofactor 

Genomics (St. Louis, MO, USA) for NGS.  

 

2.4 Equilibrium binding experiments 

Equilibrium experiments were carried out on Fluoromax single-photon 

counting spectrofluorometer (Jobin-yvon, Newark, NJ, USA) at 10 °C, using 

a quartz cuvette with a path length of 1 cm, in 50 mM Hepes pH 7.5. The 

change in fluorescence of the naturally present tryptophanes of the constructs 

was measured at increasing concentrations of peptides. The excitation 

wavelength was 280 nm and fluorescence spectra were recorded between 300 

and 400 nm. For the experiment with FAM110B peptide (final concentration 
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of 3 μM) the CrkL and N-SH3 were at fixed concentrations of 1.5 μM; 

binding experiment with WDR70 peptide (final concentration of 8 μM) was 

performed with CrkL and N-SH3 at fixed concentration of 1 μM; experiment 

with HKU5 peptide (final concentration of 40 μM) was performed with CrkL 

and N-SH3 at fixed concentrations of 1 μM; experiment with NS peptide 

(final concentration of 3 μM) the proteins had fixed concentrations of 0.5 

μM. 

 

2.5. Fluorescence kinetic experiments 

Rapid-mixing kinetic folding and unfolding experiments were carried out 

with SX-18 and PiStar stopped-flow devices (Applied Photophysics). For all 

the experiments, the excitation wavelength was 280 nm and fluorescence 

emissions were measured with a 320-nm cut-off filter. Protein final proteins 

concentration was 1.5 μM. The temperature was set at 25 °C and the buffer 

used was 50 mM TrisHCl pH 7.5 and 0.3 M Na2SO4. Refolding experiments 

of PDZ1-PDZ2 were performed with the protein diluted in mild denaturant 

concentration (i.e. 2.2 M GdnHCl).  

 

2.6 Data analysis 

2.6.1 Φ-value of PDZ1 and PDZ1-PDZ2 tandem  

Kinetic traces were fitted with a single exponential decay using Applied 

Photophysics software to obtain the observed rate constant kobs. The 

logarithmic values of kobs were plotted versus GdnHCl concentration. For 

each experiment, an average calculated from at least 5 independent traces 

was satisfactorily fitted with a single exponential equation. The chevron plot 

was fitted using the three-state equation: 
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k𝑜𝑏𝑠 =
𝑘𝐼𝑁
0 exp(−𝑚𝐼𝑁[𝐺𝑑𝑛𝐻𝐶𝑙])

(1+𝐾𝐷𝐼𝑒𝑥𝑝(𝑚𝐷𝐼[𝐺𝑑𝑛𝐻𝐶𝑙])
+ 𝑘𝑁𝐼

0 exp(𝑚𝑁𝐼[𝐺𝑑𝑛𝐻𝐶𝑙])    (Eq. 16) 

 

2.6.2 Equilibrium Binding experiment 

Data from equilibrium binding experiments were fitted with the following 

equation: 

 

𝐹𝑙𝑢𝑜𝑜𝑏𝑠 = ((
𝐹𝑙𝑢𝑜𝑚𝑎𝑥∗[𝑝𝑒𝑝𝑡𝑖𝑑𝑒]

𝐾𝐷+[𝑝𝑒𝑝𝑡𝑖𝑑𝑒]
)) + 𝑐𝑜𝑠𝑡              (Eq. 17) 

 

In which Fluoobs is the observed fluorescence, the Fluomax the asymptot of the 

function, the KD the dissociation rate constant of the binding reaction and 

cost is the minimum value of fluorescence.  
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3. Results and Discussion 

3.1 PART 1: Does PDZ1 fold by the same pathway in isolation and in the 

PDZ1-PDZ2 tandem? 

3.1.1 Φ-value analysis of PDZ1 and PDZ1-PDZ2  

The main purpose of this study lies in comparing the folding of a protein 

domain, PDZ1 from Whirlin, in isolation and in the context of its multi-

domain supramodular organization, PDZ1-PDZ2. To achieve this aim, we 

resorted to perform a complete kinetic analysis of the folding and unfolding 

properties of these two constructs. In analogy to our previous works31,32, in 

all the proteins described in this study, we inserted a mutation, Y168W, 

whose fluorescence reports efficiently the denaturation of PDZ1, whereas no 

changes in fluorescence can be observed in the case of PDZ2. 

The folding and unfolding kinetics of PDZ1 was investigated by stopped-

flow experiments. In all cases, folding and unfolding time courses were fitted 

satisfactorily to a single exponential decay at any final denaturant 

concentration. The semi-logarithmic plot of the observed folding/unfolding 

rate constant versus denaturant concentration is reported in Figure 10. 
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Figure 10. Semi-logarithmic plot of the observed folding/unfolding rate 

constant versus denaturant concentration. Chevron plot of PDZ1 (black 

circles) and PDZ1-PDZ2 (gray circles) both fitted with a three-state 

equation, which indicates the presence of a folding intermediate. As detailed 

in the text, the PDZ1-PDZ2 refolding branch was obtained with the protein 

diluted in mild denaturant concentrations (i.e., 2.2 M GdnHCl) to ensure 

PDZ2 domain of the tandem to preserve a folded conformation. 

 

Whereas the logarithm of the unfolding rate constant appears to vary linearly 

with denaturant concentration, the refolding rate constant displays a deviation 

from linearity (roll-over effect), which indicates the presence of a folding 

intermediate. Accordingly, the dependence of the observed rate constant on 

denaturant concentration was fitted to a three-state equation as formalized in 

the Experimental Section.  The calculated folding and unfolding parameters 

are reported in Table 1. 
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Table 1 – Kinetic and thermodynamic (un)folding parameters of PDZ1 and 

PDZ1-PDZ2 site-directed variants. 

 kIN (s-1) kNI (s
-1 10-3)  KD-I (10-4) 

ΔΔGD-I  

(kcal mol-1) 

ΔΔGTS2-N  

(kcal mol-1) 

ΔΔGD-N 

 (kcal mol-1) 
ΦI ΦTS2 

PDZ1 WT 43±2 15±1 45±10      

PDZ1 L141A 57±5 120±10 400±80 1.30±0.10 1.23±0.03 2.40±0.20 0.55±0.07 0.48±0.04 

PDZ1 A147G 56±3 32±1 100±10 0.50±0.10 0.44±0.03 0.80±0.10 0.63±0.16 0.44±0.09 

PDZ1 L153A 31±3 47±2 370±70 1.20±0.10 0.66±0.04 2.10±0.20 0.59±0.08 0.69±0.03 

PDZ1 I157V 48±3 44±2 80±10 0.30±0.10 0.63±0.04 0.90±0.10 0.36±0.15 0.30±0.12 

PDZ1V165A 43±2 20±1 60±10 0.20±0.10 0.15±0.03 0.30±0.10 / / 

PDZ1 I167V 32±1 30±1 80±10 0.30±0.10 0.39±0.03 0.90±0.10 0.35±0.12 0.56±0.07 

PDZ1 V169A 5±1 57±4 270±130 1.00±0.30 0.78±0.05 3.10±0.30 0.34±0.10 0.75±0.03 

PDZ1 L171A 97±5 13±1 27±3 -0.30±0.10 -0.11±0.04 -0.90±0.10 0.34±0.13 0.87±0.04 

PDZ1 L177A 38±2 20±1 75±10 0.30±0.10 0.16±0.03 0.50±0.10 0.56±0.23 0.70±0.09 

PDZ1 A178G 15±1 90±2 290±30 1.10±0.10 1.04±0.03 2.80±0.10 0.40±0.04 0.62±0.02 

PDZ1 V185A 34±2 38±2 100±20 0.50±0.10 0.54±0.04 1.20±0.10 0.42±0.12 0.54±0.06 

PDZ1 I189V 28±1 50±1 100±10 0.50±0.10 0.70±0.03 1.40±0.10 0.33±0.08 0.51±0.04 

PDZ1 L190A 33±2 74±2 230±40 1.00±0.10 0.93±0.03 2.10±0.10 0.47±0.07 0.55±0.03 

PDZ1 V192A 29±1 34±1 200±20 0.90±0.10 0.47±0.03 1.60±0.10 0.55±0.08 0.70±0.03 

PDZ1 L197A 34±2 290±10 270±60 1.10±0.10 1.74±0.03 2.90±0.20 0.36±0.06 0.41±0.03 

PDZ1 A198G 47±2 43±1 80±10 0.30±0.10 0.61±0.03 0.90±0.10 0.37±0.13 0.32±0.09 

PDZ1 A203G 38±3 36±2 120±20 0.60±0.10 0.51±0.04 1.20±0.20 0.50±0.13 0.57±0.06 

PDZ1 A205G 26±5 140±10 400±210 1.30±0.30 1.31±0.05 2.90±0.40 0.44±0.12 0.55±0.06 

PDZ1 V206A 39±5 42±3 260±70 1.00±0.20 0.59±0.04 1.70±0.20 0.61±0.13 0.65±0.05 

PDZ1 A208G 28±7 280±20 1100±600 1.90±0.30 1.71±0.05 3.80±0.40 0.49±0.10 0.56±0.05 

PDZ1 L215A 26±4 68±5 260±100 1.00±0.20 0.88±0.05 2.20±0.30 0.47±0.12 0.60±0.05 

PDZ1 V216A 28±3 57±3 200±40 0.90±0.10 0.78±0.04 1.80±0.20 0.51±0.09 0.56±0.05 

 

 kIN (s-1) kNI (s
-1 10-3)  KD-I (10-4) 

ΔΔGD-I  

(kcal mol-1) 

ΔΔGTS2-N 

(kcal mol-1) 

ΔΔGD-N  

(kcal mol-1) 
ΦI ΦTS2 

P1P2 WT 23±1 13±1 16±1      

P1P2 L141A 23±2 63±4 20±10 0.20±0.30 0.92±0.04 1.20±0.30 0.20±0.22 0.21±0.18 

P1P2 A147G 16±1 18±1 10±2 -0.30±0.10 0.19±0.03 0.10±0.10 / / 

P1P2 L153A 9±1 31±2 20±10 0.10±0.30 0.50±0.04 1.10±0.30 / / 
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P1P2 I157V 11±1 23±2 10±4 -0.30±0.30 0.32±0.05 0.50±0.30 -0.68±0.76 0.29±0.47 

P1P1 V165A 17±1 16±1 10±2 -0.20±0.10 0.13±0.03 0.10±0.10 / / 

P1P2 I167V 16±1 21±1 10±2 -0.20±0.10 0.29±0.03 0.30±0.20 / / 

P1P2 V169A 2±1 59±3 130±70 1.30±0.30 0.89±0.03 3.50±0.30 0.35±0.09 0.75±0.02 

P1P2 L171A 58±5 10±1 10±3 -0.30±0.20 -0.17±0.05 -1.00±0.20 0.28±0.20 0.83±0.06 

P1P2 L177A 15±1 12±1 40±10 0.60±0.10 -0.03±0.03 0.80±0.20 0.74±0.22 1.04±0.04 

P1P2 A178G 7±1 100±5 400±160 1.90±0.30 1.21±0.03 3.80±0.30 0.50±0.07 0.68±0.02 

P1P2 V185A 13±1 30±1 50±10 0.70±0.20 0.48±0.03 1.50±0.20 0.47±0.11 0.69±0.04 

P1P2 I189V 11±1 35±3 10±10 -0.20±0.30 0.58±0.04 0.90±0.30 -0.20±0.40 0.30±0.30 

P1P2 L190A 15±1 58±2 80±10 1.00±0.10 0.88±0.02 2.10±0.10 0.47±0.06 0.58±0.03 

P1P2 V192A 11±1 26±1 70±10 0.90±0.10 0.40±0.03 1.70±0.10 0.51±0.07 0.77±0.02 

P1P2 L197A 16±2 270±10 240±100 1.60±0.30 1.77±0.03 3.60±0.30 0.44±0.08 0.51±0.04 

P1P2 A198G 22±2 47±2 30±10 0.50±0.20 0.75±0.03 1.20±0.20 0.37±0.16 0.40±0.10 

P1P2 A203G 15±1 32±2 40±10 0.60±0.20 0.52±0.03 1.30±0.20 0.42±0.13 0.61±0.05 

P1P2 A205G 9±1 86±6 130±60 1.30±0.30 1.11±0.04 2.90±0.30 0.43±0.11 0.62±0.04 

P1P2 V206A 14±1 36±2 50±10 0.60±0.20 0.60±0.03 1.50±0.20 0.41±0.13 0.61±0.05 

P1P2 A208G 5±1 150±20 50±80 0.70±0.90 1.45±0.07 3.00±0.90 0.24±0.32 0.52±0.15 

P1P2 L215A 13±1 39±3 20±10 0.10±0.30 0.64±0.04 1.10±0.30 0.13±0.24 0.44±0.14 

P1P2 V216A 18±1 54±3 70±20 0.80±0.20 0.84±0.03 1.80±0.20 0.46±0.09 0.54±0.04 

 

We previously showed that the equilibrium unfolding of PDZ1-PDZ2 

proceeds in a stepwise manner and the first PDZ domain may be denatured at 

‘mild denaturant concentration’, i.e. 2.2 M of GdnHCl, whereas the second 

PDZ domain retains its native conformation31,32. Thus, in an effort to 

compare the folding of PDZ1, in isolation and in the context of its multi-

domain supramodular organization, we measured the chevron plot of PDZ1-

PDZ2 by first denaturing the protein in 2.2 M GdnHCl and then triggering 

refolding by rapidly mixing with buffer in the presence of increasing 

concentrations of GdnHCl. Conversely, unfolding was measured by 

challenging native PDZ1-PDZ2 with GdnHCl at different concentrations. 

Also in this case, both folding and unfolding time courses were satisfactorily 

fitted to a single exponential decay at any final denaturant concentration. A 

superposition between the chevron plots of PDZ1 in isolation and in the 
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tandem is reported in Fig. 10. Whilst the unfolding of the two proteins 

appears essentially identical, it might be noticed that inclusion of PDZ1 in a 

tandem repeat result in a minor but detectable stabilization of the folding 

intermediate, as probed by the slightly more pronounced roll-over effect in 

the refolding branch. Importantly, this intermediate is distinct from the major 

misfolding events previously reported that may occur only when both PDZ 

domains are unfolded in PDZ1-PDZ2 and cannot be detected in PDZ1 in 

isolation. In analogy to what reported above for PDZ1, data were fitted to a 

three-state folding equation and the resulting parameters are listed in Table 1.  

To address the details of the folding of PDZ1 we performed Φ-value analysis. 

By following this methodology, residue-specific structural information of 

metastable state(s) along the reaction pathway is inferred by comparing the 

kinetics of folding of the wild-type protein with those of a series of 

conservative single mutants44,69. Quantitatively, the strength of the contacts is 

measured by the Φ-value, which normalizes the stability change of the 

metastable state upon mutation to that of the native state. A Φ-value close to 

1 is indicative of native-like structure in the metastable state of that specific 

residue, whereas a Φ value equal to 0 suggests that the mutated residue is as 

unstructured in the metastable state as it is in the denatured state. 

Twenty-eight site-directed variants of PDZ1 were produced, expressed and 

subjected to (un)folding experiments. The mutants were designed according 

to standard rules of Φ-value analysis, which were extensively discussed 

elsewhere44,69–71. In summary, a conservative deletion of hydrophobic side 

chains was designed, a type of mutation that represents the easiest to be 

interpreted. The chevron plot obtained for each variant is reported in Figure 

11. 
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Figure 11. Chevron plots of the 52 site-directed mutants. The PDZ1 wt 

(Panel A) and the PDZ1-PDZ2 wt (Panel B) are reported in black and their 

mutated variants in gray. Data were fitted with equation 16, as formalized in 

Material and Methods section. The buffer used in all the experiments was 50 

mM TrisHCl pH 7.5 and 0.3 M Na2SO4 and the temperature was 25°C. 

 

In analogy to previous works on multistate systems40,72,73, the obtained 

chevron plots were globally fitted to a three-state equation with shared m-

values.   
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To provide structural information of the intermediate and transition states, the 

mutants were divided in three groups based on their measured Φ-values: 

small (Φ < 0.3; red), intermediate (0.3 < Φ < 0.7; magenta), and large (Φ > 

0.7; blue). The color-coded mutations were then mapped into the structure of 

PDZ1 (Fig. 12). 

Figure 12. Φ-values mapped on the PDZ1 and PDZ1-PDZ2 3D structures. 

Color-coded distribution of Φ-values is calculated for the intermediate state 

and transition state on the PDZ1 and PDZ1-PDZ2 structures (Φ < 0.3; red) 

0.3 < Φ < 0.7; magenta Φ > 0.7; blue). While the intermediate states appear 

to be more malleable and characterized by a lower degree of native-like 

structure in PDZ1-PDZ2 compared to PDZ1, this difference is less 

pronounced in the comparison of transition states. 
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The structural distribution of the measured values for the PDZ1 suggests the 

intermediate to be characterized by the formation of a weak nucleus, which 

appears to be diffused in the whole globule. Conversely, native structure in 

the PDZ1 transition state presents a more polarized distribution, 

encompassing mostly the residues found in the β3-β4 strands. 

To test the robustness of the folding of PDZ1 in the context of the muti-

domain supramodular structure we resorted to perform a comparative Φ-

value analysis. Hence, in analogy to what described above, we expressed, 

purified and characterized twenty-four site directed mutants and subjected 

them to kinetic folding and unfolding experiments.  

Figure 11 reports a mutant-by-mutant comparison of the chevron plots 

measured for each of the PDZ1 in isolation and in the PDZ1-PDZ2 tandem, 

with the calculated folding and unfolding parameters listed in Table 1. 

Overall, it might be observed that in essentially all cases, the chevron plots of 

all the variants appear nearly identical in both constructs, with the relevant 

exception of the refolding roll over that appears more pronounced in the case 

of the PDZ1-PDZ2 constructs rather than in the case of PDZ1 in isolation.  

In the PDZ1-PDZ2 construct, the architecture of the intermediate is less 

structured compared to the isolated domain, as shown by the presence of 

lower Φ-values. This finding contrasts what observed for the transition state, 

which is rather robust and structurally similar to what observed in the case of 

PDZ1 in isolation.  Thus, while in the late stages the two contructs display 

the same robust pattern, in the early events the mutational analysis reveals 

significant differences between PDZ1 in isolation and in tandem. 
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3.1.2 Frustration pattern of PDZ1 

A direct way to compare mutational data sets is to perform Φ-Φ plots of a 

relevant state, as well as in comparing the changes in free energies upon 

mutation70. Figure 13 depicts the Φ-Φ and ΔΔG plots for the intermediate and 

transitions states of PDZ1 in isolation and in the PDZ1-PDZ2 construct. 

 

Figure 13. ΔΔG plots and Φ-Φ plots for PDZ1 and PDZ1-PDZ2 

intermediate states (Panels A and C) and transitions states (Panels B and D). 

Each point in the graphs represents a single site-directed mutation occurring 

in both proteins. While for the intermediate states there is a pronounced 

scattered distribution, with several variants lying outside of the linear fit, a 

strong linear correlation is evident for the analysis of the transition states. 

 

It is evident that, whilst the data for the transition states are conserved in the 

two constructs, consistent with a linear correlation and a slope of 1, in the 

case of the intermediate there are clear differences between the two 
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constructs. Thus, there is an intriguing picture emerging from the comparison 

between PDZ1 in isolation and in the context of its supramodular 

organization that suggests a clear robustness to characterize the late stages of 

folding, whereas a more malleable behavior may be detected in the early 

stages.   

Thus, whilst the late events appear strongly committed to the native topology, 

the early events are more malleable and prone to changes depending on the 

presence/absence of the adjacent domain. We note that such behavior 

parallels what expected from the funneled energy landscape theory that 

postulates the native bias to be weak at early stages of folding, allowing for 

alternative early folding events.  

Ferreiro, Wolynes and co-workers provided a public algorithm that allows 

calculating the frustration patterns of proteins (available at 

http://frustratometer.qb.fcen.uba.ar)74. On the light of what summarized 

above, to explain the observed differences in the folding intermediate of 

PDZ1 in isolation and in the context of its multidomain structure, we 

calculated the frustration pattern of PDZ1. Figure 14 depicts the structure of 

PDZ1 and highlights the frustration patterns within this protein domain along 

with the residues that are prone to structural changes in the folding 

intermediate. Strikingly, we found a remarkable superposition between 

residues prone to alternative folding pathways and the frustrated regions of 

PDZ1. This finding further confirms that frustration sculpts the early stages 

of folding, whereas it has little effects on the late stages of the reaction. 
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Figure 14. Frustration pattern of PDZ1 was calculated from the algorithm 

kindly provided by Wolynes, Ferreiro and co-workers and available at the 

website http://frustratometer.qb.fcen.uba.ar. The red lines indicate local 

frustrated patterns within the structure. The yellow spheres are the residues 

that show a detectable difference in ΔΔGD-I highlighted in Figure 13 panel A. 
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3.2 PART 2: Are there any differences in the binding affinities between 

the N-SH3 domain and the full-length CrkL? 

3.2.1 Phage-display selections 

CrkL and its constituent domains (SH2, N-SH3, C-SH3 and the NSH3CSH3 

tandem) were used as bait proteins against two libraries that display peptides 

from the IDRs of the intracellular human proteome (HD2) and peptides from 

IDRs of proteins of RNA viruses (RiboVD). The selections were confirmed 

successful by pooled phage ELISA as shown by Figure 15. The measured 

absorbance at 450 nm displayed an increase of the values from the first to the 

fourth round of amplification, indicating the presence of enriched binding 

phages. In particular, the full-length protein, the NSH3CSH3 tandem and the 

N-terminal SH3 domain showed the higher binding activity compared to the 

C-terminal SH3 domain. Whereas the SH2 domain escaped from the PD 

analysis, suggesting that this domain may not recognize IDP as ligands. In 

fact, even though a recent work on the SH2 interactome has highlighted 

unusual binding characteristics75, the presence of the pTyr seems to be 

necessary for SH2 cellular interactions56.  

 

 

 

Figure 15. Phage pool ELISA normalized absorbance (450 nm) for HD2 and 

the RiboVD libraries. The phage display libraries were screened through 

four cycles of enrichment and amplification. At each cycle the phages were 
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tested for their ability to bind to the bait proteins using an ELISA assay as 

described in Materials and Methods section. 

 

The fourth round of selection was sequenced with NGS, and the resulted pool 

of peptide ligands were filed in an online toolkit available at 

http://slim.icr.ac.uk/proppd/. The software can analyse the selected peptides 

and therefore identify the consensus motif for each bait protein. This post-

process of the PD data allows the identification of short linear motif (SLiM) 

interactions. The selected peptides for all the constructs (except for the SH2) 

were dominated by sequences containing the shared consensus motif x-P-P-

L/V-P-P-K/R (Figure 16). The identification of preferred interaction of the 

SH3 domain by phage-display was already described in the literature76–78 in 

which is reported a more general binding motif R-P-L-P-x-x-P. Our results 

on the CrkL protein revealed a more specific binding consensus, involving 

the lysine in position +2 and a hydrophobic residue in position -1. In 

particular, the lysine has been demonstrated to be of key importance for 

binding specificity of the CrkL N-SH3 because of its ionic interaction with 

three negatively charged residues in the binding pocket of the domain79. 

 

http://slim.icr.ac.uk/proppd/
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Figure 16. Consensus motif identified for CrkL protein, the N-terminal and 

the C-terminal SH3 domain and the NSH3CSH3 tandem. The NGS converged 

in a common consensus of P-P-L-P-P-K for all the constructs. The letter 

dimension is proportional to the residue’s enrichment. 

 

The results of the selection identified around 30 enriched peptides for CrkL 

full-length, 24 from the HD2 library and 6 for the RiboVD. Same results 

were obtained for the N-SH3 domain and the tandem. Whereas the C-SH3 

data were of relatively poor quality, with just two peptides occurring in 

replicate selections, suggesting that the C-terminal domain of CrkL probably 

is not essential in the interaction with the intracellular IDPs. This finding is 

corroborated by Posern and coworker’s work in which the binding capacity 

of the CrkL C-terminal domain was tested with no results achieved80.  

Eventually, we investigated the presence of known binders for the CrkL 

constructs by comparing the data set with ligands reported in BioGrid 

database81. Strikingly we found that only 50% of identified peptides were 

CRKL full lenght N-SH3 

NSH3CSH3 
C-SH3 
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from proteins previously reported to interact with our system, meaning that 

half of the selected ligands are yet to be characterized. All the interactors are 

listed in Table 2 and in the comment section are reported the interactions 

already studied in literature. To assess the binding quantitatively, we tested 4 

unknown peptides, selected according to their physiological relevance, the 

specificity and the percentage of occurrence in the NGS.  

Considering the CrkL implication in the amplification of several cancer cell 

lines, we selected peptides, from the result of the HD2 library screening, 

which are part of proteins that are down/up regulated in cancer cell 

(FAM110B protein82 and WD repeat-containing protein 7083). Instead 

regarding the RiboVD peptides we selected influenza A virus non-structural 

protein 1 (NS) and the nucleoprotein Bat-coronavirus (HKU5). 

 

Table 2 – CrkL binding sequences derived from screening the HD2 (orange 

table) and RiboVD (green table) phage display libraries. All the phage-

derived sequences are listed with the associated protein. In the comment 

section is reported the reference of the corresponding interaction. 

Hit Protein Comments/references 

HEESDAPLLPPRVYST 
Adhesion G protein-coupled receptor L3 ADGRL3    

DAPLLPPRVYSTENHQ 

DPVLPPLPAKRHLAEL 
Arf-GAP with Rho-GAP domain, ANK repeat and PH 
domain-containing protein 1 ASAP2 

Huttin EL (2021) 
PPLPAKRHLAELSVPP 

PPLPPRNVGKVQTASS 
Arf-GAP with SH3 domain, ANK repeat and PH domain-
containing protein 2 

Huttin EL et al. (2021) 

DCPPPLPVKNSSRTLV 
Arf-GAP with SH3 domain, ANK repeat and PH domain-
containing protein 3 

Huttin EL et al. (2021) 

DVADVPPPLPLKGSVA 
Dedicator of cytokinesis protein 1 DOCK1 Hein et al. (2015) 

MTGADVADVPPPLPLK 

EPPALPPRTLEGLQVE Hematopoietic lineage cell-specific protein HCLS1   

NLPPPLPPKKYAITSV Inactive ubiquitin carboxyl-terminal hydrolase 53 Luck et al. (2017) 
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USP53 

PPPPPPPLPEKKLITR Leiomodin-2 LMOD2   

VGGQDGEQAPPLPIKA 
Low-density lipoprotein receptor-related protein 10 
LRP10 

  

IAPPVPLKAQTVTDSM 
Mitotic checkpoint serine/threonine-protein kinase 
BUB1 

  

TPHHPPALPSKLPTEV Msx2-interacting protein   

PPALPSKLPTEVNHVP SPEN   

HPELPTKGKDVSYCPV NEDD4-binding protein 2 N4BP2   

PPALPPKPPKPMTSAV 
Phosphatidylinositol 3-kinase regulatory subunit 
gamma PIK3R3 

Mueller PM et al. (2020) 

DTVESVVSPPELPPRN 

Phosphatidylinositol 3,4,5-trisphosphate 5-
phosphatase 1 INPP5D 

Arai A et al. (2001) SVVSPPELPPRNIPLT 

PPELPPRNIPLTASSC 

PPPLPPRASIWDTPPL 
Phosphatidylinositol 4-phosphate 3-kinase C2 domain-
containing subunit beta PIK3C2B 

Huttlin EL et al. (2021) 

PHSSPPPLPAKASRQL 
Pleckstrin homology-like domain family B member 1 
PHLDB1 

family A Thalappilly S et 
al. (2008) 

PPPLPAKASRQLQVYR 

SAPPLPPKPKIAAIAS Protein FAM110B   

ELPPKKRYYCELCLDD Ras/Rap GTPase-activating protein SynGAP 
known for Crk Birge R et 
al. (2009) 

PPPLPPKNVPATPPRT 
SH3-containing GRB2-like protein 3-interacting 
protein 1 SGIP1 

known with Grb2 Park 
RK (1999) 

PTGTPPPLPPKNVPAT 

APVLPGKTGPTVTQVK Treacle protein TCOF1   

PGLQCPPLPPRVGLPT 
Vacuolar protein sorting-associated protein 37B 
VPS37B 
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SETPPPLPPKSPSFQA 
WAS/WASL-interacting protein family member 3 
WIPF3 

Oda A et al. (2001) 

PPLPPKMVGKPVNFME 

WD repeat-containing protein 70 WDR70  SSDDELIGPPLPPKMV 

ELIGPPLPPKMVGKPV 

 

Hit Protein Comments/references 

VTGLLWLCCLFTPLSM Replicase polyprotein 1ab Equine virus   

PATSQMEDVPELPPKQ Nucleoprotein Bat-coronavirus HKU5   

ASLPKLPGKFLQYTVG Nucleoprotein Bornavirus   

LPDMIQDTPPPVPRKN Nsp2 Replicase polyprotein 1ab Porcine syndrome virus   

ENGGPSLPPKQKRYMA Non-structural protein 1 Influenza A virus Heikken et al. (2008) 

PIPLPPKVLENGPNAW Replicase polyprotein 1ab Porcine virus   

 

 

3.2.2 Validating the interactions - Equilibrium binding experiment 

The peptide ligands obtained from the phage selection of the full-length 

protein appeared to interact with both the N-SH3 and the NSH3-CSH3 

tandem. This result together with the poor enrichment of selected phages for 

the C-SH3 and the SH2 support the theory that probably only the CrkL N-

terminal domain is the main responsible for the interaction with IDRs of the 

intracellular proteome. Thus, the next step was to validate the set of 

interactions resulted from the phage selection, quantifying the differences in 

the binding affinities between the single domain and the full-length protein. 
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We determined in vitro affinities performing fluorescence equilibrium 

experiments, measuring the change in fluorescence of the naturally present 

tryptophanes of the constructs at increasing concentrations of peptides.  

The affinities (Table 3) were in the low micromolar range (0.2–14 μM), 

which is typical for SH3 mediated interactions80 and similar to what have 

been observed for synthetic ligands derived from combinatorial phage 

libraries76–78. 

 

Table 3 – Dissociation constants of the CrkL and the N-SH3 domain with 

selected peptides as determined by fluorescence measurements. Peptide motif 

indicates just six out of the fifteen residues forming the whole peptides. 

 KD (μM) 

Protein Peptide motif CRKL N-SH3 

Human -3 -2 -1 0 1 2 3   

FAM110B P P L P P K P 0.30 ± 0.05 2.00 ± 0.30 

WDR70 P P L P P K M 2.40 ± 0.70 1.00 ± 0.25 

Viral  

NS P S L P P K Q 0.20 ± 0.02 0.35 ± 0.10 

HKU5 P E L P P K Q 3.50 ± 0.70 13.60 ± 4.40 

 

All the titration curves reported in Figure 17 were fitted satisfactorily 

equation 17. The experimental validation of the binding activity has shown 

an expected trend in the dissociation constants between the two constructs, in 

particular, the binding of CrkL protein with the peptides ligands presents a 

lower KD respect to the isolated domain. The higher affinity of the full-length 

protein respect to the N-SH3 support the idea that these ligands are relevant 

in a cellular system in the interaction with the full-length protein. This trend 

is general for all the tested peptide except for WDR70, which seems to have 

an opposite result.  

FAM110B, WDR70 and HKU5 may be novel CrkL binders biologically 
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relevant for the cellular signalling network. Instead, the interaction with NS 

protein was already determined as 0.41± 0.05 μM using Biolayer 

interferometry84, the same order of magnitude to what observed in the present 

study.  

 

Figure 17. Equilibrium binding experiment of CrkL full-length (black lines) 

and N-SH3 domain (green lines) against the four peptide ligands. 
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4. Conclusions 

Traditionally, much of the theoretical and experimental work in the 

biophysical characterization of proteins have been focused on globular and 

isolated domains. The reason of such downsizing is not due to the 

challenging interpretations of the experimental data, but also to the 

assumption that the folding and the binding feature of a single domain can be 

summed up to describe a more general system85. For this reason, the main 

objective of the present work is to highlight the differences in the folding and 

the binding processes between a multidomain construct and its constituent 

domains expressed in isolation.  

The comparison of the folding of the PDZ1 domain of whirlin with the 

PDZ1-PDZ2 tandem allowed to measure the differences in the folding 

pathway of the two constructs. In particular, thanks to the Φ-value analysis 

we characterized the species involved in the folding, such as intermediates 

and transition state, giving an additional glimpse in the folding mechanism of 

this protein. In fact, although the late stages of the folding process are 

committed to the native state, thus no differences were observed between the 

two constructs, in the early events the presence of the second PDZ domain 

seems to increase the frustration of the system, opening the structure to the 

possibility of engaging misfolding states. 

During the secondment in the Chemistry Department of Uppsala university 

under the supervision of prof. Ylva Ivarsson I had the opportunity to screen 

the three-domain protein CrkL with the proteomic peptide-phage display 

technique. This high-throughput method allowed the finding of motif-based 

interactions that are crucial for signaling and other cellular processes but are 

difficult to detect because of their low to moderate affinities86. We identified 

known and unknown binders for the full-length protein and for the single 
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domains. A first semi-quantitative difference was obtained by the NGS 

results, showing that the ability to bind physiological ligand is performed 

only by the constructs displaying the N-terminal SH3 domain.  

Moreover, we validate the novel interactions between our system and four 

ligands. The measured dissociation constants were in the low micromolar 

range (0.2–14 μM), indicating a strong interaction between the CrkL and the 

selected peptides. Finally, we demonstrated that the presence of tethered 

domains increases the ability to bind the partners for all the peptides tested 

excepting for WDR70.  

Future work will be aimed to study the folding of wider multidomain 

constructs, with the focus in pinpointing the interactions that are responsible 

for the occurrence of misfolded species. In parallel, in the protein-protein 

interaction field, our work will continue in the characterization of the inter-

domain interactions that may be crucial for the binding process.  

Eventually, a more general description of proteins may not be achieved 

without merging the information obtained from the folding and the binding, 

or rather from the frustration pattern and the allosteric network of a biological 

system. 
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