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Istituto Pasteur - Fondazione Cenci Bolognetti, Dipartimento di Scienze Biochimiche “A. Rossi Fanelli” and Istituto di Biologia e Patologia Molecolari del CNR, Sapienza 
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A B S T R A C T   

Two thirds of eukaryotic proteins have evolved as multidomain constructs, and in vivo, domains fold within a 
polypeptide chain, with inter-domain interactions possibly crucial for correct folding. However, to date, most of 
the experimental folding studies are based on domains in isolation. In an effort to better understand multidomain 
folding, in this work we analyzed, through equilibrium and kinetic folding experiments, the folding properties of 
the Growth factor receptor-bound protein 2 (Grb2), composed by one SRC homology 2 domain flanked by two 
SRC homology 3 domains. In particular we compared the kinetic features of the multidomain construct with the 
domains expressed in isolation. By performing single and double mixing folding experiments, we demonstrated 
that the folding of the SH2 domain is kinetically trapped in a misfolded intermediate when tethered to the C-SH3. 
Importantly, within the multidomain construct, misfolding occurred independently if refolding is started with C- 
SH3 in its unfolded or native state. Interestingly, our data reported a peculiar scenario, in which SH2 and C-SH3 
domain reciprocally and transiently interact during folding. Altogether, the analysis of kinetic folding data 
provided a quantitative description of the multidomain folding of Grb2 protein, discussed under the light of 
previous works on multidomain folding.   

1. Introduction 

The multidomain nature of proteins is at the heart of the numerous 
activities and interactions essential for cell development and homeo
stasis. This plethora of vital and complex functions is ensured by a 
limited pool of domain families that are shuffled and in some cases 
duplicated within the protein architecture [1]. However, even though 
the analysis of sequenced genomes have demonstrated that a significant 
proportion of proteins consist in more than one domain [2–5], much of 
theoretical and experimental work in the protein folding field have been 
focused on globular and isolated domains. Given the multi-modular 
structure of proteins, a complete comprehension of the protein-folding 
problem may not be achieved without considering the supramodular 
context to which single domains are exposed [6–10]. 

In the last decades the growing attention on the multidomain protein 
folding have paralleled the ongoing medical research on pathologies 
induced by protein misfolding; at cellular level, co-translational folding 
seems to avoid misfolding events by gradually fold the nascent poly
peptide in a “domain-by-domain” manner [11]. However, for large 

multidomain protein, with a sufficient long lifetime, (un)folding pro
cesses may occur several times [12]. In particular, while a single and 
independent domain can fold by following its minimally frustrated en
ergy landscape [13], in a multidomain system, the inter-domain in
teractions can vary the frustration pattern, resulting in an increase of the 
probability of misfolded states [9,10,12,14–17]. Determining the mo
lecular bases of such inter-domain interactions can provide information 
on how domains affect, interact and communicate within a more com
plex multidomain system. 

In an effort to better understand multidomain folding we investi
gated the folding pathway of the Growth factor receptor-bound protein 2 
(Grb2). Grb2 is an adapter protein composed by three interaction 
modules: one SRC homology 2 (SH2) flanked by two terminal SRC ho
mology 3 domains (N-SH3 and C-SH3). This structural arrangement 
enables Grb2 to interact with different cellular partners, playing an 
essential role in the communication between the cell surface growth 
factor receptors and the RAS signaling pathway [18–21]. While the 
allosteric regulation of the binding of the full-length protein with its 
physiological partners (e.g. SOS1 and HER2) has been investigated using 
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different experimental techniques [22–25], how the full-length protein 
folds in respect to the isolated domains has not been studied so far. 

Here, we reported an analysis of the folding profile of Grb2 protein, 
comparing the kinetic features of the multidomain construct with the 
domains expressed in isolation. In particular our data are compatible 
with a complex folding mechanism implying the accumulation of a 
misfolded kinetic trap in the refolding of the SH2 domain only when 
linked to its neighboring C-SH3 domain, suggesting the presence of a 
specie that compete with productive folding. Interestingly, our data 
points to the evidence that SH2 populates the misfolded kinetic trap 
independently to the folding state of the C-SH3 domain. Moreover, the 
refolding rate constant of C-SH3 appears to be remarkably slowed down 
in experimental conditions in which the SH2 domain is highly destabi
lized. Under the light of previous and emerging studies on multidomain 
protein folding we argue that Grb2 is an “out of line” protein, giving an 
additional glimpse in the complexity of multidomain folding. 

2. Materials and methods 

2.1. Protein expression and purification 

DNA encoding for N-SH3, C-SH3, SH2, C-SH3SH2 tandem and full- 
length Grb2 were transformed into Escherichia coli BL21 (DE3) cells 
for protein expression. Bacterial cells were grown in LB medium, con
taining 30 μg/ml of kanamycin, at 37 ◦C until OD600 = 0.7–0.8, and then 
protein expression was induced with 0.5 mM IPTG. After induction, cells 
were grown at 25 ◦C overnight and then collected by centrifugation. 
Each construct (His-tagged) was purified from the soluble fraction in 50 
mM Tris-HCl at pH 7.5 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 26/10 
Desalting column (GE Healthcare). The purity of the protein sample was 
confirmed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis. 

2.2. Equilibrium experiments 

Fluorescence equilibrium (un)folding experiments were performed 
on a standard spectrofluorometer (FluoroMax single photon counting 
spectrofluorometer; Horiba). The proteins were excited at 280 nm, and 
emission spectra were recorded between 300 and 400 nm at increasing 
Guanidinium chloride (GdnHCl) concentrations. Experiments were 
performed with all the constructs at constant concentration of 2 μM, in 
Hepes 50 mM at pH 7.5, at 25 ◦C, using a quartz cuvette with a path 
length of 1 cm. Data were fitted using Equation (1): 

Yobs =YN + YD
e(mD− N([GdnHCl]− [GdnHCl]1/2)

1 + e(mD− N([GdnHCl]− [GdnHCl]1/2)
(1)  

where YN and YD represent the baselines for the 100% native and 100% 
denatured protein populations, and mD-N is the calculated m-value for 
the unfolding reaction (see Results for details). 

2.3. Stopped-flow experiments 

Single mixing folding experiments were performed on an Applied 
Photophysics Pi-star 180 stopped-flow apparatus, monitoring the 
change of fluorescence emission, exciting the sample at 280 nm and 
recording the fluorescence emission by using a 360 nm cutoff glass filter. 
The experiments were performed at 25 ◦C, by using GdnHCl as dena
turant agent. The final protein concentration was 2 μM for all the pro
teins analyzed. For each experiment, an average calculated from at least 
5 independent traces was satisfactorily fitted with a single exponential 
equation. Data regarding the N-SH3 and the C-SH3 domains were fitted 
using a two-state equation [26]: 

kobs = k0
f exp

(
− mf [GdnHCl]

)
+ k0

u exp (mu[GdnHCl]) (2)  

Where k0
f and k0

u are the microscopic folding and unfolding rate con
stants in the absence of denaturant; mf and mu are the associated m- 
values (see Results section for details). 

Grb2 full-length and SH2 kinetic folding data were fitted using the 
following equation [27]: 

kobs =
k0

IN exp( − mIN [GdnHCl])
(1 + KDI exp(mDI [GdnHCl])

+ k0
NI exp (mNI [GdnHCl]) (3)  

Where k0
IN and k0

NI are the microscopic folding and unfolding rate con
stants in the absence of denaturant of the intermediate and native states, 
with the associated mIN and mNI values. KDI is the equilibrium rate 
constant between the denatured and intermediate state. 

The buffers used for the pH dependence were: 50 mM Acetate pH 5, 
50 mM Acetate pH 5.5, 50 mM Bis-tris pH 6, 50 mM Bis-tris pH 6.5, 50 
mM Hepes pH 7, 50 mM Hepes pH 7.5, 50 mM Tris-HCl pH 8, 50 mM 
Tris-HCl pH 9. The pH-jump experiment was performed as follows: in 
one syringe the full-length protein Grb2 was diluted in buffer 50 mM 
Hepes at pH 7.5 with 2 M GdnHCl (mild denaturant condition) that was 
rapidly mixed in a 1:10 dilution with the refolding buffer 50 mM Acetate 
at pH 5. The refolding traces obtained were satisfactorily fitted with a 
double exponential. 

Double-jump interrupted unfolding experiments were carried out on an 
Applied Photophysics stopped-flow instrument with double-jump 
capability at an excitation wavelength of 280 nm. Fluorescence emis
sions were measured using a 360 nm cutoff glass filter. Unfolding was 
initiated by symmetric mixing (1:1 diluition) of the native Grb2 with 
Hepes 50 mM buffer, pH 7.5, 4 M GdnHCl, leading to a final 2 M 
denaturant concentration. In the second mix, refolding was induced by 
challenging the solution (1:1 diluition) with Hepes 50 mM buffer, pH 
7.5, with final 1 M denaturant concentration. The calculated amplitudes 
were plotted as a function of delay times and fitted to a double expo
nential decay. 

3. Results 

3.1. Equilibrium unfolding of Grb2 and its constituent domains 

The stability of the four constructs (N-SH3, C-SH3, SH2 isolated 
domains and full-length Grb2) has been studied through a GdnHCl- 
induced equilibrium denaturation, following the intrinsic fluorescence 
of the tryptophan residues W36, W60, W121, W193 and W194 (Fig. 1). 

In order to avoid multimerization, cysteine residues in positions 32 
and 198 were mutated into serine. The decrease of emission fluorescence 
of tryptophan residues was observed upon denaturation (as reported in 
Fig. 2), and all the transitions could be satisfactorily fitted with a two- 
state model equation (Equation (1)). Quantitative analysis of the (un) 
folding profiles returned the mD-N values summarized in Table 1. 

The mD-N parameter represents the dependence of the free energy of 
unfolding on denaturant concentration (defined as ∂ΔG/∂[denaturant]) 
and for a two-state system correlates with the change in accessible 
surface area upon unfolding [28]. While for the isolated N-SH3 domain 
we could not reliably measure thermodynamic unfolding parameters, 
C-SH3 and SH2 reported m-values that were consistent with the size of 
the domains. Interestingly, the full-length protein showed a mD-N value 
of 1.50 ± 0.10 kcal mol− 1M− 1, lower than what is expected from a 
protein of 215 residues [28]. It is worth noticing that the analysis of 
equilibrium unfolding of the isolated domains show very similar mid
points of the denaturation curves. This suggests that the apparent 
two-state transition reported in Fig. 2 might hide the independent 
unfolding processes of individual domains in the context of the full 
length protein, leading to a miscalculation of the mD-N value [29]. 
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3.2. Folding kinetics of the N-SH3, SH2 and C-SH3 in isolation and 
within multidomain systems 

As described above, the main goal of this work is to characterize the 
differences in the folding features of the individual domains of Grb2 in 
isolation and in the context of multidomain constructs. The (un)folding 
kinetics were monitored by using stopped-flow technique, following the 
time courses of the refolding and unfolding reactions at different 

GdnHCl concentrations. The semilogarithmic plot of the observed rate 
constants versus denaturant concentrations (chevron plot) is reported in 
Fig. 2. Interestingly, while for isolated domains all traces were satis
factorily fitted with a single exponential equation, traces acquired for 
the full-length construct clearly followed a double exponential decay 
(data shown in Fig. 1 in the S.I.). The superimposition of the chevron 
plots of the isolated domains with the full-length protein allows to 
ascribe each kinetic phase to the (un)folding of different isolated do
mains. In fact, while the N-SH3 domain in the context of the full-length 
protein resulted optically silent (probably because of a quenching effect 
exerted by the neighboring tryptophan residues on W36), the two kobs 
obtained for the full length Grb2 matched almost perfectly the kobs 
calculated for the isolated SH2 and C-SH3 isolated domains. 

Chevron plots obtained for the isolated N-SH3 and C-SH3 domains 
were fitted with a two-state equation, suggesting the absence of any 
detectable intermediate [26]. Notably, the chevron plot of the isolated 
N-SH3 domain displays a poorly characterized refolding arm, suggesting 
a low thermodynamic stability of the N-SH3 domain as reported by 
equilibrium unfolding experiments. On the other hand, significant dif
ferences have been addressed in the SH2 refolding branch showing a 
clear deviation from linearity, a typical signature of the presence of 
intermediate(s) along the folding pathway [27,30–34]. SH2 kinetic data 
were fitted with a three-state equation implying the presence of an in
termediate accumulating along the reaction pathway (Equation (3)) 
(kinetic parameters are reported in Table 2). Interestingly, a comparison 
of kinetic data obtained for the SH2 domain in isolation and in the 
context of the full-length Grb2 reveals a remarkably slowed down 
refolding in the latter case, differing by one order of magnitude (77 ± 30 
s− 1 and 5.3 ± 1.3 s− 1 respectively). Moreover, it appears evident that, in 

Fig. 1. Cartoon representation of the Grb2 protein (PDB code: 1GRI). The three 
domains N-SH3, SH2 and C-SH3 are colored in orange, pink and light blue 
respectively. Naturally occurring tryptophan residues (W36, W60, W121, W193 
and W194) are highlighted in the structure in yellow sticks. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 2. Left panel - GdnHCl-induced equilibrium denaturation of Grb2 (black), SH2 domain (pink), N-SH3 (orange) and C-SH3 domain (light blue). All the dena
turation curves were fitted with a two-state model equation described in Materials and Methods section. Thermodynamic parameters obtained from the fit are 
reported in Table 1. Right panel -– Superimposition of the chevron plots of the Grb2 full-length and the three individual domains. The full-length protein is rep
resented in black circles (faster phase) and empty triangles (slower phase) whereas the single domains follow the same color code of the equilibrium denaturation. 
Chevron plots of N-SH3 and C-SH3 domains were fitted with a two-state equation (see materials and methods section). Kinetic data of the SH2 domain in the full- 
length and in isolation were fitted with an equation describing a three-state folding mechanism (see text for details and Materials and Methods section). All the 
experiments were performed in buffer Hepes 50 mM pH 7.5, at 25 ◦C. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 1 
Equilibrium folding parameters of the Grb2 full length, N-SH3, SH2 and C-SH3 
domains. Midpoints and mD-N values were obtained from the fitting process of 
the equilibrium experiments. ΔGH2O were calculated as mD-N*[d]50%. (/=
Thermodynamic parameters regarding N-SH3 domain could not be reliably 
calculated).  

Equilibrium 
parameters 

n◦ of amino 
acids 

ΔGH2O (kcal 
mol− 1) 

[d]50% 

(M) 
mD-N (kcal 
mol− 1 M− 1) 

Grb2 FL 215 3.05 ± 0.09 2.01 ±
0.07 

1.51 ± 0.12 

N-SH3 58 / / / 
SH2 93 3.43 ± 0.07 1.73 ±

0.04 
1.98 ± 0.14 

C-SH3 59 2.05 ± 0.01 1.15 ±
0.01 

1.77 ± 0.02  
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the full-length protein, the kobs obtained in refolding experiments 
increased at increasing denaturant concentrations. This evidence is 
compatible with a rapid accumulation of a kinetic trap populated during 
refolding, i.e. a misfolded intermediate state that must unfold in order to 
reach the native state [9]. To exclude this effect to be caused by ag
gregates formation, we performed concentration-dependent refolding 
experiments (reported in Fig. S2). Importantly, protein concentration 
did not affect the calculation of refolding rate constants, confirming the 
monomolecular nature of the folding reaction. 

3.3. The folding state of C-SH3 domain does not affect the folding of SH2 

To better interpret the effect of the presence of contiguous domains 
in the folding of the full-length Grb2 we resorted to conduct kinetic and 
equilibrium experiment on a construct composed by the SH2 and the C- 
SH3 tandem (Grb2ΔN-SH3). In particular, by following this strategy, we 
could pinpoint possible inter-domain interactions, occurring between 
the SH2 and the C-SH3 domain, responsible for the formation of the 
misfolded specie. The equilibrium denaturation of Grb2ΔN-SH3 is re
ported in the supplementary information (Fig. S3). A comparison of the 
chevron plots of Grb2 and Grb2ΔNSH3 is reported in Fig. 3. Clearly, 
kinetic data obtained from the two constructs are comparable, sug
gesting that the kinetic trap populated by the SH2 domain may be due to 
transient interactions with the covalently linked C-SH3 during refolding. 

As previously shown for the PDZ1-PDZ2 tandem of Whirlin protein 
[9], misfolding events may arise depending on the folding state of 
contiguous domains; in fact, in the case of Whirlin, whenever the PDZ2 
domain retained its native conformation, the folding of PDZ1, in the 
context of the tandem, seemed to be equivalent to PDZ1 domain in 
isolation, while a misfolded kinetic trap was populated when refolding 
started from both PDZ1 and PDZ2 denatured. On the basis of this evi
dence, and following an analogous strategy, we compared the folding of 
the SH2 domain in the presence of the C-SH3 helding its native 
conformation and in its unfolded state. To do so, we performed kinetic 
double-mixing interrupted unfolding experiments. In the first mix, 

native Grb2ΔNSH3 was rapidly mixed (1:1 dilution) with denaturing 
buffer (Hepes 50 mM pH 7.5, 4 M GdnHCl), leading to a final 2 M 
denaturant concentration. Then, after a controlled delay time, the so
lution was challenged with a renaturing buffer, inducing the consequent 
refolding at 1 M denaturant final concentration. The fluorescence 
exponential traces, collected at different delay times (ranging from 0.02s 
to 40s), revealed a double exponential decay. 

The dependence of the amplitudes of the refolding traces versus the 
delay time was fitted to a double exponential equation (Fig. 3). While at 
long delay time (i.e. allowing the C-SH3 domain to unfold before the 
second mix) the amplitude analysis showed a slow phase of 0.11 ± 0.07 
s− 1, probably relative to prolines cis-trans isomerization, at shorter delay 
times (retaining the C-SH3 domain in its native conformation) we could 
calculate a fast phase of 3.70 ± 0.70 s− 1. This latter is comparable to the 
refolding rate constant obtained for the SH2 in the full length Grb2 at 2 
M GdnHCl, being 3.40 ± 0.02 s− 1. These data suggest that, whether the 
C-SH3 retains its native conformation, or it is unfolded, no significant 
differences can be measured in the refolding pathway of the SH2 within 
the multidomain construct. 

3.4. The stability of SH2 domain influences the folding of C-SH3 

A largely used method to obtain information about the folding 
mechanism of a protein is to perturb the stability of the protein by 
varying the experimental conditions (pH, temperature, salt concentra
tion) and monitor how the system responds to the perturbations in terms 
of kinetic parameters [35]. We therefore investigated the folding of Grb2 
at different pH (from pH 4 to pH 9) and the data obtained are shown in 
Fig. 4. In all conditions the kinetic traces displayed two phases related to 
the two optically active domains (SH2 and C-SH3). The analysis of the 
chevron plots revealed that while the stability of the C-SH3 domain 
appears to be slightly affected by the change of pH conditions, the SH2 
domain is strongly destabilized at acidic pH, with a dramatic increase in 
the microscopic unfolding rate constant and low resolution of refolding 
arm of chevron plots at acidic pH. In particular, at pH 5.0 no refolding 

Table 2 
Kinetic (un)folding data were calculated by fitting chevron plots with a two-state equation for isolated N-SH3 and C-SH3 domains and for the C-SH3 domain in the 
context of the full length Grb2 construct, and a three-state equation for isolated SH2 domain and the SH2 domain in the context of the full-length Grb2 (equations are 
reported in the Materials and Methods section). As detailed in the text, for the full-length construct we could monitor two phases ascribable to the (un)folding of SH2 
and C-SH3 domains.   

kf (s− 1) ku (s− 1) mf (kcal mol− 1 M− 1) mu (kcal mol− 1 M− 1) ΔGD-N (kcal mol− 1) 

Grb2FL (C-SH3) 5.6 ± 0.4 0.11 ± 0.01 1.50 ± 0.05 0.26 ± 0.01 2.3 ± 0.07 
C-SH3 isolated 10.3 ± 0.5 0.12 ± 0.01 1.7 ± 0.1 0.25 ± 0.01 2.6 ± 0.06 
N-SH3 isolated 9.0 ± 2.0 0.56 ± 0.02 1.9 ± 0.2 0.41 ± 0.01 1.6 ± 0.13   

kIN (s− 1) kNI (s− 1) KDI mIN (kcal mol− 1 M− 1) mNI (kcal mol− 1 M− 1) mDI (kcal mol− 1 M− 1) ΔGD-N (kcal mol− 1) 

Grb2FL (SH2) 5.3 ± 1.3 0.06 ± 0.01 2.0 ± 0.8 − 1.1 ± 0.2 0.95 ± 0.01 2.9 ± 0.2 3.1 ± 0.3 
SH2 isolated 77 ± 30 0.06 ± 0.01 3.0 ± 1.0 0.11 ± 0.01 0.93 ± 0.07 2.0 ± 0.1 4.9 ± 0.3  

Fig. 3. Left panel - Chevron plot of the Grb2 full- 
length (black circles) and C–SH3 – SH2 tandem 
(grey circles). Kinetic data from the two constructs 
appear to be very similar, suggesting that the N-ter
minal domain does not affect the formation of the 
kinetic trap. Chevron plots obtained from the depen
dence of fast and slow (un)folding phases of C–SH3 – 
SH2 tandem and full-lenght Grb2 were fitted respec
tively by sharing kinetic m-values. Right panel - 
Interrupted unfolding double jump experiment. Am
plitudes of refolding traces were plotted versus delay 
times. Line represents the best fit to a double expo
nential equation. The fit of the first exponential phase 
reports a very similar kobs (3.7 ± 0.7 s− 1) to the one 
obtained for the SH2 domain in the context of the full- 
length protein at 2 M denaturant concentration (kobs 

= 3.40 ± 0.02 s− 1). The slower kobs (0.11 ± 0.07 s− 1) may be ascribable to possible cis-trans proline isomeration.   
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traces could be measured for SH2, the domain being incapable to 
reversibly fold in those conditions. On the other hand, a clear roll-over 
effect in the C-SH3 refolding branch became more pronounced at 
lower pH values, with a progressive decrease in the microscopic folding 
rate constant. Interestingly, the chevron plot of the C-SH3 domain in 
isolation at pH 5.0 is compatible with a two-state folding mechanism, 
showing linear unfolding and refolding arms. 

To further investigate whether the decreased stability of SH2 domain 
at acidic pH influenced the folding behavior of C-SH3 we designed a 
refolding pH-jump experiments. This strategy allowed us to monitor the 
refolding kinetics of C-SH3 at pH 5.0 starting from experimental con
ditions in which the SH2 domain was held in its native conformation. In 
particular, to observe the folding of C-SH3 when linked to the natively 
folded SH2, we diluted the protein in mild denaturant concentration (2 
M GdnHCl, pH 7.5) and the solution was rapidly mixed (in a 1:10 
dilution) with the refolding buffer to reach final conditions of Acetate 
50 mM pH 5.0. The comparison of chevron plot at pH 5 and the kobs 
obtained from pH-jump experiment (empty circles) is reported in the 
right panel of Fig. 4. The traces collected in the pH-jump experiment 
were consistent with a double exponential decay. Whilst lower kobs are 
very similar to the ones obtained for the Grb2 construct at pH 5.0, we 
could monitor a faster phase (empty grey circles) matching the kobs as
cribable to the C-SH3 at pH 7.5, condition in which SH2 is folded. 
Altogether our results suggest that the reduced stability of the SH2 
domain at pH 5.0 affects the refolding of the C-SH3 domain in the 
context of a SH2-CSH3 tandem. 

4. Discussion 

The human proteome is composed by over 75% of multidomain 
proteins and yet, our understanding on multidomain folding is mostly 
limited to smaller individual domain constructs. The reason of such 
downsizing is not only due to the challenging interpretations of the 
experimental data, but also to the assumption that the folding features of 
a single domain can be applied to a more general system [36–39]. 

Expanding the folding field to more complex topologies requires the 
analysis of inter-domain interactions. The biophysical work of Wolynes 
and coworkers on the in silico prediction of the frustration patterns of 
multidomain protein [40] emphasized how the frustration originated 
from interdomain interactions can easily lead to misfolding. On the 
other hand, protein evolved by lowering the sequence identity of 
neighboring domains as a strategy to decrease the probability of mis
folding events to occur [12]. 

In this scenario, our data on Grb2 folding confirm and, at the same 
time, disprove some of the major assumptions of the multidomain 
folding. It is, in fact, of interest to compare Grb2 folding with what has 
been previously seen for the PDZ1-PDZ2 tandem from Whirlin [9]. The 
remarkable difference in thermodynamic stability between the PDZ1 
and PDZ2 allowed to perform refolding experiments by selectively un
fold both domains or helding PDZ2 native. We demonstrated that, while 
the folding kinetics of PDZ1 were identical for the domain in isolation or 
in the presence of native PDZ2, a misfolded kinetic trap was populated 
when refolding started from high denaturant concentrations, condition 
in which both domains were unfolded. Peculiarly, the misfolded inter
mediate showed native-like functional properties, being able to bind a 
physiological ligand of Whirlin, providing the evidence of a functionally 
competent misfolded state. 

In the case of Grb2, as reported by folding kinetic data on the full- 
length protein, the folding of the SH2 domain is kinetically trapped 
only when it is tethered to the C-SH3, even though they have very 
different topologies and share just 11.86% of sequence identity (calcu
lated using Clustalw). Moreover, kinetic data obtained for the 
Grb2ΔNSH3 construct and their comparison with isolated domains 
revealed a peculiar scenario, in which the SH2 domain folding is trapped 
in a misfolded intermediate independently to the folding state of C-SH3. 
In addition, the folding of C-SH3 domain is also affected by the presence 
of SH2, in particular in experimental conditions in which the SH2 is 
strongly destabilized. This evidence supports the hypothesis of recip
rocal transient interactions occurring during the folding process of the 
two domains. In a recent paper published by our group [41] we char
acterized the folding and binding properties of a tandem of PDZ domains 
from the sPDZD2 protein. Our data highlighted the presence of a mis
folded intermediate along the folding pathway that displayed an unex
pected ability to bind the physiological ligand of sPDZD2 with increased 
affinity compared to the native state. Under this light, one possible 
reason of the presence of multiple energetic minima along the folding 
pathway of multidomain proteins may be represented by the ability to 
exert different functions, in particular in the case of protein-protein 
interaction domains, the possibility to interact with multiple partners 
and/or display different determinants of specificity and affinity. 

Altogether our results bring novel and additional information in the 
study of the multidomain folding, providing the evidence that Grb2 does 
not fold as a “sum of the parts”, and proving divergences in the folding 
energy landscape of its domains when isolated and in the multidomain 
contexts, incurring into complex interdomain interactions and transient 
misfolding events that characterize a singular folding pathway. Future 
works based on extensive site-directed mutagenesis will be aimed to 
address the molecular basis of such interdomain interactions, possibly 
pinpointing residues with significant effect on the folding pathway of 
Grb2. 

Fig. 4. Upper panel - Kinetic (un)folding profile of full-length Grb2 at different 
pH conditions, from pH 9 to pH 5 (the experimental setting is provided in 
Materials and Method sections). Lower panel - Chevron plots of Grb2 (red 
circles) and C-SH3 in isolation (orange circles) at pH 5. . As detailed in the text, 
the experiment was performed by inducing the refolding of Grb2 (partially 
unfolded at 50 mM Hepes 2 M GdnHCl pH 7.5) with a renaturing buffer 50 mM 
Acetate at pH 5. The traces recorded in the refolding experiment showed two 
phases. From the fit of the double exponential we could obtain two observed 
rate constants represented in empty black and grey circles Whilst black empty 
circles (k1) are compatible with the slow phase of the C-SH3 domain in the 
same final conditions (pH 5), we could measure an additional faster phase k2 
(grey empty circles) that matches the kobs related to the C-SH3 at pH 7.5, 
condition in which the SH2 is folded. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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