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A B S T R A C T   

PTB (PhosphoTyrosine Binding) domains are protein domains that exert their function by binding phosphotyr-
osine residues on other proteins. They are commonly found in a variety of signaling proteins and are important 
for mediating protein-protein interactions in numerous cellular processes. PTB domains can also exhibit binding 
to unphosphorylated ligands, suggesting that they have additional binding specificities beyond phosphotyrosine 
recognition. Structural studies have reported that the PTB domain from FRS2 possesses this peculiar feature, 
allowing it to interact with both phosphorylated and unphosphorylated ligands, such as TrkB and FGFR1, 
through different topologies and orientations. In an effort to elucidate the dynamic and functional properties of 
these protein-protein interactions, we provide a complete characterization of the folding mechanism of the PTB 
domain of FRS2 and the binding process to peptides mimicking specific regions of TrkB and FGFR1. By analyzing 
the equilibrium and kinetics of PTB folding, we propose a mechanism implying the presence of an intermediate 
along the folding pathway. Kinetic binding experiments performed at different ionic strengths highlighted the 
electrostatic nature of the interaction with both peptides. The specific role of single amino acids in early and late 
events of binding was pinpointed by site-directed mutagenesis. These results are discussed in light of previous 
experimental works on these protein systems.   

1. Introduction 

Adaptor proteins are a class of proteins that play a pivotal role in the 
context of the regulation of cellular homeostasis, by acting as “scaffold” 
points for several signaling molecules, allowing them to form supra-
molecular complexes and become functional. These proteins, generally, 
lack catalytic activity and are composed of protein-protein interaction 
modules (such as SH2, SH3, PTB, and PDZ domains) by which they 
mediate the reversible binding with several physiological partners, for 
example activated RTKs [1]. Moreover, a frequent feature of scaffold 
proteins is the presence of large disordered regions that usually undergo 
post-translational modifications (such as phosphorylation), providing 
numerous binding sites for intracellular ligands, playing a critical role in 
their function, linking together different signaling pathways and coor-
dinating complex cellular processes. 

FRS2 (fibroblast growth factor receptor substrate 2) is a protein 

family that plays a crucial role in signaling pathways by being phos-
phorylated by the Fibroblast Growth Factor (FGF) and Nerve Growth 
Factor (NGF) receptor families [2] as well as by other RTKs involved in 
neuronal signaling [2–5]. Two members of FRS2 family are known, 
namely FRS2α and FRS2β, that share a common structural organization. 
FRS2α and FRS2β are characterized by the presence of a N-terminal 
N-myristoylation signal that anchors the protein to the plasma mem-
brane, a Phosphotyrosine-Binding (PTB) domain, followed by a C-ter-
minal long disordered tail with multiple tyrosine phosphorylation sites 
recognized by the SH2 domains of Grb2 and Shp2. Thus, FRS2 acts as a 
scaffold protein that organizes and facilitates the transmission of signals 
from FGF and NGF to downstream signaling pathways [6]. 

The PTB domain of FRS2 is a globular protein-protein interaction 
module of 115 residues structurally arranged as one α-helix flanked by 
two β-sheets. Its primary functional role is to recognize and bind ligands 
that present a phosphorylated NPXpY consensus sequences (where X is 
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any amino acid and pY is phosphorylated tyrosine) [7,8], although 
structural analysis revealed its capability to bind also unphosphorylated 
partners through a different topology and orientation [9,10] (Fig. 1). 
TrkB and FGFR1 are two typical interactors of the PTB domain of FRS2 
in the intracellular environment [11,12]. TrkB is a tyrosine kinase re-
ceptor protein, with a key role in the development of the nervous system, 
being involved in molecular pathways that determine cell survival and 
neural differentiation [13,14]. Dysregulation of TrkB has been associ-
ated with various neurological diseases and behavioral disorders, as well 
as diverse type of cancers [15,16]. It is recognized by the PTB domain of 
FRS2 through the binding of a typical NPXpY sequence at the level of 
Y512 residue. FGFR1 is a member of the FGF receptor protein family. It 
is a tyrosine-protein kinase with a crucial role in the regulation of 
several molecular pathways which lead to embryonic development, cell 
proliferation, differentiation and migration, and to many genetic dis-
eases when disrupted [17–19]. The PTB domain of FRS2 binds FGFR1 at 
the level of its juxtamembrane domain [9] and it is not dependent on 
tyrosine phosphorylation. 

The function of the PTB domain of FRS2 is crucial in transducing 
signals from both TrkB and FGFR1 to ensure a correct cell homeostasis. 
However, there is a lack of information about the mechanism by which it 
folds in its native state to exert its functions and the determinants of its 
thermodynamic stability have been not established. Moreover, although 
structure and thermodynamics of the complex formation have been 
determined [8,12,20], mechanistic details of the interaction with its 
phosphorylated and unphosphorylated partners are still not fully un-
derstood. In this paper, we tackle these issues by providing a complete 
characterization of the folding and binding properties of PTB domain of 
FRS2 through stopped-flow kinetic experiments, conducted in a wide 

range of experimental conditions. Our results show that the PTB domain 
folds through a complex three-state mechanism implying the presence of 
an intermediate along the reaction. Moreover, folding experiments 
conducted in absence or presence of a reducing agent highlight that the 
disruption of a disulfide bridge affects the stability of the domain, 
without preventing its ability to fold in its native functional state. Ki-
netic binding experiments show that the PTB domain binding with the 
phosphorylated TrkB ligand occurs through faster kinetics compared to 
the unphosphorylated FGFR1. Moreover, our data put in evidence 
different binding mechanisms occurring through the formation of elec-
trostatic interactions that were further analyzed by site-directed muta-
genesis. Our results are discussed under the light of previous 
experimental works on these protein systems. 

2. Materials and methods 

2.1. Protein expression and purification 

Genes encoding for PTB, pwtPTB, and all the binding mutants were 
subcloned into a pET28b + vector. The pwtPTB variant, corresponding 
to the C91S mutation, and the PTB D27A, D28A, R63A, R64A, D68A, 
and R78A variants were obtained by site-directed mutagenesis Quik-
Change Lightning Mutagenesis Kit following manufacturer instructions. 
Primers oligos were purchased from Eurofins Genomics and all se-
quences were confirmed by DNA sequencing. 

Plasmids encoding for pwtPTB and its site-directed mutants were 
used to transform Escherichia coli BL21 (DE3) competent cells. Bacterial 
cells were grown in LB medium containing 30 μg/mL of kanamycin at 
37 ◦C until OD600 = 0.7− 0.8, and protein expression was then induced 
with 0.5 mM IPTG. After induction, cells were grown at 25 ◦C overnight 
and then collected by centrifugation. To purify the His-tagged protein, 
the pellet was resuspended in buffer made of 50 mM Tris-HCl, 300 mM 
NaCl and 10 mM Imidazole, pH 7.5, with the addition of antiprotease 
tablet (Complete EDTA-free, Roche), then sonicated and centrifuged. 
The pellet was then resuspended with buffer containing 50 mM Tris-HCl 
pH 7.5 with 5 M Urea, and centrifuged. The supernatant was then loaded 
in a pre-equilibrated HiTrap Chelating High-Performance column (GE 
Healthcare). The elution was performed with a gradient of 0.01–1 M 
imidazole, and the imidazole was finally removed using an HiPrep 
desalting column (GE Healthcare), equilibrated with the buffer 50 mM 
Tris-HCl pH 7.5, 0.3 M NaCl. The purity of the protein sample was 
confirmed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis. 

Peptides mimicking the region 493–515 of TrkB (sequence GPDA-
VIIGMTKIPVIENPQpYFGI) and the region 409–430 of FGFR1 (sequence 
HSQMAVHKLAKSIPLRRQVTVS), with and without the dansyl N-termi-
nal modification, were purchased from GenScript. 

2.2. Equilibrium (un)folding experiments 

Fluorescence equilibrium (un)folding experiments were performed 
on a standard spectrofluorometer (FluoroMax-4 single photon counting 
spectrofluorometer; Horiba). The pwtPTB was excited at 280 nm, and 
emission spectra were recorded between 300 and 400 nm at increasing 
Guanidinium chloride (GdnHCl) concentrations. Experiments were 
performed with the protein at constant concentration of 2 μM, in 50 mM 
Hepes 7.0, 0.25 M Na2SO4, at 25 ◦C, using a quartz cuvette with a path 
length of 1 cm. 

2.3. Kinetic (un)Folding experiments 

Kinetic (un)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 using a 320 nm cutoff glass filter. 
The experiments were performed at 25 ◦C using guanidine-HCl as 

Fig. 1. Three-dimensional structure of the PTB domain of FRS2 (in blue) in 
complex with TrkB (in green – PDB: 2MFQ) and FGFR1 (in orange – PDB: 
1XR0). The image has been obtained by using UCSF Chimera software. 
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denaturant agent. Buffer containing 0.25 M Na2SO4 used for pH 
dependence were: 50 mM sodium-acetate pH 5.5, 50 mM sodium- 
phosphate pH 6.3, 50 mM sodium-Hepes pH 7.0 and pH 7.5, 50 mM 
Tris-HCl pH 8.0, pH 9.0 and pH 9.5, 50 mM CHES pH 10. Kinetic (un) 
folding experiments in the presence of different concentrations of NaCl 
(0.15 M, 0.3 M, 0.5 M, 1 M) were performed in buffer Hepes 50 mM pH 
7.0. For each denaturant concentration, at least five individual traces 
were averaged. The final protein concentration was typically 2 μM. 

2.4. Kinetic binding experiments 

Kinetic binding experiments were performed on an Applied Photo-
physics sequentialmixing DX-17MV stopped-flow apparatus (Applied 
Photophysics, Leatherhead, UK), set up in single mixing mode. Pseudo- 
first-order binding experiments were performed mixing a constant 
concentration (1 μM) of PTB and PTB mutants with increasing TrkB493- 

515 and FGFR1409-430, from 4 to 10 μM. Samples were excited at 280 nm, 
and the emission fluorescence was recorded using a 360 nm cutoff filter. 
For ionic strength dependence, buffers used were 50 mM sodium-HEPES 
pH 7.0 75 mM NaCl 50 mM sodium-HEPES pH 7.0 150 mM NaCl, 50 mM 
sodium-HEPES pH 7.0 300 mM NaCl, 50 mM sodium-HEPES pH 7.0 500 
mM NaCl and 50 mM sodium-HEPES pH 7.0 1 M NaCl. Five traces were 
collected, averaged, and satisfactorily fitted to a single-exponential 
equation. Microscopic dissociation rate constants (koff) were measured 
by performing displacement experiments on an Applied Photophysics 
sequential-mixing DX-17MV stopped-flow apparatus (Applied Photo-
physics), set up in single mixing mode. The observed rate constants were 
calculated from the average of five single traces. 

3. Results 

3.1. Equilibrium and kinetic (un)folding experiments 

To shed light onto the folding mechanism and stability of the PTB 
domain of FRS2 we resorted to performing equilibrium unfolding ex-
periments. The sequence of the PTB domain is characterized by the 
presence of three cysteine residues in positions 61, 80 and 91. An 
analysis of the three-dimensional structure highlights that the C61 and 
C80 are very close to each other, possibly engaging a disulfide bridge, 
while C91 is isolated. So, to avoid multimerization in solution we 
mutated C91 into serine, producing a pseudo-wild type PTB C91S 
(named pwtPTB from now on). Intrinsic tryptophan fluorescence of 
pwtPTB (W57 residue) held at constant concentration (2 μM) was fol-
lowed at different concentrations of the denaturing agent GdnHCl 
(Guanidinium Hydrochloride). The sample was excited at 280 nm and 
the fluorescence emission was recorded between 300 nm and 400 nm. 
To measure the thermodynamic folding stability of the domain, and to 
test the role of disulphide bridge in the folding reaction, we conducted 
the experiments in buffer Hepes 50 mM, Na2SO4 0.25 M, pH 7.0, in the 
absence and in the presence of DTT at 5 mM concentration, and we 
plotted the measured fluorescence signal at 360 nm as function of 
[GdnHCl] (Fig. 2A). Data was satisfactorily fitted with a sigmoidal 
function [21], indicating the two-state nature of the folding reaction. 
From the fitting process, it is possible to calculate the midpoint of 
unfolding (i.e., the [GdnHCl] at which protein population is 50% 
unfolded and 50% native) and the mD-N value, that represents a measure 
of the cooperativity of the unfolding reaction and is directly correlated 
with the change in the accessible surface area upon unfolding [22]. 
Importantly, sharing the mD-N values for both datasets (mD-N = 2.3 ±
0.1 kcal mol− 1 M− 1, compatible with a protein of 115 residues) returned 
an excellent fit. It is worth noticing that the presence of 5 mM DTT 
destabilizes the domain by ~3 kcal mol− 1 by shifting the midpoint from 

Fig. 2. A) Equilibrium unfolding experiments of the 
pwtPTB domain carried out at 298 K, using guanidine- 
HCl as denaturing agent, performed in buffer 50 mM 
sodium-HEPES pH 7.0, 0.25 M Na2SO4, in the pres-
ence (black dots) and absence (empty circles) of 5 mM 
DTT. Lines are the best fit to a sigmoidal equation. 
Inset panel: Linear free energy extrapolation. See text 
for details. B) Kinetic (un)folding experiments of the 
pwtPTB domain in the in the presence (black dots) 
and absence (empty circles) of 5 mM DTT. Lines are 
the best fit to Equation (1) (see details in the text). C) 
and D): Analysis of kinetic amplitudes obtained in 
unfolding (blue) and refolding (orange) experiments 
in the absence (panel C) and presence (panel D) of 5 
mM DTT.   
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2.5 ± 0.1 M to 0.9 ± 0.1 M. The linear extrapolation of ΔGD-N value 
(inset panel of Fig. 2A) [23] allowed to estimate ΔGD-N values in the 
absence of denaturant (6.1 ± 0.3 kcal mol− 1 without DTT and 2.2 ± 0.1 
kcal mol− 1 in the presence of 5 mM DTT) and mD-N values (2.4 ± 0.1 
kcal mol− 1 M− 1) that are in perfect agreement with the ones obtained by 
sigmoidal fitting (ΔGD-N = 5.8 ± 0.1 kcal mol− 1 in the absence of DTT 
and (ΔGD-N = 2.1 ± 0.1 kcal mol− 1 in the presence of 5 mM DTT). These 
results indicate that while the disulphide bridge formation influences 
the thermodynamic stability of the PTB domain, the change in accessible 
surface area upon unfolding is equal, and the protein is capable of 
folding to its native state regardless of its presence. 

To obtain more detailed information about the folding of the PTB 
domain we performed stopped-flow kinetic (un)folding experiments. 
pwtPTB was rapidly diluted into solutions at different GdnHCl concen-
trations, samples were excited at 280 nm and the fluorescence time 
course was followed by using a 320 nm cut-off filter. All obtained traces 
were the result of averaging 3–5 independent experiments and were 
satisfactorily fitted to a single-exponential decay to calculate the 
observed rate constant (kobs). The dependence of kobs as function of 
[GdnHCl] (i.e., chevron plots) obtained in buffer Hepes 50 mM, Na2SO4 
0.25 M, pH 7.0, in the absence and presence of 5 mM DTT is reported in 
Fig. 2B. While for a two-state reaction, a typical V-shaped chevron plot is 
expected, with linear correlation between the logarithm of kobs and 
denaturant concentration in refolding and unfolding arms, kinetic data 
reported in Fig. 2B report a clear deviation from linearity in the 
refolding arm of the chevron plots. This aspect is typically associated 
with the presence of an intermediate along the reaction pathway [24, 
25], suggesting that pwtPTB folds through a three-state mechanism. This 
scenario is corroborated by the analysis of the amplitudes of the kinetic 
traces obtained at different denaturant concentrations (Fig. 2C and D), 
which highlights a clear mismatch of the kinetic amplitudes obtained in 
refolding and unfolding experiments [25]. Given these premises, kinetic 
data were fitted with a three-state equation describing such scenario: 

kobs =
k0

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

+ k0
NI exp (mNI [GdnHCl]) (Equation 1) 

To test the effect of a different salt on the folding kinetics, we con-
ducted kinetic unfolding experiments in the presence of different con-
centrations of NaCl. Kinetic data obtained are reported in Fig. S1. 
Clearly, while in the presence of 5 mM DTT the chevron plot complies to 
a two-state scenario, in the absence of reducing agent a deviation from 
linearity is visible at low [GdnHCl]. This result confirms the three-state 
nature of the folding reaction pathway of the PTB domain, and that the 
presence of Na2SO4 in the buffer increases the stability of the interme-
diate, leading to a more pronounced downward curvature in the 
refolding arm of the chevron plot, allowing better characterization of the 
folding intermediate. 

To further analyze the folding mechanism of the pwtPTB domain we 
conducted (un)folding kinetic experiments at different pH conditions, in 
the absence and presence of 5 mM DTT in solution. Obtained chevron 
plots are reported in Fig. 3A and B and kinetic and thermodynamic data 
obtained are listed in Table 1. Inspection of Fig. 3A and B highlight that 
while in the absence of DTT the change of pH appears to have nearly no 
effect on the folding kinetics of pwtPTB, disruption of the disulphide 
bridge caused an increase of ku at basic pH conditions. Moreover, it is of 
interest to correlate the stability of the intermediate state as function of 
the stability of the native state in the presence and absence of DTT in the 
buffer solution. Clearly, while in the presence of the reducing agent 
there is no obvious correlation of the calculated ΔGD-I over the ΔGD-N 
value (slope 0.3 ± 0.1, R2 = 0.25), in the absence of DTT we obtained a 
clear linear correlation (slope of 0.8 ± 0.1and an R2 = 0.88). This result 
indicates that in the absence of DTT, the entropic restraints operated by 
the disulphide bridge between the C61 and C80 in the denatured state 
influences the formation of the intermediate in the early events of the 
folding reaction, such that the effect of pH on its thermodynamic sta-
bility well correlates with the one observed for the native state. How-
ever, our data confirm that the PTB domain can fold and reach its native 
state regardless of the oxidative state of C61 and C80 residues. 

3.2. Kinetic binding experiments 

As mentioned in the Introduction, one peculiar property of the PTB 
domain of FRS2 is its capability to bind phosphorylated and unphos-
phorylated ligands. In accordance with the structural data available, 
these two types of interactors engage binding through different pockets 
of the domain. To characterize the mechanism by which the PTB domain 
binds and recognizes phosphorylated and unphosphorylated ligands we 
conducted stopped-flow binding kinetic experiments with peptides 
mimicking specific regions of TrkB (from 493 to 515 residues) and 
FGFR1 (from 409 to 430 residues). Pseudo-first order binding experi-
ments were conducted by rapidly mixing a constant concentration of 
PTB (held at 1 μM) with increasing concentrations of peptides, ranging 
from 4 μM to 10 μM. In analogy to previous experiments, binding re-
action was followed by recording the quenching of tryptophan fluores-
cence emission upon binding, due to the presence of a dansyl group at 
the N-terminus of the peptides [26,27]. Experiments were conducted in 
buffer Hepes 50 mM pH 7.0 in the presence and absence of 5 mM DTT. 
Traces obtained resulted from averaging 3–5 independent traces and 
were satisfactorily fitted with a single exponential equation that allowed 
to calculate the observed rate constant (kobs). The dependence of the kobs 
as a function of peptide concentrations for TrkB and FGFR1 is reported 
in Fig. 4. Data was fitted with a linear equation 

kobs = kon[peptide] + koff (Equation 2) 

Fig. 3. Panels A and B: Kinetic (un)folding experiments of the Crkl SH2 domain at different pH conditions and 298 K. The logarithm of the observed rate constants 
measured with the stopped-flow apparatus is plotted versus the concentration of guanidine-HCl, in the presence (A) and absence (B) of 5 mM DTT. The lines are the 
best fit to a three-state model as formalized in Equation (1); Panel C: Linear correlations of the stability of the intermediate state as function of the stability of the 
native state in the presence (black dots) and absence (empty circles) of DTT. 
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that allowed us to calculate the microscopic association rate constant 
(kon) and extrapolate the microscopic dissociation rate constant (koff) at 
0 concentration of ligand. Although extrapolation of koff is theoretically 
correct, a high error usually arises from this procedure, demanding a 
direct calculation of this kinetic parameter. Thus, we conducted kinetic 
displacement experiments, by rapidly mixing a preincubated complex of 
PTB (1 μM) and dansylated TrkB493-515 or FGFR1409-430 (4 μM) versus a 
high excess (50 μM) of non-dansylated variant of the peptides. Traces 
obtained followed a single exponential decay, and the koff calculated is 
reported in Fig. 4 as the points at 0 μM ligand concentration. The 
equilibrium dissociation rate constants (KD = koff/kon) of the PTB 
domain for TrkB493-515 were 1.3 ± 0.1 μM (5 mM DTT) and 1.8 ± 0.2 μM 
(no DTT) and for FGFR1409-430 were 5.9 ± 0.5 μM (5 mM DTT) and 7.0 
± 0.5 (no DTT) μM, indicating that the oxidative state of cysteine resi-
dues has a negligible effect on the binding affinity of pwtPTB. 

To characterize in further detail the binding mechanism of the PTB 
domain with TrkB493-515 and FGFR1409-430 we conducted an analysis of 
the kinetic and thermodynamic parameters of the binding reaction 
changing the ionic strength of the solution. The ionic strength depen-
dence of the binding of PTB with TrkB493-515 and FGFR1409-430 are re-
ported in Fig. S2, and the obtained kinetic values are listed in Table 2. 
Clearly, for both peptides, an increase of the ionic strength of the solu-
tion (obtained by adding different concentrations of NaCl to a Hepes 50 
mM pH 7.0 buffer) has a clear lowering effect on the kon value. This 
result indicates that the formation of salt bridges drives the early 
recognition event of both peptides and resembles what is typically 
observed for electrostatically driven binding reactions [28,29]. On the 
other hand, a comparison of the effect of the ionic strength on the koff put 
in evidence a different mechanism of the stabilization of the complex. In 
fact, while the koff value of the binding reaction with FGFR1409-430 cleary 

increases at higher [NaCl], highlighting a role of electrostatic forces in 
the late events of binding, the koff for TrkB493-515 appears to be decreased 
by the increasing ionic strength. This aspect reflects into a clearly 
different dependence of affinity for the two peptides as a function of 
NaCl concentrations (Fig. S3). Data show that the dependence of logKD 
vs log[NaCl] for FGFR1 is much more pronounced than the one obtained 
for TrkB. These results suggest that in the case of TrkB binding 
increasing NaCl concentrations shield repulsive electrostatic forces that 
do not take place during the binding with FGFR1. Overall our data are in 
agreement with available structural data [12] and highlight a scenario 
in which the mechanism of recognition of both phosphorylated and 
unphosphorylated ligands relies on electrostatic forces, while the overall 
binding reaction is different, with PTB interacting with its ligands 
through the formation of different salt bridges. 

Table 1 
Kinetic folding parameters obtained obtained at different pH conditions, in the absence and presence of 5 mM DTT in the buffer. Errors reported are fitting errors.   

NO DTT 5 mM DTT 

kI-N (s− 1) kN-I (s− 1) KD-I (s− 1) kI-N (s− 1) kN-I (s− 1) KD-I 

pH 5.5 3.0 ± 0.2 0.024 ± 0.001 0.006 ± 0.001 3.7 ± 0.3 0.24 ± 0.01 0.003 ± 0.002 
pH 6.3 3.3 ± 0.2 0.030 ± 0.001 0.011 ± 0.003 4.0 ± 0.4 0.25 ± 0.01 0.004 ± 0.004 
pH 7.0 4.1 ± 0.2 0.023 ± 0.001 0.003 ± 0.001 7.2 ± 0.6 0.14 ± 0.01 0.004 ± 0.003 
pH 7.5 4.4 ± 0.4 0.037 ± 0.003 0.004 ± 0.002 6.7 ± 0.6 0.16 ± 0.01 0.006 ± 0.004 
pH 8.0 5.1 ± 0.3 0.027 ± 0.001 0.007 ± 0.002 6.7 ± 0.6 0.21 ± 0.01 0.006 ± 0.004 
pH 8.5 5.2 ± 0.3 0.024 ± 0.001 0.005 ± 0.002 8.2 ± 0.7 0.26 ± 0.01 0.006 ± 0.004 
pH 9.0 5.0 ± 0.3 0.030 ± 0.002 0.009 ± 0.002 7.3 ± 0.6 0.51 ± 0.03 0.006 ± 0.004 
pH 9.5 3.9 ± 0.2 0.030 ± 0.002 0.006 ± 0.002 7.7 ± 0.7 0.61 ± 0.03 0.008 ± 0.005 
pH 10.0 * * * 7.1 ± 0.9 1.20 ± 0.06 0.03 ± 0.01  

Fig. 4. Dependence of observed rate constant as a function of peptide concentrations obtained in kinetic binding experiments performed in the absence (full black 
circles) and presence (empty circles) of 5 mM DTT. Continuous and broken lines represent the best fit to a linear equation. 

Table 2 
Kinetic parameters of the binding reaction between the PTB domain and 
FGFR1409-430 and TrkB493-515 at different concentrations of NaCl added to the 
experimental buffer. Errors reported are fitting errors and/or propagated errors.  

[NaCl] 
(mM) 

FGFR1409-430 TrkB493-515 

kon (μM− 1 

s− 1) 
koff 

(s− 1) 
KD 

(μM) 
kon (μM− 1 

s− 1) 
koff 

(s− 1) 
KD 

(μM) 

150 2.3 ± 0.1 3.9 ±
0.5 

1.7 ±
0.1 

10.9 ± 0.3 17.1 ±
0.5 

1.6 ±
0.1 

300 1.59 ±
0.04 

5.3 ±
0.1 

3.3 ±
0.1 

8.2 ± 0.3 14.6 ±
0.4 

1.8 ±
0.1 

500 1.18 ±
0.02 

5.8 ±
0.6 

4.9 ±
0.1 

6.2 ± 0.3 13.2 ±
0.3 

2.2 ±
0.1 

1000 0.78 ±
0.02 

7.8 ±
0.6 

9.9 ±
0.1 

3.8 ± 0.1 11.9 ±
0.3 

3.1 ±
0.1  
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3.3. Site-directed mutagenesis 

Site-directed mutagenesis was performed to monitor the formation 
and roles of different charged residues in forming salt bridges involved 
in the recognition and stabilization of the complexes between PTB and 
FGFR1409-430 and TrkB493-515. To do so, we inspected PDB entries 1XR0 
and 2MFQ, and pinpointed charged residues physically located in the 
binding pocket of the PTB domain. Residues D27, D28, R63, R64, D68 
and R78 were mutated into alanine, and were employed in kinetic 
binding experiments to compare their kinetic parameters with PTB at 
different ionic strengths. Importantly, none of the designed mutation 
affected the thermodynamic stability of the PTB domain (Fig. S4). All 
obtained kobs as function of peptides concentrations are reported in 
Fig. S2, and the kinetic and thermodynamic parameters calculated are 
listed in Table S1. Notably, D28A, R64A and R78A mutants vs TrkB493- 

515 report an overall increase in koff value compared to PTB wt, sug-
gesting a role of these residues in the late event of complex stabilization 
(Fig. 5). However, their ionic strength dependence of the binding kinetic 
parameters displays a similar behavior to the wt domain. The D27A 
show an increase in koff as the ionic strength increases, in stark contrast 
to what is observed for the PTB. It must be also noticed that the D68A 
mutation causes a dramatic decrease of koff compared to wt, with a 
consequent increase in affinity. This result would imply the presence of 
electrostatic repulsion between the D68 residue and TrkB, however the 
analysis of the structure of the complex does not report negatively 
charged residues in TrkB being in direct contact with D68 of the PTB 
domain. The binding experiments performed with FGFR1409-430 report 
the D27A mutation to almost abolish ionic strength dependence of kon 
and koff. Furthermore, the R63A mutant appears to be involved in the 

binding with both peptides. In binding experiments with TrkB493-515 no 
kinetic traces could be recorded, indicating R63 residue to possess a key 
role in the binding with TrkB, while it shows a different dependence of 
koff value compared to PTB in the binding with FGFR1409-430, suggesting 
a role in stabilizing the complex rather than in recognizing the ligand in 
the early events of binding (Fig. 5). We also report that for the D68A 
mutant, we could not measure reliable kinetic traces in the binding with 
FGFR1409-430 due to a dramatic decrease of kinetic amplitude, indicating 
a direct involvement of this residue in the binding with the peptide. 

4. Discussion 

FRS2 is an adapter protein forming multiprotein complexes with 
crucial roles in the regulation of several signaling pathways [30–34], 
with the PTB domain being a key mediator of such protein-protein in-
teractions. Under this light, determining the mechanism by which the 
PTB domain interacts with its ligands is fundamental for a deeper un-
derstanding of the molecular pathways in which it is involved. More-
over, the characterization of its folding properties can improve our 
knowledge of the molecular determinants of its thermodynamic stability 
and of its function. Data presented in this work show that the PTB 
domain of FRS2 folds through a three-state folding mechanism that 
implies the presence of a low-energy intermediate state. It is of interest 
to notice how the entropic contribution of the early events of folding 
affects the native-like thermodynamic properties of the intermediate 
state. In fact, the analysis of kinetic and thermodynamic parameters 
reported in Fig. 3 indicate that a denatured state restrained by the for-
mation of the disulphide bridge between C61 and C80 leads to the 
population of an intermediate state which is affected by the change in 

Fig. 5. Ionic strength dependences of kon (black circles) and koff (gold circles) parameters calculated from kinetic binding experiments for different site-directed 
mutants of PTB domain. Data are reported in Table S1. On the right, pinpointed positions with critical role in the binding with TrkB and FGFR1 (see text for details). 
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pH similarly to what occurs to the native state. These data suggest that 
the oxidative state of cysteine residues does not prevent proper contact 
formation among residues, leading the protein to collapse in its native 
functional state, as a funneled energy landscape would imply [35]. 
However, from a thermodynamic perspective, the overall folding energy 
landscape of the PTB domain appears to be influenced by the 
compactness of the denatured state, although no clear differences arise 
by comparing microscopic folding rate constant in the absence of 
denaturant. Further studies, based on extensive site-directed mutagen-
esis, will allow us to clarify in more details the folding pathway of the 
PTB domain. 

As introduced previously, PTB domains can recognize ligands pre-
senting a phosphorylated tyrosine in their sequence. In this context, 
their biochemical function appears to overlap with the one carried out 
by SH2 domains. However, the consensus sequences recognized and the 
mechanisms of interactions of SH2 domains and PTB domains with their 
ligands is largely different [36–38]. In general, the phosphorylated 
tyrosine of the consensus recognized by SH2 domains is of primary 
importance and physically accommodated in a deep, positively charged 
pocket in the binding cleft, while the function of PTB domains is less 
dependent on the presence of phosphotyrosine, that interacts with res-
idues located on the surface of the domain. Moreover, the specificity of 
SH2 domains is regulated by residues located on the C-terminal side of 
the phosphotyrosine, while PTB domains mostly recognize N-terminal 
residues [36,38]. 

The PTB domain of FRS2 possesses the peculiar ability to interact 
with both phosphorylated and unphosphorylated ligands [9,30]. In an 
effort to characterize the mechanism of interaction with two physio-
logical ligands, TrkB and FGFR1, we report here a detailed kinetic 
analysis of the binding reaction with two peptides mimicking specific 
portions of the interactors. Data reported in our study show that the 
binding with TrkB493-515 and FGFR1409-430 occurs with similar, low 
micromolar affinities. A comparison of the calculated kinetic parameters 
appear to be comparable to what has been previously calculated for the 
PTB domain of Mint2 in the binding with an unphosphorylated sequence 
mimicking the Amyloid Precursor Protein APP [39], an interaction that 
is essential for the regulation of Aβ peptide production [40,41] and that 
has been recently and successfully targeted with a peptide-based in-
hibitor [42]. The analysis of kinetic data obtained at increasing ionic 
strengths put in evidence a different contribution of charges in the early 
and late events of binding. The dependence of kon and koff as function of 
increasing ionic strengths suggest that while for TrkB charges are 
involved only in the early recognition events, the binding of FGFR1 is 
driven by electrostatic forces in both recognition and stabilization of the 
complex. This aspect was further investigated by site-directed muta-
genesis, which allowed us to pinpoint the specific residues involved in 
early and late events of the binding reaction with the two different li-
gands. Interestingly, mutations dramatically affect the microscopic 
dissociation rate constant of the binding reaction with TrkB (with the 
exception of R63 that is directly in contact with the phosphorylated 
tyrosine). These data suggest that the order of events in the binding with 
TrkB requires first the recognition of the phosphorylated tyrosine, while 
other electrostatic interactions stabilize the complex formation in the 
late events. The binding with FGFR1 appears to be overall less affected 
by mutating charged residues on the binding site of PTB, with R63 and 
D68 residues revealing a prominent role in the binding with FGFR1. This 
reinforces the scenario of distinct mechanisms of binding of the PTB 
domain of FRS2 with phosphorylated and unphosphorylated ligands, 
driven by the formation of different specific salt bridges in the complex 
formation. Importantly, our kinetic data appear to be in good agreement 
with structural evidence available in literature [8,12]. Future studies 
based on extensive site-directed mutagenesis will allow us to further 
characterize these key interactions for cell physiology, to clarify possible 
intramolecular energetic network regulating the function of PTB domain 
of FRS2, and to design inhibitor molecules and/or peptides able to 
modulate its protein-protein interactions. 
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