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Membrane-anchored adaptor proteins FRS2␣/␤ (also
known as SNT-1/2) mediate signaling of fibroblast
growth factor receptors (FGFRs) and neurotrophin receptors (TRKs) through their N-terminal phosphotyrosine binding (PTB) domains. The FRS2 PTB domain
recognizes tyrosine-phosphorylated TRKs at an NPXpY
(where pY is phosphotyrosine) motif, whereas its constitutive association with FGFR involves a receptor juxtamembrane region lacking Tyr and Asn residues. Here
we show by isothermal titration calorimetry that the
FRS2␣ PTB domain binding to peptides derived from
TRKs or FGFR is thermodynamically different. TRK
binding is largely enthalpy-driven, whereas the FGFR
interaction is governed by a favorable entropic contribution to the free energy of binding. Furthermore, our
NMR spectral analysis suggests that disruption of an
unstructured region C-terminal to the PTB domain alters local conformation and dynamics of the residues at
the ligand-binding site, and that structural disruption of
the ␤8-strand directly weakens the PTB domain association with the FGFR ligand. Together, our new findings
support a molecular mechanism by which conformational dynamics of the FRS2␣ PTB domain dictates its
association with either fibroblast growth factor or neurotrophin receptors in neuronal development.

Protein modular domains serve as molecular interfaces for
interactions with proteins, nucleic acids, and phospholipids
that regulate numerous cellular processes ranging from signaling of cell-surface receptors to chromosomal transcriptional
regulation in the nucleus (1). The diverse functionality of these
domains has been enriched through evolution such that different structural folds can perform a conserved function or a
conserved fold can carry out different functions (2). Examples
of the former case include the Src homology 3 and WW domains, which are structurally different but recognize related
proline-rich sequences on target proteins (2– 4). An example of
the latter case is the phosphotyrosine binding (PTB)1 domain
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(5, 6), which is structurally and functionally distinct from the
SH2 domain, another conserved protein module that recognizes
tyrosine-phosphorylated proteins (7, 8). The PTB domain
adopts an overall fold similar to that of the pleckstrin homology
domain that binds phospholipids and localizes proteins to the
cell membrane (9). The prototypical PTB domains of the signaling proteins Shc and insulin receptor substrate 1 (IRS-1)
preferentially bind to phosphorylated proteins containing an
NPXpY motif, where pY is phosphotyrosine and X is any amino
acid, with hydrophobic residues N-terminal to the sequence
conferring additional specificity (10 –16). Recent studies show
that PTB domain-like protein modules can also bind to proteins
independent of tyrosine phosphorylation or even to those lacking the canonical NPXY motif. For instance, the PTB domains
of X11 and Fe65 bind to an NPTY sequence in the ␤-amyloid
precursor protein (17–19). The Drosophila Numb PTB domain
recognizes non-NPXY sequences, including GFSNMSFEDFP
in the Nak Ser/Thr kinase (20, 21), and a GPY motif that was
identified through screening of a tyrosine-oriented synthetic
peptide library (22, 23). Furthermore, the PTB domains of the
adaptor proteins Shc (10, 24) and Disabled (25) can also interact with phospholipids.
The versatility of the PTB domain superfamily is further
underscored by a conserved PTB domain identified at the N
terminus of the membrane-anchored adaptor proteins,
FRS2␣/␤ (fibroblast growth factor receptor substrate ␣/␤; also
known as SNT-1/2 for suc1-associated neurotrophic factor target) (26 –29). This single FRS2 PTB domain is capable of binding different neurotrophic receptor targets in highly conserved
regions that do not necessarily share any detectable sequence
homology, linking receptor activation to Shp2 tyrosine phosphatase and the Ras/mitogen-activated protein kinase pathway
in neuronal differentiation (30, 31). Specifically, the PTB domain of FRS2␣ has been shown to recognize tyrosine-phosphorylated neurotrophin receptor (TRK) at a site containing the
canonical XNPXpY motif, where  is a bulky hydrophobic
residue (32, 33), and more recently to the IENKLpY sequence of
the oncogenic glial cell-derived neurotrophic factor receptor
RET (34, 35). Strikingly, it can also bind to the juxtamembrane
region of FGFR independent of receptor phosphorylation, in a
segment not even containing any Tyr or Asn residues (29, 36).
Our recent solution structure of the FRS2␣ PTB domain in
complex with a peptide derived from FGFR1 shows that the
protein adopts a typical PTB domain fold consisting of a
␤-sandwich of two nearly perpendicular anti-parallel ␤-sheets
substrate; HSQC, heteronuclear single quantum coherence; ITC, isothermal titration calorimetry; IRS, insulin receptor substrate; NMR,
nuclear magnetic resonance; SNT, suc1-associated neurotrophic factor
target; pY, phosphotyrosine; TRK, neurotrophin receptor; Fmoc, N-(9fluorenyl)methoxycarbonyl; IL-4R, interleukin-4 receptor.
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capped by a C-terminal ␣-helix (38). Our structural and biochemical studies have concluded, however, that an eighth ␤-strand
C-terminal to the ␣-helix unique to this particular PTB domain is
critical for its association with FGFR1 but not for TRK.
In an effort to understand the mechanisms by which one
protein modular domain interacts with divergent targets, we
have characterized the thermodynamic properties of FRS2␣
PTB domain binding to FGFR1- and TRK-derived peptides by
using the technique of isothermal titration calorimetry (ITC).
We found that the free energy of the FRS2␣ PTB domain
interaction with FGFR1 peptide is primarily entropy-dependent, in contrast to that of the enthalpy-dependent TRK peptide
binding. Furthermore, we show by ITC and NMR analyses that
truncation of residues C-terminal to the PTB domain causes
structural perturbation of ␤8, which in turn results in alteration of local conformation and/or dynamics of the ligand-binding site residues in their binding to FGFR1 or TRK. These new
results strengthen our hypothesis that local conformational
perturbation involving the ␤8 region serves to modulate the
FRS2␣ PTB domain association with either fibroblast growth
factor or neurotrophin receptors.
EXPERIMENTAL PROCEDURES

Peptide Synthesis—Peptides used in this study were chemically synthesized at the Mount Sinai School of Medicine Protein Core Facility
with Fmoc/O-(1H-benzotriazole-1-yl)-N,N,N⬘,N⬘-tetramethyluronium
hexafluorophosphate chemistry on a MilliGen 9050 peptide synthesizer. Phosphotyrosine was incorporated using the reagent FmocTyr(PO3H2) with HBTU/1-hydroxy-7-azabenzotriazole activation and
extended coupling times for the tyrosine and all subsequent residues.
The peptides were purified by reverse phase-high performance liquid
chromatography, and their compositions were confirmed by mass
spectrometry.
Protein Preparation—A cDNA fragment encoding the FRS2␣ PTB
domain (residues 11–140) was subcloned into a modified bacterial expression pET28b vector (Novagen) to produce a recombinant protein
with a cleavable hexahistidine (His6) tag at the C terminus, as described previously (38). cDNA fragments containing the desired FRS2␣
segments consisting of residues 11–139, 11–131, 11–122, 11–114, and
11–111 were individually cloned into the pET15b vector (Novagen) to
encode N-terminally His6-tagged recombinant proteins. Protein expression was induced with 0.3 mM isopropyl-1-thio-␤-D-galactopyranoside
overnight at 18 °C in transformed Escherichia coli BL21(DE3) cells
grown to an A600 of 0.6 at 37 °C. After disruption of cells by freeze-thaw
with lysozyme or sonication, the recombinant FRS2␣ proteins expressed in the soluble fraction were purified by affinity chromatography
on nickel-nitrilotriacetic acid columns (Qiagen) and subsequently
treated with thrombin (Sigma) to cleave off the His6 tag. The cleaved
FRS2␣ proteins produced with the pET28b or pET15b vector contained
an additional C-terminal LVPR sequence or an N-terminal GSHM
sequence, respectively.
Isothermal Titration Calorimetry Measurements—ITC experiments
were performed on an Omega ITC instrument (Microcal, Northampton,
MA) (39, 40). All measurements were carried out at 25 °C in 20 mM
Tris-HCl buffer of pH 8.0 or 50 mM sodium phosphate buffer of pH 7.0
containing 200 mM NaCl, 1 mM EDTA, and 5 mM 2-mercaptoethanol.
The synthetic peptides were dissolved in the same buffer against which
the protein samples were thoroughly dialyzed and pH adjusted to match
the protein solutions. The concentrations of protein and peptide solutions were 0.03– 0.3 and 1–2 mM, respectively. Protein concentration
was measured by the Lowry method, and peptide concentration was
determined gravimetrically. The c value (c ⫽ [protein]/KD, where KD is
a dissociation constant) was kept in a range of 10 –200 to optimize ITC
measurements (39, 41).
Each titration experiment consisted of 25 4- or 10-l injections of a
dissolved peptide into the calorimetric sample cell containing 1.34 ml of
FRS2␣ protein solution. An initial delay of 60 s was set with an additional delay period of 250 s between each injection for the signal to
return back to base line. Background reaction enthalpy was determined
from injection of buffer into protein or from each peptide into buffer. In
all cases, the measured enthalpies were found to be negligible compared
with that of the protein and peptide binding. The background enthalpy
values were subtracted from the raw titration data prior to curve
fitting. Titration curves were fit to an in-built function by a non-linear

17089

least squares method with the ORIGIN software (Microcal, Northampton,
MA). This function is based on binding of a ligand to a macromolecule
and contains n (reaction stoichiometry), KB (association constant), and
⌬H (reaction enthalpy) as the variable parameters (39). In this fitting
procedure, the values for KB, ⌬H, and n were all allowed to float. The
mean value for n was found to be 1 ⫾ 0.1. From the values of KD (KD ⫽
1/KB) and ⌬H, the free energy (⌬G) and entropy change (⌬S) upon
peptide binding to the protein can be calculated using the following
relationship: ⫺RT ln(1/KD) ⫽ ⌬G ⫽ ⌬H ⫺ T⌬S, where R is the universal
molar gas constant, and T is the absolute temperature in Kelvin (39).
Errors quoted for KD and ⌬H are standard deviations from a minimum
of three ITC experiments, whereas errors for T⌬S and ⌬G are propagated errors.
NMR Spectroscopy—The NMR spectra of the FRS2␣ PTB domain
were acquired on a Bruker DRX 600-MHz spectrometer at 30 °C. Uniformly 15N-labeled proteins of the FRS2␣ PTB domain were prepared
for the NMR experiments by growing bacteria that overexpress the
recombinant PTB domain in M9 minimal medium containing 15NH4Cl
as the sole nitrogen source. NMR samples contained the FRS2␣ PTB
domain (⬃0.5 mM) in the free form or in complex with peptide in 100 mM
sodium phosphate buffer of pH 6.5, containing 200 mM NaCl, 5 mM
dithiothreitol-d10, and 0.5 mM EDTA in H2O/2H2O (9:1). A 3-fold molar
excess of a peptide was added to the protein sample before sample
concentration and buffer exchange to ensure that the protein was fully
saturated with the peptide. Two-dimensional 1H-15N heteronuclear single quantum coherence (HSQC) spectra were acquired with 64 and 1024
complex points in 1 and 2, respectively. NMR spectra were processed
by using NMRPipe/NMRDraw (42) and analyzed with NMRView (43).
RESULTS

Binding of FGFR1 Peptide—Thermodynamic parameters of
a peptide ligand binding to a protein can be obtained from ITC
titration experiments (39, 40). These include the dissociation
constant (KD), reaction stoichiometry (n), enthalpy of binding
(⌬H), and the Gibbs free energy change (⌬G) by a non-linear fit
of the binding isotherm, as well as entropy of binding (⌬S) from
a difference between the free energy change and enthalpy of
binding. Given the correlation between the thermodynamic
properties of an interaction and its structural characteristics,
ITC data can be used to explore the different modes of receptor
recognition by the FRS2␣ PTB domain. In an effort to examine
possible protonation effects of amino acid residues on the thermodynamics of PTB domain interaction, we performed ITC
measurements under two different conditions, at pH 8.0 and
7.0. The latter condition is similar to that used in the NMR
study (see below).
To be consistent with the structural analysis of the FRS2␣
PTB domain in complex with a human FGFR1 peptide (residues 409 – 430) (38), we used the same FRS2␣ protein containing residues 11–140 in our ITC binding studies. Isothermal
titration results show the PTB domain binding to the FGFR1
peptide is exothermic with 1:1 stoichiometry (Fig. 1A). The
thermodynamic parameters determined by ITC show that the
contribution to the free energy change of the FRS2␣ PTB domain binding to the FGFR1 peptide at pH 8.0 is dominated by
a large favorable entropy change (T⌬S ⫽ 5.4 kcal/mol) with a
small favorable change in enthalpy (⌬H ⫽ ⫺1.2 kcal/mol) (Table I). The relative entropic and enthalpic contributions to the
PTB domain/FGFR1 peptide association remain largely the
same between pH 8.0 and pH 7.0.
Recognition of Tyrosine-phosphorylated NPXpY Peptides—
The FRS2␣ PTB domain binding to tyrosine-phosphorylated
NPXpY motif-containing TRK peptides is also exothermic, and
the stoichiometry of the protein-peptide complexes is 1:1 (Fig.
1B). However, in contrast to the thermodynamic profile of
FGFR1 interaction, the relative magnitudes of the entropy and
enthalpy contribution to the free energy of the TRK peptide
binding were reversed (Table I). Nevertheless, the overall free
energies of association were similar between the PTB domain
interactions with these two different classes of receptor ligands. The predominant contribution to TRK binding is enthal-

17090

Conformational Regulation of FRS2 PTB Domain

FIG. 1. Isothermal titration calorimetry profiles of the FRS2␣ PTB domain (residues 11–140) binding to the FGFR1 peptide (A) and
the tyrosine-phosphorylated TRKB peptide (B). The top panels show the differential power time course. The total heat released in each
injection is proportional to the area below the corresponding peak. The lower panels show a fit of the integrated areas based on peptide binding
as determined by using ORIGIN software.
TABLE I
Thermodynamic parameters of the FRS2␣ PTB domain (residues 11–140) binding to peptides derived from different growth factor receptors,
measured at pH 7.0 or 8.0 and 25 °C
Protein site

Peptide sequence

FGFR1 (aa 409–430)

HSQMAVHKLAKSIPLRRQVTVS

TRKB, pY61 (aa 54–65)

PVIENPQpYFGIT

TRKA, pY490 (aa 483–494)

HIIENPQpYFSDA

TRKA (A-5), pY490

HIAENPQpYFSDA

IL-4R, pY497
TRKA, Y490a

LVIAGNPApYRS
HIIENPQ-YFSDA

pH

8.0
7.0
8.0
7.0
8.0
7.0
8.0
7.0
8.0
8.0

KD

⌬H

T⌬S

⌬G

M

kcal/mol

kcal/mol

kcal/mol

13.5 ⫾ 0.9
9.9 ⫾ 1.0
9.0 ⫾ 0.5
5.2 ⫾ 1.5
15.3 ⫾ 0.5
7.7 ⫾ 0.7
34.4 ⫾ 5.8
23.7 ⫾ 0.6
1.0 ⫾ 0.1
NAb

⫺1.2 ⫾ 0.1
⫺1.8 ⫾ 0.2
⫺4.8 ⫾ 0.2
⫺8.0 ⫾ 0.6
⫺5.0 ⫾ 0.2
⫺6.5 ⫾ 0.4
⫺4.7 ⫾ 0.3
⫺5.5 ⫾ 0.3
⫺10.3 ⫾ 0.3
NA

5.4 ⫾ 0.1
5.0 ⫾ 0.3
2.1 ⫾ 0.1
⫺0.8 ⫾ 0.7
1.5 ⫾ 0.2
0.5 ⫾ 0.3
1.3 ⫾ 0.2
0.8 ⫾ 0.3
⫺2.1 ⫾ 0.2
NA

⫺6.6 ⫾ 0.04
⫺6.8 ⫾ 0.06
⫺6.9 ⫾ 0.03
⫺7.2 ⫾ 0.2
⫺6.5 ⫾ 0.02
⫺7.0 ⫾ 0.05
⫺6.1 ⫾ 0.1
⫺6.3 ⫾ 0.02
⫺8.2 ⫾ 0.1
NA

a

No binding was observed by the ITC measurements.
Data are not available.
c
Protein accession numbers are AAB92554 (human FRS2␣), XP-049463 (human FGFR1), BAA34355 (human TRKA), AAB33110 (human
TRKB), and P24394 (human IL-4R).
b

pic at pH 8.0 as follows: TRKA (⌬H ⫽ ⫺5.0 kcal/mol, T⌬S ⫽ 1.5
kcal/mol) and TRKB (⌬H ⫽ ⫺4.8 kcal/mol, T⌬S ⫽ 2.1 kcal/mol)
(Table I). Similarly, at pH 7.0, the molecular recognition of the
tyrosine-phosphorylated TRK peptides is also driven by a large,
favorable enthalpy contribution. Notably, the affinity of the
PTB domain binding to both FGFR1 and TRKA/B peptides is
slightly higher at pH 7.0 than pH 8.0, resulting from a small
increase of enthalpy change compensated by a reduction of
entropy contribution. However, the overall magnitudes of the
relative entropy and enthalpy contributions to the free energy
of binding in both FGFR1 and TRK interactions remain the

same between pH 7.0 and 8.0. To delineate the elements critical for the FRS2␣ PTB domain recognition of NPXpY motifcontaining ligands, we performed titration studies with several
related peptides. Tyrosine phosphorylation is required, as the
unphosphorylated TRKA peptide exhibited no observable binding to the PTB domain by ITC (Table I). The TRKA (A-5)
mutant, which contains a single amino acid substitution of Ala
for Ile at phosphotyrosine 5-position, showed that binding affinity is more than 2-fold weaker than that of the wild type
TRKA at both pH 8.0 and 7.0, despite a similar thermodynamic
profile (Table I).

Conformational Regulation of FRS2 PTB Domain

FIG. 2. Comparison of structural and sequence homology between the PTB domains of FRS2␣ (A) and IRS-1 (B). Regions of the
proteins are color-coded according to sequence homology between the
two PTB domains. A sequence insert corresponding to the ␤7/␣1 loop,
␣1, and the N-terminal region of ␤8 in the FRS2␣ PTB domain as well
as the C-terminal polyproline sequence are colored in red. The Cterminal portion of ␤8 in FRS2␣ and the ␤7/␣1 loop in IRS-1 are shown
in yellow. The region C-terminal to ␤8 in FRS2␣ and ␣1 (except the last
turn of the helix) in IRS-1 is highlighted in blue. The bound peptides in
both protein complexes are colored in green. Side chains of the two key
arginine residues important for phosphotyrosine binding in each PTB
domain are color-coded by atom type. Additionally, the key residues of
the NPApY peptide from IL-4R important for IRS-1 PTB domain recognition are shown in green.

Interestingly, although the interleukin-4 receptor (IL-4R)
has no known physiological function in FRS2␣ binding, the
thermodynamic properties of its binding to the FRS2␣ PTB
domain (⌬H ⫽ ⫺10.3 kcal/mol, T⌬S ⫽ ⫺2.1 kcal/mol) are
similar to those of the IRS-1 PTB domain (Table I) (41). Although formation of new intermolecular hydrophobic and electrostatic interactions can account for the large negative enthalpy change of the complex formation, the small entropic
penalty may result from the following: (i) a decrease of conformational entropy of residues that are directly involved in peptide binding and become more rigid upon complex formation;
and (ii) a reduction of translational entropy of the protein and
peptide upon association. These results support a notion that
the two FRS2␣ and IRS-1 PTB domains employ an analogous
mode of interaction in their recognition of NPXpY-containing
peptides (Fig. 2, A and B).
Effect of Protein C-terminal Truncation on Receptor Peptide
Binding—The structure of the FRS2␣ PTB domain-FGFR1
peptide complex shows that the peptide wraps around the
protein to establish extensive interactions (Fig. 2A). The Cterminal QVTVS segment of the peptide (residues 426 – 430 in
FGFR1) adopts an anti-parallel ␤-strand sandwiched between
␤5 and ␤8 of the PTB domain to form an intermolecular
␤-sheet. The unique ␤8-strand, extended from the C-terminal
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␣-helix (␣1), is not found in other known PTB domain structures. To investigate the functional role of ␤8 in the FRS2␣
PTB domain, we performed ITC studies to examine C-terminal
truncation effects on FRS2␣ binding to FGFR1 and TRK peptides. FRS2␣ proteins consisting of residues 11–140, 11–139,
11–131, 11–122, 11–114, and 11–111 were used in these truncation studies (Fig. 3, A and B). ITC measurements showed
that truncation of amino acid residues C-terminal to ␤8 did not
seem to affect the PTB domain binding to FGFR1 peptide at pH
8.0 and 7.0. However, disruption of ␤8 conformation in the
truncated FRS2␣ protein (residues 11–114) that lacks the last
residue of ␤8 resulted in a marked reduction in binding affinity,
i.e. nearly 4-fold at pH 8.0, likely through affecting the direct
intermolecular interactions between ␤8 and ␤⬘ in the antiparallel ␤-sheet (Table II). Furthermore, in the protein (residues 11–111) completely lacking ␤8, this decrease in affinity for
FGFR1 binding was even more dramatic, although the actual
KD value could not be determined due to a significantly reduced
heat change observed in the ITC titration. Likewise, binding of
these two ␤8 truncated proteins to FGFR1 was not observed at
pH 7.0 by ITC. In comparison with the full-length PTB domain,
the same C-terminal ␤8 truncation resulted in no substantial
changes in binding affinity or thermodynamic parameters in
the PTB domain interaction with the TRKA peptide at pH 8.0
or to the sequence homologous TRKB peptide at pH 7.0 (Table
II). It is important to note that the series of C-terminal truncations did not significantly alter the distinct thermodynamic
modes of interaction of the PTB domain binding to either
FGFR1 or TRK peptides. Together, these results demonstrate
that ␤8 is indeed important for the FRS2␣ PTB domain binding
to FGFR but not for its interaction with TRKs, and that either
truncation or disruption of the ␤8 region greatly impairs FGFR
binding. Interestingly, our findings are complemented by a
recent study (37) that shows alternative splicing of FGFR1
involving its juxtamembrane region residues Val-427 and Thr428, which directly interact with ␤8 of the PTB domain, affects
the receptor association with FRS2␣.
Effect of Protein C-terminal Truncation on Ligand-binding
Site Conformation—To determine further how C-terminal
truncation affects the FRS2␣ PTB domain function, we conducted systematic NMR spectral analysis of FRS2␣ binding to
FGFR1 and TRK peptides by recording two-dimensional 1H15
N HSQC spectra with uniformly 15N-labeled PTB domain, in
which protein backbone amide resonances are very sensitive to
changes in local chemical environment and conformation of the
protein (Fig. 3, C and D). Patterns of NMR resonances of the
FRS2␣ PTB domain bound to FGFR1 or to TRKA peptide are
significantly different (Fig. 3, C and D), arguing that the PTB
domain contains structural differences, at least for residues at
the ligand-binding site, correlating with different receptor recognition modes.
Comparison of the HSQC spectra of the PTB domain, in
complex with either FGFR1 or TRKA peptide, reveals that the
overall pattern of backbone signals in each complex remained
similar among the proteins with various C-terminal truncations. Notably, several protein residues in each complex (enclosed by red dashed lines in Fig. 3, C and D) emerged as two
separate resonance peaks as more C-terminal residues were
truncated. These separate resonances could not be due to the
presence of both the free and ligand-bound forms because of the
following: (i) the free form protein is not stable and would
precipitate out of solution under these NMR conditions; and (ii)
all NMR samples of the FRS2␣ PTB domain in complex with
FGFR1 or TRKA were prepared with the peptide in molar
excess, which ensures that the protein was fully saturated with
ligand. Notably, although the residues that showed double
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FIG. 3. Effect of C-terminal truncation on the FRS2␣ PTB domain binding to FGFR and TRK peptides. A, FRS2␣ protein sequence
C-terminal to the PTB domain showing various truncations. The proline residues are highlighted in red. B, structure of the FRS2␣ PTB domain
in complex with the FGFR peptide with black arrows depicting the locations of various truncations in the C-terminal segment. C and D, 2D 15N
HSQC spectra of the various truncated 15N-labeled FRS2␣ PTB domain in complex with the FGFR1 (C) or TRKA (D) peptide. The amino acid
residue numbers of the various FRS2␣ truncated proteins are indicated above the corresponding NMR spectra. Resonance assignments for the
FRS2␣ PTB domain (residues 11–139) in complex with the FGFR1 peptide are shown in the HSQC spectrum. The backbone resonance peaks that
show multiplicity upon truncation are enclosed in red dashed lines.

resonances in the TRKA-bound form remain to be assigned,
those in the FGFR1-bound complex (including residues Leu-47,
Trp-57, and Ser-76) are located near the ligand-binding site in
the PTB domain. Therefore, these double resonance peaks in the
NMR spectra may reflect differences in local conformation and/or
dynamics of the protein residues at the ligand-binding site, which
correspond to two distinct modes for receptor peptide recognition.
These two distinct conformations of the protein are both stable
and in slow exchange on the NMR time scale.
DISCUSSION

Whereas the original discovery of PTB domains is attributed
to their recognition of phosphotyrosine in the context of NPXpY
sequences, growing evidence suggests that protein modules
with the PTB domain-fold have much broader ligand-binding
specificities (1, 5, 6). Structural studies highlight the evolutionary changes of structural elements around the ligand-binding
site on the conserved fold, which endow these protein modules
with functional versatility. Thermodynamics, together with the
complementary structures of protein-biological ligand com-

plexes, can provide valuable insights into the detailed mechanisms of molecular recognition of such versatile systems (40).
In this study we have characterized and demonstrated that the
thermodynamics of the FRS2␣ PTB domain binding to two
classes of unrelated neurotrophic receptor peptides are very
different: FGFR1 recognition is governed by a favorable entropic contribution to the free energy of binding, whereas tyrosine-phosphorylated TRK binding is largely enthalpy-driven.
The favorable entropy change in FGFR1 binding is possibly
due to structural reordering of the PTB domain, resulting from
an increase in protein conformational flexibility and/or changes
in solvation at the complex interface that accompanies the
burial of more hydrophobic surface upon complex formation.
Although the former possibility may exist, the latter is supported by the NMR structure, which reveals that the complex
contains a large intermolecular interface including nearly 2025
Å2 of buried hydrophobic surface area between the two molecules. Specifically, three bulky hydrophobic residues Val-429,
Val-427, and Val-414 of the FGFR1 peptide intercalate into the
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TABLE II
Thermodynamic parameters of various FRS2␣ PTB domain truncated proteins binding to peptides derived from FGFR1 and TRKs, measured
at pH 7.0 or 8.0 and 25 °C
FRS2A PTB domain

A. Binding to non-NPXY FGFR1 peptide
aa 11–140 ⫹ C-terminal LVPRa

pH

8.0
7.0
aa 11–139
8.0
7.0
aa 11–122
8.0
7.0
aa 11–114
8.0
7.0
aa 11–111
8.0
7.0
B. Binding to tyrosine-phosphorylated NPXpY TRK peptidesc
aa 11–140 ⫹ C-terminal LVPR
8.0c
7.0c
aa 11–139
8.0
7.0
aa 11–122
8.0
7.0
aa 11–114
8.0
7.0
aa 11–111
8.0
7.0

KD

⌬H

T⌬S

⌬G

M

kcal/mol

kcal/mol

kcal/mol

13.5 ⫾ 0.9
9.9 ⫾ 1.0
10.2 ⫾ 2.3
7.2 ⫾ 1.2
10.1 ⫾ 0.6
8.8 ⫾ 0.7
45.4 ⫾ 1.4
NA
NA
NA

⫺1.2 ⫾ 0.1
⫺1.8 ⫾ 0.2
⫺1.7 ⫾ 0.4
⫺1.3 ⫾ 0.3
⫺0.9 ⫾ 0.1
⫺1.3 ⫾ 0.02
⫺0.8 ⫾ 0.1
NAb
NAb
NAb

15.3 ⫾ 0.5
5.2 ⫾ 1.5
15.5 ⫾ 0.1
8.4 ⫾ 0.4
13.4 ⫾ 0.7
7.5 ⫾ 1.8
17.6 ⫾ 0.8
4.8 ⫾ 0.2
20.7 ⫾ 3.6
6.5 ⫾ 0.9

⫺5.0 ⫾ 0.2
⫺8.0 ⫾ 0.6
⫺3.9 ⫾ 0.1
⫺5.6 ⫾ 0.5
⫺4.5 ⫾ 0.1
⫺4.9 ⫾ 0.2
⫺3.6 ⫾ 0.3
⫺4.6 ⫾ 0.1
⫺5.7 ⫾ 0.9
⫺5.5 ⫾ 0.2

5.4 ⫾ 0.1
5.0 ⫾ 0.3
5.1 ⫾ 0.5
5.7 ⫾ 0.2
5.9 ⫾ 0.1
5.6 ⫾ 0.07
5.1 ⫾ 0.1
NA
NA
NA
1.5 ⫾ 0.2
⫺0.8 ⫾ 0.7
2.6 ⫾ 0.1
1.3 ⫾ 0.5
2.2 ⫾ 0.1
2.1 ⫾ 0.1
2.9 ⫾ 0.3
2.6 ⫾ 0.1
0.7 ⫾ 0.8
1.6 ⫾ 0.1

⫺6.6 ⫾ 0.04
⫺6.8 ⫾ 0.1
⫺6.8 ⫾ 0.1
⫺7.0 ⫾ 0.1
⫺6.8 ⫾ 0.04
⫺6.9 ⫾ 0.05
⫺5.9 ⫾ 0.02
NA
NA
NA
⫺6.5 ⫾ 0.02
⫺7.2 ⫾ 0.2
⫺6.5 ⫾ 0.01
⫺6.9 ⫾ 0.03
⫺6.6 ⫾ 0.03
⫺7.0 ⫾ 0.1
⫺6.5 ⫾ 0.03
⫺7.2 ⫾ 0.02
⫺6.4 ⫾ 0.1
⫺7.1 ⫾ 0.1

a

The C-terminal LVPR sequence is part of the thrombin cleavage site engineered into the pET28b vector.
Heat changes observed by ITC were too small to determine thermodynamic parameters with reliability.
c
TRKA and TRKB peptides were used for the ITC measurements at pH 8.0 and 7.0, respectively.
b

hydrophobic core of the PTB domain from either side of the
␤-sandwich and form extensive interactions with over 13 protein residues (38). For such a highly specific complex, the
enthalpy change would be expected to be much larger than that
observed. However, if the PTB domain undergoes a local conformational change upon peptide binding, an associated energetic enthalpy penalty could result in an overall small ⌬H of
the system. Thus, these thermodynamic data suggest that the
overall entropy-driven FGFR1 binding by the FRS2␣ PTB domain is likely due to local protein conformational restructuring
to accommodate extensive hydrophobic and aromatic interactions with the peptide.
The FRS2␣ PTB domain binding to tyrosine-phosphorylated
TRK peptides is much more exothermic than that to FGFR1,
despite the fact that the latter ligand has a significantly
greater number of residues that contact with the protein (as
least 22 residues) than the former peptide (at most 12 residues). The large favorable enthalpy contribution associated
with TRK binding could be due to intermolecular hydrophobic,
electrostatic, and hydrogen bonding contacts established in the
complex. While the structure of the FRS2␣ PTB domain in
complex with a tyrosine-phosphorylated NPXpY-containing
TRK receptor remains to be determined, several lines of evidence suggest that the mode of this molecular recognition is
similar to that of the IRS-1 PTB domain binding to the IL-4R
peptide (Fig. 2B). Supporting evidence includes the following.
(i) Both PTB domains require the canonical NPXpY motif and
its N-terminal bulky hydrophobic residues for ligand specificity
(11, 38). (ii) The two key solvent-exposed arginine residues,
Arg-63 and Arg-78 in FRS2␣ (38) and Arg-212 and Arg-227 in
IRS-1 (11), essential for phosphotyrosine binding are located in
structurally analogous positions in the corresponding proteins
(Fig. 2). (iii) Both PTB domains bind to tyrosine-phosphorylated peptides in an overall enthalpy-driven interaction, which
is exemplified by an NPXpY-containing peptide from IL-4R
(Table I) (41). These results clearly show that both the extent of
protein conformational change and the thermodynamic modes
of interaction are different in FRS2␣ PTB domain binding to
the NPXpY motif-containing TRK or the FGFR1 peptides.
The distinct thermodynamic modes of interaction reflect dif-

ferences in the structural characteristics of FRS2␣ PTB domain
binding to these two unrelated receptor sequences. The FRS2␣
and IRS-1 PTB domains share high homology in overall sequence
and structural topology and recognize NPXpY-containing peptides in a thermodynamically similar manner. The amino acid
sequences and secondary structures of the two PTB domains
align extremely well but only through the ␤7-strand (38). Surprisingly, the FRS2␣ region (residues 116 –136, C-terminal to the
␤8-strand) that exhibits high sequence homology (⬃45% identity)
to the C-terminal ␣-helix in the IRS-1 PTB domain is structurally
disordered (Fig. 2). The loss of helical conformation in that region
of FRS2␣ is perhaps due to the presence of multiple proline
residues that disrupts helical propensity. This divergence in the
FRS2␣ sequence is accompanied by a new helix-forming insert
(comprising residues 94 –107), which is structurally analogous to
the C-terminal ␣-helix in the IRS-1 PTB domain that blocks one
side of the ␤-sandwich (Fig. 2, A and B). Despite their structural
homology in overall three-dimensional fold, the helices are encoded by very different and divergent amino acid sequences in
the two PTB domains. Moreover, residues 111–115 in FRS2␣,
corresponding to a sequence homologous loop between ␤7 and ␣1
in IRS-1, form ␤8 that interacts extensively with ␤⬘ of the FGFR1
peptide in an anti-parallel ␤-sheet (Fig. 2). Finally, our binding
studies showed that ␤8 is essential for FRS2␣ PTB domain binding to FGFR1 but not TRK peptides (Table II) (38). The striking
evolutionary change of protein sequences between two otherwise
highly structurally homologous protein domains may have endowed FRS2␣ with greater structural plasticity, thus enabling it
to recognize two very different neurotrophic receptors. The functional importance of regulating the constitutive FRS2␣/FGFR
association is further underscored by the recent discovery of
alternative splicing of FGFR1 that directly affects the receptor
interaction with the ␤8-strand (37).
The functional importance of the ␤8 and its C-terminal residues in the PTB domain is demonstrated by the observation of
NMR resonance doubling of FRS2␣ in complex with either
FGFR1 or TRK peptides upon protein C-terminal truncation.
This resonance doubling suggests that truncation of the Cterminal sequence causes the protein residues at the ligandbinding site to exist in two populations with different local
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chemical environment, conformation, and/or dynamics in association and dissociation with the receptor ligands. Interestingly, the resonance doubling in the TRKA peptide-bound form
showed up more readily upon truncation than that of the
FGFR1 peptide-complexed form. Moreover, whereas signal intensities of the double resonances in the FGFR1 complex (residues 11–114) are nearly equal, the signals corresponding to
the truncation-induced conformation in the TRKA-bound form
appear stronger than those of the initial conformation. These
results suggest that conformational disruption of ␤8 of the PTB
domain, induced by C-terminal truncation, perturbs the protein interaction with either FGFR1 or TRKA and particularly
weakens the protein association with the FGFR1 receptor ligand. Together, our NMR analysis data strongly argue that the
FRS2␣ PTB domain employs distinct modes of interaction involving correspondingly different ligand-binding site residues
for preferential recognition of FGFR1 or TRK ligands. Perturbation of the FRS2␣ sequence C-terminal to the PTB domain
may directly affect the structural integrity of the unique ␤8strand, resulting in a conformational and thus functional
switch of the protein.
Our findings have implications for a biological role of SNTs
in modulating fibroblast growth factor and neurotrophin receptor signaling in neuronal survival and differentiation. The unstructured polyproline sequence C-terminal to the PTB domain
could serve as a possible site of interaction with a putative
signaling protein containing either an Src homology 3, WW
domain, or another type of protein interaction domain. Such an
interaction could disrupt and dissociate the FRS2␣ PTB domain from its constitutive association with FGFR, making
FRS2␣ available for interaction with activated and tyrosinephosphorylated TRKs in developing neurons. Our new thermodynamic and NMR structural results demonstrate how a conserved protein modular domain has evolved to acquire the
structural plasticity necessary to recognize two very different
ligands by altering a short region in the protein sequence, and
how this unique structural capability enables this domain to
regulate distinct biological processes in neuronal development.
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