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ABSTRACT: The generation of multiprotein complexes at receptors and adapter proteins is crucial for the
activation of intracellular signaling pathways. In this study, we used multiple biochemical and biophysical
methods to examine the binding properties of several SH2 and SH3 domain-containing signaling proteins
as they interact with the adapter protein linker for activation of T-cells (LAT) to form multiprotein
complexes. We observed that the binding specificity of these proteins for various LAT tyrosines appears
to be constrained both by the affinity of binding and by cooperative protein-protein interactions. These
studies provide quantitative information on how different binding parameters can determine in vivo binding
site specificity observed for multiprotein signaling complexes.

The formation of multiprotein complexes at receptors and
adapter proteins brings enzymes to the site of active signal
transduction and is vital for the activation of intracellular
signaling pathways. Many signaling proteins in these com-
plexes contain several association domains and binding
motifs, which allows for the formation of multiple protein-
protein interactions by a single protein. The individual
interaction domains have affinity preferences for individual
motifs, resulting in substantial in vivo binding specificity,
i.e., binding of one signaling molecule to a specific site on
a binding partner (1-4). Studies examining the affinity of
peptide ligands for src homology 2 (SH2)1 domains, which
inducibly bind to protein motifs with phosphorylated tyrosine
residues, and src homology 3 (SH3) domains, which
constitutively bind to both proline-rich motifs (5) and
arginine/lysine rich-motifs (6, 7), have indicated that affinity
may not be the only determinate in defining in vivo binding
specificity (5). Increased affinity due to cooperativity, defined
as alterations in affinity between two proteins due to the
presence of other proteins and/or post-translational modifica-

tions, can increase the stability of multiprotein complexes,
but it may also facilitate the binding of proteins to specific
sites on another molecule. Even though there are multiple
examples in the literature of how multipoint associations can
lead to cooperative interactions between two proteins, less
has been done to clarify how cooperative interactions can
enhance or inhibit complex formation at various sites on
receptors and adapter proteins. These questions ultimately
address whether cooperative interactions can determine in
vivo binding specificity of protein interactions within mul-
tiprotein signaling complexes.

LAT or linker for activation of T-cells is a 36-38 kDa
integral membrane adapter protein that is vital for im-
munological function (8). Upon T-cell receptor (TCR)
stimulation, LAT is rapidly phosphorylated on several
conserved tyrosines and directly binds via SH2 domains to
several proteins, such as Grb2, Gads, and PLC-γ, (Figure
1) (9, 10). At the same time, Grb2 associates with Sos or
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FIGURE 1: Model of protein complex formation at LAT. A
representation of the present model for the binding of the Grb2/
Sos complex, the Gads/SLP-76 complex, and PLC-γ to LAT
tyrosines 132, 171, 191, and 226 is shown. Detectable associations
are identified by the arrows.
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Cbl, and Gads interacts with SLP-76, all via SH3 domain-
induced interactions, thereby mediating the indirect binding
of Sos, Cbl, and SLP-76 to LAT (Figure 1) (9, 10).

Several structure/function investigations have examined
which specific tyrosines on LAT mediate the in vivo
association with Grb2, PLC-γ, and the Gads/SLP-76 complex
(11-14). It was found that Grb2 binds phosphorylated LAT
tyrosines 171, 191, and 226 but had little association with
phosphorylated LAT tyrosine 132 (Figure 1) (11, 12). In
contrast, the Gads/SLP-76 complex principally binds to
phosphorylated LAT tyrosine 191, with a reduced amount
of binding to phosphorylated tyrosine 171 and no interaction
with phosphorylated tyrosines 132 or 226 (Figure 1) (11,
12). At the same time, PLC-γ preferentially interacts with
phosphorylated LAT tyrosine 132 with no detectable binding
to phosphorylated tyrosines 171, 191, or 226 (Figure 1) (12-
14), an interaction that appears to be mediated primarily by
the N-terminal SH2 domain of PLC-γ (15, 16).

These studies also suggest that cooperative interactions
may be important for the formation of multiprotein com-
plexes on LAT upon TCR activation (9, 10). For example,
the mutation of LAT tyrosines 171, 191, and 226 results in
a reduction of LAT/PLC-γ binding, suggesting that Grb2 or
Gads binding is required to stabilize the association of PLC-γ
and LAT (12). In support of this model, the presence of only
LAT tyrosine 132 is not sufficient for the binding of PLC-γ
to LAT whereas the presence of both LAT tyrosines 132
and 191 is sufficient (11). In addition, deletion of the putative
PLC-γ binding site on SLP-76 results in the loss of binding
between PLC-γ and SLP-76 (17). These data suggest that
LAT, PLC-γ, Gads, and SLP-76 cooperatively form a
multiprotein complex upon TCR activation (Figure 1) (10,
17, 18). However, none of the previous biochemical studies
has directly defined the binding parameters between PLC-
γ1 and the Gads/SLP-76 complex.

In this study, we used biophysical techniques to examine
the affinity of PLC-γ, Grb2, Gads, and the Gads/SLP-76
complex for small phosphopeptides derived from LAT and
to investigate the interaction of SLP-76 with Gads and/or
PLC-γ in the absence of LAT. Our data suggest that the in
vivo specificity of binding of Grb2 to LAT can be explained
by substantial differences in affinity, whereas the association
of the Gads/SLP-76 complex and PLC-γ with specific LAT
tyrosines is not driven solely by affinity preferences. We
also found that the affinity of Gads for SLP-76 is high at 25
°C. In contrast, PLC-γ did not have detectable binding to
SLP-76 alone at this temperature. Interestingly, our data
confirm that SLP-76 undergoes a substantial change in
secondary structure upon binding Gads (19), an effect that
appears to mediate the increased binding of PLC-γ to the
Gads/SLP-76 complex compared to SLP-76 alone at higher
temperatures. Together, these data indicate that the in vivo
binding specificity observed at the LAT complex is deter-
mined by both affinity preferences and cooperative interac-
tions.

EXPERIMENTAL PROCEDURES

Full-length mouse Gads was PCR amplified and cloned
into the pT7-7 bacterial expression vector. The proline-rich
domain of human SLP-76, corresponding to residues 157-
420, and the SH2-SH2-SH3 domains of rat PLC-γ1,

corresponding to residues 550-846, were PCR amplified and
cloned into the pET-28a(+) bacterial expression vector
(Novagen, Madison, WI). Mutation of tryptophan 586 to
lysine in the SH3 domain (SH3 mutant) of PLC-γ1 was
performed with the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). The fidelity of all the
constructs was confirmed by DNA sequencing.

During final preparation of this paper the expression
construct for SLP-76 was found to have a phenylalanine to
serine mutation at amino acid 342. The F342S mutation is
at least 100 amino acids outside of the core binding motifs
for both PLC-γ and Gads. Functional studies performed over
the past 8 years with this construct indicate that this mutation
has no effect on SLP-76 biological activity.

Protein Purification. (A) Grb2 Purification. Sf-9 cells
expressing full-length Grb2 were lysed and partially purified
using a 300VHP81010 Q anion-exchange column (Vydac,
Hesperia, CA). The elute was applied to an NHS-activated
HP column (Amersham Biosciences, Piscataway, NJ) con-
taining a CD45-derived phosphopetide that binds to Grb2
(20). Grb2 was eluted from the column with phenyl
phosphate and dialyzed three times against 1× PBS with
2.5 mM DTT. The purified Grb2 was>95% pure as assessed
by PAGE analysis.

(B) Gads Purification.Insoluble inclusion bodies were
purified from Gads-expressing BL-21(DE3) cells (Novagen,
Madison, WI) and solubilized with 8 M urea. The solubilized
inclusion bodies were refolded by dilution, concentrated, and
then applied to an NHS-activated HP column containing a
CD45-derived phosphopetide (20). Gads was eluted from the
column with phenyl phosphate and dialyzed three times
against 1× PBS with 2.5 mM DTT. The purified Gads was
>95% pure as assessed by PAGE analysis.

(C) SLP-76 Fragment Purification.SLP-76-expression
BL-21(DE3) cells were lysed by sonication, and the super-
natant was applied to a Ni2+-loaded HiTrap chelating HP
column (Amersham Biosciences, Piscataway, NJ). The SLP-
76 fragment was further purified using a 16/60 Superdex
200 column (Amersham Biosciences, Piscataway, NJ) that
was equilibrated with 1× PBS and then dialyzed against 1×
PBS. The purified SLP-76 fragment was>95% pure as
assessed by PAGE analysis.

(D) Gads/SLP-76 Complex Purification.Partially purified
Gads and the SLP-76 fragment were stirred at 4°C for 1 h
and then applied to an NHS-activated HP column containing
a CD45-derived phosphopetide (20). The Gads/SLP-76
complex was further purified using a 16/60 Superdex 200
column that was equilibrated with 1× PBS with 2.5 mM
DTT. The purified Gads/SLP-76 complex was dialyzed
against 1× PBS with 2.5 mM DTT and was>95% pure as
assessed by PAGE analysis.

(E) PLC-γ Fragment Purification.Inclusion bodies from
PLC-γ-expressing BL-21(DE3) cells were solubilized with
8 M urea. The solubilized inclusion bodies were applied to
a Ni2+-loaded HiTrap chelating HP column, and the bound
PLC-γ was refolded on the column. The purified PLC-γ was
then dialyzed three times against 1× PBS with or without
2.5 mM DTT. The purified PLC-γ was >95% pure as
assessed by PAGE analysis.

Peptide Synthesis.Peptides were synthesized by the solid-
phase method with Fmoc chemistry with phosphotyrosine
incorporated as Fmoc-Tyr(PO3H2)-OH (Novabiochem, San
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Diego, CA). The peptides were purified by HPLC, and the
mass of peptides was confirmed by MALDI-TOF mass
spectrometry (Micromass, Manchester, U.K.).

Isothermal Titration Calorimetry.ITC measurements were
performed using a VP-ITC calorimeter (MicroCal, North-
hampton, MA). Titrations were performed in 1× PBS, pH
7.4 (SLP-76 and PLC-γ), or 1× PBS, pH 7.4, with 2.5 mM
DTT (Grb2, Gads, Gads/SLP-76 complex, SLP-76, and PLC-
γ). The concentrations of the injected peptides and proteins
were measured byA276. The protein and peptide solutions
were degassed before each experiment. Heats of dilution were
subtracted from the raw data. All injections fit the single
binding site mechanism with 1:1 stoichiometry and were
repeated three to five times. The values for the stoichiometry
of binding and thermodynamic constants were determined
using the ORIGIN software package provided by the VP-
ITC calorimeter manufacturer using the equations listed
below.

The total heat contentQ of the interaction of two solutes,
A and B, in can be described as

whereKA is the equilibrium association constant,n is the
stoichiometry of binding,∆H° is the change in molar
enthalpy upon binding,V0 is the active volume of the reaction
cell, Mt is the total concentration of receptor (A) inV0, and
X t is the total concentration of ligand (B) inV0 (21). The
experimentally observed quantity is the change inQ resulting
from a series of injectionsi of B (of a volume∆Vi) into the
volume initially containing A. The observed heat of theith
injection can be expressed as

including a correction for the increase in reaction volume
with each injection. Using eqs 1 and 2, the values ofn, ∆H°,
andKA were solved by least-squares analysis using standard
Marquardt methods. The values for the change in free energy
(∆G°) and the change in entropy (∆S°) were then calculated
as

where R denotes the gas constant andT is the absolute
temperature. The equilibrium association constantKA was
also expressed as an equilibrium dissociation constantKD

) 1/KA.
Analytical Ultracentrifugation.Sedimentation equilibrium

experiments were conducted at 4°C in an Optima XLI/A
(Beckman Coulter, Fullerton, CA) at rotor speeds of 20000,
25000, and 30000 rpm in double-sector Epon centerpieces.
Both absorbance data at 280 nm and interference optical
fringe displacement data were acquired. Global nonlinear
regression was performed using SEDPHAT (23), using the
equations for the radial concentration distribution of two
ideally sedimenting species in mechanical and chemical

equilibrium

where R(r) is the experimentally observed absorbance at
distancer from the center of rotation,cA andcB are the molar
concentrations of species A and B at the reference radiusr0,
εA andεB are both species molar extinction coefficients,d is
the optical path length,M*A andM*B are the buoyant molar
masses of the species A and B, respectively,KA is the
equilibrium association constant,ω is the angular velocity,
R is the gas constant, andT is the absolute temperature (22,
23). The buoyant molar mass values of all species were
predetermined by sedimentation experiments of each species
alone and fitting the above eq 4 to the observed absorbance
profiles, settingcB zero. For all proteins, the buoyant molar
mass values were found to be consistent with those predicted
by the amino acid composition, within the uncertainty of
the compositional partial specific volume (22). Both SLP-
76 and PLC-γ and the mixture were found to be well
described with models conserving total mass, with the bottom
position of the solution column determined by nonlinear
regression, as described in detail in ref24.

Sedimentation velocity experiments were conducted at a
rotor speed of 50000 or 55000 rpm at rotor temperatures of
4 and 19°C. Interference fringe displacement profiles were
analyzed with SEDFIT, using a model for continuous
sedimentation coefficient distributionsc(s) (25). In brief, the
experimental dataa(r,t) were modeled as superpositions

of solutions of the Lamm equation

(26), calculated by finite element methods (27). The diffusion
coefficients D were estimated through a weight-average
frictional ratio f/f0 as

(28). The time-invariant signal contributionsRTI(r) and the
radial-invariant offsetsRRI(t) were calculated by algebraic
noise decomposition (29). The integral equation was solved
with maximum entropy regularization. A detailed description
of the resolution and performance of this approach can be
found in ref25. The weight-average frictional ratio and the
meniscus position of the sample were optimized by nonlinear
regression, leading to final rms errors of the sedimentation
model of∼0.004 fringes.

Circular Dichroism.CD spectra were measured in a Jasco
J-810 spectropolarimeter (Jasco Inc., Easton, MD) at tem-
peratures of 4 and 30°C, using rectangular quartz cuvettes
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of 1 or 2 mm path length, respectively, with a protein
concentration of 0.15 mg/mL. Data shown are averages of
three measurements, each made at a scan speed of 100 nm/
min with a time constant of 2 s.

RESULTS

Phosphorylated and nonphosphorylated 18-20 amino acid
peptides that correspond to the protein-protein interaction
sites on LAT, as defined by previous in vivo binding studies,
were synthesized and purified. These peptides contain the
in vivo binding sites for PLC-γ (phosphoLAT 132 peptide),
Grb2 (phosphoLAT 171, 191, and 226 peptides), and Gads
(phosphoLAT 171 and 191 peptides) (Figure 2). We then
examined the binding of the four phosphoLAT peptides to
a fragment of PLC-γ (encompassing the SH2-SH2-SH3
domains of PLC-γ1), full-length Grb2, full-length Gads, and
the physiologically relevant complex formed between Gads
and the proline-rich section of SLP-76 (encompassing amino
acids 158-421). The affinity of these peptides for the
purified signaling proteins was determined using isothermal
titration calorimetry (ITC), a method that measures stoichi-
ometry, binding constants, and thermodynamic parameters
in a single reaction.

As seen in Table 1, the equilibrium dissociation constants
of Grb2, Gads, and the Gads/SLP-76 complex for the
phosphoLAT 171, 191, and 226 peptides ranged between
Kd ) 79-410 nM. As expected, these proteins did not have
detectable binding to the phosphoLAT 132 peptide (Table

1A-C). From the protein concentrations used for these
experiments and the detection limit of the calorimeter, the
binding of Grb2, Gads, and the Gads/SLP-76 complex with
the phosphoLAT 132 peptide is estimated to be at least 50-
100-fold weaker than for the binding of these proteins to
the phosphoLAT 171, 191, and 226 peptides. The interaction
of Grb2, Gads, and the Gads/SLP-76 complex with the
phosphoLAT 171, 191 and 226 peptides is exothermic with
favorable, negative change in enthalpy (∆H°) values and low
change in entropy (-T∆S°) values (Figure 3A and Table
1A-C), a thermodynamic pattern similar to previously
published SH2 domain/phosphopeptide interactions (30-34).
There was no detectable association of Grb2, Gads, or the
Gads/SLP-76 complex with nonphosphorylated LAT peptides
(data not shown). Taken together, these data indicate that,
although Grb2, Gads, and the Gads/SLP-76 complex may
have an affinity preference for phosphorylated LAT tyrosines
171, 191, and 226 compared to phosphorylated LAT tyrosine
132, these proteins do not appear to have a substantial
difference in affinity between phosphorylated LAT tyrosines
171, 191, and 226.

As determined by ITC, PLC-γ bound to the phosphoLAT
132 peptide with aKd ) 62 nM, whereas theKd for the
phosphoLAT 171, 191, and 226 peptides ranged between
556 and 615 nM (Table 1D). The binding of PLC-γ to the
phosphoLAT 132 and 191 peptides is exothermic with large,
negative values for∆H° (Table 1D) whereas the binding to
the phosphoLAT 171 and 226 peptides is endothermic with
large, negative-T∆S° values and unfavorable∆H° values
(Figure 3B and Table 1D). There was no detectable binding
of PLC-γ to the nonphosphorylated LAT peptides (data not
shown). These data suggest that PLC-γ binds∼10-fold better
to its preferred in vivo binding site, phosphorylated LAT
tyrosine 132, compared to phosphorylated LAT tyrosines
171, 191, and 226, although a 10-fold difference in affinity
may not be substantial enough to account for the preference
of PLC-γ for phosphorylated LAT tyrosine 132.

The binding studies presented above indicate that large
affinity differences may not be the sole determinant for the

Table 1: Thermodynamic Parameters for the Association of PhosphoLAT Peptides with SH2 Domain-Containing Proteinsa

peptide Kb (M-1) Kd (nM) ∆H° (kcal/mol) -T∆S° (kcal/mol) ∆G° (kcal/mol)

(A) Grb2
pLAT 132 ND ND ND ND ND
pLAT 171 3.68( 0.50× 106 272 -8.34( 1.20 0.59( 1.14 -8.93( 0.09
pLAT 191 12.62( 0.47× 106 79 -8.12( 0.76 -1.57( 0.76 -9.69( 0.02
pLAT 226 5.76( 0.78× 106 174 -12.03( 1.51 2.83( 1.48 -9.20( 0.09

(B) Gads
pLAT 132 ND ND ND ND ND
pLAT 171 6.09( 1.23× 106 164 -9.57( 0.64 0.34( 0.51 -9.23( 0.13
pLAT 191 6.60( 1.12× 106 152 -7.34( 0.30 -1.95( 0.31 -9.29( 0.11
pLAT 226 2.44( 0.22× 106 410 -4.03( 0.65 -4.68( 0.70 -8.71( 0.05

(C) Gads/SLP-76
pLAT 132 ND ND ND ND ND
pLAT 171 5.84( 0.93× 106 171 -9.05( 1.23 -0.15( 1.30 -9.20( 0.12
pLAT 191 7.30( 1.12× 106 137 -7.93( 0.34 -1.40( 0.32 -9.33( 0.11
pLAT 226 2.68( 0.80× 106 373 -3.94( 0.60 -4.78( 0.76 -8.72( 0.16

(D) PLC-γ
pLAT 132 16.16( 4.60× 106 62 -15.73( 0.28 5.96( 0.32 -9.77( 0.19
pLAT 171 1.80( 0.07× 106 556 5.61( 0.22 -14.15( 0.20 -8.54( 0.02
pLAT 191 1.63( 0.19× 106 615 -7.76( 0.37 -0.70( 0.44 -8.46( 0.07
pLAT 226 1.75( 0.20× 106 570 4.01( 0.30 -12.52( 0.25 -8.51( 0.06

a Titrations were performed and analyzed as described in Experimental Procedures with representative binding isotherms shown in Figure 3A,B.
No binding to nonphosphorylated peptides was observed. ND) no detectable binding.

FIGURE 2: Phosphopeptides derived from LAT. Phosphopeptides
corresponding to the regions surrounding LAT tyrosines 132, 171,
191, and 226 were synthesized as described in Experimental
Procedures.
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in vivo binding specificity observed at the LAT complex
and suggest that cooperative effects from the formation of
multiprotein complexes may contribute in targeting these
signaling molecules to specific phosphorylated LAT ty-
rosines. Several recent studies have suggested that while
bound to LAT, PLC-γ associates with the Gads/SLP-76
complex via a SH3 domain-mediated interaction (11, 12, 17).
However, none of these studies have directly measured the
binding parameters of these interactions. Therefore, we
decided to use several biophysical techniques to examine
the interaction of PLC-γ, Gads, and SLP-76 in the absence
of LAT to determine which interactions are physiologically
relevant.

As assessed by ITC, the interaction of Gads with the 265
amino acid SLP-76 fragment is of high affinity (Kd ) 19
nM) and is enthalpically driven (Figure 3C and Table 2).
This is one of the strongest reported affinities for a SH3
domain/ligand interactions (5) and is 5-10-fold stronger than
that reported for the binding of the C-terminal SH3 domain
of Gads to a 10 amino acid peptide derived from the core
binding motif of SLP-76 (7, 35). PLC-γ did not have
detectable binding at 25°C to the SLP-76 fragment (Table
2), suggesting that theKd of these proteins at this temperature
is greater than 40µM. The recombinant PLC-γ did bind at
25 °C to a high-affinity peptide ligand derived from phage
display experiments (36) with aKd of 1 µM (data not shown),
indicating that the SH3 domain of the PLC-γ fragment was
fully functional at these temperatures. To test whether the
interaction of PLC-γ with SLP-76 can be detected if the
entropic penalty of binding is lowered, we examined this
interaction at 4°C. Interestingly, we found that at 4°C this
interaction was both enthalpically and entropically driven
with a Kd of 3.3 µM (Figure 3D and Table 2).

To more fully test the interaction between the PLC-γ
fragment and the SLP-76 fragment, this association was
further examined using analytical ultracentrifugation (22, 23).
The experimental concentration distributions from sedimen-
tation equilibrium analytical ultracentrifugation (SE) (Figure
4A) at 4 °C fit best to a binding model that assumed an
interaction between PLC-γ and the SLP-76 fragment (Figure
4A, solid line), with an estimatedKd of 20 µM or smaller,
which is consistent with the values determined by ITC (Table
2). In contrast, the data were incompatible with the binding
model that assumed no interaction (Figure 4A, dashed line).
The temperature-dependent nature for the interaction of
PLC-γ with SLP-76 was confirmed by sedimentation velocity
analytical ultracentrifugation (SV). Consistent with the
previous SE and ITC experiments, the sedimentation coef-
ficient distributions showed significant complex formation
between PLC-γ and SLP-76 at 4°C but little complex
formation at 20°C (data not shown). The data presented
above suggest that, in the absence of LAT, the interaction
of SLP-76 with Gads occurs readily at physiological tem-
peratures, whereas the interaction of SLP-76 with PLC-γ may
not occur at these temperatures.

Protein-protein interactions that have temperature-de-
pendent differences in affinity often have changes in second-
ary structure during the binding reaction. The experiments
presented above suggest that the interaction of SLP-76 with
PLC-γ may involve a substantial change in the secondary
structure of either protein. This conclusion is supported by
previous work by Liu and co-workers that demonstrated that

FIGURE 3: Representative binding isotherms for the interaction of
Grb2 and PLC-γ with the phosphoLAT peptides and for the binding
of SLP-76 to Gads and PLC-γ. The data were fit to eqs 1 and 2 as
described in Experimental Procedures. The best-fit values forn,
∆H°, andKb were determined by nonlinear regression. The values
for -T∆S° and∆G° were then calculated using eq 3. All data fit
a single binding site mechanism with a 1:1 binding stoichiometry.
(A) The injection of phosphoLAT 191 into Grb2. The titration
involved the injection of 17-8 µL aliquots of the phosphoLAT
191 peptide (100µM) into Grb2 (4.5µM). The experiment was
performed at 25°C in 1× PBS (pH 7.4) with 2.5 mM DTT. (B)
The injection of phosphoLAT 171 into PLC-γ. The titration
involved the injection of 20-14.5µL aliquots of the phosphoLAT
171 peptide (100µM) into PLC-γ (10 µM). The experiment was
performed at 25°C in 1× PBS (pH 7.4) with 2.5 mM DTT. (C)
The injection of SLP-76 into Gads. The titration involved the
injection of 17-3.25µL aliquots of the SLP-76 fragment (91µM)
into Gads (1.2µM). The experiment was performed at 25°C in
1× PBS (pH 7.4) with 2.5 mM DTT. (D) The injection of SLP-76
into PLC-γ. The titration involved the injection of 24-9 µL aliquots
of the SLP-76 fragment (100µM) into PLC-γ (6 µM). The
experiment was performed at 4°C in 1× PBS (pH 7.4).
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a short peptide derived from SLP-76 containing the core
binding motif for Gads undergoes a change in secondary
structure upon binding the C-terminal SH3 domain of Gads
(19). To determine whether the entire proline-rich region of
SLP-76 undergoes a change in secondary structure upon
binding Gads and/or PLC-γ, we acquired the circular
dichroism (CD) spectra of mixtures of these proteins at 4
°C. As expected from the presence of SH2 and SH3 domains,
both Gads (Figure 4C, black line) and the PLC-γ fragment
(Figure 4D, black line) had significant secondary structure.
In contrast, the CD spectrum of SLP-76 (Figure 4C,D, red
line) was indicative of an unordered polypeptide (red line)
(37). Interestingly, the Gads/SLP-76 mixture (Figure 4C, blue
line) and the PLC-γ/SLP-76 mixture (Figure 4D, blue line)
had substantial secondary structure that was similar to the
extent of secondary structure of Gads and PLC-γ alone,
indicating that the proline-rich region of SLP-76 had

undergone a substantial change in secondary structure upon
binding to either Gads or PLC-γ.

Potentially, the structural transition described above could
mediate cooperativity, with the binding of PLC-γ to SLP-
76 occurring more readily if SLP-76 is structurally stabilized
by its association with Gads, an interaction that is highly
favorable at physiological temperatures (Table 2). Unfortu-
nately, neither the Gads/SLP-76 complex nor the PLC-γ
fragment could be concentrated sufficiently to allow for this
interaction to be analyzed by ITC. Therefore, we examined
the binding of PLC-γ to the Gads/SLP-76 complex at 19°C
using SV analytical ultracentrifugation under conditions
where PLC-γ showed little binding to SLP-76 alone (data
not shown). As seen in Figure 5A, the Gads/SLP-76 complex
(orange line) sedimented with a single peak at 3.1 S, faster
than either the wild-type PLC-γ fragment at 2.8 S (green
line) or the SH3 domain-mutated PLC-γ fragment at 2.7 S
(purple line). In the same experiment, the sedimentation
coefficient distribution obtained from an equimolar mixture
of the Gads/SLP-76 complex and wild-type PLC-γ, each at
5 µM (Figure 5B, black line), showed a single peak of 3.1
S, which reflects a weight-average sedimentation of all
species and complexes formed. As described previously (38),
for mixtures of protein components with interactions on the
time scale of sedimentation, the resulting peaks inc(s) reflect
average s-values in a concentration-dependent manner.
Importantly, in the present case, the peak position observed
is at a higher sedimentation rate than the average sedimenta-
tion values for the unbound proteins, indicating the presence
of a faster sedimenting complex. This is confirmed by an
analogous experiment with the SH3 domain-mutated PLC-γ
under otherwise identical conditions (Figure 5B, blue line),
which results in ac(s) peak at 2.9 S, which is an average of
the sedimentation values for the Gads/SLP-76 complex and
the mutated PLC-γ fragment. To study the complex forma-
tion further, we conducted sedimentation velocity experi-
ments at higher protein concentrations that create an in-
creased population of the complex. Thec(s) mixture of the
Gads/SLP-76 complex and the wild-type PLC-γ at 9 µM
(Figure 4B, red line) resolves into three distinct species of
2.9, 3.1, and a now clearly resolved peak at 3.7 S. In contrast,
the mixture of the Gads/SLP-76 complex and the PLC-γ SH3
mutant sedimented into a single distinct peak of 2.9 S (data
not shown). Although these protein complexes could not be
recovered and examined, the sedimenting species at 3.7 S is
almost certainly a trimolecular complex between wild-type
PLC-γ and the Gads/SLP-76 complex, since the equivalent
peak is not observed for the mixture of the Gads/SLP-76
complex and the SH3 domain-mutated PLC-γ. The peaks at
2.9 and 3.1 S are likely an average of the unbound species,
since these peaks correspond well with what was observed
when these interactions were examined at lower protein

Table 2: Thermodynamic Parameters for the Association of the SLP-76 Fragment with Gads and PLC-γa

protein temp (°C) Kb (M-1) Kd (nM) ∆H° (kcal/mol) -T∆S° (kcal/mol) ∆G° (kcal/mol)

binding to SLP-76
Gads 25 52.81( 2.21× 106 19 -12.03( 1.72 1.65( 1.80 -10.38( 0.25
PLC-γ 25 ND ND ND ND ND
PLC-γ 4 0.30( 0.01× 106 3345 -1.77( 0.05 -5.57( 0.06 -7.34( 0.01

a Titrations were performed and analyzed as described in Experimental Procedures with representative binding isotherms shown in Figure 3C,D.
ND ) no detectable binding.

FIGURE 4: Analytical ultracentrifugation and circular dichroism
analysis of SH3 domain-mediated interactions. (A) Absorbance
profile of a mixture of SLP-76 and PLC-γ in sedimentation
equilibrium at 20000 (+) and 25000 rpm (O) at 4 °C. The solid
line is the best global with eq 4 andKA > 5 × 104/M; the dashed
line indicates a model that assumes no binding between PLC-γ
and SLP-76 (eq 4 withKA ) 0), for clarity shown only for the
20000 rpm data. (B) Residuals of the best fit. (C) CD spectra of
Gads (black line), SLP-76 (red line), and a mixture of Gads and
SLP-76 (blue line) at 0.15 mg/mL acquired at 4°C. (D) CD spectra
of SLP-76 (red line), PLC-γ (black line), and a mixture of SLP-76
and PLC-γ (blue line) at 0.15 mg/mL acquired at 4°C.
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concentrations. The separation of the peak for the trimeric
complex when it is more populated and the observation of
an average, unresolved peak when it is less populated are in
line with the known properties of thec(s) distribution (38)
and the maximum entropy regularization when applied to a
reacting system. Together, these data show unambiguously
that, in the absence of LAT, PLC-γ can interact with the
Gads/SLP-76 complex at higher temperatures, an association
that would likely be further stabilized upon binding to LAT.

DISCUSSION

In these studies, the affinity of LAT phosphopeptides for
recombinant PLC-γ, Grb2, Gads, and the Gads/SLP-76
complex was determined using ITC. There was no substantial
difference in the affinity of Grb2, Gads, and the Gads/SLP-
76 complex for the phosphoLAT 171, 191, and 226 peptides,
but these proteins show an at least 50-100-fold weaker
binding for the phosphoLAT 132 peptide (Table 3). In
contrast, PLC-γ bound approximately 10-fold stronger to the
phosphoLAT 132 peptide compared to the phosphoLAT 171,
191, and 226 peptides (Table 3). These findings are not
surprising for Grb2 since previous studies have demonstrated
that Grb2 binds to phosphorylated LAT tyrosines 171, 191,
and 226 but does not associate with phosphorylated LAT
tyrosine 132 (Table 3) (12, 13). However, for the association
of PLC-γ and the Gads/SLP-76 complex with LAT, these
findings are unexpected. From previous in vivo binding
studies, the Gads/SLP-76 complex appears to preferentially
associate with phosphorylated LAT tyrosine 191 (Table 3),
whereas PLC-γ binds exclusively to phosphorylated LAT

tyrosine 132 (Table 3) (12-14). Our studies suggest that
affinity differences do not play a role in the preferential in
vivo binding of the Gads/SLP-76 complex to phosphorylated
LAT tyrosine 191 instead of phosphorylated LAT tyrosines
171 and 226, although they most likely explain the lack of
binding to phosphorylated LAT tyrosine 132. Similarly,
although PLC-γ has an affinity preference for phosphorylated
LAT tyrosine 132 compared to other phosphorylated LAT
tyrosines, a 10-fold difference in affinity may not be
substantial enough to fully explain why PLC-γ specifically
binds to phosphorylated LAT tyrosine 132 in vivo. Interest-
ingly, even though the PLC-γ fragment used in these studies

FIGURE 5: Analytical ultracentrifugation analysis of the association of PLC-γ with the Gads/SLP-76 complex. (A) Sedimentation coefficient
distributions of the Gads/SLP-76 complex (orange line), wild-type PLC-γ (green line), and SH3 domain-mutated PLC-γ (purple line). The
concentration of each protein or complex was 5µM, and the experiment was performed at 19°C. (B) Sedimentation coefficient distributions
of an equimolar mixture of the Gads/SLP-76 complex and wild-type PLC-γ each at 5µM (black line) or at 9µM (red line) and an equimolar
mixture of the Gads/SLP-76 complex and SH3 domain-mutated PLC-γ each at 5µM (blue line). The experiment was performed at 19°C.

Table 3: Comparison of in Vivo Structure/Function Studies and
ITC Binding Studiesa

pY132 pY171 pY191 pY226

Grb2 in vivo - +++ +++ +++
ITC - +++ +++ +++

Gads in vivo - + +++ -
ITC - +++ +++ +++

PLC-γ in vivo +++ (+) (+) -
ITC +++ ++ ++ ++

a The binding of Grb2, Gads, and PLC-γ to phosphorylated LAT
tyrosines 132, 171, 191, and 226, derived from various structure/
function studies and the ITC binding studies presented in this paper.
For the in vivo structure/function studies, the number of plus marks
(+) indicates the apparent contribution to in vivo binding, the plus
mark in parentheses [(+)] indicates a contribution to stable binding
not due to a direct interaction, and minus marks (-) indicated no
detectable association. For the ITC binding studies, the relative values
for Kd are indicated by the number of plus marks (+), with no detectable
binding indicated by a minus mark (-).
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contains two intact SH2 domains, this protein bound to the
phosphoLAT peptides with a 1:1 stoichiometry. This cor-
responds well with previous in vivo structure/function data
that has shown that only the N-terminal SH2 domain of
PLC-γ is required for the association of this protein with
phosphorylated LAT (15, 16). These data, taken together,
suggest that large differences in the affinity of SH2 domain-
containing proteins for specific phosphorylated LAT ty-
rosines are not the only determinate in the substantial binding
specificity that is observed in vivo. Interestingly, it appears
that SH2 domains may have two thermodynamically distinct
modes of phosphopeptide binding, one that is driven by
changes in enthalpy and a second that is driven by changes
in entropy. It is unclear whether this indicates two separate
mechanisms for the binding of PLC-γ to phosphopeptide
ligands or whether other factors are involved. However, the
binding constants for the interaction of PLC-γ to the
phosphoLAT 191 peptide, which is driven by entropy
changes, and to the phosphoLAT 171 and 226 peptides,
which are driven by changes in enthalpy, are similar,
indicating that these two thermodynamically distinct modes
of binding are most likely physiologically indistinguishable.

If the affinity is not the only driving force behind the in
vivo binding specificity that is observed at the phosphorylated
LAT complex, what is? Several factors may play a role in
targeting PLC-γ and the Gads/SLP-76 complex to specific
phosphorylated LAT tyrosines. For example, full-length
PLC-γ may be positioned near phosphorylated LAT tyrosine
132 via the association of its PH domains with the plasma
membrane (Figure 1). However, cooperative effects from the
formation of multiprotein complexes may not only increase
the affinity of PLC-γ and the Gads/SLP-76 complex for
phosphorylated LAT but could help to target PLC-γ to
phosphorylated LAT tyrosine 132 and the Gads/SLP-76
complex to phosphorylated LAT tyrosine 191 (Figure 1).

Since the interaction of SLP-76 with PLC-γ and/or Gads
appears to be important for determining in vivo binding
specificity at the LAT complex, the associations of these
proteins were examined using multiple biophysical tech-
niques. We found that Gads bound to the proline-rich region
of SLP-76 with aKd of 19 nM, which represents a 5-10-
fold stronger binding than what was reported for the binding
of the C-terminal SH3 domain of Gads to a 10 amino acid
fragment of SLP-76 that encompasses the core-binding motif
for these proteins (7, 35). The difference in the binding
constants observed in our study and in the previous studies
is likely due to our use of full-length Gads and a large
fragment of SLP-76, which suggests that contacts outside
of the core binding motif may additionally stabilize the
interaction of Gads with SLP-76. Surprisingly, when mea-
sured by ITC, we found that an interaction between PLC-γ
and SLP-76 was only detectable when examined at 4°C,
suggesting that this interaction may not occur readily at
physiological temperatures. These findings were confirmed
by sedimentation velocity ultracentrifugation, where sub-
stantial binding between these proteins was observed when
the experiments were performed at 4°C but not when
performed at 20°C.

What could account for the temperature-dependent binding
of PLC-γ to SLP-76? One possible reason for temperature-
dependent alterations in affinity for protein-protein interac-
tions can be the entropic effect of structural changes. When

the secondary structure of Gads, PLC-γ, and SLP-76, both
alone and in combination, was examined by circular dichro-
ism, we observed that SLP-76 underwent a change in
secondary structure from an unordered polypeptide to a more
structured protein upon binding to either Gads or PLC-γ.
This structural change has been observed previously for the
binding of the Gads C-terminal SH3 domain to a short
peptide containing the core binding motif from SLP-76 (19).
These data show that the proline-rich domain of SLP-76
undergoes a substantial change in secondary structure upon
binding to either Gads or PLC-γ.

The very strong binding between Gads and SLP-76 at 25
°C indicates that, while bound to Gads, SLP-76 will be
structured at this temperature. This may facilitate the binding
between PLC-γ and SLP-76 at higher, more physiological
temperatures. This hypothesis was confirmed when the
binding of PLC-γ to the Gads/SLP-76 complex was exam-
ined by sedimentation velocity ultracentrifugation. We
observed a measurable interaction between wild-type PLC-γ
and the Gads/SLP-76 complex at 19°C, a result that was
not seen when a SH3 domain-mutated PLC-γ was used.
These data suggest that, when bound to Gads, SLP-76 forms
a more structured state that greatly increases its affinity for
PLC-γ at physiological temperatures. This cooperative
interaction will most likely be stabilized when both PLC-γ
and the Gads/SLP-76 complex are bound to phosphorylated
LAT.

In conclusion, we have shown that substantial affinity
differences appear to be important for targeting Grb2 to
specific phosphorylated LAT tyrosines but that, in contrast,
the in vivo binding specificity of PLC-γ and the Gads/SLP-
76 complex was not governed only by affinity differences.
Interestingly, in the absence of LAT, we found that Gads
can readily bind to SLP-76 at 25°C while PLC-γ had
increased affinity to the Gads/SLP-76 complex compared to
SLP-76 alone at these temperatures. Together, these data
indicate that the cooperative multiprotein complex between
PLC-γ and the Gads/SLP-76 complex may be targeted to
specific phosphorylated LAT tyrosines by a combination of
affinity preferences and cooperative interactions.
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