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20SH3 domains are evolutionarily conserved protein interaction domains that control nearly all cellular processes
21in eukaryotes. The current model is that most SH3 domains bind discreet PxxPxR motifs with weak affinity and
22relatively low selectivity. However, the interactions of full-length SH3 domain-containing proteins with ligands
23are highly specific and have much stronger affinity. This suggests that regions outside of PxxPxR motifs drive
24these interactions. In this study, we observed that PxxPxR motifs were required for the binding of the adaptor
25protein GRB2 to short peptides from its ligand SOS1. Surprisingly, PxxPxR motifs from the proline rich region
26of SOS1 or CBL were neither necessary nor sufficient for the in vitro or in vivo interaction with full-length
27GRB2. Together, our findings show that regions outside of the consensus PxxPxR sites drive the high affinity
28association of GRB2 with SH3 domain ligands, suggesting that the binding mechanism for this and other SH3
29domain interactions may be more complex than originally thought.

30 © 2015 Published by Elsevier B.V.
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35 1. Introduction

36 SH3 domain-containing proteins regulate a large number of cellular
37 functions in humans from signal transduction to metabolism to differ-
38 entiation [1,2]. SH3 domains are evolutionally conserved in eukaryotes
39 from budding yeast, which produce 28 proteins with SH3 domains, to
40 humans, which express over 300 proteins with SH3 domains [1,3]. Al-
41 though sequence conservation is relatively low, SH3 domains have a
42 conserved structure of 5 or 6 beta strands that form two anti-parallel
43 beta sheets. The current model is that vast majority of SH3 domains
44 bind to discrete sequences of (R/K)xPxxP (class I) or PxxPx(R/K)
45 (class II) in a shallow groove between the beta sheets [2,3]. Peptide
46 ligands containing these motifs associate in vitro with isolated SH3 do-
47 mains with relatively weak affinities, ranging from 1 μM to 1 mM [2,4].
48 There are other atypical interaction motifs that associate with a small
49 number of SH3domains. Themostwell studied of these is these atypical
50 interactions are class III binding reactions driven by RxxKmotifs. In con-
51 trast to class I or class II SH3 domain binding reactions, the affinity of
52 class III SH3 domain interaction appears to be much stronger [1,3,5].

53In addition to relatively low affinities, isolated SH3 domains also have
54variable specificity for peptide ligands. Some isolated domains have
55relatively high specificity for individual ligands, notably the class III
56C-terminal SH3 domain of GADS and RxxK peptides from SLP-76, but
57the majority of class I and class II SH3 domains bind multiple PxxP
58containing peptides [2,4]. Based primarily on studies using isolated
59domains and peptide ligands, the current model is that SH3 domains
60are evolutionally and structurally conserved protein interaction domains
61that have weak affinity and low specificity for PxxP containing ligands.
62In contrast to isolated SH3 domain/peptide interactions, the binding
63of full-length SH3 domain containing proteins to larger regions of their
64ligandshas substantially stronger affinity. The binding affinity of the iso-
65lated C-terminal SH3 domain of GADS to a peptide derived from SLP-76
66was ~250 nM, while the interaction of full-length GADS with the com-
67plete proline-rich region of SLP-76 is ~10-fold stronger [5,6]. Similarly,
68the SH3 domain of p67PHOX binds with 1000-fold increased affinity
69to a 32 amino acid peptide derived from p47PHOX compared to shorter
70peptides due to molecular interactions outside of the PxxP motif [7,8].
71Finally, peptides derived from PxxP motifs found in SOS1interact with
72individual SH3 domains from GRB2 with affinities ranging from 20 μM
73to 1 mM [9–13], whereas the association of full-length GRB2 with
74full-length SOS1 or the complete proline rich regions (PRR) of SOS1 and
75CBL has affinities of 300–400 nM [14–16]. Together, these studies suggest
76that the interaction of full-length SH3 domain-containing proteins with
77in vivo ligands may have substantially stronger affinity than previously
78thought due to interactions outside of the conserved PxxP motifs.
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79 To more fully address this prediction, we utilized quantitative bio-
80 physical and imaging techniques to examine the binding of GRB2 to
81 its physiological ligands SOS1 and CBL. GRB2 is an adaptor protein
82 with a central SH2 domain, which binds to phosphorylated proteins,
83 and two flanking SH3 domains [17,18]. GRB2 facilitates the interaction
84 of phosphorylated receptors and adaptor proteins with SH3 domain
85 ligands, including the RAS guanine nucleotide exchange factor SOS1
86 and the E3 ubiquitin ligase, CBL [17,18]. In this study,we found that sim-
87 ilar to previous observations PxxPxR motifs were absolutely required
88 for the interaction of full-length GRB2 with peptides derived from the
89 proline rich C-terminal tail of SOS1. In contrast, these same PxxPxRmo-
90 tifswere neither necessary nor sufficient for the high affinity interaction
91 of SOS1 or CBL with full-length GRB2 or required for the in vivo recruit-
92 ment of SOS1 to theplasmamembrane in activated T cells. These studies
93 show conclusively that regions outside of the PxxPxR motifs are critical
94 for the high affinity interaction of GRB2 with full-length ligands.

95 2. Material and methods

96 2.1. Protein purification

97 The bacterial expression constructs for full-length human GRB2, the
98 complete proline rich region of murine SOS1 or human CBL were
99 described previously in [6,15]. Deletions of individual sites in these
100 constructs were performed with the QuickChange II XL Site Directed
101 Mutagenesis kit from Stratagene using standardmanufacturer protocol.
102 Rosetta 2 cells expressing 6X-His tagged GRB2 were shaken for 36 h at
103 25 °C in Superbroth. Rosetta 2 cells expressing 6X-His tagged proline
104 rich regions of SOS1 or CBL were shaken 24–48 h at 37 °C in ZYM-
105 5052 [19]. The cells were pelleted, and pellets were then resuspended
106 in His-tag purification buffer (50 mM NaPO4, 250 mM NaCl, pH 7.4) and
107 lysed using sonication. The supernatant was applied to a Ni2+ HisTrap
108 HP affinity column and bound proteins were eluted using imidazole.
109 Proteins were further purified by size exclusion chromatography using a
110 16/60 Superdex 75 gel filtration column and then concentrated using
111 10,000MWCO centrifugal filters. As determined by dynamic light scatter-
112 ing, little aggregation was observed for any protein (data not shown).

113 2.2. Peptide array

114 The peptide array was produced as previously described in [20]. The
115 array scans the entire proline rich region of SOS1 (amino acids 1117–
116 1319) and contains 12 amino acid peptides that have 9 amino acid
117 overlaps with the peptides on either side (see key for the array in
118 Supplemental Fig. 1). The membrane was blocked with 5% milk in
119 TBST and then incubated with His-tagged GRB2 for 1.5 h. The amount
120 of bound GRB2 was examined by immunoblotting with an anti-GRB2
121 antibody diluted in 5% milk as previously described in [21] and the
122 array was visualized by chemiluminescence using a Fuji imager.

123 2.3. Isothermal titration calorimetry (ITC)

124 The protein sampleswere degassed and ITCmeasurements recorded
125 using aMicroCal VP-ITC Systemwith SOS1 or CBL proline rich regions as
126 the injected sample and GRB2 as the cell sample. For the peptide inhibi-
127 tion studies, GRB2 was incubated with varying molar ratios of a SOS1
128 site 1 peptide (EVPVPPPVPPRRRPE) purchased from EZ Biolabs. The
129 chamber was kept under constant stirring at 350 rpm and all experi-
130 ments were performed at 25 °C. Injection of SOS1 or CBL into buffer
131 showed constant heats of dilution. The heat of dilution was determined
132 by averaging the last 3–5 injections and subtracted from the raw value.
133 The data are analyzed using the single site binding model using the Or-
134 igin ITC analysis package. The values for affinity, stoichiometry and ΔH
135 were averaged from at least four separate injections and statistically an-
136 alyzed via ANOVA using GraphPad Prism. Outliers in the data were de-
137 termined via the ROUT method using GraphPad Prism, with Q = 0.1 %.

1382.4. Dynamic light scattering

139Dynamic light scattering (DLS) data was collected at 25 °C using a
140DynaPro NanoStar (Wyatt Technology). The data was analyzed using
141Dynamic (version 7.1.7,Wyatt Technology). Each acquisitionwas an av-
142erage of 10 scans and the values for radius and percent polydispersity
143were averaged from four individual acquisitions. The data was plotted
144and statistically analyzed via ANOVAwith Tukey's multiple comparison
145test using GraphPad Prism.

1462.5. Cell lines and transfections

147SOS1 wild-type, SOS1 Δ1234Z, and SOS1 scrambled cDNA were PCR
148amplified from plasmid constructs and inserted into lentiviral expres-
149sion vectors (Gift from Dr. Stephen Bunnell). The lentiviral expression
150vectors and packaging vectors were cotransfected into 293T cells
151using lipofectamine 2000. After 48 h, the virus-containing medium
152was removed and virus was concentrated using Lenti-X concentrator
153(Clontech). Jurkat E6.1 T cells were grown at 37 °C with 5% CO2 in com-
154plete RPMI (RPMI 1640 supplementedwith 10% FBS, 2mM L-glutamine,
15550 U/mL penicillin, 50 μg/mL streptomycin). They were transduced
156with the described vectors and selected using puromycin Q4. YFP expres-
157sion on stable cell lines was analyzed by flow cytometry using an Accuri
158C6 flow cytometer.

1592.6. Immunoblotting

160Proteins in cellular lysates were separated by polyacrylamide gel
161electrophoresis using 4–15% Criterion Precast polyacrylamide gels. The
162separated proteins were then transferred to polyvinylidene difluoride
163and the membrane was blocked for 1 h at room temperature in SEA
164BLOCK Blocking Buffer. The membranes were incubated overnight at
1654 °C with anti-YFP followed by 30 min of incubation at room tempera-
166ture with the respective secondary antibody. The blots were then
167developed using the Licor Odyssey Infrared Imager.

1682.7. TIRF microscopy

169Imagingwas performed using a Leica AMTIRFMC imaging system as
170previously described [22,23]. Briefly, Jurkat E6.1 T cells stably express-
171ing SOS1 wild-type PRR–YFP, SOS1 Δ1234Z PRR–YFP, or YFP alone
172were activated for 5 min on glass chamber slides coated with 10 μg/ml
173of anti-CD3 antibody. Cells were fixed with 3% paraformaldehyde and
174permeabilized with 0.25% Triton X-100. After blocking, cells were
175stained with anti-phospho LAT Y226 antibodies followed by incubation
176with secondary antibodies. The YFP fluorescence and LAT phosphoryla-
177tion occurring at the membrane was imaged using TIRF microscopy.
178The total YFP fluorescence in the same cells was imaged by EPI fluores-
179cence. All images were acquired using Leica AF software and processed
180using Fiji software package. To quantify YFP recruitment, the TIRF YFP
181fluorescence was normalized to the total YFP fluorescence in the EPI
182fluorescence channel in the imaged cell. The ratio of the values of TIRF
183YFP fluorescence over total YFP fluorescence in the EPI fluorescence
184channel was calculated for 40 randomly selected cells for each of the
185two independent experiments. The individual values and the mean ±
18695% confidence intervals were plotted using GraphPad Prism. The statis-
187tical analysis was performed using GraphPad Prism via ANOVA analysis.

1883. Results

1893.1. PxxPxR motifs are required for the binding of GRB2 to peptide ligands

190The proline rich C-terminal tail of SOS1 PRR contains four consensus
191PxxPxR SH3 domain binding motifs, and peptides containing these
192motifs bind individual GRB2 SH3 domains with affinities ranging from
19320 μM to 1 mM [9–13]. Although these studies have shown that GRB2
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