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The Src homology 2 (SH2) domain has a highly conserved
architecture that recognizes linear phosphotyrosine motifs and
is present in a wide range of signaling pathways across different
evolutionary taxa. A hallmark of SH2 domains is the arginine
residue in the conserved FLVR motif that forms a direct salt
bridge with bound phosphotyrosine. Here, we solve the X-ray
crystal structures of the C-terminal SH2 domain of p120Ras-
GAP (RASAI) in its apo and peptide-bound form. We find that
the arginine residue in the FLVR motif does not directly contact
pTyr1087 of a bound phosphopeptide derived from p190Rho-
GAP; rather, it makes an intramolecular salt bridge to an as-
partic acid. Unexpectedly, coordination of phosphotyrosine is
achieved by a modified binding pocket that appears early in
evolution. Using isothermal titration calorimetry, we find that
substitution of the FLVR arginine R377A does not cause a sig-
nificant loss of phosphopeptide binding, but rather a tandem
substitution of R398A (SH2 position 3D4) and K400A (SH2
position BD6) is required to disrupt the binding. These results
indicate a hitherto unrecognized diversity in SH2 domain inter-
actions with phosphotyrosine and classify the C-terminal SH2
domain of p120RasGAP as “FLVR-unique.”

Src homology 2 (SH2) domains are the best studied pTyr-
binding protein scaffolding domains (1). They were originally
identified within oncogenes of avian RNA viruses and are the
second of four homology domains in Src family kinases (2—4)
critical for both autoregulation and targeting (3, 5, 6). Following
identification, SH2 domains rapidly revealed their presence in
many kinases, phosphatases, small GTPase regulators, adaptor
proteins, and transcription factors (1, 7, 8), and they are now
known to integrate signals from the 90 tyrosine kinases to help
regulate myriad signaling pathways and cellular processes (1,
7-9). In total, over 120 SH2 domains have been identified in
the human genome distributed among ~110 proteins (10, 11).
Almost all of the members of this broad family retain a primary
functional role: to bind short linear phosphotyrosine motifs
(12—14). The structural conformation that allows this binding
is extremely well-conserved across the family.

The SH2 domain comprises a central antiparallel seven-
stranded B-sheet (BA to BG) sandwiched between two a-heli-
ces (@A and aB) (15-18) (nomenclature defined by Eck et al.
(16)). This creates two binding sites—a deep pocket and a
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shallow cleft—within the ~100-amino acid globular domain.
Linear phosphotyrosine peptides bind perpendicular to the
B-sheet in a two-pronged interaction with the pocket and cleft,
a mode of binding that is reliably mirrored in cells and in the
purified setting (4, 14). The deep pocket binds the pTyr residue,
which is captured by electrostatic interactions with an arginine
residue invariant in all pTyr-binding SH2 domains (9). In con-
trast, the shallow cleft binds residues C-terminal to the pTyr
and varies considerably between SH2 domains allowing speci-
ficity determination (8, 13, 19, 20). This two-pronged interac-
tion also dictates a consistent orientation of the bound phos-
phopeptide N to C terminus with respect to the SH2 domain
(18). In v-Src, the deep pocket arginine residue is part of the
Phe'”?-Leu'”®-Val'’*-Arg'”® sequence, or “FLVR motif”’ (15),
and arginine at this position (notated as the fifth residue on
strand BB, BB5) is conserved in 117 of 120 human SH2 domains
(9). Multiple lines of evidence indicate that the FLVR arginine
is required for SH2—pTyr binding. To date, all structural stud-
ies of SH2 domain interactions with pTyr have demonstrated
direct interactions between the FLVR arginine and pTyr. Fur-
ther, the binding affinity of unphosphorylated peptides is on
the order of 1000-fold weaker than phosphopeptides (15, 18).
Additionally, the FLVR arginine was found to be the primary
contributor of binding free energy (21, 22). Consequently,
mutations of this residue are invariably used to generate a
“dead” SH2 domain (23, 24).

p120RasGAP (RASAI, RasGAP, Ras GTPase-activating pro-
tein 1) was one of the first SH2 domain proteins to be identified
(25-27) and was the first GTPase-activating protein (GAP) to
be discovered (25, 28-30). It is ubiquitously expressed and
required for life, because animals without p120RasGAP have
major vascular defects (31, 32). p120RasGAP contains two SH2
domains at its N terminus that sandwich an SH3 domain, fol-
lowed by PH and C2 domains for membrane recruitment and a
RasGAP domain (Fig. 14) (30, 33, 34, 84). The SH2 domains
are used to directly interact with multiple phosphorylated bind-
ing partners including the p190RhoGAPs, the Eph receptor ty-
rosine kinases, and the Dok scaffolding proteins (32). These
interactions are correlated with altered RasGAP activity and
consequently with regulation of Ras signaling (35-39). The
p120RasGAP SH2 domains therefore play critical roles in spa-
tial-temporal regulation of Ras signaling by their interactions
with this wide array of partners.

The SH2 domains of p120RasGAP are thought to be canoni-
cal SH2 domains that mediate direct interactions with pTyr
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Figure 1. Structure of p120RasGAP C-terminal SH2 domain. A, schematic of p120RasGAP interaction with p190RhoGAP. Domains are depicted, and the
region co-crystallized is shown in a dashed box. B, structure of apo p120RasGAP C-SH2 indicating secondary structure elements and locations of the pTyr-bind-
in ng pocket and speafaty cleft. C, structure of p120RasGAP C-SH2 in complex with a synthesized phosphopeptide corresponding to p190RhoGAP-A residues

08DpYAEPMDA'?. Simulated annealing omit Fops — Feqic difference map contoured at 30- RMSD is shown. D, surface electrostatics for p120RasGAP C-SH2
with p190RhoGAP-A peptide. E, interactions observed between p120RasGAP C-SH2 (green) and p190 phosphopeptide (yellow) defined by PDBsum (84).
Hydrogen bonds are shown by red lines; nonbonded elements are shown by dashed lines. F, alignment of secondary structure features for p120RasGAP C-SH2,
compared with p120RasGAP N-SH2 (PDB code 6PXC) (39), and Src (PDB code 1SPS) (18). B-Strands are highlighted yellow, and a-helices are highlighted or-
ange. Residues that contact p190 phosphopeptide as defined by PDBsum are indicated with bold and underlined text. Residues discussed in the text are
indicated.

residues using their FLVR arginine residue, which is conserved
in both domains. We recently confirmed this to be the case for
the N-terminal SH2 domain (40); however, in contrast we now
demonstrate that the C-terminal SH2 domain of p120RasGAP
is a novel SH2 domain. Using X-ray crystallography, we find
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that the BB5 FLVR arginine does not contact phosphotyrosine
pTyr'® of a bound p190RhoGAP peptide; instead, it makes a
salt bridge to residue Asp®*°. Analysis of 715 aligned SH2 do-
main structures shows that this position of the FLVR arginine
is rare, and point mutagenesis demonstrates that the FLVR
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arginine is not required for pTyr binding. Instead, pTyr binding
is mediated by an alternate array of residues, including an un-
usual Arg®®® at the BD4 position. These findings demonstrate
that the C-terminal SH2 domain of p120RasGAP is “FLVR-
unique.”

Results

p120RasGAP interaction with p190RhoGAP is critical for
recruitment of RhoGAP activity to sites of cell adhesion and for
suppression of RasGAP activity at these locations (35, 36, 41—
43). Contacts between p120RasGAP and pl90RhoGAP are
mediated by the two SH2 domains of p120RasGAP (termed N-
SH2 and C-SH2), which bind to phosphorylated tyrosine resi-
dues Tyr'®®” and Tyr''* of p190RhoGAP (44, 45); both pTyr
residues reside in the preferred pYXXP sequence recognized by
both SH2 domains of p120RasGAP (13, 19). We previously
reported the crystal structure of N-SH2 of p120RasGAP and
investigated its interaction with a p190RhoGAP pTyr''*® phos-
phopeptide, which revealed a canonical SH2 domain structure
and pTyr peptide-binding mode with K; of 0.3 = 0.1 um (40).
In the present study, we aim to determine the structure and
pTyr-binding mode of C-SH2 of p120RasGAP. Toward this
end, we expressed and purified the isolated C-SH2 domain
recombinantly and performed crystallization studies. We
obtained crystals of the apo form of p120RasGAP C-SH2 and
solved the structure to 1.5 A resolution. To examine the struc-
tural basis of pTyr binding, we also solved a 1.5 A co-crystal
structure of p120RasGAP C-SH2 with a pTyr'®*” pI90RhoGAP
phosphopeptide.

The structure of the apo form of C-SH2 (Fig. 1B and Table 1)
reveals a typical overall SH2 fold that is most similar to the
p120RasGAP N-SH2 (PDB code 6PXC) (40) with root-mean-
squared deviation (RMSD) of ~1.3 A over 94 Ca atoms and
31% sequence identity; it is also highly similar to the C-terminal
SH2 domain of PLCy-1 (46) (PDB code 5TQ1; RMSD, ~1.8 A
over 101 Ca atoms, 27% identity) and Nck2 (47) (PDB code
2CIA; RMSD, 1.1 A over 93 Ca atoms, 25%). The two-pronged
pTyr pocket and specificity cleft interaction sites (16, 18, 48)
are clearly visible in p120RasGAP C-SH2 (Fig. 1B), with a
strongly electropositive deep pocket and a hydrophobic shallow
cleft both available to interact with a linear peptide. We then
determined the 1.5 A co-crystal structure of C-SH2 in complex
with a synthetic phosphopeptide corresponding to p190Rho-
GAP residues 1086-1092 (****DpYAEPMD'**?) (Fig. 1C and
Table 1). The structure of C-SH2 in complex with phosphopep-
tide is experimentally similar to the apo form (RMSDs 0.9 A
over 105 Ca atoms and 1.0 A over 102 C atoms for chains A
and B, respectively). As expected, the N- to C-terminal orienta-
tion of the bound phosphopeptide is consistent with other SH2
domain structures (18) and is dictated by placing pTyr'®” into
the deep electrostatic pocket and Pro'** into the shallow cleft,
recapitulating canonical electrostatic and van der Waals inter-
actions (Fig. 1D). The residues of p120RasGAP C-SH2 that
contact the phosphopeptide are generally similar to previously
studied SH2—phosphopeptide interactions (16, 18, 48) (Fig. 1, E
and F). Curiously, however, we observed that the FLVR motif
arginine residue, Arg>”’, is oriented differently to other SH2
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domains in both the apo and peptide-bound crystal forms. We
thus investigated this major structural difference in detail.

In pTyr-binding SH2 domains, the conserved FLVR arginine
at BB5 is required to form the base of the electropositive pocket
and to hydrogen bond to pTyr (21, 22). Unexpectedly, in the
p120RasGAP C-SH2/phosphopeptide co-crystal structure, the
FLVR arginine Arg®”” does not contact pTyr directly. Instead,
Arg377 makes a salt bridge to Asp**° (at position BC1) (Fig. 24),
an interaction that is also observed in the apo C-SH2 structure
(Fig. 2B). Therefore, unlike typical SH2 domains, C-SH2 Arg®”’
does not orient toward the phosphotyrosine-binding site in the
absence of pTyr, nor does it undergo conformational change to
contact pTyr directly in the presence of phosphopeptide. This
unique orientation contrasts with p120RasGAP’s N-SH2 do-
main, which binds phosphotyrosine in a canonical fashion (Fig.
2C) (40).

To assess whether the salt-bridge engagement of FLVR
Arg®” with Asp®® in p120RasGAP C-SH2 is unique among
determined SH2 domains structures, we conducted in silico
analysis. We find that such an orientation is rare among the 715
aligned SH2 domains identified by the DALI server (49). At the
time of this analysis, there are only two other examples of FLVR
arginine residues that form interactions with another residues
within the SH2 domain itself: 1) in the STAT6 SH2 domain, the
FLVR arginine makes salt-bridge contacts to both pTyr and
Asp at position BC1 (50); and 2) in the VAV SH2 domain when
bound to an unphosphorylated tyrosine, the FLVR arginine
hydrogen bonds to Gln at position BC1 (51). The atypical orien-
tation of Arg®”’ can be observed by superposition of aligned
SH2 domains, in which the Arg*”’ side chain is pointed away
from the pTyr-binding site, unlike the positions of a majority of
the typical arginine side chains (Fig. 2D). The FLVR Arg of
p120RasGAP C-SH2 is therefore unique among structures
of SH2 domains.

The molecular basis of this unique FLVR arginine orienta-
tion seems to be dictated by both the salt bridge to Asp>*® and
by steric interference by Tyr*®® (residue BC5) (Fig. 2, B and C).
Tyrosine at position BC5 is not observed in any other human
SH2 domain and is usually a small amino acid: over the 120
human SH2 domains, residue BC5 is observed as Ser (63 of 120
times including N-SH2 of p120RasGAP), Thr (27 times), Ala
(13 times), Cys (10 times), Gly (3 times), Val (2 times), Met (1
time), and Tyr (1 time, p120RasGAP C-SH2) (1). Small amino
acids at BC5 allow the FLVR arginine to engage the pTyr
directly as observed in p120RasGAP N-SH2 bound to a phos-
phopeptide (Fig. 2C). At position BC1 (equivalent to Asp>*® in
p120RasGAP C-SH2), an acidic residue is frequently observed
(Asp, 6 times and Glu, 38 times), but in many SH2 domains it
caps helix aB (e.g. Glu'”® in Fyn SH2; Fig. 2E). In contrast, in
p120RasGAP C-SH2 a helix capping interaction by BC1 is not
possible because the FLVR arginine guanidino group prevents
close arrangement of helix aB and strand 8B. The position of
the FLVR arginine therefore seems to accommodate atypical
orientations of other elements of the p120RasGAP C-SH2
domain.

Upon inspection of the p120RasGAP C-SH2 structure in
complex with phosphopeptide, we observe several additional
unique features of pTyr binding in addition to the orientation
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Table 1
Data collection and refinement statistics

p120RasGAP C-SH2

p120RasGAP C-SH2 bound to
p190RhoGAP phosphopeptide

Data collection

Resolution range (A)
Reflections used in refinement

48.4-1.50 (1.54—1.50)
40,121 (2590)

PDB accession code 6WAX 6WAY
Wavelength (A) 0.97920 0.97920
Resolution range (A) 50-1.50 (1.55-1.50) 30-1.50 (1.55-1.50)
Space group P2,2,2 C222,
Cell dimensions
a,b,c(A) 52.5,65.6,71.6 63.1, 83.9, 54.2
B v() 90, 90, 90 90, 90, 90
Unique reflections 40,194 23,209
Multiplicity 11.7 (7.0) 21.2 (8.6)
Completeness (%) 100 (99.9) 100 (99.8)
Mean I/al 5 24.1 (2.0) 23.6 (2.0)
Wilson B factor (A%) 22.6 18.7
Rpim (%) 2.8 (40.7) 3.1(29.3)
ccYy 0.993 (0.689) 0.995 (0.806)
ccH 0.998 (0.903) 0.999 (0.945)
Refinement

27.3-1.50 (1.57—1.50)
23,164 (2606)

Reflections used for Reee 1943 (126) 1148 (130)
Reflections used for Ry (%) 4.84 4.96
Ruvort (%) 17.9 (28.5) 165 (24.8)
Revee (%) 19.7 (29.7) 19.0 (27.8)
No. of non-hydrogen atoms 2077 1188
SH2 domains 1800 921
Peptide 70
Water 243 197
Other solvent 34
No. protein residues 207 (105 chain A, 102 chain B) 116 (106 SH2, 10 peptide)
Residue
p120RasGAP SH2 340-444, 343-444 339-444
p190RhoGAP phosphopeptide 1085-1094
RMSD )
Bond lengths (A) 0.006 0.005
Bond angles (%) 0.872 0.809
Ramachandran plot (%)
Favored 98.0 98.1
Allowed 2.0 1.9
Qutliers 0 0
Rotamer outliers (%) 1.0 0
MolProbity clashscore 5.27 2.08
Average B factor (A?) 32.6 27.5
SH2 domains 30.9 24.4
Copies A, B 29.6,32.3
Peptide 34.9
Water 42.3 39.3

of the FLVR arginine and presence of BC5 tyrosine. Across SH2
domains, three major interactions have been observed between
the pTyr and its binding pocket: 1) the salt bridge between the
pTyr and the FLVR motif BB5 arginine (Arg>*” in N-SH2), 2)
binding to a basic residue at either position @A2 (Arg'®® in N-
SH2) or BD6, and 3) binding to residues of the BC loop
(between the 8B and BC strands (Ser”® in N-SH2; Figs. 1F and
3A) (21, 40, 52). Consistent with these interactions, p120Ras-
GAP C-SH2 uses BD6 (Lys*®) and residues in the BC loop
(Ser®”®, Asn®®', and Thr’®% Fig. 3B). However, in contrast,
p120RasGAP C-SH2 uses additional residues BC3 (Ser®®”) and
a basic residue at position D4 (Arg>*®) to bind pTyr (Figs. 1, E
and F, and 3B). Arg*® at position BD4 is unique to p120Ras-
GAP C-SH2; this residue is most commonly a histidine (82 of
120 human SH2 domains; His** in N-SH2; Fig. 34) (1). The
unusual binding site also manifests in the location of the phos-
phate—when phosphate atoms are mapped, C-SH2 binds to
pTyr in a location divergent to all previously determined SH2
domains (Fig. 3C). The p120RasGAP C-SH2 pTyr-binding
pocket therefore diverges from either the Src-like (where pTyr

10514 J Biol. Chem. (2020)295(31) 10511-10521

is coordinated by an Arg at position ®A2) or SAP-like (where
pTyr is coordinated by a basic residue at position BD6) pockets
(52). Sequence alignment of human SH2 domains suggests that
no other SH2 domain harbors dual basic residues at positions
BD4 and BD6 (1), potentially indicating an evolution of the site
to compensate for the loss of direct FLVR arginine binding.
Additionally, the amino—aromatic interaction typically contrib-
uted by the arginine at A2 (15,16) is instead fulfilled by the
unique Arg®® at D4 in C-SH2 (Fig. S1).

Many SH2—-pTyr interactions have been studied in solution,
and the measured binding affinities range in the 10™° to 10~ M
(10 um to 10 nm), or —7 to —11 kcal/mol range (53). We there-
fore used isothermal titration calorimetry (ITC) to measure the
affinity of p120RasGAP C-SH2 with pTyr'®®” phosphopeptide
from p190RhoGAP and find the resultant K, = 0.15 * 0.04 um,
approximately —9 kcal/mol, to be within this expected range
(Table 2 and Fig. S2). We next used ITC to assess the extent of
binding of pTyr'®®” phosphopeptide to C-SH2 mutants. For ca-
nonical SH2—pTyr interactions, the FLVR arginine is the pri-
mary contributor of binding free energy (21, 22), and mutation
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Figure 2. An unusual conformation for the FLVR arginine of p120RasGAP C-SH2. A, crystal structure of phosphopeptide-bound p120RasGAP C-SH2
showing the FLVR arginine Arg>”’, Asp**’, and Tyr*** and p190RhoGAP pTyr'%®”. B, crystal structure of apo p120RasGAP C-SH2. C, crystal structure of phospho-
peptide-bound p120RasGAP N-SH2 (PDB code 2PXC) (39) showing the equivalent residues and phosphotyrosine. D, superposmon of FLVR motif arginines
from 592 Dali-aligned SH2 domains. E, crystal structure of Src family kinase Fyn (PDB code 4U1P) shows residue BC1 (Glu™) caps helix aB.
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X. laevis K FLVR PSDNT SLY RFK
D. rerio K FLVR PSDNT SLF RFK
P. rapae K FLVR PSDNS SLF RFR
A. digitifera K FLIR PSDKS SLS RFL
M. brevicollis R FLIR ESSNP SLS HMR
RASA1 N-SH2 R YLIR ESDRR VLS HFR
Src R FLVR ESETT CLS HYK
Crk R FLVR DSSTS VLS HYI
Shcl R FLVR ESTTT VLT HLL

Figure 3. Phosphotyrosine-binding sites of p120RasGAP. A and B, detailed binding site interactions of the phosphotyrosine to p120RasGAP N-SH2 (PDB
code 2PXC) (39) (A) and p120RasGAP C-SH2 (B). C, comparison of phosphotyrosine bound to p120RasGAP C-SH2 with the location of the phosphate atom in
245 phosphotyrosine -bound SH2 domains identified by the Dali server. Locations of the phosphates are shown as orange spheres. SH2 domains identified and
superposed using by the Dali server (246 contain phosphotyrosine; 2BBU not included in analysis). D, conservation of key binding site residues over evolution
and in human SH2 domains. pTyr-binding residues are colored red, and the FLVR arginine-Asp>®° salt bridges are colored green.

Table 2
Isothermal titration calorimetry for p120RasGAP C-SH2 with 190RhoGAP pTyr'%® peptide

Thermodynamic data for the pTyr'®” peptide—binding reactions with WT C-SH2, R377A, R398A, K400A, and R398A/K400A proteins. The errors are S.D. across multi-
ple runs (individual runs are shown in Table S1).

p120RasGAP C-SH2 protein n K, AH AS TAS AG
M keal/mol cal/mol*K keal/mol keal/mol
WT 0.91 = 0.08 0.16 *= 0.05 —-143 * 1.6 —16.7 = 6.0 —50* 1.7 -93*=0.2
R377A 0.90 = 0.08 0.46 * 0.11 —-173* 1.5 —29.1+50 —87* 1.3 —-87=*0.1
R398A 0.87 = 0.08 0.19 * 0.02 —-169 = 1.3 —26.0 = 4.0 —77+12 -92*+04
K400A 0.92 +0.14 0.81 = 0.15 -12.3 = 3.0 —13.4* 8.0 —4.0 = 2.0 -83=*0.1
R398A/K400A 1.10 = 0.09 6.24 * 4.00 —132*+4.0 —20.1 * 14.0 —6.0 = 4.0 -72*0.5
377

of this residue abrogates binding (23, 24). However, the unusual  actions. We therefore tested whether Arg®’ contributes to
nature of the p120RasGAP C-SH2 suggests that the basis forits  pTyr binding. Using ITC, we find that R377A mutation leads
interaction with pTyr diverges from canonical SH2—pTyr inter-  to slight reduction in affinity from WT K; = 0.15 * 0.04 uMm to
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mutant K; = 0.46 = 0.11 um but does not abrogate the interac-
tion (Table 2 and Fig. S2). To our knowledge, this is the first
SH2 domain studied to date that does not suffer a major loss of
pTyr binding when the FLVR arginine residue is mutated. To
further define the residues critical for pTyr binding, we intro-
duced alanine point mutations at other basic residues that
directly bind the pTyr: Arg**® at D4 and Lys**° at BD6. Using
ITC, we find that although the single mutants R398A and
K400A only modestly impact pTyr peptide binding (K, values
of 0.31 = 0.20 and 0.81 = 0.15 um, respectively), in combina-
tion, the double R398A/K400A mutant results in an ~40-fold
loss of binding (K; of 6.24 = 4.2 uwm; Table 2 and Fig. S2). This
indicates that unique among SH2 domains, the p120RasGAP
C-SH2 requires multiple point mutations to abrogate pTyr
binding.

To assess the evolution of the p120RasGAP C-SH2 domain,
we generated an alignment of 209 p120RasGAP sequences. We
find that p120RasGAP is present in mammals, invertebrates,
sponges, the choanoflagellates Monosiga brevicollis and Salpin-
goeca rosetta, the placozoa Trichoplax sp. H2, the orthonectid
Intoshia linei, and in the single-celled eukaryote Capsapora
owczarzaki (Figs. 1A and 3D and Fig. S3); notably, the domain
architecture is preserved throughout phylogeny. We next
examined the conservation of the unique phosphotyrosine-
binding site. We observe that many of the phosphate-binding
residues are well-conserved. However, we observe that a bulky
residue at BC5 (Tyr*® in human), which sterically hinders ca-
nonical orientation of the FLVR arginine, which is retained in
vertebrates and many invertebrates as Tyr or Phe, is a small res-
idue (mostly Ser) in corals and more ancient species (Fig. S3).
Similarly, the unique Arg®® at position SD4 is highly conserved
in vertebrates and invertebrates but is a His in choanoflagellates
and in C. owczarzaki. The evolutionary alterations in the
unique pTyr-binding site therefore seem to indicate that
p120RasGAP’s C-terminal SH2 domain originally had a canon-
ical binding site but that it evolved to its FLVR-unique
conformation.

Discussion

Among protein domains the SH2 family is extraordinarily
well-studied, making it unexpected for major divergence to
have gone unidentified and even less expected that major
divergence should be identified in one of the founding mem-
bers. Nonetheless, we have shown that the C-terminal SH2
domain of p120RasGAP, the prototypical RasGAP and one
of the earliest identified SH2 domains, is divergent from all
studied SH2 domains. The lack of FLVR motif arginine con-
tact with phosphotyrosine is unique among SH2 domains; in
fact, even SH2 domains that can bind unphosphorylated
partners do so in a FLVR arginine-dependent manner (e.g.
SAP can bind Tyr as well as pTyr peptides) (8, 54). We there-
fore term the p120RasGAP C-SH2 a FLVR-unique SH2
domain.

These studies, using the isolated C-SH2 domain and single
pTyr peptide, do not rule out the possibility that in the context
of full-length proteins, potential domain—domain interactions
within the p120RasGAP SH2-SH3-SH2 cassette (Fig. 1A)
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might alter the pTyr-binding site of C-SH2 to a more conven-
tional FLVR-driven conformation. Alternatively, interdomain
contacts might create an alternative unique mode of pTyr bind-
ing, similar to the tyrosine kinase ZAP70, which contains two
SH2 domains separated by a short helical linker domain and
binds two pTyr targets in the T-cell receptor. Specifically, the
two ZAP70 SH2 domains come together to create an interface
that forms one unique pTyr-binding site, whereas the other
more typical pTyr-binding site is contained within a single SH2
domain (55). Future studies utilizing longer p120RasGAP con-
structs and dual pTyr-binding partners will help to examine
these possibilities.

Classification of p120RasGAP C-SH2

Canonically, the FLVR arginine is required for interactions
with pTyr peptides, contributing over 50% of their free energy
of binding to the interaction (22, 56), and mutations of this resi-
due result in an effectively “dead” SH2 domain. This residue is
highly conserved, and there are only three human SH2 domains
that do not contain the FLVR arginine residue (RIN has a His
at this position, SH2D5 has a Trp, and Tyk2 has a Met) (9). For
Tyk2, this belies the Janus kinase FERM-SH2 module media-
ting direct interaction with nonphosphorylated cytoplasmic
tails of cytokine receptors (57, 58). The lack of diversity at the
FLVR arginine position indicates conserved function, which
was recently confirmed in bacteria in which a large number of
SH2 domains were identified (52). Bacterial SH2 domains are
classified in two groups, both of which are structurally diver-
gent from eukaryotic SH2 domains, but even these divergent
bacterial SH2 domains bind pTyr using the conserved FLVR-
arginine (52). The C-terminal SH2 of p120RasGAP therefore
seems to have evolved uniquely among the SH2 family of
proteins.

The two-pronged pocket and cleft interaction site found in
most SH2 domains (16, 18, 48) can be classified into different
groups (groups IA to IE, IIA to IID, and III) that have divergent
specificities, with the majority displaying a binding preference
for the residue at the +2, +3, or +4 position C-terminal to the
pTyr (13, 19) (although P + 1, P > 4, and regions N-terminal to
the pTyr can also influence specificity (59—-62)). The determi-
nants of the specificity cleft are controlled primarily by two
loops: one between the E and F B-strands (the EF loop) and one
between a-helix B and the B-strand G (the BG loop). These can
be thought of as analogous to the complementarity-deter-
mining regions, specificity-determining loops of antibodies
(13,19, 20). In this classification scheme, the p120RasGAP C-
terminal SH2 domain is classified as a group IB SH2 domain,
with specificity for hydrophobic residue at position +3
(13,19). Our crystal structures confirm the interaction site
with these loops (Fig. 1).

Specificity of C-SH2 for phosphotyrosine

Two determinants of SH2 domain—binding specificity for
phosphotyrosine over phosphoserine or phosphothreonine are
1) the depth of the binding pocket and 2) presence of amino—
aromatic interactions (15, 16, 63—65). For p120RasGAP C-SH2
bound to a pTyr-containing peptide, we observe the typical
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deep, elongated pocket to accommodate the pTyr residue; the
groove is lined by Arg®® and Lys*®, which cradle the aromatic
ring. This amino—aromatic interaction between Arg>*® and the
pTyr ring is similar to other typical SH2 domains such as Src
and Lck (15, 16); however, Arg at the BD4 position rather than
A2 is unique to C-SH2. Taken together, these observations
suggest that p120RasGAP has binding specificity for pTyr
residues.

NMR solution structure of C-SH2

The NMR solution structure of p120RasGAP C-terminal
SH2 domain, residues 340-446, was determined by the RIKEN
Structural Genomics/Proteomics Initiative in 2006 and depos-
ited in the Protein Data Bank (code 2GSB). The solution struc-
ture contains the 20 lowest energy models. Overall, the super-
position with our crystal structures is close (RMSD 1.12 A over
101 Ca atoms) (Fig. S4A4), but in-solution conformational flexi-
bility is observed in the EF loop, which defines +3 specificity
(19), and in the BC loop, which harbors Asp®**’. None of the
NMR structures exhibit the bidentate salt bridge between
Arg®” and Asp®® (residue BC1), and both residues display
extensive conformational variability, but their overall orienta-
tion is similar to our crystal structures (Fig. S4B). In contrast,
Tyr®® is in a broadly similar position to our crystal structures
and blocks orientation of the FLVR Arg toward the canonical
pTyr-binding position. The unpublished NMR structure there-
fore supports our crystallographic data that p120RasGAP C-
SH2 is a FLVR-unique SH2 domain.

Functional role of the FLVR-unique C-SH2

What then might the function of this highly unusual SH2 do-
main in p120RasGAP be? SH2 domains seem to have helped
facilitate the evolutionary increase in complexity of signal
transduction pathways and the transition from unicellular to
multicellular organisms (as illustrated by a single SH2 domain
residing in baker's yeast, Saccharomyces cerevisiae) (10). In
humans there are ~120 proteins that contain SH2 domains,
but only 10 of these have dual SH2s. For p120RasGAP, the biva-
lent SH2 domains probably indicate that p120RasGAP has fast
rebinding and long dwell times at pTyr-binding partners (66),
and cooperation between the p120RasGAP domains is thought
to impact signal transduction (7) with conformational changes
proposed to occur on dual engagement of the SH2 domains
with phosphotyrosine partners (44). However, the affinities of
SH2 domain interactions with their functional phospho-part-
ners is generally in the moderate 0.1-10 um range (56, 67),
allowing ready dissociation and thus preventing masking of the
pTyr site and prevention of signal transduction (68, 69). For
p120RasGAP, the combination of two tight SH2—pTyr interac-
tions may result in extremely long dwell times that are deleteri-
ous for signal transduction. It may be that the altered pTyr-
binding site in the C-terminal SH2 domain beneficially impacts
p120RasGAP’s signaling by tuning recruitment and retention
at pTyr partners and thus prevents masking (68, 69) of these
sites.
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Broader implications

Disruption of SH2—-pTyr interactions has theoretical clinical
potential to regulate diverse signal transduction pathways, and
consequently much work was conducted to achieve SH2 do-
main-specific inhibitors. Clinically useful selectivity has not,
however, been achieved in large part because of bioavailability
and the molecular similarities between SH2 domains (21).
Selective picomolar binders can be designed where SH2
domains diverge as demonstrated for Grb2, which has an un-
usual specificity pocket that recognizes Asn at residue pY + 2
(70-72). Although it remains an outside possibility, nonethe-
less, it is interesting to speculate that the unique nature of
p120RasGAP’s C-terminal SH2 domain may represent a novel
SH2-inhibitor target with the potential to beneficially alter
both Ras and Rho signaling.

SH2 domains have played an important role in influencing
our understanding of how cytosolic signaling occurs. Invariably
these domains bind phosphotyrosine partners with their FLVR
motif arginine residue acting as the linchpin of the interaction.
It is striking, therefore, that one of the first identified SH2 do-
main proteins should diverge from this paradigm. The func-
tional reasons for this divergence are currently unclear, but the
array of bidentate binding partners for p120RasGAP and altera-
tions in p120RasGAP’s RasGAP activity on binding to phos-
phorylated partner proteins may hint at an evolutionary
requirement to allow unmasking of the phosphotyrosine sites.
The discovery of the unique nature of the C-terminal SH2 do-
main and how to alter its phosphotyrosine binding may there-
fore provide guidance to resolving how p120RasGAP functions
mechanistically.

Materials and methods
Expression and purification p120RasGAP C-SH2 domain

¢DNA encoding the C-terminal SH2 domain of human
p120RasGAP (UniProt ID P20936; residues 340-444) was
amplified by PCR and ligated into a modified pET vector, which
includes an N-terminal Hiss tag and TEV protease recognition
site. Two native cysteine residues, Cys®’> and Cys***, were
mutated to serine by QuikChange mutagenesis (Agilent) to pre-
vent formation of intermolecular disulfide bonds. The follow-
ing point mutants were also generated by QuikChange muta-
genesis: K377A, K398A, K400A, and K398A/K400A. Protein
expression of WT and mutant C-SH2 was performed in Rosetta
(DE3) cells, which were cultured in 1 liter of Luria broth at
37 °Cto an Agpp of 0.6—0.8 and then cooled to 18 °C, and protein
expression was induced with 0.2 mwm isopropyl 3-p-thiogalacto-
pyranoside. The cells were harvested by centrifugation, resus-
pended in lysis buffer (50 mm HEPES, pH 7.3, and 500 mm
NaCl), and lysed by freeze-thaw cycles in the presence of lyso-
zyme followed by sonication. Total cellular lysate was clarified
by centrifugation at 5000 X g at 4°C and applied to nickel—-
nitrilotriacetic acid—agarose resin (Qiagen) for 1 h at 4°C to
capture Hisg-tagged protein. Beads with bound protein were
washed with 20 column volumes of wash buffer containing 50
mwm HEPES, pH 7.3, 500 mMm NaCl, 20 mMm imidazole. The Hisg
tag was proteolytically removed from the C-SH2 proteins “on
bead” overnight at 4 °C by the addition of TEV protease, which

J. Biol. Chem. (2020) 295(31) 10511-10521 10517


https://www.jbc.org/cgi/content/full/RA120.013976/DC1
https://www.jbc.org/cgi/content/full/RA120.013976/DC1

EDITORS' PICK: A novel mode of SH2-phosphotyrosine recognition

itself is also Hiss-tagged and captured by the nickel-nitrilotri-
acetic acid resin. The flow-through containing untagged C-
SH2 protein was collected and applied to size-exclusion chro-
matography (Superdex 75; GE Healthcare) in buffer containing
20 mm Tris, pH 7.4, 150 mm NaCl. Finally, C-SH2 proteins
were concentrated in a centrifugal filter with a molecular mass
cutoff of 3,000 Da (Amicon Ultra, Millipore Sigma). 1 liter of
Rosetta (DE3) cell culture resulted in a final purified protein
yield of ~20 mg for WT and up to 10 mg for mutant.

Peptide synthesis

A synthetic 7-amino acid peptide of sequence '“**DpYAE-
PMD'%? native to p190RhoGAP residues 1086—-1092 (UniProt
QINRY4) phosphorylated at Tyr'°®” and a 15-amino acid pep-
tide with sequence '**'GFDPSDpYAEPMDAVV'% corre-
sponding to residues 1081-1095 of p190RhoGAP (UniProt
QO9NRY4) with N-terminal acetylation and C-terminal ami-
dation were commercially synthesized (GenScript) and resus-
pended in sterile-filtered water.

Crystallization, data collection, structure determination, and
refinement

p120RasGAP C-SH2 WT protein was used in crystallization
trials at ~14 mg/ml. Initial crystal screening was conducted
with Index HT kit (Hampton Research) by a TTP Labtech Mos-
quito in sitting-drop vapor-diffusion trays at room tempera-
ture. Single crystals were obtained in Index HT position A3
containing 2.0 M ammonium sulfate, 0.1 m Bis-Tris, pH 6.5,
with a 1:1 (v:v) protein:reservoir solution ratio. Optimization of
this crystallization condition was achieved in hanging-drop
vapor-diffusion plates, with a reservoir buffer containing 2.3 m
ammonium sulfate, 0.1 M Bis-Tris, pH 6.5, and ratio of 1:1 (v:v)
protein:reservoir solution. Single crystals with approximate
dimensions 200 X 200 X 200 mm were harvested from the
drop, cryopreserved in reservoir solution supplemented with
20% ethylene glycol, and flash-cooled in liquid nitrogen. X-ray
data collection on a single crystal was performed at Northeast-
ern Collaborative Access Team Beamline 24-ID-C at Argonne
National Laboratory Advanced Photon Source. X-ray data
were processed and scaled in HKL2000 (73) in space group
P2,2,2, with the unit cell dimensions a = 52.5 A, b = 65.6 A,
c=71.6 A, a = B=v=90°to 1.50 A resolution. Matthews
probability predicted two copies of SH2 in the asymmetric
unit, and a molecular replacement solution confirmed the
prediction with copies of C-SH2 obtained by Phenix Phaser
(74) using the SH2 domain of SAP (PDB code 1D4T) (54) as
a search model, yielding the translational function Z score
of 12.7. Model building was performed in Phenix Autobuild
(75), which successfully built 196 residues and correctly
placed 192 in sequence (residues 344—442 of copy A and
350-442 of copy B). Manual model building was performed
in Coot (76) and refinement in Phenix (77). Two sulfate ions
(from the crystallization drop) and six ethylene glycol mole-
cules (from the cryopreservative solution) were also mod-
eled into density. Final refinement statistics are Ry =
17.9% and Rree = 19.7%.
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For co-crystallization with the 7-amino acid p190RhoGAP
pTyr'®” phosphopeptide, C-SH2 protein at 800 pm (10 mg/ml)
was premixed with phosphopeptide concentrations ranging
from 4 to 8 mm. Initial crystallization screens were performed
with Index HT and SaltRx HT screens (Hampton Research) on
a TTP Labtech Mosquito into sitting drops. Optimized co-crys-
tals were obtained with reservoir solution containing 1.2 M so-
dium citrate tribasic dihydrate, 0.1 m Tris, pH 8.5. Single crys-
tals were cryopreserved in reservoir buffer supplemented with
0.5 M sodium malonate, pH 7.0, before being flash-cooled in lig-
uid nitrogen. X-ray data collection on a single crystal was per-
formed at Northeastern Collaborative Access Team Beamline
24-ID-C at Argonne National Laboratory Advanced Photon
Source. X-ray data were processed in HKL2000 (73) in space
group C222; with unit cell dimensions @ = 63.1 A, b = 83.9 A,
c=542A, a=B=v=90 to 150 A resolution and one copy
per asymmetric unit. For structure solution, an all-alanine
model derived from the NMR structure of p120RasGAP C-SH2
(PDB code 2GSB), truncated to residues 345-442 and B factors
set to 20, was used as a search model for molecular replace-
ment. Molecular replacement was performed by Phaser (74),
which found a single solution for one copy of C-SH2 with a
TFZ score of 10.6. Autobuilding was performed in Phenix
(75), which removed model bias and successfully built and
placed 100 residues (residues 342—442). Autobuilding also
resulted in the building of five residues of the phosphopep-
tide, corresponding to pl90RhoGAP residues 1087-1091.
Manual model building was performed in Coot (76) and
refinement in Phenix (77), yielding final R, = 16.5% and
Riree = 19.0%.

Isothermal titration calorimetry

Both C-SH2 WT and mutant proteins and pTyr phos-
phopeptide (15 amino acids) were prepared for ITC by over-
night dialysis in a common buffer with a 20 mm Tris, pH 7.4,
150 mm NaCl composition. Slide-A-Lyzer dialysis cassettes
were used with a molecular mass cutoff of 3,500 Da were used
for protein dialysis, and Micro Float-A-Lyzer dialysis devices
with a 100-500-Da cutoff were used for peptide dialysis. The
samples were retrieved from their cartridges and spun down
for 10 min at 4 °C. The concentrations were measured by Nano-
drop (Thermo Fisher). To determine peptide concentration, a
phosphotyrosine extinction coefficient of 458.6 M~ * cm ™' at
pH 7.4 was used (78). For ITC, a Nano-ITC (TA Instruments)
was used. 350 ul of protein were injected into the sample cell.
Both protein and peptide were degassed for 3 min prior to load-
ing. The sample cell contents were stirred at 350 rpm at 25°C
to achieve continuous mixing. The results were analyzed using
Nano-ITC Analyze software.
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Evolutionary analysis

p120RasGAP sequences were identified using NCBI BLAST
and searches of the FlyBase (79), WormBase (80), and Myco-
Cosm databases (81). Sequences were aligned using the
MAFFT (82) server and visualized using JalView (83).

SASBMB



EDITORS' PICK: A novel mode of SH2-phosphotyrosine recognition

Data availability

The coordinates and structure factors have been deposited in
the Protein Data Bank under accession codes 6WAX and
6WAY. X-ray diffraction images are available online at SBGrid
Data Bank (83): doi: 10.15785/SBGRID/774 (6WAX) and doi:
10.15785/SBGRID/775 (6 WAY).
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