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Abstract

Cellular functions require specific protein-protein interactions that are often mediated by modular
domains that use binding pockets to engage particular sequence motifs in their partners. Yet, how
different members of a domain family select for distinct sequence motifs is not fully understood.
The human genome encodes 120 Src homology 2 (SH2) domains (in 110 proteins), which mediate
protein-protein interactions by binding to proteins with diverse phosphotyrosine (pTyr)-containing
sequences. The structure of the SH2 domain of BRDG1 bound to a peptide revealed a binding
pocket that was blocked by a loop residue in most other SH2 domains. Analysis of 63 SH2 domain
structures suggested that the SH2 domains contain three binding pockets, which exhibit selectivity
for the three positions after the pTyr in a peptide, and that SH2 domain loops defined the
accessibility and shape of these pockets. Despite sequence variability in the loops, we identified
conserved structural features in the loops of SH2 domains responsible for controlling access to
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these surface pockets. We engineered new loops in an SH2 domain that altered specificity as
predicted. Thus, selective blockage of binding subsites or pockets by surface loops provides a
molecular basis by which the diverse modes of ligand recognition by the SH2 domain may have
evolved and provides a framework for engineering SH2 domains and designing SH2-specific

inhibitors.

INTRODUCTION

To carry out their functions, proteins interact with many other molecules in the cell, such as
metabolites, lipids, metals, nucleic acids, and other proteins. Elucidating the rules that drive
selective interactions is fundamental to understanding cellular function. One of the central
concepts in how proteins interact specifically is through the formation of deep binding
pockets on the surfaces of proteins that have specific distributions of charge, polarity, and
hydrophobicity (1), and there is evidence that these binding pockets have evolved for
specific ligands (2). However, the presence of surface binding pockets is insufficient to
explain the observed specificity for many protein interactions, because the binding pockets
of a particular type tend to be highly conserved in primary sequence and structure, yet may
exhibit substantial diversity and specificity in binding to sequences on interacting proteins.
For instance, a human cell may contain as many as 120 SH2 domains distributed in proteins
that perform a diverse array of cellular functions (3, 4). Because every SH2 domain is
distinct in specificity and function, this raises the intriguing question as to how the same
architectural framework afforded by the SH2 fold encodes such a wide spectrum of
specificity.

Through the investigation of the SH2 domain family, we have uncovered another tenet that
contributes to the specificity of SH2 domains and may be relevant to other modules. In
different SH2 domain family members, the loops that connect secondary-structure elements
appear to play a pivotal role in defining access to the binding pockets that are integral to all
SH2 domains. Through variations in loop sequence and conformation, a binding pocket on
an SH2 domain can be either plugged (inaccessible) or open (accessible) for ligand
recognition. Thus, loops are used in a combinatorial manner to define the binding pockets
and specificity of different SH2 domain family members.

The SH2 domain, first described as a conserved noncatalytic region in the Src family of
cytoplasmic kinases (5), serves as a prototypical example of modular interaction domains. It
is the largest family of phosphotyrosine- binding modules (4, 5). All SH2 domains comprise
~100 amino acids and share the same fold, which is characterized by a central seven-
stranded b sheet flanked by two a helices (6-8) (fig. S1A). SH2 domains, in general, bind
only to protein sequences containing phosphorylated tyrosine residues (pTyr) (9, 10). Each
member, however, has a distinct preference for residues C-terminal to the pTyr. How such
specificity is conferred by the sequence and structure of the SH2 domain has been a topic of
intensive investigation (10-17).

Previously, we determined the specificity of approximately two-thirds of the human SH2
domains with the Oriented Peptide Array Library (OPAL) approach (18, 19), which allowed
us to identify various sequence motifs that are recognized by different SH2 domains (Table
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1). We found that, in general, SH2 domains recognize three distinct types of peptide ligands.
Many SH2 domains (groups IA, IB, lIA, and 11B) exhibit specificity for a hydrophaobic
residue at P+3 (that is, the third residue C-terminal to the pTyr) (10, 18). A group of 20 SH2
domains (group IC) prefer an Asn residue at P+2 (18). Group 1IC SH2 domains prefer a
hydrophobic residue at P+4. Other studies have identified preferences for the P-2 (20) and P
+5 positions (21), but most SH2 domains have been reported to exhibit preferences for a
specific residue at the P+2, P+3, or P+4 position.

Most work has focused on interpreting specificity in the context of binding pockets. The
highly conserved phosphotyrosine-binding pocket of an SH2 domain is formed by several
positively charged residues, including a conserved Arg residue (Arg’® in the v-Src SH2
domain) (8) that sits at the bottom of the pocket and engages the pTyr residue by
electrostatic interactions with the phosphate moiety of the latter (fig.S1). The remaining
binding surface on different SH2 domains is more variable. The groups IA, 1B, 1A, and 11B
generally contain another pocket for binding a hydrophobic P+3 residue (18, 22-26). This P
+3 binding pocket is defined by a hydrophobic cavity molded by the EF and BG loops (27,
28) (fig. S1B). A few complex structures are available for the group IC SH2 domains that
prefer an Asn at P+2 (18). The structure of the Grb2 SH2 domain in complex with
physiological peptides revealed the molecular basis of its unique specificity (29, 30). The P
+3 binding pocket in the Grb2 SH2 domain is occupied by a bulky Trp residue from the EF
loop that connects B strands E and F. This EF1-Trp residue [where EF1 denotes the first
residue of the EF loop; nomenclature defined by Eck et al. (28) is used throughout the paper]
also forces the ligand peptide to adopt a B turn conformation (fig. S1C). Besides the pTyr-
mediated interactions, the Grb2 SH2—peptide complex is stabilized by a network of
hydrogen bonds between the Asn at the P+2 position of the peptide and residues pD6 and
BE4 of the SH2 domain (29).

In contrast to the P+2 binding subsite and the P+3 binding pocket that are well defined, little
is known about the putative P+4 binding pocket. Specific binding to peptides that contain a
hydrophobic residue at P+4, in particular Leu and lle, was observed for the BRDG1 SH2
domain in an OPAL screen (18). BRDG1, which was identified as a protein phosphorylated
by the kinase Tec, is present in B cells and involved in B cell antigen receptor signaling (31,
32). The same protein was also identified from a cell population enriched in hematopoietic
stem cells and was alternatively named stem cell adaptor protein-1 (STAP-1) (33). The
BRDG1 SH2 domain was predicted by the online prediction program SMALI (34) and
subsequently confirmed by pull-down assays to bind the non—T cell activation linker, or
NTAL, which contains a bona fide SH2 domain target sequence ANSpY136ENVLIC (18).

Here, we propose that the concept of loop-controlled access to binding pockets, which
emerged from the study of the molecular basis of the P+4 selectivity of the BRDG1 SH2
domain, may account for the specificity of the SH2 domain family. We solved the structure
of this SH2 domain in a complex with a phosphopeptide representing the NTAL Tyr136 site
and found that the BRDG1 SH2 domain features a defined hydrophobic pocket suited for
accommodating the side chain of a Leu or an lle residue. This pocket, which resembles a
pentagon basket, is formed by five hydrophobic residues. Through structure-based sequence
alignment, we found that these hydrophobic residues are conserved in all SH2 domain
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classes regardless of their specificity. Except for the SH2 domains in BRDG1, BKS, and Cbl
and the STAT (signal transducers and activators of transcription) family SH2 domains, the
corresponding pentagon basket in other SH2 domains is occupied by a Leu or lle residue in
the BG loop through an intramolecular interaction.

Because the P+4 binding pocket was present in all SH2 domains but blocked by the BG
loop, we performed a systematic analysis of SH2 domain sequence and structure. Analysis
of the structural features of the P+2, P+3, and P+4 binding subsites or pockets in different
SH2 domains showed that the accessibility and shape of these pockets are modulated by the
configuration of the EF and BG loops. By experimentally changing the composition or
length, or both, of these loops, we converted the selectivity of the BRDG1 SH2 domain from
favoring a P+4 Leu or lle to a P+3 Trp residue and created a mutant of the Fyn SH2 domain
that acquired P+4 selectivity. Our work provides insight into the evolution of the SH2
domain and indicates that, in addition to binding pockets, loop plugs are key elements that
dictate the specificity of an SH2 domain.

Characterization of the ligand-binding specificity of the BRDG1 SH2 domain

We showed previously that the BRDG1 SH2 domain bound to a peptide derived from NTAL
in a phosphorylation-dependent manner and selected for a Leu or lle residue at the P+4
position relative to the pTyr residue (18). To confirm that this interaction occurred with the
full-length NTAL, we expressed FLAG-tagged NTAL in human embryonic kidney (HEK)
293T cells and used glutathione-S-transferase (GST) fused to the BRDG1 SH2 domain
(GST-BRDG1 SH2) to isolate it from cell lysates. The GST-BRDG1 SH2 domain, but not
GST alone, precipitated FLAG-NTAL in a phosphorylation-dependent manner (Fig. 1A).
Coexpression of the BRDG1 SH2 domain fused to green fluorescent protein (GFP) and full-
length FLAG-tagged NTAL in cells followed by coimmunoprecipitation confirmed this
phosphorylation-dependent interaction (Fig. 1B). To ascertain that the interaction occurs in
vivo with endogenous proteins, we stimulated human BJAB cells with a specific
immunoglobulin G (IgG) F(ab”), fragment to activate B cell receptor signaling and, thereby,
promote NTAL tyrosine phosphorylation. Then, we coimmunoprecipitated the cell lysates
with an antibody against NTAL and blotted for the presence of BRDG1 (Fig. 1C). The
interaction between the two proteins was greatest in cells treated with F(ab’),.

Because NTAL contains multiple Tyr residues in its cytoplasmic domain (35), we
investigated whether Tyr138 was the main site mediating BRDG1 SH2 domain binding by
evaluating the interaction between the BRDG1 SH2 domain and NTAL with point
mutations. When we generated HEK293T cells expressing a Tyr136 to Phe (Y136F) NTAL
mutant, Y136F NTAL exhibited reduced phosphorylation and binding to the BRDG1 SH2
domain under pervanadate treatment (Fig. 1D). To define the specificity of the BRDG1 SH2
domain, we synthesized a permutation phosphopeptide array (36) on the basis of the NTAL
peptide sequence (NSpY138ENVLICK) and probed the array with purified GST-BRDG1
SH2 domain (Fig. 1E). This experiment confirmed the unique selection for a Leu or an lle
residue at position P+4 by the BRDG1 SH2 domain. Using a series of Ala- scanning
peptides and fluorescence polarization analysis of the peptide-SH2 complexes, we
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determined that Leu+4 is the only residue in the NTAL peptide that, when replaced by an
Ala, caused a 12-fold reduction in affinity for the BRDG1 SH2 domain relative to that of the
wild-type NTAL peptide (Fig. 1F).

Structure of the BRDG1 SH2 domain in complex with a peptide representing the NTAL

binding site

To understand the molecular basis of this P+4 specificity, we determined the crystal structure
of the BRDG1 SH2 domain in complex with the NTAL pTyr36 peptide at 1.9 A resolution
(table S1). We replaced Cys!42 in the wild-type peptide sequence (P+6) with an Ala to
eliminate potential complications from disulfide-bond formation. The resulting peptide,
ANSpY6ENVLIAK  retained affinity for the BRDG1 SH2 domain (Fig. 1E). The BRDG1
SH2 domain assumed the same overall structure found in a typical SH2 domain, featuring a
seven-stranded b sheet sandwiched between two a helices (Fig. 2A and fig. S2).

The electron density of the NTAL peptide was unambiguously assigned for residues pTyr
through the Lys at P+7. In contrast, less definitive electron density was observed for residues
N-terminal to the pTyr, suggesting they are not involved in binding. The pTyr side chain sits
in a positively charged pocket formed by Arg84 (aA2), Arg2%3 (BB5), Ser?12 (C3), and
Lys228 (BD6) and makes electrostatic interactions (through its phosphate moiety) and van
der Waals contacts (through its aromatic moiety) with the pocket-forming residues (Fig. 2B
and fig. S3). The backbone amide nitrogen and carbonyl oxygen atoms of Glu at P+1 of the
peptide form a hydrogen bond network with the carbonyl oxygen atoms of His226 (BD4) and
Glu239 (EF1), the backbone amide nitrogen atom of Lys228 (BD6) in the SH2 domain, and a
water molecule (fig. S4). This mode of P+1 backbone interactions is similar to that found in
other SH2 domains that have P+3 selectivity (37). The same set of atoms is deployed for
binding the side chain amide of Asn at P+2 of the peptide in the Grb2-ligand complex (fig.
S4). It should be noted that the side chains of Glu at P+1, Asn at P+2, Val at P+3, and lle at
P+5 of the peptide point toward solvent (Fig. 2C), and make substantially less contact with
the SH2 domain than Leu at P+4 (fig. S3). Overall, the BRDG1 SH2 domain binds to the
NTAL peptide in a previously unknown two-pronged mode (through pTyr and Leu at P+4)
with little contribution from Val+3 (fig. S3).

The P+4 binding pocket of the BRDG1 SH2 domain

A different feature of the complex, compared to that of a typical SH2 domain, is the
selective recognition of Leu P+4 (Fig. 1F). This residue is sequestered in a defined
hydrophobic pocket on the BRDG1 SH2 domain (Fig. 2, C and D). The pocket is molded by
seven hydrophobic residues, including 11621, Tyr227 [1e238, Tyr255 and Phe?%6 from b
strands C, D, and E and a helix B, respectively, Leu?40 from the EF loop and Leu254 that
anchors the BG loop to the core of the SH2 domain (38). Two hydrophilic residues, namely
Glu259 and Thr260, which belong to helix af but interface with the BG loop, embrace the
pocket from one side. The spatial arrangement of the hydrophobic residues is such that a
nearly perfect pentagon is formed by the side chains of residues Hle15, Tyr227 11238, Tyr255,
and Leu254 (Fig. 2D). Moreover, Phe256 sits at the bottom of the pentagon to complete a
hydrophobic basket, whereas Leu?40 overlays on top of 11e238 (Fig. 2D). This gives rise to a
deep hydrophobic pocket ideally suited for the accommodation of the aliphatic side chain of
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a Leu, an lle, or a Val residue (Fig. 2C). The structure also provides a molecular mechanism
for the lack of P+3 selectivity of the BRDG1 SH2 domain. Peptide permutation array
binding suggested that all residues, except Gly, Pro, and Trp, may be tolerated at the P+3
position of the NTAL peptide (Fig. 1E). This may be explained by the specific location of
the Leu?40 (EF2) residue, which occupies the P+3 binding pocket in the BRDG1 SH2
domain, making it no longer accessible for ligand binding (Fig. 2C). This key observation
suggests that a loop residue in an SH2 domain may function as a “self” -ligand to modulate
accessibility of the binding surface and, thereby, specificity of the SH2 domain.

Binding assays with a group of peptides containing different hydrophobic residues at the P
+4 position showed that Leu, lle, or Val were most favored, followed by Phe, Met, and Trp.
The polar Tyr and smaller Ala residues were less favored (table S2A). This specificity
profile is in agreement with the structural feature of the P+4 binding pocket. The complex
structure also explains why the BRDG1 SH2 domain distinctively recognizes a P+4 instead
of a P+3 residue, which is preferred by many other SH2 domains (11, 18). Because of the
trans configuration of the peptide bond, the side chains of P+3 and P+4 are pointed in
opposite directions, making it energetically unfavorable for an SH2 domain to
simultaneously engage both P+3 and P+4 residues without incurring steric hindrance to the
peptide ligand or requiring drastic modification of the binding pockets. Consistent with this
configuration, residue Val at P+3 of the NTAL peptide points toward the solvent in the
BRDG1 SH2 domain—peptide complex structure (Fig. 2C) and makes minimal contact with
the SH2 domain (fig. S3).

The EF and BG loops in conferring P+4 selectivity of group IIC SH2 domains

To determine if binding selectivity for P+4 is conserved in other group 11C SH2 domains
(Table 1), we compared the structure of the BRDG1 SH2 domain to that of the BKS SH2
domain, which shares 38% sequence identity with the BRDG1 SH2 domain. We predicted
that the BKS SH2 domain also contained a potential P+4 binding pocket because residues
corresponding to the P+4 binding pocket of the BRDG1 SH2 domain were arranged in a
pentagonal configuration (Fig. 2E). Similar to the BRDG1 SH2 domain, we found that the
canonical P+3 binding pocket in the BKS SH2 domain was occupied by a Val residue from
the EF loop (EF2), implying that these two domains have similar specificities. Because a
peptide-SH2 domain complex structure is currently unavailable for the BKS SH2 domain,
we examined this assumption with peptide-binding experiments. The NTAL-pTyr136, STS-1-
pTyr®46, and CD22-pTyr897 peptides, which displayed high affinities for the BRDG1 SH2
domain, also bound strongly to the BKS SH2 domain (table S2B). Similar to the BRDG1
SH2 domain, the BKS SH2 domain preferred large, aliphatic residues, such as lle and Leu,
over smaller, such as Ala and Gly, or hydrophilic, such as Ser, residues at the P+4 position.

The Cbl SH2 domain, which is embedded in a larger TKB domain (39), recognizes peptides
bearing a Pro at P+4 (40). We found that the P+4 binding pocket on Cbl SH2 was not a
regular pentagon basket (Fig. 2F). Whereas residues Tyr307 and Phe336 made a hydrophobic
edge on one side of a pentagon, the other side was missing. Residue Phe336 from the BG
loop filled in at one node of the pentagon, whereas residue Tyr337, also from the BG loop,
lined the bottom of the half pentagon to complete a shallow hydrophobic groove. This
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composition and shape of the P+4 binding pocket explained why the Cbl SH2 domain favors
a Pro over a Leu or an lle residue (Fig. 2F). The Cbl SH2 domain lacks the entire BE-loop-
BF fragment that is found in a typical SH2 domain and necessary for the formation of a P+3
binding pocket (39). Together, these analyses uncovered the molecular basis underlying the
specificity of the group 11C SH2 domain (18) that commonly recognizes a hydrophobic
residue at P+4. We identified a critical role for the EF and BG loops in modifying the
characteristics of both the P+3 and P+4 binding pockets and, thereby, defining the specificity
of a class of SH2 domains.

EF and BG loop configuration in dictating SH2 domain specificity

In general, SH2 domains are categorized into three groups that have specificity for a residue
at the P+2, P+3, or P+4 positions. How does the SH2 domain fold afford such specificities?
A comparison of the structures of representative members of the three groups led to the
observation that the configuration of the EF and BG loops plays a critical role in modifying
the ligand-binding surface, as well as the structure and orientation of the bound peptide. We
found that in peptide—SH2 domain complex structures of the Grb2, NCK2, and BRDG1 SH2
domains, which represent, respectively, specificity toward P+2, P+3, and P+4, the EF and
BG loops adopted different configurations (Fig. 3A). In the Grb2-peptide complex, the EF
and BG loops of the SH2 domain assumed a “closed” configuration such that the two loops
interface with each other to render both the P+3 and the P+4 binding pockets completely
inaccessible. This configuration, in particular the resulting blockage of the P+3 binding
pocket by a bulky Trp residue, also forced the peptide backbone to reverse in a 8 turn, which
was mediated by an Asn at P+2, to avoid steric clash. In the NCK2 SH2 domain-peptide
complex, which represented an “EF loop open” configuration, the EF loop was positioned
away from the BG loop to expose the P+3 binding pocket. The peptide bound in an extended
conformation with the side chain of the peptide’s P+3 Val inserted into the P+3 binding
pocket. In the case of the BRDG1 SH2 domain, which represents a “BG loop open”
configuration, the BG loop was positioned away from the hydrophobic, P+4 binding pocket
to expose this pocket, and at the same time, the EF loop, in particular residue Leu240, covers
the P+3 binding pocket to confer selectivity for a P+4 residue. The EF loop also forces the
peptide to bend at the P+2 and P+3 positions as a result of steric hindrance. Because the
phosphotyrosine-binding pocket is almost identical in all three complexes, we concluded
that the configuration of the EF and BG loops and the different mechanism of pocket
blockage created the specificity and the distinct modes of ligand recognition by the three
classes of SH2 domains.

Plugging a conserved P+4 binding pocket with a BG loop residue

Because selective pocket blockage appeared to be a mechanism to impart SH2 domain
binding specificity, we characterized the role of the BG loop as a potential specificity
determinant for the entire SH2 domain family. To date, the structures of 63 unique SH2
domains (of which 62 are derived from mammalian species; only Spt6 is from yeast) have
been solved (Table 1). Structure-based sequence alignment of these SH2 domains
demonstrated that residues lining the P+4 binding pocket in the BRDG1 SH2 domain were
highly conserved (fig. S5). Indeed, the five hydrophobic residues equivalent to those found
at the P+4 binding pocket of the BRDG1 SH2 domain formed a pentagon basket in almost
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all SH2 domains with known structure. With the exception of the group I1C, group I1l, and
the SOCS family in the group 1A SH2 domains (Table 1), this potential P+4 binding pocket
is plugged by an lle, a Leu, or a Val residue from the BG loop through an intramolecular
interaction.

What is the structural basis for blockage of the P+4 binding pocket by the BG loop?
Analysis of structures of the Grb2 SH2 domain—peptide and the NCK2 SH2 domain—peptide
complexes revealed that the same mechanism underlying the specific recognition of a Leu at
the P+4 residue by the BRDG1 SH2 domain was used by the other two SH2 domains to
control access to the P+4 binding pocket (Fig. 3B). Specifically, the pocket on the Grb2 SH2
domain is occupied by a Val residue; whereas the one on the NCK2 SH2 domain is blocked
by an lle residue, both from the corresponding BG loops, through intramolecular
interactions. Besides the NCK2 (group 1A) and Grb2 (group IC) SH2 domains, we also
examined representative members of other subgroups of SH2 domains (Table 1), including
those from SAP (also known as SH2D1A, belonging to group IB), phosphatidylinositol 3-
kinase (PI3K) p85a subunit C-terminus (p85a_C) (group I1A), and SH2B (group 1I1B), and
found that they all contained a “hidden” pentagon pocket composed of five hydrophobic
residues, and this pocket was invariably plugged by a Val, a Leu, or an lle residue from the
BG loop (Fig. 3C).

From this comparative analysis, we asked why the P+4 binding pocket in the BRDG1 SH2
domain was left open. Inspection of the BG loop sequence, Thr260-Arg-Gly-Asn, in the
BRDG1 SH2 domain, revealed that it lacks a hydrophobic residue required for filling the
hydrophobic, pentagon basket. Despite the striking similarity of the pentagon baskets in all
SH2 domains, the BRDG1 P+4 binding pocket contained some unique features. Whereas the
a.B9 residue occupied a node in the pentagon in an SH2 domain with P+2 or P+3 selectivity,
the corresponding residue PheZ%8 in BRDG1 was flipped to the bottom of the pentagon to
underpin the hydrophobic pocket. This side chain flip was accompanied by relocation of the
preceding residue, aB8 (Tyr2%%), to the node position occupied by the aB9 residue in SH2
domains that are not P+4 selective (Fig. 3D). Another unique feature of the BRDG1 SH2
was the rearrangement of EF2 Leu240 to the rim of the pentagon basket, which not only
contributed to the formation of a deep hydrophobic pocket for a P+4 residue, but also
blocked the P+3 hydrophobic pocket used by other SH2 domains to confer selectivity for a P
+3 residue (Fig. 3D). Therefore, we conclude that residue selectivity in SH2 ligands at the P
+3 and P+4 positions is driven by loop residues that play important roles in not only
shaping, but also governing accessibility of binding pockets through intramolecular loop
interactions.

BG loop signatures in the SH2 domain family

We investigated whether intramolecular pocket plugging by loops is a general mechanism
governing SH2 domain specificity. Because loops are highly variable in length and
composition, which makes it difficult to identify conserved features on the basis of sequence
alignment alone, we performed structure-guided sequence alignment for the 63
nonredundant SH2 domains (including the BRDG1 SH2 domain) for which the structures
have been solved by either x-ray crystallography or nuclear magnetic resonance (NMR)
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spectroscopy (Table 1). This represents more than half of all SH2 domains found in humans,
which has a total of 120 SH2 domains (4). We aligned the 63 SH2 domains according to
their a carbon coordinates (fig. S5), which allowed us to identify conserved features, as well
as unambiguously assign boundaries of the BG loop.

Whereas nearly all SH2 domains have the same overall fold, diversity exists among the EF
and BG loops, which shape the ligand-binding surface and control access to the P+3 and P
+4 binding pockets. To better characterize the BG loop, we extracted the BG loop sequences
from the structure-based alignment and realigned them after eliminating sequence gaps (Fig.
4A). This analysis led to the identification of distinct BG loop groups differing in plugging
mechanism and structural motif. We found that, in general, BG loops could be categorized
into two major groups—one without a plug (or Plug~) and the other with a plug (or Plug*) to
block the P+4 binding pocket. Some SH2 domains do not fit easily into this categorization.
For example, because the BG loops in the Tec family SH2s are irregular, they are in a
separate group. Additionally, the BMX and TXK SH2 domains constitute a separate group
having a BG5 plug.

The Plug™ group includes SH2 domains from the group 11C and the group 111 SH2 domains,
some members of the SOCS family, and the Tec family kinase BTK (Fig. 4A). We further
divided the Plug* group into two subgroups according to the location of the plug residue
(Fig. 4A). The BG4 plug group, exemplified by the SH2 domains of the Src kinase family,
contained a Leu or an lle residue at the fourth position of the loop. The BG2 plug group, in
contrast, had the pentagon plug located at the second residue of the BG loop. Both Leu and
Ile are strongly favored as plug residues, reminiscent of the P+4 specificity of the BRDG1
SH2 domain. Besides a conserved plug residue and a Leu anchor (38), a BG4 plug BG loop
usually contained a Gly residue located at either the BG3 or the BG2 position. The only
exception was the Brk (PTK6) SH2 domain that uniquely uses a His instead of a Leu as the
plug (41). The presence of a Gly facilitated the formation of a 8 turn (42) such that the BG4
Leu or lle side chain was positioned at the center of the hydrophobic pentagon basket (Fig.
4B). A Gly may be located at either the BG3, as in the Src SH2 domain, or the BG2
position, as in the Grb10 SH2 domain (Fig. 4B). SH2 domains with a BG4 plug contain a
Tyr or Phe at BD5 (fig. S5), which is a residue that is important for ligand recognition by
some SH2 domains (27, 28, 43). Some members of the BG4 plug group, including the SH2
domains of Grb7, Grb10, and Grb14, were also noted as having a P+3-blocking residue
located next to the BG4 plug. Consequently, these SH2 domains exhibit P+2 selectivity.

Compared to a BG4 plug residue, which requires a B turn structural scaffold to position it at
the P+4 binding pocket, a BG2 plug residue was positioned at the center of the pentagon
basket and was therefore ideally situated for pocket blockage (Fig. 4C). The C-terminal
fragments in the BG loops of the BG2 plug group, however, may adopt a 8 turn (for
example, in the Alx, Gads, SHC1, or SH2B SH2 domains), a 31 helix (for example, in the
PI3K p85a_N, p85a_C, or Vavl SH2 domains), or a p hairpin (for example, in the NCK1,
NCK2, SHP1_N, or SHP2_N SH2 domains) (Fig. 4, A and C). Overlay of the BG2- and
BG4 plug structures revealed that both plug residues occupy the same position despite the
different scaffolds that are used to orient them and stabilize the loop. The various sequence
and structural motifs found in BG plugs are summarized in Fig. 4D.
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Exceptions to the BG2- and BG4 plug rules were observed in a few SH2 domains, including
those from the Tec and SOCS families (Fig. 4A). The SH2 domains of the Tec family kinase
feature unique BG loops and form a separate subgroup. In particular, the BMX and TXK
SH2 domains use a BG5 residue to plug the corresponding P+4 binding pocket (Fig. 4A).
The SOCS4 SH2 domain features a BG6 (Pro) plug, whereas the SOCS6 SH2 domain uses a
BG3 (Phe) plug. No apparent plug was detected in the STAT family of SH2 domains.
Moreover, the SH2 domains of Spt6, APS, and chimaerins were excluded from this analysis
because they lack a BG loop (Fig. 4A).

It is apparent from these analyses that blocking of a binding pocket by a surface loop is not a
random event in an SH2 domain, but rather, it follows exquisite principles. Because pocket-
plugging plays such an important role in defining the specificity of an SH2 domain, a
number of effective ways have been evolved to accomplish this task. Thus, although BG
loops are highly variable in sequence and structure, they contain conserved motifs and
assume defined secondary structures to ensure effective plugging of the P+4 binding pocket.

EF and BG loop residues in defining the specificity of the P+2 position

Because we found that loops were major determinants for the P+3 and P+4 selectivity, we
examined the role of loops in conferring P+2 selectivity. The group IC SH2 domains
commonly select an Asn at the P+2 position (Table 1). Analysis of the available structures
for 10 SH2 domains in this group revealed that in addition to a plugged P+4 binding pocket
by a BG loop residue, nine of them also have their P+3 binding pocket blocked by residues
from the BG or EF loops. The P+3 binding pocket is a hydrophobic cavity located between
the EF and BG loops, and depending on the SH2 domain, it may take different sizes and
shapes and thereby afford different specificity for a P+3 residue (12, 13) (Fig. 5A). This
configuration also necessitates proper coordination of EF and BG loop residues to provide
an open P+3 binding pocket. In a group IC SH2 domain, P+2 specificity was enabled by
blocking the P+3 binding pocket with either an intramolecular interaction or through steric
hindrance involving residues from either or both of the EF and the BG loops (Fig. 5, B and
C).

The Grb2 SH2 domain may serve as a prototypical example of P+2 selectivity for Asn. Its P
+3 binding pocket is blocked by a bulky Trp residue from the EF loop (EF1), which forces
the peptide ligand to adopt a type | B turn conformation (30). The same mechanism is used
by the Gads SH2 domain of the Grb2, Gads, and Grap family (44) (Fig. 5B). The selection
of an Asn at P+2 and the formation of a B turn structure are intimately coupled. Asparagine
is one of the most favored amino acids to occur in a type | § turn structure (42). When Asn is
located at the P+2 position C-terminal to pTyr in a p turn conformation, its side chain amide
atoms are poised to form hydrogen bonds with the backbone nitrogen and oxygen atoms of
residue pD6, which are exposed on the surface of the SH2 domain (fig. S4, left) (29, 45).

A Trp at EF1 that acted as a blocker was not the only way to render the P+3 binding pocket
inaccessible for ligand binding. The Grb7 and Alx (also called HSH2D) SH2 domains
feature EF loops that lack an aromatic residue, yet the corresponding P+3 binding pockets
were blocked (Fig. 5B). The Grb7 SH2 domain has two known conformations, one of which,
solved by NMR [Protein Data Bank (PDB) ID 1MW4], is a complex with an Asn at P+2—
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containing peptide (denoted herein as conformation 1) (46). In this conformation, the peptide
ligand was forced to make a p turn because the P+3 binding pocket was blocked by an
extended EF loop (Fig. 5B). In the case of the Alx SH2 domain, the side chain of residue
EF3 Glu occupies its P+3 binding pocket. The precise placement of this residue at the
binding site is aided by the unique structure and configuration of the EF and BG loops. Both
loops adopted a B turn conformation stabilized by intraloop hydrogen bonds and were
interfaced with each other through interloop hydrogen bonding (Fig. 5B).

As exemplified by the Grb7 family (Grb7, Grb10, and Grb14) SH2 domains, steric
hindrance by the BG loop can also impede access to the P+3 binding pocket. In the
homodimeric crystal structures reported for all three SH2 domains of this family, a
hydrophobic lle or Val residue at BG3 plugged the corresponding P+3 binding pocket (Fig.
5C) (47-49). Comparison of this conformation, denoted here as conformation Il, with
conformation | suggested that the P+3 binding pocket in the Grb7 SH2 domain may be
blocked from either side by the EF or BG loop, implying considerable dynamics in the
loops. Although the mechanism underlying the multiple conformations for the Grb7 SH2
domain is not completely understood, the two modes by which the P+3 binding pocket may
be blocked are apparently associated, respectively, with ligand binding and
homodimerization (49, 50).

The SH3BP2, Fes, and BMX SH2 domains are other examples in which the P+3 binding
pocket was blocked by a BG loop (Fig. 5C). Whereas a BG3 residue occupied the P+3
binding pocket in the SH3BP2 or Fes SH2 domain, a BG4 Met residue blocked the
corresponding pocket in the BMX SH2 domain (Fig. 5C). For the 10 SH2 domains of group
IC with known structures, the Csk SH2 domain (51) was the only one that contains an open
P+3 binding pocket. In the crystal structure, this pocket is occupied by a Val residue from a
neighboring molecule as a result of crystal packing (51). In summary, except for the Csk
SH2 domain, all group 1IC SH2 domains listed in Table 1 featured a blocked P+3 binding
pocket, suggesting a strong correlation between specificity for Asn at P+2 and blockage of
the P+3 binding pocket. Although the Csk SH2 domain displays P+2 selectivity in a
previous peptide library screening study, its open P+3 binding pocket suggests that Asn at P
+2 may not be a mandatory requirement for this SH2 domain (10, 16, 18). Despite the lack
of structural information for most SH2 domains of group IC in complex with their cognate
ligands, we think it is reasonable to assume that the peptide ligands adopt a p turn
conformation because of steric hindrance imposed by EF loop residues, BG loop residues, or
some combination of residues from both loops.

Specificity for other ligand positions

Whereas most SH2 domains exhibit specificity for a P+2, P+3, or P+4 residue, selective
binding to other positions is observed for a few SH2 domains. Because of steric constraints
imposed by pTyr binding, the side chain of the P+1 residue is pointed toward the solvent
and, therefore, does not contribute significantly to specificity. However, the backbone amide
of P+1 forms hydrogen bonds with the SH2 domain or water, thereby contributing binding
energy (52) (fig. S4). Binding selectivity for residues beyond the P+4 position has been
observed for the SOCS3, C-terminal SH2 domain in phospholipase C—y1 (PLC- 1), and N-
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terminal SH2 domain in SH2 domain—containing protein tyrosine phosphatase-2 (SHP-2)
(21, 53). The PLC-y1 C-terminal SH2 domain uses an extended hydrophobic groove,
involving both the EF and BG loops to contact residues P+3 to P+6 of the peptide ligand
(54) (Fig. 6A). In contrast, the SOCS3 SH2 domain engages residues P-2 to P+4 of a
peptide ligand (55, 56). Its BG loop forms a p hairpin and makes extensive hydrophobic
contacts with both the core of the SH2 domain and the hydrophobic residues at the P+3 and
P+4 positions of the peptide ligand (55) (Fig. 6B). The BC loop, on the other hand, plays a
critical role in pTyr binding. Moreover, the SOCS3 SH2 exhibits a unique selectivity for a
Val residue at P-2 (55). The SAP SH2 domain also has selectivity for the P-2 position; it
recognizes a Ser or Thr residue at P-2 (20, 57, 58) (Fig. 6C). Because the N terminus of the
peptide ligand is far removed from the EF and BG loops in the bound state, these loops are
not directly involved in modulating N-terminal selectivity for either the SAP or the SOCS3
SH2 domain (Fig. 6).

Altering SH2 specificity by loop engineering

Through structural analysis of the SH2 domain, we uncovered a previously underappreciated
role for loops in defining the specificity of an SH2 domain. Collectively, our data suggested
that the binding subsites and pockets for the P+2, P+3, and P+4 residues of a peptide ligand
were preformed in all SH2 domains, yet their shape and accessibility were controlled by the
EF and BG loops (Fig. 7A). The EF and BG loops acted in a combinatorial manner to
control access to the P+3 and P+4 binding pockets in an SH2 domain. Thus, for an SH2
domain that exhibited P+3 selectivity, its P+4 binding pocket was plugged by a BG loop
residue; for the P+4 specificity class, the P+3 binding pocket was blocked by residues from
the EF, BG, or a combination of these loops. For SH2 domains with P+2 selectivity,
however, both P+3 and P+4 binding pockets were blocked, and the Asn at the P+2 residue
was present in a B turn conformation that exploited the backbone of D6 for hydrogen
bonding (Fig. 7B). We reengineered specificity of an SH2 domain on the basis of these rules
to provide supporting evidence for the role of loop plugs in specificity and to provide a
rationale for selecting and interpreting key mutagenesis experiments. A single residue
change at the EF1 position (Thr to Trp) converted the specificity of the Src SH2 domain
from favoring a P+3 hydrophobic amino acid to Asn at P+2 (59, 60). In light of this success
in SH2 domain class switching from P+3 to P+2 by mutagenesis, we focused on experiments
to switch specificity from P+4 to P+3 and vice versa by loop engineering and mutagenesis.

We performed experiments to convert the selectivity of the BRDG1 SH2 domain from P+4
to P+3. To achieve P+4 specificity, the EF2 Leu?40 residue in the BRDG1 SH2 domain was
used to plug the P+3 binding pocket and simultaneously create a new ridge for the P+4
binding pocket. This mechanism of ligand recognition suggested that by removing Leu240 or
replacing it with a smaller residue, the P+3 binding pocket in the BRDG1 SH2 domain
would be open. Thus, we generated a mutant BRDG1 SH2 domain that bears a Leu240-to-
Ala substitution, and then we measured its affinities for a series of peptides that contained a
hydrophobic residue at either the P+3 or the P+4 position (but not both) (Table 2). Indeed,
peptides with a hydrophobic residue at P+3 displayed a preference for the L240A mutant
over the wild-type SH2 domain (Table 2 and fig. S6). By replacing the “X” residue in the
template peptide sequence EEEpYSEXKEL with different hydrophobic residues, we found

Sci Signal. Author manuscript; available in PMC 2019 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaneko et al.

Page 13

that the mutant SH2 domain exhibited a 12-fold increase in affinity for the peptide with Trp
at P+3 compared to the affinity of the wild-type domain for this peptide (Table 2). This
unique selectivity of the mutant was expected because the engineered SH2 domain contained
an enlarged hydrophobic pocket (Fig. 7C). Moreover, the L240A mutant also displayed a 5-
to 10-fold reduction in affinity for peptides containing a hydrophobic P+4 residue (for
example, Leu, lle, or Phe) compared to the affinity of the wild-type SH2 domain for peptides
with hydrophobic P+4 residues (Table 2 and fig. S6). Therefore, by making a single point
mutation in the EF loop, we converted the specificity of the BRDG1 SH2 domain from
favoring a Leu, lle, or Val residue at P+4 to a Trp at P+3.

We also engineered P+4 selectivity for the Fyn SH2 domain, which normally recognizes a P
+3 hydrophobic residue. We truncated the BG loop in the Fyn SH2 domain to unveil the P+4
binding pocket creating the “Fyn ABG” mutant. In addition, we mutated the EF1 Thr residue
to a Met to block the P+3 binding pocket (Fig. 7D and fig. S7). The resultant double mutant,
Fyn ABG/T216M, exhibited increased affinity for peptides bearing a hydrophobic residue at
P+4 and modest decrease in binding to some hydrophobic P+3 peptides (Table 3). The
modest switch in specificity was reasonable given that the EF1 Met in the mutant might not
completely block the P+3 binding pocket. Thus, it is possible to engineer an SH2 domain to
acquire P+4 or P+3 specificity by manipulating the length or composition, or both, of the EF
and BG loops, while sparing residues that are instrumental to folding of the SH2 domain.

DISCUSSION

Cellular signal transduction is controlled by specific protein-protein interactions that are
often mediated by modular interaction domains. A human cell harbors tens to hundreds of
distinct members for a given domain family. Although different domains from a family
adopt the same fold, each member has a distinct specificity for ligand binding. How is such a
wide spectrum of specificity encoded by the same domain fold? Our structural analysis of
the BRDG1 SH2—peptide complex revealed a previously unknown, P+4 binding pocket,
which explains the specificity of SH2 domains in group IIC. Intriguingly, although
equivalent pockets exist in other SH2 domains, they are blocked by BG loop residues
through intramolecular interactions. Systematic analysis of SH2-ligand complex structures
further revealed that the ligand-binding surface and, thereby, specificity of an SH2 domain
were modulated by the EF and BG loops. By rational design of loops, we converted an SH2
domain from specificity for P+4 to specificity for P+3 and vice versa. Our work suggests a
general mechanism for specificity evolution in the SH2 domain family in which the binding
pockets are preformed on the architectural framework of the SH2 domain, but their
accessibility and shape are controlled by surface loops. Previous work has demonstrated the
involvement of loops in ligand binding in other modular domains, such as SH3, FHA, and
PDZ (61-64). We add to those findings and extend them by proposing that loops adopt
conserved configurations to plug preformed binding pockets to control specificity, which
may provide an explanation for the observed specificity of the SH2 domain family.
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A general mechanism for the origin of SH2 domain specificity

An SH2 domain typically binds to its cognate ligand in a two-pronged mode (6, 27, 28). The
two prongs correspond to a pTyr-binding pocket centered at an invariant Arg residue and a
second pocket that engages a residue C-terminal to the pTyr. Because pTyr binding is a
common property for all mammalian SH2 domains, the specificity of a given SH2 domain
is, therefore, governed by the second pocket. Two possible scenarios can be envisaged by
which this C-terminal specificity may be achieved for the over a hundred SH2 domains
encoded in a mammalian genome. The first scenario involves the formation of a unique
pocket tailored for each specific ligand, presumably by changing pocket residues that are
directly involved in ligand recognition. This may not be economical and may only generate a
limited spectrum of specificity without compromising the general fold of the SH2 domain.
In the second scenario, conserved binding pockets or subsites for specific C-terminal
positions are preformed in all SH2 domains, but their accessibility and shape are controlled
by variable elements in the SH2 domain, such as loops. Our study suggests that the second
mechanism may underpin the diverse specificity displayed by the SH2 domain family.

Apart from a pTyr-binding pocket, our informatics analysis shows that SH2 domains contain
three additional binding subsites or pockets. These include a defined pocket for a P+3
residue, a pentagon basket for the accommaodation of a P+4 residue, and a binding subsite
(BD6) for a P+2 Asn residue (Fig. 7B). However, for a given SH2 domain, usually only one
of the three subsites is available for ligand engagement, whereas the others are shielded from
ligand binding by plugging or blocking elements from the EF or BG loop or from both
loops. These loop elements function in a combinatorial fashion to define the specificity of an
SH2 domain. We found four combinations for placing the two loop plugs that defined the
ligand-binding surface of an SH2 domain. First, for SH2 domains that select for a P+3
hydrophobic residue, the P+4 binding site is usually plugged by a BG loop residue (BG
plug), whereas the P+3 binding pocket is open. Second, for the class I1C SH2 domains that
exhibit specificity for a P+4 residue, the P+3 binding pocket is blocked by a hydrophobic
residue and the P+4 binding pocket is open. Third, when both the P+3 and the P+4 binding
pockets are blocked, such as in group IC, the SH2 domain selects for an Asn at the P+2
residue. Fourth, for SH2 domains in which both plugs are absent, a pocket is formed of the
exposed large hydrophobic groove. This last mode of pocket formation is apparently
exploited by the phosphorylated SH2 homodimer of STAT1 and STAT3 proteins (65, 66) and
by the SOCS3 SH2 domain (55) (Fig. 6B). The STAT SH2 domains lack an EF loop and are
also devoid of a functional BG loop plug, leaving both the P+3 and the P+4 binding pockets
open. This provides extra room for the accommodation of two phosphorylated tail peptides
necessary for the formation of a homodimer conducive for DNA binding (65, 66). In the
SOCS3 SH2—peptide complex, the valines at the P+3 and P+4 positions of the peptide bind
to an extended hydrophobic groove formed by the P+4 binding pocket and an extra
hydrophobic patch provided by the BG loop (Fig. 6B) (55).

A number of considerations argue for why the second scenario might be favored during the
evolution of SH2 domain specificity. First, because loops connect secondary elements in the
SH2 domain and are generally not directly involved in folding of the domain, variations in
loops are unlikely to disturb the SH2 fold. In contrast, mutations that occur within regular
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secondary structure often substantially alter domain folding and may even result in collapse
of the SH2 framework (67). Analysis of SH2-ligand interactions demonstrated that in most
cases, the SH2 domain undergoes minimal structural rearrangements upon ligand binding
(14), suggesting that the binding subsites are preformed. Second, because loops are variable
in sequence, adaptable in conformation, and dynamic in interaction, they are intrinsically
more flexible than the SH2 framework, which may impart dynamics to SH2-ligand
recognition. A loop may adopt different conformations when interacting with different
ligands, as has been observed for the CD loop of the Itk SH2 domain (68). In the SHP-2 N-
terminal SH2 domain, conformational switching in the EF and BG loops controls the
opening and closing of the P+3 binding pocket and, thereby, the activation state of the
protein (69). Third, loop insertions, which do not perturb the SH2 domain structural
framework, impart different ligand-binding or signaling properties for the SH2 domain as
exemplified by the DE loop of the Crk SH2 domain (70). Extended loops may also form
additional binding pockets or modify existing pockets as is shown for the SOCS3 SH2
domain (55).

Conserved features in the BG loop

Loop variations afford unique binding determinants to individual SH2 domains. Loops, in
particular the BG loops, are the most diverse elements in the SH2 family. Despite marked
differences in length and amino acid composition, all SH2 domains contain a Leu residue at
the C terminus of the BG loop, termed the Leu anchor, to pin the loop to the SH2 framework
(38). This Leu anchor is one of the most conserved residues in all SH2 domains (Fig. 4A and
fig. S5), suggesting that it plays a pivotal role in maintaining the structural integrity of an
SH2 domain.

Our work revealed that only a limited number of structural and sequence motifs exist for the
BG loop despite the enormous variability in sequence. The prevailing structure for the BG4
plug motifs, xx-G-[L/1]-xxx-L and X-G-x-[L/1]-xxx-L, is a p turn, whereas a BG2 plug,
containing the conserved sequence x-[L/1]-/x-L (where r7is a variable number of residues),
is often associated with a B hairpin or a 319 helix. The BG4 plugs occur in SH2 domains that
contain a Tyr or Phe at the BD5 position; whereas BG2 plugs exhibit more diversity in the
BDS5 residues (Fig. 4D and fig. S5). A hydrogen bond between the main-chain nitrogen of
BG5 and the BD5 tyrosine side chain is commonly observed in the BG4 plug SH2 domains,
perhaps to stabilize the BG loop conformation. The BD5 residue has been previously
identified as a specificity determinant, because it is positioned at the center of the ligand-
binding surface and often interacts with both P+1 and P+3 residues of the peptide ligand (27,
28, 43). Our data suggest that different combinations of BD5 and BG2 plug loops can
produce diverse pocket architecture and, thereby, distinct SH2 specificity.

Implications for SH2 domain engineering

Our work suggests a mechanism by which the SH2 domain may have evolved specificity or
acquired different signaling properties through alterations in loop composition, length, or
structure. By substituting EF2-Leu?40 with a smaller Ala residue, we have switched the
specificity of the BRDG1 SH2 domain from P+4 to P+3. Conversely, we demonstrated, with
the Fyn SH2 domain, that by removing the BG plug one could create an SH2 domain variant
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that has P+4 selectivity. Specificity switching enabled by loop modifications has also been
reported for other modular domains. A single residue mutation in a loop of a 14-3-3 protein
conferred specificity for a phosphoserine-containing ligand (71). In another instance, loop
modifications in the phospholipid-binding C2 domains switched lipid preference (72) and in
vivo membrane targeting (73).

From an evolutionary standpoint, locating specificity determinants on loops would be
advantageous in conferring diverse specificity while minimizing the risk of disturbing
domain fold. Along this vein, having the P+3 binding pocket encompassed by the EF and
BG loops provides a versatile platform on which to evolve a wide spectrum of specificity.
However, to engineer an SH2 domain with a fine-tuned specificity, complementary changes
in parts of the SH2 domain other than the loops may also be required. For example, the
removal of a plug for a P+4 binding pocket exposes a large hydrophobic area, which, in the
absence of a bound peptide, is energetically unfavorable. Nevertheless, we have shown that
it is possible to control specificity by changing the length or composition, or both, of EF and
BG loops, which suggests that SH2 domain variants with distinct specificity may be created
on the architectural framework of the SH2 fold, which may be important for rational design
of SH2-specific inhibitors and antibodies. The role that we have identified for loops in
defining SH2 domain specificity should not undermine the direct contribution of the binding
pockets to specificity. Indeed, the unique chemistry and shape of the P+3 binding pocket,
afforded by residues from both the EF and BG loops and the central B sheet, provide a basis
for fine-tuning of specificity in the SH2 domain. Nature may have exploited loop plugs and
binding subsites in a combinatory manner to generate the wide spectrum of specificity
observed of the SH2 domain, and loop-driven specificity may be a mechanism used by other
modular domains to encode diverse specificity on a single globular fold.

MATERIALS AND METHODS

Cell lines and transfection

Constructs

HEK?293T cells were purchased from American Type Culture Collection. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), penicillin (100 1U/ml), and streptomycin (100 ug/ml). Human
BJAB cells were cultured in RPMI 1640 containing 10% FBS, 2 mM L-glutamine, penicillin
(100 1U/ml), and streptomycin (100 mg/ml). Transfection of HEK293T cells was performed
with polyethyleneimine (PEI).

For mammalian cell expression, BRDG1 SH2 complementary DNA (cDNA) was
polymerase chain reaction (PCR)—amplified from the GST construct and subcloned into the
vector of pEGFP C3 (BD Biosciences Clontech) between the Eco RI and Bam HI restriction
sites. The full-length NTAL cDNA was amplified from an 1.M.A.G.E. clone (4054137)
purchased from Open Biosystems and subcloned into pFLAG-CMV-2 (Sigma-Aldrich)
between the Eco RI and Sal | restriction sites. The NTAL mutant Y136F was generated by
site-directed mutagenesis.
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Mouse monoclonal antibody against NTAL, goat polyclonal antibody against BRDG1,
mouse monoclonal antibody against GFP, and rabbit polyclonal antibody against GST were
purchased from Santa Cruz Biotechnology Inc. A mouse monoclonal antibody against
FLAG (M2) was obtained from Sigma-Aldrich. 4G10, a mouse monocolonal antibody that
recognizes phosphotyrosine, was obtained from Upstate. An IgG F(ab”), fragment of rabbit
anti-human IgM was obtained from Southern Biotech.

GST pull-down, immunoprecipitation, and Western blot

The construct pPDEST15-BRDG1-SH2 was transformed into Escherichia coli strain
BL21(DE3) and expression of the fusion protein was induced by addition of 0.1 mM
isopropy! b-D-1-thiogalactopyranoside (IPTG) when the cell density (ODggq, optical density
at 600 nm) reached 0.6 to 0.8. Protein purification was performed with glutathione
Sepharose 4B (GE Healthcare) according to the manufacturer’s instructions. HEK293T cells
were transfected with NTAL cDNA. At 48 hours after transfection, the cells were treated by
pervanadate (10 mM) at 37°C for 20 min. Lysates of untreated and treated cells were
incubated, respectively, with purified GST-BRDG1-SH2 or GST alone for 2 hours at 4°C.
Interacting proteins were resolved on 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a PVDF membrane. The membrane was subjected to Western blot
with an anti-NTAL antibody.

Culturing and BCR activation of human BJAB cells were carried out as described previously
(74). Briefly, BJAB cells were stimulated with rabbit IgG F(ab”), fragment against human
IgM for 2 min at 37°C. Cell lysates were then immunoprecipitated with 2 pg of antibody
against BRDGL1 at 4°C for 2 hours. Protein G—agarose (Roche) was added and the
precipitated proteins were subsequently resolved on 12% SDS-PAGE and subjected to
Western blot analysis.

X-ray crystallography

The human BRDG1 SH2 domain (containing residues from Aspl67 to Ser285) was subcloned
into the vector pET-28 (Novagen) with a tobacco etch virus (TEV) protease cleavage site
inserted between the N-terminal polyhistidine (poly-His) tag and the BRDG1-coding
sequence. Because aggregation of the wild-type SH2 domain could occur at high protein
concentrations as a result of disulfide bond formation, a C269A mutation was introduced.
This mutation did not affect ligand binding compared with the wild type (table S3). The
C269A mutant was expressed in E. coli BL21(DE3) at 18°C and induced with 0.1 mM
IPTG. After cell lysis, the sample was purified by Ni-nitrilotriacetic acid (Qiagen) affinity
chromatography in a buffer containing 20 mM sodium phosphate, 0.3 M NaCl, and 20 mM
imidazole (pH 7.8). Proteins were eluted by increasing the imidazole concentration from 20
mM to 0.25 M. The eluted protein was pooled and dialyzed against a buffer containing 20
mM tris (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol (DTT), and 0.5 mM EDTA at 4°C. The
poly-His tag was cleaved with the TEV protease at room temperature and the protein was
further purified by passing through a Superdex-75 size exclusion column (GE Healthcare).
The final protein sample was concentrated above 2 mM for crystallization in 20 mM tris (pH
8.0), 50 mM NaCl, and 1 mM DTT.
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An 11-mer human NTAL phosphopeptide, ANSpY13ENVLIAK-NH,, was synthesized on
Fmoc (9-fluorenyl methoxycarbonyl)-amide resin (Applied Biosystems) and purified by
high-performance liquid chromatography (HPLC). Co-crystals were obtained by the sitting-
drop vapordiffusion method from 2.1 M sodium malonate (pH 5.0), with a mixture of 0.73
mM SH2 domain and 1.1 mM peptide at 20°C. Because sodium malonate at this
concentration works as a cryoprotectant (75), the crystals were directly frozen in liquid
nitrogen. The x-ray diffraction data set was collected with an in-house x-ray generator RU-
H3R (Rigaku) and the detector R-AXIS IV++ (Rigaku) at 100 K. The diffraction data were
processed to 1.9 A with CrystalClear (Rigaku) and Scala (76).

The initial phases were determined by molecular replacement with Phaser (77). Four SH2
domain structures (PDB IDs: 1BMB, 1H90, 113Z, and 1KC2) were superimposed and used
as an ensemble search model. One complex per asymmetric unit was found in the space
group P6,22. Model building and structure refinement were conducted with Coot (78) and
CNS (79), respectively. A test set of 5% of the diffraction data was taken for cross-
validation. The final model included BRDGL1 residues 171 to 269 and all but the N-terminal
residues of the NTAL peptide. Each residue in the final model falls into either most favored
or additionally allowed regions with no outliers in a Ramachandran plot. All structure
figures were generated with MacPyMOL (DeLano Scientific).

Fluorescence polarization binding assay

Peptides were N-terminally labeled with fluorescein. Either 6-aminohexanoic acid (ahx) or
glycine dipeptide (Gly-Gly) was used as a linker to couple fluorescein to the peptide. All
binding assays were carried out at room temperature in phosphate-buffered saline (PBS)
buffer at pH 7.4 and the signals were measured on an EnVision HTS multilabel plate reader
(Perkin Elmer). Dissociation constants (Kg) were derived from 12 data points assuming a
one-site binding model. Independent measurements (/7= 2) produced Ky values within 10%
of the reported values. Affinity tags (GST or His) attached to the BRDG1 SH2 domain did
not affect ligand-binding affinity (table S3). Methods for preparation of all GST-SH2 domain
constructs were as described previously (18).

Structure-based sequence alignment

The 63 nonredundant SH2 domain structures were collected from the Prosite database (80),
as well as by manual searching of the literature. The alignment was computed with the
program STRAP (81) with the algorithm TM-align (82). It should be noted that TM-align
considers only a carbon coordinates for alignment computation and does not take side chain
information into account (such as side chain orientation). The crystal structure was selected
for analysis if both NMR and crystal structures were available for an SH2 domain. The
crystal structure of PLC-y2 SH2_N (PDB ID 2DX0) forms a partially domain-swapped
dimer in the coordinates by exchanging the strand pG. Because the swapped form can- not
be properly aligned with other SH2 domains, a monomeric structural model was
reconstructed by changing the chain assignment of the swapped region in the dimer to make
a canonical SH2 fold. If multiple copies of SH2 domain chains are present in a single PDB
file, chain A is chosen, with following exceptions: chain B for 1D4W and 3BUX, chain C
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for 1IRQQ, and chain D for 3GXW. The program Jalview was used for preparation of
alignment figures (83).
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Fig. 1.

Binding of the BRDG1 SH2 domain to a phosphotyrosine site in NTAL. (A) Pull-down of
full-length NTAL with the GST-BRDG1 SH2 domain from whole-cell lysate (WCL) of
HEK293T cells overexpressing FLAG-NTAL. Cells were treated with pervanadate (PV)
before the pull-down assay. NTAL phosphorylation was detected by immunoblotting with
the antibody 4G10 against phosphotyrosine. (B) Coimmunoprecipitation of overexpressed
GFP-BRDG1 SH2 domain and full-length FLAG-NTAL in HEK293T cells after
pervanadate treatment. (C) Coimmunoprecipitation of endogenous BRDG1 and NTAL
proteins from BJAB cells with or without stimulation with a rabbit anti-human IgM F(ab),
fragment. (D) Binding of the GST-BRDG1 SH2 domain to wild-type NTAL (FLAG-NTAL-
WT) or the mutant FLAG-NTAL-Y136F expressed in HEK293T cells. Whole-cell lysate
(WCL) was pulled down by the GST-BRDG1 SH2 domain. Phosphorylated Tyr136 is the
predicted binding site for the BRDG1 SH2 domain on NTAL (18). (E) A permutation array
of the NTAL pTyr136 peptide was probed for binding to purified GST-BRDG1 SH2 domain.
Binding of the SH2 domain to the peptides was detected by immunoblotting with an
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antibody to GST. In (A) through (E), representative results from at least two independent
experiments are shown. (F) Binding affinities of the BRDG1 SH2 domain for a panel of Ala-
scanning peptides based on the NTAL pTyr!36 peptide. Each peptide contains a fluorescein-
Gly-Gly moiety at its N terminus. Ky, dissociation constant, derived from fluorescence
polarization analysis of the corresponding peptide-SH2 complexes. Independent
measurements (7= 2) produced Ky values within 10% of the corresponding reported values.
Abbreviations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr.
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P+4

P+3 P+4 P+5
Val Leu lle

cavity
1215

SH2 (light blue)

Fig. 2.

A%+4 binding pocket in the BRDG1 SH2 domain. (A) Crystal structure of the BRDG1 SH2
domain in complex with the NTAL ligand peptide ANSpY136ENVLIAK. An £, - F,
electron density map (the omit map, blue mesh), contoured at 2.5s, was calculated without
coordinates of the ligand peptide. Secondary structures of the SH2 domain are labeled
according to convention (28). (B) Recognition of phosphotyrosine (pTyr136) by the BRDG1
SH2 domain. Dashed lines indicate hydrogen bonds. Nitrogen atoms are blue, oxygen atoms
are red, and carbon atoms are yellow for the peptide and gray for the SH2 domain. (C) The P
+4 binding pocket in the BRDG1 SH2 domain shown in surface representation. Residues
lining or encompassing the pocket, including lle?1® (BC6), Tyr227 (BD5), 11238 (BE4), Tyr25>
(aB8), Phe?56 (aB9), Glu2>9 (aB12), Thr260 (BG1), and Leu?%* (the leucine anchor), are
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colored orange. The EF2 residue Leu?40 is colored cyan. The BG loop is colored magenta
here and in all other figures. Peptide backbone (in cartoon representation) and side chain
atoms (in sticks) are colored yellow with the exception of Leu at P+4, which is green.
Nitrogen and oxygen atoms in the side chains are colored in blue and red, respectively. (D)
Cartoon representation of the P+4 binding pocket. Side chains of the pocket residues are
shown in stick representation. The color scheme is the same as that in (C). (E) Surface
representation of the BKS SH2 domain (PDB ID 2ELS8). The color scheme is the same as
that in (C). A schematic representation of the pentagon pocket is also shown on the right. (F)
The Cbl SH2 domain bound with a phosphotyrosine peptide (PDB ID 3BUM). The Chl SH2
domain (light blue), retaining a minimum SH2 fold, is embedded in the TKB domain (gray).
Shown here is one of three phosphotyrosine ligand-binding modes reported for the Cbl TKB
domain (40). A schematic representation of the broken pentagon basket is shown on the
right.
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Grb2 SH2 NCK2 SH2
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é @
s Nk SH2 with P+2
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Y/
SH2-B PI3K p85a_C SAP :

Fig. 3.
Comparison of the P+4 binding pocket of the BRDG1 SH2 domain to the corresponding

regions of other SH2 domains. (A) Surface representations of the complex structures of the
SH2 domains of Grb2, NCK2, and BRDGL1 bound to a peptide. The EF and BG loops are

shown in brown and magenta, respectively. The residues forming the P+4 binding pocket in
the BRDG1 SH2 domains are colored orange. The EF loop residues W21 in the Grb2 SH2
domain and L240 in the BRDG1 SH2 domain are depicted in cyan. The P+2, P+3, and P+4
residues of the peptide ligands and the corresponding binding pockets are identified with

arrows. (B) Comparison of the BRDG1 P+4 binding pocket with the corresponding regions
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of the Grb2 and NCK2 SH2 domains. Hydrophobic residues lining the pentagon basket in
each SH2 domain are colored orange. Leu at P+4 of the NTAL peptide in the BRDG1 SH2
domain and the BG loop residues V140 (Grb2 SH2) and 1364 (NCK2 SH2) are colored green.
The latter two residues occupy the corresponding pentagon basket in a manner similar to the
binding of Leu at P+4 of the NTAL peptide to the BRDG1 SH2 domain. (C) Schematic
representation of the pentagonal architecture in SH2 domains that do not select for P+4 of
the regions corresponding to the P+4 binding pocket of the BRDG1 SH2 domain. Residues
forming the pentagonal pocket are shown in orange. The BG loop residue that occupies the
corresponding pentagon basket in each SH2 domain is shown in magenta and outlined in
green. (D) Schematic representation and comparison of the P+4 binding pocket in the
BRDG1 SH2 domain to the corresponding region in a P+2—or P+3-selective SH2 domain.
Whereas the P+4 binding pocket is blocked by a BG loop residue in a P+2—or P+3-selective
SH2 domain, the P+3 binding pocket in the BRDG1 SH2 domain is occupied by the EF loop
residue Leu240 (cyan). Moreover, the side chain of residue Phe2%6 in helix a.B flips to the
bottom of the P+4 binding pocket to complete this pocket in the BRDG1 SH2 domain.
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Fig. 4.

Bg loop classification. (A) BG loop sequences identified from structure-based sequence
alignment. SH2 domains from chimaerin, APS, PLC-y2_N, and Spt6 are excluded from the
sequence analysis because each assumes an atypical SH2 fold at the C terminus. An SH2
domain is identified by the corresponding protein name, species, N- or C-terminal location
within the protein (in case of two SH2 domains from a single protein), and the PDB code.
Important residues are colored as follows: BG plug residue, green; the leucine anchor,
brown; the P+3-blocking residue, black; the four-residue sequences that form a 8 turn or a
310 helix, purple (except for those in BG4 plug loops). The B turn was assigned on the basis
of the presence of a hydrogen bond between backbone atoms of the first and the fourth
residue. The B turn formed by a BG4 plug is characterized by the presence of a conserved
Gly residue at position BG2 or BG3 (identified in blue). (B) BG loop structures in the BG4
plug group of SH2 domains. Dashed lines indicate hydrogen bonds between backbone
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atoms. Hydrogen bonds between aB9 and the leucine anchor or between BG1 and BG4 are
observed in most of the BG4 plug BG loops. A glycine occupies either BG2 or BG3 to
facilitate the formation of a B turn. Both a stick model (top) and a schematic illustration
(bottom) are shown for the Src and Grb10 SH2 domains. (C) Comparison of loop
conformations between the BG2 plug and BG4 plug groups. A BG2 plug BG loop is often
longer and adapts secondary structures, such as a 31 helix (illustrated with PI3K
p85aN_SH2, red) or a  sheet (illustrated with NCK2 SH2, yellow) at the C-terminal
sequence to the BG2 plug residue. The LCK SH2 domain (blue) is used as a reference
structure for a BG4 plug BG loop. (D) BG loop motifs identified from structure-based
sequence analysis. The sequences surrounding the BG4 or BG2 residue, ending with the
invariant leucine anchor, are indicated below the diagrams. The first two motifs represent
BG4 plugs and the last two represent BG2 plug motifs.
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Reference: Src-peptide complex (PDB: 1SHD) Gads-peptide complex (PDB: 1R1P)
Peptide: pYEEI Peptide:pYVNV
'

EF loop BG loop

P+3 binding pocket

Intra- and inter-loop hydrogen
bonding network of Alx/HSH2D SH2

Grb7 conformation | (PDB: 1MW4)
Peptide: pYVNQP

Fes (PDB: 3BKB) BMX (PDB: 2EKX)

Fig. 5.

M?Jltiple ways to block the P+3 binding pocket. All structures are drawn in the same
orientation. Residues and regions are colored as follows: EF loops, brown; BG loops,
magenta; pocket-blocking residues, cyan; ligand peptide, yellow (complex structures only).
The intersection of dashed lines identifies the location of the P+3 binding pocket. (A) The
unblocked P+3 binding pocket in the Src SH2 domain. The BG3 glycine (light pink) forms a
part of the pocket ridge but does not block the pocket. (B) Blocking of the P+3 binding
pocket by the EF loop. Whereas an EF1 Trp residue (cyan) blocks the P+3 binding pocket of
the Gads SH2 domain, an EF3 Glu residue (cyan) blocks the corresponding pocket in the
Alx (also known as HSH2D) SH2 domain. The Grb7 SH2 domain has two known
conformations. In the structure shown (conformation 1), the EF loop overlays on top of the P
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+3 binding pocket, rendering it inaccessible (46). Residue D6, which is hydrogen-bonded
to Asn at P+2 in a complex structure, is identified with double arrows here and in (C). Blue,
nitrogen; red, oxygen. A carton drawing at lower right shows the B turn structure of the Alx
EF and BG loops and the placement of EF3 Glu at the entrance of the P+3 binding pocket,
which is facilitated by both intra- and interloop hydrogen bonding. (C) Blocking of the P+3
binding pocket by the BG loop. Shown are structures of the Grb7 (conformation I1) (49),
SH3BP2, Fes, and BMX SH2 domains. Residues occupying the P+3 binding pocket in each
SH2 domain are identified in cyan.
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Fig. 6.
Other modes of ligand binding in some SH2 domain—peptide complexes. (A) The PLC-y1

C-terminal SH2 domain bound with a cognate peptide (PDB ID 2PLD) (54). The
hydrophobic cleft created mainly by the BG loop residues provides an extended binding
surface for residues P+3 through P+6. (B) The SOCS3 SH2 domain-peptide complex (PDB
ID 2BBU) (55). Both P+3 and P+4 Val residues bind to the hydrophobic cleft provided by
the BG loop, which contains three tyrosines. (C) The SAP SH2 domain (PDB ID 1KA7)
(58). The unusual P-2 binding pocket enables a three-pronged binding mode, which does
not require phosphorylation of the peptide’s tyrosine.
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P+2 binding
subsite

pTyr pocket

EF2 Ala240

BRDG1 SH2 L240A model

Fig. 7.

pTyr pocket

EF1 Thr (cyan)

Fyn SH2-ligand complex (PDB: 1A0T)

P+4 binding pocket
. ' ‘77 :‘t” |
BD6 '

pTyr pocket

Fyn SH2 ABG/T216M model

Creating specificity by loop engineering. (A) Cartoon representation of the SH2-ligand
complex structures shown in Fig. 3A. (B) Schematic showing how combinatorial use of
blocking plugs may regulate access to binding pockets and define specificity. A P+3 binding
pocket block may come from either the EF or the BG loop; whereas a block for the P+4
binding pocket is provided by the BG loop. The P+2 binding subsite engages an Asn residue
of the peptide when both of the P+3 and P+4 binding pockets are blocked. The BD6
backbone nitrogen and oxygen atoms function as hydrogen-bonding partners for Asn at P+2
when the ligand assumes a  turn conformation. When the P+4 binding pocket is plugged by
a BG loop residue, the corresponding SH2 domain exhibits specificity for a P+3 residue.
Conversely, when the P+3 binding pocket is blocked, the SH2 domain assumes selectivity at
P+4. (C) A structural model of the BRDG1 SH2 domain mutant L240A. The NTAL peptide
is drawn in yellow with Leu24 in green and overlaid on top of the SH2 domain to illustrate
the enlarged binding pocket created in the mutant. (D) A structural model of the wild-type
SH2 domain-peptide complex (left) compared to the Fyn SH2 domain mutant (ABG/
T216M, right). Whereas the BG loop (magenta) truncation exposes the P+4 binding pocket,
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the EF1 (cyan) Thr-to-Met mutation partially blocks the P+3 binding pocket. The model was
calculated with Modeller (84), using a template Fyn SH2 domain structure (PDB ID 1AOT).
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Table 2.

Comparison of affinities between the wild type (WT) and the L240A mutant BRDG1 SH2 domain for peptides
containing a hydrophobic residue at P+3 or P+4. Each peptide contains a fluorescein label coupled to the N
terminus through a Gly-Gly dipeptide or an ahx residue. Relative affinity is defined as the ratio of the Ky value

of the wild type over that of a mutant SH2 domain. Ky, dissociation constant determined from fluorescence

polarization measurements.

Kq + SE (UM)

Peptide sequence
WT (a)

L240A (b)

Relative affinity (a/b)

P+4 hydrophobic peptides

H-Q-L-pY-D-D-S-F-P-M-NH,  1.76 £ 0.09
Q-D-T-pY-E-T-H-L-E-T-NH, 0.12 +£0.01
R-N-D-pY-D-D-T-I-P-1-NH, 0.32£0.02
Y-Q-H-pY-D-L-D-L-K-D-NH,  0.58 +0.03

9.17 £0.61
1.01+0.05
3.08 £0.22
5.59 +0.26

P+3 hydrophobic peptides

T-Y-K-pY-D-L-F-S-D-NH, 21.03+2.62 2.88+0.18
P-Q-P-pY-E-F-F-S-E-NH, 1994+1.71 525+0.53
L-T-1-pY-E-D-V-K-D-L-NH, 38.80+6.58 9.59+0.84
N-T-V-pY-S-E-V-Q-F-A-NH, 39.82+552 10.12 +0.65
P+3 scanning peptides
E-E-E-pY-S-E-W-K-E-L 5.79 + 0.68 0.48 +0.03
E-E-E-pY-S-E-F-K-E-L-NH, 4.87+0.26 0.49 +0.02
E-E-E-pY-S-E-L-K-E-L 8.08 +1.11 157 +0.11
E-E-E-pY-S-E-A-K-E-L 1464 £1.47 6.63+0.70
E-E-E-pY-S-E-Y-K-E-L 11.12+1.03 5.17+0.37

0.2
0.1
0.1
0.1

7.3
3.8
4.0
3.9

121
10.0
5.2
2.2
2.2
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