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ABSTRACT 

SH2 domains are key mediators of phosphotyrosine-
based signalling, and therapeutic targets for diverse,
mostly oncological, disease indications. They have
a highly conserved structure with a central beta
sheet that divides the binding surface of the protein
into two main pockets, responsible for phosphoty-
r osine binding (pY poc ket) and substrate specificity
(pY + 3 pocket). In recent years, structural databases
have pr o ven to be inv aluable resour ces f or the drug
disco very comm unity, as the y contain highl y rele-
vant and up-to-date information on important protein
classes. Here, we present SH2db, a comprehensive
structural database and webserver for SH2 domain
structures. To organize these protein structures ef-
ficiently, we introduce (i) a generic residue number-
ing scheme to enhance the comparability of differ-
ent SH2 domains, (ii) a structure-based multiple se-
quence alignment of all 120 human wild-type SH2 do-
main sequences and their PDB and AlphaFold struc-
tures. The aligned sequences and structures can be
sear ched, br o wsed and do wnloaded from the online
interface of SH2db ( http://sh2db.ttk.hu ), with func-
tions to conveniently prepare multiple structures into
a Pymol session, and to export simple charts on the
contents of the database. Our hope is that SH2db
can assist researchers in their day-to-day work by
becoming a one-stop shop for SH2 domain related
research. 
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023
GRAPHICAL ABSTRACT 

INTRODUCTION 

The Src homology 2 (SH2) domain was one of the first
pr otein-pr otein interaction (PPI) modules to be discov-
er ed ( 1 ). By r ecognizing specific phosphotyrosine (pTyr)-
containing peptide motifs, this small (approx. 100 amino
acids) protein module acts as the reader unit of pTyr-based
signal transduction, an intracellular signaling system that
emerged about 600 million years ago, just prior to multicel-
lular organisms ( 2 ). In addition to SH2 domains, this sig-
naling system employs pr otein tyr osine kinases (PTK) as
writer units, and pTyr phosphatases (PTP) as eraser units
( 3 ). In accordance with the ubiquity of pTyr signaling in
eukaryotic cells, it was realized early on that the disruption
of this signaling system by protein mutations or pathogens
contributes to a range of disease conditions ( 4 , 5 ), with the
Src and Grb2 SH2 domains as early examples of therapeu-
tic proteins being targeted by small-molecule and peptide
inhibitors ( 6 ). From the very beginning, SH2 domains have
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een regarded as challenging drug targets, due to the shal- 
ow binding surface that is characteristic of pr otein-pr otein 

nteractions in general ( 7 ). Nonetheless, the therapeutic in- 
erest in targeting SH2 domains has steadily grown with the 
bundant discoveries of disease-causing mutations in a wide 
ange of SH2 domains ( 8–11 ). In the meantime, a large body 

f SH2-rela ted computa tional and experimental kno w-ho w 

as been accumulated ( 12 ). 
A total of 120 SH2 domains are present in 110 hu- 
an proteins – ten of which contain dual SH2 domains. 
v er the years, se v eral approaches hav e been employed to 

r oup these pr oteins into informati v e sub-classes ( 13 , 14 ),
ith the most prominent strategies based on collecting the 
H2 domains into 11 functional categories by Liu and col- 

eagues ( 15 ). Interestingly, this functional grouping does 
ot corr elate dir ectl y with the phylo genetic distances of 
he SH2 domains themselves, although we have recently 

ound that sequence similarities within these functional cat- 
gories are higher if we account for the general character 
polar, aromatic, etc.) of the amino acid sidechains ( 16 ). 
or the past two decades, the main structural features of 

he SH2 domain have been well understood: its centerpiece 
s an antiparallel �-sheet (with three strands labelled �B- 
D) sandwiched between two �-helices ( �A and �B), also 

 eferr ed to as the ����� motif ( 10 ). The central �-sheet
ivides the binding surface of the SH2 domain into two 

ubpockets, called the phosphate-binding (pY) and speci- 
city (pY + 3) pockets. Upon phosphopeptide binding, the 
-sheet is perpendicularly bridged by the interacting part- 
er, exposing its phosphotyrosine group against an (almost) 

nvariant arginine residue on the �B strand, while neigh- 
ouring sidechains in the C-terminal direction (labelled + 1, 
2, etc. fr om the phosphotyr osine r esidue) ar e r ecognized 

y the specificity pocket ( 17 ). The Sheinerman residues, a 

roup of eight residues in the pY pocket (including the crit- 
cal arginine) are primarily responsible for anchoring the 
hosphotyr osine gr oup ( 18 ), and their mutations are usu- 
lly detrimental to SH2 domain function ( 10 ). A short, 
onserved sequence of residues within the �B strand de- 
nes the so-called ‘SH2 signature motif’ ( 19 ), also known 

s the FLXRXS or FLVR motif, which includes the criti- 
al arginine r esidue. Inter estingly, ther e ar e a small number 
f proteins (RIN2, TYK2 and SH2D5 in humans) where 
his arginine is replaced by an aromatic residue: these SH2 

omains recognize acidic residues other than pTyr (Glu or 
sp) in non-typical binding modes ( 20 ). With a fairly ro- 
ust understanding of the typical functions and structural 
eatures of SH2 domains, recent studies were directed to 

ore specific questions, such as posttranslational modifi- 
ations other than phosphorylation ( 21 ), the role of water 
olecules in phosphopeptide binding ( 22 ), de v elopment of 

H2 superbinders ( 23 ), or simultaneous phosphotyrosine 
inding in a protein with dual SH2 domains ( 24 ). 
Structural databases boost the productivity of computa- 

ional medicinal chemists and modelers by offering highly 

pecialized and relevant information on protein families of 
igh interest and therapeutic relevance. A prominent exam- 
le is GPCRdb, a database of G-protein coupled receptor 
GPCR) structures, sequences and ligands, published in its 
odern form in 2014 ( 25 ), maintained and regularly up- 

ated by the Gloriam group ( https://gpcrdb.org/ ). GPCRdb 
ontains a range of useful features, including generic residue 
umbers for the convenient comparison of residue posi- 
ions in different proteins ( 26 ), integration of mutagenesis 
a ta ( 27 ), annota tion of dif ferent functional types of lig-
nds ( 28 ), or as its latest addition, the incorporation of Al- 
haFold ( 29 ) models of GPCRs ( 30 ). Similarly, the Kinase– 

igand Interaction Fingerprints and Structure database 
KLIFS) was introduced in 2014 for the convenient min- 
ng of the available structural information on kinase in- 
ibitors and their interaction patterns ( 31 ), with its func- 
ionality expanded multiple times ( 32 ). For SH2 domains, 
uch a convenient and up-to-date online r esour ce is missing 

s of yet: while an earlier database from the Nash and Paw- 
on labs is still available online ( https://sites.google.com/site/ 
h2domain/home ), this mostly focused on providing links to 

ajor sequential and structural databases (Entrez, UniProt, 
DB, etc.), and was not updated since 2015. We should also 

oint to a few, more generic da tabases tha t are useful in 

he r esear ch of SH2 domains , including Phospho .ELM for 
 efer encing experimentally validated phosphorylation sites 
 33 , 34 ), and Scansite for searching for potential interacting 

artners of SH2 domains ( 35 ). 
Here, we outline the de v elopment, ar chitectur e and main 

unctionalities of SH2db, a database and w e bserver for SH2 

omain sequences and structures. With SH2db, our aim 

s to provide a convenient starting point to bioinformati- 
ians, computational and medicinal chemists, and practi- 
ioners of related fields for any studies where they utilize 
H2 domain structures. In particular, we hav e re vised the se- 
uence alignment of human SH2 domains published by Liu 

t al. ( 15 ), introduced a generic residue numbering scheme 
or the comparability of residue positions in different SH2 

omains, and launched a w e bserver to facilitate quick ac- 
ess to any arbitrary sets of pre-aligned SH2 domain se- 
uences ( fasta format) or structures ( pdb format or Py- 
ol session). Experimental and theoretical protein struc- 

ures have been incorporated into SH2db from the PDB ( 36 ) 
nd AlphaFold databases ( 29 , 37 ). The SH2db w e bserver 
s available at http://sh2db.ttk.hu/ , while its source code is 
hared at https://github.com/keserulab/SH2db . 

ATERIALS AND METHODS 

ata 

rotein sequences were retrie v ed fr om UniPr ot ( 38 ), exper-
mental structur es wer e downloaded fr om the Pr otein Data 

ank (PDB) ( 36 , 39 ) and AlphaFold models were gathered 

rom the EMBL-EBI AlphaFold repository ( 29 , 40 ). The 
DB files were parsed, renumbered to match the wild-type 
equence and non-SH2 domain parts wer e r emoved. Struc- 
ures containing two SH2 domains or the same domains 
n se v er al chains were split into separ ate PDB files. In this
rst release of SH2db, we included only human sequences 
ith their canonical isoform, but built the frame wor k to al- 

ow easy incorporation of ortholog sequences and other iso- 
orms in the future. 

r amew ork 

H2db uses the python-based Django frame wor k with the 
ostgr eSQL object-r ela tional da tabase system. The hierar- 

https://gpcrdb.org/
https://sites.google.com/site/sh2domain/home
http://sh2db.ttk.hu/
https://github.com/keserulab/SH2db
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Figure 1. Schematic r epr esentation of the structurally conserved segments of SH2 domains. Gr ey r epr esents the terminals, black disordered loops, blue 
turns between strands, turquoise beta strands and purple alpha helices. Generic numbered positions are assigned to all beta strands and alpha helices. ( A ) 
In the most common segment la y out of SH2 domains, strand bD is followed by two shorter strands bE and bF, then the domain ends with the aB helix, 
with all of them connected by loops or turns. ( B ) In the STAT proteins, the bE and bF strands with their flanking loops / turns are missing and instead the 
aB’ helix is present, which connects to bD and aB without any loops or turns. 
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chy of the database starts on two parallel top le v els, Pro-
tein and Structure, which both link to lower le v els of ob-
jects: Pr otein–Isoform–Pr otein domain; Structure–Chain–
Structure domain. We store the wild-type protein-related
data (species , sequence , pr otein family, IDs) in the Pr otein
hierarchy and structure-related data in the Structure hier-
archy (PDB da ta, publica tion, experimental method, res-
olution, IDs). The two hierarchies are connected on the
top le v el and also on the Protein domain–Structure domain
le v el. This latter connection is the main dri v er of the on-
line tools as these objects store the SH2 domain units that
are listed in se v eral pages. Also, Residue objects are linked
to the Protein domain objects, which powers the sequence
alignments. Protein segment and Generic number objects
are connected to Residue objects. AlphaFold models are
linked to wild-type Protein objects. 

Generic residue numbering 

Similarly as done for GPCRs with the Ballesteros-Weinstein
( 41 ) or the GPCRdb generic numbering scheme ( 26 ), we
aimed to de v elop generic residue numbers for the SH2
domain to easily perform structure and sequence based
comparisons between members of the family. An initial
structural superposition was performed on all structures in
Schr ̈odinger’s Maestro (Schr ̈odinger Release 2022-4: Mae-
stro, Schr ̈odinger, LLC, New York, NY, 2022). Starting out
from the multiple sequence alignment of Liu et al. ( 15 ), we
made local structure-based alignments and adjusted the se-
quence alignment accordingl y. Mainl y focusing on the seg-
ments with conserved secondary structural characteristics,
w e w ere able to determine the most conserved residue po-
sitions throughout the human sequences. In each segment
with a conserved secondary structural characteristic, the
most conserved position was labeled as ‘ ×50’, while residues
in either direction that belong to this same segment were
labeled sequentially. We identified and number ed thr ee �-
helices (aA, aB’ and aB) and six �-strands (bA, bB, bC, bD,
bE and bF). In addition, we assigned two generic numbers
to two Sheinerman residues that are located in the bBbC
turn. Loops in between the helices and strands were labelled
based on the flanking segment labels (e.g. the loop between
bA and aA is bAaA). Due to their disordered and fle xib le
nature, we opted not to gi v e generic numbers to the loops
as structure-based comparison is not possible f or man y of
these segments, due to the corresponding residues not oc-
cupying the same 3D space. Importantly, helix aB’ is ex-
clusi v ely found in the SH2 domains of the STAT protein
family, and has been r eferr ed to as the Evolutionary Acti v e
Region ( 13 ) in SH2 domains (Figure 1 ). Based on the se-
quence alignment from the numbered positions, we created
a phylogenetic tree to showcase the evolutionary distances
between SH2 domain containing proteins (Figure 2 ). 

Superposition 

After multiple iterations of structural alignment, we found
that superposing the backbone atoms of residues from
the core �-sheet (comprised of �-strands bB, bC and bD)
yielded the most reliab le ov erla y f or the whole set. All
structures and models available on SH2db were superposed
based on these residues using the structure of the FER ki-
nase (PDB: 2KK6) as r efer ence, running the ‘align’ func-
tion of Pymol (The PyMOL Molecular Graphics System,
Version 1.9.0.0 Schr ̈odinger, LLC). These superposed struc-
tur es ar e exposed to all of the download functions, including
an internal script for generating Pymol sessions on-the-fly
for download. (On the w e bsite, a brief message informs the
user about the licensing options of Pymol.) 

RESULTS 

We have engineered a w e bserver that currently stores 352
PDB and 120 AlphaFold structures of human SH2 domains
in a preprocessed and pre-aligned fashion, and provides
simple and intuiti v e interfaces for searching, filtering and
downloading arbitrary sets of the underlying data in mul-
tiple formats. The w e bserver and the underlying database
were built in the spirit of scalability, implementing a hierar-
chy of Django data models (and corresponding PostgreSQL
da tabase fields) tha t allow for significant extensions la ter on,
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Figur e 2. Phylo genetic tree of the SH2 domain containing proteins using the sequence alignment of positions with a generic number. The ‘-C’ tag denotes 
the C-terminal SH2 domain (in proteins with two SH2 domains). The tree was made with Biopython’s Phylo module and iTOL ( 60 ). 
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.g. the addition of SH2 domains from di v erse species, pro- 
iding additional links to external da tabases, incorpora ting 

soforms, etc. 
In its first published version, the SH2db w e bserver (avail- 

ble at http://sh2db.ttk.hu/ ) provides access to SH2 domain 

equences, structures and models in two main ways (Fig- 
re 3 ). From the Browse page, the user can access a hierar- 
hy of individual database entries, presented on informati v e 
ummary pages. Protein entries link to their corresponding 

niProt page, feature a sequence viewer showing the canon- 
cal sequence, and a table that summarizes, and links to, 
he corresponding structure and model entries, along with 
ore information on experimental / modeling method, reso- 
ution, etc. Structure entries link to their respecti v e PDB en- 
ry, publication, feature an interacti v e sequence vie wer with 

ptions for downloading, and an interacti v e NGLvie wer 
anel for quick visualization. 
The Search page offers an alternati v e route: by starting 

rom a large, interacti v e sequence vie wer, the user can se- 
ect an arbitrary set of sequences, structures and residues, 
o be exported into a fasta file, a set of pdb files or, us-
ng a backend script, a pre-formatted Pymol session. The 
ymol session features the selected structures superposed, 
nd the selected residues saved in named selections and 

http://sh2db.ttk.hu/
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Figure 3. SH2db provides two main ways for accessing the underlying database. ( A ) From the Browse page, the user can hierarchically navigate first to entries 
of specific proteins, and then to specific structures. The entries contain external database links, a sequence viewer, download options and an interacti v e 
NGLviewer panel for quick visualization. ( B ) The Search page provides functionalities to filter the underlying database via an interacti v e sequence vie wer 
and download arbitrary selections of sequences or structures. The toggle button ( 1 ) switches between including structure entries or restricting the table to 
canonical protein sequences extracted from UniProt. The Domain column ( 2 ) lists the PDB IDs or marks the UniProt sequences and AlphaFold models 
by their Uniprot ID, followed by ‘N’ or ‘C’ for proteins with dual SH2 domains (or ‘N’ by default for single-SH2 proteins). The table can be filtered by 
any combination of fields, including individual amino acid positions ( 3 ). Selections can be downloaded as sequences (fasta), structures (pdb) or fed into a 
backend script to generate a Pymol session ( 4 ), which shows the selected structures superposed, and the selected residues highlighted as sticks, for a quick 
and easy structure comparison. 
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Table 1. Mapping of the newly introduced generic residue numbers 
against the ‘legacy’ positions of key phosphotyrosine-binding (Sheiner- 
man) residues in STAT5B 

Generic residue 
number 

Legacy 
position 

Example 
(STAT5B) 

aAx43 �A2 Lys600 
aAx47 �A6 His604 
bBx50 �B5 Arg618 
bBx52 �B7 Ser620 
bBbCx49 bBbC1 Asp621 
bBbCx50 bBbC2 Ser622 
bDx50 �D4 Asn642 
bDx52 �D6 Met644 
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ighlighted in stick r epr esentation. The AlphaFold mod- 
ls are linked to the wild type sequence of the SH2 domain 

nd labeled < UniProt accession > -AF- < domain type > e.g. 
13191-AF-N for the AlphaFold model of the N-terminal 
H2 domain of CBLB. The miscellaneous pages offer quick 

isual summaries of the current contents of SH2db (Charts) 
nd explanatory texts on the main features of SH2 domains, 
nd SH2db itself (About and Documentation). 

In the following subsections, we aim to demonstrate the 
ey features of SH2db in two short case studies of structural 
omparisons. In both cases, it takes the user only a few min- 
tes of browsing the database and a few clicks to produce a 

cript-generated Pymol session that provides a convenient 
tarting point for comparing SH2 domain structures. By 

ownloading the pre-aligned pdb structures, the user can 

ubmit molecular dynamics simulations, binding site analy- 
is and virtual screening or other modeling jobs for multiple 
H2 structures that will be easy to compare upon comple- 
ion. 

ase study 1: effect of the N642H mutation on the peptide 
inding affinity of the ST A T5B SH2 domain 

ignal transducers and activators of transcription (STAT) 
re a family of se v en multidomain transcription factors 
ith key roles in intracellular signaling, primarily in the 

AK / ST AT signaling pathway ( 42 ). ST AT proteins, espe-
ially STAT3 and STAT5B have been identified as potential 
harmaceutical targets in a range of oncological conditions, 

ncluding various types of leukemias and solid cancers ( 43– 

5 ). STATs are multidomain proteins that can enter the nu- 
leus and initiate gene transcription upon parallel (acti v e- 
tate) dimer formation via their SH2 domains, following 

hosphoryla tion a t a conserved tyrosine residue ( 46 ). In this 
ontext, the SH2 domain thus acts as a mediator of dimer 
ormation, by recognizing the tyrosine-phosphorylated, C- 
erminal tail segment of the opposing STAT monomer. In 

ddition to its importance as a direct pharmaceutical target, 
he SH2 domain is a hotspot for a variety of oncogenic mu- 
ations in STAT3 and STAT5B, which are direct dri v ers of 
isease conditions, with their exact structural impact only 

artially understood as of yet ( 10 ). 
Recently, the X-ray structures of the STAT5B SH2 do- 
ain, as well as its oncogenic N642H mutant were solved 

 47 ). Interestingly, the authors have simultaneously iden- 
ified two distinct conforma tional sta tes for the mutant 
H2 domain: in one of them, the bD strand forms addi- 
ional hydrogen bonds with the bC strand, as compared 

o the wild-type structure (Figure 4 B, we will refer to this 
s ‘tight-bD’ conformation from here on). The other con- 
ormation presents a dissociated bD strand (‘loose-bD’ 
rom here on), and thereby a greater structural difference 
rom the wild-type SH2 domain (Figure 4 C). In addition 

o solving the crystal structures, the authors have deter- 
ined, via a fluorescence polarization assay ( 48 ), that the 
642H mutation increases the binding affinity of the fluo- 

escently labeled phosphopeptide GpYLVLDKW (deri v ed 

rom the EPO receptor) by about 7-fold. Howe v er, the ques- 
ion remains open whether this increase in phosphopeptide- 
inding affinity can be attributed to the tight-bD or loose- 
D conformation (or both). 
Here, we have briefly investigated this question by dock- 
ng the phosphopeptide GpYLVLDKW into the sites de- 
ned by the pY and pY + 3 pockets of the wild-type and 

utant (tight-bD and loose-bD) SH2 domains. SH2db pro- 
ides easy access to the pre-aligned structures in pdb for- 
at, and the pre-assembled Pymol session presents a facile 

pproach for visualizing the structures and binding poses 
n a unified style and viewpoint, w hile systematicall y high- 
ighting the Sheinerman residues (Table 1 ) that are primar- 
ly responsible for phosphotyrosine binding (Figure 4 ). For 
ocking, we have used the Peptide docking mode of sin- 
le precision (SP) Glide ( 49 , 50 ), and accepted the best- 
cored docking pose that presented the characteristic salt 
ridge between the phosphotyrosine and anchoring argi- 
ine R618 

bBx50 . The binding pose for the phosphopeptide 
gainst the tight-bD conformation is overall quite similar 
o the one against the wild-type SH2 domain, with part 
f the peptide reaching over the central �-sheet and into 

he pY + 3 pocket. By contrast, in the loose-bD conforma- 
ion, the bD strand forms a small subpocket with the neigh- 
ouring loops that can accommodate the N-terminal end 

f the phospho-peptide. This difference is also reflected in 

he superior docking score of this pose (-6.029 vs. -3.152 

nd -2.188 in the tight-bD and wild-type structures respec- 
i v ely, the smaller the better). Based on this brief analysis, 
e can propose the loose-bD conformation to be primar- 

ly responsible for the increased phosphopeptide-binding 

ffinity of the STAT5B 

N642H SH2 domain. The SH2db w e b- 
erver grea tly facilita ted this investiga tion by providing a 

onvenient starting point to the calculation and visualiza- 
ion within a few clicks. 

The dataset also provides predicti v e power in facilitat- 
ng functional extrapolations of newl y / currentl y identified 

utations (such as those identified from tumour-biopsied 

atient samples) without structural data. For example, the 
econd most frequent mutation in STAT5B (Y665F) repre- 
ents a drastic change in polarity, and leads to aggressi v e 
eukemias. 

By exploring the structural aspects in the context of the 
H2 domains, this point mutation (and the loss of the hy- 
r oxyl gr oup) re v erts the residue to similar hydrophobic 
esidues that are found at the same position in other SH2 

omains that have higher peptide affinity. Understanding 

he structural impacts of mutations can provide informa- 
ion on the phenotype but also whether a specific drug can- 
idate could have potential in the relevant cancer model. 
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Figure 4. Structures (left) of the wild-type (A, PDB: 6MBW), N642H ‘tight-bD’ (B, PDB: 6MBZ, chain B) and ‘loose-bD’ (C, PDB: 6MBZ, chain A) 
conformation STAT5B SH2 domains ( 49 ), and the docking poses of the GpYLVLDKW peptide (green) against these domains (right). In the ‘loose-bD’ 
conforma tion, the dissocia ted bD strand contributes to the formation of a small subpocket tha t can accommoda te the N-terminal end of the phospho- 
peptide within the pY pocket. 
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Figure 5. ( A ) Excerpt from the multiple sequence viewer on the Search page: the D61G mutant quickly stands out from the large number of available SHP2 
structur es. ( B ) Structural r equir ements for SH2-PTP binding (PDB structure 6BMW ( 59 )): in the closed conformation, the D61 sidechain of the N-SH2 
domain (red) bDbE loop can establish a salt bridge with the R465 residue of the PTP domain (white), allowing the N-SH2 domain to block access to the so- 
called ‘phosphate cradle’ of the acti v e site (cyan). The Y62 bE.48 sidechain was proposed to interact with the hydrophobic part of the pocket; alternati v ely, if 
deprotonated, it could form an additional salt bridge with the proximal cluster of positi v ely charged residues of the PTP domain (highlighted as sticks). ( C ) 
Compared to the wild-type N-SH2 domain (red), the oncogenic D61G mutant (blue, PDB structure 4H1O, https://www.rcsb.org/structure/4H1O ) misses 
the crucial negati v ely charged sidechain and is thus not able to form the anchoring salt bridge, resulting in a loss of auto-regulation (permanently acti v e 
state). The C-SH2 domain (green) has no affinity to the PTP domain either, due in part to the bulkier residues of the bDbE loop (E176, L177), and also to 
the positi v el y charged sidechain (K178) in the bEx48 position, w hich should be repulsed by the proximal l ysine / arginine cluster. 
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ase study 2: blocking loop of the N-SH2 domain of the 
HP2 phosphatase 

H2 domain containing, pr otein tyr osine phosphatase 2 

SHP2), is a PTP encoded by the PTPN11 gene, which con- 
ains two SH2 domains and a pr otein tyr osine phosphatase 
PTP) domain, and has been identified as a pharmaceutical 
arget for a range of oncological indications ( 51 ). SHP2 is a 

rime example of the versatile and diverse utility of SH2 do- 
ains, as its phosphatase activity is regulated by an intricate 
echanism, where its SH2 domains play central roles, both 

n conventional and unconventional modes ( 52 , 53 ). Briefly, 
HP2 can assume an acti v e and an inacti v e conformation: 
n the inacti v e confor mation, the N-ter minal SH2 domain 

loses upon the phosphatase domain, thereby blocking ac- 
ess to its acti v e site. In this atypical regulatory role, the 
hort loop that connects the bD and bE strands of the N- 
erminal SH2 domain (‘blocking loop’ or bDbE loop fol- 
owing our nomenclature) inserts into the acti v e site of the 
hosphatase domain, making it inaccessible for substrates 
Figure 5 B). To release this autoregulatory lock, the N- 
er minal and C-ter minal SH2 domains can sim ultaneousl y 

ind bis-phosphotyrosyl proteins or peptides like IRS-1 (ie. 
he ‘conventional’ mode of phosphopeptide recognition by 

H2 domains), which disrupts the SH2-PTP interaction, al- 

https://www.rcsb.org/structure/4H1O
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lowing access to the acti v e site in an open conformation of
the protein ( 54 ). 

Ther e ar e se v eral onco genic m uta tions tha t circumvent
this autoregulatory lock by stabilizing the acti v e (open) con-
formation, most notably by weakening / abolishing the SH2-
PTP interaction ( 55 ). Current pharmaceutical strategies
targeting SHP2 are aiming at the stabilization of the closed
conformation by small molecular ligands that bind to one of
the allosteric sites at the interface of the N-SH2, C-SH2 and
PTP domains (labelled ‘tunnel’, ‘latch’ and ‘groove’) ( 56 ), or
by a combination of such ligands ( 57 ). 

Here, we demonstrate the utility of SH2db in under-
standing the structural r equir ements for the SH2-PTP in-
teraction. From previous studies, it is known that the short
blocking loop, or bDbE loop, and the tyrosine residue in
the first position of the following bE strand (Y62 

bEx48 ) are
directly involved in binding to the active site of the PTP
domain ( 56 ). With the interacti v e sequence viewer on the
Search page, we can quickly observe that there is a PDB
structure (4H1O) available for the SHP2 mutant D61G
( https://www.r csb.org/structur e/4H1O ), wher e the aspartate
residue of the blocking loop is replaced by a glycine (Fig-
ure 5 A): this is an onco genic m uta tion tha t was identified
in multiple disease conditions, including Noonan syndrome
and leukemia ( 58 , 59 ). With a few clicks, we can download
this structure into a Pymol session, with the crucial residues
highlighted. As a basis for comparison, we have also in-
cluded the N-terminal SH2 domain of the wild-type SHP2
from a recent structure (6BMW), as well as the C-terminal
SH2 domain from the same structure ( 57 ). Our compari-
son clearly verifies some of the crucial r ecognition featur es
of the N-SH2 blocking loop (Figure 5 C): for example, re-
moval of the acidic D61 sidechain in the oncogenic D61G
mutant stabilizes the open (acti v e) conformation of the en-
zyme by abolishing the ability of the bDbE loop to form
a crucial salt bridge with the R465 sidechain upon the clo-
sure of the N-SH2 domain onto the PTP domain. In the
meantime, the C-SH2 domain should have poor affinity to
the PTP domain, due to a number of structural differences,
including bulkier residues in its bDbE loop, as well as its dif-
ferent overall fold. In this scenario, it ultimately took very
little effort to find the relevant structures and produce a use-
ful visualization to understand the structural r equir ements
of SHP2 autoregulation. 

CONCLUSION AND OUTLOOK 

We created an online w e bserver and database for the SH2
domain containing proteins with a focus on protein se-
quence and structural data. With the de v elopment of the
SH2 generic numbering system, we obtained a structure-
based alignment for the whole family enab ling ov erall and
local comparisons to be easily accessed between different
protein family members. The w e bserver offers a search and
br owse option thr ough the stored pr otein and structure data
and highlights mutations in the structures. As shown with
our two case studies, using the alignment view and down-
loadable Pymol session, users can quickly identify and nav-
igate to areas of interest within the SH2 domain. 

This utility can be expanded to broader queries including
mutational and structural predictions for functional analy-
sis. This would empower drug discovery as well as drug can-
didate forecasting for uncharacterized SH2 mutations that
can arise in dif ferent pa tient cancers / diseases. Moreover,
protein engineering or upcoming proteomics approaches
that le v erage SH2 domains or superbinders for pTyr en-
richment can benefit from wider SH2 domain analysis. Ad-
ditionally, the portfolios of alignments and structural data
will allow for deeper analysis in comparati v e genomics be-
tween different species and other biotechnological applica-
tions. 

We aim to update SH2db e v ery six months with newly
published structures and new AlphaFold models. In the fu-
ture, we plan to expand the database to incorporate species
ortholo gs w hile sim ultaneousl y de v eloping ne w data de-
ri v ed tools for the w e bsite. 

DA T A A V AILABILITY 

All structural and sequence data are made available via the
w e bsite http://sh2db.ttk.hu . The source code of SH2db is
shared via Github at https://github.com/keserulab/SH2db . 
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