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Introduction 

Cell signalling  
A necessity in early evolution was the communication between cells. This mechanism 

dates back to the origin of prokaryotes and has since evolved. In bacteria, extracellular 

quorum sensing [Latin quōrum, the genitive plural form of quī (“who, which”); the 

minimum number of members needed to conduct business and cast votes] is a cell 

density-dependent system that is utilised, e.g. to form biofilms that protect the bacteria 

and allow sharing of nutrients (Mhatre et al. 2014). The extracellular signalling is coupled 

to intracellular signalling, where cyclic dinucleotides spread the signal as second 

messengers (Fontaine et al. 2018).  

 

Figure 1 Eukaryotic cell signalling through receptors. Extracellular signalling molecules (orange balls) bind to the 
receptors (from left to right: RTK, GPCR, LIC), which transduce the signal throughout the cell through protein-protein-
interaction networks with or without integrated hub proteins as nods. Small or lipophilic molecules can diffuse through 
the membrane. Created with biorender.com. 

In eukaryotes, these systems evolved further to form complex interconnected pathways. 

Many signalling molecules bind to cell surface receptors in the first step of cell 

communication (reception). By contrast, small or lipophilic ligands, like steroid hormones, 

can diffuse through the membrane to bind to intracellular receptors in the cytosol, 

nucleus or organelle membranes. Three important classes of cell surface receptors are 

shown in Figure 1: enzyme-coupled receptors (e.g. receptor tyrosine kinases; RTKs) 

(Alberts et al. 2002), G-protein-coupled receptors (GPCRs) (Tuteja 2009) and ligand-

gated ion channels (LICs) (Hille 2001). The signal from one ligand molecule is thereby 

transduced to several molecules, e.g. second messengers. These, in turn, act on a yet 

greater number of molecules further downstream, thus amplifying, relaying, and 

distributing the signal throughout the cell to elicit appropriate cellular responses. Multi-

site docking proteins (hubs) act to integrate and cross-regulate signals from different 

pathways. The following section describes the Ras/MAPK and PI3K/AKT pathways with 
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a focus on the function of the regulating hub protein Gab1 and its implication in pathway 

crosstalk.  

Ras/MAPK and PI3K/AKT pathway 
The mitogen EGF (epidermal growth factor) binds to the extracellular domain of its 

cognate EGF receptor (EGFR), an RTK. This leads to the dimerisation of the receptor 

and autocatalytic phosphorylation of its intrinsically disordered intracellular tails. These 

phosphotyrosines serve as docking sites for other proteins. The further downstream 

signalling is depicted in Figure 2. One of these binding partners is Grb2 (Growth factor 

receptor-bound protein 2), which also binds to the Ras-guanine nucleotide exchange 

factor, Sos (Son of Sevenless), recruiting it to the membrane. Sos activates the 

membrane-localised Ras·GDP by replacing GDP with GTP, resulting in Ras·GTP. 

Ras·GTP, in turn, initiates the mitogen-activated protein kinase (MAPK) phosphorylation 

cascade by activating the serine-/threonine kinase Raf-1 (MAPKKK, MAPK kinase 

kinase), which transduces the signal further to MEK 1/ 2 (MAPKK, MAPK kinase) and 

ERK 1/ 2 (MAPK). ERK translocates into the nucleus and activates transcription factors 

responsible for cell proliferation, survival, and migration (Molina and Adjei 2006; 

McCubrey et al. 2007).  

 

Figure 2 Schematic of the Ras/MAPK pathway in context with Shp2 regulation. Upon binding of EGF to EGFR, the 
receptor dimerises and gets phosphorylated. Grb2 binds to those phosphosites and recruits Sos, a guanine nucleotide 
exchange factor. Sos catalyses the exchange from Ras·GDP to RAS·GTP, which leads to further activation of Raf, MEK 
and ERK. ERK transfers to the nucleus and regulates transcription. Membrane-associated Gab1 is bound to the receptor 
indirectly through Grb2. Src kinases phosphorylate Gab1, which recruits the phosphatase Shp2. Upon binding to Gab1, 
Shp2 gets activated and can dephosphorylate proteins in proximity (e.g. PAG/Cbp) or proteins at the basolateral 
membrane (e.g. Paxillin). The impact of those and other dephosphorylations are numbered in a roman system (blue 
arrows) and further discussed in the text. Created with biorender.com  
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In addition, accessory proteins, such as Gab1 (Grb2-associated-binding protein1) and 

Shp2 (Src homology region 2 domain-containing phosphatase 2, also known as 

PTPN11) can regulate and enable crosstalk between pathways. Gab1 can be recruited 

by Grb2 (Bardelli et al. 1997; Nguyen et al. 1997; Holgado-Madruga et al. 1996) and 

further stabilised by membrane association with its PH domain (Pleckstrin Homology). 

Upon association, Gab1 becomes phosphorylated by Src family kinases (SFK) 

(Vemulapalli et al. 2021) and receptor kinases (Lehr2000, Lehr 1999, Gual 2000). 

Phosphorylated Gab1 can then bind to the phosphatase Shp2, leading to its activation 

(Cunnick et al. 2001).  

Activated Shp2 has been reported to have several impacts on the Ras/MAPK pathway, 

illustrated in Figure 2 (Niogret et al. 2019). (I) Shp2 dephosphorylates binding sites of 

p120RasGAP on Gab1 (Montagner et al. 2005) and the receptor (Agazie and Hayman 

2003). This keeps p120RasGAP inactive, a Ras GTPase activating protein, and thereby 

prolongs the above-mentioned signalling cascade. (II) Activated Shp2 dephosphorylates 

the binding sites of Src-inactivating kinase, Csk, on paxillin (Ren et al. 2004) and 

PAG/Cbp (Zhang et al. 2004), which maintains the Gab1:Shp2 complex. It is further 

noteworthy that paxillin is a focal adhesion-associated protein on the basolateral 

membrane. This indicates the relocalisation of Gab1:Shp2 as a cytosolic complex (Furcht 

et al. 2015). (III) Shp2 positively regulates the pathway by dephosphorylating GTP-

activated Ras on position 32. This phosphosite normally promotes engagement to the 

GTPase-activating protein. Dephosphorylation by Shp2 leads to prolonged signalling 

pathway activation (Bunda et al. 2015). (IV) Shp2 dephosphorylates SPROUTY and 

SPRED, which are negative regulators of the Ras/MAPK pathway (Hanafusa et al. 2004). 

EGF also triggers other pathways, including phosphatidylinositol 3-kinase (PI3K)/Akt, 

regulating cell growth, migration, and apoptosis. PI3K (composed of the p85 (regulatory) 

and p110 (catalytic) subunits) binds to the activated receptor either directly or mediated 

through an adapter-complex, e.g. Grb2-Gab1 (Jiang and Ji 2019). The kinase converts 

the membrane lipid phosphatidylinositol - (3,4) - bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5) - triphosphate (PIP3). The PH domains of the kinases Akt and 

PDK1 then bind to these newly formed lipids. Akt becomes activated in this 

membrane- bound complex and phosphorylates downstream targets, ultimately leading 

to upregulation of mTOR, a kinase known for its impact on cell survival, growth and 

proliferation. The pathway is illustrated in Figure 3, together with its effects on the MAPK 

pathway. 
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Figure 3 Akt-PI3K pathway (green illustrated proteins) and the interplay with members of the Ras/MAPK pathway 
(blue illustrated proteins). Upon reception of EGF to the receptor, phosphorylation leads to the recruitment of Grb2. 
Gab1, which binds to phosphoinositol-3-phosphate (PIP3) with its PH domain and to Grb2 via its SH3 domains, can 
recruit p85 and Shp2, amongst others. p85 recruits the catalytic subunit p110 of PIP3K, which leads to the formation 
of PIP3 from PIP2. Other PH domain-containing proteins of that pathway (PDK and Akt) get activated and will, in turn, 
activate mTOR, which can transduce to the nucleus and regulate transcription. Implications of proteins involved in the 
Ras/MAPK pathway are referenced with roman numerals (blue arrows), corresponding to their description in the text. 
Created with biorender.com 

The MAPK and PI3K cell signalling pathways are intimately intertwined, as reported in a 

large body of literature. According to these reports, Ras·GTP can bring the catalytic 

subunit p110 to the membrane and activate it (I) (Rodriguez-Viciana et al. 1994; Chantley 

2002), while PI3K can activate Ras and trigger the MAPK pathway (II) (Yart et al. 2002). 

The activated ERK can regulate the association of Gab1 with PI3K by phosphorylating 

Gab1, depending on the signalling growth factor, and thus up- or downregulate the PI3K 

pathway (III) (Yu et al. 2002; Zeke et al. 2022). Shp2, in turn, can dephosphorylate PI3K 

binding sites on Gab1 (IV) (Zhang et al. 2002). Elevated PI3K activity, in turn, promotes 

membrane association of Gab1 through its PH domain and thus leads to positive 

feedback in both pathways (V) (Rodrigues et al. 2000). Taken together, Gab1 has a 

crucial impact on the proliferation driving Ras/MAPK and the PI3K pathways, necessary 

for cell survival. On the other hand, this means that upregulation of Gab1 is also a critical 

contributor to tumorigenesis.  
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Gab1, Shp2, their homologues, IDPs and SH2 domains in 

cell signalling 

Gab family proteins 
The Grb2-associated binding protein (Gab) family was first discovered as a binding 

partner of Grb2 (Holgado-Madruga et al. 1996). Homologues Gab2 (Gu et al. 1998) and 

Gab3 (Wolf et al. 2002) were discovered later, and a putative fourth family member, 

Gab4, has been described as a transcript product. In Drosophila as well as 

Caenorhabditis orthologues Dos (Daughter of Sevenless) (Raabe et al. 1996) and Soc-

1 (Suppressor of Clear), respectively, have been described and their schematic overview 

is depicted in Figure 4. The fundamental importance of Gab proteins is documented by 

the observation that Gab1-like proteins emerged around 1 billion years ago (Srivastava 

et al. 2010). Proteins of the Gab family take on crucial functions in signalling downstream 

of RTKs (Herbst et al. 1996; Schutzman et al. 2001). They are scaffolding adaptor 

proteins and possess, therefore, no enzymatic capacity. Instead, they bring associated 

enzymes into the proximity of their substrates. Common to all Gab family proteins is the 

folded N-terminal PH domain, a domain that binds to PIP3 in the plasma membrane. C-

terminally, a long intrinsically disordered (ID) tail with binding sites for a variety of 

signalling proteins provides this family with a typical tadpole-like topology. 

Phosphotyrosines on the ID-tail aid as binding sites for Src homology (SH2) domain 

(phosphotyrosine binding domain) containing proteins. Crk, PLCɣ, Rho GTPases and 

RasGAP binding sites, as well as for p85 PI3K and Shp2 are clustered (Liu and 

Rohrschneider 2002). Grb2 binds to Gab family members through its C-terminal SH3 

domain (poly-proline binding domain). A tandem poly-proline motif in the Gab1 ID tail 

binds to the two SH3 domains present in Grb2 (Breithaupt et al. 2023). A Met receptor 

binding site (MBR) in Gab1 provides it with the ability to bind the Met-receptor directly. 

In contrast, recruitment to other receptors must be facilitated through Grb2.  
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Figure 4 Schematic overview of Gab family proteins. Human homologues Gab1 – Gab4 (Gab4 is a putative protein – 
its PTMs are therefore assumed) and the orthologous of D. melanogaster (Daughter of Sevenless (Dos)) and C. elegans 
(Suppressor of Clear-1 (Soc-1)) are shown as bars. Common to all is the N-terminal conserved and folded PH domain 
(yellow). The intrinsically disordered tail (grey) shows several phosphorylation sites (oval with the letter P), as well as 
Grb2 SH3 domain binding sites (blue triangle). Gab1 has a Met binding domain (yellow box with MBD), which 
establishes direct contact with the Met receptor. The phosphorylation sites correspond to phosphotyrosines, which are 
SH2 domain binding partners. These sites are clustered on the tail according to the proteins they recruit. Proteins of 
the Jnk pathway (Crk, PLCɣ, RasGAP and Rho GTPases) bind to the phosphotyrosines indicated in green. p85 of the 
(PI3K pathway) binds to the conserved phosphotyrosine sites indicated in blue. The red phosphotyrosines are conserved 
sites for the SH2 tandem domains of Shp2 (Ras/MAPK pathway). The length of each protein is indicated as well. The 
figure was modified from (Nakaoka and Komuro 2013) 

As intrinsically disordered regions (IDRs), the tails of Gab family proteins do not have 

any distinct tertiary or quaternary structure, providing them with flexibility. The only 

secondary structural elements in the tail known so far are the poly-proline type II (PPII) 

and 310 helices at the Grb2 binding motifs (Harkiolaki et al. 2009). Posttranslational 

modifications (PTMs) like phosphorylation on tyrosines, serines and threonines are 

typical for IDRs since enzymes, such as kinases (but also proteases), have sterically 

unhindered access. The N-terminal folding hypothesis (Simister et al. 2011) describes 

how tadpole-like signalling proteins potentially escape unregulated protein degradation. 

Upon synthesis on the ribosome, the N-terminal residues fold into the domain while 

incorporating regions of the tail into its centre. The clustered phosphotyrosines for 

specific SH2 domain-containing proteins thus appear in functional, specialised loops, 

reducing inherent flexibility, escaping proteolysis, and providing order (Figure 5). Another 

regulatory feature which supports this hypothesis is the translocation of Gab1. It has 

been shown that phosphorylation at S552 leads to translocation of Gab1 to the 

membrane (Eulenfeld and Schaper 2009). Phosphorylation of S552 leads to the release 

of the PH domain from the ID tail and opens up a free PIP3 binding site (Wolf et al. 2015). 
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Figure 5 N-terminal folding hypothesis. The primary structure of the designated PH domain (rainbow) folds during 
release from the ribosome (grey). The further synthesis could result in a tadpole-like free intrinsically disordered tail. 
This would be prone to degradation or aggregation. On the other hand, the N-terminal folding hypothesis postulates 
that the disordered tail folds upon release from the ribosome around the PH domain as a core. For Gab1 this leads to 
functional loops of this tail due to the clustering of the phosphorylation sites (letter P in the colours corresponding to 
Figure 4). Furthermore, S552 and the SH3domain binding sites (which are the only secondary structures known for the 
disordered tail of Gab1; 310 and PPII) are depicted. The figure is adapted from (Simister et al. 2011; Lewitzky et al. 
2012) and created with biorender.com.  

Intrinsically disordered proteins 
Intrinsically disordered proteins (IDPs), or the shorter intrinsically disordered regions 

(IDRs) within a protein, lack secondary or tertiary structure. Their structural properties 

vary from extended (random coil-like) to collapsed (molten-globule-like), depending on 

their net charge, complexity and hydropathy. IDPs are found in all domains of life where 

an average of 2% of the archaeal, 4% of the bacterial and 33 % of the eucaryotic 

proteome are predicted to contain regions (of over 30 residues) of disorder (Ward et al. 

2004). Differences within an evolutionary lineage are also described. For example, 44% 

of proteins in the human proteome contain regions of disorder longer than 30 residues 

(van der Lee et al. 2014). Extreme habitats seem to favour increased disorder, as 

discussed in (Xue et al. 2010), and even DNA and RNA-viruses show more extensive 

amounts of disorder compared to prokaryotes (Tokuriki et al. 2009). This might be due 

to the extreme compaction of the genome, the buffer effect of mutations introduced by 

low-fidelity polymerases and higher structural flexibility to interact with host proteins, 

making IDPs a better toolkit compared to folded proteins (Tokuriki et al. 2009). IDPs are 

often involved in biological processes primarily associated with differentiation, division, 

and protein synthesis (Dunker et al. 2015). In their role in cell signalling, they are found 

in one-to-many and many-to-one interactions with other proteins. For example, p53 

interacts with more than 100 partners while adopting different conformations upon 

binding (one-to-many), whilst the structured protein, 14-3-3, undergoes many-to-one 

interactions with more than 200 different disordered regions (Alterovitz et al. 2020). 

These large interactomes of one protein provide a central node within a signalling 
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network of protein-protein interactions (PPI). Such nodes are called hub proteins and are 

further categorised as “party hubs”, where a multitude of proteins bind simultaneously, 

or “data hubs”, where they bind sequentially to the hub protein (Han et al. 2004).  

IDPs can bind their partners in a multitude of manners. Disordered regions can undergo 

a transition towards an ordered state or may stay flexible in the complex. The structural 

transition can occur prior, during or after binding and can be further modulated by 

posttranslational modifications (PTMs). Whether an IDR is prone to undergo disorder-to-

order transition or fuzziness can again be predicted from its sequence. IDPs in their 

native, crowded environment can also be seen in liquid-liquid phase separations, either 

alone or together with other proteins. These membrane-less compartments lead to 

enrichment and high local concentrations that can either be part of a physiological 

function, e.g. storage or signalling or might be an accelerator of disease (Wang et al. 

2021).  

SH2 domains 
Besides HYB (Hakai pY-binding) and pyruvate kinase M2 and C2 domains, SH2 (Src-

homology 2) and PTB domains (phosphotyrosine-binding) are among the most 

prominent phosphotyrosine binding domains. The PTB domains are around 100-170 

amino acids (aa) long and have a central β-sandwich capped with an α-helix, similar to 

the fold of PH domains. They are found in approximately 60 human proteins (Uhlik et al. 

2005). PTB domains recognize phosphotyrosines and select for N-terminal residues by 

the motif NPXpY (X = any amino acid; pY = phosphotyrosine). Worthy of note, some 

PTB domains bind targets independent of phosphorylation (Uhlik et al. 2005). The 

approximately 100 aa long SH2 domain is found in around 110 proteins and has a 

conserved fold of a central β-sheet with flanking α-helices to both sides Figure 6. In 

contrast to the PTB domain, it recognises pY plus additional C-terminal residues. SH2 

domains and protein tyrosine kinases (PTKs) evolved together at the divergence of 

single-celled and multicellular organisms, suggesting that pY-signalling was a crucial 

driver of metazoan development (Shiu and Li 2004; Lim and Pawson 2010; Liu et al. 

2011). In their role in pY-signalling, SH2 domains can facilitate localisation and complex 

formation as connectors, e.g. in the adaptor protein Grb2, and as functionally involved 

domains, e.g. as a conformation stabiliser in Shp2. However, SH2 domains are much 

more versatile. For example, the ancestral SH2 domains of Spt6 bind to 

phosphoserines/-threonines (pS/pT). Other SH2 domains, like the tensin family, have 

been reported to bind independently of phosphorylation on the tyrosine (Dai et al. 2011). 

Yet others bind their phosphopeptide in reverse orientation (Ng et al. 2008; Wang et al. 

2018), and it has been reported that the N-SH2 domain of Shp2 can bind to two peptides 
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(Zhang et al. 2011) as well as recognise only N-terminal residues (Qin et al. 2005), like 

the PTB domain.  

 

Figure 6 Topology of the SH2 domain. N-SH2 of Shp2 (white, cartoon) bound to Gab1 fragment (grey, with 
phosphotyrosine as stick). Secondary structure elements are labelled (PDB: 4qsy (Gogl and Remenyi, unpublished)). 
The phosphotyrosine (coloured by element, phosphate orange, oxygen red, carbon grey) is coordinated by residues of 
the βB, βC, BC-loop and βD structural elements (green cycle). The specificity is provided through contact of the peptide 
to the EF- and BG-loop (red cycle). The illustration was done using chimeraX. 

SH2 domains have a highly conserved fold with the antiparallel β-sheet (βB-βD), 

continuing into two small antiparallel β-strands (βE, βF) connected by the DE- and EF-

loops. The topology of the domain is shown in Figure 6. α-helices (αA and αB) are 

located N-terminally to the βB and C-terminally to the βF strand. Additional small β 

strands are also annotated (βG, βH). The secondary structure elements are connected 

with mobile loops that differ in length and amino acid composition and provide specificity 

and selectivity. The general binding is described to happen in a two-pronged way. The 

phosphotyrosine is bound in a groove (phosphotyrosine-binding pocket, green cycle in 

Figure 6) lined by βB, βC, βD, αA and the ΒC loop. Here, the phosphate is coordinated 

by ArgβB5 (βB) through two ionic bonds. Other positively charged amino acids in that 

groove are not as well conserved. In the SH2 domains of Shp1 and Shp2 pY gets further 
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stabilised by hydrogen bonds to serines of the ΒC-loop. A second binding site is 

constituted by the specificity pocket formed by CD-, DE-, EF-, BG-loops, βD and αB (red 

cycle in Figure 6). The bound peptide commonly adopts an extended conformation and 

orientates perpendicular to the central β-sheet with the C-terminal residues, with respect 

to pY, being coordinated in the specificity loop. The hydrophobic specificity pocket varies 

greatly and can even accommodate residues of position +5 /+6, relative to pY, in some 

cases (PLCg C-SH2 and Shp2), whereas, in most SH2 domains, shorter regions are 

covered (up to +3/ +4). The affinities measured for SH2 domains to their targets lie within 

100 nM to 10 µM (Ladbury et al. 1995), thus showing modest affinity. Furthermore, the 

specificity for pY-binding sites is not very strong. This can be seen, for example, in the 

N- SH2 domain of Shp2, which binds to peptides from four different classes classified by 

binding sequence (Sweeney et al. 2005).  

In ten proteins, two SH2 domains line up to build tandem SH2 domains. These show 

high affinity for their bisphosphorylated targets in the pM to nM range (Ottinger et al. 

1998). They also have much greater specificity than single domains (Ottinger et al. 

1998), presumably due to the local proximity of two binding sites. Additional selectivity 

may be provided through spacer length as well as differences in flexibility. The linker 

between tandem SH2 domains can vary greatly between proteins, from ten amino acids 

(aa) for Shp2, 200 aa for p85 and 65 aa for ZAP70. Most likely, these features are key 

regulating factors due to special restrictions.  

It was recently shown that phosphatases can decrease the half-life of these complexes. 

Since the domains switch between binding with one of the SH2 domains and the tandem 

to the double-pY target, phosphatases act on the single domain bound state and 

dephosphorylate both pYs sequentially over time. This mechanism counteracts the tight 

binding to fine-tune kinase signalling (Goyette et al. 2022).  

Shp2 
The phosphotyrosine phosphatase Shp2 (PTPN11) (SH2 domain containing 

phosphatase 2) is the product of the ptpn11 (protein tyrosine phosphatase non-receptor 

type 11) gene. It possesses a tandem SH2 domain motif (comprised of the N-SH2 and 

C-SH2) interspaced by ten amino acids (aa). Followed by a phosphotyrosine 

phosphatase (PTP) domain and an intrinsically disordered tail. A homologue with the 

same domain structure and 68% sequence similarity is Shp1 (PTPN6) (Shen et al. 1991). 

Both proteins can take on two distinct conformations: an inactive, closed and an active, 

open. The current model of this conformational switch is depicted in Figure 7. 
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Figure 7 Activation of Shp leads to conformational change. In the closed conformation, the DE loop of the N-SH2 
domain is buried inside the PTP domain, blocking the active site of the phosphatase domain. Upon activation, e.g. 
through pY-peptide binding to the SH2 domains, the N-SH2 domain flips behind the C-SH2 domain. The C-SH2 domain 
also undergoes slight reorientation. Illustrated here are the inactive (closed) and active (open) conformation of Shp2 
(PDB: 4dgp (Yu et al. 2013), 6crf (LaRochelle et al. 2018)) as surface models with the N-SH2 in yellow and the C-SH2 
domain coloured in orange. The PTP domain is seen in grey. Linker regions between the domains are illustrated as 
cartoon in black. The C-terminal intrinsically disordered tail following the C-terminal helix of the PTP domain is implied 
as a dashed line. Illustration was done with PyMol. 

In the closed conformation, the N-SH2 domain blocks the active site of the PTP domain 

through its DE loop (Hof et al. 1998). Only in the activated state, either through mutation 

or peptide binding to the domain, the N-SH2 domain is released from the PTP domain 

and situated behind the C-SH2 domain. In this state, the active site of the PTP domain 

can accommodate substrates to catalyse the dephosphorylation. Despite a substantial 

number of structural publications, the activation mechanism of Shp2 is still not fully 

understood. Shp2 apparently can be activated by a high-affinity binding partner 

interacting solely with the N-SH2 domain (Hayashi et al. 2017; Sugimoto et al. 1994). 

For high-affinity N-SH2 activators, it has been postulated recently that a hydrogen bond 

network of the N-SH2 domain is perturbed upon binding of the phosphotyrosine. The 

perturbation propagates to the distant EF- and DE-loops, where conformational 

fluctuations lead to an opening of Shp2 and prevent the reclosure of the N-SH2:PTP 

interface (Marasco et al. 2021). After this initial binding of pY and the release of the N-

SH2 domains from the phosphatase domain, the remaining C-terminal residues of the 

activating peptide can fully bind to the specificity pocket, leading to full activation. A 

central element of activation appears to be the opening of the central β-sheet, which 

relays the peptide-binding signal to the specificity loops (Anselmi and Hub 2021).  

In addition, Shp2 can be activated by binding to bis-phosphorylated targets (Cunnick et 

al. 2001). One discriminating factor for either binding mode appears to be the spacer 

length between the two phosphotyrosines, as shown in Figure 9. Shp2 has a higher 
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affinity to binding partners with long pY-linkers of up to 49 aa as in IRS-1. Shorter linkers 

as the 14 aa in PD-1 (Marasco et al. 2020a; Patsoukis et al. 2020) or 11 aa in PDGFR 

(Ottinger et al. 1998) lead to spatial restrictions as the distance of the binding sites of the 

SH2 domains is fixed. In these cases, the N-SH2 and C-SH2 domains can bind to two 

distinct activator proteins in close proximity. This can be facilitated since these 

phosphorylated proteins are mostly dimerised receptors. This concept is shown in Figure 

8 for PD-1 but is also discussed for PDGFR (Ottinger et al. 1998; Patsoukis et al. 2020). 

 

Figure 8 pY-linker length-dependent Shp binding modes. The 2:1 (receptor:Shp2) and the 1:1 binding modes are 
illustrated. Created with biorender.com. 

 

Figure 9 The linker regions between phosphotyrosine residues (pY) vary considerably. For CagA the typical EPIYA motif 
is underlined. 

This 2:1 binding can still activate Shp2 but highlights the importance of a flexible linker 

in monomeric proteins. Even though Shp2 is a phosphotyrosine phosphatase when it is 

bound to its activating targets, like Gab1, the SH2 domains protect the phosphotyrosines 

from its enzymatic potential.  

The phosphotyrosine phosphatase domain 
Phosphotyrosine phosphatase domains (PTP) are well studied since the human genome 

encodes for 107 of those domains. The PTP domain of Shp2 is 270 aa long (247 – 517 

aa). The catalytic active site (depicted in Figure 10) consists of the P-loop (458-467 aa), 

pY-recognition-loop (273-279 aa), WPD loop (Trp-Pro-Asp) (423-427 aa), Q-loop (504-

510 aa) and E-loop (362–366 aa) and is occluded in the closed conformation by the DE-

loop and adjacent βD and βE strands of the N-SH2 domain (58-63 aa). The P-loop 

(phosphate-binding loop) consists of the PTP signature motif (C(X)5R) with the catalytic 

cysteine and coordinating arginine (C459, R465), the pY-recognition loop discriminates 
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between phosphoserine (pS), phosphothreonine (pT) and pY (phosphotyrosine), the 

flexible WPD-loop provides the catalytic aspartate (D425), while its mobility is supported 

by the E-loop, lastly, the Q-loop’s glutamine residue (not shown in Figure 10) coordinates 

water molecules necessary for the hydrolysis (Tautz et al. 2013; Hof et al. 1998; Yu et al. 

2014). 

 

Figure 10 Catalytic site of Shp2. Shown is the catalytic site of Shp2 (cartoon) in closed (A, B) and substrate-bound state 
(C). The N-SH2 domain is shown in yellow with the DE-loop in black (A, B), the C-SH2 is depicted in orange, the PTP 
domain in grey (PDB: 4dgp (Yu et al. 2013)). The DE-loop is occluding the active site. The active site consists of the 
WPD-loop (red), the pY-recognition loop (blue), P-loop (red), Q-loop (green) and E-loop (magenta). In the substrate-
bound state (C) the N- SH2 is not occupying the active site, instead, at the same position the peptide (black) is 
coordinated (IRS-1 peptide from the PDB: 7ppm (Zeke et al. 2022)). Created with PyMol. 

The catalytical mechanism is depicted in Figure 11, showing the nucleophilic attack of 

C459 on the substrate’s phosphate in the first step of the reaction. Here, the phosphate 

is coordinated by R465. D425 provides a proton to the releasing OH- group, leading to 

free water. In the second step, a water molecule is deprotonated by D425, and the 

resulting OH- group leads to the hydrolysis of the thiophosphate bond, which results in 

the release of free phosphate (Tautz and Sergienko 2013). 
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Figure 11 Catalytic mechanism of dephosphorylation. The P-loop (red) is needed to bind the phosphate through its 
R465, while C459 attacks the substrate’s phosphate (blue) nucleophilically. The D425 acts as an acid in the first step, 
where it provides a proton to release a water molecule. In the second step, the thio-phosphate is hydrolysed by an OH- 
after D425 abstracted a proton from a water molecule. This attack leads to the release of free phosphate. Picture is 
taken and adapted from (Tautz and Sergienko 2013). 

In general, Shp2 is a discriminating enzyme regarding its phosphatase substrates. A 

preference for negatively charged amino acids at -4 to -1 and serine/threonine 

phosphorylation at the +4 and +5 (relative to pY) followed by a proline was just recently 

shown (Zeke et al. 2022; Hartman et al. 2020), postulating how serine-/threonine kinases 

like the MAPKs might regulate the pathway crosstalk. One example is the 

phosphotyrosine binding site pY472 on Gab1 for the regulatory subunit of PI3K. This site 

has a threonine at the +4 position that, upon phosphorylation by MAPKs, makes pY472 

a preferred target for the dephosphorylation of Shp2. This, in turn, would lead to a loss 

of binding capacity between Gab1 and PI3K (Zeke et al. 2022). 

These very recent findings show that even though intensive research has already been 

carried out on Shp2, much functionally relevant information is still missing.  

Differences between Shp1 and Shp2 
Shp1 and Shp2 are the only cytosolic phosphotyrosine phosphatases (PTPs) containing 

a tandem SH2 domain, although others with one SH2 domain, like tensin and SHIP, are 

known. Both homologues share 53 % sequence identity throughout their entire length 

(EMBOSS – global pairwise alignment). Figure 12 illustrates the identity between the 

domains.  
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Figure 12 Comparison of the sequence identity between Shp1 and Shp2. The two homologues are depicted 
schematically, with the N-SH2 in yellow, the C-SH2 in orange, the PTP domain in grey, and the intrinsically disordered 
tail in blue. The identity between the sequences of both homologues is indicated. The sequence identity was calculated 
using the EBLOSUM62 matrix with a gap penalty of 10 and a penalty for extension of 0.5. 

The two phosphatases behave quite differently in cell signalling. While Shp2 (inactive in 

the basal cellular state) is a positive regulator, as described above, Shp1 leads to the 

termination of cell signalling through its basal active state. The mechanism behind these 

differences is still not discovered. The following sections try to collect some reasons for 

this.  

Some mechanisms appear to lie in the disordered tails of both homologues. As seen in 

Figure 12, the tail shows greater variation in its sequence. This may be explained by its 

disordered nature, which does not rely on a conserved fold. However, it provides the two 

proteins with specific features. 

Shp1 is mainly expressed in hematopoietic cells, while Shp2 is more widely expressed 

(Neel et al. 2003). Subcellular localisation also seems to be a factor since Shp1 in 

hematopoietic cells is cytosolic, while in non-hematopoietic cells, it is located in the 

nucleus, where it positively regulates cell signalling (Poole and Jones 2005). To achieve 

different localisations of Shp1 depending on the cell type, it is speculated that the nucleus 

localisation sequence (NLS) of Shp1 is either a splicing variant, like Shp1-L, which lacks 

this motif (Poole and Jones 2005) or is affected by PTMs. S591 near the NLS might get 

phosphorylated and prevent nucleus entry (Craggs and Kellie 2001). The NLS is absent 

in Shp2, keeping it cytosolic. The same serine residue (S591) in its phosphorylated state 

leads to the decrease of Shp1 activity, probably by recruiting a phosphoserine-binding 

protein, which is yet unknown (Poole and Jones 2005). Although Shp2 also possesses 

this residue, it is presumably not associated with regulating its activity (Poole and Jones 

2005). Shp1 is active under basal cellular conditions, which must be down-regulated 

upon activation of the signalling cascade(Jones et al. 2004). Therefore, the switch-off 

model through pS591 is widely accepted. How the constitutive active state is 

accomplished is only speculation, but binding to a phosphorylated peptide via its 

SH2 domain is likely (Jones et al. 2004; Sathish et al. 2001). Another feature that was 
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only described for Shp2 so far is its SUMOylation at K590 at the very C-terminal region 

of the ID tail. It is reportedly essential for Shp2:Gab1 complex formation and, thus, full 

activation of ERK (Deng et al. 2015). Interestingly, the SUMO binding sites of Gab1 are 

located at and near the PH domain. This provides another hint for the N-terminal folding 

hypothesis of Gab family proteins, which brings the Shp2 binding sites of Gab1 (pY627 

and pY659) close to the SUMO-binding motifs (SIM57 and SIM164). 

Another aspect of the different functions between both homologs is their selectivity for 

activating peptides. Both N-SH2 domains bind phosphopeptides that recognise the -2 to 

+6 position (Imhof et al. 2006; Sweeney et al. 2005). The N-SH2 domain of Shp1 prefers 

positively charged residue in the +4 and +5 positions, whereas Shp2 N-SH2 prefers 

hydrophobic residues in these positions (Imhof et al. 2006). Similarly, the Shp1 C-SH2 

domain prefers positively charged side chains at +4 in contrast to the hydrophobic 

residues preferred by Shp2 C-SH2 (Imhof et al. 2006). The positions from -2 to +3 are 

surprisingly similar between the C-SH2 domains (Sweeney et al. 2005). The N-SH2 

domain has four classes of binding partners, where the class I is similar to the C-SH2 

domains (Sweeney et al. 2005), whereas the class IV peptides (the high-affinity binders) 

are similar to the motif found to bind Shp1 N-SH2 (Beebe et al. 2000). It was shown that 

most phosphopeptides bind with a clear preference to one of those four domains. 

Nevertheless, peptides with promiscuous binding to all four domains could also be 

identified (KD=2-5 µM) (Sweeney et al. 2005). Although Gab1 is thought to be a specific 

target for Shp2, it could be shown in vitro and in vivo, that Shp1 is associated with the 

Shp2:Gab1 complex. How that interaction is facilitated is not known, nevertheless, it is 

most likely facilitated through a Shp1:Shp2 interaction (Wang et al. 2006).  
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Table 1 Preferred binding motifs of the SH2 domains of Shp1 and Shp2. Amino acids written with capital letters are 
preferred over the ones written in lowercase. X can be any amino acid except glycine and proline. * (Sweeney et al. 
2005); ** (Beebe et al. 2000) 

  -2 -1 pY +1 +2 +3 

N-SH2 

Shp2* 

Class I Ile/ Leu/ 

Val/ met 

X  Thr/ Val/ 

Ala 

X Ile/ Val/ 

Leu/ phe 

Class II Trp Met/ 

Thr/ 

val 

 tyr/ arg Ile/ Leu X 

Class III Ile/ Val X  Leu/ Met/ 

Thr 

Tyr Ala/ Pro/ 

Thr/ Ser/ 

gly 

Class IV Ile/ Val/ 

Leu 

X  Phe/ Met X Pro 

N-SH2 

Shp1** 

 Leu Tyr/ 

His 

 Met/ Phe X Phe/ Met 

C-SH2 

Shp2* 

 Thr/ Val/ 

Ile/ tyr 

X  Ala/ ser/ 

thr/ val 

X Ile/ val/ leu 

C-SH2 

Shp1* 

 Thr/ val/ 

ile 

X  Ala/ thr X Leu/ met/ 

val 

 

Structurally, both proteins show similar relative domain orientations of the N-SH2 and 

PTP domains in the unliganded closed states (Figure 13), indicating similar inactivation 

mechanisms, but the intervening C-SH2 domains adopt alternative positions. In contrast, 

the open (active) states show similar relative domain orientations of the C-SH2 domains 

but different positions of the N-SH2 domains. Whereas the open Shp2 state was 

achieved using the constitutively active E76K mutant protein (LaRochelle et al. 2018), it 

is not clear why Shp1 crystallised in the open form (Wang et al. 2011). It should be noted 

that full-length protein Shp1 was used, and sulphate ions from the crystallisation buffer 

were found in the ligand binding sites of both SH2 domains.  
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Figure 13 Superposition of the closed (A) and open (B) conformation of Shp1 and Shp2 (cartoon). A) In the closed 
conformation, the Shp1 (blue, PDB: 2b3o (Yang et al. 2003)) and Shp2 (green, PDB: 4dgp (Yu et al. 2013)) structures 
align well with alternative positions of the C-SH2 domain. B)  In the open conformation, the C-SH2 domains adopt 
similar relative positions, but the N-SH2 domains show greater variance (Shp1, PDB: 3ps5 (Wang et al. 2011); Shp2, 
PDB: 6crf (LaRochelle et al. 2018)). Created with PyMol.  

Whether Shp1 and/or Shp2 can actually get activated by inorganic phosphate is not 

known. The SH2 domains of Shp2 show binding to inorganic phosphate and free 

phosphotyrosine, even with structural changes of the N-SH2 domain identical to 

phospho-peptide binding (Marasco et al. 2021). However, its relevance for activation was 

not shown per se. The crystallisation of the sulphate ion complexed Shp1 open state 

indicates that inorganic phosphate should actually be able to activate the protein. It would 

further be interesting to know whether Shp1, as a negative regulator of cell signalling, 

might be easier to activate than Shp2. Unfortunately, no data could be found that 

addresses that question.   

Gab and Shp2 in physiology and pathology 

Gab 
The human Gab family proteins are widely expressed. Especially high expression of 

Gab1 and Gab2 is seen in tissues of the brain, gastrointestinal, gallbladder, male and 

female reproductive systems, skin and lymphatic system; Gab2 is also seen in 

hematopoietic cells (Wang et al. 2017). Gab3 is highly expressed in fat cell tissue 

(Human protein atlas) and macrophages, dendritic cells and T-cells (Wang et al. 2017). 

While Gab1 deficient mice die at mid-to-late gestation with developmental defects in the 

heart, liver, muscle, placenta, and skin, similar to impaired RTK signalling (Itoh et al. 

2000; Sachs et al. 2000), Gab2-/- (Nishida et al. 2002) and Gab3-/- (Seiffert et al. 2003) 
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mice are vital and have an average life span. Gab2-deficient mice have reduced numbers 

of mast cells leading to impaired allergic reactions (Nishida et al. 2002), and double-

knockout Gab2/3-/- mice develop colitis, whereas single knockouts do not (Wang et al. 

2019b). These findings imply the importance of Gab family proteins in embryology for 

physiologic development. Due to their involvement in signalling, they are also critical 

factors in tumorigenesis. Gab1 is closely connected to the oncogene c-Met (Mood et al. 

2006; Seiden-Long et al. 2008) and was found to be upregulated in head and neck 

(Hoeben et al. 2013), breast (Wang et al. 2019a)  and colorectal cancer (Seiden-Long et 

al. 2008) as well as glioma (Liu et al. 2014; Shao et al. 2018) and prostate cancer (Human 

protein atlas). Recently, a Gab1 (1-528 aa)-ABL1 (28-1130 aa) fusion gene was found 

and predicted to be involved in paediatric malignancies (Panagopoulos et al. 2020). 

Mutations of Gab1 found in cancer patients are attributed to binding sites for 

pathway- regulatory proteins (Ortiz-Padilla et al. 2013). Gab2 overexpression was 

reportedly found in breast cancer (Daly et al. 2002), and gene locus amplification has 

been attributed to a variety of cancers (Huang et al. 2002). Gab3 is implicated in ovarian 

(Berkel and Cacan 2021) and colorectal cancer (Xiang et al. 2017). 

Shp2 
While Gab proteins are overexpressed in cancer, Shp2 is upregulated in diabetes (Saint-

Laurent et al. 2022). Nevertheless, Shp2 does have a significant impact on cancer 

development and other diseases through mutations. 50% of Noonan-Syndrome (NS) 

patients, characterised by low hight, chest deformity and heart defects, show germline 

mutations of Shp2 (Tartaglia et al. 2001). These mutations mostly disrupt the N-SH2:PTP 

interface or lead to a higher binding affinity for activating peptides (Keilhack et al. 2005; 

Tartaglia et al. 2006). These gain-of-function (GOF) mutations are in contrast to the loss-

of-function (LOF) mutations seen in Noonan syndrome with multiple lentigines (NSML) 

(formally LEOPARD syndrome). Here, Shp2 makes up 90 % of germline mutations, 

which are causing the RASopathy similar to NS but with additional freckle-like markings. 

These LOF mutations are found in the PTP domain, reducing the phosphatase activity 

(Kontaridis et al. 2006). Why LOF and GOF mutations result in similar phenotypical 

output was investigated by (Yu et al. 2013; Yu et al. 2014). The mutations of the PTP 

domain weaken the interaction with the N-SH2, leading to hyperactivation that 

compensates for the impaired PTP activity. The aggressive leukaemia of infants and 

children, juvenile myelomonocytic leukaemia (JMML), can either be sporadic or 

associated with the above-mentioned diseases. Shp2 is mutated in 35% of sporadic 

JMML at the N-SH2:PTP interface, destabilising the closed conformation (Wang et al. 

2009). Shp2 is also involved in stomach cancer in succession of infection with 
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Heliobacter pylori. The bacterial CagA protein is released into the cell, where it acts as 

an activator of Shp2 and upregulates processes thereafter (Hayashi et al. 2017).  

 

Targeting Gab1 and Shp2 
As discussed, Gab1 and Shp2 have been implicated in several cancers and other 

diseases and are, therefore, sought-after targets in therapy. Targeting an IDP, such as 

Gab1, is of utmost complexity since no binding groove for small molecules can be 

defined. On the other hand, targeting one player (a hub protein, e.g. Gab1) and 

eliminating the signalling of several downstream events can have advantages if all 

implications are known or the drug is selective to the affected tissue. One approach could 

be prohibiting the membrane localisation of Gab and thus its phosphorylation by RTKs 

by targeting the PH domain (Chen et al. 2015; Seda et al. 2021). Such drugs need to be 

highly specific for the Gab1 PH domain to prevent disruption of other PH 

domain- containing proteins, like IRS1. Stapled peptides are another idea to regulate the 

binding of Gab partners (Verdine and Hilinski 2012). Stapled peptides are forced into 

helicity by an internal crosslinker. These helical parts are essential for access to the cell, 

better thermodynamics, and prolonged half-life. Another part of the peptide is responsible 

for binding specifically to its target. Phosphorylated binding sites of Gab proteins could 

thus be covered and prevent downstream signalling more specifically (Verma et al. 

2012). 

Much more research has been done on inhibiting Shp2. In the early years from 2006 to 

2015, researchers focused on targeting the catalytic site of the PTP domain. A great 

hurdle has been its homology to other PTPs (side effects) and its high polarity, leading 

to poor cell access of potential ligands. Novartis identified an allosteric site at the 

interface of all three domains that keeps Shp2 in its closed conformation (Chen et al. 

2016). They developed the inhibitors Shp099 and TNO155 and entered into clinical trials 

(LaMarche et al. 2020). Alternative allosteric sites have been found at the N-SH2:PTP 

and C-SH2:PTP interfaces (Fodor et al. 2018; Wu et al. 2019). Applying two drugs that 

bind to different sites (like Shp099 and Shp504) improves the inhibitory effect (Fodor et 

al. 2018). Another approach is to target the N-SH2 and C-SH2 domains in order to block 

the binding sites for activating phosphopeptides, which has been achieved using 

nanobodies (Sha et al. 2013) and artificial peptides derived from native binding peptide 

IRS-1 (Bobone et al. 2021). Another recently evolving therapeutic strategy is Proteolysis 

Targeting Chimera (PROTAC) (Sakamoto et al. 2001), where a protein of interest (POI) 

is labelled with ubiquitin to clear it from the cell by proteolysis. For this, a molecule with 

a specific binding site for the POI connected by a linker to a recognition site for an 

endogenous E3-ligase, is designed. This approach has also been applied to Shp2 by 
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using inhibitors like Shp099 as specific Shp2-targeting entities (Wang et al. 2020). All 

these strategies focus on inhibiting Shp2, which is in line with most of the research done 

on Shp2’s implication in cancer and other disease. 

Nevertheless, evidence that Shp2 can also act as a tumour suppressor is emerging. This 

could be seen in liver and colorectal cancer (Chen et al. 2020; Bard-Chapeau et al. 2011). 

Elevated activity of Shp2 could also be of potential interest in tumours with 

hyperactivated STAT5, as Shp2 can dephosphorylate it and prevent further signal 

transduction (Chen et al. 2003; Rani and Murphy 2016; Verma et al. 2012). Therefore, 

strategies for activation of Shp2 should be considered as well.  

Aim and concept of the study 
The purpose of this thesis was to shine a light on the interaction of the disordered tail of 

Gab1 with its cognate binding partner Shp2. A detailed understanding of this particular 

interaction is necessary to further understand: 

- how Shp2 discriminates its activators 

- how this interaction can be targeted  

- how Gab1 differs from other Shp2 activator proteins 

- how a doubly phosphorylated peptide gets bound by an SH2 domain tandem 

- how tandem SH2 domains with a short spacer bind to a partner with a long 

phosphotyrosine linker 

As the interaction between both proteins is not only physiological but also found in 

pathology, structural und biochemical data are of importance. The overall challenge of 

this project was to generate structural data, which were intended to support findings and 

to complete the picture of the interaction. Three main questions were addressed during 

the project:  

I) How does the phosphatase Shp2 bind to the doubly phosphorylated Gab1 

tail? 

The results addressing this question can be found in chapters 2, 3, 4 and 5.  

II) Does the intrinsically disordered tail of Gab1 adopt any structure prior to 

or upon binding to the SH2 domains of Shp2?  

The results addressing this question can be found in chapters 1, 2, 3 and 4.  

 



22 
 

III) Does the phosphatase Shp2 undergo any structural changes upon 

binding to Gab1? 

The results addressing this question can be found in chapters 2, 3, 4 and 5.  

To address these questions, the following methods and concepts were applied:  

I) Constructs of the tandem SH2 domain, the single SH2 domains, binding to 

double phosphorylated Gab1 peptides and mono-phosphorylated Gab1 

peptides were analysed. For this ITC, NMR, X-ray crystallography and 

electron diffraction on micro crystals (microED) were employed. 

II) Phosphorylated and unphosphorylated Gab1 peptides were used either as 

mono-Y/pY or double-Y/pY. Additionally, tandem and single SH2 domain 

proteins were used as complex partners. The structural changes of the 

intrinsically disordered Gab1 peptide were monitored by CD, NMR, and 

MicroED. In addition, computational prediction, e.g. by AlphaFold, was done. 

III) The dynamic changes of the single SH2 domains were analysed in complex 

with a doubly phosphorylated Gab1 peptide with NMR. microED and further 

NMR experiments on the doubly phosphorylated Gab1 peptide with tandem 

SH2 domains were also used. ITC was conducted on the doubly 

phosphorylated Gab1 peptide interacting with the tandem SH2 domains, 

which has either a binding-competent deprived mutant in the N- SH2 or C-

SH2. 

In the following Figure 14 all constructs used in the thesis are schematically shown.
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Figure 14 Schematic overview of all used constructs. Gab1 and SHp2 constructs have been expressed and purified in case they are depicted with affinity tags. His6 (blue box) and protease recognition 
tags (green box) have been removed upon protease cleavage (3C, SUMO, TEV). Those Gab1 constructs have been used in the phosphorylated and unphosphorylated states. Both Gab1 and Shp2 
constructs eligible to purify have been expressed with and without NMR-sensitive isotopes. Other constructs (Gab1 monophosphorylated peptides) have been ordered from commercial suppliers.  
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Material and Methods 

Equipment, chemicals and crystallisation kits 
Equipment Manufacturer 

1,5 ml Axygen reaction tubes Corning 

500 MHz  NMR spectrometer (Avance DRX) Bruker 

500 ml filter unit (22 µm) Corning 

600 MHz-NMR spekcrometer (Avance III) Bruker 

800 MHz-NMR spectrometer (Avance III) Bruker 

Äkta pure GE Healthcare 

autoclave VX150 Systec 

balance Pioneer OHAUS 

balance Scout OHAUS 

BioPhotometer D30 Eppendorf 

Blockthermostat 2099 Liebisch 

Canoscan LiDE 110 Canon 

centrifuge 5427 R Eppendorf 

centrifuge 5804 R Eppendorf 

centrifuge Avanti JXN-26 Beckman Coulter 

centrifuge J6-MI Beckman Coulter 

centrifuge Megafuge 1.0R Hereaus 

CMOS-based CetaD camera  Thermo Fisher Scientific 

Cryostream 800 Oxford Cryssystems 

cuvette single-use LABSOLUTE 

dest. water system MilliQ Merck 

Digital IXUS 80 IS Canon 

EasyXtal 15-well Tool QIAGEN 

falcon tubes (15 ml, 50 ml) Corning 

filter unit for syringe (0.2 µm) Sartorius 

fraction collector F9-R GE Healthcare 

Glacios Cryo-TEM  Thermo Fisher Scientific 

HiLoad 16/600 Superdex S30 GE Healthcare 

HiLoad 16/600 Superdex S75 GE Healthcare 

HiTrap Column (IMAC FF, Q HP) GE Healthcare 

holy grid R2/1 quantifoil 

HyPix-Arc 150° Rigaku 

incubator 6030 Hereaus 

incubator Innova 4200 New Brunswick Scientific 

incubator Innova 43 New Brunswick Scientific 

KL 1500 LCD Leica 

Macrosep Advanced Centrifugal Devices (1k MWCO) PALL 

Magnetrührer MR Hei-Standard Heidolph 

MicroCaliTC200 GE Healthcare 

Microsys 4000 Zinsser Analytic 

Mini-PROTEAN III Cell Bio-Rad 

Minstrel DTUV Rigaku 
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MRC 3-well plates SWISSCI 

NanoDrop One Microvolume Spectrometer Thermo Fisher Scientific 

NanoVue Plus Spectrometer GE Healthcare 

PELCO easiGlow TedPella 

pH meter 765 Calimatic Knick 

pH meter SevenDirectSD20 Mettler Toledo 

pipette tips Corning 

Plastipak syringe (5ml, 50 ml) BD 

PROTEANII xi Cell Bio-Rad 

QIAprep spin miniprep kit Quiagen 

QIAquick gel extraction kit Quiagen 

QIAquick PCR purification kit Quiagen 

Quick-Change site-directed mutagenesis kit Agilent 

RA-Micro7HF Rigaku 

rotor JA.25.50 Beckman Coulter 

rotor JLA 16.250 Beckman Coulter 

rotor JS-4.2 Beckman Coulter 

Sonicator Sonoplus HD 2200 Bandelin 

Spectra/Por dialyse tube (1, 3.5 kDa MWCO) VWR Scientific 

standard ashless blotting paper Ø55/20mm, Grade 595 TedPella 

stereomicroscope M165C Leica 

TCl-CryoProbe Bruker 

tumbling shaker PMR-150 Grant-Bio 

tumbling shaker S0500 VWR Scientific 

Ultra-Micro-cuvette Hellma Analytics 

Ultrospec 7000 photometer biochrom 

vitrobot mark iv system Thermo Fisher Scientific 

Vivaspin 20 (3K, 5K, 10K MWCO) Sartorius 

water bath Sonorex RK100H Bandelin 
 

Chemicals Supplier 

1-methylpiperazine Sigma-Aldrich 

1,4-dimethylpiperazine Sigma-Aldrich 

30% acrylamide 29:1 Roth 

30% acrylamide 37.5:1 Roth 

ammonium acetate Roth 
15N-ammonium chloride Cortecnet 
14N-ammonium chloride Sigma-Aldrich 

ammonium sulphate hydrate Roth 

antipain - dihydrochloride Roth 

aprotinin Roth 

ammonium persulphate (APS) Roth 

adenosine-5’-triphosphat-di-sodium salt (ATP) Roth 

bacto-agar DIFCO 

benzonase nuclease (250 U / ul) Sigma-Aldrich 
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beta-mercaptoethanole Roth 

BisTris Roth 

Blue Eye Prestained Protein Marker Jena Bioscience 

bromphenol blue Bio-Rad 

bovine serum albumin (BSA) Serva 

calcium chloride dihydrate Sigma-Aldrich 

coomassie brillant blue R-250 Serva 

deuterium oxide (D2O) Cortecnet 

ethylene diamine Merck 

ion (III) chloride hexahydrate Sigma-Aldrich 

acidic acid Roth 
13C-Glucose Cortecnet 
12C-Glucose Roth 

glycerol Roth 

hydrochloric acid Roth 

Hydroxylamine (50% in water) Sigma-Aldrich 

imidazole Roth 

InstantBlue Expedeon 

isopropyl-beta-D-thiogalactopyranoside (IPTG) Roth 

kanamycin sulphate Roth 

potassium dihydrogen phosphate Roth 

cobalt(II) sulphate heptahydrate Roth 

Luria/Miller medium (LB) Roth 

leupeptin Serva 

Low-Range Rainbow marker 3.5 - 38 kDa) Cytiva 

lysozyme Roth 

Magnesium chloride hexahydrate Roth 

magnesium sulphate Sigma-Aldrich 

Mangan (II) chloride tetrahydrate VWR Scientific 

methanole Roth 

methylamine (50% in water) Merck 

sodium acetate Roth 

sodium carbonate VWR Scientific 

sodium chloride Roth 

sodium citrate dihydrate Roth 

sodium hydrogen carbonate Roth 

di sodium hydrogen phosphate dihydrate Roth 

sodium hydroxide Roth 

sodium molybdate dihydrate Sigma-Aldrich 

sodium trimethylsilylpropansulfonate (DSS) Cortecnet 

sodium vanadate Sigma-Aldrich 

nickel (II) sulphate hexahydrate Sigma-Aldrich 

polyethylene glycol 3350 Fluka Analytical 

pepstain Roche 

Phos-tag WAKO Chemicals 
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Phenylmethylsulfonyl fluoride (PMSF) Roth 

propanole Thermo Fisher Scientific 

sodium dodecylsulphate Roth 

Terrific Broth(TB) medium Roth 

Tetramethylethylenediamine (TEMED) Roth 

thiamin hydrochloride Sigma-Aldrich 

Tris Roth 

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) Roth 

Tricin Roth 

urea Roth 
citric acid Monohydrat 

 

Kit Manufacturer 

Classic 1-4 Jena Bioscience 

Classic 5-8 Jena Bioscience 

Classic 9-10 Jena Bioscience 

Crystal Hampton Research 

Index Hampton Research 

JCSG++ Jena Bioscience 

MIDASplus Molecular Dimensions 

Morpheus Molecular Dimensions 

Wizard Cryo Molecular Dimensions 

Molecular biology 
CPEC  
Circular polymerase extension cloning (CPEC) (Quan and Tian 2009) is a fast and 

inexpensive technique, as it is conducted without the need for restriction and ligase 

enzymes while relying on a PCR based method to generate sticky ends. To linearise the 

vector, primers for both ends of the cloning site must be designed to anneal at similar 

temperatures at opposite strands and synthesized. The mixture of the PCR reaction and 

the PCR protocol are the following:  

Mixture for PCR reaction: 

substance concentration 

Pfusion Buffer GC 1x 

dNTPs 10 mM 0.2 mM 

forward Primer  0.5 µM 

backward Primer 0.5 µM 

template  50 pg 

polymerase Pfusion 1x 

water top up to 100 µl 
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PCR protocol: 

Temperature Time reasoning 

98°C 30 sec initial melting 

   

30x   

98°C 10 sec melting 

x°C 20 sec annealing 

72°C 140 sec 

note: extension time is 

calculated 15-30 sec /kb 

amplification 

   

72°C 5 min final amplification 

4°C Hold storage 

The second step is the amplification of the insert, for which two primers covering the 

flanking sites of the insertable part, as well as the overlapping regions with the backbone, 

must be designed and synthesized. The primer pairs are between 30-40 bp long and 

should have similar annealing temperatures for the insert-part and the overlapping-part 

since the PCR reactions are sequential. The primers were checked for homo- and 

heterodimerisation, which would hinder the reaction, and designed accordingly. The PCR 

for insert amplification is divided into two phases: the short insert extraction and 

amplification from the vector and the later amplification of the insert with the overlapping 

ends. In the following tables, the reaction mixture and the PCR protocol are presented:  

Mixture for PCR reaction: 

substance concentration 

Pfusion Buffer GC 1x 

dNTPs 10 mM 0.2 mM 

forward primer  0.5 µM 

backward primer 0.5 µM 

template  50 pg 

polymerase Pfusion 1x 

water top up to 55 µl 
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temperature time reasoning 

98°C 30 sec initial melting 

   

5x  cycle to amplify the 

initial insert 

98°C 10 sec melting 

x°C 20 sec annealing to the insert 

72°C 10 sec 

note: extension time is 

calculated 15-30 sec /kb 

amplification 

   

25x  cycle to amplify the final 

insert 

98°C 10 sec melting 

x°C 20 sec annealing of the full 

primer  

72°C 10 sec 

note: extension time is 

calculated 15-30 sec /kb 

amplification of final 

insert with overlapping 

ends 

   

72°C 5 min final amplification 

4°C hold storage 

 

The amplified and linearised vector and the insert were loaded and separated on agarose 

gels (0.8% for backbone; 1.6% for insert) at 120V for approximately 50 min. The amplified 

PCR products were extracted from the gel following the instructions of the gel extraction 

kit (Quiagen) after cutting out the PCR bands with a scalpel.  

The extracted PCR products were eluted in water, and their concentration was measured 

using UV-spectroscopy. The final step is the ligation of the insert to the vector, which is 

the actual CPEC reaction. As a control for the success of the reaction, a negative control 

was conducted in parallel with only the backbone but no insert in the mixture.   
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Mixture for the CPEC reaction: 

substance concentration 

Pfusion Buffer HF 1x 

dNTPs 10 mM 0.2 mM 

backbone 50-100 ng 

insert 2x molar excess of backbone 

polymerase Pfusion 1x 

water top up to 25 µl 

 

temperature time reasoning 

98°C 30 sec initial melting 

   

20x   

98°C 10 sec melting 

70°C 1 sec cool to 70°C 

70°C to Tm+3°C 0.1°/ sec slow ramp annealing 

Tm+3°C 90 sec Annealing 

72°C 140 sec 

note: extension time is 

calculated 15-30 sec /kb 

amplification 

   

72°C 5 min final amplification 

4°C hold storage 

 

1 µl of the reaction and the negative control were used for the transformation into XL10 

E.coli cells (see Transformation). Cells were incubated overnight at 37°C, and colony 

growth was observed for the reaction but not the control experiment. Three colonies were 

picked, incubated and used for plasmid extraction, which was used for sequencing of the 

final plasmid.  

Transformation 
Chemical competent E.coli cells (e.g. BL21(DE3), XL10, TOP10 etc.) were taken from 

the -80°C storage unit and thawed on ice for 10-20 minutes. 1 µl of plasmid was added 

to the cells, and the tube was gently mixed by careful snapping. The mixture was stored 

on ice for 30 minutes to allow the plasmids to accumulate at the prokaryotic membrane. 

The tube was carefully held in a prewarmed water bath at 42°C for 30 seconds and 
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directly placed into ice afterwards. After a short cooling period, 200 µl of TB medium was 

added to the mixture. The tube was incubated at 37°C while shaking at 225 rpm (innova 

4200) for 1 hour. The entire mixture was applied on LB agar plates with the appropriate 

antibiotic and spread over the whole plate with a heat-sterilised spatula under a hood. 

The plate was incubated in a top-up position at 37°C overnight.   

Miniprep and Plasmid extraction 
Colonies grown on the LB plates were picked with a sterilised plastic tip under the hood 

and placed into a tube with 5 ml LB medium and the appropriate antibiotic. The tube was 

incubated at 37°C while shaking at 225 rpm (innova 4200) overnight.  

The tube was centrifuged for 10 minutes at 4000 g, and the supernatant was discarded 

into an autoclavable glass bottle. The pelleted cells were resuspended and further 

processed as described in the protocol of the miniprep kit (Quiagen). 

The plasmid was eluted in water, and the concentration was measured using UV-

spectroscopy at the Nanoview. 

Mutagenesis 
Mutagenesis was conducted using the QuickChange Site-Directed Mutagenesis Kit 

(Agilent). For this, primers were designed using the following website: 

https://www.agilent.com/store/primerDesignProgram.jsp  

The reaction mixture and PCR protocol were used as described:  

substance concentration 

QuickChange LM Buffer 1x 

QuickSolution 0.2 µl 

dNTPs  0.4 mM 

primer  0.5 µM 

template  100 ng 

QuickChange enzyme 1x 

water top up to 10 µl 
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temperature time reasoning 

95°C 120 sec initial melting 

   

30x   

95°C 20 sec melting 

55°C 30 sec annealing 

65°C 210 sec 

note: extension time is 

calculated 30 sec /kb 

amplification 

   

65°C 5 min final amplification 

4°C hold storage 

 

0.5 µl of DpnI enzyme was added to the mixture to digest the methylated mother plasmid 

during a 10-minute incubation at 37°C. 1 µl of the final reaction was used for the 

transformation of E.coli XL10 cells. After incubation at 37°C overnight, three colonies 

were picked for miniprep, plasmid extraction and sequencing.  

Agarose-gel electrophoresis 
To separate linearized DNA from PCR experiments, the DNA was loaded on an agarose 

matrix gel and an electric current was applied in a TAE buffer system. The DNA was 

supplemented with a loading dye to fill the well. The DNA migrates towards the anode 

due to its negatively charged phosphate sugar backbone. A DNA intercalating substance 

(GelRedTM) was added to the agarose gel immediately before casting to detect the DNA 

on the gel. An appropriate gel percentage must be chosen for the DNA molecule to 

separate: a small percentage is used for larger constructs (e.g. backbone with around 

5 kbp, 0.6 % agarose), and a larger percentage gel (e.g. 1.8 %) for smaller constructs 

like inserts of 200 bp. 

The gel was made as follows: the appropriate mass of agarose was solved in 50 ml TAE 

buffer [40 mM Tris, 20 mM acidic acid, 1 mM EDTA] by heating in a microwave, with 

occasional careful shaking. After refilling to 50 ml with ddH2O, 5 µl GelRedTM was added 

after cooling the matrix to 37°C. The gel was cast with the appropriate comb. 



33 
 

Expression and purification 

Enzymes used for purification of Gab1 and Shp2 constructs 

SUMO protease 
The SUMO protease was expressed using the pET28b(+) vector system with an 

N- terminal His6-tag and a resistance gene against kanamycin. The vector was ordered 

from addgene (plasmid #64697). The plasmid was transformed into BL21(DE3), and a 

colony was used for cultivation in 5 ml TB medium in the presence of 50 µg/ml kanamycin 

and 1% glucose at 225 rpm (innova 4200) and 37°C overnight. Another overnight 

incubation was set up in 100 ml TB medium under the same conditions. The density of 

the culture was measured at a wavelength of 600 nm, and 3.5 litres of freshly autoclaved 

TB medium, divided into seven flasks, was inoculated to an OD600 of 0.05. The culture 

was cultivated after the addition of 1 % glucose and 50 µg/ml kanamycin at 37°C, 130 

rpm (innova 43) until an OD600 of 1.5 was reached. The expression was induced by the 

addition of 1 mM IPTG, and the cultivation continued for another 4 h. The cells were 

harvested by centrifugation in 1-litre buckets (BeckmanCoulter) at 2560 g in a precooled 

centrifuge (J6-MI; JS-4.2) set to 4°C for 30 min. The cells were resuspended in 35 ml 

lysis buffer [50 mM Tris/HCl pH 7.5RT, 20% saccharose, 350 mM NaCl and 45 mM 

imidazole] per litre and stored until further use at -80°C.  

After thawing the suspension on ice 1 mM TCEP and 0.2% Igepal were added, and cells 

were lysed by sonication for three cycles each 1 min (100% power, 50% interval 

(Bandelin Sonopuls HD 2200, booster horn SH 213G, TT13)). The protein was cooled 

during and in between cycles. To separate the supernatant from the cell debris, 

centrifugation at 30.000 g in a precooled centrifuge (Avanti JXN-26; JLA-16.250) was 

conducted two times one hour. The supernatant was applied to a Ni2+ immobilised IMAC 

FF (5ml) column through the sample pump of the Äkta pure system located in a 4°C cold 

room. The column was treated with a washing buffer [50 mM Tris/HCl pH 7.5RT, 150 mM 

NaCl, 30 mM imidazole, 1 mM TCEP] until no further UV signal was detected. And the 

protein was eluted with a gradient of 30 mM – 300 mM of imidazole. The fractions 

containing the protein were pooled and dialysed against 4 litres of dialysis buffer [50 mM 

pH 7.5RT, 150 mM NaCl and 1 mM mercaptoethanol] in a 3.5 kDa cut-off dialysis tube at 

4°C, overnight. The concentration was measured using UV-spectroscopy and Glycerine 

to a final concentration of 50% (v/v) was added, and 1 mM DTT was freshly added before 

storing the protease at -80°C.    

3C protease 
For the expression and purification of the 3C protease, the vector containing an N-

terminal GST-tag and an ampicillin resistance gene was transferred into BL21(DE3) 
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cells, from which a colony was used to inoculate 400 ml LB medium + 100 µg/ml 

ampicillin. The culture was shaken at 225 rpm (innova 4200) and 37°C overnight. Eight 

flasks containing each 560 ml TB medium and 100 µg/ml ampicillin were inoculated with 

40 ml of the overnight culture to a final volume of 600 ml. The flasks were set to a 37°C 

incubator and shaken at 130 rpm (innova 43) until an optical density of 1.2 at 600 nm 

was measured. The flasks were transferred to a 4°C cold room, and the incubator was 

set to 20°C. After reaching the desired temperature, the flasks were implemented again 

into the incubator, and cultivation was continued for 3 hours after inducing the expression 

with 0.1 mM IPTG. The cells were harvested at 2560 g in a precooled centrifuge (J6-MI; 

JS-4.2) set to 4°C for 30 min.  

To resuspend the cells, 20 ml of TPE buffer and 0.0007 mg/ml pepstatin were added per 

1L bucket [1x PBS, 1% triton X-100, 100 mM EDTA, 250 mM NaCl, 5% glycerol] on ice. 

The resuspension was sonicated for three cycles of each 30 seconds at 100% power 

and 50% interval (Bandelin Sonopuls HD 2200, booster horn SH 213G, TT13)) on ice. 

To separate the cell debris, the lysed cells were centrifuged for 1 hour at 20.000 g (Avanti 

JXN-26; JLA-16.250) at 4°C. The supernatant was transferred to fresh GSH beads (30 

ul per 1 ml supernatant) and incubated on a nutator in the cold room overnight. The 

incubated beads were centrifuged at 700 g for 5 minutes, and the supernatant was 

collected and later autoclaved. The beads have been extensively washed with TPE buffer 

and later with washing buffer [50 mM Tris/HCl pH 7.5RT, 150 mM NaCl]. For each washing 

step, the buffer was added and nutated for 5 minutes, followed by centrifugation. This 

was continued until no further obvious protein contamination was seen in the discarded 

supernatant. The elution of the GST-tagged 3C protease was done in the presence of 

100 mM GSH adjusted with 1 M Tris/HCl of 8.8 to a final pH of 7.0. The supernatant was 

dialysed against 3 x 500 ml dialysis buffer [50 mM Tris/HCl pH 7.5RT, 150 mM NaCl, 

1 mM EDTA, 1 mM DTT] in a 3.5 kDa cut-off dialysis tube while stirring at 4°C. The 

concentration was measured, and the protein was aliquoted and stored at -80°C after 

shock freezing in liquid nitrogen.  

TEV protease 
For expression of the His6-tagged Tobacco Etch Virus (TEV) protease, the vector 

pRK793 (TEV S219V) was transformed into BL21(DE3)-RIL cells and incubated 

overnight on an LB plate with the necessary antibiotics. The vector has a resistance gene 

to ampicillin, while the bacterial stock has a resistance to chloramphenicol. BL21(DE3)-

RIL cells have additional copies of tRNA encoding genes, elevating the available tRNA 

pool to overcome codon bias. 5 ml LB medium supplemented with 100 µg/ml ampicillin 

and 34 µg/ml chloramphenicol were inoculated with a colony from the transformation and 
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shaken at 225 rpm (innova 4200) at 37 °C during the day. 600 µl of this culture was used 

to inoculate 600 ml antibiotic-supplemented LB medium for incubation overnight at the 

same parameters. To ten expression flasks with each 450 ml LB medium, 2 g/L glucose 

and antibiotics, 50 ml of the overnight culture was added and shaken at 130 rpm (innova 

43) at 37°C until an OD600 of 0.9 was reached. The flasks were shortly stored in a 4°C 

cold room until the incubator's temperature had reached 30 °C. After 30 minutes of further 

incubation, 1 mM of IPTG was added to induce the expression. The cultures were 

harvested after 4 hours by centrifugation at 2560 g (J6-MI; JS-4.2) for 30 minutes at 4°C. 

The supernatant was discarded, and 40 ml of lysis buffer [25 mM Tris/HCl pH 7.5RT, 

200 mM NaCl, 10 mM imidazole, 1 mM TCEP] was added to each pellet derived from 1 

L expression. The resuspension was transferred to 50 ml tubes and stored at - 80°C until 

further use.  

After thawing the resuspended cells on ice, sonication of three cycles, each one minute 

at 100 % power and an interval of 50% (Bandelin Sonopuls HD 2200, booster horn SH 

213G, TT13), was carried out while continuously cooling with ice. The lysed cells were 

centrifuged for 90 minutes at 20.000 g (Avanti JXN-26; JLA-16.250). The supernatant 

was applied to a 5 ml HiTrap IMAC FF column with immobilised cobalt ions. After 

extensive washing with lysis buffer, the elution of the His6-tagged protein was done with 

a step gradient of 75 mM, 250 mM and 300 mM imidazole. The fractions of 250 mM 

imidazole were diluted (1:1) with dialysis buffer [25 mM Tris/HCl pH 7.5RT, 200 mM NaCl 

and 10 mM imidazole, 1 mM TCEP] and dialysed in a 3.5 kDa dialysis tube overnight 

against 4 L dialysis buffer while stirring at 4°C. The protein concentration was measured 

using UV-Vis spectroscopy and aliquoted into 1.5 ml tubes, frozen in liquid nitrogen and 

stored at -80 °C until further use. The expression and purification of the TEV-protease 

(S219V) were done according to (Tropea et al. 2009).  

Abl kinase 
The Abl kinase was expressed together with the phosphatase YopH, to erase potential 

phosphorylation to the host proteome, done by the Abl kinase. Both vectors (pCDFDuet1-

YopH (164-468) with a streptomycin resistance gene and pET21-muABL1 (138-534, 

F420V)-His with an ampicillin resistance gene) were co-transferred into BL21(DE3) and 

incubated on an LB agar plate with 100 µg/ml ampicillin and 50 µg/ml streptomycin at 

37°C overnight. A colony was used to inoculate 50 ml TB medium supplemented with 

both antibiotics and cultivated at 37°C while shaking at 300 rpm (innova 4200) for 3 

hours. This culture was used to inoculate 4x 490 ml TB medium to a final volume of 500 

ml to set up a large expression. The antibiotics were added to the medium, and the 

cultures were placed in a preheated 37°C incubator to be shaken at 130 rpm (innova 43) 
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until an OD600 of 1.2 was measured. The flasks were stored in a 4°C cold room while the 

incubator was cooled down to 18°C. After the continuation of the cultivation for one more 

hour, 0.2 mM IPTG was added, the shaking speed was reduced to 90 rpm (innova 43), 

and the cultivation was continued overnight. The cells were harvested into 1-litre buckets 

(BeckmanCoulter) at 2560 g (J6-MI, JS-4.2) at 4°C for 30 minutes. The supernatant was 

autoclaved, and the cell pellets were stored at -80°C.  

The resuspension per bucket was done in 35 ml IMAC A buffer [50 mM Tris/HCl pH 8.0RT, 

500 mM NaCl, 5% glycerol, 25 mM imidazole] supplemented with the following inhibitor 

mix [0.01 mg/ml aprotinin, 0.005 mg/ml antipain, 0.0005 mg/ml leupeptin, 0.0007 mg/ml 

pepstatin, 0.2 mM PMSF, 0.1 mM Na3VO4, 0.1 mM Na2MoO4, 1 mg/ml lysozyme, 1 mM 

DTT], on ice. The cells were lysed by sonication for three cycles, each 1 minute-long 

exposure to 100% power, 50% interval (Bandelin Sonopuls HD 2200, booster horn SH 

213G, TT13). Following centrifugation at 30.000 g (Avanti JXN-26; JLA-16.250) at 4°C 

for 60 minutes, the supernatant was transferred into a fresh tube on ice. A freshly 

prepared Ni2+-immobilised IMAC FF (5ml) column was washed, and the supernatant was 

applied to the column via a sample pump of the Äkta pure system. The purification was 

done in a 4°C cold room. After extensively washing the column with IMAC A buffer, elution 

was done as a gradient from 25 mM - 275 mM imidazole. The flow rate was set to 5 

ml/min and the fractions were automatically collected to 5 ml. Fractions containing the 

protein have been pooled and dialysed against 4 litres of dialysis buffer [20 mM Tris/HCl 

pH 8.0RT, 25 mM NaCl, 5% glycerol, 1 mM DTT] at 4°C while stirring overnight. The 

sample was applied to a washed anion exchange chromatography column (HiTrap Q HP, 

5ml). After the column was extensively flushed with the binding buffer [20 mM Tris/HCl 

pH 8.0RT, 5% glycerol, 1 mM DTT] the elution was done as a gradient from 0 mM to 

350 mM NaCl. The fractions containing the kinase were pooled and concentrated to a 

final volume of 5 ml. The concentrated protein was applied to a preequilibrated size 

exclusion chromatography column (HiLoad 16/600 Superdex 75 pg) with the SEC buffer 

[50 mM Tris/HCl pH 8.0RT, 100 mM NaCl, 5 % glycerol, 1 mM DTT]. The flow rate was 

set to 1 ml/min, and the fractions were automatically collected to a volume of 5 ml. The 

protein eluted at 58.5 ml, which corresponds well to the 46 kDa protein. 15 mg per 1 L 

expression could be extracted. The kinase was aliquoted and stored at -80°C after shock 

freezing in liquid nitrogen.      

Gab1 and Shp2 proteins characterised in this project 
The following constructs are depicted in Figure 14. Monophosphorylated Gab1 

peptides were synthesized by the commercial supplier ProteoGenix, France. 
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N-SH21-106 and C-SH2102-220 
The individual SH2 domains N-SH21-106 and C-SH2102-220 were expressed as 

N- His6- SUMO-fusion proteins using the pETSUMO plasmid (Invitrogen K300-01). 

pETSUMO-N-SH21-106 and pETSUMO-C-SH2102-220 have been transformed into 

BL21(DE3) E.coli cells. A colony was picked of each and cultivated in 10 ml TB medium 

+ 50 µg/ml kanamycin at 37°C, 225 rpm (innova 4200) overnight. 100 µl of this culture 

were used to inoculate 100 ml TB medium in the presence of 50 µg/ml kanamycin. Again, 

the culture was incubated as described above. The density of the bacterial culture was 

measured the next morning using the optical density at 600 nm (OD600). 3L of sterilised 

TB medium + 50 µg/ml kanamycin, divided into six flasks, were inoculated with the 

overnight culture to an OD600 of 0.05 and the flasks set into the shaking incubator at 37°C 

and 130 rpm (innova43). The bacterial growth was monitored, and at a final OD600 of 1, 

taken to the cold room at 4°C. The incubator was set to 16°C, and the cultures were 

incubated for another 30 minutes before induction of expression using a final 

concentration of 0.5 mM IPTG. The incubation was continued overnight at 16°C while 

shaking at 130 rpm (innova 43). The cultivated medium was transferred into 1 L 

centrifugation buckets (BeckmanCoulter) and centrifuged at 2560 g (J6-MI, JS-4.2), 4°C 

for 30 minutes. The supernatant was discarded and autoclaved while the bacterial pellets 

were stored at -80°C until further use.  

30-35 ml ice-cold lysis buffer [500 mM NaCl, 20 mM Tris-HCl pH 7.5RT, 1 mM TCEP] 

including an inhibitor-mix [0.01 mg/ml aprotinin, 0.005 mg/ml antipain, 0.0005 mg/ml 

leupeptin, 0.0007 mg/ml pepstatin, 0.2 mM PMSF] was added to the bacterial pellets, 

resting on ice. Recurrent vortexing and pipetting resulted in the complete resuspension 

of the cells in the buffer. The solution was transferred into 50 ml tubes and exposed to 

ultrasonication waves for 3 x 1 minute ((100 % power, 50 % interval) (Bandelin Sonopuls 

HD 2200, booster horn SH 213G, TT13)), while cooling the suspension in between 

repetitions and during treatment. The lysed cell suspension was transferred into 250 ml 

centrifugation buckets (BeckmanCoulter) and centrifuged at 30 000 g, 4°C for 1 h (Avanti 

JXN-26; JLA16.250). The supernatant was transferred into a clean centrifugation bucket, 

and centrifugation was continued for another 1 h. 

An immobilised metal affinity chromatography (IMAC) FastFlow (FF) column was 

cleaned with 250 mM imidazole after NiSO4 incubation, followed by extensive washing 

with lysis buffer (without inhibitors). The supernatant was applied via a sample pump to 

a Ni2+-IMAC column, attached to an Äkta pure system at a 5 ml/min flow rate in the cold 

room at 4°C. The chromatography was monitored using UV-spectroscopy at 220 nm, 

260 nm and 280 nm. The flow-through was collected, and the column was washed with 
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lysis buffer until no UV absorption at 280 nm was detectable. The His6-tag, which is 

located at the N-terminal region of the protein, chelates the column-bound Ni2+ ions, 

attaching the fusion protein to the column. To elute the protein, elution buffer [250 mM 

Imidazole, 500 mM NaCl, 20 mM Tris-HCl pH 7.5RT, 1 mM TCEP] was applied to the 

column. Protein-containing fractions were identified by their elevated UV absorption at 

280 nm, on passing the UV-detection chamber. The column was rinsed with water and 

stored overnight.  

The concentration of the elution fraction was measured using UV-spectroscopy at 

280 nm, and SUMO protease was added in a 1:20 (SUMO protease: POI) ratio. The 

mixture was dialysed in a 3.5 kDa cut-off dialysis tube immersed in a stirred 4L dialysis 

buffer [150 mM NaCl, 50 mM Tris-HCl pH7.5RT, 1 mM TCEP] at 4°C, overnight. The 

SUMO protease recognises the folded SUMO domain, which is located C-terminal to the 

His6- tag and cleaves to yield the protein of interest with a native N-terminus, i.e. with no 

amino acids from the tag-system.  

The content of the dialysis tube was carefully poured into clean glassware and re-applied 

to a Ni2+-IMAC column, equilibrated with dialysis buffer beforehand. The column was 

washed with dialysis buffer, and the flow-through was collected. After UV absorption at 

280 nm was no further detectable, elution of the retarded protein (uncleaved fusion 

protein, tag-system and SUMO-protease) on the column was done by letting elution 

buffer pass the column.  

The pooled flow-through fractions were concentrated to 5 ml using the vivaspin 5kDa 

MWCO concentrator and applied to a 5 ml sample loop. Upon attachment to the FPLC-

system the sample loop released the protein on to a size exclusion chromatography 

(SEC) column, HiLoad 16/600 Superdex 75 pg. The flow rate was set to 1 ml/min, and 5 

ml fractions were collected with the fraction collector into 15 ml tubes. The column and 

system were rinsed with water and SEC buffer, dependent on the further use of the 

protein – (Table 2) overnight beforehand. The protein of interest eluted at 79 ml 

(N- SH21- 106) and 77 ml (C-SH2102-220), which corresponds to a globular protein of 13 kDa 

and 14 kDa. The elution volume correlates with the actual sizes of the 11.9 kDa and 

13.3 kDa proteins. The SEC elution fraction was concentrated to around 2 mM, aliquoted 

and freezed in liquid nitrogen for storage at -80°C.  

Shp2 tandem SH2 domain construct Shp21-222 
The Shp2 tandem SH2 domain construct was expressed with an N-terminal His6-tag 

followed by a TEV-protease cleavage site using the pET28 plasmid. The 

pET28- Shp21- 222 vector was freshly transformed into BL21(DE3) cells and incubated on 

an LB plate with 50 µg/ml kanamycin overnight at 37°C. A colony was picked to inoculate 
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10 ml TB medium with 50 µg/ml kanamycin. The culture was incubated overnight at 37°C 

while shaking at 225 rpm (innova 4200). 100 µl of this culture was used to inoculate 100 

ml TB medium with 50 µg/ml kanamycin, and the culture was again incubated at 37°C 

while shaking overnight. The density of the culture was measured at a wavelength of 

600 nm. 3 L of sterilised TB medium supplemented with 50 µg/ml kanamycin was divided 

into 6 Erlenmeyer flasks, inoculated with the overnight culture at an OD600 of 0.05 and 

incubated at 37°C while shaking at 130 rpm (innova 43) until an OD600 of approximately 

one was reached. The flasks were taken to the cold room to slow down further growth 

while the incubator was set to 18°C. The flasks were again placed in the incubator, and 

cultivation was continued for 30 minutes before IPTG was added to a final concentration 

of 0.5 mM. After overnight incubation, the culture was poured into 1L centrifugation 

buckets (BeckmanCoulter) and centrifuged for 30 minutes at 2560 g (J6-MI; JS-4.2). The 

supernatant medium was autoclaved while the bacterial pellets were stored at -80°C until 

further use.  

To resuspend the bacterial pellets on ice, 30-35 ml of IMAC binding buffer [50 mM 

Tris- HCl pH 7.5RT, 200 mM NaCl, 20 mM imidazole, 1 mM TCEP] supplemented with an 

inhibitor-mix [0.01 mg/ml aprotinin, 0.005 mg/ml antipain, 0.0005 mg/ml leupeptin, 

0.0007 mg/ml pepstatin, 0.2 mM PMSF] was added per 1L bucket and pipetted and 

vortexed occasionally. The resuspension was transferred into 50 ml falcon tubes for 

sonication, which was done on ice for 3 cycles, each 1 minute long at 100% power and 

50% interval (Bandelin Sonopuls HD 2200, booster horn SH 213G, TT13), storing the 

tube on ice after each cycle. The lysed cell suspension was transferred into 250 ml 

centrifugation buckets (BeckmanCoulter), and cell debris was separated at 30.000 g for 

a total of 3 h at 4°C (Avanti JXN-26; JLA-16.250). The supernatant was applied to a 

freshly Ni2+- immobilised and prewashed IMAC FF column using the sample pump of the 

Äkta pure system. The purification was done at 4°C on the Äkta pure system while 

manually or automatically collecting the fractions. The real-time monitoring of protein-

containing fractions was done using UV-spectroscopy at 220 nm, 260 nm and 280 nm 

on the device. The column was washed with IMAC-binding buffer until the UV-signal 

intensity was continuously low. To elute the fusion protein from the column, the imidazole 

concentration was increased to 500 mM while keeping the other buffer components 

constant. The elution was accompanied by an increase in the UV-signal intensity, and 

fractions were collected and stored on ice. The column was washed with binding buffer 

and stored at 4°C until the next day. The approximate protein concentration was 

measured using UV- spectroscopy and the elution buffer as a reference. TEV protease 

was added to the protein to a final ratio of 1:30 (TEV protease: fusion protein) and 

transferred into a 3.5 kDa cut-off dialysis tube. It was dialysed against 4L buffer [50 mM 
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Tris-HCl, pH7.5RT, 150 mM NaCl, 1 mM TCEP] at 4°C overnight. The dialysed protein 

mixture was centrifuged, and the supernatant was applied to the prepared Ni2+-IMAC 

attached to the Äkta pure system. The flowthrough was collected, and the column was 

further washed with dialysis buffer until the UV-signal intensity reached the baseline. The 

elution buffer was used to mobilise all Ni2+ chelating molecules, e.g. uncleaved protein, 

tag-system, TEV protease. The flowthrough and washing fractions were pooled and 

concentrated up to 5 ml by centrifugation using the vivaspin concentrator (10 kDa 

MWCO) and applied to a 5 ml sample loop. The protein was injected automatically to a 

prewashed HiLoad 16/600 Superdex 75 pg size exclusion chromatography column at a 

flowrate of 1ml/min and fraction size of 5 ml. The buffer used for preparing the column 

and eluting the protein depended on the further use of the protein (Table 2). The protein 

eluted at around 67 ml, corresponding to a 25 kDa globular protein, which is in line with 

the actual size of the tandem SH2 domain protein. The protein was concentrated to 

around 2 mM, aliquoted and stored at -80°C after freezing in liquid nitrogen. A total of 15 

mg of pure protein could be extracted per Litre. 

Gab1 peptides Gab1613-694 and Gab1617-684 
Gab1 peptides Gab1613-694 and Gab1617-684 were produced with a His6-3C-tag. The GST-

tag, inherent to the vector, was not used for purification – purification was done according 

to Gruber et al. 2022. The pET42-hGab1613-694 and pET42-hGab1617-684 plasmids were 

transformed into BL21(DE3) cells and incubated on an LB plate with 50 µg/ml kanamycin 

at 37°C overnight. One colony was picked to inoculate 10 ml TB medium supplemented 

with 50 µg/ml kanamycin. The culture was incubated while shaking at 225 rpm (innova 

4200) at 37°C overnight. 100 ml TB medium with 50 µg/ml kanamycin was inoculated 

with 100 µl of the overnight culture. The flask was placed into an incubator at 37°C while 

shaking at 225 rpm (innova 4200) overnight. The density of the culture was measured at 

a wavelength of 600 nm. 4L sterilised TB medium supplemented with 50 µg/ml 

kanamycin was divided into eight Erlenmeyer flasks. The overnight culture was added to 

a final OD600 of 0.05, and the cultivation started at 37°C while shaking in the (innova 43) 

at 130 rpm until the bacterial growth reached an OD600 of 1.3. To induce expression, 

IPTG was added to a final concentration of 0.5 mM IPTG, and incubation continued for 

4 hours. The bacterial culture was transferred into 1L centrifugation buckets 

(BeckmanCoulter), and bacterial cells settled at 2560 g in a precooled centrifuge (J6-MI; 

JS-4.2) set to 4°C for 30 min. The supernatant medium was autoclaved while the 

bacterial pellet was stored until further use at -80°C. 

35 ml lysis buffer [20 mM Tris/HCl pH 7.5RT, 500 mM NaCl], supplemented with an 

inhibitor-mix [0.01 mg/ml aprotinin, 0.005 mg/ml antipain, 0.0005 mg/ml leupeptin, 
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0.0007 mg/ml pepstatin, 0.2 mM PMSF, 1 mM TCEP], was added per 1L-bucket and the 

cells were resuspended on ice, alternating with occasional vortexing and additional 

pipetting until the cells were fully resuspended. The suspension was transferred into 50 

ml tubes and sonicated in three cycles for 1 minute each at 100% power and an interval 

of 50% (Bandelin Sonopuls HD 2200, booster horn SH 213G, TT13) while cooled on the 

ice during and in between the cycles. The lysed cell suspension was centrifuged two 

times for 30 and 60 min at 30.000 g (Avanti JXN-26; JLA-16.250) at 4°C in clean 250 ml 

centrifugation buckets (BeckmanCoulter). The cell debris was discarded, and the 

protein- rich supernatant was transferred into fresh 50 ml tubes and stored on ice.  

7 ml of a freshly prepared Co2+ IMAC beads suspension was washed with lysis buffer 

and divided into falcon tubes filled with the lysed supernatant. The solution was 

incubated while gently shaking on a tumbling shaker at 4°C for 1 hour. After centrifugation 

at 500 g (5804 R, Eppendorf) for 5 minutes at 4°C, the beads settled, and the supernatant 

could be aspirated. After pooling the beads, they were washed several times with lysis 

buffer, including inverting for 5 minutes and short centrifugation at 500 g, and the 

supernatant was again discarded. After no obvious protein contamination could be 

detected, the tube was topped up to 20 ml with lysis buffer, and 5 mg/ml 3C protease 

was added. The tube was nutated in a 4°C cold room overnight. The 3C protease cleaves 

the His6-tag at the following 3C protease recognition site to release the desired protein 

with glycine and proline as additional N-terminal amino acids into the supernatant while 

the tag and uncleaved fusion protein remained on the beads.  

The supernatant was transferred into a clean tube stored on ice, and the remaining 

beads were extensively washed with lysis buffer, several times. The supernatant 

fractions were pooled. In the case where a phosphorylated protein was desired, the 

concentration of the supernatant was measured using UV-spectroscopy and 10 mM 

MgCl2, 1 mM TCEP, 4 mM ATP were added together with a 1:200 (w/w) ratio of the murine 

ABL1 kinase to the tube. After gentle inversion, the reaction was placed into a 30°C warm 

water bath for at least 5 hours. To exchange the buffer for the following chromatography, 

the sample (for phosphorylated and unphosphorylated Gab1 peptides alike) was placed 

in a 3.5 kDa cut-off dialysis tube and stirred in 4L dialysis buffer [20 mM carbonate buffer 

pH 9.5, 0.1 mM Na3VO4, 0.1 mM Na2MoO4] at 4°C, overnight. For phosphorylated 

protein, an anion exchanger column (HiTrap Q HP 3x 5ml) was extensively washed with 

water followed by cleansing with pH 4 and pH 11 chromatography buffer [7.7 mM 

methylamine; 9.12 mM ethylenediamine; 6,4 mM 1-methylpiperazine; 1.3 mM 1,4-

dimethylpiperazine; 5.8 mM BisTris; 9.3 mM hydroxylamine, pH adjusted with HCl]. The 

sample was applied with a sample pump onto the column, attached to the Äkta pure 
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system, located in a 4°C cold room. The flowthrough was collected, and a washing step 

was done with the pH 11 chromatography buffer. To elute the proteins attached to the 

positive column material by their net surface charge, the pH 11 buffer was continuously 

mixed with the pH4 buffer to provide a linear elution gradient from pH 11 to pH 4. The 

proteins eluting from the column were collected automatically in 5 ml fractions. The flow 

rate was set to 5ml/min. The fractions were loaded on a gel and separated via SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). Fractions corresponding to 72 % 

(pYpY-Gab1613-694) and 74 % (pYpY-Gab1617-684) of buffer B (chromatofocussing buffer pH 

4) contained the desired double phosphorylated Gab1 species. These fractions (or in 

cases without phosphorylation, dialysed protein) were applied to a size exclusion 

chromatography column (HiLoad 16/600 Superdex 75 pg) after concentration to a final 

volume of 5 ml. The flow rate was set to 1 ml/min, and the fractions were automatically 

collected to 5 ml. The buffer used depended on the later use of the protein. The fractions 

of the final elution peak were pooled and concentrated to 2-4 mM. The protein was 

aliquoted and stored at -80°C after freezing in liquid nitrogen. This procedure resulted in 

6.5 mg pure double phosphorylated protein per litre of expression culture.  

Table 2 SEC-Buffers for individual experiments. 

experiment buffer 

ITC 20 mM citrate buffer pH 6.0 

NMR 20 mM BisTris/HCl, 50 mM NaCl pH 6.0 

crystallisation 50 mM Tris/HCl pH 7.5, 50 mM NaCl, 1 mM DTT 

 

Protein characterisation 

Polyacrylamide electrophoresis (PAGE) 
To follow up on the progress of protein purification and analyse protein mixtures, 

electrophoresis of these molecules on polyacrylamide gels was performed. Proteins are 

denatured by temperature, reducing agents and SDS. As SDS binds to the protein in a 

constant ratio and shields the net charge of the protein, the SDS-covered protein chain 

migrates to the anode based on its size alone. Small molecules run faster, while larger 

proteins are retarded by the gel matrix. A gel with the appropriate acrylamide percentage 

(responsible for the gel matrix) is cast: the gel percentage is chosen inversely to the size 

of the molecule. Proteins do not separate and run uniformly (as a front) if they are too 

small for the chosen gel percentage. To analyse molecules of 9 kDa size like Gab1613-694 

and Gab1617-684, the gel percentage was 18 %. For larger molecules from 11-25 kDa, like 

the SH2 domains a 15 % gel percentage was cast. 
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Table 3 Composition of SDS-gels 

ingredient separating gel stacking gel 

1 M Tris HCl pH 8.8RT 5.65 ml - 

1 M Tris HCl pH 6.8RT - 0.8 ml 

10 % SDS 0.15 ml 75 µl 

30% acrylamide 37.5:1 9 ml (18%)/ 7.5 ml (15%) 1 ml 

50 % glycerol - 675 µl 

water top up to 15 ml top up to 7.5 ml 

TEMED 15 µl 7.5 µl 

10 % APS 150 µl 75 µl 

 

For phosphorylated proteins, a 15 % phostag gel was cast, which interacts with the 

phosphate group, allowing the separation of different phosphorylated species. 

Table 4 Composition of phostag gel 

ingredient separating gel stacking gel 

30% acrylamide (29:1) 4 ml 750 µl 

1 M Tris HCl pH 8.8RT 2 ml - 

1 M Tris HCl pH 6.8RT - 1.25 ml 

10 mM MnCl2 80 µl - 

5 mM phostag solution 80 µl - 

10% SDS 80 µl 50 µl 

water top up to 8 ml top up to 5 ml 

10 % APS 40 µl 25 µl 

TEMED 8 µl 5 µl 

 

As a running buffer, a laemmli system was used. 

Table 5 Recipe for laemmli running buffer 

ingredient 1 x laemmli Buffer 

Tris 0.025 M 

glycerol 0.19 M 

SDS 0.1 % 
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Isothermal titration calorimetry 
To characterise the binding of macromolecules, isothermal titration calorimetry (ITC) is a 

favoured method. It can provide direct determination of the enthalpy (ΔH), the 

stoichiometry (N) and the affinity (KA=1/KD) (Figure 15). By further calculation of the fitted 

parameters, the entropy (ΔS) and the Gibbs free energy can also be extracted using 

ΔG = -RTlnKA and ΔS= (ΔH-ΔG)/T. This method is the only one that allows the exact 

determination of several thermodynamic binding parameters in one experiment. 

Nevertheless, measurements are time- and sample-consuming, the affinity range is in 

the nM-µM range, and kinetics (kon and koff rates) cannot be determined. The method 

relies on the heat release or absorption of a reaction (exothermal or endothermal 

reaction). In an experiment, the ligand is stored in a syringe, while the binding partner is 

placed in the measurement cell. Throughout the experiment, the ligand (normally 10 

times higher in concentration than the binding partner) is periodically injected (normally 

with a constant volume) into the binding partner under constant stirring. When reactants 

interact, they release or absorb heat into the system. A reference cell, which is filled with 

distilled water or buffer, is used to detect the energy needed to adjust the measurement 

cell to the temperature of the reference cell (µcal/sec). This energy is seen as a spike in 

the titration profile (Figure 15 upper panel). Upon addition of the excess ligand to the 

measurement cell, the binding partner gets further saturated, leading to decreasing 

thermal changes until full saturation. Thermal changes detected after full saturation 

display the dilution energy of the ligand and should be subtracted with control 

measurements. After the integration of the spikes of the titration profile (kcal/mol), a fit of 

the resulting sigmoidal curve (Figure 15 lower panel) provides the determination of the 

above-mentioned parameters.  
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Figure 15 ITC thermograph and analysis from those data. ΔH, N and KA can be directly derived. Curve from a 
measurement of C-SH2102-220:pY-Gab1655-677. 

ITC measurements were done using a MicroCalTM iTC200 device. For all measurements, 

a 20 mM citrate buffer pH 6.0 was used, as the enthalpy of ionisation is low, resulting in 

low artificial heat development. For the final step in protein purification, the ligand and 

binding partner were both eluted or dialysed against this buffer. 350 µl of the binding 

partner (the different SH2 domain constructs), with a concentration of 20 µM - 100 µM, 

was carefully injected into the measurement cell. 40 µl of ligand (the different Gab1 

constructs), with a concentration of 200 µM – 1 mM, were transferred into the syringe. 

For calculation of the concentration needed, the following equation was used, where [M] 

is the concentration of the binding partner and KA is the association constant.  

(1) 10 < 𝐾𝐴[𝑀] < 1000 

The concentration of the syringe is normally 10 times higher than the binding partner. 

The titration volume was normally set to 2 µl, resulting in 19 injections per experiment. 

The first injection of 0.5 µl is discarded from the data analysis but essential to the 

experiment, as the small volume is needed to minimise the impact of potential 

equilibration artefacts. The temperature was kept constant at 25°C. The data analysis 

was performed in MicroCal ITC-ORIGIN analysis software; the data were fitted to a 

software-integrated formula for a one-set of sites binding mode.  

UV/Vis-spectroscopy 
To determine the concentration of DNA and protein preparations and detect potential 

contamination, UV/Vis-spectroscopy was used. The method relies on the absorption of 
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light by a molecule of a specific wavelength in the ultraviolet and visible spectra. 

Molecules absorb light of a wavelength energetic enough to excite an electron of a bond 

at a higher energy level. The n-> pi* and pi->pi* transitions of the peptide bond absorb 

light of 190 nm - 220 nm, the aromatic ring systems of tryptophan and tyrosine side chain 

absorb light of a wavelength of 280 nm, while nucleic acids absorb at 200 nm and 260 

nm. To measure a concentration of a solution, a cuvette with a path length of 1 cm was 

used. The cuvette was placed in a double-beam spectrophotometer together with a 

buffer reference to eliminate any real-time fluctuations in the measurement. The 

absorbance detected is the difference between the incoming light intensity (I0) and the 

transmitted intensity (I) and is expressed in relation to the concentration of the sample in 

the Beer-Lambert law.  

(2) 𝐸 =  − lg (
𝐼0

𝐼
) =  𝜀 ∗ 𝑐 ∗ 𝑑 

where E is the extinction, ε is the extinction coefficient [L*cm-1*mol-1], c is the 

concentration [mol*L-1], and d is the length of the pathway [cm]. The extinction coefficient 

can either be calculated from the sequence or experimentally determined. For this thesis, 

it was calculated from the sequence with the Expasy tool ProtParam (Gasteiger et al.). 

CD-spectroscopy 
Circular-dichroism spectroscopy (CD-spectroscopy) is an absorbance-based method to 

e.g. determine the secondary structural content of a macromolecule, including proteins. 

The technique relies on the same principle as UV-Vis spectroscopy, with the difference 

that circularly polarised light of both directions is used to illuminate the sample. Chiral 

sample molecules absorb left- and right-handed light differently. This absorption is 

measured over a spectral width from 190 nm to 260 nm (far-UV). The resulting spectrum 

shows the resulting ellipticity for each wavelength, which is influenced by secondary 

structural features. The intensity and energy of the n->pi* (210-220 nm) and the pi->pi* 

(190 nm) transition of the peptide bond depends on the psi and phi angles of the 

backbone and, thus, on the secondary structure. The mean residual ellipticity (MRW) 

[degree * cm2*dmol-1] was calculated from the measured ellipticity [Θ].  

(3) 𝑀𝑅𝑊 =  
[𝜃]

𝑐∗𝑑∗ 𝑁𝑎𝑎∗10
 

Curve fitting and comparison to reference spectra is carried out to gain insights into the 

structural composition of the protein. For this thesis, the resulting spectra from the Gab 

peptides used were typical for a random coil, and no further analysis was done. The 

experiments were measured at a JASCO J-815 device (group of Prof. Dr. rer. nat. Jochen 

Balbach) at 20°C, in a range of 260-190 nm, a scanning speed of 50 nm/min and a band 
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width of 1 nm with 10 accumulations for each measurement. Hellma-cuvettes with a layer 

thickness of 1 mm or 10 mm were used.  

Structure determination 
Standard techniques used to determine the structure of a biomolecule are X-ray 

crystallography, NMR and (Cryo)-electron microscopy (EM). All three methods have their 

limitations. Large kDa molecules can be analysed with Cryo-EM, while low kDa 

molecules can be addressed with NMR. Crystallisation is not limited to the size of a 

molecule but inherently relies on its ability to form a well-ordered crystal, which prohibits 

the structural analysis of intrinsically disordered proteins unless they adopt a stabilised 

conformation, e.g., through a binding partner or artificial crystal contacts. Cryo-EM 

techniques are constantly improving, which by now allows assumptions on IDRs in 

combination with computational analysis. The only technique out of the three suitable for 

the structural determination of free IDPs with atomic resolution is NMR, besides mass 

spectrometry in combination with cross-linking and MD simulations.  

NMR 
Nuclear magnetic resonance (NMR) addresses the individual Larmor frequency of the 

nuclear spin of atoms within a molecule and can thus provide information on the 

measured sample at atomic resolution. The information derived from the measurement 

depends on the experiment chosen. They can provide knowledge on the structural 

position of atoms, their distances to other NMR active nuclei, and dynamic behaviour on 

different time scales, which help address questions from folding (CPMG) up to side chain 

rotation (relaxation parameters R1 and R2, hetNOE) to name a few possible experiments. 

Shorter, less complex measurements can already support the understanding of 

macromolecular complex formation (chemical shift perturbation; CSP) and secondary 

structure formation (chemical shift index; CSI). NMR provides a great toolbox to study 

intrinsically disordered proteins, especially with recent developments of 13C-NMR (Felli 

and Pierattelli 2022). Still, IDPs remain a challenging target for NMR as low complexity 

regions, a high number of proline residues and the unfolded state of the protein provide 

low dispersion spectra with overlapping peaks. For this thesis, 15N-NMR experiments 

were used on labelled and double phosphorylated pYpY-Gab1613-694 either alone or with 

SH2 domains as binding partners. 

Devices and general procedure 

All measurements were planned together with Dr. rer. nat. Tobias Gruber (groups of Prof. 

Dr. rer. nat. Jochen Balbach and Prof. Stephan M. Feller, PhD), The sample was 

prepared by the author. The prepared sample was measured, processed, and 

experiments other than assignment, CSP (chemical shift perturbation) and CSI (chemical 
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shift index) were analysed mainly through Dr. rer. nat Tobias Gruber. The 2D and 3D 

experiments were measured on a Bruker Avance III 800 MHz spectrometer equipped 

with a CP-TCI cryoprobe at 25°C. Additional magnetic fields were applied when 

measuring the relaxation rates used to calculate the order parameter S2. Avance III 600 

MHz and a Bruker DRK spectrometer with a proton frequency of 500 MHz were also 

used for those experiments. The proteins were measured in 20 mM BisTris/HCl, 50 mM 

NaCl pH 6.0 10% D2O (v/v) with sodium trimethylsilylpropanesulfonate (DSS) as 

standard in each sample and were referenced on it. All spectra have been processed 

using NMRPipe and analysed in NMRView.  

  

Two-dimensional experiments 

Two-dimensional experiments were used to address the quality of the sample as well as 

for assignment and CSP experiments. 15N-1H TROSY and 15N-1H HSQC spectra were 

used, which provide information on the backbone amide. 

Three-dimensional experiments 

For the assignment of the two-dimensional spectra, three-dimensional experiments were 

conducted, namely HNCA, HNCACB, HN(CO)CACB, HNCO and HN(CA)CO. For these, 

double labelled 15N, 13C- protein samples were prepared at around 500-750 µM. These 

experiments allow magnetisation transfer on several nuclei within the backbone and to 

the Cβ of the side chain as well as from preceding residues, allowing a sequential 

arrangement, which enables the assignment of the cross-peaks in the corresponding 

two-dimensional spectra.  

 

hNOE 

The 1H-15N steady-state heteronuclear NOE experiment was measured in a proton-

saturated and unsaturated state. The intensity of the hNOE derives from the ratio of the 

saturated and unsaturated intensity for each 15N-1H cross peak. Decreased hNOE, 

compared to the average hNOE, is indicative of fast motion on the ps-ns time scale.  

(4) ℎ𝑁𝑂𝐸 =  
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑢𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
 

R1 and R2 

The longitudinal relaxation time (T1), whose inverse provides the relaxation rate 1 (R1 

=1/T1), describes the process of the net magnetisation returning to its equilibrium as a 

function of time. The magnetisation from the z to -z-axis was inverted by a 180° pulse 

followed by varying delay times of 0 ms, 50 ms, 100 ms, 150 ms, 200 ms, 300 ms, 500 

ms, 750 ms, 1000 ms and 1500 ms. For detection, the magnetisation is flipped to the xy-

axis by a 90° pulse. The transversal relaxation (T2), providing the relaxation rate 2 
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(R2=1/T2), as an inverse of T2, describes the decay of the net transversal magnetisation 

over time. The magnetisation is excited by a 90° pulse, and a series of measurements 

with varying spin-lock periods of 0 ms, 8 ms, 16 ms, 32 ms, 48 ms, 64 ms, 80 ms, 96 ms, 

112 ms, 160 ms is recorded. The intensity of each peak in a series of experiments was 

determined by NMRview (Johnson 2004) or PINT (Niklasson et al. 2017) and fitted to 

the following equation.  

 

(5) 𝐼(𝑡) = 𝐼0 ∗  𝑒(−𝑅𝑡) 

Calculation of order parameter 

The order parameter S2 was calculated using the input of R1, R2 and hNOE measured at 

800 MHz, 600 MHz and 500 MHz. using the Lipari-Szabo model-free analysis (Lipari and 

Szabo 1982) processed in the relax suite (nmr-relax.com). 

CSP calculation 

To determine the change in the chemical environment of each backbone amide upon the 

addition of a potential binding partner, chemical shift perturbation (CSP) was done. The 

isotope-labelled molecule is measured in a two-dimensional experiment in its free state 

as well as in solution together with its potential binding partner. After assigning the 

cross- peaks, the chemical shift position in the 1H and 15N dimensions of peaks 

corresponding to the same amino acid were extracted and used to calculate the CSP 

according to the following formula (Gruber 2014 // 2015; Williamson 2013):  

(6) √
∆𝛿( 𝐻)⬚

1 2+
1

25
∆𝛿( 𝑁)⬚

15 2

2
 

Only CSP values within the same system can be compared: small shifts indicate minor 

influence upon binding, while large perturbations demonstrate an involvement of the 

amino acid in the binding event, either at the binding site and/or in induced 

conformational changes. 

CSI calculation 

To get an idea of the potential of a peptide to form certain secondary structure elements, 

the chemical shift index (CSI) is a valid analysis method. A measured spectrum of a 

protein is compared to a calculated chemical shift dataset of the same protein in the 

denatured state. The dataset used for the calculation considered phosphorylation at the 

tyrosine residues (Hendus-Altenburger et al. 2019). The CSI is calculated as seen in 

equation 7. 

(7) CSI = (Cα − Cβ)𝑒𝑥𝑝  – (Cα − Cβ)𝑐𝑎𝑙𝑐  
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Positive values indicate helical tendency, while negative values show regions of probable 

extended conformation (Luca et al. 2001). 

Crystallisation 
The crystallisation of molecules is a naturally occurring process in nature and an 

established procedure in laboratories. Common to all crystals is a periodic arrangement 

of atoms leading to a solid state. Knowledge of the crystal form, the diffraction pattern 

and other physical properties of the crystal can be used to identify the crystallised 

substance. For macromolecules, crystallisation is commonly used to identify the atomic 

structure.  

As this thesis focused on the structural determination of an IDP fragment (Gab1) with a 

binding partner (Shp2), crystallisation was one method of choice. The resulting crystals 

were either used for x-ray diffraction or electron diffraction, which will be further described 

below. 

General biophysical process of crystallisation 

Each molecule has a unique solubility curve, describing the solubility (solvated mass of 

molecule per volume solvent) against, e.g. the temperature or pressure. As the solubility 

of many molecules increases with increasing temperatures, cooling the solution carefully 

results in supersaturation. This can either lead to uncontrolled precipitation or nucleation 

(in the so-called labile state) and crystal growth (in the metastable state) and must thus 

be carefully controlled. This solubility curve can either be experimentally determined to 

yield desired crystals or, as in most cases, the solubility properties of the undersaturated 

solution are varied blindly with high throughput testing (initial screen) of precipitants, ionic 

strength, pH and other additives (Figure 16).  

 

Figure 16 Solubility curve of an idealised protein. The protein concentration and other parameters (e.g. temperature, 
pressure, pH, ionic strength etc.) are responsible for the solubility of the protein. This combination can either lead to 
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precipitation, nucleation, crystal growth (supersaturated phase) or unaffected solubility (undersaturated phase). The 
figure is adapted from (Chayen 2005; Zalewski et al. 2017) 

To proceed from the undersaturated phase to the nucleation and subsequently to the 

metastable phase, the method of choice in this thesis was vapour diffusion. A well is filled 

with reservoir solution, and a drop of protein mixed with mother liquor (mostly in a 1:1 

volume) is placed on a coverslip or a drop shelf. The system is tightly sealed and stored 

at a constant temperature. As the precipitant concentration of the reservoir solution is 

higher than in the protein drop, diffusion of water from the small sample drop to the 

reservoir solution occurs, increasing the protein concentration in the drop. If the protein 

and precipitant concentrations are sufficient, this can lead to supersaturation, resulting 

in nucleation and/or precipitate. Otherwise, the drop stays clear. Depending on the 

degree of supersaturation, it can either result in many tiny crystals or in a few but large 

ones. Once a condition is found that can yield crystals, seeding is an option to have tight 

control over the growth process. To validate and optimise the crystallisation conditions 

selected from the initial screen, the experiment is set up in a larger volume while varying 

the buffer composition (e.g., pH, ionic strength, precipitant concentration). This fine 

screen is used to find the environment that yields the most suitable crystals for the 

following diffraction experiment.  

In general, crystals form upon repeated identical interactions of molecules (crystal 

contacts). These mostly weak interactions (ΔH0
cryst) will only contribute slightly to the 

negative free Gibbs energy of crystallisation (ΔG0
cryst) needed. Crystallisation is driven 

entropically as the release of the solvent from the solvation shell of the individual 

molecules is positive (ΔS0
solvent), although the ordered packing also results in negative 

ΔS0
protein (Derewenda and Godzik 2017). The thermodynamic of crystallisation is 

described with the following equation (8):  

(8) ∆𝐺𝑐𝑟𝑦𝑠𝑡
0 = ∆𝐻𝑐𝑟𝑦𝑠𝑡

0 − 𝑇(∆𝑆𝑝𝑟𝑜𝑡𝑒𝑖𝑛
0 + ∆𝑆𝑠𝑜𝑙𝑣𝑒𝑛𝑡

0 )𝑐𝑟𝑦𝑠𝑡 

Upon formation of a well-ordered protein crystal, diffraction experiments can be 

facilitated. Therefore, a radiation source, either X-ray, electrons or neutrons, will interact 

with the planes of the crystal and lead to diffraction. During the experiment, the phase 

information of the resulting wave is lost, and only the amplitude can be derived from the 

intensity of the diffraction peak. Nevertheless, the information of both is needed to 

recreate the original ‘image’ (structure of the molecule). This so-called phase-problem 

can be solved either ab initio with a high diffracting crystal of at least 1.2 Å or 

experimentally by collecting additional data on a heavy-atom modified crystal 

(isomorphous replacement and anomalous scattering). Another method is through 

molecular replacement, where the phases will be provided by an existing structure.  
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Crystallisation of N-SH21-106:pY-Gab1613-651 

The crystallisation of N-SH21-106:pY-Gab1613-651 was done as described in the master’s 

thesis of (Judith Kniest 2021).  

For the initial screen, nine assay kits (see material and method part) were screened in 

96- well plates, resulting in 864 tested conditions. The wells of the microtiter plates were 

filled manually with the buffer solutions from the kits with a volume of 50 ul. The pipetting 

robot Zinser Analytic Microsys 4000 was used to load the protein-buffer drop, with a 

volume of 400 nl, on the respective drop shelf of the crystallisation plates. The protein 

concentration of N-SH21-106 was 20 mg/ml, while the phosphorylated synthetically derived 

pY-Gab1613-651 construct was added in a 1.5 molar excess. The plates were sealed with 

UV-transparent foil and stored in a plate hotel at 12°C. The crystal growth was monitored 

automatically within the plate hotel and checked after one week manually.  

The initial screen showed 22 conditions where crystals could be observed. From those, 

five were picked for fine screening. The 15-well EasyXtal plates were filled with 500 µl of 

reservoir solution, and the protein:buffer drops with a volume of 1µl + 1µl were placed 

on the screwing cap. The drops contained either the complex, the N-SH21-106 domain or 

only the buffer as control). The complex was further screened at different protein 

concentrations of 20 mg/ml, 18 mg/ml and 15 mg/ml. Crystals grew within 12 hours to 3 

days. 

Crystallisation of the tandem SH2 domain (Shp21-222) with pYpY-Gab1617-684 

To understand the structural basis of the C-SH2:Gab1 interaction, crystallisation was 

facilitated. Unfortunately, the crystallisation experiments of the free C-SH298-220 and 

C- SH2102-220 domains have not been successful. Both constructs in complex with pY-

Gab1640-694 and pY-Gab1651-685 phosphopeptides were not fruitful either. An additional 

Shp21- 222 tandem construct with a binding-inefficient N-SH2 domain, the 

N- SH2- dead1- 222, was used in a complex with pY-Gab1651-685, which did also not yield 

crystals in an initial screen. The only system that was successfully crystallised was 

Shp21-222:pYpY-Gab1617-684. 

For the crystallisation of the Shp21-222:pYpY-Gab1617-684 complex, the initial screen was 

conducted as described above for N-SH21-106:pY-Gab1613-651. After one week, two 

conditions Wizard Cryo (D8/D9) (0.1M Tris pH 8.5, 25% PEG3350 and 0.1M HEPES pH 

7.5, 25% PEG 3350) resulted in thin needle-like crystals. The crystal growth could be 

reproduced in a fine screen, varying the pH and PEG3350 concentration over 30 

conditions per initial screen hit (Figure 53). Interestingly, the needle-like crystals started 

to dissolve and grew into a more compact, disc-like crystal form (Figure 54). These were 

fished and tested in the in-house X-ray source. The tested crystal diffracted to 3.5 Å, but 
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the diffraction pattern demonstrated severe twinning. These compact crystal forms could 

not be reproduced, and the crystals harvested from fine screens always appeared in a 

needle-like shape. Since these crystals were hard to fish and not optimal for X-ray 

diffraction experiments due to their size, shape, and diffraction quality, optimisation was 

done intensively with no successful outcome. Seeding, additive screens and matrix 

seeding screens were performed using the Oryx pipetting robot, and different 

temperatures were tried. In the end, electron diffraction on microcrystals (microED) was 

applied for data collection to overcome the crystal shape limitation. 

To analyse the content of the crystals, these were fished, washed in fresh crystallisation 

buffer, collected into a reaction tube and dissolved in SDS-loading buffer. The sample 

was loaded onto a gel, revealing the presence of a 25 kDa protein (Shp21-222) and an 

8 kDa protein (pYpY-Gab1617-684). The stained protein band of the smaller protein was cut 

out and handed for further Edman degradation and protein sequencing to the Mass 

spectrometry/Proteomics in-house core facility (Matt Fuszard, PhD). The resulting gel 

and sequencing profile can be seen in supplemental Figure 55.  

Data collection and processing 

X-ray  

A single crystal containing N-SH21-106:pY-Gab1613-651 in a tetragonal shape could be 

fished from the fine screen (25% PEG 3350, 0.2 M NaCl, 0.1 M BisTris pH 5.5). A dataset 

was acquired using the in-house x-ray source (rotating copper anode, x-ray wavelength 

of λ= 1.54 Å) coupled to a Rigaku HyPix-Arc 150° detector, together with Dr. rer. nat. 

Christoph Parthier (group of Prof. Milton T. Stubbs II, PhD). 10% ethylene glycole was 

added as cryo-protectant The crystal was fished and mounted under cryogenic 

conditions. The data set was acquired during continuous rotation to measure at all 360°.  

Further data analysis, processing, molecular replacement, model building and 

refinement were done together with M.Sc. Judith Kniest, under close supervision of Dr. 

rer. nat. Constanze Than-Breithaupt (group of Prof. Milton T. Stubbs II, PhD). The dataset 

was processed in XDS (Kabsch 2010), molecular replacement was done in PHASER 

(McCoy et al. 2007), refinement in PHENIX (Liebschner et al. 2019) and model building 

in COOT (Emsley et al. 2010). The deposited PDB structure of N-SH21-106:Gab1621-633 

(PDB: 4qsy (Gogl and Remenyi, unpublished)), without the Gab1-chain, was used as the 

template for the molecular replacement. 

microED 

To collect a dataset from the Shp21-222:pYpY-Gab1617-684 complex, which grew in thin, 400 

µm long needles, an alternative to x-ray diffraction was needed. X-rays do not interact 

very strongly with matter, resulting in the need for a high number of asymmetric units in 
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each dimension. In microED, electrons are used as the radiation source (in our case 200 

keV Thermo Scientific Glacios Cryo-Transmission Electron Microscope), while the 

crystal is immobilised under cryogenic conditions on a glow-discharged quantifoil holy 

grid R2/1. The method was established at the ZIK HALOmem, Halle, together with 

Farzad Hamdi, PhD (group of Jun.-Prof. Dr. Panagiotis Kastritis) and Dr. rer. nat. Alaa 

M.A. Shaikhqasem (group of Prof. Milton T. Stubbs II, PhD), following the methodology 

established in the lab of Prof.Tamir Gonen, PhD (UCLA) (Clabbers et al. 2022). 

The crystals of Shp21-222:pYpY-Gab1617-684, grown at 12 °C within one week, were 

pipetted from the hanging-drop set-up (condition: 0.1 M Tris, pH 8.8 12°C, 29% 

PEG3350). The skin covering the protein drop was gently removed, and the drop was 

carefully transferred and pooled with others in an autoclaved 1.5 ml tube. To blot the 

crystal on the grid, a glow-discharged (60 seconds, 20 mA, PELCO easiGlow) grid was 

placed into a Vitrobot Mark IV (ThermoFisher). 3.5 ul of the crystal sample was carefully 

applied to the front of the grid, while 3.5 ul of the crystallisation buffer (diluted 1:1 with 

distilled water) was pipetted to the back. The back was blotted with standard ashless 

blotting paper (Ø55/20mm, Grade 595), while the front was blotted against parafilm. 

Blotting was done for 25 seconds at 4°C and 95% humidity. The grid was plunged into 

ethane and moved to the loading cassette. The blotting was done by Dr. rer. nat. Fotios 

Kyrillis (group of Jun.-Prof. Dr. Panagiotis Kastritis) with scientific advice by PD Dr. rer. 

nat. Annette Meister.  

The blotted grid was autoloaded into the Glacios Cryo-TEM (ThermoScientific), and the 

grid was screened at low magnification STEM mode (detector: Falcon IIIEC) to find 

crystals that were thinly covered in ice. Electron diffraction was detected using a 

scintillator-based Ceta-D camera by Farzad Hamdi, PhD (group of Jun.-Prof. Dr. 

Panagiotis Kastritis). Data were collected on two crystals orientated perpendicular to 

each other. For each crystal, a total tilt range of 140° (-70° to 70°) was acquired while 

measuring in smaller wedges of 20° to 40° range each, while the centre was measured 

from -30° to 30°. For each wedge, a new spot of at least 1 µm distance was chosen on 

the crystal to avoid radiation damage. The electron dose was fixed to approximately 

0.046 e-/Å2/s, while the total cumulative dose was set to 3-4 e-/A2 per acquisition.  

Data processing was carried out using XDS (Kabsch 2010) together with Dr. rer. nat. 

Alaa M.A. Shaikhqasem (group of Prof. Milton T. Stubbs II, PhD). Molecular replacement, 

model building and refinement was performed using the CCP4i2 suite (Potterton et al. 

2018) with PHASER (McCoy et al. 2007), REFMAC5 (Murshudov et al. 2011) and COOT 

(Emsley et al. 2010), together with by Dr. rer. nat. Constanze Than-Breithaupt (group of 

Prof. Milton T. Stubbs II, PhD) and Prof. Milton T. Stubbs II, PhD. For molecular 
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replacement, the Shp21-222 crystal structure in complex with a phosphorylated TXNIP-

peptide was used (PDB: 5df6, (Liu et al. 2016)). The model was prepared as follows: The 

phospho-peptides were deleted, and the domains were separated into the N-SH2 

(residues 1-104) and the C-SH2 (residues 108-220) domains. The crystal belonged to 

space group P212121, with one complex in the asymmetric unit: TFZ scores were obtained 

of 23.1 for ensemble 1 (N-SH2) and 10.4 for ensemble 2 (C- SH2). For refinement, a 

restrained jelly body was performed using form factors corresponding to electron 

diffraction. The initial model building was guided by the preexisting structures of the N-

SH21-106:Gab1621-633 (PDB: 4qsy (Gogl and Remenyi, unpublished)) and the 

C- SH2108- 220:TXNIP (PDB: 5df6, (Liu et al. 2016)) allowing positioning of the 

phosphorylated Gab1 peptides. After refinement, additional density was visible, 

especially at the C-SH2 domain surface. A Gab1 fragment from an ΑlphaFold2 (Jumper 

et al. 2021) generated model (without PDB-templates, MSA only; ColabFold (Mirdita et 

al. 2022), Notebook: ΑlphaFold2_complexes (Evans et al. 2021) of Shp21-593:Gab1611-694 

fitted the electron density. The coordinates were further modelled into the density by 

hand using COOT. 

After further cycles of manual building and refinement, the structure of the complex was 

solved to 3.2 Å from a dataset with 89 % completeness, with modelled structures of the 

Shp2-fragment (aa 4-221) and two Gab1 fragments from aa 622-631 and aa 653-672. 
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Results and Discussion 

Chapter 1: Secondary structure of the C-terminal region of 

Gab1 in the unbound state 
The Gab1 protein has a folded PH domain and a predicted long, disordered tail (Figure 

17). Along the tail, the only secondary structure elements that have been identified are 

the poly-proline type II (PPII) and 310 helices at the Grb2 binding sites (Harkiolaki et al. 

2009) (Figure 5). The Shp2 binding site of Gab1 is located at the very C-terminal region 

of the disordered tail (Gab1613-694). Thus, this protein fragment is expected to be mainly 

disordered. Computational analysis of the structure of Gab1613-694 was done by several 

disorder and secondary structure predictors. For all these tools, the unphosphorylated 

sequence was used for calculation. 

 

Figure 17 Summary of the output from disorder and structure prediction tools. Coiled (C) and disordered (D) regions 
are coloured in yellow, while extended (E) and helical regions (H) are depicted in blue and red, respectively. Ordered 
(O) regions and those predicted to be MoRF (M) are coloured in green. Illustration is taken and modified from (Gruber 
et al. 2022). 

Some programmes predicted ordered regions for the amino acids comprising the two 

tyrosines (Y) (Figure 17). An extended conformation is predicted for residues -2 to +3 

/+4, relative to the tyrosines. Interestingly, a larger region of order is calculated for the 

amino acids C-terminal to Y659, where a helix is predicted for aa 664-680. 

To investigate its secondary structure experimentally, circular dichroism (CD) in the 

far- UV range and predictions were used. The Gab1613-694 fragment in its 

unphosphorylated and doubly phosphorylated state shows one sharp minimum at 200 

nm and another weak minimum at around 210-240 nm as depicted in Figure 18, A, B. 

This result was measured by Dr. rer. nat. Tobias Gruber and published in Gruber et al. 

2022. 
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Figure 18 CD-spectra of Gab1-fragments indicate a disordered protein. A) CD-spectra of unphosphorylated and B) 
phosphorylated Gab1613-694 (Gruber et al. 2022). C) CD-Spectrum of phosphorylated pY-Gab1655-677. Figures created in 
Origin. 

To investigate the structure of the region around Y659 (predicted to be helical – see 

Figure 17), a phosphopeptide from aa 655 to 677 (pY-Gab1655-677) was measured by CD. 

This peptide shows the same typical IDP spectrum as the unphosphorylated and 

phosphorylated Gab1613-694, with a negative ellipticity at 200 nm and a weak minimum 

from 210-240 nm (Figure 18, C). Indicating that the C-terminal fragment of Gab1 in 

solution is disordered, in contrast to its prediction.  

15N, 1H TROSY NMR-measurements of the unbound Gab1613-694 in its unphosphorylated 

and phosphorylated state was facilitated by Dr. rer. nat. Tobias Gruber (groups of Prof. 

Dr. rer. nat. Jochen Balbach and Prof. Stephan M. Feller, PhD) (Gruber et al. 2022).  

Every assigned peak corresponds to one amino acid. For the unphosphorylated and the 

phosphorylated free states of Gab1613-694, a low dispersion of the proton chemical shifts 

of these 15N-1H cross peaks is seen in Figure 19.  
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Figure 19 Superposition of the 15N, 1H-TROSY spectra of unbound unphosphorylated (black) and phosphorylated 
(turquoise) Gab1613-694. Slight chemical shift changes can be seen upon phosphorylation, but the low dispersion, 
typical for an IDP, is still evident. Data also published in (Gruber et al. 2022). Created with NMRView.  
 

This is indicative of an IDP since no secondary structure or tertiary fold is present. 

Instead, every amino acid experiences the same chemical environment and shows 

similar values for the amide protons at around 8.1-8.3 ppm; these values represent the 

typical chemical shifts of a randomly coiled protein. Minor changes for the regions around 

the two tyrosines are present upon phosphorylation, but besides that, no structural 

changes are seen (supplemental Figure 49). This coincides with the findings from the 

CD experiments.  

1.2 Discussion 

1.2.1 Prediction 
Computational prediction of secondary or tertiary structures is based either on a 

homology-based or an ab initio approach. For homology modelling, the structure of a 

homologue protein is used as a template, and the query protein is adjusted, assuming 

that two homologous proteins fold identically (PSIPRED uses this approach (Jones 

1999)). If no close homologues are found, threading can be used for sequence identities 

of under 25%. This technique relies on the principle that the structure has a higher 

conservation than the sequence and that only a limited number of folds exist in nature. 

With the help of a scoring function, the optimal relationship between sequence and 

structure is calculated (RaptorX relies on a combination of threading and ab initio 

(Källberg et al. 2012)). For ab initio calculations, only the sequence is used to predict the 

structure based on physicochemical properties extracted from the amino acid 

composition. This template-free method can identify novel folds (QUARK works ab initio 
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(Mortuza et al. 2021)). All three structure prediction methods come up with similar results 

for Gab1.  

Disordered proteins, by definition, sample the conformational space and have thus no 

defined coordinates. Therefore, structural templates as needed for homology modelling 

do not exist unless they are found in a structure-induced conformation, e.g., due to 

protein binding, homology modelling for IDPs is therefore complicated. Nevertheless, 

through the information on the evolutionary conservation of sequences, IDRs can be 

extracted, as these regions evolve faster than in structured homologues. Moreover, 

structure predictors are trained on structured proteins, and IDRs perform, therefore, 

worse (with low accuracy) in those tools (Hsu et al. 2020).  

Disorder predictors have evolved to fill the gap. As disordered proteins are hard to 

analyse, their prediction provides first insights into the system. IDPs have some common 

features in their sequence, which suit a sequence-based approach, e.g., they are low in 

complexity, high in overall charge, proline-rich and have a high hydrophilic-to-

hydrophobic ratio. This allows the general identification of disordered regions. Disorder 

and order predictors initially identified IDRs also from the absence of modelled amino 

acids in X-ray crystallographic data. Later, disorder predictors where trained on other 

experimental data, e.g. from CD-spectroscopy and (small-angle x-ray scattering) SAXS, 

which indicate disorder globally but not per residue. A sensitive experimental method to 

get per residue information of a disordered region are chemical shifts from NMR 

experiments. PONDR-VLXT was trained on the sequence and experimental data from 

those methods (Romero et al. 2001). ODiNPRED, is sequence-based but relies on NMR 

data alone (Dass et al. 2020). 

Besides those general disorder predictors, further regulatory regions of IDPs can be 

predicted like MoRFs (molecular recognition features – that fold upon binding) and SLiMs 

(short linear sequence motifs – which are disordered interaction sites). For Gab1 the 

regions around both tyrosines are predicted to be MoRFs thus, they fold upon binding. 

SLiMs could not be detected.  

With the release of ΑlphaFold2 (Jumper et al. 2021), artificial neural network learning 

was introduced to the structure prediction community. It relies on multiple sequence 

alignments (MSA) and, optionally, on structural templates. The MSA is used to 

comprehend mutational events of amino acids that have taken place throughout 

evolution and correlate them with the spatial proximity of those amino acids in a folded 

protein. ΑlphaFold2 scored best in template-free and template-based methods in the 

CASP14 (Critical Assessment of Techniques for Protein structure Prediction 2020) 
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competition (Bertoline et al. 2023). The Critical Assessment of Protein Intrinsic Disorder 

(CAID) experiment is a new community-based test, similar to CASP, to validate the 

accuracy of predicted disorder and regions of conditional folding (Necci et al. 2021). 

SPOT-Disoder2 and ANCHOR2 have each scored best in the above-mentioned 

categories. ΑlphaFoldDB and ΑlphaFold2 were separately assessed and can compete 

with the best predictors (Piovesan et al. 2022; Wilson et al. 2022). The pLDDT-score for 

each amino acid is a good indicator of disorder, and a combination with the relative 

solvent accessibility provides a good measure of the sites for binding regions. 

Overall, for the prediction of unphosphorylated Gab1613-694, all used calculators resulted 

in similar outputs. The extended prediction at the tyrosines is likely driven by the 

surrounding hydrophobic amino acids, while the helical propensity is due to the 

enrichment of amino acids with a low energetic penalty for helix formation. Whereas the 

regions predicted to be disordered have some prolines and hydrophilic amino acids, 

while the charges are balanced and found in the structured parts. 

1.2.2 CD 
To investigate the structural composition experimentally, an easy, fast and low-on-sample 

concentration needed method is circular dichroism (CD).  

ForpYpY-Gab1613-694 the CD spectrum is identical in the unphosphorylated and 

phosphorylated states. Both show a typical CD-spectrum of a disordered protein (Gruber 

et al. 2022). Moreover, the predicted helical phosphopeptide region (pY-Gab1655-677) 

exhibits an IDP-like spectrum. This could be due to missing amino acids (the prediction 

showed helicity for aa 664-680) to the instability of individual helices in water. The penalty 

of breaking H- bonds with the water and forming entropically unfavoured H-bonds 

between the peptide bonds keeps the peptide in its disordered state (Yang and Honig 

1995). In a hydrophobic environment, as found in the context of a tertiary structure, a 

membrane, or a hydrophobic solvent like TFE, these peptides can adopt a helical 

structure. (Gruber et al. 2022) showed that pYpY-Gab1613-694 adopts the typical CD-

spectrum of a mostly α-helical protein in the presence of 30% TFE. NMR measurements 

of 15N, 13C-labelled pYpY-Gab1613-694 at 25% TFE showed helical propensity at the region 

of aa 655-680 (Gruber et al. 2022). 

1.2.3 NMR 
The 2D-NMR spectra clearly show typical IDP-like low dispersion of the peaks. This is in 

unity with the findings of the CD-measurements. Nevertheless, upon phosphorylation, 

slight chemical shift changes can be seen around the phosphorylation sites 

(supplemental Figure 49).  
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Chapter 2: Gab1 binds to the SH2 domains of Shp2 
It is known from the literature that Gab1 is an activator of Shp2, after phosphorylation at 

Y627 and Y659 (Cunnick et al. 2001). To further investigate the interaction between these 

two proteins, isothermal titration calorimetry (ITC) was conducted on different 

complexes, from which the affinity and thermodynamic parameters can be derived. To 

investigate the binding on a more detailed structural level, nuclear magnetic resonance 

spectroscopy (NMR) was used, which allows insights per residue into structural and 

environmental changes of isotope-labelled proteins upon binding.  

2.1 ITC measurements of Gab1 and Shp2 demonstrate moderate 

affinity of the single domains but tight binding when tandem SH2 

domains are present 

2.1.1 tandem SH2 domain 

The interaction of Shp21-222 to bis-phosphorylated pYpY-Gab1613-694 was measured by 

ITC, revealing a high-affinity binding of KD =37 nM, assuming a simple one-binding mode. 

The thermodynamic parameters ΔH, ΔG and - ΔT·S derived from these measurements 

are shown in Figure 20. The reaction is driven by enthalpy, as is expected from 

interactions of SH2 domain with phosphopeptides.  

 

Figure 20 ITC thermographs and thermodynamic parameters derived from interactions of double phosphorylated 
pYpY-Gab1613-694 to Shp21-222, N-SH21-106, and C-SH2102-220. n=3-4. Replicates of those measurements can be found in 
supplemental Figure 50. Analysed with Origin. 

2.1.2 single SH2 domains 

The binding of double phosphorylated pYpY-Gab1613-694 to the single SH2 domains, 

N- SH21-106 and C-SH2102-220, showed decreased affinity of KD= 3.0 ± 1.8 µM and 
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2.7 ± 0.37 µM, respectively, compared to the interaction to Shp21-222, although the curves 

appear to show small deviations from a 1:1 binding mode. The thermodynamic 

contributions for both single reactions are again enthalpy driven but reduced compared 

to the reaction with the tandem SH2 construct. The reaction of N-SH21-106 showed 

decreased enthalpy and entropy compared to the interaction of pYpY-Gab1613-694 with the 

C-SH2102-220. This indicates that additional interactions between C-SH2102-220 and 

pYpY- Gab1613-694, together with a more significant reduction in the flexibility of the system 

is present. The sum of the enthalpic and entropic terms of both single domain interactions 

do not add up to the once measured for the interaction of the tandem.  

When measuring the interaction of the single SH2 domains with mono-phosphorylated 

Gab1 peptides, pY-Gab1613-651 and pY-Gab1640-694, a clear preference for the N-SH2 

domain towards the pY627 and the C-SH2 domain towards pY659 is seen. Although, the 

N-SH2 domain might, very weakly, interact with the pY659 site – indicative from the 

thermograph (Figure 21). These data have been measured, analysed and first presented 

in the thesis of (Judith Kniest 2021) 

 

Figure 21 ITC reaction of the single SH2 domains with monophosphorylated Gab1 peptides. Replicates of those 
measurements can be found in the supplemental Figure 50. Analysed with Origin. 

2.2 NMR measurements demonstrate a preferred binding orientation 

of the domains and reveal structural changes upon binding 

2.2.1 15N, 13C pYpY-Gab1613-694 binding to single domains 
15N,13C-labelled phosphorylated pYpY-Gab1613-694 was phosphorylated and used for 2D 

and 3D NMR-measurements as descried in chapter 1.  
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To gain information on the bound Gab1, 15N,13C-labelled and phosphorylated 

pYpY- Gab1613-694 was measured in complex with the single SH2 domains. For both 

complexes, HNCA, HNCOCA and HNCOCACB spectra and the 2D 15N, 1H-TROSY have 

been measured and assigned. When adding either the N-SH21-106 or the C-SH2102-220 to 

the 15N, 13C- labelled, bis-phosphorylated pYpY-Gab1613-694, higher dispersion is seen, 

indicating that regions of the IDP are now within a new chemical environment. The 

superposition of all three spectra is seen in Figure 22.  

 

Figure 22 Superposition of 15N, 1H TROSY-spectra of the free phosphorylated pYpY-Gab1613-694 (black) and in complex 
either with the N-SH21-106 (red) or the C-SH2106-220 (blue) domain. The spectra of both complexes show higher dispersion 
of some amino acids, which are labelled where assigned. Most of the peaks show low dispersion, like the unbound 
molecule, indicating an intrinsic disorder. Created with NMRView. 

That can be due to the binding of a domain and, thus a different chemical environment 

or to structural reorientation. The difference in the position of a specific peak upon some 

experimental changes (addition of binding partner, pH titration etc.) is called chemical 

shift perturbation (CSP). In total, 85 % (63 aa/ 74 aa (without prolines)) of the bis-

phosphorylated pYpY-Gab1613- 694 peptide could be assigned in complex with the 

N- SH21- 106 domain and 69 % (51 aa/ 74 aa (without prolines)) for the C-SH2106-220 

domain. A larger unassigned region, aa 637-653, in the bound state to the C-SH2106-220 

domain is noteworthy. This pY-linker region could be in some unsuitable state that cannot 

be detected in this experiment, resulting in loss of peak information.  

In Figure 23 A, lower panel, the CSPs upon addition of the N-SH21-106 domain are plotted 

against the residue numbers of pYpY-Gab1613-694. Some regions could not be assigned 

and are indicated by a red bar. Minor perturbations are seen for regions of aa 613-624, 

aa 645-655 and aa 670-690. These amino acids have a similar chemical environment 

compared to the free state. On the other hand, regions aa 627-636 and aa 656-663, 
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which flank the two phosphorylation sites pY627 and pY659 show more significant 

chemical shift changes. 

 

Figure 23 Chemical Shift Indices (CSI) (top) and Chemical Shift Perturbations (CSP) (bottom) of the phosphorylated 
15N, 13C-pYpY-Gab1613-694 in complex with the N-SH2 (A) and the C-SH2 (B) domain. Red bars indicate regions that have 
not been assigned or could not be analysed. As CSP analysis requires two assigned spectra (free and bound), regions 
which do not yield CSP values are higher compared to CSI analysis, which compares the data of the complex to a 
computational data set. Grey vertical lines indicate the pY627 and pY659 positions. Black horizontal dashed lines 
indicate the threshold of 1σ. Created with Origin. 

As CSPs can be caused by binding and the Chemical Shift Index (CSI), which is sensitive 

to the torsion angle of the backbone and side chain and thus describes the secondary 

structure, were calculated for each residue. By comparing the measured chemical shift 

values of Cα and Cβ atoms of each assigned amino acid to those values of a perfect 

random coiled phosphorylated protein (Hendus-Altenburger et al. 2019; Luca et al. 

2001), one can derive information on the secondary structure constitution of the 

observed protein: Negative CSI values smaller than  -0.7 ppm are attributed to extended 

conformations; positive values greater than 0.7 ppm tend to be helical, while values 

between -0.7 ppm and 0.7 ppm correspond to disorder. Thus, an extended conformation 

of bis-phosphorylated 15N, 13C pYpY-Gab1613-694 can be inferred for the region of aa 630-

635 upon interaction with N- SH21- 106, which was not present in the unbound pYpY-Gab1 

fragment (Gruber et al. 2022). The positive values for aa 665-668 (already present in the 

unbound state (Gruber et al. 2022)) could hint towards a helical conformation, although 

more than four amino acids would be needed for a complete α-helical turn. This region 

lies within a stretch of elevated CSP values (Figure 23 A; lower panel), suggesting that 

binding to the domain elicits structural reorganisation. T667, as a single amino acid, has 
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a very prominent negative CSI value, which can not be attributed to an extended 

conformation but might be otherwise important for the interaction. Interestingly, this 

prominent CSI was not seen when comparing the unbound phosphorylated 

pYpY- Gab1613-694 to the same reference dataset (data not shown). This implicates that 

T667 might be involved in some interaction with the domain. Apart from these findings, 

pYpY-Gab1613-694 stays disordered, indicated by its small CSI values. 

For the interaction of the C-SH2102-220 domain to phosphorylated 

15N, 13C- pYpY- Gab1613- 694, the CSPs are elevated at the region of aa 656-676, although 

the threshold of significant elevation states the region aa 657-671. The region can be 

divided into two parts: aa 657-665 and aa 666-671. Some elevated values can be seen 

for the regions around aa 620 and aa 690. The CSI shows disorder for the whole protein 

except for the stretch of aa 650-672. Here, fluctuating high positive and negative CSI 

values were calculated. A clear secondary structural tendency is not seen from this data, 

although it can be speculated that, again, two regions can be derived. One with more 

negative values from aa 661-665, indicating extended conformation and another part 

with more positive values from aa 669-673, hinting towards helicity. In the unbound state, 

positive values can be seen for residues 665-668, as described above (Gruber et al. 

2022). 

2.2.2 Dynamics of Gab upon binding 

The labelled and doubly phosphorylated pYpY-Gab1613-694 was also used for 

measurements of the relaxation rates, R1 and R2, and hNOE, which report on the 

dynamical behaviour of the backbone on a ps-ns time scale. 
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Figure 24 Relaxation rates (R1 and R2) and hNOE from 15N, 1H pYpY-Gab1613-694 in complex with the N-SH21-106 domain. 
Residual numbers of pYpY-Gab1613-694 are shown on the x-axis. Created with Origin. 

Free pYpY-Gab1613-694 protein (Gruber et al. 2022) shows low R2/R1 rates (around 3) 

throughout the whole sequence, indicating no persistent secondary structure or preferred 

conformation. hNOE values are reduced at the termini and for aa 640-660 (Gruber et al. 

2022), indicating that those regions exhibit higher flexibility. Upon addition of the 

N- SH21- 106 domain, the R2/R1 rates increase for the region of aa 623-636, suggesting a 

higher conformational restriction compared to the overall tumbling of the molecule 

(Figure 24). This is supported by the elevated hNOE values for the same region. The 

linker region of aa 640-660 shows the identical decay as for the free pYpY-Gab1613-694, 

which again implicates disorder.  
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Figure 25 Relaxation rates (R1 and R2) and hNOE from 15N, 1H pYpY-Gab1613-694 in complex with the C-SH2106-220 domain. 
Residues 637-653 could not be assigned, and therefore, no relaxation data could be quantified. Created with Origin. 

In complex with the C-SH2102-220 domain, the R2/R1 values are increased from aa 656-

680, indicative of a higher conformational restriction (Figure 25). Interestingly, a dip 

around aa 667 suggests that these ordered regions are separated locally. The remaining 

regions of pYpY-Gab1613-694 are close to the ratios of the free state (Gruber et al. 2022). 

The hNOE values for this region increase with an identical dip as the R2/R1 rates. 

Additionally, the terminal residues experience a decrease in their hNOE values, while the 

region of aa 637-653 could not be assigned and thus has no R2/R1 and hNOE data. 

2.3 Discussion 
Far western blot analysis have shown that the Gab1-Shp2 interaction involves pY627 

binding to N-SH2 and pY659 to C-SH2 (Cunnick et al. 2001). The here presented ITC 

and NMR results for the interaction between the N- and C-SH2 domain of Shp2 with 

pYpY-Gab1613-694 confirm this hypothesis that the N-SH2 binds to residues around pY627 

and the C-SH2 to residues around pY659. There are hardly any cooperativity effects 

between both binding events, leading to a mainly extended Gab1 conformation for 

residues around the pY binding sites with reduced local dynamics and an unexpected 

long binding site for the C-SH2 in particular. Using combinational peptide libraries 

(Sweeney et al. 2005), the SH2 domains of Shp2 exhibit overlapping target peptide 

preferences. While the N-SH2 domain favours (I/L/V/m)XpY(T/V/A)X(I/V/L/f), the C-SH2 

prefers (T/V/I/y)XpY(A/s/t/v)X(I/v/l), where X can be any amino acid except glycine and 

proline, and lower case letters are less frequently observed, i.e both belong to class I 

specific motifs. Thus, both Gab1 phosphotyrosines could be capable of binding to either 
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site (pY627: V-E-pY-L-D-L and pY659: V-D-pY-V-V-V). In this project, ITC and NMR were 

used to investigate this further. ITC measurements of single domains to bis-

phosphorylated pYpY-Gab1613-694 could be fitted with a 1:1 stoichiometry. If each domain 

were to bind to both pY-motifs, a stoichiometry of 1:2 (N=0.5) would be expected. The 

chemical shift perturbation measurements (CSP) by NMR further supported specificity 

of each domain to their cognate pY residue. The N-SH21-106 domain binds the pY627, 

while the C-SH2106-220 domain interacts with the pY659. Although NMR as well as ITC 

also hint toward a slight tendency for the N-SH21- 106 domain to bind pY659. ITC data, 

which show slight titration in the thermograph, which cannot be fitted, might explain why, 

in NMR experiments with high protein concentrations, elevated CSPs for the pY659 

binding region could also be seen, although this interaction could only be transient. At 

least from the binding preference (Sweeney et al. 2005), this would not be surprising, 

although these motifs only defy the range from -2 to +3 (relative to the phosphotyrosine), 

which does not resemble the native situation. On the other hand, the elevated CSPs 

might also originate from long-range secondary structure induction due to the binding of 

the N-SH21-106 domain at pY627. A hypothetical 2:1 (domain:peptide) binding of the 

N- SH21-106 to both phosphotyrosines could be possible in light of the previously 

described simultaneous interaction of N-SH2 to a class IV peptide (Sweeney et al. 2005). 

Here, two peptides are bound and form an antiparallel short β-sheet elongation of the 

domain (Zhang et al. 2011). The authors further showed that a double phosphorylated 

peptide of this class IV peptide interspaced by a glycine-linker showed elevated affinity. 

It could potentially be possible for Gab1 to bind in this way to the N-SH2, which would 

also give rise to a 1:1 stoichiometry in ITC. The experiment of the single SH2 domains 

with monophosphorylated Gab1 peptides also showed that while the C-SH2 domain 

does not react to pY627, the N-SH2 might very weakly interact with pY659. On the other 

hand, this 2:1 binding was only proven for class IV peptides.  

The binding sites implicated by the high CSPs, are -4 to +6, for the N-SH21-106 and -3 to 

+17, for the C-SH2106-220 domain. This is longer than that reported in literature: the SH2 

domains of Shp2 were shown to accommodate IRS1 and PD-1 phosphopeptides with 

residues up to pY+5 (Marasco et al. 2021). CSP analysis of phosphopeptides is not 

commonly facilitated. Mostly, the SH2 domain is analysed upon binding by NMR. 

Unfortunately, that makes it hard to validate these results with others since chemical 

shifts are very sensitive to the environmental changes of a specific amino acid. A result 

measured by NMR might thus slightly vary from the output of other experimental 

techniques, like ITC. One study measured the NMR peak intensity of a Shp2 binding 

partner (KIR3DL1) upon interaction. Here, the binding can be seen up to pY+6 (Cheng 

et al. 2019). Thus, the interaction site for the N-SH21-106 domain on Gab1 is “typical”, 
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whereas the C-SH2106-220 binding site is much longer. In both cases, the region adjacent 

to the phosphotyrosine appears to be in an extended conformation, as observed for other 

SH2:phophopeptide interactions (Waksman et al. 1992). The extensive binding site 

C- terminally to pY659 is particularly intriguing, not having been seen for other SH2 

domains. Based on the CSP and CSI calculations, this region can be divided into pY+6 

(extended conformation) and the region pY+7 to +17 (helical conformation). This topic 

will be further discussed in chapter 4 

The affinities measured for the binding of bis-phosphorylated pYpY-Gab1613-694 to either 

the single SH2 domains or the tandem SH2 domains are within the range stated in the 

literature (nM - µM affinity). The IRS-11169-1178 peptide, with a KD of 14 nM (Sugimoto et 

al. 1994) is one of the highest affinity binders to the N-SH2 domain of Shp2; affinities of 

around 100 nM have been determined for CagA-EPIYA-D (Hayashi et al. 2017) and 

PD- 1244-254 (Marasco et al. 2021) and 30 nM for Gab2608-620 (Visconti et al. 2020; Bonetti 

et al. 2018) (all measured at 150 mM NaCl). The interaction to the C-SH2 domain of 

Shp2 is less well studied; PD-1219-227 binds with KD=13 nM (Marasco et al. 2021) and 

IRS- 11219-1228 with KD=110 nM (Sugimoto et al. 1994). Both studies further showed that 

both domains can bind to both investigated binding sites, although with a preference and 

a lesser affinity of at least one order of magnitude, resulting mostly in only µM tight 

interactions with the second domain. All these measurements were made with short 

peptides, in contrast to the present 83 aa bis-phosphorylated Gab1 ligand. Thus, a direct 

comparison to the data mentioned above is impossible and might explain the difference 

in binding strength, especially for the interaction of the N-SH2 to Gab2 (Visconti et al. 

2020) and Gab1 (this thesis). Of course, a much greater contributing factor in the 

differential binding affinity between Gab1 and Gab2 is probably its sequence: although 

both sequences are identical at position: -2, +1, +3, +4, they vary in all other positions 

(Gab1/Gab2: G/S-D/T-K/G-Q/S-V-E/D-pY-L-D/A-L-D-L/F-D/Q). Unfortunately, the 

thermodynamic parameters are not listed for the above-listed complexes. It might be that 

the entropy for binding a short or a longer ligand results in different binding strengths. 

The interaction of Gab1 with Shp2 is enthalpically driven. Thus, changes to the system 

by pH and salt concentration must be considered. For Gab2 (Bonetti et al. 2018), it was 

shown that an increase in salt leads to a decrease in the kon rate while having constant 

koff rates, demonstrating that the interaction is driven by the electrostatic attraction. This 

makes comparisons of affinities even harder. A study investigating the interaction of the 

tandem SH2 domains of Shp2 with short Gab1 mono-phosphorylated peptides revealed 

that the binding of the peptide containing pY627 (pY-Gab1621-632) had an affinity of 

1.5 nM, while the peptide containing pY659 (pY-Gab1653-664) was measured to bind with 

a KD of 27 nM (Koncz et al. 2001). These measurements, using peptides spanning the 
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interaction site from –6 to +5, diverge even more from the measurements presented in 

this thesis, using single domains with double phosphorylated pYpY-Gab1613-694. 

Additionally, the binding strength for both peptides varies, which is not the case for the 

here presented measurements. It can be assumed that additional interactions beyond 

the pY659+5 residue are found in the native complex. This is in line with the NMR results 

of this chapter; further information on that will be presented in chapter 4. 

Nevertheless, the affinity reported here of around 3 µM for each domain is lower than for 

other phosphopeptides to those domains, in line with activation data for Shp2. Shp2 can 

be activated by binding to one high-affinity phosphopeptide-region alone, as is the case 

for IRS-1 (Sugimoto et al. 1994) and PD-1 (Patsoukis et al. 2020). In contrast, the 

activation by Gab1 requires both pY627 and pY659 binding to both domains (Cunnick et 

al. 2001). Inorganic phosphate and phosphotyrosine alone have affinities for the N-SH2 

domain in the µM range (Marasco et al. 2021; Bonetti et al. 2018). Binding of pY is 

thought to be entropically driven due to the release of solvent molecules upon interaction 

(Ladbury et al. 1995) and contributes to around 50% of the total free energy (Bradshaw 

et al. 1999). As mentioned above, the interaction of Gab1 and Shp2 is enthalpically 

driven, with a moderately unfavourable entropic term. Some SH2:phosphopeptide 

interactions show slightly favourable entropic contributions (Bradshaw et al. 1999; 

McNemar et al. 1997), with minor effects of residues C-terminal to pY on the total free 

energy: in these cases, backbone and side chain contributions are negligible, and the 

reaction is driven by the pY-binding (Bradshaw et al. 1999). On the other hand, studies 

on the SH2 domains of p85 in complex with CD28 phosphopeptides showed highly 

unfavourable entropic terms that are compensated by strong negative enthalpies (Inaba 

et al. 2017). An elevated affinity for tandem SH2 domains is typically due to their proximal 

binding capacity and slower koff rate (Ottinger et al. 1998; Goyette et al. 2022).  

In the complex of Gab1 and Shp2, both energetic components are moderate. The 

unfavourable entropic term might stem from restriction in rotational freedom. For the 

interaction of the bis-phosphorylated pYpY-Gab1613-694 to the Shp21-222 tandem SH2 

domains, an increase in affinity of two orders of magnitude with respect to the single 

domains with a large negative enthalpy has been measured. The enthalpic and entropic 

contributions, which are not additive, suggest that the reaction to the tandem SH2 

domains is highly complex and is not solely explained by the simultaneous binding and 

restriction of the flexible Gab1; see more on that in chapter 5. This situation is similar to 

IRS-1 binding to Shp2 (Ottinger et al. 1998), where exchange of the PEG-spacer (linker 

between the two pY) results in similar affinities for Shp2, indicating no specific 

interactions of the linker. The length of the linker is, however, important for binding affinity: 
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reducing the length of photoswitchable spacers in ITAM peptidomimetics results in a 

significant decrease in binding to tandem SH2 domains from Syk kinase (Kuil et al. 

2009). 
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Chapter 3: Structural investigations of the interaction 

between N-SH2 and Gab1 
 

The N-SH2 domain of Shp2 is the subject of extensive research interest as it is 

associated not only with the binding to phosphorylated peptides but especially with the 

activation of the phosphatase and, thus, its implications in cell regulation and pathology. 

The N-SH2 domain blocks the active site of the PTP domain with its DE-loop as 

illustrated in Figure 26, so that it must be displaced for activation. 

 

Figure 26 Activation of the phosphatase Shp2. It is associated with the release of the N-SH2 domain (yellow, cartoon 
and surface) from the PTP domain (grey, surface). The DE-loop (marked with a black circle) of the N-SH2 domain 
blocks the active site of the phosphatase domain in a closed conformation (left; PDB:4dgp; (Yu et al. 2013). In the 
constitutively active Shp2 mutant E76K (LaRochelle et al. 2018), the N-SH2 domain relocates to adopt the open 
conformation. The C-SH2 domain rotates slightly in the process of activation. Illustrated with PyMol. 

3.1 Crystallisation and structural analysis of 

N- SH21- 106:pY- Gab1613- 651 
To analyse the N-SH2:Gab1 complex structure, protein crystallisation was facilitated 

(together with M.Sc. Judith Kniest, supervised master’s student). The N-SH21-106 domain 

was used in initial screens in complex with a synthesized mono-phosphorylated Gab1 

peptide (pY-Gab1613-651). An unpublished crystal structure of Gab1 complexed by N-SH2 

deposited in the PDB (PDB:4qsy, (Gogl and Remenyi, unpublished)) used the same 

N- SH2 construct, N-SH21-106, in complex with a much shorter phosphorylated 

pY- Gab1621- 633. By using a longer Gab1-construct, a more native setting can be 

produced, and potential additional interactions might be investigateable. Data collection 

of a single crystal, which grew in a tetragonal form, revealed a space group of P43212 

with one molecule in the asymmetric unit and was solved to 2.1 Å by molecular 

replacement with the N-SH2 domain of the 4qsy-PDB structure (Gogl and Remenyi, 

unpublished) (in cooperation with Dr. rer. nat. Constanze Breithaupt-Than and Dr. rer. 

nat. Christoph Parthier, Research Group of Prof. Stubbs). 
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Table 6 Crystallographic data from the N-SH21-106: pY-Gab1613-651 complex 

 N- SH21- 106 : 

pY-Gab1613- 651 

N- SH21- 106: 

pY-Gab1621- 633 

(PDB:4qsy) 

Space group P43212 P43212 

Unit cell a = b= 60.78 Å  

c = 69.85 Å 

α = β = ɣ = 90° 

a = b = 61.78 Å 

c = 74.19Å 

α = β = ɣ = 90° 

Resolution (Å) 27.87 – 2.08 43.69 – 2.10 

Number of reflections 118443 8894 

Number of unique 

refelctions 

8364  

CC1/2 99.8  

Rmeas (%) 13.7  

I/Iσ 14.0 2.77 

Completeness (%) 99.7 99.7 

Wilson B-factor (Å2) 31.7 33.9 

Rfree (%) 27.2 22.9 

R (%) 22.5 20.0 

Ramachandran (%) 

(favoured, allowed, outliers) 

97.0, 2.9, 0.0 97.0; 3.0; 0.0 

 

The N-SH2 domain consists of two α-helices flanking a central β-sheet, composed of 

three anti-parallel β-strands connected by loops. N-SH2 residues N-terminally to 6 and 

C-terminally to 104 are not visible in electron density. The Gab1-peptide is bound 

orthogonal to the β-sheet in an extended conformation. Similarly, Gab1 residues 

N- terminal to 625 and C- terminal to 632 are not seen in the electron density and are 

presumably flexible. Thus, only eight amino acids from -2 to +5 of the Gab1 peptide could 

be modelled; the remaining amino acids of the 38 aa peptide could potentially occupy 

the free space between the symmetry-related molecules (supplemental Figure 52). 

The Gab1 peptide binds to the ‘front’ of the domain (for clarification of the nomenclature 

used to describe the faces of the domain, see supplemental Figure 64), i.e. its structure 

is not influenced by crystal contacts (supplemental Figure 51 A). It adopts an extended 

conformation with stabilising backbone H-bonds between the peptide and domain. The 

amide group of Gab1-L628 (+1) H-bonds the carbonyl oxide of H53; the carbonyl group 
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of D629 (+2) forms a stabilising H-bond with the amide of K91, and the amide of D631 

(+4) forms one with the carbonyl group of K89.  

The phosphotyrosine pY627 is coordinated by H-bonds from the hydroxyl-groups of S34, 

S36 and T42 as well as through the backbone of K35 and S36. R32 provides a partner 

for an ionic bond. The side chain of K55 stabilises the phenyl ring through cation-pi 

interaction at a 3.8 Å distance, as seen in Figure 27.  

 

Figure 27 Interaction of the N-SH21-106 domain (pink) with the Gab1 fragment (green, stick) from aa 625-632 (position 
-2 to +5). A) Cartoon representation of the N-SH2 domain in complex with the Gab1 fragment. The density at σ2Fo-Fc=1 
is shown for the peptide as a grey mesh. B) The N-SH2 domain is shown as a surface model with the hydrophobic patch 
coloured in yellow. Side chains of the +1, +3 and +5 positions of Gab1 face towards this patch. C) Interactions of pY627 
to the domain. Amino acids involved (sticks) are labelled as are their distances to atoms of the pY residue (Å). D) The 
side chain D631 is in proximity to the side chain K89 of the domain (stick, coloured in grey, as these atoms have an 
occupancy of zero). Shown is the density at σ2Fo-Fc=1 for this residue as mesh. E) same position as in D) but with σ2Fo-

Fc=0.5 shown as mesh. Illustrated with PyMol. 

Although amino acids C-terminal to pY627 are expected to contribute to specificity, side 

chain interactions can only be assumed, as the leucines and important interaction 

partners could be not fully modelled (Figure 27). The hydrophobic leucines at positions 

+1, +3 and +5 occupy a hydrophobic patch formed by T52, I54, L65, Y81, L88 and I96 
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(coloured yellow in the figure) and are thus protected from interaction with the solvent 

Residue +1 (L628) faces T52, I54 and I96 of the hydrophobic patch, while the +3 position 

(L630) is in neighbourhood of I54, L65, L88 and I96 and the +5 position (L632) is 

surrounded by L65, Y81 and L88. The amino acid at +4 (D631) faces towards the side 

chain of K89, although density is only seen at a contour level of σ2Fo-Fc = 0.5, where it 

would be within the distance to form an H-bond.  

3.2 Crystallisation and structural investigation of the tandem 

SH2:pYpY-Gab1617-684 complex by electron diffraction 
A second crystal structure was solved of the tandem SH2 domain Shp21-222 in complex 

with bis-phosphorylated pYpY-Gab1617-684 in cooperation with Fazard Hamdi, PhD 

(Research Group of Jun.-Prof. Kastritis), Dr. rer. nat. Alaa Shaikhqasem and Dr. rer. nat. 

Constanze Breithaupt (Research Group of Prof. Stubbs). Crystals of the 

pYpY- Gab1:tandem SH2 domain complex grew within one week in two conditions of an 

initial screen. The needle-shaped crystals could be reproduced in in a fine screen using 

a larger volume. These crystals failed to yield X-ray diffraction patterns suitable for 

structure solution, and optimisation through seeding and additive screens was not 

successful, either. 

Data could, however, be collected using electron diffraction (microED). The crystals were 

applied to a grid used for standard electron microscopy, back-blotted and vitrified. The 

grid was transferred to a cryo-electron microscope, and data were collected from two 

crystals perpendicular to one another. A data set of 89% completeness could be collected 

and further processed by molecular replacement. The structure was solved to 3.2Å (for 

further information on crystallisation, data collection and processing, see Material and 

Methods).  

The final model consists of SH2 residues 4-221 (with density missing for residues 

N- terminal to R4, and the C-terminal residue N222 and between T153 and K164 (CD-

loop in C-SH2)) and bis-phosphorylated-Gab1 (pY627 and pY659) residues D622-D631 

and A653-S672, amino acids 617-621, 632-652 (the pY-linker) and 673-684 could not be 

resolved. Mass spectrometry analyses (Edman degradation) showed that at least 

aa 621- 684 were present in the crystal (supplemental Figure 55). In this chapter, the 

focus will be on the N-SH2:Gab1 interaction; further information on the microED structure 

will be presented in the following chapters 4 and 5. 
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Table 7 Crystallographic table for the Shp21-222:pYpY-Gab1617-684 complex 

Data collection 

Excitation voltage 200 kV 

Wavelength (Å) 0.025 

Total dose per crystal (e-/Å2) 4.8 

No of crystals used 2 

Total angular range collected (°) 138 

Merging statistics 

Space group P212121 

Unit cell dimensions  

a,b,c (Å) 30.51, 82.15, 118.16 

α=β=ɣ (°) 90 

Resolution (Å) 33.7 – 3.2 (3.5 – 3.2) 

Total reflections 56119 (13409) 

Total unique reflections 4747 (1091) 

Completeness 89.3 (90) 

I/σ(I) 3.29 (1.47) 

CC1/2 85 (56) 

R-meas (%) 80.2 (207) 

Model Refinement 

Rwork / Rfree 33.6 / 39.0 

RMSD bonds (Å) 0.0019 

RMSD angles (°) 1.27 

Ramachandran (%) 

(favoured, allowed, outlier) 

 

95.07, 4.48, 0.45 

 

An eight amino acid-long Gab1-peptide is bound to the N-SH2 domain, ranging from -5 

to +4. It is in extended conformation, as seen in supplemental Figure 51,B. This is a 

rather long peptide fragment bound to the N-SH2 domain, as normally only regions from 

-2 to +5 are modelled to be domain-bound (Anselmi et al. 2020). 

The phosphotyrosine of the Gab1-peptide gets stabilised by the hydroxyl-groups of S34 

an T42, the carboxyl group from the backbone of K35. The side chain of S36 could not 

be modelled, in contrast to the structure of N-SH21-106:pY-Gab1613-651. R32 coordinates 

the negative phosphate through an ionic bond. The cation-pi interaction cannot be seen 

since the side chain of K55 is not fully built (Figure 28). 
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Figure 28 Interaction of the N-SH2 domain (raspberry) to the Gab1 fragment (green, stick) from the Shp21-222:pYpY-
Gab1617-684 structure solved by microED. A) The N-SH2 domain is shown as cartoon with the bound stick model of the 
Gab1 fragment covered in density at σ2Fo-Fc=1, shown as mesh. Atoms with an occupancy of zero are coloured in grey. 
B) The interaction of pY627 to the residues of the domain (stick) is shown. Amino acids involved are labelled, and 
interactions are indicated with yellow dashed lines stating the distance in angstrom. C) The domain is shown as a 
surface model bound to the peptide. The hydrophobic patch is indicated in yellow. Residues +1 and +3 are pointed 
towards that surface. Illustrated with PyMol. 

As with the crystal structure solved by X-ray of the N-SH21-106:pY-Gab1613-651, the side 

chains of the residues C-terminal to the phosphotyrosine are not seen in direct interaction 

to the domain, except for two backbone-backbone interactions between L628 (+1) and 

H53; D629 (+2) and K99 as well as A631 (+4) and K89. These interactions seem not to 

provide specificity. The residues modelled for positions +1 and +3 face the hydrophobic 

surface of the domain (Figure 28).  
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The N-SH2:Gab1 structures observed in the single and tandem domain crystals exhibit 

the same overall conformation of the flexible EF- and BG-loops, described to be essential 

for specificity. They align structurally also with other N-SH2:phosphopeptides complexes 

from literature (PDB: 1aya, 1ayb, 1ayc, 6roz, 6roy, 5x94 (Hayashi et al. 2017), 5x7b 

(Hayashi et al. 2017)), including the single N- SH2 in its free state (PDB: 1ayd) (Lee et 

al. 1994) (Figure 29, A).  

 

Figure 29 Superposition of N-SH2 domains of different complexes. A) The apo N-SH2 domain (PDB: 1ayd, grey) and the 
solved models of N-SH2:Gab1 from this thesis (N-SH21-106:pY-Gab613-651 complex in pink and Shp21-222:pYpY-Gab1617-684 
complex in raspberry) indicate that apo and bound states are nearly identical. B) The bound N-SH2:Gab1 model 
(raspberry) derived from the Shp21-222:pYpY-Gab1617-684 crystal to the structures of the N-SH2 domain of the open Shp1 
(green, PDB: 3ps5 (Wang et al. 2011)) and Shp2 (yellow, PDB: 6crf (LaRochelle et al. 2018); both models of the two 
molecules in the asymmetric unit are shown, as their BG- loop varies) structures and the apo- structure (grey) are 
presented. C) The Shp21-222:pYpY-Gab1617-684 complex (raspberry), with the N-SH2 domains taken from the closed Shp1 
(green) and Shp2 (yellow) structures (PDB: 2b3o (Yang et al. 2003), 4dgp (Yu et al. 2013)) and the apo domain (grey) 
are depicted. Note the different conformations of the EF-loop in the closed structures (PTP-bound, inactive state). All 
models are shown in cartoon presentation. Illustrated with PyMol. 

The overall conformation of apo N-SH2 and the N-SH2 bound to Gab1 are highly similar, 

as seen in Figure 29 A, except for the orientation of the BG-loop immediately following 

the αB helix, which differs between the apo structure and the peptide bound state. The 

C- terminal part of the αB helix elongates into the BG-loop. The BG-loop moves around 

3 Å to accommodate residues L628 (+1) and L629 (+3) and is not involved in any crystal 

contacts.  

In the structures of the open Shp1 and Shp2 conformation (PDB: 3ps5 (Wang et al. 

2011), 6crf (LaRochelle et al. 2018)), the N-SH2 exhibits the same conformation as does 

the single apo domain, except the BG-loop is not completely modelled. Both are thus 

also similar to the bound N-SH2 domain (Figure 29, B)  

Interestingly, in the closed conformation of Shp2 (PDB: 4dgp (Yu et al. 2013)), where the 

DE-loop (N58-Y63) is buried within the PTP domain, the above-described variant BG-

loop is similar to the N-SH2:Gab1 structures, whereas the EF-loop is displaced by around 

5 Å (Figure 29, C). The same conformation of the EF-loop is found in the closed Shp1 

structure (PDB: 2b3o (Yang et al. 2003)), while the BG-loop is similar to that in the apo 
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domain (PDB: 1ayd), leading to a wider open binding site – which nevertheless is not as 

open as in the Gab1-bound structures. The N-SH2 of the closed Shp1 (PDB: 2b3o (Yang 

et al. 2003)) is the only structure where the ΒC-loop (responsible for pY-binding) is 

positioned upwards while in all other structures (apo, bound, closed, open) it is folded 

downwards. Those differences were shown to not be associated with physiological 

aspects but rather with crystallographic artefacts (Anselmi and Hub 2021). 

Nevertheless, both structures (PDB: 4dgp (Yu et al. 2013), 2b3o (Yang et al. 2003)) in 

the closed conformation (where the DE-loop is buried in the PTP domain) show a tightly 

packed central β-sheet (measured between the carbonyl C of G39 and the amide N of 

N58). This conformational rearrangement was shown to be associated with the activation 

of Shp2 – the peptide binds, leading to a spread of the β-sheet and thus the release from 

the PTP-domain (Anselmi and Hub 2021; Marasco et al. 2021). This opening of the β-

sheet can also be seen in the Gab1-bound structures of the N-SH2.  

3.3 Analysing the complex of N-SH2:Gab1 via NMR  
In contrast to a model derived from crystallography, which can be affected artificially by 

crystal contacts, NMR can provide insights into the system in solution. 15N, 13C labelled 

N-SH21-106 was measured in the free and bis-phosphorylated pYpY-Gab1613-694 bound 

state and assigned using tripple-NMR experiments. The free state was assigned to 89 

% (91 aa/ 102 aa (without prolines)) and the bound state to 85 % (87 aa/102 aa (without 

prolines)). 

3.3.1 CSP 

Chemical shift perturbations (CSP) of the N-SH2 domain were calculated upon peptide 

binding. The tip of the αA-helix (especially G13), the ΒC-loop (K35 – F41), βC (especially 

F41 and L43) and βD (T52 - I56), and the DE (N58 - D61) and EF (Y66 – G68) loops 

show high CSP values, indicating that these amino acids are affected by the binding of 

doubly phosphorylated pYpY-Gab1613-694. The CSPs are plotted on the structure in 

Figure 30; a per-residue presentation of these CSP values and the 2D-TROSY can be 

found in the supplemental part (Figure 57 and Figure 58). 
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Figure 30 CSP values derived from the differences measured from the free and pYpY-Gab1613-694 bound N-SH2 domain 
plotted on the N-SH2 domain structure. Small CSPs [in ppm] in blue indicate that those regions are mostly unaffected 
by the interaction. Red indicates CSPs of 1 ppm, which were the largest CSPs measured for this system. These regions, 
especially the BC-loop, which is involved in pY-coordination, are mainly affected by the interaction. The colour bar to 
the right indicates the CSP intensity relative to the colour. Black residues could not be assigned or were not able to be 
analysed. The threshold of σ is indicated. Illustrated with PyMol. 

3.3.2 Dynamic 

NMR can also be used to obtain dynamical information on a system. Measurements of 

the relaxation rates R1 and R2, as well as the hNOEs of amide protons at different 

magnetic field strengths, are sensitive to the motion of the molecule on the ps-ns time-

scale, from which the order parameter S2 can be derived using the Lipari and Szabo 

model-free analysis. High values of the order parameter, which ranges between 0 and 1, 

indicate stable and rigid conformations, while small order parameters indicate higher 

mobility. 

An unexpected but reproducible overall dependency of the R2 rates on the magnetic field 

was noticed the N-SH2 domain in complex to pY-Gab1613-651 (supplemental Figure 59), 

indicating large exchange terms between at least two conformational states. Whereas 

lowering the protein concentration had no effect, an increase in ionic strength to 250 mM 

NaCl uncoupled the dependency. Thus, the S2 values derived for the Gab1-bound state, 

calculated from the original low salt measurement to make them comparable to the free 

state, shown in Figure 31 must be taken with caution.  
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Figure 31 Order parameter S2 plotted against the N-SH21-106 domain residue number for the free complex (black), and 
the pY-Gab1613-651 bound state. The secondary structure elements of the domain are indicated in blue (strand) and red 
(helix). Illustrated with Origin. 

Overall, the N-SH2 domain can be described as a folded entity. The backbone motion in 

secondary structure elements shows slightly higher rigidity than the connecting loops. 

The free SH2 domain has an average S2 of 0.79, which decreases to 0.75 in the Gab1-

bound state. Thus, the bound state exhibits slightly more global flexibility, particularly for 

the central β-sheet and the EF-loop, whilst the helices are not much affected by binding. 

On the other hand, the BG-loop becomes more rigid upon binding. This loop and the 

amino acids responsible for binding the phosphotyrosine (e.g. T42 (S2: 0.77), whose 

hydroxyl group acts as an H-donor to the phosphate) show higher mobility than their 

neighbours (F41 S2: 0.85 L43 S2: 0.92) in the free N-SH2 domain. Similarly, R32, S36 

and K55 show identical low-order parameters in the bound as in the free state, compared 

to their neighbouring amino acids, indicating that residues designated to bind to the 

phosphotyrosine show higher motion to better adopt to the binding partner. How the 

domain behaves in response to binding the C-terminal residues of Gab1 cannot be 

derived from these data since essential amino acids, e.g., H53 and K91 (interaction to 

the peptide’s backbone), L65, Y81 and L88 (hydrophobic patch), could not be assigned 

and have thus no S2 value. Interestingly, residues D61 and Y62 of the DE-loop show high 

backbone dynamics in both the bound and unbound states. Although these are not 

involved in Gab1 binding, they are found in the N-SH2:PTP interface in Shp2, where they 

stabilise the inactivate conformation.  

3.4 Discussion 
Immense research has been conducted on the N-SH2 domain of Shp2. This is due to its 

two crucial regulatory mechanisms: the binding of the activating peptide and the 

stabilisation of the closed conformation. Shp2’s implication in diseases was thus a great 

accelerator to study this domain. 
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Binding of residues N-terminal to pY627 
The SH2 domains of Shp2 and its homolog Shp1 share 64% sequence identity (Figure 

12), whereas the specificity providing BG-loop between both homologues shares only 

29% sequence identity. This is probably the reason for their selectivity in binding 

partners. Other than that, both N- and C-SH2 of both homologues have a glycine residue 

at the tip of the αA helix (αA2 position), whereas it is mostly an arginine in other SH2 

domains. This allows the domain to bind peptides with a hydrophobic amino acid at the 

-2 position, which can be buried inside the domain compared to the normally present 

arginine side chain. Thus, the glycine provides a selective feature while losing the ion 

pair-providing arginine for stabilising the phosphate. The -1 position of Gab1, a glutamic 

acid, faces the solvent in all crystallographic structures (of this thesis, as well as the 

4qsy-PDB structure (Gogl and Remenyi, unpublished)). Nevertheless, in MD 

simulations, this side chain was able to interact electrostatically with K35 from the pY-

binding loop (ΒC-loop). This side chain is normally seen in a solvent-exposed position 

(as in this thesis), while the backbone is involved in the phosphate coordination. In those 

simulations, the K35 side chain was turned towards the phosphotyrosine and was also 

involved in its coordination (Anselmi et al. 2020). The microED structure of the tandem 

SH2 domain in complex with the bis-phosphorylated Gab1 showes the N-terminal part 

of the peptide (positions -5 to -3) facing away from the domain. 

Phosphate binding 
The binding of the phosphate group is a fundamental step in the activation of Shp2 

binding of phosphotyrosine alone is capable of inducing chemical shift perturbations 

(CSP) in distal parts of the N-SH2 domain (Marasco et al. 2021). The authors described 

an H-bond network from the pY-binding region to the EF- and BG-loop, which provide 

access to the binding sites for C-terminal amino acids and, thus, full binding and 

activation by distributing the signal of “binding” (opening of the binding site) to those 

loops. The phosphate in the N-SH2 domain of Shp2 is coordinated by H-bonds (S34, 

S36, T42, backbone of K35) and a salt bridge by R32 (position βB5), as well as a 

cation- pi interaction between the phenyl ring and K55 (or an ionic interaction to the 

phosphate). 

The arginine in the βB5 strand (R32), part of the FLVR motif, is highly conserved and 

present in nearly every SH2 domain (Liu et al. 2012), its mutation leads to a dramatic 

decrease in affinity (Bradshaw et al. 1999), and it was determined for selective binding 

of phosphotyrosine over phospho-serine or threonine (Kuriyan and Cowburn 1997; 

Mayer and Gupta 1998). 



83 
 

A second positively charged amino acid is K55 (βD6 position) in the N-SH2. In the 

previously deposited Gab1:N-SH2 structure (PDB: 4qsy (Gogl and Remenyi, 

unpublished)) as well as in other structures, the lysine side chain is in proximity to 

building a salt bridge to the phosphate (Lee et al. 1994). The N-SH21-106:pY-Gab1613-651 

structure, nevertheless, shows it to be involved in a cation-pi interaction (3.8 Å). This 

interaction has also been shown, although not discussed, in a complex of the N-SH2 with 

PD-1 (PDB: 6roy) (Marasco et al. 2020a) (4.7 Å distance) and in the interaction to 

PDGFR (PDB: 1aya, (Lee et al. 1994)) (4.1 Å distance) both at similar distances as in 

this thesis. For both structures, one molecule of the asymmetric unit showed cation-pi 

interaction, while in the other molecule, K55 was poorly modelled or in a distal position 

to the negative charge of the phosphate, indicating that this amino acid is not necessarily 

involved in distinctly stabilising the phosphate. In the tandem SH2 domain structure in 

complex with pYpY-Gab1617-684, K55 was also not modelled, indicating that together with 

the rotamer in the 4qsy-PDB structure (Gogl and Remenyi, unpublished), K55 is not 

necessarily involved in the complexation of the phosphotyrosine, neither through a salt 

bridge nor through cation-pi interaction.  

Interestingly, binding of a pY-peptide to Shp2 mutant T42A leads to a hyperactivation of 

the enzyme. A loss of the hydroxyl-group would intuitively be expected to lead to a 

decrease in affinity, but the opposite is the case, with an increase of two orders of 

magnitude from 100 nM to 1 nM (Toto et al. 2020), through a reduction in the dissociation 

rate. Interestingly, T42S does not restore the WT binding and results in an affinity of 

5 nM. These findings suggest that the mutant complex has a longer half-life, leading to 

prolonged activation by minimal activator concentration. The authors postulate that T42 

might shield the negative charge of the phosphate from K55 (βD6 position), which could 

potentially interact with the phosphate (as discussed above). Alternatively, the T42A and 

T42S mutations might destabilise the β-sheet (Anselmi and Hub 2020). Molecular 

dynamics (MD) simulations suggested that opening and spreading of the β-sheet upon 

phosphate binding is responsible for Shp2 activation and that destabilisation of the 

β- sheet might result in higher activation.  

The long aliphatic Gab1 L628 side chain at position +1 occupies a hydrophobic patch 

formed by T52, I54, I96 and adjacent residue Gab1 L630 (position +3), which would be 

only partially filled by shorter side chains like alanine in PD-1 ((Marasco et al. 2020a) 

PDB: 6roz). The hydrophobic patch extends to residues L65, Y81 and L88 (Marasco et 

al. 2021), which shields hydrophobic amino acids of the peptide, particularly in positions 

+1, +3 and +5. In other SH2 domains, three (L65, Y81, L88) out of these six amino acids 

are conserved, which are mostly responsible for providing a hydrophobic environment 
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for the +3 residue, making this larger hydrophobic area a specific feature of Shp2 and 

Shp1, where besides +3 also the +1 and +5 positions are required to be hydrophobic 

(Diop et al. 2022; Marasco et al. 2021) and Table 1. The leucine L632 at the +5 position 

is facing the hydrophobic surface of the domain. Activators of Shp1 and Shp2 nearly 

always have a hydrophobic (mostly aromatic) side chain at this position (Marasco et al. 

2021). This seems to be a critical selector, as CagA binding motifs vary in affinity to the 

N-SH2 domain by two orders of magnitude, depending on having a phenylalanine or an 

aspartic acid residue at this position (Hayashi et al. 2017).  

The aspartic acid D629 at position +2 faces the solvent, based on MD simulations, this 

residue was suggested to interact with the domains K91 side chain, which was undefined 

in all N-SH2:Gab1 structures (within this thesis and PDB:4qsy (Gogl and Remenyi, 

unpublished)) (Anselmi et al. 2020).  

Similarly, the aspartic acid D631 at position +4 is oriented away from the surface of the 

domain. Again, MD simulations of the N-SH2:Gab1 and N-SH2:IRS1 suggested 

interaction with K89 (Anselmi et al. 2020), but this side chain is also undefined. In the 

4qsy-PDB structure (Gogl and Remenyi, unpublished), the +6 residue is modelled, 

although the orientation of the side chain and backbone is not clear. Despite using longer 

constructs of the Gab1-peptide (aa 613-651 and 617-684), residues N-terminal to -3/ -5 

and C-terminal to +4/+5 are not defined, suggesting flexibility. This is in agreement with 

MD simulations, where the root mean square fluctuations (RMSF) of the bound peptide 

have indicated that only residues up to +4 or +5 (Gab1) are stably embedded in the 

domain (Anselmi et al. 2020). In general, the Gab1-peptide is in contact with amino acids 

in the αA, βB, ΒC-loop, βD, BG- loop and αB helix.  

Compared to the Gab2 sequence  

(Gab1/Gab2: G/S-D/T-K/G-Q/S-V-E/D-pY-L-D/A-L-D-L/F-D/Q) on a structural basis, a 

similar interaction between both homologues to the N-SH2 domain could be expected 

(at least for structurally solved residues -4 to +6 (PDB: 4qsy (Gogl and Remenyi, 

unpublished)). Except for the Gab2-glycine (-4), which presumably might be better 

situated facing V14 (in contrast to Gab1-K623), the other differences between both 

sequences should not result in a large variance between the affinities (nM for Gab2 and 

µM for Gab1 – as discussed in Chapter 2).  

3.4.2 Dynamics  
MD simulations suggest that the complex is more flexible than seen in crystal structures 

(Anselmi and Hub 2021), with important implications for the activation mechanism of 

Shp2. The simulations suggest that the+5 binding pocket closed in the crystal structure 

of autoinhibited Shp2 (Hof et al. 1998), remains accessible in the inactive state. Since 
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crystal structures show solid models, more native insights can be derived from NMR 

experiments; therefore the N-SH2:Gab1 complex was analysed using CSPs and 

dynamics. 

The chemical shift perturbations (CSP) of the N-SH2 domain in complex with pY-

Gab1613- 651 are elevated in those regions (αA, βB, ΒC-loop, βD, BG-loop and αB), which 

were involved in binding as seen from the crystal structures. Nevertheless, additional 

and absent interactions might be concluded from NMR. R32, essential for binding the 

phosphate, its amide backbone is seemingly unaffected by the solution binding for the 

Gab1:N-SH2 (this thesis) and the N-SH2:PD-1 complex (Marasco et al. 2020b; Marasco 

et al. 2021) as well as for other SH2 domain complexes, (Feng et al. 2018). The order 

parameter of R32 upon binding is also not changing, independent of binding Gab1 (this 

thesis) or PD-1 (Marasco et al. 2021). Nevertheless, it is interesting to note that in the 

dynamic measurements, the residues destined to bind the phosphotyrosine (R32, S36, 

T42, K55) exhibit greater flexibility already in the free state compared to their neighbours. 

According to CSP data, both DE- and EF-loops are also involved in binding. Consistently, 

these loops gain flexibility upon binding, as seen in the order parameters. In the 

autoinhibited state, these loops mediate the interaction between the N-SH2 and PTP 

domains so that increased flexibility in these regions might contribute to the release of 

the N-SH2 domain to activate Shp2. Although the overall domain becomes more mobile 

upon binding of Gab1, the helices as well as the BG-loop, are stabilised upon binding. 

The BG-loop might rigidify because of the potential side chain interactions of the +2 and 

+4 residue seen by MD (Anselmi et al. 2020), as discussed above, and the verified 

backbone interactions between those residues. In contrast to the PD-1 bound state, 

which does not change in mobility upon peptide binding, the domain in complex with 

Gab1 gains some additional flexibility. The surprising (yet reproducible) dependency of 

the R2 rates on the magnetic field upon Gab1 binding suggests a large exchange term 

between at least two states, exchanging on a millisecond time scale, which could affect 

the order parameters derived from these data. Marasco et al. 2021 did not describe a 

similar effect resulting from the PD-1 binding, where they obtained an average S2 value 

of 0.86 for the apo-N-SH2 compared to S2 of 0.79 reported in this thesis. This 

discrepancy might derive from the lower pH used in this thesis (pH 6.0 compared to pH 

6.8), destabilising the domain. Whether the deviation might result from the N-SH2:Gab1 

system or from the experimental set up must be further investigated. Nevertheless, as 

will be presented in the next chapter, it is unique to the N-SH2 domain under the same 

experimental conditions.  
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Chapter 4: Structural investigations of C-SH2 in complex 

with Gab1 reveal the ordering of the bound Gab1 
As seen from the NMR experiments presented and discussed in chapter 2, the 

Gab1- pY659 binding sequence for the C-SH2 domain was longer than expected, 

spanning 20 amino acids from aa 657-676, with a clear division into two parts: aa 657-

665 (i) and aa 666-676 (ii). CSI calculations suggested that the first stretch (i) is probably 

extended while the second region (ii) could be helical when bound. Such long binding 

regions are not known for SH2 domains so far so different approaches were taken to 

study this interaction. 

4.1 Binding of C-SH2 to pY659-Gab1 peptides 
The interaction between the C-SH2102-220 domain and three (phospho)-Gab1-peptides of 

different lengths was studied using ITC (Figure 32). The pY-Gab1655-677 peptide spans 

the whole binding site (i+ii), pY-Gab1655-666 covers the first region (i), and Gab1667-677 

covers the second region (ii). This peptide is not phosphorylated as it does not have 

Y659 in its sequence.  

 

Figure 32 ITC measurements of the C-SH2102-220 domain with Gab1 fragments. Replicates of those measurements can 
be found in the supplemental Figure 61. Analysed with Origin. 

The interaction with the longest peptide, pY-Gab1655-677, showed a similar affinity to the 

reaction to double-phosphorylated pYpY-Gab1613-694 (KD 4.2 ± 0.3 µM, compared to KD of 

2.7 ± 0.37 µM). The stoichiometry showed a 1:1 binding in an enthalpically driven 

reaction, with nearly no entropic contribution. Differences in the entropy and enthalpy 

compared to the pYpY-Gab1613-694 (Figure 20) might result from the much longer 
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construct. Interestingly, the reaction to Gab1655-666 was less affine with a KD of 53.0 ± 8.0 

µM, while having similar thermodynamic, although slightly less unfavourable entropic, 

contributions. The unphosphorylated Gab1667-677, corresponding to the second binding 

site (ii), showed no measurable change in enthalpy in the presence of C-SH2102-220 

domain.  

4.2 CSP 
HSQC experiments using the 15N, 13C-labelled C-SH2102-220 were measured in the free 

state and bound to all three peptides as well as the doubly phosphorylated 

pYpY- Gab1613- 694 (supplemental Figure 63). The HSQC of the C-SH2102-220 : Gab1667-677 

was identical to the free C-SH2102-220 spectrum (supplemental Figure 62), in accordance 

with the ITC experiments. The calculated chemical shift perturbations for the two 

phosphopeptides are shown in Figure 33. 

 

Figure 33 Chemical Shift Perturbations (CSP) in ppm for C-SH2102-220 in complex with the pY-Gab1655-677 (top) and the 
pY-Gab1655-666 (middle). The lower panel shows the CSPs when comparing both bound states to one another. y-axis: 
CSP in ppm, x-axis: the C-SH2102-220 domain residue number of. Illustrated in Origin. 

The binding of pY-Gab1655-677, resulted in a similar HSQC-spectrum to that measured for 

the complex of C-SH2102-220 with doubly phosphorylated pYpY-Gab1613-694 (supplemental 

Figure 62, F). Residues of the helix αA (especially G119), the pY-binding region (ΒC-

loop), the βC and βD strand, part of the CD-loop, as well as the EF- and BG-loop show 

elevated CSP values, indicating a change in the chemical environment upon binding. 

These identical CSPs (between binding pY-Gab1655-677 and pYpY-Gab1613-694) align with 

the ITC measurements of both complexes and show that the complete binding to the C-

SH2 domain is restored when the pY-Gab1655-677 fragment is present. The shorter 
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phosphopeptide, pY-Gab1655-666, also resulted in chemical shift changes (CSP), although 

different from the longer peptides (e.g. with pYpY-Gab1613-694 or pY-Gab1655-677). As seen 

in Figure 33, residues at the pY-binding site (around aa 120, aa 140, and aa 170) and 

the specificity region (regions around aa 180-190 and aa 200-210) are affected by short 

peptide binding. Comparing data for both phosphopeptides (Figure 33 lower panel), it 

is evident that the pY-binding is equivalent, as no differences in the chemical shifts 

between both states are present. On the other hand, residues of the EF (aa 179-187)- 

and BG (aa 200-210)-loop experience different changes in chemical environments upon 

binding pY- Gab1655-666 compared to pY-Gab1655-677, leading to a greater variance 

between both spectra. The EF-loop, for example, is merely slightly involved in the 

binding, as the residues in this region experience only minor changes. These differences 

point towards the importance of the Gab1-residues 667-677 and correspond to the drop 

in affinity of the short peptide to the C-SH2 domain. To investigate whether binding is 

possible through allosteric effects, an HSQC measurement was made upon adding 

Gab1667-677 to the complex of C-SH2102-220:pY-Gab1655-666. The resulting spectra were 

identical to the one of the C-SH2102-220:pY-Gab1655-666 complex (supplemental Figure 62, 

D), indicating that the Gab1667-677 C-terminal peptide corresponding to the second binding 

region (ii) can only complement the binding when it is covalently attached to the pY-

Gab1655-666 phosphopeptide.  

4.3 Dynamic 
As with the interaction of N-SH21-106 with Gab1 (chapter 3), dynamics on the ps-ns time 

scale were investigated via relaxation rate and hNOE experiments to yield order 

parameters (S2=0: entirely flexible, S2=1: entirely rigid; Figure 34). In the free state, the 

C-SH2 domain is largely rigid with an average order parameter of S2=0.78; excluding the 

long and rather flexible C-SH2-specific CD-loop (aa 154-165, only partially assigned; 6 

out of 12 aa), the average S2 increases to 0.80.  
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Figure 34 Order parameter S2 plotted against the residue of the C-SH2102-220 domain for the free domain (black), the 
pY-Gab1655-677 (blue) and pY-Gab1655-666 (red) bound complex. The secondary structure elements of the domain are 
indicated in blue (strand) and red (helix) for better orientation. Residues 107, 141-144, 156-161, 201 and 215 were not 
assigned, and therefore no S2 values could be calculated. Illustrated in Origin. 

Regions of highest flexibility are the ΒC, CD (where assigned), EF, and BG-loop. 

Interestingly, M171 in the βD strand and E204 in the BG-loop have lower S2 values than 

their adjacent residues in the free state. In the pY-Gab1655-666 and pY-Gab1655-677 bound 

state, the overall domain flexibility increases slightly with an S2 of 0.78, excluding the 

CD-loop. For both peptides, a gain in mobility is seen for the AB-loop (connecting αA with 

βB), βD and the BG-loop. Nevertheless, differences between both complexes are 

present. In the pY-Gab1655-666 bound state, the EF-loop is as flexible as in the free state, 

while the CD-loop increases in mobility. In the pY-Gab1655-677 bound state, however, the 

EF-loop becomes more rigid, the CD-loop maintains similar flexibility as in the free 

domain, while the central β- sheet is slightly more flexible than in the other two states. 

4.4 microED 
Crystals were obtained from the Shp21-222:pYpY-Gab1617-684 complex in two initial screen 

conditions that were not suitable for X-ray diffraction but yielded electron scattering 

patterns that allowed structure solution (chapter 3).  

4.4.1 Overall structure of the C-SH2 domain and its interaction with pY659 Gab1  

Density for the doubly phosphorylated pYpY-Gab1617-684 was clearly visible, with the N-

terminal pY627-Gab1 fragment bound to the N-SH2 domain reaching from aa 622-631 

and a longer C-terminal pY659-Gab1 fragment bound to the C-SH2, covering residues 

aa 653-672 (Figure 35); the intervening residues were not visible (mass spectrometry 

data of the crystal confirmed the presence of the linker region (supplemental Figure 55)) 

and are presumably disordered in the crystal. Whereas Gab1 residues 653-663 bind to 

the C-SH2 in a typical extended conformation, residues 664 to 672 adopt a helical 

conformation. The two binding sites of the tandem domain are oriented in the same 



90 
 

direction, with a significant buried interface between the N- and C-SH2 domains 

(presented and discussed in chapter 5), where the tandem takes on an orientation in 

which both binding sites face in the same direction.  

4.4.2 SH2 domain 

The C-SH2 domain has two α-helices (αA and αB), that flank the central β-sheet (βB, 

βC, βD-strand).  

 

Figure 35 C-SH2 domain (blue, cartoon) in complex with the pY659-Gab1 fragment (orange, stick). The peptide is 
covered in its coulomb potential, contoured at σ2Fo-Fc=1, shown as mesh for both illustrations. Atoms with an occupancy 
of zero are shown in grey. A) overall depiction of the interaction in the typical orientation. B) Top-down orientation 
emphasizing the C-terminal helix. Amino acids facing the solvent are not entirely modelled (grey). Illustrated with 
PyMol. 

The long CD-loop, which connects the βC- and βD-strands could not be modelled in the 

crystal structure, probably due to its disorder (Figure 35), whereas the specificity 

determining EF- and BG-loops, that interact with the Gab1 peptide are clearly defined. 
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Figure 36 The C-SH2 domain in complex with Gab1 (blue) compared with other Shp C-SH2 structures. The C-SH2 domain 
solved by microED (ribbon, marine blue) in complex with the Gab1 fragment (cartoon, marine blue) is seen in an overlay 
with A) the C-SH2 domain of the closed (PDB:4dgp Shp2 (Yu et al. 2013); 2b3o, Shp1 (Yang et al. 2003)) and open (PDB: 
6crf, Shp2 (LaRochelle et al. 2018); 3ps5, Shp1 (Wang et al. 2011)) conformation of Shp1 and Shp2 (ribbon, grey) and 
B) the isolated C-SH2 domain of Shp1 and Shp2 in the free (PDB:1x6c, Shp1 (Sato et al. unpublished) and bound (PDB: 
6r5g (Marasco et al. 2020a) (Shp2:PD-1); 2yu7 (Kasai et al. unpublished) (Shp1:NKG2A) states (only the domain is 
depicted for clarity of the illustration) solved by NMR (ribbon, grey). Illustrated with PyMol. 

Overall, the backbone orientation is similar to the C-SH2 in the closed conformation 

(PDB:4dgp, Shp2 (Yu et al. 2013); 2b3o, Shp1 (Yang et al. 2003)) and in the open 

conformation (PDB: 6crf, Shp2 (LaRochelle et al. 2018); 3ps5, Shp1 (Wang et al. 2011)), 

both in Shp2 and in Shp1 (Figure 36). The long CD-loop varies between two structures 

(PDB: 4dgp, Shp2 (Yu et al. 2013); 3ps5, Shp1 (Wang et al. 2011)), where it is solvent 

exposed and not involved in crystal contacts. No crystal structure of the isolated Shp2 

C-SH2 domain has been published so far: an NMR structure in complex with a PD-1 

phosphopeptide fragment is available (PDB: 6r5g (Marasco et al. 2020a)), as well as the 

Shp1 C-SH2 domain in the absence (PDB:1x6c, (Sato et al. unpublished)) and presence 

(PDB: 2yu7 (Kasai et al. unpublished)) of a phosphopeptide ligand. The same overall 

backbone orientation is found in all three NMR structures, with the CD loop in defined 

(although different) conformations. Thus, the missing density for the CD-loop in the 

present structure could indicate a variety of superimposed loop structures or an increase 

in flexibility upon pYpY-Gab1617-684 binding.  

The pY659-Gab1 fragment reaches from aa 653-672, corresponding to position -6 to +13 

relative to pY659. Gab1 peptide amino acids E655-V662 (-4 to +3) adopt an extended 

conformation (supplemental Figure 60), with the side chains of residues -6 to -5 and the 

residues at -1 facing towards the solvent. E655, at position -4, interacts with crystal water 

through its backbone, while the side chain points towards K120 without direct contact. 
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The side chains of -2 and -3 face the domain, where V657 (-2) is buried deep while facing 

the hydrophobic G119 in the αA helix. G119 is similar to G13 in the N- SH2, a Shp-

specific feature that allows for hydrophobic amino acids of the binding partner in the -2 

position. The side chain of R656 at the -3 position of the Gab1 peptide is located 

ambiguously, with probably more than one conformation being present. It is either facing 

towards the domain and is thus in interaction to the phosphate, or it might face outside 

of the domain. Amino acids 664-672 have torsion angles that populate the α-helical 

region of the plot (supplemental Figure 60).  

The phosphate group of pY659 is complexed by the C-SH2 domain by hydrogen bonds 

with the hydroxyl group of S140 and S142, as well as the backbone of Q141 (Figure 37). 

An ionic interaction is formed with the side chain of R138 (position βB6). These 

interactions are equivalent to the N-SH2 domain. 

 

Figure 37 Interaction of the pY659 with the residues of the C-SH2 domain and R656. The domain is shown as cartoon 
with involved residues depicted as sticks in blue. These residues are labelled, and interactions to the pY659 residue of 
Gab1 are indicated with yellow dashed lines and stated distances in angstrom. The Gab1 peptide is shown in orange 
and as stick model. Illustrated with PyMol. 

Specific to the C-SH2 domain in complex to Gab1 is the -3 position (R656), in the inward 

position, which is further stabilised by the side chain of Q141. The tyrosyl ring is 

coordinated by a methionine-pi interaction with M171, which is located at position βD6. 

The interactions of the peptide’s further residues to the domain are illustrated in Figure 

38. As for the N-SH2 domain, the C-SH2 domain has a hydrophobic patch formed by 

V170, V181, Y197, M202, L210



93 
 

 

 

Figure 38 Interaction of the C-SH2 domain (blue) with the pY659-Gab1 fragment (orange cartoon and stick). Residues that have an occupancy of zero are coloured in grey. A) The C-SH2 
domain is illustrated as a surface model with the yellow region indicating the hydrophobic patch (V170, V181, Y197, M202, L210). The +3 residue (V662) of Gab1 faces this region, while 
the +5 position (Q664) points towards the EF loop, avoiding the hydrophobic patch. B) The +1 residue (V660) NH-group is hydrogen bonded to the backbone carbonyl-oxygen of H169 and 
is hydrophobically shielded by the side chains of T168, V170 and the aliphatic portion of E204. C) The +2 position (V661) is solvent exposed. Its backbone carbonyl oxygen-hydrogen bonds 
to the backbone amide of T205. The +3 position (V662) is in van-der-Waals’ contact to residues V170 and V181. D) The side chain of the +4 position (D663) makes a hydrogen bond to the 
T205 hydroxyl group, while its backbone amide stabilises the helical turn by H-bonding to the carbonyl oxygen of T667 (+8) and the amide of V203. E) The +5 position (Q664) is the first 
helical amino acid and faces away from the domain’s hydrophobic patch to point towards the EF loop. F) The +8 side chain (T667) is hydrogen bonding through its hydroxyl group with the 
backbone groups of Q664 and D663. The +11 position (L670) is in the hydrophobic environment of V203 and V209 (BG-loop). The +12 position (K671) could interact with N200. Residues 
involved in the hydrophobic patch and its extension are coloured in yellow. Illustrated with PyMol. 
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The amide group of the +1 position (backbone of V660) is in polar interaction with the 

carbonyl oxygen of the H169 backbone. The side chain faces the hydrophobic residues 

V170 and L210. It is probably additionally shielded from the solvent by the CH2-groups 

of E204 and hydrophobic interaction with the methyl group of T168. The side chain of 

V661 (position +2) is solvent-exposed. The backbone might facilitate a polar interaction 

with the backbone amide of T205. V662 (position +3) faces the domain, where V170 and 

V181 form a hydrophobic surface. The carboxyl group of D663 (position +4) could 

hydrogen bond to the hydroxyl group of the T205 side chain as well as to the backbone 

of T205 and V203, situated in the BG loop. The main chain carbonyl group is complexed 

by the amide of the T667 main chain and its hydroxyl group of the side chain. The +5 

(Q664) position is the tip of the newly formed α-helix of Gab1. The side chain of Q664 is 

pointing upwards towards the EF loop to G183. Unfortunately, not the entire side chain 

is covered in density, making it impossible to make assumptions about interactions to the 

specificity loop. The side chain of Q665 (+6) is solvent-exposed and not completely 

modelled, nevertheless, its backbone stabilises the helical turn by interacting with the 

backbone of A669. The side chain of K666 (+7) points towards the EF-loop, where it 

interacts with the backbone of T205. The main chain carbonyl group is H-bonding the 

amide backbone of L670 (+11) to stabilise the helical conformation. T667 (+8) faces the 

domain while being shielded from electrostatic interactions. The hydroxyl group interacts 

with the carbonyl groups of the Gab1-backbone of residue D663 and Q664 as well as 

with the amide of the L668. The backbone carbonyl group is again stabilising the helical 

turn by interacting to the amide groups of K671 (+12) and additionally to L670 (+11). The 

side chains of L668 (+9) and A669 (+10) are solvent-exposed, and the leucine side chain 

is not completely modelled. Both stabilise the helical conformation through backbone 

interactions (L668 to Q664 and S672, while A669 interacts with Q665). L670 (position 

+11) is in hydrophobic interaction with V203 and V209 and further shielded by the proline 

side chain (P201), all situated in the BG-loop. K671 (+12), although the NH3 group is not 

modelled, the side chain faces the C-SH2 domains’ αB-EF-loop transition, where it could 

interact with N200 electrostatically. S673 (+13) is solvent-exposed and the last modelled 

amino acid of the pY659-Gab1 peptide. 

Overall, the binding of pY659-Gab1 to the C-SH2 domain is more extensive than that 

between pY627-Gab1 and the N-SH2 domain as well as to other structures of the C-SH2 

domain complexed with a peptide. The NKG2A peptide (PDB: 2yu7 (Kasai et al. 

unpublished)) provides also the N-terminal amino acids up to -7. These show similar 

orientation facing the domain or the solvent as in Gab1, except for the -3 position 

(glutamic acid) facing outwards, which corresponds to the phosphate interacting R656 in 

Gab1. Another exception is the leucine at the +5 position, which faces the hydrophobic 
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patch, while Q664 is pointing towards the EF-loop. Residues C-terminal of the +5 position 

do not interact with the domain and bend away from it. Another peptide with residues 

modelled up to -6 is the EPIYA-motif D of CagA (PDB: 5x94 (Hayashi et al. 2017)). 

Interestingly, residues N-terminal of -2 are in a lower position as for Gab1, leading to an 

additional interaction to the αA helix. The orientation of the side chains up to +5 is similar 

to Gab1; again, with the hydrophobic phenylalanine (+5) facing the domain, the C-

terminal +6 residue is in further extension of the elongated peptide. The same peptide 

but with an aspartic acid at the +5 position (CagA EPIYA-motif C (PDB: 5x7b (Hayashi 

et al. 2017) is only solved from -1 to +5. The side chain of the aspartic acid at +5 is not 

modelled. For the PD-1 peptide (PDB: 6r5g (Marasco et al. 2020a)), the first two amino 

acids (-4 and -3) as well as the C-terminal proline at +6 are bent away. Again the 

hydrophobic phenylalanine in the +5 position is facing the hydrophobic patch. The TXNIP 

peptide bound to the C-SH2 domain (PDB: 5df6 (Liu et al. 2016)), modelled from -7 to 

+4, shows a similar backbone and side chain orientation in the C-terminal to -3. The N-

terminal region is again positioned lower as Gab1 but without additional interactions to 

the domain and in the extension of the elongation (not bent). From these data, it is 

evident that the N-terminal parts of the peptides are often solved up to the -6 position, in 

contrast to the peptides binding the N-SH2 domain, where the density is not strong 

enough beyond the -2 position (Anselmi et al. 2020) (exception: the -5 position of pY627-

Gab1 bound to the tandem SH2 domains).  

4.5 Discussion 
Many structural studies have focussed on the N-SH2 domains of Shp phosphatases, as 

phosphopeptide binding must be associated directly with uncoupling from the catalytic 

domain. In contrast, structural information on the C-SH2 domains is scarce, although the 

importance of bidentate phosphopeptide ligands for Shp phosphatase activation strongly 

suggests that binding to the C-SH2 is of crucial importance. This makes additional 

findings presented in this thesis on the C-SH2 domain in complex with its native binding 

partner Gab1 especially important.  

In the closed state of Shp2 (PDB: 4dgp (Yu et al. 2013)), the peptide-binding site of the 

C-SH2 domain is solvent-exposed and thus accessible to phosphorylated binding 

partners, while the opposite face of the domain faces the PTP domain. Few contacts are 

made between the N-SH2 and C-SH2 domains, largely mediated by the covalent linker 

between them. A similar arrangement is found in the closed conformation of Shp1 (PDB: 

2b3o (Yang et al. 2003)). Interestingly, the position of the N-SH2 domain - and the closure 

of the EF-loop, restricting access to the +3 site - is nearly identical in both closed 

structures (Figure 39, A-C). Upon activation, the N-SH2 domain is released from the 
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PTP domain active site. In the constitutively active Shp2 mutant E76K (PDB: 6crf 

(LaRochelle et al. 2018)), the N-SH2 swings behind the C-SH2 domain, which also 

reorientates itself, although not as dramatically as the N-SH2 domain (Figure 39, F & 

G). An analogous rearrangement is seen for the active conformation of Shp1 (PDB: 3ps5 

(Wang et al. 2011)), although the N-SH2 domain is positioned in a considerably different 

way to E76K-Shp2 (Figure 39 D & E). In a ΔN-SH2 Shp2 structure (PDB: 6cmq (Pádua 

et al. 2018)), classified as an open conformation, four molecules in the asymmetric unit 

show variance in the orientation of the C-SH2 domain, suggesting that dissociation of 

the N-SH2 domain from the PTP domain in turn loosens the interface between the C-

SH2 and PTP domain.  

The C-SH2 domain shows similar backbone orientations in all free, bound and Shp1 and 

Shp2 structures available, which is probably due to the relative accessibility of the 

domain in the open and closed conformations. The ligand binding sites are open, in 

contrast to the N-SH2 domain in the closed conformation and can directly accommodate 

a peptide without conformational reorganisation. As shown for the PD-1:Shp2 interaction, 

the C-SH2 domain recruits the bidentate peptide and reorientation of the SH2 domains 

is necessary to accommodate the 24 aa-long pY-linker of PD-1 (Marasco et al. 2020a). 

Since Gab1 has a longer linker (31 aa), such a restriction does not apply. As can be seen 

from Figure 39, in the closed conformation, the Gab1 linker (aa 632-653) needs to span 

a distance of 68 Å, which is within reach for Gab1 but definitely not for PD-1.  
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Figure 39 Model of activation. Shp2 and Shp1 models (grey) in their closed and open conformations superimposed 
with the N-SH2:Gab1 (purple: green) and C-SH2:Gab1 (blue: green) bound state (from this thesis). A) Closed Shp2 (PDB: 
4dgp (Yu et al. 2013)); the dashed line in yellow indicates the 68Å between residue 632 (pY627-Gab1) and 653 (pY659-
Gab1). Black arrows indicate the +3 binding site. B) Closed conformation of Shp1 (PDB: 2b3o (Yang et al. 2003)) in the 
same orientation as A. Black arrows indicate the +3 binding site. C) Structure of the closed Shp2 (PDB: 4dgp (Yu et al. 
2013)); The N-SH2 domain occupies the active site of the PTP domain. For illustration purposes, a substrate (yellow, 
stick – taken from PDB: 1een (Sarmiento et al. 2000)) is bound to the active site in C, E and G – all depicted in the same 
orientation. D) & E) Active Shp1 (PDB: 3ps5 (Wang et al. 2011)). The distance between 632 and 653 shrinks to 28 Å 
(straight line). F) & G) Active Shp2 (PDB: 6crf (LaRochelle et al. 2018)). The distance between 632 and 653 is 59 Å 
(straight line). E) & G) The active site is accessible for the substrate. 

As seen from chapter 2, C-SH2 binding to Gab1 affects two regions: aa 657-665 (i) and 

aa 666-676 (ii), and the two Gab1 phosphopeptides, pY-Gab1655-666 and pY-Gab1655-677 
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show distinctive binding behaviour towards the C-SH2 domain. ITC experiments showed 

that the short peptide has a lower affinity while the longer Gab1 peptide could restore the 

KD of the interaction between C-SH2102-220:pYpY-Gab1613-694. Additionally, NMR 

experiments showed that the binding site for the phosphotyrosine was identical (as seen 

in the chemical shifts and dynamic of the domain), but the interactions with the EF- and 

BG-loops were different. The enhanced affinity for the longer peptide is explained by the 

extended interface afforded by the pY659-Gab1 C-terminal helix (residues Q664-S672). 

In canonical SH2 binding modes, residue Q664 (+5 position) is expected to face the 

domain. The SH2 domains of Shp2 and Shp1 each have a large hydrophobic surface 

(illustrated as a yellow surface on the illustrations of the N-SH2 (Figure 27, B) and C-

SH2 domain (Figure 38, A)) facing the activator peptide’s +1, +3 and +5 side chain, so 

that hydrophobic amino acids are favoured over charged ones (Marasco et al. 2020a). 

Indeed, an investigation of CagA peptides with an EPIYA-motif binding to the Shp2 C-

SH2 domain showed that a hydrophobic phenylalanine side chain at position +5 results 

in an affinity of 1.4 µM, while replacements with the negatively charged aspartate residue 

decreases the KD to 60.5 µM (Hayashi et al. 2017). Thus, the presence of the polar Q664 

at the +5 position in the two tested Gab1 peptides would be expected to be unfavourable, 

as seen in the pY-Gab1655-666 peptide. For pY-Gab1655-677 bound, however, Q664 is 

removed from the interface through the formation of the helix so that instead, T667 and 

L670 juxtaposition the hydrophobic patch (V170, V181, Y197, M202, L210) and its 

extension within the BG-loop (V203 and V209) on the surface of C-SH2. In the N-SH2, 

the EF-loop's K89 and K91 side chains have been postulated to interact with the charged 

aspartate side chains in the +2 and +4 positions, based on MD simulations (Anselmi et 

al. 2020). In the C-SH2 domain, the corresponding residues are V203 and T205. These 

smaller and more apolar residues fit better to the long side chains of K666, T667 and 

L670 located in the Gab1-helix, which face towards the EF-loop. Further, the hydrophobic 

V661 (pY659-Gab1) at the +2 position is not confronted with charged lysine side chains 

(K89, K91 of the N-SH2), while the aspartate at the +4 (D663) position can still build 

polar contacts with the hydroxyl group of T205. These structural features probably result 

in the preference of the C-SH2 domain towards pY659-Gab1. NMR experiments further 

showed that both binding regions (i – extended; ii – helical) need to be covalently linked 

in order to interact correctly with the C-SH2 domain. From the CD-spectra of the pY-

Gab1655-677 peptide (chapter 1 Figure 18), it is evident that in the unbound state the 

peptide is disordered. Only upon binding to the domain will it adopt its helical 

conformation.  

To the knowledge of the author, other helical interactions to the SH2 domains of Shp2 or 

Shp1 are so far not described. The elevated affinity propagated through the helical 
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conformation in pY-Gab1655-677 compared to pY-Gab1655-666 and thus the avoidance of the 

charged +5 position (Q664) forced towards the hydrophobic patch, could potentially also 

have an impact on the activity of Shp2. Unfortunately, this could not be tested within this 

thesis. Since the +5 position is almost exclusively a hydrophobic, mostly aromatic 

residue in Shp2-activating peptides (Marasco et al. 2021), CagA EPIYA-motif C (aspartic 

acid residue compared to phenylalanine in EPIYA-motif D (Hayashi et al. 2017)) could 

potentially also adopt a helical conformation upon binding. Interestingly, this region is 

also predicted to be helical by AlphaFold (AlphaFold Protein Structure Database (Jumper 

et al. 2021; Varadi et al. 2022); entry: Q7WS60 – residue pY208). Nevertheless, 

predictions as a complex either with the tandem SH2 domain or the C-SH2 domain do 

not show a valid binding (no binding in the tandem; pY binding in the specificity loops of 

C-SH2 – data not shown). Nevertheless, since CagA is a pathogenic protein interacting 

with the Shp2 host phosphatase, structural analysis of this interaction might be 

beneficial.  

The dynamic of the domain backbone upon binding the pY-Gab1655-666 peptide shows a 

flexible CD-loop, which is more rigid in the free and pY-Gab1655-677 bound state. It could 

be that the elevated flexibility in the unfavoured reaction to pY-Gab1655-666 is needed to 

facilitate the binding of such a non-ideal target. Unfortunately, this could not be validated 

by ITC as both reactions have similar entropic terms. The purpose of the long-C-SH2-

specific CD- loop is still not understood, and further research needs to be done.  
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Chapter 5: novel SH2 domain interface on binding Gab1 

suggests a similar open conformation of Shp2 and Shp1 
The small molecule orally available Shp2 inhibitor SHP099 acts allosterically, stabilising 

the interface between the N-SH2, C-SH2 and PTP domains of Shp2 in the closed 

conformation to suppress activation (PDB: 5ehr (Chen et al. 2016)) . These interfaces 

are dissolved upon activation, and new ones are formed; studying the buried surface 

areas in each conformation allows analysis of the energetic terms contributing to 

activation and can further help in the development of specific targeting molecules.  

The N-SH2:C-SH2 interfaces of all conformations known to date are presented in Figure 

40. In the closed conformation (PDB:4dgp (Yu et al. 2013)), the domains form an 

interface of 223 Å (PISA; (Krissinel and Henrick 2007)), in which the interdomain linker 

plays a predominant role. The interaction is further stabilised by charged and polar 

interactions of R5 (back side of the N-SH2 domain, relative to the binding site (front side) 

of the activator peptide – for clarification of the faces of the domain see supplemental 

Figure 64) to amino acids of the αB helix of the C-SH2 domain (back side). In the open 

conformation (PDB: 6crf (LaRochelle et al. 2018)), the relative orientation of the C-SH2 

is tilted so that the N-terminal flexible region of the N-SH2 domain (back side) faces 

amino acids of the βC and βF strands of the C-SH2 (top). In contrast to the closed 

conformation, there are no charged interactions; the surface area comprises 236 Å 

(PISA; (Krissinel and Henrick 2007)) for one molecule in the asymmetric unit and 99 Å 

for the second molecule. The larger area of the first molecule is probably a result of 

crystal packing, as the N-SH2 domain is stabilised by crystal contacts to two other 

symmetry mates. The SH2 domains are not involved in crystal packing for the second 

molecule in the asymmetric unit and are thus not squeezed together. Interestingly, the 

open conformation of Shp1 (PDB: 3ps5 (Wang et al. 2011)) differs, with a three times 

greater surface area of 641 Å (PISA; (Krissinel and Henrick 2007)). The domains are 

oriented so that their top and back sides can interact; interestingly, a hydrophobic core 

of W4, F5, F39, Y61, L72 of the N-SH2 faces P142 of the C-SH2. This hydrophobic 

interaction is supported by salt bridges and H-bonds of R3 and R7 to several residues 

located in the C-SH2 domain. Additionally, the hydrophobic amino acids P105, Y111, 

F145, and Y176, though not involved in interaction with the N-SH2 domain, are buried 

and shielded from the solvent. These interactions do thus contribute to the activation with 

a loss in solvation-free energy of ΔGsolv = -2.3 kcal/mol (Krissinel and Henrick 2007). To 

date, three structures of the Shp2 tandem bound to phosphopeptides have been 

deposited (PDB:5df6 (Liu et al. 2016), 5x94 (Hayashi et al. 2017), 5x7b (Hayashi et al. 

2017)), which could also potentially correspond to an activated conformation. In all three 

structures, residues of the αA helix of the N-SH2 are facing amino acids located in the 
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linker and the DE-loop. Depending on the tilt angle of the C-SH2 to the N-SH2, additional 

buried amino acids are located in the ΒC-loop of the C-SH2 and the N-terminal region of 

the N-SH2. In the structure in which this last effect is not possible due to its overall 

orientation (PDB:5x94 (Hayashi et al. 2017)), a hydrophobic interaction of I11, L19 and 

L177 is instead formed and contributes the most to the Gibbs-free-solvation energy. In 

none of those structures are the peptide ligands bound to the N-SH2 and C-SH2 domains 

covalently linked, providing the system with additional freedom resulting in three different 

conformational orientations of the domains, none of which resembles the open 

conformation of Shp2 or Shp1.  

 

Figure 40 No common interface between the N-SH2 and C-SH2 has been published to date. The interacting residues 
from the N-SH2 and C-SH2 domain (cartoon, grey) sown for each structure were calculated using PISA (Krissinel and 
Henrick 2007) (sphere, red). All structures have been aligned according to the N-SH2 domain. A) closed Shp2 (PDB: 
4dgp (Yu et al. 2013)), B) open Shp2 (PDB: 6crf_molecule1 (LaRochelle et al. 2018)) C) open Shp2 (PDB: 6crf_molecule2 
(LaRochelle et al. 2018)), D) closed Shp1 (PDB: 2b3o (Yang et al. 2003)), E) open Shp1 (PDP: 3ps5 (Wang et al. 2011)), 
F) Shp2-tandem in complex with TXNIP peptide (PDB: 5df6 (Liu et al. 2016)), G) Shp2-tandem in complex with CagA 
peptide (PDB: 5x7b (Hayashi et al. 2017)), H) Shp2-tandem in complex with CagA-peptide (PDB: 5x94 (Hayashi et al. 
2017)), I) microED structure of Shp21-222:pYpY-Gab1617-684. The PTP domain and binding partners are not depicted. 
Illustrated with PyMol. 

5.1 microED 
The crystal structure of the tandem SH2 domains (Shp21-222) bound to pYpY-Gab1617-684 

revealed the interface between the domains to consist of a hydrophobic core formed by 

F6, F41, Y63, L74 and P144, supported by salt bridges and H-bonds between the N-
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terminal region of the N-SH2 domain to amino acids in the linker and the βB-strand of 

the C-SH2. The overall orientation and the stated interactions are remarkably similar to 

the above-described open conformation of Shp1 (PDB: 3ps5 (Wang et al. 2011)) (Figure 

41), leading to an interface area of 414 Å. Since the Shp1 structure shows some 

additionally involved amino acids, it has a greater interface area. Notably, the amino 

acids involved in the hydrophobic interface are conserved between both homologues.  

 

Figure 41 Structural alignment of the open conformation of Shp1 (grey, ribbon; PDB: 3ps5 (Wang et al. 2011)) with the 
model solved from the Shp21-222:pYpY-Gab1617-684 complex (blue, ribbon; Gab1 fragments are coloured in wheat and 
shown as cartoon). The excerpt shows the amino acids involved in the hydrophobic interface from Shp1 and Shp2. The 
residues are labelled as (Shp2/Shp1). Illustrated with PyMol. 

The orientation of the SH2-tandem domains changes drastically between the Gab1 

bound structure and the closed Shp2 conformation (PDB: 4dgp (Yu et al. 2013)). While 

the Gab1-bound conformation shows the above-shown hydrophobic interaction, the SH2 

domains in the closed conformation are only minorly attached to one another, mainly by 

charged interactions between the N-SH2’s R5 and the C-SH2’s S189 and D192 side 

chains. The domains are tilted, as seen in Figure 42. 
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Figure 42 Structural alignment of the SH2 domain tandem derived from the closed Shp2 conformation (grey; PDB: 
4dgp (Yu et al. 2013)) and the Gab1 bound structure (blue, Gab1 not depicted). Both tandem SH2 domains are aligned 
on the N-SH2 domain, demonstrating that the C-SH2 domains have distinct orientations in both structures. The 
residues shown as sticks are the ones involved in inter-domain interaction. Illustrated with PyMol. 

5.2 ΑlphaFold 
After completion of the structural work described here, the structure of the complex was 

predicted using AlphaFold2 (Jumper et al. 2021). The computational prediction of 

Shp21- 593:YYGab1611-694 showed a striking similarity to the experimentally derived 

Shp21- 222:pYpYGab1617-684 structure. It should be noted that no PDB-templates were 

used for this calculation. All the more astonishing, both structures align well.  
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Figure 43 Superposition of the AlphaFold2 model of Shp21-593:YY-Gab1611-694 (Shp2 PTP domain: grey surface; Shp2 
SH2- tandem: deep purple, surface and cartoon; Gab1: red, cartoon) to the experimentally solved structure of the Gab1 
bound (green, cartoon) Shp2 SH2 tandem (light purple, cartoon). The overall alignment is not as smooth as for the 
Shp1 structure in the open conformation. Nevertheless, the similarity between the predicted and the experimentally 
solved structure is evident. Illustrated with PyMol. 

Nevertheless, the AlphaFold model does not align as good as the model of the open 

Shp1 structure (PDB: 3ps5 (Wang et al. 2011)). However, the striking similarity between 

both models provides additional confidence that the here-solved structure might actually 

represent an open and active conformation (Figure 43). 

 

Figure 44 Superposition of the AlphaFold2 model of Shp21-593:YY-Gab1611-694 (black) to the open conformation of the 
full-length Shp11-595 (PDB: 3ps5 (Wang et al. 2011), green) and the open Shp2 (PDB: 6crf (LaRochelle et al. 2018); 
salmon) conformations. All structures are depicted as cartoons. The first two graphics show the well-aligned AlphaFold 
model of the potentially activated Shp2 (black) to the activated Shp1 structure (green). The second orientation is 
achieved through rotation, indicated with the arrow. The black C-terminal helix of the AlphaFold model is seen in a 
distinct position to the N-SH2 domain (that reorientates due to the activation of Shp). The third graphic is a 
superposition of the AlphaFold and activated Shp2 models (PDB: 6crf (LaRochelle et al. 2018)) aligned to the PTP 
domain. Both the C-SH2 domain and the PTP domain align well. The N-SH2 domain of the experimentally solved 
structure, nevertheless, move beyond the predicted C-terminal helix of Shp2 of the AlphaFold model. Illustrated with 
PyMol. 

When comparing the Gab1-bound conformation to the published open conformation of 

Shp2, a few things must be addressed. Firstly, the published Shp2 structure was solved 
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using a truncated construct E76K-Shp21-525 (PDB: 6crf (LaRochelle et al. 2018)). The 

AlphaFold prediction suggests that the remaining C-terminal 68 residues of Shp2 extend 

(at least in part) as a helix, as observed in full-length Shp1 (PDB: 3ps5 (Wang et al. 

2011)). In the predicted model of the activated Shp21-593, the N-SH2 of the truncated 

structure would clash with this C-terminal α-helix (Figure 44). Potentially, the helix could 

act as a barrier to the N-SH2 domain, which is in movement due to the activation of the 

protein. Secondly, the experimentally solved open conformation (PDB: 6crf (LaRochelle 

et al. 2018)) was achieved using the gain of function mutation E76K. The side chain is in 

a rather acidic environment formed by E227, E553 and the C-terminal carboxyl group of 

L525 introduced by the above-mentioned truncation, which would be unfavourable with 

E76 in wild-type Shp2 (Figure 45).  

 

Figure 45 Electrostatic interaction of the K67 side chain to the truncated C-terminus of the PTP domain. The 
experimentally solved open conformation of Shp2 (PDB: 6crf (LaRochelle et al. 2018)) was achieved by introducing the 
gain of function mutation E76K. The charge flip leads to an interaction of K67 with the C-terminal carboxyl group of 
the truncated PTP domain. Illustrated with PyMol. 

5.3 NMR 
The tandem Shp21-222 was labelled with 15N isotope and measured by NMR in complex 

with unlabelled, phosphorylated pYpY-Gab1613-694. The resulting 2D TROSY spectrum 

was compared to spectra of the free tandem and the labelled single domains bound to 

phosphorylated pYpY-Gab1613-694. The spectra of the free and bound Shp21-222 differ 

dramatically (supplemental Figure 65). Superposition of the single domain spectra in 

their bound state to the bound Shp21-222 (Figure 46; full spectra in supplemental Figure 

66) reveals that nearly all peaks align (e.g. A50, K124, G158 and G163). Since a full 

assignment of the bound Shp21-222 complex was not made, a detailed analysis of 

chemical shift perturbations (CSP) cannot be performed. However, comparing the peak 

positions in all three spectra allowed their estimation, bearing in mind the critical 

assessment that the exact amino acid cannot be assigned with certainty. 
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Figure 46 Excerpt of the 15N, 1H TROSY spectra of bound Shp21-222 (black) and the bound single SH2 domains (for clarity, 
both spectra are coloured in red). Residues corresponding to the cross-peaks are labelled. No, minor and heavy 
chemical shift changes can be seen. Analysed with NMRView. 

No variations in peak positions should result from the binding of the phosphorylated 

peptide to the binding site, as the binding should be identical in the single and tandem 

domain systems. Therefore, variations of the spectra should theoretically only result from 

additional effects of the interaction that are not seen in the single domain systems, e.g., 

interface formation, remote conformational changes or peripheral binding of Gab1 

outside of the binding sites.  

The largest chemical shift changes can be assigned to the amino acids of the 

interdomain-linker (aa 102-106), e.g. N103. This is to be expected as the linker is the C- 

or N-terminal border for the single N-SH21-106 and C-SH2102-220 constructs, respectively, 

so that chemical shifts in the tandem construct must be different.  
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Figure 47 Chemical shift changes plotted onto the Gab1 bound Shp2 SH2 tandem (cartoon and and mesh). Large 
chemical shift changes that correspond to amino acids of the linker are coloured in blue. Slight (yellow), medium 
(orange), and stark chemical shift perturbations (red) can be seen mainly in the interface and the β-sheets. Illustrated 
in PyMol. 

Slight and medium chemical shift changes can be witnessed in the β-sheet core of both 

domains, the EF and αB of the N-SH2 domain (Figure 47). Overall, the N-SH2 domain 

seems to experience a greater change in its chemical environment. The peaks 

corresponding to residues A72, T73, R111, W112, G115, H116, and Q141 (of which T73, 

H116 and Q141 are present in the interface of both domains, calculated by PISA; R111, 

W112 and G115 are located in a loop region close to the N-SH2) show stark chemical 

shift changes. Several slight shifts, like for F7, L74 and L177, could also be seen and lie 

within the newly formed interface. As seen from Figure 47, these amino acids are solvent 

exposed in all so far deposited Shp2 structures (PDB: 4dgp (Yu et al. 2013), 6crf 

(LaRochelle et al. 2018), 5x7b (Hayashi et al. 2017), 5x94 (Hayashi et al. 2017), 5df6 

(Liu et al. 2016)). If this were the case, they should not experience such large chemical 

shift changes compared to the free state, where they should be solvent-exposed. 

Mapping the chemical shift changes to the pYpY-Gab1617-684 bound tandem structure 

solved in this thesis shows these amino acids to be involved in the interface calculated 

by PISA or adjacent to this area. The only exceptions are R111 and W112, which are not 

part of the interface but are the elongation of the interdomain linker and thus involved in 

domain reorientation.  
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5.4 ITC  
Formation of the interface described here should be driven by the hydrophobic effect and 

s should be visible in ITC measurements. Therefore, the affinity of Shp21-222 tandem 

constructs with one active and one inactive domain (N-SH2 dead: R32A, H53A; C-SH2 

dead: R138A, H169A - (Hayashi et al. 2017)) to double phosphorylated pYpY-Gab1613- 694 

was measured. The tandem constructs have one native SH2 domain as well as a double-

mutated second SH2 domain that should be devoid of phosphate-binding activity. The 

corresponding constructs are: N-SH2-dead1-222 (with an active C-SH2 domain) and C-

SH2-dead1-222 (with an active N-SH2 domain). In a control experiment, to test whether 

these domains are binding-inefficient, the mutations were analysed in the single SH2 

domain constructs, N-SH2-dead1-106 and C-SH2-dead102-220. Neither individual dead 

domain showed any interaction with the pYpY-Gab1613-694, indicating that the mutations 

were sufficient for blocking the binding (supplement, Figure 67). The chromatographic 

behaviour of those dead-single domains and the dead-tandem constructs was identical 

to the native constructs on a size exclusion column (supplemental Figure 68; Figure 69; 

Figure 70), indicating that the folding of the tandem domains was unlikely to have been 

affected by the mutations.  

 

Figure 48 ITC measurements and the derived parameters from the interaction of the Shp21-222- N-SH2 dead and -C-SH2 
dead constructs in reaction to the pYpY-Gab1613-694 doubly phosphorylated peptide. Replicates of those measurements 
can be found in supplemetal Figure 67. Analysed with Origin. 

The doubly phosphorylated pYpY-Gab1613-694 interacted with both N-SH2/C-SH2-dead-

tandem constructs, although with a decreased affinity of one order of magnitude 

compared to the native Shp21-222:pYpY-Gab1613-694 reaction (Figure 48). If the interaction 

of the phosphorylated Gab1 sites to the single remaining active SH2 domain binding 
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region of each construct would be the only factor determining the interaction, the affinities 

should be similar to the ones of the single SH2 domains to pYpY-Gab1613-694 (compare 

chapter 2 Figure 20). This is not the case. Instead, the thermodynamic contributions of 

enthalpy and entropy are similar to the Shp21-222:pYpY-Gab1613-694, indicating that 

although one domain of each tandem construct was unable to bind the phosphorylated 

site of pYpY-Gab1613-694, the interaction showed a similar thermodynamic profile with a 

reduction in affinity.  

5.5 Discussion 
Knowledge of the conformational landscape of Shp2 – particularly in its active and 

inactive forms – is essential for studying the system. The structures published so far vary 

in the position of their SH2 domain orientation upon activation and must thus be 

considered with caution. Due to its large size, Shp21-593 is not readily accessible to NMR 

studies, so that structures of the complete molecule have relied upon crystallographic 

methods. The structure of Shp2 possessing a constitutively active oncogenic mutation 

E76K revealed an open conformation, with the mutant found in a novel N-SH2:PTP 

interface (PDB:6crf (LaRochelle et al. 2018)). However, the use of a C-terminally 

truncated Shp2 (1-525) construct, which exhibits a shortened C-terminal helix and 

ensuing intrinsically disordered region, allows the N-SH2 domain to adopt positions that 

are not necessarily native. Interestingly, an open conformation has been reported for the 

related enzyme Shp1 (PDB: 3ps5 (Wang et al. 2011)) in full-length Shp11-595 that shows 

the corresponding N- and C-SH2 domains in very different positions. It is not clear, 

however, why they obtained an open conformation – the presence of sulphate ions in the 

two SH2 pY binding sites suggests that the high ammonium sulphate concentrations 

and/or detergents used for crystallisation might have been responsible. 

Since the crystallisation of full-length Shp2 in the presence of activating peptides has not 

been successful, a divide-and-conquer approach can be used to gain insights into the 

activated structure. As in this thesis, several studies of the tandem SH2 domains in 

complex with activating peptides have been published. For the three cases in which this 

approach has been followed (PDB: 5df6 (Liu et al. 2016), 5x7b (Hayashi et al. 2017), 

5x94 (Hayashi et al. 2017)7b), three different relative orientations of the SH2-domains 

were observed, presumably due to the use of short, unlinked activator peptides, 

providing the system with additional flexibility. 

In the crystal structure of the complex of Shp21-222:pYpYGab1617-684 determined via 

microED, the overall orientation of the SH2 domains differs from all other Shp2 structures 

deposited so far. On the other hand, it aligns well with the activated Shp1 structure, with 

the same hydrophobic interface between the N-SH2 and C-SH2 domains. The 
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hydrophobic interface is conserved in many SH2 domains and might be a general 

interaction platform. In the closed conformation of Shp2, N-SH2 residues from this 

surface are involved in the N-SH2:PTP interface, contributing also to the inactive form. 

In the closed conformation of ZAP70 (PDB:2ozo (Deindl et al. 2007)), these residues are 

in the proximity of the kinase domain, although not completely buried in the interface. 

These conserved hydrophobic amino acids on the surface of the SH2 domains are 

located at the back side of the domain and not at the peptide interacting site, except for 

the pY-binding pocket (P144 C-SH2 equivalent), which provides the domains with their 

individual selectivity for specific peptides through the EF- and BG-loop at the front of the 

domain.  

The chemical shift changes of the pYpY-Gab1613-694 bound tandem Shp21-222 compared 

to the single bound SH2 domains presented here further support the crystal structure, 

as residues showing large changes in their chemical environment become located in the 

interface between the N-SH2 and C-SH2 domain, while for all other structures published 

of a potentially activated Shp2, these residues face the solvent and would thus not 

experience those great chemical changes upon binding resulting in the CSPs measured 

here. A similar experiment conducted in the presence of the double phosphorylated 

activating protein PD-1 (Marasco et al. 2020a) records chemical shift changes that show 

an interface of the N-SH2 and C-SH2 when both phosphotyrosine motifs are bound. 

Although the CSPs are not further specified, the authors state that they located to the 

SH2-domain interface seen in the Shp1 open (PDB: 3ps5 (Wang et al. 2011)) and the 

Shp2 closed (PDB: 2Shp (Hof et al. 1998)) structure. A paramagnetic NMR study of 

lanthanide labelled unbound tandem domains of Shp2 revealed two conformations in 

solution (Julia Amber Tartaglia 2019): A larger population of around 60% resembling the 

closed conformation and a smaller second population with an unknown orientation of the 

two domains. The specific residues are again not stated, making a comparison and 

analysis with the here-found microED structure only vaguely possible. Nevertheless, the 

resulting novel conformation (of 40% of the population) shows similarity in the orientation 

to the Gab1 bound Shp2 structure. These results show that without the PTP domain, the 

tandem SH2 domains are in an equilibrium between the closed and an open 

conformation.  

According to Pádua et al. 2018 the open Shp1 and Shp2 structures differ in their 

conformation. Evaluation of chemical shift perturbations of the N-SH2 domain in the 

tandem construct or truncated (aa 1-529) constitutively active mutant E76K indicates that 

only amino acids located at the top of the αB helix show differences between the “free” 

N-SH2 in the tandem and the PTP-interacting construct. These amino acids are involved 
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in the N-SH2:PTP interface in the E76K-Shp2 open state (PDB:6crf (LaRochelle et al. 

2018)). The truncated E76K mutated active conformation of Shp2 (aa 1-529) seems 

identical in solution as in the crystallographic environment. In the same analysis, a crystal 

structure of ΔN-SH2 Shp2 (aa 105-529) (PDB:6cmq (Pádua et al. 2018)) showed slight 

variations in the C-SH2 domain in the four molecules in the asymmetric unit, indicating 

an ensemble of conformations. The open Shp2 (PDB: 6crf (LaRochelle et al. 2018)) and 

open Shp1 (PDB:3ps5 (Wang et al. 2011)) structures align with the ΔN-SH2 structure. 

This indicates that both might be eligible active forms of Shp, although one has to keep 

in mind that the main difference is a true full-length WT construct (Shp1; PDB: 3ps5 

(Wang et al. 2011)), while the other is a truncated and mutated variant (Shp2; PDB: 6crf 

(LaRochelle et al. 2018))  

The use of a C-terminally truncated Shp21-525 structure (PDB:6crf (LaRochelle et al. 

2018)) is problematic. With AlphaFold, the truncated residues are predicted to form a 

long C-terminal helix followed by a disordered segment, similar to the full-length Shp11-

595 structure. An elongated helix would clash with the N-SH2 domain found in open E76K 

structure(s). The lysine side chain of E76K is in a negatively charged region involving 

amino acids E225, E227 and E523, which would clearly be unfavourable in the presence 

of wild-type E76; this favourable environment for the lysyl side chain is additionally 

stabilised by the L525 carboxylate introduced via the truncation. In addition, the mutation 

E76K, is proposed to lead to the release of the N-SH2 from the PTP domain by altering 

the hydrogen bond network to the PTP domain (Hou et al. 2023). Thus, there are reasons 

to believe that the combination of truncation and mutation might lead to a different open 

structure to that experienced by the wild-type enzyme.  

ITC 
The ITC measurements show a significant unfavourable entropic and favourable 

enthalpic contribution upon binding of pYpY-Gab1613-694 to WT-Shp21-222 as well as to the 

SH2-dead tandem constructs, compared to the single domain binding to the bis-

phosphorylated Gab1 (Figure 20). To derive an accurate theory from those data is, of 

course, not possible as energetics are complex. The binding to two domains instead of 

one results in a higher number of newly formed bonds, which also leads to a release of 

solvent molecules, favouring both enthalpy and entropy. Entropically unfavoured 

processes, as seen from the here presented measurements of bis-phosphorylated Gab1 

with tandem SH2 domains, but not – to that extent- for the single domains is puzzling. 

Of course, this could be due to the helix formation of Gab1 upon binding. In that case, 

the binding of the single C-SH2 domain should result in a similar energetic profile, as 

NMR data (chapter 2) demonstrate helicity upon binding, while the interaction with the 
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C-SH2-dead tandem should not cause such reduction in entropy. Therefore, a depletion 

in the systems flexibility upon binding could be the origin and could arise from the 

reduction of Gab1 mobility upon binding to two sites or from the newly formed patch 

between both SH2 domains upon binding. However, as Gab1 is still highly flexible 

outside the binding sites, and this effect is also seen in the SH2-dead tandem 

measurements, it is most likely an effect derived from the restriction in motion of the SH2 

domains upon binding to either or both sites of Gab1.  

Taken together from the data presented here and from the structure of the open Shp1 

conformation (PDB: 3ps5 (Wang et al. 2011), an activation model for full-length Shp2 

upon binding of its activator proteins can be assumed. The binding results in movement 

of the N-SH2 domain away from the PTP domain and the open conformation is stabilised 

by interactions of the N-SH2 domain and the C-SH2 domain, which was unreported so 

far and could be a potential binding site target for drug development, specific to the 

activated Shp phosphatase. In the closed conformation, both domains interact mostly 

through the linker, which is seen in both homologues. Therefore, a similar structure 

between both in the activated form would not be surprising, especially since Shp1 and 

Shp2 show an almost identical interface, which is conserved (Wang et al. 2011).  

For further validation of this interface, activation assays of interface-mutated Shp1 and 

Shp2 could be facilitated as well as further structural analysis of the full-length Shp2 in 

the activated form. 
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Summary 
The presented and discussed results help to answer the following questions with partly 

unexpected outcomes. This project is the first to present a structure of the Shp2 

tandem SH2 domains bound to a bis-phosphorylated, intrinsically disordered activator. 

Furthermore, interaction studies of this native 84 aa long activator were conducted 

instead of using short mono-phosphorylated peptides (commonly utilised), which are 

connected with an artificial PEG-linker.  

I) How does the phosphatase Shp2 bind to the doubly phosphorylated Gab1 tail?  

The results addressing this question can be found in chapters 2, 3, 4 and 5.  

In principle, a tandem SH2 domain construct could bind a double phosphorylated target 

in a sequential or parallel mode. Additionally, there could be a preference from one SH2 

domain to one specific phosphotyrosine or an unpreferred mixture of interactions. ITC 

experiments showed that both single domains bind with similar affinity to the doubly 

phosphorylated peptide. NMR experiments of the labelled bis-phosphorylated Gab1 with 

either of the domains described the exact binding site for both domains. These data show 

the preference for the N-SH2 domain to pY627 and C-SH2 to pY659. The orientation of 

the interaction was further validated from the crystal structure of 

Shp21- 222:pYpY- Gab1617- 684, solved by electron diffraction experiments. The structural 

details of the interaction were elucidated from the crystal structure of the 

N- SH21- 106:pY- Gab1613-651 and the above-mentioned crystal. A parallel binding mode 

might still be possible since both interactions are similar in affinity. It is often discussed 

that the C-SH2 domain initiates the binding, while the binding to the N-SH2 is most 

important for the activation of Shp2. This would be one unexpected finding, which might 

be specific to the interaction of Shp2 and Gab1. Further research to validate this finding 

should be done. 

II) Does the intrinsically disordered tail of Gab1 adopt any structure prior to or 

upon binding to the SH2 domains of Shp2?  

The results addressing this question can be found in chapters 1, 2, 3 and 4.  

It was demonstrated that the Gab1 fragment studied in this project is intrinsically 

disordered in solution independent of its phosphorylation status, shown by NMR and CD. 

Interestingly, the predicted α-helix C-terminally to the pY659 binding site could be 

experimentally proven in a crystal structure on the Shp21-222:pYpYGab1617-684 complex, 

solved from electron diffraction data. A peptide corresponding to this binding site with a 

C-terminal elongation encompassing the length of the helix did not show an α- helical 

CD spectrum in solution. This indicates that the disorder-to-order transition is happening 
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during or after the binding. Further NMR and ITC experiments showed that the pY659 

binding site and the helix-forming region must be covalently linked; an allosteric 

interaction is thereby not witnessed. Besides the newly induced helix upon binding, the 

pY-binding sites adopt an extended conformation in the SH2 domains’ binding grove. 

This was seen in both crystal structures. The remainder of the Gab1 peptide is expected 

to stay disordered when bound to the tandem SH2 domains. This is due to the missing 

coulomb potential for those regions in the microED structure. Still, further experiments 

can be done to structurally analyse the complex in solution and with a full-length Shp2 

protein as a binding partner.  

III) Does the phosphatase Shp2 undergo any structural changes upon binding to 

Gab1?  

The results addressing this question can be found in chapters 2, 3, 4 and 5.  

It is expected and known from the literature that Shp2 undergoes a conformational 

change upon binding to a double phosphorylated activator, thereby moving the N-SH2 

domain from its PTP-active site blocking position, and thus activating the phosphatase. 

As this thesis focussed on the SH2 tandem interaction with a doubly phosphorylated 

activator, it was not expected to add to these findings. Nevertheless, a novel interface of 

the N-SH2 and C-SH2 domain in the Gab1-bound state was found by mciroED, NMR 

and ITC. This state most likely represents an activated, open conformation of Shp2. The 

same orientation could be found in a previously published open Shp1 structure as well 

as in an AlphaFold predicted Gab1:Shp2 complex. Nevertheless, this is in contrast with 

the currently assumed open Shp2 conformation. Whether the here presented novel 

conformation represents one of many open conformations or is actually challenging the 

current structure must be the subject of further research.  

Additionally, this thesis investigated the dynamics of the domains in the free and Gab1-

bound states, showing that their flexibility slightly increases upon binding.  
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Outlook 

To address still open questions of the interaction between Shp2 and Gab1, further 

research must focus on the generation of NMR solution structure data of the tandem 

SH2 domain in complex with doubly phosphorylated Gab1. This could help to validate 

that an artificial crystal environment does not induce the structure solved by microED. 

Furthermore, mutations and their effect on the structure could be easier to follow, 

allowing helpful insights into regulatory and, thus, druggable sites of the complex. Since 

the conserved residues of the interface located in the N-SH2 domain are all involved in 

the PTP:N-SH2 interface of the closed conformation, only P144 of the C-SH2 would be 

a useful mutation site. However, P144 is located in the phosphotyrosine-binding loop 

(CD-loop) of the C-SH2 domain. Nevertheless, initial testing demonstrated that 

mutations did not influence the binding of the domain to phosphorylated Gab1. Further 

binding and activity studies with those mutations in the tandem and full-length Shp2 will 

provide functional proof for that interface. Further, testing helix-truncated Gab1 

constructs in those assays might shine a light on the regulatory importance of the 

disorder-to-order formation of the IDP, beyond the higher affinity. Structural data of the 

full-length Shp2 and Gab1 by Cryo-EM might help address how the disordered tail 

interacts with the phosphatase and further provide insights into the structure of tadpole-

like IDPs (N-terminal folding hypothesis, SUMOylation sites of Shp2 and Sumo binding 

sites on Gab1; see Chapter “Differences between Shp1 and Shp2”). To validate whether 

the findings of this thesis are specific to the Gab1:Shp2 interaction or are also applicable 

to the other Gab family members or even to other native activators of Shp2, further 

structural and interaction data are needed. These interaction data could also be 

extended to kinetic studies to address the binding event in a time-resolved manner.  
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Supplement 

 

Figure 49 15N HSQC of unphosphorylated (top) and phosphorylated (bottom) Gab1613-694. Assignment done by Dr. rer. 
nat Tobias Gruber 
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Figure 50 Replicates of ITC measurements. A) N-SH21-106 ; B) C-SH2102-220 and C) Shp21-222 with pYpY-Gab1613-694. D) N-
SH21- 106 and pY-Gab1651-694. E) C-SH2102-220 and pY-Gab1613-651. 

Ramachandran blot of the Gab1-peptides from the complex of 

N- SH21- 106:pY- Gab1613- 651 (Figure 51, A) and Shp21-222:pYpY-Gab1617-684 (Figure 51, B): 

The Ramachandran blot of the peptide shows, with the exception of D631 (+4), that it is 

in the extended conformation as the amino acids take on psi and phi angles that 

correspond to the upper left-hand corner of the blot. Stabilising H-bonds between the 
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peptides and domains backbone can be seen at the +1, +2 and +4 positions towards 

H53, K91 and K89, respectively. 

 

Figure 51 Ramachandran plot of the Gab1 fragment bound to the N-SH2 domain in the N-SH21-106 : pY-Gab1613-651 

structure (A) and the Shp21-222:pYpY-Gab1617-684 complex (B). 

For the complex of N-SH21-106:pY-Gab1613-651 (Figure 52): The domain has direct contact 

with other symmetry mates via αA and αB as well as βB βC βD βE, all positioned at the 

‘back’ of the domain. Additional H-bonds to the symmetry mates via crystallographic 

water molecules, and the EF and BG-loop are present.  

 

Figure 52 Crystal contacts and molecule in electron density cloud. A) N-SH21-106 (grey, surface and cartoon)in complex 
with the solved Gab1 fragment (green, cartoon). Residues involved in crystal contacts are coloured in red and depicted 
as stick model. B) The solved structure of the N-SH21-106 (light pink, cartoon) in complex with the Gab1 fragment (green, 
stick) is depicted in the surrounding density cloud of the symmetry mates. The ‘back side’ of the domain is involved in 
crystal contacts; the peptide is in an unoccupied area. The remaining amino acids of the flexible peptide potentially 
occupy this space. 
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Figure 53 Crystals of Shp21-222 and in complex to pYpY-Gab1617-684 in the same condition 

 

Figure 54 Crystals of Shp21-222:pYpY-Gab1617-684 that dissolved the needle-like form and reappeared as more compact 
crystals. 

 

Figure 55 Mass spectrometry data and SDS-gel of Shp21-222:pYpY-Gab1617-684 crystal. Crystals were washed in 
crystallisation buffer, dissolved in sample buffer and loaded on 15% gel. The protein band of the Gab1 complex 
partner was provided to the Proteomic/ Mass-Spectrometry Core facility (Dr. Matt Fuszard). The sequenced regions 
(edman degradation) are illustrated in green of the doubly phosphorylated pYpY-Gab1617-684.  
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For the complex of Shp21-222:pYpY-Gab1617-684 : The complex makes crystal contacts 

via its N-SH2 domain’s αA, ΒC, EF and BG-loops as well as interactions with symmetry 

mates in the αB and EF-loop of the C-SH2 and the linker connecting the two domains 

as well as K666, located in the Gab1-helix (Figure 56). Further, the back side of the C-

SH2 domain is in juxtaposition with the extended part of the pY659-Gab fragment.  

 

Figure 56 Crystal contacts of the Shp21-222:pYpY-Gab1617-684 structure solved by microED. The tandem SH2 domains are 
coloured in grey and is shown as surface. The structure in general is depicted as cartoon. The Gab1 fragments are 
tainted in green. Residues that are involved in crystal packing are shown as sticks coloured in red. The yellow dashed 
lines indicate the direction of interaction to the crystal mate. 

 

Figure 57 Chemical shift perturbation (CSP) upon binding to pYpY-Gab1613-694 are blotted on the residual number of 
N-SH21-106. 
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Figure 58 Superposition of the TROSY spectra of 15N-N-SH21-106 in the free (black) and Gab1613-694 bound state (red). 

 

Figure 59 R1 and R2 rates measured at 800 MHz, 600 MHz, 500 MHz and hNOE values from A) free N-SH21-106 and B) 
pY-Gab1613-651 bound N-SH21-106 domain. Note the dependency of the R2 rates upon addition of Gab1 on the magnetic 
field strength. 
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Figure 60 Ramachandran plot of the Gab1 fragment bound to the C-SH2 domain of the Shp21-222:pYpY-Gab1617-684 

structure. 

 

Figure 61 Replicates of the ITC measurements of the C-SH2102-220 with pY-Gab1655-666 (A) and pY-Gab1655-677 (B). 
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Figure 62 HSQC-Spectra of free C-SH2 (black) and Gab1-fragment bound C-SH2 (red). The free C-SH2102-220 is coloured 
in black, while the C-SH2102-220 bound to A) pY-Gab1655-677 B) pY-Gab1655-666 C) Gab1667-677 D) pY-Gab1655-666 and 
Gab1667-677 in red. E) Overlay of the pY-Gab1655-677 (red) and pY-Gab1655-666 (black) bound states of the C-SH2102-220 to 
show deviation between both spectra. F) Overlay of the C-SH2102-220 domain bound to pY-Gab1655-677 (red) and to 
doubly phosphorylated pYpY-Gab1613-694 (black). 
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Figure 63 TROSY of 15N C-SH2102-220 in the free (black) and pYpY-Gab1613-694 bound state (red).  

 

 

Figure 64 Faces of the SH2-domain. N-SH2 (grey, cartoon and surface) bound to Gab1 (green). The binding site is the 
'front' of the domain; accordingly, the other faces in counterclockwise rotation are depicted. 
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Figure 65 Superposition of the 15N-TROSY of Shp21-222 in the free (black) and Gab1613-694 bound state (red). 

 

 

Figure 66 Superposition of the TROSY spectra of the bound Shp21-222 (black) with the Gab1613-694 bound N-SH21-106 

(blue) and C-SH2102-220 domain (green). 
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Figure 67 Replicates of ITC measurements of A) N-SH21-106 R32A H53A  B) C-SH2102-220 R138A H169A and pYpY-Gab1613-694, as 
well as C) Shp21-222 N-SH2 dead and D) Shp21-222 C-SH2 dead with pYpY-Gab1613-694. 
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Figure 68 Overlay SEC-elution profile (peak 65-75 ml) of the Shp21-222 constructs WT (green), N-SH2 dead (and) and 
C-SH2 dead (brown); conductivity in red. 

 

Figure 69 Overlay SEC-elution profile of the single N-SH21-106 WT (red) and the dead construct (sand). 

 

Figure 70 Overlay SEC elution profile of the single C-SH2102-220 WT (orange) and the dead construct (blue). 
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