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Abstract: Src homology 2 domains are interaction modules dedicated to the recognition of phos-

photyrosine sites incorporated in numerous proteins found in intracellular signaling pathways.
Here we provide for the first time structural insight into the dimerization of Fyn SH2 both in solu-

tion and in crystalline conditions, providing novel crystal structures of both the dimer and peptide-

bound structures of Fyn SH2. Using nuclear magnetic resonance chemical shift analysis, we show
how the peptide is able to eradicate the dimerization, leading to monomeric SH2 in its bound state.

Furthermore, we show that Fyn SH2’s dimer form differs from other SH2 dimers reported earlier.

Interestingly, the Fyn dimer can be used to construct a completed dimer model of Fyn without any
steric clashes. Together these results extend our understanding of SH2 dimerization, giving struc-

tural details, on one hand, and suggesting a possible physiological relevance of such behavior, on

the other hand.
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Introduction
In the complex cellular environment, effective signal-

ing is often mediated through the association between

peptides and modular binding domains. The Src

homology 2 (SH2) domain is a classic example of such

domains. Belonging to more than 100 different human

proteins, it is considered to be the largest domain fam-

ily associated with phosphotyrosine-based recognition

processes.1,2 While it is well documented that SH2

domains perform their binding function in a mono-

meric configuration (reviewed in3,4), multiple reports

have also highlighted the tendency of the isolated

forms of these domains to dimerize.5–8 In a recent sys-

tematic analysis9 it was shown that such SH2 inter-

twined homomers belong to the biggest category of

intertwined of homo-oligomeric proteins currently

available in the PDB: �72% of the structures used in

that study belong to the so-called S-type swaps where

either terminal chain segments or nonterminal ones

are exchanged. This group also includes 3D domain

swapped structures,10–15 wherein hinge regions

change conformation, replacing intra-molecular inter-

actions within the monomer by inter-molecular inter-

actions in the dimer.
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As the intertwining process alters the SH2

ligand interaction surface, interfering as a conse-

quence with target binding,5,7 the SH2 homodimers

belong to more general group of intertwined dimers

and not to the category of 3D domain swapped con-

structs. For instance, NMR backbone dynamics of

the C-terminal SH2 domain of phospholipase C-g1

(PLC-g1C) suggested that the free domain is in a

monomer-dimer equilibrium.16,17 This domain is

characterized by an aggregation propensity starting

at concentrations of 2–4 mg/mL. Similar NMR

dynamical experiments, analytical ultracentrifuga-

tion, and dynamic light scattering revealed this

associative phenomenon in case of SH2 domain of

human tyrosine kinase Fyn at 50 mM (corresponding

to 6 0.7 mg/mL).18 Self-aggregation tendencies were

also observed in SH2 domains of Hck,19 SAP,20 and

the p85a subunit of PI3K.21 In the case of the Grb2

adaptor protein, the SH2 dimerization modifies the

affinity of ligand binding.7 Interestingly, the

reported SH2 dimers5,6,8 exhibit different structural

features in their aggregated forms, which may have

distinct biological consequences.

All these findings, together with the pronounced

aggregation tendency observed for the Fyn SH2

domain,18,22 lead us to further investigate the poten-

tial significance of its dimerization behavior and its

implication in modifying the binding capabilities of

these widely known phosphotyrosine-binding mod-

ules. By solving the crystal structures of both the

intertwined dimer and the monomer in complex

with a high affinity phosphotyrosine-containing pep-

tide, we characterize in detail the association pro-

cess. By comparing these structural data and

making use of solution NMR we provide detailed

insight into the interaction between the Fyn SH2

dimer and the high-affinity phosphotyrosine-contain-

ing peptide. Size-exclusion chromatography, circular

dichroism, and NMR experiments demonstrate the

presence in solution of Fyn SH2 dimer, while adding

an excess of high affinity peptide results in the

depletion of the dimer in favor of the monomer. Our

results broaden the understanding on the ligand

binding capabilities of Fyn SH2 domain and its

dimerization tendency.

Results and Discussion

Human fyn SH2 domain is prone to aggregate

While there is an increasing body of literature on

SH2 domains, only a fraction of the studies require

high concentrations and purity levels of these pro-

tein domains. A global profiling study using all the

known SH2 domains showed that about half of these

protein modules are highly soluble.23 However, when

produced in elevated concentrations, typically

required for crystallographic and NMR studies, SH2

domains show tendency of self-association.16,18–21

To investigate the aggregation tendency of the

Fyn SH2 domain, in a first stage, analytical gel fil-

tration, and far-UV circular dichroism (CD) were

employed. The protein was purified by a combina-

tion of affinity and size exclusion chromatography

techniques;24 the last separation step produced a

mixture of dimer and monomer forms, in a ratio of 1

: 3, respectively. Figure 1(a) illustrates the final gel-

filtration along with the molecular-weight stand-

ards. As can be seen from the gel-filtration profile,

the dimer and the monomer fractions can be effi-

ciently separated. To further assess the Fyn SH2

association tendency, the monomer form was col-

lected and concentrated to 1 mM. In this initial

stage [Fig. 1(c)], the monomeric state was confirmed,

but after 48-h incubation at 258C, the dimer-

monomer mixture with the same 1 : 3 ratio was

observed in the sample [Fig. 1(d)]. Our results indi-

cate a high self-association tendency of this SH2

domain, a behavior that was also observed previ-

ously using analytical ultracentrifugation and

dynamic light scattering experiments.18

Additionally, the far-UV circular dichroism (CD)

experiments for both Fyn SH2 fractions were

recorded to scrutinize the possible differences in

their secondary structures [Fig. 1(b)]. The observed

spectra are typical for folded proteins and the pro-

files exhibited a minimum around 215–220 nm,

which indicates the predominance of b-sheets. Inter-

estingly, the data show differences in the secondary

structures of the two Fyn SH2 fractions. When com-

pared with the monomer, the dimer state shows a

more pronounced b-sheet shape, highlighting that

the Fyn SH2 monomer is folded and the dimeriza-

tion process coincides with an increase in b-strand

content in the SH2 dimer.

Structural view into the intertwined Fyn SH2
dimer

To gain more insights into the structural organiza-

tion of the self-associated SH2 products, the crystal

structure of the Fyn SH2 dimer is solved here (see

Table I). Expression, purification, and crystallization

screens have been previously described.24 The Fyn

SH2 crystal reveals two SH2 domains positioned in

an intertwined arrangement. Each of the domains

shows a partially conserved SH2 fold with most of

the typical secondary structure elements, yet signifi-

cant changes are localized within the bE- and bF-

strands and the EF loop [Fig. 2(a)]. Both SH2

domains belonging to the dimer display the exten-

sive b-sheet with a central position and the aA-helix

as known from the classical fold. The bE-strand, EF

loop and bF-strand adopt an extended conformation

[denoted bE-EF-bF in Fig. 2(a)], which results in

an altered position of the aB-helix and the BG

loop. The canonical SH2 fold is restored by the

aB-helix of the symmetry-related dimer [Fig. 2(b)].
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Figure 1. Solution studies of human Fyn SH2 domain. (a) Analytical gel-filtration profile on a Superdex 75 HR column as the

last purification step of the non-His-tagged Fyn SH2 domain. The molecular-weight standards are shown in black, while the

protein chromatogram is represented in purple (dimer fraction) and light blue (monomer fraction). (b) Far-UV circular dichroism

spectra of the monomer and the dimer fractions. The CD spectra are shown only for the 210–250 nm wavelength intervals,

where there is no buffer interference. (c, d) Stability test of the Fyn SH2 monomer fraction performed using size exclusion chro-

matography. The monomer sample from (a) was concentrated to 1 mM and incubated at 258C for different time intervals. Ana-

lytical gel-filtration profiles were obtained by loading SH2 at 1 mM concentration on a Superdex 75 HR column.

Table I. Data Collection and Refinement Statistics

Fyn SH2:specific-pY complex Dimer of the Fyn-SH2 domain

Wavelength (Å) 0.9334 0.9801
Resolution range (Å) 23.34 - 1.45 (1.45 - 1.40) 34.92 - 1.99 (2.06 - 1.99)
Space group P 43 21 2 C 2
Unit cell 39.25 39.25 145.20 90.00 90.00 90.00 88.96 57.87 101.19 90.00 90.60 90.00
Total reflections 343996 126420 (17997)
Unique reflections 23359 (2286) 35049 (3365)
Multiplicity 14.7 (13.3) 3.6 (3.6)
Completeness (%) 99.93 (99.96) 98.66 (95.57)
Mean I/sigma(I) 24.43 (7.73) 7.7 (3.2)
Wilson B-factor 14.34 36.29
R-merge 0.076 (0.361) 0.081 (0.303)
R-work 0.1534 (0.2206) 0.2064 (0.3069)
R-free 0.1876 (0.1946) 0.2554 (0.3369)
Number of H atoms 1234 2642
Macromolecules 1039 2440
Ligands 12 51
Water 183 151
Protein residues 120 308
Average B-factor 23.10 55.40
Macromolecules 19.40 55.00
Ligands 46.50 64.90
Solvent 43.00 59.00
RMS (Bonds) 0.028 0.012
RMS (Angles) 1.50 1.41
Ramachandran favored (%) 99.0 97.7
Ramachandran allowed (%) 1.0 2.3
Ramachandran outliers (%) 0.0 0.0
PDB ID 4U1P 4U17

Statistics for the highest-resolution shell are shown in parentheses.
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Consequently, the classical SH2 fold is now defined

by two chains: a core containing the central b-sheet

(residues Trp 149 - Thr 215) from one chain and res-

idues Thr 216 - Lys 248 from the second polypeptide

chain. In the new configuration of each chain, the

N- and C-terminal regions are located far apart (50

Å), in contrast with the classical fold where the two

termini are separated by a distance of less than 10

Å. The buried surface area is 2200 Å2, 29% of the

total surface per open monomer. This large interac-

tion surface is assured by hydrophobic contacts and

stabilized by an extensive hydrogen bond network.

These bonds are located not only between the two

extended bE-EF-bF regions, but also between the

central b-sheet, from one chain, and the C-terminal

region, of the complementary chain. The latter con-

tacts assure the symmetry of the domain and the

almost complete recovery of the canonical SH2 fold.

In addition, the new extended b-sheet formed by the

dimerization process is in agreement with the CD

data, suggesting an increase in this secondary struc-

tural content of the dimer fraction with respect to

the monomer [Fig. 1(b)].

The phosphotyrosine (pTyr) binding pocket is

located between the aA-helix and the main b-sheet.

The structure of this binding pocket is not perturbed

by the dimerization process. Even more, the residues

forming the positively charged groove are accommo-

dating a phosphate ion from the buffer. The second

binding pocket, commonly named specificity pocket,

is normally located between the EF and BG loops.

In the intertwined dimer, the EF loop becomes a sec-

ondary structure element involved in the interac-

tions with the symmetric unit and the BG loop is

located far from its initial position. Even if the SH2

fold is almost reconstituted through the symmetric

unit, the specificity pocket is completely altered by

the dimerization. The new extended element bE-EF-

bF is obstructing the formation of this second bind-

ing cavity, which will be analyzed in more detail in

the following sections.

The crystal structure of Fyn SH2 in complex

with the high-affinity peptide

Next to the homodimer structure, the crystal struc-

ture of the Fyn SH2:specific-pY complex is also

solved (see Table I). As previously described,24 the

Fyn SH2:specific-pY complex was crystallized at

208C, using the Morpheus Screen Kit (Molecular

Dimensions25). Visual inspection of the peptide2pro-

tein complex structure reveals the canonical SH2

fold [Fig. 3(a)] and the specific-pY peptide binds

according to the classical “two-pronged-plug” mecha-

nism.26 A detailed view of the residues in the pTyr

and specificity pockets that are involved in the inter-

action with the peptide is provided in Figures 3(b,c).

The peptide pTyr side-chain interacts with the SH2

pocket-forming residues through electrostatic inter-

actions at the phosphate moiety level and engages

also in van der Waals contacts with the aromatic

group.27 Figure 3(b) shows only the main interac-

tions involving the phosphate moiety for reasons of

clarity. The highly conserved Arg 176 (bB6) is

located at the bottom of the pocket and is the main

residue involved in the interaction with the phos-

phate moiety of the peptide. Besides the amino-

aromatic interactions with the pTyr ring, residues in

the pTyr pocket also interact with the peptide resi-

dues located at pTyr-1 and pTyr-2.

The specificity pocket is neutral in charge, being

formed by hydrophobic residues that contact the

peptide at the position pTyr13, which is the case for

all SH2 domains in Src-like kinases.28 The EF and

BG loops, the main constituents of this pocket, play

a major role in modifying the binding pocket surface,

as well as in engaging the ligand. In case of the

Figure 2. The Fyn SH2 dimer. (a) The monomer unit of the SH2-dimer crystal structure with the main secondary structure ele-

ments labelled. The extended bE-EF-bF region and the aB-helix adopt a different conformation than in the canonical SH2 fold.

(b,c) The structure of the dimer in two orientations. The two monomer units are colored in light and dark blue, respectively. The

cocrystallized phosphate is shown as spheres (phosphorus atoms are colored orange, oxygen atoms in red).
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specific-pY peptide, the Ile (13) side-chain is almost

completely buried in the specificity pocket [Fig. 3(b),

top]. The main residues forming this second pocket

are shown in Figure 3(b) (top panel). The central

position of Gly 237 (BG3) in the BG loop is an

important factor for determining the loop shape and

consequently of the specificity pocket architecture.29

Next to the interactions in both binding pockets,

the specific-pY peptide is also involved in weak con-

tacts with the Fyn SH2 surface, as was previously

reported the for Src SH2 complex.29 The two gluta-

mate residues [Glu (11), Glu (12)] located between

the main anchoring points of the two pockets, play

an important role in these surface interactions.

Although a large number of SH2 domain struc-

tures have been solved,1 the Fyn SH2:specific-pY

complex determined here is the first X-ray structure

of the human Fyn kinase in its peptide bound state.

The complex is characterized by the same overall

structure found in a typical SH2 domain.4 Addition-

ally, the protein-peptide interactions identified in

our high-resolution crystal structure are preserved

in SH2 domains from closely related proteins.22,29,30

Of particular interest is the published NMR solution

structure of the same complex (PDB code 1AOU22).

A comparison of the Fyn:specific-pY complexes

obtained with X-ray and NMR techniques, reveal a

similar orientation of the main residues involved in

key contacts of the two binding pockets.

Detailed analysis of the interaction between the

Fyn SH2 domain and the specific-pY peptide

Making use of NMR chemical shifts data,31 the per-

turbations determined by the specific-pY peptide

binding at the Fyn SH2 domain were scrutinized at

the atomic level. At the protein level the peptide-

binding event promotes a series of changes or shift-

ing’s of conformations. Any modification in the local

environment of an atom is translated in a chemical

shift change. By analyzing the chemical shift values

of the free and bound state, alterations in the

domain structure can be detected. The chemical shift

differences are illustrated in Figure 4 along with the

threshold that allows one to distinguish between sig-

nificant and insignificant changes.

The specific-pY peptide binding induces signifi-

cant chemical shift changes confined to three regions:

the BC loop, the bD secondary structure element and

the EF/BG loops. As observed in the crystal structure

[Fig. 3(b,c), bottom panels], the residues from the BC

loop are in close contact with the pTyr residue from

the peptide and are characterized by important per-

turbations [see Fig. 3(b)]. Some amino acids from the

central bD-sheet are also part of the pTyr binding

Figure 3. Human Fyn SH2:specific-pY complex and detailed views of the two binding pockets. (a) The structure of the com-

plex, with the regions forming the pTyr binding pocket colored in light red and the specificity pocket shown in green. The highly

conserved Arg 176 (bB6) is depicted in red and represented in sticks. The specific-pY peptide is colored in yellow and only the

pTyr (0) and Ile (13) residues are shown in sticks. (b) Detailed view of the two peptide binding pockets, where the main resi-

dues involved in interactions are represented in sticks. For the phosphate moiety the schematic directions of interaction are

indicated by the dashed lines (bottom figure). Nitrogen atoms are coloured blue, oxygen atoms red, phosphorus atoms orange,

and carbon atoms from the specific-pY peptide yellow. The carbon atoms of the residues involved in the specificity pocket are

shown in green (upper figure), while the ones from the pTyr pocket are depicted in light red (bottom figure). All the residues not

directly involved in binding are coloured blue. The highly conserved Arg 176 (bB6) is colored red (bottom figure). (c) Surface

view of the two pockets, where SH2 domain is shown in surface representation and the peptide is depicted as cartoon. The

peptide interaction residues (pTyr and Ile13) are illustrated as sticks. The structures in (b) and (c) have the same orientation.
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pocket and are involved in the interactions with the

aromatic ring from the pTyr residue.

The clusters of chemical shift perturbations

observed in the EF and BG loops confirm a binding

event at the specificity site. Almost all the residues

forming this second binding pocket experience sig-

nificant changes upon peptide binding. Among these

residues, Leu 238 (BG4) exhibits one of the largest

chemical shift changes. Moreover, in our high-

resolution crystal structure of the complex and also

in the existing NMR ensemble (PDB code 1AOU22),

the side-chain of Leu 238 is one of the main contact

points with the Ile (13) from the specific-pY peptide.

Our results and observations are consistent with the

existing structures and confirm the binding of the

specific-pY peptide at both pockets.

Interestingly, no significant changes were

detected for the two arginine residues directly

Figure 4. Chemical shift perturbations in Fyn SH2 domain upon specific-pY peptide binding, in function of the residue number.

The figure shows the absolute differences calculated for Cb (a), Ca (b), Ha (c), and the combined backbone amides (d). The

significance criteria are represented by the average chemical shift difference plus one standard deviation for each atom type,

indicated by the dashed lines. The secondary structure elements of Fyn SH2 domain are depicted above. The residues involved

in the specificity pocket are shown in green, while the ones from the pTyr pocket are depicted in light red. All the residues not

directly involved in binding are colored gray. The highly conserved Arg 176 (bB6) is colored red.
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involved in binding the pTyr. The highly conserved

Arg 156 (aA1) and Arg 176 (bB6) are interacting

with the peptide, but their backbone chemical envi-

ronments are less affected by this interaction, as can

be observed in Figure 4. This is probably due to the

fact that the pTyr contacts determine changes at the

level of the side-chain atoms of the arginine residues

and are not visible at the backbone level. This obser-

vation can also indicate a relatively rigid pTyr bind-

ing pocket.

Overall, the chemical shift perturbations upon

specific-pY peptide binding show changes at both

interaction sites. A similar chemical shift perturba-

tion pattern has been shown for the SH2 domain of

the hematopoietic cellular kinase (Hck) in complex

with the high affinity phosphorylated peptide.19

Additionally, the NMR results are completed by an

isothermal titration calorimetry (ITC) study, which

determined the binding affinity of the specific-pY

peptide for the Fyn SH2 domain (Fig. 5). The ther-

modynamic parameters obtained from the titration

fit with a 1:1 stoichiometry characteristic of a single

binding event. The data show a tight binding, char-

acterized by a dissociation constant Kd 5 250 nM

and a measured enthalpy <DH8>5 29.25 6 0.1 kcal/

mol. These results are in agreement with the previ-

ous experiments investigating the interaction of SH2

(originating in human Src kinase) with different

binding peptides.26

The dimerization distorts the Fyn SH2 peptide-

binding interface

To assess the impact of the Fyn SH2 dimerization on

the binding site we compared the two crystal struc-

tures of the dimer/free state and monomer/specific-

pY peptide bound state (Fig. 6). While in the Fyn

SH2:specific-pY complex, the binding pockets are

exposed and the peptide establishes interactions

with both binding sites [Fig. 6(a)], in the Fyn SH2

dimer, the binding interface is partially distorted

[Fig. 6(b,c)]. All the residues composing the pTyr

Figure 5. Isothermal calorimetric titrations for binding of the

specific-pY peptide to human Fyn SH2 domain. (a) The raw

heat signal, the power output (microcalories per second) is

represented as a function of time (minutes). (b) Integrated

data obtained from the raw heat signal. The red line corre-

sponds to the nonlinear least-squares best fit to the data.

Figure 6. Human Fyn SH2 free and in complex with the specific-pY peptide. (a) The crystal structure of the Fyn SH2:specific-

pY complex. The main regions forming the pTyr binding pocket are colored in light red, while the specificity pocket is shown in

green. The highly conserved Arg 176 (bB6) is labelled and illustrated in red. The specific-pY peptide is colored in yellow and

only the pTyr (0) and Ile (13) residues are shown in sticks. (b) Surface and (c) cartoon representations of the Fyn SH2 dimer.

The two monomer units are illustrated in light and dark blue, while the two binding pockets are shown for only one monomer

unit using the same color codes as in (a).
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binding pocket have similar orientations between

the peptide-free dimer and the pTyr-bound Fyn

SH2. The highly conserved Arg 176 (bB6), the main

interaction point with the phosphate moiety of the

peptide, is highlighted in red in Figure 6. On the

other hand, the specificity-binding pocket is altered.

The SH2 domain from Fyn has the specificity pocket

located at position pTyr13, being formed by the EF

and BG loops. In the dimer, the EF loop becomes

structured and a new extended b-strand is formed.

Ile 215 (bE5), Thr 217 (EF2), and Ala 219 (bF1) are

main interaction points in the intertwining, which

makes them inaccessible for the ligand, and conse-

quently unable to perform their normal function.

Additionally, the new bE-EF-bF-strand closes the

space of the specificity pocket.

The ligand binding specificity of the Fyn SH2

domain is gained by the interactions at the second

pocket, position pTyr13.28 We hypothesized that it

would be highly relevant to capture more insights

about the dimerization and its consequences on the

specificity pocket. We therefore used NMR and ana-

lyzed the dimer in presence and in absence of the

high affinity (specific-pY) peptide. Figure 7(a) shows

the 1H-15N HSQC spectra of both states, while the

reported chemical shift assignments31 allow one to

identify a significant number of additional signals in

the free form. These signals, indicated by arrows in

Figure 7(a), are doublings of an existing peak (in

some cases) and are associated with the dimeriza-

tion behavior of the SH2 domain. When adding an

excess of specific-pY peptide the doublings and addi-

tional NMR signals are not visible and bound state

spectrum counts the expected number of signals as

for a monomer state. These findings are in agree-

ment with the gel filtration experiments, where a

dimer-monomer equilibrium was gained over time

[Fig. 1(c,d)]. Additionally, we investigated the

Figure 7. NMR studies of human Fyn SH2 domain (a) Overlay of the 800 MHz 1H-15N HSQC spectra of Fyn SH2 in its free

form (blue; dimeric state) and in complex with the specific-pY peptide (green; monomeric state). The arrows indicate the dou-

bling and/or additional peaks attributed to the dimeric state. (b) The Fyn SH2 transverse relaxation rates in function of the resi-

due number for both states, maintaining the same coloring coding as in (a).
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transverse relaxation (R2) rates, which are informa-

tive for the size of the system.32 The overall reduc-

tion in the R2 values is a good indication of the

decrease in the mass of the system, while the R2 val-

ues enhancement point to an increase in the mass.

Monitoring the general trend of the R2 values

between the two Fyn SH2 states provided informa-

tion on the system analyzed, as presented in Figure

7(b). The high transverse relaxation rates are shown

for the free state, indicating the high mass of the

system, in agreement with the dimer behavior. Note,

the R2 rates have been extracted only for the major

peaks, attributed to the monomer state, but the

results clearly indicate an equilibrium dimer-

monomer. Upon addition of the specific-pY peptide to

the solution containing the SH2 in the dimer form, a

significant drop in the R2 values is seen, suggesting

a substantial decrease in mass.

We interpret this important reduction in R2 val-

ues as corresponding to the transition from the

peptide-free dimer to the specific-pY complexed

monomer population, indicating that the affinity of

Fyn SH2 for the specific-pY peptide is higher than

the interactions driving the dimerization. The

specific-pY peptide binds Fyn SH2 domain with high

affinity, engaging the SH2 domain at both binding

sites, as clearly observed in our crystal structure of

the Fyn SH2:specific-pY complex. In case of the Fyn

SH2 dimer only one pocket is available, as shown in

Figure 6(b,c). We hypothesize that the peptide binds

to the high affinity pocket via the phosphate moiety

and also engages the residues in the specificity

pocket. As the latter amino-acids are the main inter-

action points of the extended bE-EF-bF-strand

which stabilize the structure, the dimer structure is

disrupted and the specificity pocket is reconstituted.

The EF and BG loops are now available to stabilize

the Fyn SH2:specific-pY complex by classical inter-

actions at the pTyr13 position.

Overall, the NMR experiments indicate, on one

side, the presence of the Fyn SH2 dimer form in

solution and, the ability of the high affinity peptide

to efficiently reverse this aggregation tendency, on

the other hand. Our findings are different from

other SH2 dimer reported,5–8 as it will be detailed in

the next section.

Distinct features among different SH2

intertwined dimers

Several SH2 domains have been reported to form

dimer structures. Besides the human Fyn SH2

domain described here [Fig. 8(a)], dimers were

observed for the SH2 from Grb2,5 Nck1,6 and Itk.8

The growth factor receptor-bound protein 2

(Grb2) is an adaptor protein consisting of one central

SH2 domain flanked by two Src homology 3 (SH3)

domains. Schiering et al. described the dimerization

of Grb2 SH2 via chain segment exchange as illus-

trated in Fig. 8(b).5 In the process of dimerization,

the conformational changes in the EF loop trigger

the opening of the monomer, and the aB-helix

extends onto the symmetric intertwined unit. The

bF secondary structure element is not present any-

more and this region is involved in stabilizing the

dimer. The authors presented the dimeric form in

complex with a tetra peptide. Remarkably, the two

binding pockets are still available for peptide bind-

ing and the dimerization is not substantially alter-

ing the interaction surface. While the Fyn SH2

dimer discussed here is not compatible with the

specific-pY peptide bound state, the segment

exchange of Grb2 SH2 domain reduces the ligand

affinity compared with the monomer and has poten-

tial influence on its specificity.7 In case of Grb2 SH2

dimer, the peptide addition does not induce the dis-

ruption of the dimer and the peptide binding event

is modified with respect to the monomer. The differ-

ences between Fyn SH2 and Grb2 SH2 binding

events reside mainly in the fact that they have dif-

ferent specificity binding positions. In Fyn SH2, the

specificity pocket from position pTyr13 is not acces-

sible in Grb2 and consequently, the specificity inter-

action of the latter protein occurs at position

pTyr12. This phenomenon is explained by the pres-

ence of a tryptophan residue which blocks the

pTyr13 position in SH2 from Grb2 and therefore

the peptide is forced to reverse in a b-turn. Conse-

quently, the peptide binding has different impact on

the dimers of the two SH2 domains.

A similar mechanism as for Grb2 SH2, from the

structural point of view, was observed in the case of

the SH2 from Interleukin-2 tyrosine kinase (Itk).8

The EF loop and bF-strand are the hinge regions

involved in the dimerization [Fig. 8(c)]. In contrast

with Grb2, in the Itk the dimer is more compact

having a distance of about 15 Å between the central

b-sheet of the two monomer units, while in Grb2

this distance is �35 Å. The specificity pocket of Itk

SH2 is formed, but due to the dimerization interface,

this site cannot accommodate the peptide at position

pTyr13 anymore. However, in both cases the canoni-

cal SH2 fold is recovered.

A different SH2 interface was observed in the

case of the adaptor protein Nck1.6 The DE loop is

extended and makes the interactions with the sec-

ond unit, while the bE-strand, EF loop, and bF-

strand are all keeping their initial structures [Fig.

8(d)]. Additionally, the canonical SH2 fold is recon-

stituted by bE, bF-strands and aB-helix from the

symmetric monomer unit. On the other hand, in the

cases of Grb2, Itk and Fyn this classical SH2 fold is

reconstituted only by the aB-helix. Due to its dime-

rization interface, the Nck1 SH2 dimer has both

binding pockets accessible.

Structurally, the dimer of the Fyn SH2 domain

reported here [Fig. 8(a)] is different from all the
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three cases discussed before. The main distinction

resides in the binding surface, which is substantially

altered by the dimerization process. The two sym-

metrical units are twisted with respect to each other

and this angle inhibits the formation of the specific-

ity pocket and also blocks the access to this region.

A slight twist between the units is observed in all

the SH2 dimers, but it is less pronounced and, in

case of Grb2 and Nck1, it does not impede the tradi-

tional binding interface.

The residues composing the hinge regions and

their disposition can be visualized in a multiple

sequence alignment [Fig. 8(e)]. Ignoring the exact

location of the hinge area (EF loop for Grb2, Itk and

Fyn or DE loop for Nck1), this region is extended in

all the SH2 dimers. Moreover, the hinge corresponds

to highly conserved loop regions within the classical

monomer SH2 fold. Interestingly, only in the case of

Fyn SH2 dimer, the hinge region becomes structured

by connecting the pre-existing two secondary struc-

ture elements bE and bF. On contrary, the dimeriza-

tion in Itk and Grb2 SH2 domains promoted the

unfolding of bF-strand. To our knowledge, the Fyn

SH2 is the only SH2 dimer where the hinge region

becomes structured via the dimerization process.

One can postulate that the Src-related homologs

of Fyn SH2 may all have the same intertwined

dimer forms. This postulate is supported by two

observations. First, as the multiple sequence align-

ment of the eight Src family members reveals in Fig-

ure 8(f), the amino-acid composition of the hinge

region identified for Fyn SH2 appears to be very

conserved. Second, the amyloid prediction tool

Waltz,33 which specifically predicts the propensity of

a sequence to adapt a cross-b arrangement typically

observed in amyloid fibrils, identified a strong amy-

loid nucleating segment in the hinge region of Fyn

SH2 (Fig. 2), suggesting this region may nucleate

amyloid formation under appropriate conditions.

Applying Waltz on the other seven SH2 sequences

Figure 8. Different SH2 dimers originating in (a) Fyn (PDB code: 4U17); (b) Grb2 (PDB code: 1FYR; Schiering et al., 2000); (c)

Itk (PDB code: 3S9K; Joseph et al., 2012) and (d) Nck1 (PDB code: 2CI8; Frese et al., 2006). The monomer units for each SH2

domain are illustrated in dark and light color and are shown in the same structure-orientation. The BC loop and the extended

hinge region are labeled in each dimer, while the pTyr binding pocket is indicated by a black circle. (e) A multiple sequence

alignment of SH2 domains from human Fyn, human Src, human Grb2, mouse Itk, and human Nck1. The disposition of the hinge

regions is highlighted in the corresponding color as in (a–d). The residue numbers of human Fyn SH2 and the secondary struc-

ture elements are indicated. (f) A multiple sequence alignment of Src-related SH2 domains highlighting the regions having the

potential to form amyloid aggregates.
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reveals that exactly the same region can be identi-

fied in all of them [see Fig. 8(f)]. It would be interest-

ing to test this hypothesis in order to understand

whether the slight amino acid differences have a

strong effect on the dimer structure as well as the

balance between dimer and monomer populations.

Moreover, given the high sequence similarity one can

wonder whether dimers could be formed between the

SH2 domains of different Src-family members and

what biological implications this could have.

Figure 9. Model of the Fyn kinase dimer. (a) The crystal structure of the human Src kinase in its inactive form (PDB code:

2SRC). The SH2 domain (dark blue) is bound to the pTyr C-terminal regulatory tail (labeled and shown as sticks), while the SH3

domain (dark yellow) stabilizes the closed confirmation. The kinase domain is represented in dark red. (b) The monomer unit of

the hypothetical kinase dimer model, preserving the same coloring as in (a). (c) The complete kinase dimer highlighting the

extended bE-EF-bF-strand, the main interaction within the SH2 dimer. One monomer unit is colored as in (a) and the second

one maintains the same colors in their light versions. Additionally, the last monomer unit is shown also in surface representa-

tion. The model was built with PyMOL, using our structure of the Fyn SH2 dimer and the human Src kinase (PDB code: 2SRC).

The sequence identity between the full human Src and Fyn kinases is 76%.
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Structural implications for the entire protein

The biological relevance of the SH2 dimerization is

less investigated. Most SH2 dimers reported were

detected through crystallization, like those of Itk and

Nck1.5,6,8 These dimers were not further studied in

other (solution) conditions, which may explain why

none of them were shown to have biological or func-

tional relevance. The Fyn SH2 dimer described in this

study, however, was identified in both crystal and solu-

tion conditions. Size exclusion chromatography, CD

and NMR experiments clearly indicate that this dimer

is not simply the result of crystallographic packing.

The physiological significance of the Fyn SH2

dimer is less studied. In light of the observations

described here, it is worth investigating the impact of

such dimerization on the entire kinase structure.

This attempt is motivated by the observation that the

kinase structure is sterically compatible with the

dimer. As the structure of the complete Fyn protein is

not available, the closely related human Src kinase

was used to generate a model. We used the reported

structure of the Src kinase (PDB code: 2SRC34) in its

closed conformation. In this state, the C-terminal reg-

ulatory tail is phosphorylated at the tyrosine residue,

which is bound to the SH2 high affinity pocket.

Fyn activity, like all other Src-like kinases, is

regulated through the SH3-SH2 domain combina-

tion.35 Activation will occur when (i) the tail p-Tyr is

dephosphorylated, removing the binding between

with the SH2 domain, (ii) competitively binding the

SH2 domain with a peptide that has a higher affin-

ity than the p-Tyr tail, and (iii) binding the SH3

domain without dephosphorylating the tail. The

model proposed here does not seem to exclude any of

these mechanisms. Note also that for Fyn SH2 the

interaction between the inhibitory C-terminal region

and SH2 domain can be shown to occur only at the

affinity pocket (discussed in detail in another manu-

script currently under review). This binding manner

does not engage the specificity pocket. Therefore,

the inhibitory C-terminal region bound to the SH2

dimer could be compatible. This hypothesis has still

to be validated, but our preliminary analysis sug-

gests such compatibility.

Nonetheless, such a phenomenon was already

reported in case of Grb2 SH2 dimer.5,7 This dimer

was shown to be metastable in solution by analytical

gel filtration5 and was identified in both free and

peptide-bound states. A reduction in ligand affinity of

the dimer, when compared with the monomer state

was highlighted by isothermal titration calorimetry

studies.7 The authors found that this dimer is com-

patible with the peptide binding, when the classical

pTyr13 specificity pocket is not engaged in the inter-

action with the ligand. The Grb2 is an adaptor pro-

tein composed by a SH2 domain flanked by two SH3

domains. In an attempt to understand the possible

biological significance of the dimerization, a model of

the entire Grb2 dimer was proposed.5 In this simula-

tion, the process assures the dimerization and all the

SH2 and SH3 domains are fully accessible. Moreover,

the exchange modifies the ligand affinity, which can

then modulate the interaction in the signaling path-

ways of this adaptor protein.

Another important piece of information shown

in our study is the Fyn SH2 dimer shift towards the

monomer upon the interaction with the high affinity

peptide involving both SH2 binding pockets. Based

on these results and the kinase dimer model, it is

tempting to speculate the existence of a sensitive

dimerization mechanism. This mechanism can be

modulated by the SH2 ligand-binding event. In

other words, in the kinase active form the SH2 is

bound to the natural high affinity target and the

kinase dimer is disrupted. On the other hand, the

inactive kinase is compatible with the dimer forma-

tion, if we assume that the SH2 dimerization is not

impeded by binding to phosphorylated C-terminal

negative regulatory tail of the kinase.

Dimerization has been shown to play a regula-

tory role in other kinases like those belonging to the

P21 activated kinases (PAK) type I family.36 Upon

crystallization of PAK1 it was observed that the

kinase forms a dimer and the results were confirmed

by different in vitro experiments.37,38 This observa-

tion led Parrini et al.39 to investigate whether the

dimer also appears in vivo. They were able to con-

firm the presence of the dimer in vivo, revealing

also that PAK1 is auto-inhibited in trans via an

auto-inhibitory domain. Cdc42 and Rac1 induce dis-

sociation of the PAK1 dimer and the activation of

the PAK1 kinase. The results indicate that PAK

type I activity is negatively regulated through dime-

rization. It is therefore interesting to question

whether such a scenario is also meaningful for other

kinds of kinases. One could hypothesize that, just as

PAK1, Fyn dimerization may play a role in improv-

ing the efficiency of inhibition and that dimer disso-

ciation leads to activation.39 Yet, at this point there

is no experimental evidence that would point to such

a scenario for Fyn or other Src-family members.

In conclusion, our data do not exclude the possi-

bility of Fyn kinase dimerization based on the SH2

intertwining mechanism, but the relevance of this

association phenomenon remains unclear. It is there-

fore worth investigating if (i) such a SH2-mediated

dimerization process of Fyn or close related kinases

can be found in the cell and (ii) if the case, what

would be the functional relevance of such a process.

Materials and Methods

Sample preparation

The SH2 domain, corresponding to residues 149–248,

of human Fyn kinase was obtained in high
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concentration and purity as previously described.24

Briefly, the construct was over-expressed in two dif-

ferent expression vectors: pET15b (Novagen) and

pColdII (TaKaRa). Both vectors place an N-terminal

six His-tag, but only pET15b contains a thrombin

cleavage site between the tag and the construct of

interest. The Fyn SH2 domain was obtained in Esche-

richia coli BL21 (DE3) cells and purified from cell

lysate by affinity chromatography followed by the

size exclusion separation according to the details

mentioned elsewhere.24 The molecular-weight stand-

ards used for gel-filtration consist of bovine thyroglo-

bulin (670 kDa), bovine g-globulin (158 kDa), chicken

ovalbumin (44 kDa), horse myoglobin (17 kDa), and

vitamin B12 (1.35 kDa).

Peptide
The specific phosphotyrosine peptide (denoted spe-

cific-pY), corresponds to residues 321–331 of ham-

ster middle-T antigen. The peptide has the following

sequence: EPQ-pY-EEIPIYL and it has been shown

to bind with high affinity to the Fyn SH2

domain.26,40 The peptide residues are numbered rel-

ative to the phosphotyrosine (pTyr), which is consid-

ered position 0. The residues located N-terminal in

respect to the pTyr carry negative numbers, while

the C-terminal ones have positive positions. The

peptide was purchased from JPT Peptide Technolo-

gies GmbH with more than 95% purity.

Circular dichroism (CD)

The far-UV circular dichroism (CD) spectra were

recorded on a J-715 spectro-polarimeter (Jasco) in

the 200–250 nm spectral region. The measurements

were performed at 258C in 50 mM sodium phosphate

buffer, pH 6.50, 5 mM DTT. The protein concentra-

tion was adjusted at 0.2 mg/mL. The DTT has high

absorbance in the far-UV region, which prevented

the recording of reliable spectra at wavelengths

below 210 nm. As a consequence, the measurements

can be used for comparisons, but the secondary

structure calculations are not accurate and are not

taken into account. The data were acquired using a

cell with a path length of 0.1 cm, a scanning speed

of 50 nm/min, a 2 s integration time and 1 nm band-

width. The mean residue ellipticity ([h],

deg cm2 mol21) was obtained as follows: [h] 5 (h •

Mrw)/(c • l), where h is the observed ellipticity, Mrw

is the mean residue molecular weight, c is the con-

centration, and l is the path length.41,42

Isothermal titration calorimetry (ITC)

The ITC measurements were performed on a VP-

ITC calorimeter (MicroCal, GE Healthcare). The

samples were degassed for 20 min under vacuum

prior to the experiments. The measurements were

done at 258C in 50 mM sodium phosphate buffer, pH

6.50, 5 mM DTT. The peptide was initially dissolved

in the reaction buffer to obtain stock solutions and

then diluted to obtain the concentrations used in the

titration. The data were fitted to a single site-

binding model using MicroCal Origin. The ITC

experiments were performed with the SH2 domain

obtained from pCold II expression vector.

Crystallography
The crystals of the free Fyn SH2 dimer were

obtained from the non-His-tagged protein (making

use of the pET15b expression vector), while the Fyn

SH2:specific-pY complex was prepared by adding an

excess of specific-pY peptide into Fyn SH2 His-

tagged domain (from pColdII expression vector). The

crystallization conditions, the data collection and

analysis were previously detailed.24 The diffraction

data of the dimer were integrated with iMOSFLM43

and reduced with SCALA,44 and data from the Fyn

SH2:specific-pY complex with the HKL2000 suite.45

In both cases he structure was solved by molecular

replacement using the coordinates from 1G83 as

search model as implemented in PHASER.46 Succes-

sive rounds of manual building in Coot47 and refine-

ment cycles in phenix.refine48 were performed to

complete both structural models. Statistics for the

data collection and refinement are shown in Table I.

Nuclear magnetic resonance

The 15N transverse relaxation rates (R2) were meas-

ured at 258C on a Varian NMR Direct-Drive System

600 MHz spectrometer. The R2 rates were obtained

from series of 2D experiments16 recorded with

delays of 10, 30, 50, 70, 90, 110, 130, 150, and 170

ms. To permit error estimation, a duplicate spectrum

was recorded for 10-ms delay. All NMR data were

processed with NMRPipe49 and analyzed with

CCPNMR software.50 R2 values were obtained by fit-

ting the peak intensity to a single exponential decay

function, making use of the CCPNMR built in appli-

cation. The errors were estimated directly from the

variation between the corresponding experiments

with different relaxation delays.

The full 1H, 15N, and 13C assignment of the

backbone and side-chain of Fyn SH2 domain have

been reported,31 for both the free and specific-pY

peptide bound states. These assignments have been

used to identify the resonances of the free state

(dimer) and the additional signals attributed to the

dimerization behavior. To obtain the Fyn SH2 bound

state, for NMR purposes, the specific-pY peptide was

added in excess to the Fyn SH2 free state to a molar

ratio of 3 : 1.

NMR chemical shift perturbation

Chemical shift differences were calculated as abso-

lute values between the peptide bound form and the

free form, in case of Ca, Cb, and Ha resonances. For

the glycine residues, Ha was represented as the
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average of the two Ha chemical shifts. The combined

HN, N chemical shift deviations were calculated

using the following equation:

DdHNN5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdHNÞ21 DdN

6:51

� �2
q

The threshold for a significant chemical shift

deviation is defined as the average of all chemical

shift differences for the corresponding atom type

plus one standard deviation.

Accession Numbers
Structural data are available in the wwPDB database

under the accession numbers: 4U17 for free Fyn SH2

domain (dimer state) and 4U1P for Fyn SH2 in com-

plex with a high affinity phosphotyrosine-containing

peptide (monomer state).
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