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Src kinase belongs to the family of Src-related nonreceptor tyrosine kinases.

Edited by E. F. Garman, University of Oxford, Because of its physiological role in cell growth and proliferation, its activity is

United Kingdom strictly controlled by several mechanisms. Nevertheless, in viral Src kinase

(v-Src) some of these mechanisms fail, and its uncontrolled activity is
Keywords: SH3 domain; Src kinase; tyrosine responsible for the occurrence of cancer. Here, the crystal structures of three
kinases; intertwined dimer; oncogens; crystal SH3-domain mutants of v-Src were determined to unveil the effects of these

structure. oncogenic mutations in this regulatory domain. Mutations in the n-Src and distal

loops have a low impact on the overall structure of the domain and its capacity

PDB references: v-Src SH3 domain, Q128R . . . . . K
to form intertwined dimers. However, mutations in the RT loop compromise the

mutant, 7ner; N117D-V124L mutant, 7nes;

WO5R-196T mutant, 7net stability of the domain and make the protein very prone to aggregation.

Additionally, these mutations prevent the formation of intertwined dimers. The
Supporting information: this article has results show a synergistic effect between mutations in the RT loop and those in
supporting information at journals.iucr.org/d the n-Src and distal loops. Analysis of the structures of the v-Src SH3-domain

mutants and the closed inactive conformation of cellular Src kinase (c-Src) point
to a loss of the interactions that are required to establish the compact inactive
form of the kinase. Nevertheless, an analysis of structures of the c-Src SH3
domain complexed with class I and II peptides points to minor changes in the
interactions between the v-Src SH3 domain and these peptides. In this way, the
structures reported here indicate that mutations in the RT loop might impair the
kinase regulation mechanism without affecting the recognition of short proline-
rich motifs in the target proteins of the kinase, thus explaining the oncogenic
behaviour of the protein.

1. Introduction

Cellular Src kinase (c-Src) is one of the most representative
members of the Src-family kinases (SFKs), a group of non-
receptor tyrosine kinases that mediate responses to extra-
cellular stimuli, phosphorylating a broad range of downstream
substrates. These kinases are involved in several cellular
processes such as proliferation, migration, differentiation and
survival (Brown & Cooper, 1996; Parsons & Parsons, 2004;
Bagnato et al., 2020). When overactivated, they also play a role
in the onset and progression of cancer. The members of this
family share an overall structure organization, including a
myristoylated N-terminal segment, three Src-homology (SH)
domains and a C-terminal tail. The C-terminal SH1, or cata-
lytic, domain contains an autoregulatory phosphorylation site
provided by a tyrosine residue, Tyr527. When it is phos-
phorylated, this tyrosine binds intramolecularly to the SH2
domain. In addition, a linker region between the SH1 and SH2
domains facilitates the closed inactive conformation of the

8 kinase by interacting with the SH3 domain. In addition, the
mm OPEN ACCESS SH3 domain recognizes short proline-rich motifs (PRMs) and
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regulates the activity of the enzyme, providing binding to the
target proteins. The structures of several SFK members have
revealed how domain interactions participate in the down-
regulation of the kinases (Engen et al, 2008). In this way,
intramolecular interactions between the SH3, SH2 and cata-
lytic domains facilitate the compact closed inactive confor-
mation of the kinase.

Viral Src kinase (v-Src) was first described in chickens
infected with Rous sarcoma virus (RSV). Although v-Src
shares 95% sequence identity with c-Src, this kinase shows
uncontrollable activity that is responsible for the occurrence
of sarcoma in chickens (Levinson et al, 1978). A critical
difference between c-Src and v-Srcis the loss of the C-terminal
tail, which contains the regulatory tyrosine Tyr527 (Bjorge et
al.,2000). The oncogenic variant also shows several mutations
in the domains of the kinase: in the myristoylated N-terminal
segment (Gly62Glu and Gly63Asp), SH3 (Arg95Trp, Thr96lle,
Aspl17Asn and Leul24Val) and SH1 (Arg318Gln, Thr338Ile,
Ala368Asp, Val467Gly, Argd69Gly, GIn474Arg and
Phe515GIn). Thus, the uncontrollable activity of v-Src is
attributed to the lack of the C-terminal regulatory tail, as well
as to several point mutations in its amino-acid sequence.
Furthermore, biophysical characterization of v-Src demon-
strated that these mutations also affect the protein stability
(Falsone et al., 2004).

In v-Src, the SH3 domain accumulates a significant
percentage of mutations. Nevertheless, and most importantly,
these mutations are critical for domain function and conse-
quently kinase activity. Two of the mutations are located at the
tip of the RT loop, which is named after the Arg95 and Thr96
residues, which are mainly conserved across the SFKs.
Moreover, some residues in this loop are responsible for the
specificity of the binding of PRMs and provide intramolecular
contacts to facilitate the closed inactive form of the kinase. In
the binding of PRMs, the canonical binding motif PxxP (where
P is proline and x is any amino acid) is usually flanked on
either side by a basic residue (arginine/lysine) that determines
the binding orientation of the PRM by interacting with Asp99
in the RT loop (Bacarizo & Camara-Artigas, 2013). Several
studies have demonstrated that when the oncogenic mutations
present in the SH3 domain of v-Src are introduced individu-
ally, the variant of the kinase is inactive in cell transformation
(Kato et al., 1986; Miyazaki et al., 1999). However, when the
mutations in the RT (Arg95Trp and Thr96lle) and n-Src

(Aspl17Asn) loops are combined, they make Src a highly
oncogenic protein. The n-Src and RT loops enclose the
hydrophobic binding surface of the SH3 domain formed by
several highly conserved aromatic residues. Also, in the c-Src
SH3 domain the n-Src loop acts as a hinge loop facilitating 3D
domain swapping to produce intertwined dimers by inter-
changing the RT loop (Camara-Artigas et al., 2009). Finally,
Vall24 is present in the distal loop and replaces a leucine
flanked by Ser123 and Thr125. The hydrogen bond between
the Ser123 and Glul06 side chains plays a critical role in the
folding transition state of the SH3 domain, where the folding
nucleus is defined by a network of interactions between a
subset of residues located in the distal loop (Klimov & Thir-
umalai, 2002).

In this work, we have cloned different variants of the v-Src
SH3 domain in order to facilitate its structural characteriza-
tion. Besides the v-Src SH3 domain bearing all of the muta-
tions, we have cloned domains with (i) only the oncogenic
mutations in the RT loop (v-Src SH3 N117D-V124L; c-Src
SH3 R95W-T961, based on the sequence of the non-oncogenic
variant c-Src) and (ii) those in the n-Src and distal loop (v-Src
SH3 W95R-196T; c-Src SH3 D117N-L124V). The v-Src SH3
domain was very unstable and prone to aggregation, which
impaired its purification and characterization. Previous studies
showed increased stability of the c-Src SH3 domain after the
introduction of a positively charged residue instead of the
glutamine at position 128 (Bacarizo et al., 2014). In this way, in
order to stabilize the domain and to be able to crystallize the
protein, we introduced a Gln128Arg mutation in the distal
loop (v-Src SH3 QI128R; c-Src SH3 R95W-T96I-D117N-
L124V-Q128R). Here, we discuss how the structural data can
explain the behaviour of this domain and might justify the lack
of control of the oncogenic v-Src tyrosine kinase.

2. Materials and methods

2.1. Cloning, expression and purification of the v-Src SH3
domain

The genes encoding the v-Src SH3 domain and its mutants
were synthesized by NzyTech, Lisbon, Portugal (Fig. 1). The
synthetic genes were subcloned into the pHTP1 expression
vector, including an N-terminal 6 xHis tag and an engineered
TEV cleavage site to eliminate the histidine tag after

Distal
B3 loop

c-Src SH3 domain

v-Src SH3 domain

v-Src SH3 Q128R

v-Src SH3 W95R-196T
v-Src SH3 N117D-V124L
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Sequences of the SH3-domain fragment of chicken c-Src and the mutants of the v-Src SH3 domain studied in this work. The v-Src residues (Schmidt

Ruppin E strain; UniProt entry P00524) are shown in bold.
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Table 1

Protein crystallization.

Protein v-Src SH3 Q128R
Space group P2,

Method Vapour diffusion
Plate type Sitting drop
Temperature (K) 283

Protein concentration (mg ml™") 5

Buffer composition of protein solution
Composition of reservoir solution

10 mM Tris buffer pH 8.0

10% glycerol, 40 mM lithium
chloride, 0.1 M acetate pH 5.5
6 pl, 1:1 ratio protein:reservoir
solution
Volume of reservoir (pul) 200
Observations 1 pl seed solution was added
to the crystallization drop

Volume and ratio of the drop

purification (Sequeira et al., 2017). The protein was expressed
in Escherichia coli strain BL21(DE3), and purification was
initially performed by a standard protocol using an Ni-NTA
column (Takara Bio Europe) as described previously
(Bacarizo et al., 2014). However, the protein yield using the
standard protocol was very low, and most of the protein
remained in the cell debris. The soluble fraction of the protein
was enhanced by reducing the culture temperature from 37 to
20°C before the addition of isopropyl B-p-1-thiogalacto-
pyranoside. After purification with an Ni-NTA column, the
protein was further purified using a Superdex 75 16/60 column
equilibrated in 50 mM sodium phosphate, 300 mM sodium
chloride pH 8.0 connected to an AKTA FPLC System (GE
Healthcare Life Sciences, Barcelona, Spain). Fractions of pure
protein were concentrated to 2-5 mg ml~" in the same elution
buffer. Before use, the protein was dialysed against the desired
buffer. Although the protein yield was low, we managed to
produce sufficient protein for crystallization and to solve the
structures of the v-Src SH3 W95R-196T and N117D-V124L
mutants. However, the protein bearing all of the oncogenic
mutations of the v-Src SH3 domain resulted in very low
purification yields, and once purified the protein was very
prone to forming aggregates. To improve the solubility of the
protein, several constructs with fusion proteins were assayed
without success. Finally, v-Src SH3 was cloned in the pHTP1
expression vector with a Q128R mutation, which resulted in a
slight stabilization of the protein.

Protein purity was assessed by SDS-PAGE and the protein
concentrations were established using extinction coefficients
calculated using the ProtParam tool from ExPASy (Gasteiger
et al., 2005): c-Src SH3 and v-Src SH3 WI5R-I96T, e,59 =
16 960 M~' cm™"; v-Src SH3, v-Src SH3 Q128R and v-Src SH3
N117D-V124L, £550 = 22 460 M~ cm ™.

2.2. Crystallization and structure determination of the v-Src
SH3-domain mutants

All crystallization screens were performed with freshly
purified protein to preserve the homogeneity of the samples.
The v-Src SH3-domain mutants were crystallized using the
vapour-diffusion technique with a sitting-drop setup. 6 pl

2.1 M ammonium sulfate, 5% PEG 200,

v-Src SH3 N117D-V124L v-Src SH3 WI95R-196T

P3,21 P65
Vapour diffusion Vapour diffusion

Sitting drop Sitting drop
288 298
10 10

10 mM Tris buffer pH 8.0
2.8 M ammonium sulfate,
0.1 M HEPES pH 7.0

10 mM Tris buffer pH 8.0

2.0 M ammonium sulfate, 5% PEG 300,
10% glycerol, 40 mM lithium
chloride, 0.1 M MES pH 6.5

6 pl, 1:1 ratio protein:reservoir 6 pl, 1:1 ratio protein:reservoir
solution solution

200 200

1l 0.5 M glycine was added
to the crystallization drop

droplets were obtained by mixing 3 pl protein solution (5-
10 mg ml~! in 10 mM Tris buffer pH 8.0) with 3 ul reservoir
solution and were equilibrated against 200 pl reservoir solu-
tion. Because of the low stability of the protein, screening was
performed at several different temperatures: 4, 10, 15 and
25°C. Micro-seeding techniques were used to improve the
quality of the crystals, particularly for the proteins with
oncogenic mutations in the RT loop. The seed stock was
prepared from poor-quality crystals, which were crushed using
a crystal-crusher tool (Hampton Research, USA). The
crushed crystals were aspirated by pipetting and placed into a
microcentrifuge tube. To ensure that the crystals were
adequately crushed, a steel Seed Bead (Hampton Research,
USA) was added to the microcentrifuge tube and the tube was
vortexed for 1 min. The crystal solution was centrifugated at
12 000g for 5 min and the supernatant solution was removed.
The pellet containing the crystal seeds was crushed again.
Before seeding, the concentrated seed stock was diluted 100
times with 10 mM Tris buffer pH 8.0. Detailed descriptions of
the crystallization conditions used for each protein are
compiled in Table 1.

Crystals were harvested from the crystallization drop using
LithoLoops (Molecular Dimensions, Sheffield, UK) and the
mother liquor surrounding the crystals was carefully removed
prior to flash-cooling in liquid nitrogen (Pellegrini et al., 2011).
Diffraction data were collected at 100 K on the BL13-XALOC
beamline at the ALBA synchrotron, Barcelona, Spain (Juan-
huix et al., 2014) and on ID30B at ESRF, Grenoble, France
(McCarthy et al., 2018). Data were indexed and processed with
XDS (Kabsch, 2010) in the autoPROC toolbox (Vonrhein et
al.,2011) and were scaled using AIMLESS (Evans, 2011) from
the CCP4 suite (Winn et al., 2011). Data-collection statistics
are shown in Table 2.

The structures were solved using the Phenix suite (Adams et
al., 2010; Liebschner et al., 2019). Molecular-replacement
phasing using the AutoMR feature of Phenix (Afonine et al.,
2012) was performed using the coordinates of the c-Src SH3
domain in its monomeric (PDB entry 6xvn) or intertwined
dimeric (PDB entry 6xvo) forms (Plaza-Garrido et al., 2020).
The final model was obtained after several manual building
cycles in Coot (Emsley & Cowtan, 2004; Emsley et al., 2010).
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Table 2

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

v-Src SH3 Q128R

v-Src SH3 N117D-V124L

v-Src SH3 WI95R-196T

were calculated using CONTACT
from the CCP4 suite (Winn et al.,
2011). pK, calculations were
performed with Rosetta (Kilambi
& Gray, 2012). Hydrogen-bond

Monomer Monomer Intertwined dimer
and accessible surface area

EDB 'intry Z]I;?;JB ESRF Z]I;ZSOB ESRF Z(nlitLOC ALBA (ASA) analyses were performed
eamline 30B, 3 ) . .

Data-collection temperature (K) 100 100 100 with the VADAR server (Willard

Wavelength (A) 0.9686 0.9762 0.9791 et al.,2003). The structural figures

Resolution range (A) 19.08-1.55 (1.60-1.55)  18.59-1.35 (1.40-1.35) 19.26-150 (155-150)  were generated using PyMOL 2.3

Space group P2, P3,21 Po6s 1

a, b, c(A) 22.34,34.98, 31.14 37.17, 37.17, 65.82 46.65, 46.65, 127.97 (Schrodinger).

o, B,y (°) 90, 96.40, 90 90, 90, 120 90, 90, 120

Total reflections 18418 (843) 91544 (4717) 83941 (2306) 2.4. Fluorescence measurements

Unique reflections 6888 (337) 12108 (600) 24714 (1007)

Multiplicity 2.7 (2.5) 7.6 (7.9) 3.4 (23) 2.4.1. Acid and alkaline dena-

Completeness (%) 97.9 (94.5) 100 (100) 98.3 (83.3) turation of the protein. All fluor-

Mean I/o(I) 6.5 (1.9) 18.1 (2.5) 20.3 (1.9)

Wilson B factor (A% 14.77 15.79 25.26 escence spectra were collected

Rierge 0.049 (0.311) 0.043 (0.707) 0.023 (0.377) using a Perkin Elmer LS-50

Runeas 0.052 (0.352) 0.049 (0.814) 0.032 (0.522) spectrofluorimeter. The stability

Roim. 0.037 (0.249) 0.018 (0.400) 0.016 (0.326) ¢ th . -

CCyp 0.998 (0.831) 1(0.922) 0.999 (0.817) of the protem versus pH was

CC* 1 (0.960) 1 (0.987) 1 (0.954) assessed by measuring the

Reflections used in refinement 6879 (679) 12056 (1193) 24655 (2190) intrinsic  fluorescence of the

Reflections used for Ry. 337 (34) 612 (54) 1223 (104) . .

Ruort 0.147 (0.203) 0.158 (0.233) 0.185 (0.241) protein. The protein concentra-

Riree 0.162 (0.179) 0.183 (0.234) 0.194 (0.289) tion was 2 UM in 50 mM buffer

CC(work) 0.976 (0.935) 0.973 (0.950) 0.961 (0.910) prepared using the corresponding

CC(free) 0.972 (0.897) 0.947 (0.934) 0.960 (0.880) .

No. of non-H atoms salts and acids: pH 2.0-3.0, phos-
Total 544 546 1062 phoric acid; pH 3.0-4.0, formic
i’l,a“‘:im"l““les ‘3‘28 379 332 acid; pH 4.0-5.5, acetic acid; pH

1gands
g P p ol 6.0-7.0, NaH,PO,; pH 7.5-9.0,

No. of protein residues 60 59 114 Tris acid; pH 9.5-11.0, Na,COs;

R.m.s.d., bonds (A) 0.011 0.010 0.018 pH 11.5-13.0, Na;PO,. Appro-

R.m.s.d., angles (°) 0.96 1.00 1.60 . o

Ramachandran favoured (%) 9655 9821 99.09 priate blank corrections were

Ramachandran allowed (%) 3.45 1.79 0.91 made in all spectra. At least two

Ramachandran outliers (%) 0.00 0.00 0.00 independent measurements were

Rotamer outliers (%) 0.00 1.96 0.00

Clashscore 0.00 0.00 052 conducted at each pH value, and

Average B factor (A%) the actual pH value of each
Overall 18.69 2071 38.46 sample was measured with a pH
Macromolecules 16.67 19.31 37.56 .

Ligands 3777 = 50.64 meter after completion of the
Solvent 31.73 30.68 43.46 experiment. Samples were excited
at 280 nm, and the emission
spectra were collected between
Water molecules were modelled automatically using 300 and 500 nm. The bandwidth for slits was 5 nm for both

phenix.refine in Phenix (Afonine et al., 2012) and manually
inspected in the difference electron-density maps. In the final
rounds of refinement, some molecules belonging to the
precipitant solution were modelled. The final models were
validated using MolProbity and PDB-REDO (Chen et al.,
2010; Joosten et al., 2014). Structure-solution and refinement
statistics are shown in Table 2. The atomic coordinates of all
structures have been deposited in the Protein Data Bank (for
PDB codes, see Table 2).

2.3. Structure analysis

Structure superposition and r.m.s.d. calculations were
performed using the CCP4 module LSOQKAB (Kabsch, 1976).
Protein interfaces in the crystal were characterized using the
PISA server (Krissinel, 2011). Distances between amino acids

excitation and emission, and the path length was 1 cm. The
protein stability versus pH was analysed at 25°C in the pH
range 1-14, as reported previously (Plaza-Garrido et al., 2020).
The apparent pK, value of the acid and basic transition can be
calculated using the Henderson—-Hasselbalch equation,

Y, + Yb10(PH_PKﬂ)

T 14 100eH-pK) ? M

where Y is the fluorescence intensity observed and Y, and Y,
are the fluorescence intensity at the lowest and highest pH
value, respectively. The experimental values were fitted to (1)
using Origin 2018 (OriginLab, USA).

2.4.2. Guanidine hydrochloride denaturation. The
chemical-induced unfolding of the v-Src SH3-domain variants
was measured in the presence of the denaturant guanidine

Acta Cryst. (2021). D77, 854-866
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hydrochloride (GndHCI). Briefly, 2 pM protein samples were
prepared in 50 mM sodium phosphate pH 7.0 containing

(0)

Figure 2

(a) Intertwined dimer of the v-Src SH3 WI95R-196T variant (PDB entry
Tnet; chain A, blue; chain B, yellow) overlaid on the c-Src SH3-domain
open protomer (chain A, grey; PDB entry 6xvo). The average backbone
r.m.s.d. value is 0.28 A. Mutated residues in the n-Src and distal loops are
shown as sticks (chain A). (b) Superposition of the v-Src SH3 W95R-196T
variant intertwined dimer (chain A, blue; chain B, yellow) and the c-Src
SH3-domain monomer (chain A, purple; chain B, cyan; PDB entry 6xvo).
(c) Residues in the distal loop are shown as sticks.

different concentrations of GndHCI and left overnight at 25°C
to reach equilibrium. At least two independent measurements
were conducted at each GndHCI concentration. The unfolding
curves were analysed using the two-state model (Pace &
Laurents, 1989). Thus, the value of the Gibbs energy in the
absence of denaturant, AG,,, was obtained using the equation

(Y, +m,[D]) + (Y4 + my[D]) eXp[_ AG%T’"[W}

Lt [_ AG, — m[D]] ’

RT
@

where Y is the spectral energy of emission, [D] is the de-
naturant concentration and m is the slope. Y, and Y, are the
spectral energy emission values of the native and unfolded
protein, respectively. The experimental values were fitted to
(2) using Origin 2018 (OriginLab, USA).

Y =

2.5. Amyloid characterization

To characterize the presence of amyloid aggregates in the
purified protein, we used the thioflavin T (ThT) enhancement
of fluorescence (Hatters & Griffin, 2011). A stock solution of
2mM ThT in water was prepared by weighing. The dye
concentration was experimentally determined by measuring
the absorbance at a wavelength of 412 nm and using a molar
extinction coefficient of 36000 M 'cm™'. Fluorescence
spectra were collected on a Perkin Elmer LS-50 spectro-
fluorimeter using a 3 mm path-length Hellma quartz-cell
microcuvette. For each measurement, 3-5 pl protein solution
(final concentration 15 pM) was mixed with 0.5 pl ThT stock
solution in a final volume of 100 pl buffer (100 mM sodium
chloride, 50 mM sodium phosphate pH 7.0). Fluorescence
emission spectra were acquired in the range 450-600 nm with
a 10 nm bandwidth upon excitation at 445 nm using a 5 nm
bandwidth.

We also determined the presence of amyloids by measuring
the change in the absorption spectrum of the dye Congo Red
(CR) in the visible range (Hatters & Griffin, 2011). The CR
spectra were recorded between 400 and 600 nm using a Perkin
Elmer Lambda 25 spectrometer. A stock solution of 100 pM
CR was prepared in double-distilled water. For each
measurement, a volume of between 50 and 100 pl protein
solution (final concentration 50 pM) was mixed with 100 pl
CR stock solution and adjusted to a final volume of 500 pl with
50 mM sodium phosphate pH 7.0.

2.6. Dynamic light scattering (DLS)

DLS experiments were performed in a Zetasizer Nano
instrument (Malvern Instruments, United Kingdom) equipped
with a 10 mW helium-neon laser (wavelength 632.8 nm) and a
thermoelectric temperature controller. Experiments were
analysed with the Zetasizer software (Malvern Instruments).
The hydrodynamic radius (R;,) was determined at two
different protein concentrations (5 and 10mgml™') as
described elsewhere (Bacarizo et al., 2014). Experiments were
conducted at three different temperatures (15, 20 and 25°C)

858 M. Carmen Salinas-Garcia et al. -+ v-Src SH3-domain mutants
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and two pH values (pH 5.0 in 50 mM acetate buffer and pH 7.0
in 50 mM phosphate buffer).

3. Results
3.1. Structure of the v-Src SH3-domain mutants

The crystals of v-Src SH3 WI95R-196T (c-Src SH3 D117N-
L124V) belonged to space group P6s, with unit-cell para-
meters similar to those obtained for crystals of the c-Src SH3-
domain intertwined dimers (Bacarizo et al, 2014; Camara-
Artigas et al., 2009). The coordinates of the open protomer of
c-Src were used for molecular replacement (PDB entry 6xvo),
and the search resulted in the placement of two chains of the

30 T T T T
+PEG
251 —— -PEG |
~20} .
X
o L J
g 15
=
S 10} 1
5 - 4
0
1 10 100 1000
Radius (nm)
(a)
—15°C
——20°C |
—25°C
1 10 100 1000
Radius (nm)
(@)

Figure 3

DLS measurements of the v-Src SH3 variants. (a) v-Src SH3 W95R-196T
at 5 mg ml™" in 50 mM sodium acetate buffer pH 5.0 in the absence (red
line) and in the presence (black line) of 5% PEG 300 at 25°C. In the
absence of PEG, the protein is a monomer with R, = 1.8 £ 0.3 nm. After
adding 5% PEG 300, the hydrodynamic radius increases to a value of 2.4
+ 0.5 nm. (b) Temperature-dependent aggregation of the v-Src SH3
N117D-V124L variant. After incubation for 24 h at three different
temperatures, the protein was measured at 5 mg ml~" in 50 mM sodium
phosphate buffer pH 7.0. At low temperature (<15°C) 99.9% of the
protein is a monomer with an Ry, of 1.8 &£ 0.4 nm. At higher temperatures,
the protein aggregates, forming high-molecular-weight oligomers, and
after one day of incubation the monomer population decreases at both
20°C (66%) and 25°C (39%). These oligomers tested positive for amyloid
aggregates using the ThT and CR assays.

open protomer in the asymmetric unit. Comparison of this
dimer with those previously reported did not show significant
differences. Both mutations, Aspl117Asn and Leul24Val, do
not produce significant changes in the backbone of the protein
(Fig. 2). As in the previous structures, a low-molecular-weight
PEG is positioned in the dimer interface, where a cluster of
interactions stabilize the domain-swapped form of the protein
(Camara-Artigas et al, 2009). Among the most relevant
interactions are an inter-chain salt bridge between Arg95 and
Glull5 and a cluster of hydrogen bonds where Thr96
participates in intra-chain and inter-chain interactions.

A comparison of the v-Src SH3 WI95R-196T dimer structure
with the monomeric structure of the c-Src SH3 domain shows
a different scenario. In the distal loop, Leul24 is placed
between Ser123 and Thr125-Thr126. These residues form a
cluster of hydrogen bonds with Glul06 at the g-diverging turn
that plays a critical role in folding the c-Src SH3 domain
(Grantcharova et al., 1998). The structures of the monomeric
form of the c-Src SH3 domain were obtained in the monoclinic
space group P2; with two (PDB entry 6xvn) or four (PDB
entry 6xvm) molecules in the asymmetric unit (Plaza-Garrido
et al., 2020). These chains show the characteristic SH3 fold
with different conformations in the distal loop, where the main
difference is the hydrogen-bond network involving residues
Glul06, Ser123 and the neighbouring residues Thr125 and
Thr126 (Bacarizo et al, 2014). In these conformations, the
Leul24 side chain adopts different conformers, facilitating the
rearrangement of hydrogen bonds. The replacement of leucine
by valine, which has a shorter chain, might impair the ability of
this residue to act as a switch between conformations (Fig. 2).

Crystals of the v-Src SH3 domain bearing oncogenic
mutations in the RT loop, the v-Src SH3 N117D-V124L
(c-Src SH3 R95W-T96I) and Q128R (c-Src SH3 R95SR-T961-
D117N-L124V-Q128R) variants, are more challenging to
crystallize because these proteins are very prone to form high-
molecular-weight aggregates. v-Src SH3 WI95R-196T shows a
single population (99.9%) with a hydrodynamic radius char-
acteristic of a monomer (Ry, = 1.8 nm) and forms dimers in the
presence of PEG 300 (R, = 2.4 nm; Fig. 3a). However, the
protein with mutations in the RT loop shows a temperature-
dependent aggregation process, giving a single peak with an Ry,
of 1.8 nm when kept at temperatures lower than 15°C. Upon
exposure to 20 and 25°C for one day, the DLS measurements
show a decrease in the peak corresponding to the monomer
and an increase in the aggregate peaks (Fig. 3b). ThT and CR
assays showed that both proteins form amyloids in a few days
at 25°C under mildly acidic and neutral pH conditions. For this
reason, all crystallization trials were performed between 4 and
15°C.

The v-Src SH3 N117D-V124L crystals belonged to the
trigonal space group P3,21, with only one SH3 molecule in the
asymmetric unit. The overall fold corresponds to the closed-
monomer form of the SH3 domain. Superposition of the v-Src
SH3 N117D-V124L chain on both chains present in the
monomeric form of c-Src SH3 (PDB entry 6xvn) shows
backbone r.m.s.d. values of 0.84 and 1.01 A for chains A and B,
respectively. In this mutant, the n-Src loop conformation is
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Figure 4

Cartoon representation of the superposition of the c-Src SH3 domain
(PDB entry 6xvn; chain A, purple; chain B, cyan) and (a) the v-Src SH3
N117D-V124L variant (PDB entry 7nes) and (b) the v-Src SH3 Q128R
variant (PDB entry 7ner). In both chains of the c-Src SH3 domain, the
n-Src loop has been partially modelled and the unmodelled residues are
represented by a dashed line. Hydrogen bonds in the RT loop of (¢) the
v-Src SH3 N117D-V124L variant, (d) the v-Src SH3 Q128R variant and
(e) the c-Src SH3 domain (chain A).
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similar to that found in chain A of ¢-Src SH3. Meanwhile, the
distal loop conformation differs from that present in both
chains of c-Src SH3 (Fig. 4). As expected, the most significant
differences are found in the RT loop, in which the oncogenic
mutations Arg95Trp and Thr96lle are located. In c-Src SH3,
the hydrogen bond in the type I B-turn occurs between Thr96
and Asp99 through their side-chain and backbone atoms,
respectively. Nevertheless, in v-Src SH3 the substitution of
threonine by isoleucine prevents hydrogen-bond formation by
its side chain, and in this case the type I S-turn shows a
hydrogen bond between the backbone atoms Ile96 O and
Asp99 N (Fig. 4).

Although we tried to purify the protein bearing all of the
oncogenic mutations, v-Src SH3, this protein was very prone to
aggregation, impairing its purification and crystallization. To
analyse the effect of the oncogenic mutations on the overall
structure of this domain, we introduced a GIn128 Arg mutation
in the distal loop, which increases the stability of c-Src SH3
(Bacarizo et al., 2014). The v-Src SH3 Q128R mutant was
stable enough to allow biophysical studies and to be crystal-
lized. Even with this stabilizing mutation, the protein was still
very prone to aggregation, forming amyloid-like aggregates.
All of the crystallization trials were performed at 4 and 10°C
using fresh protein. The initial crystals were twinned and the
crystal quality was improved by micro-seeding (Bergfors,
2003). The resulting crystals belonged to the monoclinic space
group P2, with only one SH3 molecule of the monomer form
in the asymmetric unit. Comparison of the backbone atoms of
this structure with those in the monomeric structure of c-Src
SH3 (PDB entry 6xvn) shows average r.m.s.d. values of 0.68
and 1.11 A compared with chains A and B, respectively.
Significant differences are found in conformations of the RT,
n-Src and distal loops. The type of B-turn in the RT loop is also
different from that found in v-Src SH3 N117D-V124L. In this
case, residues I1e96-Asp99 form a type IV p-turn with a
hydrogen bond between I1e96 N and the Asp99 side chain
(Fig. 4). It is worth mentioning that in this structure Trp95 and
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Figure 5

Native fraction of the v-Src SH3 mutants versus pH at 25°C: v-Src SH3
Q128R (blue circles and line), v-Src SH3 WI5R-196T (green triangles and
dashed line) and v-Src SH3 N117D-V124L (red squares and dashed/
dotted line). For comparison, data for c-Src SH3 have also been included
(black diamonds and dotted line).

Glu97 are in unfavourable, but allowed, regions of the
Ramachandran plot.

Besides the RT loop mutations, the v-Src SH3 QI128R
variant also bears oncogenic mutations in the n-Src and distal
loops at Asnl17 and Vall24. The conformation of its n-Src
loop differs from those found in c-Src SH3 and v-Src SH3
N117D-V124L. Moreover, in the n-Src loop all of the residues
have been modelled. Several hydrogen bonds are responsible
for this reduced flexibility. Asn117 interacts with Ser134 in the
310-helix, and a hydrogen bond between Asnl12 and GlyS81
also reduces the flexibility of the amino-terminal region. In
c-Src SH3 the amino-terminal region is usually disordered, but
in v-Src SH3 Q128R residues Gly81-Leu89 form an extended
B1 strand. Comparison of the v-Src SH3 Q128R and v-Src SH3
N117D-V124L variants also shows differences in the
hydrogen-bond network around Glul06. In the Q128R
mutant, Thr125 shows a single conformation and does not
form a hydrogen bond to the Glul06 side chain (Fig. 4).

Finally, analysis of the crystal interfaces of the monomeric
and dimeric structures of the v-Src SH3 variants using the
PISA server shows no crystallographic correlation between
these crystal structures. The intertwined dimer structure
crystallizes in the same space group as other c-Src SH3
intertwined dimers described previously and the crystallo-
graphic interfaces are practically the same (Camara-Artigas et
al., 2009). However, the monomeric structures of the v-Src
variants belong to crystals that differ from those used to
obtain previous structures of the c-Src SH3 domain. More-
over, both crystals show an unusually low solvent content
(v-Src SH3 Q128R and v-Src SH3 N117D-V124L have 29%
and 35% solvent content, respectively). v-Src SH3 Q128R has
up to six crystallographic interfaces, while v-Src SH3 N117D-
V124L has only three. In addition to the low solvent content,
in v-Src SH3 Q128R a PEG molecule and a sulfate ion facil-
itate the packing between protein molecules in the crystal. In
both crystal forms, Trp95 and Ile96 participate in the
crystallographic interfaces, but the packing around these
residues is different in each crystal form, which results in
different rotamers of their side chains and displacement of the
backbone atoms (the r.m.s.d. of the backbone atoms is ~2 A).
Some residues in the n-Src loop also participate in the
crystallographic interfaces, and the tight packing in the crystal
reduces the flexibility of this loop, which has been fully
modelled. The conformation of this loop is different in each
monomeric structure, which is also related to the contacts
between secondary-structure elements in the v-Src SH3
Q128R variant, as explained above.

3.2. Biophysical characterization of the v-Src mutants

3.2.1. Stability of the v-Src SH3 mutants versus pH. We
determined the stability of the v-Src SH3 variants versus pH
by measuring the intrinsic fluorescence spectra in the pH
range 1-14. Fig. 5 shows the normalized fluorescence emission
intensity versus pH, and Table 3 compiles the apparent pK,
values obtained for the acidic and basic denaturation of the
proteins as calculated using (1).
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Table 3
Apparent pK, values for acidic and basic denaturation.

Values are given with their standard deviation.

pK. No. of ionizable residues
Acidic  Basic Asp Glu His Tyr Lys Arg

Protein

v-Src SH3 Q128R 48 £0.1 106 £0.1 3
v-Src SH3 WI5R-196T 3.2 +0.1 104 +0.1 3
v-Src SH3 N117D-V124L 4.9 £ 0.1 10.7 £ 0.1 4
c-Src SH3 WT+ 40£0.1 108+0.1 4

B S A
e
B S A
[SS N NS N NS T \S
N = NN

f Data from Plaza-Garrido et al. (2020).

The pH-dependence of stability of the v-Src SH3 variants
shows the typical bell-shaped curve. In the acidic region, the
transition might be attributed to the protonation of aspartate
and glutamate residues. The v-Src SH3 W95R-196T mutant is
the most stable compared with the proteins bearing the
oncogenic mutations in the RT loop. In addition, in the n-Src
loop the presence of asparagine instead of aspartate seems to
produce some stabilization in this mutant compared with c-Src
SH3. Asnl117 forms hydrogen bonds to Ser134 in the 3,4-helix
which are not dependent on the pH, and might confer higher
stability on this mutant in the acidic region. However, the
v-Src SH3 Q128R and N117D-V124L mutants are prone to
aggregate in acidic solutions and have a narrower stability
range (pH 5.5-10). In the basic range all of the v-Src SH3
variants show the same behaviour, with an apparent pK, of
~10.6 & 0.2, which is similar to that obtained with the non-
oncogenic protein c-Src SH3 (Plaza-Garrido et al., 2020).

We calculated the apparent pK, values of ionizable residues
using the Rosetta server (Kilambi & Gray, 2012; Supplemen-
tary Table S1). In all of the v-Src SH3 structures Asp99 shows
a pK, value lower than its intrinsic pK, (4.0), and it is the
residue with the most remarkable changes in all of the
analysed structures. Asp99 plays a critical role in binding
PRMs by forming a salt bridge with the positively charged
residue flanking the canonical sequence PxxP (Bacarizo &

1.0F

Fraction native
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S
N
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=
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Figure 6

Native fraction of v-Src SH3 mutants versus GndHCI concentration at pH
7.0 and 25°C: v-Src SH3 Q128R (blue circles and line), v-Src SH3 W95R-
196T (green triangles and dashed line) and v-Src SH3 N117D-V124L (red
squares and dashed/dotted line). For comparison, the unfolding curve of
c-Src SH3 (black diamonds and dotted line) has also been included.

Table 4
Thermodynamic parameters derived from GdnHCI denaturation.

my, (M) AG,, (k] mol™)
v-Src SH3 Q128R 1.74 £ 0.02 9.78 £ 1.04
v-Src SH3 N117D-V124L 2.18 4+ 0.02 11.68 =+ 1.40
v-Src SH3 W95R-196T 227 £ 0.02 11.43 +2.26
c-Src SH3+t 2.76 £ 0.03 17.11 4 2.00

+ Data from Plaza-Garrido et al. (2020).

Camara-Artigas, 2013). The RT loop must have some flex-
ibility to perform its function in recognizing PRMs, and the
interactions between residues in this loop determine its final
conformation. In this way, Asp99 can establish up to five
hydrogen bonds through its carboxylate side chain, and the
low ASA value of its side chain (<10 A%) indicates complete
burial of the residue (Fig. 4). An explanation of the low pK,
value calculated for Asp99 is that some conformations of the
RT loop might result in a tightly packed core that fits the
deprotonated residue better (Kilambi & Gray, 2012). Upon
the binding of PRMs, the network of hydrogen-bond inter-
actions around Asp99 is modified to facilitate the salt bridge
between Asp99 and the flanking arginine residue in the PRM
(Bacarizo et al., 2015). Interestingly, although Asp99 forms a
salt-bridge interaction in the complex structures of c-Src SH3
and PRMs, this residue does not form interdomain inter-
actions in the structures of the closed inactive conformation of
the full kinase (Williams et al., 1997; Sicheri et al., 1997).

3.2.2. Isothermal denaturation by guanidium hydro-
chloride. The GdnHCl-induced equilibrium denaturation of
v-Src SH3 mutants was monitored by the decrease in the
intrinsic fluorescence of the protein at 25°C (Fig. 6). The
unfolding curves were analysed using the two-state model, and
the thermodynamic parameters are compiled in Table 4. The
midpoints of the transition of the N117D-V124L and W95R-
I96T variants and their unfolding free-energy change are
practically the same but are lower than the values for c-Src
SH3 (Plaza-Garrido et al., 2020). The protein with all of the
oncogenic mutations, v-Src SH3 Q128R, shows the lowest
stability.

4. Discussion
4.1. The structures of the v-Src SH3-domain variants

Src kinases play an important role in the cell, mediating
responses to extracellular stimuli by phosphorylating a broad
range of downstream substrates, and are strictly regulated by
several mechanisms (Roskoski, 2004). In the v-Src kinase, a
few mutations impair these regulatory mechanisms, resulting
in an oncogenic protein. A number of these mutations are
located in the SH3 domain, which plays a critical role in
enzyme function by facilitating the interaction with partner
proteins and providing the formation of the closed inactive
conformation of the kinase. It has been reported that the
individual introduction of the oncogenic mutations Arg95Trp,
Thr96lIle, Aspl17Asn and Leul24Val does not modify the
cellular function of c-Src. However, when these mutations
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were combined, the kinase was active and highly oncogenic
(Miyazaki et al., 1999). To study the structural changes
produced by the presence of these oncogenic mutations in the
SH3 domain of the c-Src tyrosine kinase, we have crystallized
and solved the structures of several variants of the v-Src SH3
domain. The protein bearing all of the oncogenic mutations
showed very low stability, which precluded its purification and
therefore its crystallization. To increase the stability of the
protein, we used a v-Src SH3 mutant in which glutamine was
replaced by arginine at position 128. We have previously
demonstrated that this substitution increases the stability of
c-Src SH3 without affecting the formation of domain-swapped
dimers (Plaza-Garrido et al., 2020; Bacarizo et al., 2014).

We obtained an intertwined structure of the v-Src SH3
WOS5R-196T variant, which shows the same overall fold as
previous domain-swapped dimers of c-Src SH3, and the
mutated residues do not produce significant changes in the
structure (Camara-Artigas et al., 2009; Bacarizo et al., 2014;
Plaza-Garrido et al., 2020). However, we could not obtain the
intertwined dimer structure of v-Src SH3 bearing the onco-
genic mutations in the RT loop, even with crystals obtained
using the same crystallization conditions. Instead, we only
obtained the monomeric form, and both mutants had only a
single molecule in the asymmetric unit. The reason for the lack
of intertwined dimers of these mutants can be found in the
role played by Arg95 and Thr96 in the stabilization of the
dimeric structure. Neither tryptophan nor isoleucine can form
interactions to stabilize the intertwined dimer (Fig. 7).

It is worth mentioning that the monomeric form of c-Src
SH3 crystallizes with two or four molecules in the asym-
metric unit that represent two different main conformations
of the domain (Plaza-Garrido et al., 2020). In the structures of
c-Src SH3, the n-Src loop shows high flexibility that impairs
the modelling of the whole backbone/side chains of the resi-
dues in the loop, but this flexibility is lost in the v-Src SH3
Q128R mutant. In the RT loop, the oncogenic mutations
modify the network of interactions around Asp99, and this
results in a different loop conformation compared with the c-
Src structures. Arg95 and Thr96 are conserved in the SFKs,
except for the Hck kinase, in which isoleucine and histidine
instead of arginine and threonine result in a noticeable
increase in the flexibility of the RT loop (Arold et al., 1998). In
the v-Src SH3 Q128R structure, the loss of intra-chain inter-
actions in the RT loop might increase the energy of the loop.
Besides, the stability of this mutant might be affected by the
presence of Trp95 and Glu97 in unfavourable regions of the
Ramachandran plot. Tryptophan is not a typical residue in -
turns, where proline and glycine residues are statistically
favoured, presumably because their unique side chains
contribute favourably to the conformational stability of the -
turn. Additionally, if the loop is solvent-exposed then polar
residues are preferred to stabilize the B-turn (Trevino et al.,
2007). An example of a tryptophan in a solvent-exposed -
turn is Trp60 in the highly amyloidogenic protein B2-micro-
globulin. The Trp60Gly mutation stabilizes the protein and
reduces its amyloidogenic propensity (Esposito et al., 2008). In
our case, the oncogenic mutation Arg95Trp might have the

opposite effect, reducing the stability of the protein and
increasing its amyloidogenic propensity.

Folding experiments conducted with c-Src mutants with a
cross-linked RT loop and N- and C-termini showed a dramatic
slowdown in the unfolding rate, suggesting that the rate-
limiting step in unfolding involves dissociation of the N- and
C-termini and opening of the RT loop (Grantcharova et al.,
2000). Experimental and molecular-dynamics simulation
studies showed that the first regions of the SH3 domain to
become ordered are the three hairpin loops: the distal loop,
RT loop and n-Src loop (Baker et al, 1999). The three-
stranded sheet formed by the distal loop B-hairpin and the
n-Src loop contains the residues that are considered to be in
the hydrophobic folding nucleus of the SH3 domain (Ile110,
Alal21 and Ile132). This sheet has a much higher density of
stabilizing interactions than other portions of the protein with
similar length, and the ordering of the residues produces
significant gains in attractive interactions. Meanwhile, the
ordering of additional residues in the RT loop increases the
entropic cost of structure formation without significant
increases in the attractive native interactions (Northey et al.,
2002; Riddle et al., 1999). The interaction of the RT loop with
the central three-stranded sheet is facilitated by hydrophobic
contacts between the core residues, Phel102 and Leul08, and a
hydrogen bond between the side chain of Glul06 and the
backbone N atom of Lys103. The weak interactions between
the folding nucleus and the late folding of the RT loop might
explain the easy interchange of this loop in forming the
intertwined dimers.

E115

Figure 7

Interactions at the interface of the intertwined dimer of v-Src SH3 W95R-
196T (PDB entry 7net). The residues in the different chains of the dimer
are coloured grey (chain A) and green (chain B). The structure of the
v-Src SH3 Q128R mutant (yellow; PDB entry 7ner) is overlaid on one of
the dimer chains. The mutated residues, Trp95 and I1e96, are shown as
sticks. The Thr96(A)/Thr98(A) residues form a hydrogen bond mediated
by a water molecule (W) to the symmetry-related Thr96(B)/Thr98(B)
residues. For the sake of clarity, these symmetry-related residues are not
represented. Asp99 show a double conformation, which facilitates intra-
chain hydrogen bonds with different residues in the RT loop.
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In the monomeric structures of v-Src SH3, the RT loop
conformation differs from that found in the c-Src SH3 domain.
The disruption of some interactions in the RT loop might also
affect the stability of the protein. The electrostatic interactions
in the RT loop are also altered by the presence of two
hydrophobic residues, tryptophan and isoleucine, instead of
the polar residues arginine and threonine. The pK, value of
Asp99 might be affected by these changes and it might explain
the shorter range of stability versus pH of v-Src mutants
bearing the oncogenic mutations in the RT loop.

4.2. SH3 interactions in the kinase and in complex with PRMs

Previously, it has been shown that the oncogenic mutations
in the SH3 domain suppress binding to the c-Src kinase
domain while retaining the ability to bind a subset of cellular
proteins at a level similar to that of c-Src SH3 (Miyazaki et al.,
1999). Residues in the RT loop are responsible for the speci-
ficity of the binding, and a salt bridge between Asp99 and an
arginine flanking the canonical PxxP motif determines the
orientation of the peptide as class I or II (Fig. 8; Bacarizo &
Camara-Artigas, 2013). However, Asp99 does not interact
with the linker region of the c-Src kinase (PDB entry 2ptk;
Williams et al., 1997). Indeed, this region only has a proline
residue, Pro250, which together with the aliphatic chain of
Lys249 interacts with the first pocket (Tyr90/Tyr136) in the
hydrophobic surface of the SH3 domain. The methyl group of
Thr252 occupies the second binding pocket (Tyr136/Pro133/
Trp118) and Ala256-Lys257 make a stacking interaction with
the third pocket (Trp118/Tyr131) (Fig. 9a). In this way, the
interaction of the SH2-kinase linker is expected to be weaker
than the binding of the PRMs of the partner proteins with the
consensus sequence PxxP. The inactive closed state of the
kinase shows two salt bridges that can compensate for the lack
of the second proline residue to drive intramolecular binding
(Asp91-Lys249 and Aspl117-Arg318). The oncogenic muta-
tion Aspl17Asn impairs the salt bridge with Arg318; also, the
replacement of arginine by tryptophan, Arg95Trp, results in
the loss of several interactions between the linker region and
the RT loop (Fig. 9b). Therefore, these interactions might be
essential to support the weak contact between the SH3
domain and the linker region and would explain the previous
results that point to a lack of binding of the v-Src SH3 domain
to the linker region in the v-Src kinase (Fig. 9¢; Miyazaki et al.,
1999). However, residues Arg95-Thr96 do not interact with
residues in the PRMs in the complex structures of class I and
II peptides with c-Src SH3 (Bacarizo & Camara-Artigas, 2013;
Fig. 8). In this way, the interaction of the v-Src SH3 domain
with its partner proteins might not be affected, as observed
previously (Miyazaki et al., 1999).

Although 3D domain-swapping has been described in the
c-Src SH3 domain, to date there is no evidence of the
formation of intertwined structures in the full Src kinase.
Other SH3 domains from proteins with different structures
and functions also form intertwined dimers (Camara-Artigas,
2016; Richter et al., 2020). Moreover, this oligomerization
process has also been described in the SH2 domain (Huculeci

et al., 2015). Given the repeated occurrence of this oligomeric
association in these domains, the question arises of whether
there might be an associated biological function and how this
oligomerization would affect the kinase function. Compara-
tive studies performed with c-Src and v-Src demonstrated that
the viral form has a larger number of unstructured regions, a
lower compactness, a higher exposure of hydrophobic resi-
dues, an increased sensitivity to denaturation and a more
pronounced tendency towards aggregation (Falsone et al.,
2004). In c-Src, the formation of the intertwined oligomers
occurs by exchanging the RT loop, in which the n-Src loop acts
as a hinge loop, allowing partial exposure of the hydrophobic
core of the protein. The open protomer can evolve to form the

(®)

Figure 8

Superposition of the (a) v-Src SH3 Q128R (green) and (b) v-Src SH3
N117D-V124L (yellow) variants with the structure of the c-Src SH3
Q128R-APP12 complex (PDB entry 5obl). The SH3 domain is
represented as a cartoon (white) and the peptide as sticks (magenta).
The mutations present in each oncogenic variant are represented as
sticks. The Asp99-APP12-Arg7 salt bridge that drives the peptide
orientation upon binding is also shown.

864 M. Carmen Salinas-Garcia et al. -+ v-Src SH3-domain mutants

Acta Cryst. (2021). D77, 854-866



research papers

,,(b), i

Figure 9

(a) Interactions between the SH2-kinase linker (grey) and the SH3
domain (green). Residues of the SH2 and kinase domains that also
interact with the SH3 domain in the structure of the c-Src kinase (PDB
entry 2ptk) are shown as orange sticks. The interactions between residues
in the SH3 domain and SH2-kinase linker (shown as sticks) are marked
by green dashed lines. The three interaction pockets are marked in
orange and labelled P1, P2 and P3. (b) Superposition of the SH3 domain
of the c-Src kinase and the v-Src SH3 Q128R mutant (PDB entry 7ner,
yellow, cartoon). The oncogenic mutations Trp95 and Asnl17 are shown
as yellow sticks and the interactions established by Arg95 and Aspl17
have been removed. (¢) Closed inactive conformation of the c-Src
tyrosine kinase from chicken (PDB entry 2ptk). The SH1-domain N- and
C-terminal lobes are coloured magenta and pink, respectively. The SH2
domain is coloured blue and the SH2-SH1 linker cyan. The SH3 domain
is shown in green and the superposition of v-Src SH3 is shown in yellow.
The mutated residues in the SH3 domain are shown as sticks.

closed protomer again or, if the concentration is high enough,
the hydrophobic residues might avoid solvent exposure by
exchanging the RT loop between neighbouring chains. Our
results have shown that those variants of the v-Src SH3 in
which the dimer is not stabilized are especially prone to
aggregation. Whether the lower stability and tendency
towards aggregation of full v-Src is related to the lower
stability and aggregation behaviour of its SH3 domain
requires further characterization.

5. Conclusions

The c-Src kinase is involved in maintaining normal cell
homeostasis, and several mechanisms strictly regulate its level
of expression and activity. When some of these mechanisms
fail, Src is overexpressed or hyperactivated, starting the
uncontrolled proliferation of cells that leads to cancer (Sen &
Johnson, 2011). Fifty years ago, Src was the first oncogene to
be discovered, in a chicken retrovirus, Rous sarcoma virus
(RSV). Since then, the protein codified by this proto-onco-
gene has been broadly studied to determine the origin of its
unregulated behaviour. Nevertheless, to date no structural
information has been available. In this work, we have
described the first crystallographic structures of the SH3
domain bearing the oncogenic mutations of v-Src. Our results
show that a v-Src SH3 variant bearing mutations in the n-Src
and distal loops, the v-Src SH3 W95R-196T variant, shows
reduced stability compared with the c-Src SH3 domain but is
still able to form intertwined dimers. However, variants
bearing mutations in the RT loop cannot form the intertwined
dimers. Instead, these proteins are very prone to forming
aggregates of high molecular weight in a temperature-
dependent manner. Comparing structures of the domain
bearing the oncogenic mutations with the inactive conforma-
tion of the c-Src tyrosine kinase from chicken reveals the loss
of some interactions that might be critical in stabilizing the
close-packed inactive state. Additionally, a comparison with
structures of the c-Src SH3 domain in complex with PRMs
shows that the mutated residues do not affect complex
formation. The crystallographic structures in this work might
explain the behaviour of the v-Src kinase, which cannot be
autoinhibited by binding to the SH2-SH1 linker but still
retains its capacity to recognize partner proteins to phos-
phorylate. Finding the molecular basis of the misbehaviour of
the oncogenic proteins is critical for the development of new
therapies to fight cancer.
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