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Abstract

The cytoplasmic Syk kinase plays key roles in immune responses and comprises two N-terminal
regulatory Src homology 2 (SH2) domains followed by a catalytic region. Atomic structures of these
domains have only been solved in isolation. To gain insights into the three-dimensional structure of
full-length Syk, we have used single-particle electron microscopy. Syk acquires a closed
conformation resembling the inhibited structure of Zap-70, another member of the Syk family. Such
configuration suggests an inhibition of the N-terminal domains on its catalytic activity. The
phosphotyrosine binding pockets of both SH2 domains are not occluded and they could interact with
other phosphoproteins.
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1. Introduction

Spleen tyrosine kinase (Syk) family proteins are non-receptor protein tyrosine kinases (PTKs)
that associate with activated antigen receptors at the inner side of the plasma membrane [1,2].
Over 10 distinct families of non-receptor PTKSs exist including the Src, Tec, JAK, Csk, Abl
and Syk families [1,3]. A common structural feature of the Syk family is the presence of two
N-terminal SH2 domains located in tandem and a C-terminal catalytic region (Fig. 1A). These
three domains are separated physically by intervening amino acid sequences that are usually
referred to as interdomain A (located between the two SH2 regions) and B (located between
the second SH2 and the kinase domain) (Fig. 1LA) [4]. In vertebrates, the Syk family is composed
of two members, Syk and Zap70.

Previous reports have shown that the activation of Syk proteins during the stimulation of
antigen receptors requires a complex cascade of signalling events. Those involve the previous
stimulation of upstream kinases of the Src family by the antigen-bound receptors, the Src
family-dependent phosphorylation of two tyrosine residues located in the immunoreceptor
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tyrosine-based activating motifs (ITAMSs) of ancillary molecules to the antigen receptors, the
translocation of Syk family members to the plasma membrane via the interaction of their SH2
domains with those phosphorylated ITAM motifs, and the eventual activation of Syk proteins
by either trans-phosphorylation by Src family kinases (in the case of Zap70) or by auto-
phosphorylation (in the case of Syk) [5]. Syk undergoes conformational changes upon auto-
phosphorylation and/or binding to phosphorylated ITAMs that likely contribute to activate the
protein kinase [6-8]. Upon activation, Syk family proteins promote the stimulation of
downstream signal transduction cascades that are essential for the developmental and effector
responses of several haematopoietic cell lineages and, when deregulated, for the progression
of a several human pathologies [9,10]. Despite the important roles of Syk in cell signalling and
pathophysiological events, their mechanism of activation at the structural level remains still
obscure. Experimental evidence indicates specific and non-overlapping Syk phosphorylation
sites are important for either the stimulation of the intrinsic kinase activity of Syk or for serving
as docking sites for the recognition of Syk downstream targets. Thus, tyrosine residues located
in the interdomain B have been implicated in the regulation of Syk kinase activity [11].
Furthermore, phosphorylated Tyr342 is recognized by the SH2 domain of Vavl, a
phosphorylation-dependent exchange factor that plays crucial roles in lymphocyte signalling
[12]. The phosphorylation of Tyr342 and Tyr346 is also required for the optimal binding of
another important signalling mediator, the phospholipase C-y[13].

Although Syk and Zap-70 belong to the same family of PTKSs they reveal substantial differences
in their mechanisms of regulation [1]. Whereas Zap-70 expresses in T and NK cells, Syk
regulates signalling in B cells, mast cells, neutrophils and macrophages. More importantly, the
kinase activity of Syk is intrinsically 100-fold higher than that of Zap-70 and its stimulation
does not require phosphorylation by kinases of the Src family. In contrast, activation of Zap-70
strictly requires the phosphorylation of tyrosine residues in its inter-SH2 linker region by Src.
Moreover, inter-domain B is 23 aminoacid longer in Syk than in Zap-70 likely influencing its
association with phoshorylated targets. Structural studies have provided some clues on the
structural basis of these functional differences between Syk and Zap-70. The atomic structure
of a tandem SH2 domain of Syk bound to a double phosphorylated ITAM peptide shows that
each SH2 functions as an independent binding module [4]. In contrast, Zap-70 utilises both
SH2 domains as a binding module for just one tyrosine [14]. More recently, the atomic structure
of the inhibited conformation of Zap-70 has been solved by X-ray crystallography [15]
revealing that the interaction between the tandem SH2 region and the catalytic domain likely
reduces the flexibility required for catalysis. Importantly, two tyrosine residues located in the
inter-SH2 region interact with the kinase domain to maintain this auto-inhibited conformation.
These residues must become phosphorylated by Src kinases in order to activate Zap-70.

An drawback for the full understanding of the mechanism of activation of the Syk protein is
the lack of information regarding the three-dimensional (3D) structure of the full-length
protein. Indeed, up to know, only 3D structures of fragments of Syk have been characterized
using either crystallization or magnetic nuclear resonance (MNR) techniques [4,16]. We have
used single particle electron microscopy (EM) [17] to elucidate the 3D structure of full-length
Syk in its non-phosphorylated at low resolution. This approach has revealed a compact
conformation shaped by the regulatory and the kinase domains similar to that of Zap-70.

2. Materials and methods

2.1. Purification of GST-Syk and auto-phosphorylation

Rat Syk-GST was cloned as described and purified as a GST fusion [18,19]. Phosphorylation
assays were performed by incubation 1 mg/ml of Syk-GST with 1 mM ATP and 2.5 mM
MgCl;, for 60 min at 25 °C.

Biochim Biophys Acta. Author manuscript; available in PMC 2008 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arias-Palomo et al.

Page 3

2.2 Kinase assays

2.3 Electron

To test the kinase activity of GST-Syk, we used an in vitro kinase reaction assay in the presence
of [y-32P]ATP, as indicated before [20]. As substrates, we used GST proteins fused to either
the Vavl CH-Acidic region [21] or the N-terminal region of Cbl-b [22] that were purified from
IPTG-induced E. coli cultures using gluathione-coated beads.

microscopy and image processing

A few microliters of the purified GST-Syk and the phosphorylated protein were adsorbed to
glow discharged carbon coated grids and negatively stained using 2% uranyl acetate. The grids
were observed in a JEOL 1230 operated at 100 kV and micrographs were taken at 50000%
magnification under low-dose conditions with the specimen holder tilted at 0 and 15 degrees.
These were digitized using a Minolta Dimage Scan Multi PRO scanner at 2400 dpi
corresponding to a final 2.1 A/pixel at the specimen. Particles from the micrographs were
extracted, normalised, centred and filtered using different commands found in the EMAN
software [23]. The data from tilted and untilted micrographs were processed together following
a strategy that avoided bias from our previous knowledge of the atomic structures of isolated
domains or Zap-70. Images were processed using angular refinement methods in EMAN
[23] and using several volumes as starting references. Images were classified into
homogeneous groups using reference-free methods (refine2d.py command in EMAN and using
the XMIPP platform [24] and the best averages were used to build several reference volumes
using common lines (startAny command in EMAN). We also used artificial noisy ellipses and
Gaussian blobs as starting models as before [25,26]. Projections from the initial reference
volumes were confronted to the data set using angular refinement methods implemented in
EMAN [23]. In all cases and after several iterations, the different strategies used converged to
similar solutions. Refinement was performed with an angular coverage of 8 degrees to generate
280 classes, each containing approximately between 4 and 14 particles. The resolution was
estimated by Fourier Shell Correlation (eotest command in EMAN) to be 24 A (using the 0.5
cross-correlation coefficient criteria) for the reconstructions of Syk. The density map and the
atomic structures were visualized with UCSF Chimera from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, CA [27].
Thresholds were chosen to account for 100% of the protein mass.

Also, pairs of micrographs were obtained and processed following the Random Conical Tilt
(RCT) method [28] which allows deriving 3D structures from defined views of the specimen.
Pairs of micrographs were taken for each area, with and without tilting the specimen holder.
Pairs of particles were selected and all the processed was performed using the XMIPP platform
[24]. Untitled data was classified and aligned in 2D and distinct 2D averages were selected and
their tilted data used to build 3D reconstructions. Since these RCT 3D structures are obtained
from defined views, they are not affected by the averaging of views from different orientations
that happens in angular refinement methods. The RCT structures were found to preserve the
overall structural features of the model derived by angular refinement.

The handedness chosen to render GST-Syk was that providing the best fit with the atomic
structure of the homologous Zap-70 [15]. Both possible hands of the reconstruction were tested
for fitting and it was found that only one hand provided a reasonable fitting of this atomic
structure.

2.4 Fitting of atomic structures

Atomic structures deposited in the Protein Data Bank and used in the fitting experiments were
as follows: 1A81 (Syk tandem SH2 domains, but used without considering the bound peptide)
[4], 1XBA (Kinase domain) [16] and 20Z0O (Zap-70) [15]. Fitting was carried out by a 6-

dimensional search using colores from the software SITUS [29,30] and the ADP_EM platform
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[31] using both the method of cross-correlation and the Laplacian filter. Fittings were
performed using both possible hands.

3.1 Purification and Functional assay of Syk

3.2 Electron

We purified Syk by fusing a glutathione S-transferase (GST) tag at its N-terminus. Previous
results indicated that such tagging strategy does not affect the biological functions of Syk or
its sites of auto-phosphorylation [32,33]. Similar findings have been reported for other non-
receptor PTKSs such as Lck [18]. GST-Syk was expressed in baculovirus-infected insect cells,
purified to homogeneity using glutathione-coated beads. The correct functionality of the
purified protein was tested first by the analyses of its capacity to auto-phosphorylate using in
vitro kinase reactions. We observed an optimal phosphorylation of the kinase, as demonstrated
by the shift in the electrophoretic mobility of GST-Syk after the kinase reaction (Fig. 1B). This
shift was inhibited when in vitro Kinase reactions were carried out either in the absence of ATP
or, alternatively, when ATP was combined with an inhibitor of the kinase activity of Syk
(piceatannol), indicating that it was a result of the autophosphorylation of the kinase (data not
shown). Mass spectrometry analysis also confirmed that the slow migrating band of Syk-GST
was indeed phosphorylated in tyrosine residues located within the intedomain B and the C-
terminal tail (Fig. 1C) (supplementary Fig. S1 on line). To further support the correct
functionaly of the protein, the activity of GST-Syk was demonstrated by its ability to trans-
phosphorylate known substrates such as Cbl-b and Vavl (Fig. 1D).

microscopy and 3D structure of Syk

Non-phosphorylated GST-Syk molecules were clearly seen in negatively stained electron
micrographs (Fig. 2A) and images of single molecules suggested that GST-Syk has the rough
shape of a square (Fig. 2B). Micrographs were taking after tilting the specimen holder from 0
up to 15 degrees to help increase the angular sampling of possible orientations of the molecules
binding to the support film. A total of 6,299 images, tilted and untilted, were selected, combined
and subjected to iterative refinement. Importantly, the structural information of Zap-70 [15]
was never used as an input during refinement (see Materials and methods). As a further control,
3D reconstructions were also derived using the random conical tilt method (RCT) on typical
square-shaped views [28]. The general structural features of the RCT map supported the
reconstruction defined by angular refinement (result not shown).

The three-dimensional (3D) reconstruction of GST-Syk at a resolution of 24 A (Fig. 2D)
indicates that this kinase displays a square-shaped conformation with dimensions compatible
with those of the atomic structures solved for individual domains. Two major intramolecular
regions could be defined: a bulky massive region (Fig. 2D, region A) and a two-lobule domain
(Fig. 2D, region B). Such arrangement seemed highly reminiscent of the recently published
inhibited conformation of the related Zap-70 protein [15]. In order to define the hand of our
3D reconstruction of Syk and simultaneously analyse the similarities and differences between
Syk and Zap-70 [15], we fitted this within the EM map using computational procedures
implemented in the SITUS [30] and the ADP_EM platforms [31]. The solutions provided by
these automatic methods are less biased and less subjective than a manual fitting. Solutions
were obtained where Zap-70 (Fig. 3A, yellow colour) fitted into the reconstruction of Syk (Fig.
3A, blue colour) confirming the structural resemblance between the two proteins. Notably,
only one possible handedness in the EM reconstruction allowed an adequate fitting of Zap-70’
s x-ray structure. Most importantly, this fitting allowed us to assign the two structural regions
in GST-Syk (regions A and B) to specific domains of the protein. Accordingly the two-lobule
region B likely corresponded to the two SH2 tandem domains whereas the bulky region A must
comprise the kinase domain and the GST tag. The catalytic and regulatory domains in Syk
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would therefore form a compact protein whereas the tag would be placed at the back of the
kinase domain. Despite the similarity between Zap-70 and Syk, the fitting between the two
structures is not perfect indicating that conformational differences exist. More specifically, the
EM reconstruction of Syk reveals a protrusion in the regulatory region likely corresponding to
the inter-SH2 linker whose position is not identical to that of the equivalent region in Zap-70
(Fig. 3A).

Since atomic structures of both regulatory and catalytic domains of Syk are known [4,16], we
fitted these within the EM map in order to better assign areas of the 3D reconstruction to those
specific domains. We considered the assignment of regulatory and catalytic domains revealed
previously by the fitting of Zap-70 to the whole protein, and the regulatory and kinase domain
of Syk were then fitted within their corresponding region in the map (Fig. 3B). We fitted the
N-terminal SH2-interdomain A-SH2 region (Fig. 3B, green colour) within the bottom part of
the map (Fig. 3B, blue density). A sufficiently precise orientation of these domains within
region B could be defined where the helical interdomain A fitted the protrusion between the
two lobules (Fig. 3B). This fitting suggested that the phosphotyrosine binding pockets of each
SH2 domain are not occluded by other regions in the structure and, therefore, are fully
accessible for binding to either phosphorylated ITAM sequences or downstream partners. In
conclusion, the bottom part of our map could be quite positively assigned to the SH2-SH2
cassette, leaving the remaining of the 3D reconstruction (region A) to account for the kinase
domain and the GST tag. Accordingly, fitting experiments revealed that indeed kinase (Fig.
3B, orange colour) and GST atomic structures could be nicely placed within that portion of the
map. The combined density of the kinase domain and the GST tag fully occupied region A
(fitting for the GST tag not shown in the figure).

Taken together, the 3D structure of Syk is consistent with a compact conformation highly
reminiscent of that described for the inhibited version of Zap-70, though the precise relative
disposition of regulatory and catalytic regions is slightly different (see discussion). As in
Zap-70, the phosphotyrosine binding pockets of the two Syk SH2 domains are located in non
occluded areas of the molecule and therefore are fully accessible for recognition and binding
to the phosphorylated ITAM sequences (Fig. 3B).

4. Discussion

The analysis of the Syk EM structures reported here provides a first model of the structural
organisation of full-length Syk protein. In its inhibited state, Syk displays a compact
conformation likely sustained by interactions between the catalytic and regulatory regions.
This compact arrangement is similar to those described for other non-receptor PTKSs of the Src
family [3], and very closely reminiscent of that shown by Zap-70 [15], the second member of
the Syk family of kinases. In apo-Syk the orientation of the SH2 domains is such that the ITAM
binding pockets seem to be facing outwards accessible to bind ITAMs in an activated receptor.
Importantly such disposition contrasts the general organisation of Src where the binding
pockets of its SH2-SH3 domains face inwards towards the back side of the kinase domain
[2]. These propositions for Syk are further sustained by the recently solved structure of Zap-70
[15]. Interactions between the inter-SH2 linker (interdomain A) and the SH2-kinase linker
(interdomain B) with the kinase domain in Zap-70 were found to maintain the inactive
conformation.

Collectively, the 3D reconstructions presented in this work indicate that the overall structural
organization of Syk is similar to that of Zap-70 [15], the other member of the Syk familiy of
kinases. The interactions between the tandem SH2 regulatory region and the kinase domain in
Zap-70 are proposed to inhibit the protein by either reducing the flexibility needed to transit
to the active conformation and/or precluding the motions required in the kinase domain for the
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catalytic activity. The fact that we observe a similar compact conformation for Syk suggests
that similar regulatory mechanisms must be taking place. Nevertheless, the 3D reconstruction
of inhibited Syk reveals a slightly more open conformation than Zap-70. We can not rule out
that such conformational difference is just raised by the methodology we have used and non
significant given the level of resolution of our EM map. Still, it is also possible that a small
conformational difference between Syk and Zap-70 could contribute for their striking
differences in activity. In our EM reconstruction, both regulatory and catalytic regions are to
some extent rotated slightly outwards when compared to Zap-70 where the inter-domain A is
found intimately contacting the kinase domain. Importantly, the interaction between the SH2-
SH2 linker of Zap-70 with its catalytic domain defines the structural basis of the inhibited
conformation, and the phosphorylation of this region seems to be the hallmark in the activation
of the protein. Such structural difference between Syk and Zap-70 would suggest that the
inhibition of the kinase activity in Syk could be less stringent than in Zap-70, maybe facilitating
the transition from the inactive to the active conformation. Significantly, the activity Syk is
intrinsically 100-fold higher than that of Zap-70 and its does not require the phosphorylation
of inter-domain A by Src kinases [1]. Syk can be activated directly by auto-phosphorylation
[2] and the structural differences we observe between Syk and Zap-70 might therefore
contribute to the permissiveness for Syk activation both in vivo and in vitro compared to other
protein tyrosine kinases including Zap-70 [1,2].
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Fig. 1.

Structure and purification of GST-Syk. (A) Schematic representation of the domain
organization of Syk highlighting some of the tyrosines that can become phosphorylated. At
the bottom, atomic structure of the regulatory domains of Syk bound to an ITAM peptide (PDF
file 1A81) [4] and the kinase domain (PDB file 1XBA) [16]. (B) SDS-PAGE gel of non-
phosphorylated (0.5 pg, lane 1) and phosphorylated (1 pg, lane 2) Syk-GST. Phosphorylation
assays were performed by incubation 1 mg/ml of Syk-GST with 1 mM ATP and 2.5 mM
MgCls, for 60 min at 25 °C. (C) Scheme of the two phosphorylated peptides detected using
mass spectrometry. (D) Syk can autophosphorylate and also phosphorylate their targets as
shown by autoradiography using radioactive ATP. Lane 1, Syk + Vavl CH-Ac before the
reaction; Lane 2, Syk + Vavl CH-Ac after the kinase reaction; Lane 3, Syk + Vavl CH-Ac +
N-Cbl-b after the kinase reaction.
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Fig. 2.

3D Structure of full-length non-phosphorylated GST-Syk. (A) EM fields of negatively stained
Syk. Some molecules highlighted within circles. Scale bar corresponds to 50 nm. (B) Gallery
containing a representative collection of single molecules. Particles from the micrographs were
extracted, normalised, centred and filtered using different commands found in the EMAN
software [23]. (C) Panel containing the projections (upper row) and their corresponding class
averages (lower row) obtained after angular refinement. (D) Front and back views of the 3D
reconstruction of GST-Syk. Scale bar represents 20 A.
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Fig. 3.

Fitting of atomic structures into the EM map of GST-Syk. (A) Views of the fitting of the atomic
structure of Zap-70 (yellow colour) [15] into the EM map of Syk (blue density shown as
transparency). The handedness chosen to represent GST-Syk was that providing the best fit
with Zap-70. Both possible hands of the reconstruction were tested for fitting and it was found
that only one hand provided a reasonable fitting of this atomic structure. (B) Fitting of the
atomic structures of SH2-interdomainA-SH2 domain (green colour) and kinase domain
(orange colour) of Syk into the EM map (blue density displayed as transparency). Atomic
structures deposited in the Protein Data Bank and used in the fitting experiments were as
follows: 1A81 (Syk tandem SH2 domains, but used without considering the bound peptide)
[4] and 1XBA (Kinase domain) [16].
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