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Abstract Synapsin 2 proteins are key elements of the
synaptic machinery and still hold the centre stage in neu-
roscience research. Although fully sequenced at the nucleic
acid level in mouse and rat, structural information on
amino acid sequences and post-translational modifications
(PTMs) is limited. Knowledge on protein sequences and
PTMs, however, is mandatory for several purposes
including conformational studies and the generation of
antibodies. Hippocampal proteins from rat and mouse were
extracted, run on two-dimensional gel electrophoresis and
multi-enzyme digestion was carried out to generate pep-
tides for mass spectrometrical analysis [nano-LC-ESI-
(CID/ETD)-MS/MS]. As much as 12 synapsin 2 proteins
(6 alpha and 6 beta isoforms) in the mouse and 13 synapsin
2 proteins (6 alpha and 7 beta isoforms) were observed in
the rat. Protein sequences were highly identical to nucleic
acid sequences, and only few amino acid exchanges
probably representing polymorphisms or sequence conflicts
were detected. Mouse and rat synapsins 2a differed in three
amino acids, while rat and mouse synapsins 2b differed in
two amino acids. As much as 13 phosphorylation sites were
determined by MS/MS data in rat and mouse hippocampus
and 5 were verified by phosphatase treatment. These
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findings are important for interpretation of previous results
and design of future studies on synapsins.
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Introduction

Synapsins are key elements of the central nervous system
with non-redundant functions. They play a major role in
the synaptic machinery including exocytosis by controlling
synaptic vesicles and therefore modulate neural transmis-
sion (Ferreira and Rapoport 2002; Hilfiker et al. 1999). The
structure and function of synapsin 2 isoforms 2a and 2b
have been reported (Hosaka and Sudhof 1998b).

Synapsin 2, with known isoforms 2a and 2b, is a
member of the highly conserved synapsin family, shows
several functional domains and is highly abundant in vir-
tually all presynaptic nerve terminals (Hosaka and Sudhof
1998a, b; Sudhof 1989). Synapsins are bound to cytoskel-
etal elements, thus preventing release of neurotransmitters;
but at synaptic activity, synapsins are phosphorylated and
dissociate from synaptic vesicles that subsequently move to
and fuse with the plasma membrane. Deletion of synapsins
1 and 2 altered the size of the vesicular pools (Lonart and
Simsek-Duran 2006), decreased vesicular transport of
specific neurotransmitters (Bogen et al. 2006) and regu-
lated the use-dependent synaptic plasticity in the calyx of
Held (Sun et al. 2006).

Hosaka et al. (1999) proposed a phospho-switch, con-
trolling the dynamic association of synapsins with synaptic
vesicles. The authors demonstrated that synapsin phos-
phorylation in the highly conserved A domain dissociated
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synapsins from synaptic vesicles and modulated the bind-
ing of membrane phospholipids. From then, a series of
synapsin phosphorylations were reported and reviewed in
PhosphoSitePlus™!; specific roles for these modifications
have been suggested therein': http://www.phosphosite.
org/proteinAction.do?id=2386&showAllSites=true

Knowledge on protein sequences and post-translational
modifications (PTMs), however, is mandatory and a pre-
requisite for the generation of specific antibodies, design of
future functional and conformational studies, as well as
understanding previous work on synapsins. Nucleic acid
sequences may not provide sufficient information, in par-
ticular, for conformational predictions, as PTMs may alter
protein structure and function significantly. This formed
the rationale for carrying out the present study and it was
the aim to investigate synapsin 2 isoforms in mouse and rat
by determination of protein sequences and phosphoryla-
tions by a gel-based mass spectrometric approach.

Indeed, a series of mouse and rat synapsin 2 isoform
sequences with an MS/MS sequence coverage between 90
and 99% including all C-termini and splicing sites were
determined. In addition, several phosphorylation sites, of
which some have been so far only predicted, were verified
or confirmed herein.

Materials and methods
Animals

A total of 12 male C57/6JHim mouse littermates and 12
male Sprague-Dawley rat littermates, 10 weeks of age were
used. The animals were housed in standard transparent
laboratory cages in a temperature-controlled colony room
(22°C). They were bred and kept at a 12 h/12 h light—dark
cycle and had free access to food and water. Experiments
were carried out under the licence of the Federal Ministry
of Education, Science and Culture, which includes an
ethical evaluation of the project. Animals were killed by
neck dislocation, and the hippocampi were dissected within
1 min on dry ice and stored at —80°C.

Sample preparation

Hippocampal tissues were powdered and resuspended in
1.0 ml of sample buffer consisting of 7 M urea (Merck,
Darmstadt, Germany), 2 M thiourea (Sigma, St Louis, MO,
USA), 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propane-sulfonate (Sigma), 65 mM 1,4-dithioerythritol
(DTT; Merck, Germany), | mM ethylenediaminetetraacetic

' A series of authors with major contributions are listed in this link,
but are not cited in the text of this manuscript.
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acid (Merck), protease inhibitors complete® (Roche
Diagnostics, Basel, Switzerland) and 1 mM phenylmethyl-
sulfonyl chloride. The suspension was sonicated for 15 s,
and the homogenised samples were kept at 22°C for 1 h and
centrifuged at 14,000xg for 1 h. The supernatant was
transferred into Ultrafree-4 centrifugal filter units (Milli-
pore, Bedford, MA, USA) for desalting and concentrating
proteins. The protein content was determined by the Brad-
ford protein assay method.

Two-dimensional gel electrophoresis

Samples of 700 pg of protein extracts from each animal
were loaded to 18 cm and immobilised at pH 3-10 with
nonlinear gradient strips (GE Healthcare, USA). Focusing
was started at the voltage of 200 V and then gradually
increased to 8,000 V for 31 h and kept constant for a fur-
ther 3 h. After the first dimension, the strips were equili-
brated with 2% DTT for 15 min and then with 2.5%
iodoacetamide for 15 min. After equilibration, the strips
were loaded onto 9-16% gradient SDS-PAGE gels for two-
dimensional separation. The gels were run at 45 mA per
gel for 7 h. After that, the gels were fixed for 18 h in 50%
methanol, containing 10% acetic acid and then stained with
colloidal Coomassie Blue (Novex, San Diego, CA, USA)
for 12 h on a rocking shaker. The molecular masses were
determined by running standard protein markers (Bio-Rad
Laboratories, Hercules, CA, USA) covering the range
10-250 kDa. Excess dye was washed from the gels with
distilled water, and the gels were scanned with the Image-
Scanner (Amersham Bioscience).

In-gel multi-enzyme proteolysis

The synapsin 2 spots of interest were picked manually and
were washed with 50% 50 mM ammonium bicarbonate/
50% acetonitrile for 30 min two times; the washing solu-
tion was discarded at the end of each step. Subsequently,
100% acetonitrile was added to cover each gel piece and
incubated for 5 min. The gel pieces were dried completely
in a Speed-Vac Concentrator 5301 (Eppendorf, Germany).

The dried gel pieces were re-swollen with (1) 12.5 ng/pl
trypsin (Promega, Madison, WI, USA) or (2) 25 ng/pul Asp-
N (sequencing grade, Roche Diagnostic, Mannheim,
Germany) or (3) 12.5 ng/ul Arg-C (Sigma, Steinheim,
Germany) in digestion buffer consisting of 25 mM
ammonium bicarbonate and incubated for 16 h at 37°C. In
addition, (4) chymotrypsin (Roche, Germany) digestion
was performed by adding 25 mM ammonium bicarbonate
containing 12.5 ng/pl chymotrypsin (sequencing grade;
Roche Diagnostic, Basel, Switzerland) and incubated for
16 h at 25°C. The supernatants were transferred to new
0.6 ml tubes and peptides were extracted with 30 pl 0.5%
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formic acid/20% acetonitrile for 20 min in a sonication
bath. This step was repeated once. Extracted buffers were
pooled into the 0.6 ml tube and evaporated in a speedvac.
The volume was reduced to 10 pl and another 10 pul HPLC-
grade water was added.

In a further step, (5) gel pieces were covered with 30 pl
of 10 ng/pl subtilisin (proteinase from Bacillus subtilis var.
biotecus A, Sigma) in a digestion buffer consisting of a
final concentration of 5.4 M urea and 0.1 M Tris, pH 8.5,
and rehydrated for 10 min at 4°C. The supernatant was
removed and replaced by 50 mM ammonium bicarbonate.
Gel pieces were incubated for 1 h at 37°C. The reaction
was stopped by the addition of 10% formic acid (a final
concentration of 1% formic acid). The supernatant was
transferred to 0.6 ml tubes. The peptides were extracted by
adding 20 pl of 5% FA, followed by 20 min of sonication.
This step was repeated once. The extracted peptides were
subsequently analysed by nano-LC-ESI-qQTOF-MS/MS
(qQTOF) and/or nano-LC-ESI-(CID/ETD)-MS/MS (high-
capacity ion trap, HCT).

Phosphatase treatment

Selected synapsin 2 spots were washed and dried as given
above and subsequently gel plugs were incubated in a
solution of 0.5 pl of calf intestine alkaline phosphatase
(New England Biolabs, Ipswich, MA, USA) in the presence
of 100 mM ammonium bicarbonate for 1 h at 37°C.
Thereafter, chymotrypsin was used for generation of pep-
tides for mass spectrometric analysis that were subse-
quently analysed by LC-ESI-ion trap/MS.

Nano-LC-ESI-qQTOF-MS/MS (qQTOF)

The peptide solutions generated from multi-enzyme pro-
teolysis were separated by UltiMate 3000 system (Dionex
Corporation, Sunnyvale, CA, USA) equipped with a
reversed phase PepMap C-18 analytic column (75 pm x
150 mm) and then identified by the qQTOF (Applied
Biosystems, Foster City, CA, USA). Chromatography was
performed using a mixture of two solutions, A (0.1% for-
mic acid) and B (80% acetonitrile/0.85% formic acid), with
a flow rate of 300 nl/min. First, a linear gradient between 4
and 60% B was run over 45 min, then 90% B was used for
5 min and 0% B for 25 min. Peptides eluted from the LC
system were electrosprayed into the qQTOF. Each cycle
consisted of one full scan mass spectrum (m/z 350-1,300),
followed by MS/MS spectra of the three most abundant
peptide ions in the full MS scan (m/z 50-1,300). The
derived MS/MS data sets were converted to MASCOT
generic format flat files (MGF files) by the AnalystQS 1.1
software (Applied Biosystems).

Nano-LC-ESI-(CID/ETD)-MS/MS (HCT)

The majority of extracted peptides were analysed by HCT.
The HPLC was a biocompatible Ultimate 3000 system
(Dionex Corporation, Sunnyvale, CA, USA) equipped with
a Pep-Map100 C-18 trap column (300 um x 5 mm) and
PepMapl100 C-18 analytic column (75 pm x 150 mm).
The gradient was 4-30% B from 0 to 105 min, 80% B from
105 to 110 min, 4% B from 110 to 125 min (A means 0.1%
formic acid; B means 0.08% formic acid in acetonitrile).
The flow rate was 300 nl/min from O to 12 min, 75 nl/min
from 12 to 105 min, and 300 nl/min from 105 to 125 min.
The eluted peptides were electrosprayed and analysed by
the HCT ultra-PTM discover system (Bruker Daltonics,
Bremen, Germany), which records peptide spectra over the
mass range of m/z 350-1,500, and MS/MS spectra in
information-dependent data acquisition over the mass
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Fig. 1 Separation of mouse and rat synapsin 2 isoforms in two-
dimensional gel. a The pattern of mouse synapsin 2 isoforms
(2a; spots 2-7 and 2b; spots 9—14) and b rat synapsin 2 isoforms (2a;
spots 16-21 and 2b; spots 22—28) in two-dimensional gel were shown
with experimental pl value and molecular weight (MW) on each spot
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range of m/z 100-2,800. Repeatedly, MS spectra were
recorded followed by three data-dependent CID MS/MS
spectra and three ETD MS/MS spectra, generated from the
three highest intensity precursor ions. An active exclusion
of 0.4 min after two spectra was used to detect low-abun-
dance peptides. The collision energy was set automatically
according to the mass and charge state of the peptides
chosen for fragmentation. Multiple charged peptides were
chosen for MS/MS experiments due to their good frag-
mentation characteristics. MS/MS spectra were interpreted,
peak lists were generated and MGF files were obtained
by the software of DataAnalysis 3.4 (Bruker Daltonics,
Bremen, Germany).

Database searching

MASCOT generic format flat files were searched with the
software of MASCOT v2.2 (Matrix Science, London, UK)
against the latest NCBI database for protein identification.
Searching parameters were set as follows: enzyme selected
as trypsin, chymotrypsin, Asp-N and Arg-C with a maxi-
mum of two missing cleavage sites, limited to mouse or rat;
a mass tolerance of 0.2 Da for peptide tolerance, 0.2 Da for
MS/MS tolerance; fixed modification of carbamidometh-
yl(C) and variable modifications were selected as acetyla-
tion (K), deamidation (N, Q), methylation (C, D, E, H, K,
N, Q, R, S, T) and phosphorylation (S, T, Y). The ion

Table 1 Sequence coverage of synapsin 2 isoforms by MS/MS depending on enzymes

Protein Total Spot Theor. Theor. Observ. Observ. Combined Trypsin Chymotrypsin Asp-N (%) Arg-C (%) Subtilisin
name sequence no’ M.W. pI* M.W. pId sequence (%) (%) (%)
coverage (kDa)“ (kDa)? coverage (%)°
(%)
Syn 2a_Rat 99 16 64 8.6 72 8.1 95 66 51 22 18 38
17 64 8.6 72 7.6 94 57 48 20 17 32
18 64 8.6 72 7.5 94 59 50 21 20 33
19 o4 8.6 72 7.0 96 73 51 19 19 30
20 o4 8.6 72 6.7 94 49 47 17 21 32
21 o4 8.6 72 6.5 93 57 46 23 19 28
Syn 2b_Rat 100 22 53 7.6 55 8.0 93 61 44 20 16 31
23 53 7.6 55 7.8 93 62 48 20 16 29
24 53 7.6 55 7.6 91 58 43 20 15 33
25 53 7.6 55 7.4 98 79 63 22 23 30
26 53 7.6 55 7.2 96 71 57 30 27 32
27 53 7.6 55 6.6 97 73 56 19 20 28
28 53 7.6 55 6.4 96 73 53 21 20 39
Syn 2a_Mouse 94 2 64 8.6 70 7.8 91 68 50 17 16 32
3 64 8.6 70 7.3 90 68 51 17 17 34
4 64 8.6 70 7.0 92 70 53 12 14 38
5 64 8.6 70 6.8 91 69 52 21 19 28
6 64 8.6 70 6.5 91 68 53 19 20 31
7 64 8.6 70 6.3 92 73 48 14 15 29
Syn 100 9 53 7.6 55 7.1 95 71 62 18 17 33
2b_Mouse 10 53 76 55 6.9 99 81 69 32 25 30
11 53 7.6 55 6.8 96 78 66 20 19 32
12 53 7.6 55 6.7 98 77 62 16 19 28
13 53 7.6 55 6.3 90 71 50 19 21 31
14 53 7.6 55 6.2 94 73 54 20 20 28

? Denotes sum up of identified peptides of each syn 2 isoform by MS/MS analysis [16-21 (syn 2a_Rat); 22-28 (syn 2b_Rat); 2-7 (syn

2a_Mouse); 9—-14 (syn 2b_Mouse)]

® Spot number on two-dimensional electrophoresis gel

¢ Theoretical molecular weight and pI value of synapsin 2 isoforms
d

e
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charge states were set as 1+, 24 and 3+. Error-tolerant
search was done to detect unspecific cleavage and unas-
signed modifications.

In parallel, MGF files were loaded to the software
Modiro™ v1.1 (Protagen AG, Germany) to compensate
and verify the translation of MS/MS spectra. Enzymes
were selected as trypsin, chymotrypsin, Asp-N and Arg-C.
Missing cleavage was set as two. Modifications were
selected as oxidation (M) and carbamidomethyl (C).
PTM explore strategies were selected as acetylation (K),
deamidation (N, Q), methylation (C, D, E, H, K, N, Q,
R, S, T) and phosphorylation (S, T, Y). Unknown mass
shift and amino acid substitution were also included.
Only results with significance higher than 90 scores were
used.

Results

Six synapsin 2a isoforms and six synapsin 2b isoforms
were observed in mouse hippocampus and six synapsin 2a
isoforms (Fig. 1a) and seven synapsin 2b in the rat hip-
pocampus (Fig. 1b). Only these well-separated spots rep-
resenting synapsins 2, given above, were used for further
studies.

Unambiguous mass spectrometric identification of syn-
apsins 2 and sequence coverages are given in Table 1.
Multi-enzyme digestion resulted in sequence coverage
from 90 to 99% and individual results following digestion
with the individual enzymes is shown in Table 1. All
carboxy termini were identified, thus enabling determina-
tion of isoforms a and b.

Fig. 2 Protein sequence Syn 2a_Mouse and Rat
alignment of synapsin 2
isoforms based on NCBI protein
database between mouse and
rat. It showed seven different 458
amino acids (site at 42, 455, qil161168987ISYN2a Mouse
486, 509, 511, 512, 513) in gil77404242ISYN2a Rat
synapsin 2a and two different
amino acids (site at 42 and 455)
in synapsin 2b

0il161168987ISYN2a Mouse
gil774042421SYN2a  Rat

PQRP,

0il161168987ISYN2a Mouse
0il77404242ISYN2a Rat

gil161168987ISYN2a Mouse
gil77404242ISYN2a  Rat
Syn 2b_Mouse and Rat

0ilI3860049ISYN2b Mouse
0il112350ISYN2b Rat

458
PQGCL QYILDCNGIA VGPKQVQAS 479

PQRF
PQRPA

PQGCL QYILDCNGIA VGPKQVQAS 479
*

gil3860049ISYN2b Mouse
gil112350ISYN2b Rat

PQRPGGP
PQRPGGP

MMNFLRRRLS DSSFIANLPN GYMTDLQRPE PQQPPPAPGP

The list of identified peptides is provided in Supple-
mentary Table 1 and unidentified parts of the sequences are
shown in Supplementary Figure 1.

The alignment of synapsin isoforms a and b in mouse
and rat is illustrated in Fig. 2, revealing high identity
between littermates of these rodents.

The splicing site distinguishing synapsin 2 isoforms a
and b in mouse and rat (G458) is shown in Table 2.

Comparison between mouse and rat synapsins 2 is
provided in Table 3: seven amino acids (sites at 42, 455,
486, 509, 511, 512, 513) were different between mouse and
rat synapsins 2a. Two amino acids (sites at 42 and 455)
were different between mouse and rat synapsins 2b.

Five amino acid substitutions observed in the individual
spots are given in Table 4 and the corresponding spectra
are given in Supplementary Figure 2.

Phosphorylation sites observed were partially confir-
matory in nature; 13 phosphorylation sites were detected
and 5 were verified by phosphatase treatment (Table 5).
The corresponding spectra of phosphatase-treated synap-
sins are given in Fig. 3.

Additional modifications representing PTMs (as e.g.
glycosylation of N339 in synapsin 2b in the rat) or modi-
fications probably representing artifacts are shown in
Table 6.

The detailed list of modified peptides is provided in
Supplementary Table 2.

Discussion

Although sequence information at the nucleic acid level is
known for synapsins 2a and 2b, only limited data are

42

MMNFLRRRLS DSSFIANLPN GYMTDLQRPE PQQPPPAPGP TASAATS 50
MMNFLRRRLS DSSFIANLPN GYMTDLQRPE PQQPPPAPGP TASAATS 50

458 (splicing site) 486

SSS SSSSSSSSSA 500

PQRAPPQGGQ GQPQGMQPPG KVLPPRRLPS GPSL SS8S SSSSSSSSSA 500
APQGGQ GAQPQGMQPPG KVLPPRRLPS GPSLP)
*

§09, 511, 5§12, §13

SSSSNS LAEAQAPQAA PAQKPQPHPQ LNKSQSLTNA 550
SSSSNS LAEAQAPQAA PAQKPQPHPQ LNKSQSLTNA 550

FSFSESSFFR SSANEDEAKA ETIRSLRKSF ASLFSD 586
FSFSESSFFR SSANEDEAKA ETIRSLRKSF ASLFSD 586

42

TASAATS 50

MMNFLRRRLS DSSFIANLPN GYMTDLQRPE PQQPPPAPGP (?@TASAATS 50

458 (splicing site)
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Fig. 3 Identification and verification of phosphorylated peptides

with  phosphatase
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available at the protein level. As there is a long and
unpredictable course from DNA/RNA to protein and
PTMs, essential for structure and function, it cannot be
predicted and determined from nucleic acid sequences. In
the current study, indeed, high sequence coverage was
obtained for synapsins 2a and 2b in mouse and rat,
revealing the highest consensus between these species. In
the case of comparing synapsins 2b between mouse and rat
(100% of sequence coverage obtained for both species), the
protein sequence determined showed 99.4% of identity.
This reflects extraordinarily high sequence conservation
between mouse and rat, and herein the data from the
database at the nucleic acid level are confirmed.

There were, however, amino acid substitutions as
revealed by analysing individual spots representing syn-
apsin 2. While no amino acid substitutions were detected
for six spots of mouse and six spots of rat synapsin 2a, four
spots of 2b in rat and one spot of synapsin 2b in the mouse
(Table 4, Supplementary Figure 2) showed substitutions.
These amino acid substitutions may reflect mutations or
polymorphisms and were revealed by MS/MS sequencing
and data mining by Mascot and Modiro softwares based on
mass shifts. The likelihood that an unknown modification
was mimicking the mass shift for the amino acid substi-
tutions is low because the Modiro software is designed to
detect unknown mass shifts and, moreover, no parental/
precursor ion was detectable. Polymorphisms for synapsins
were reported and were linked to diseases of the CNS
(Lachman et al. 2006). The protein structure determined
allows generation of specific antibodies against several
epitopes of mouse and rat synapsins 2, as well as synapsins
2 with amino acid substitutions. The functional relevance
of the latter remains elusive, although the amino acid
substitutions in the third domain, consisting of 308 amino
acids, may interfere with binding to ATP, actin and
synaptic vesicle proteins (PROSITE documentation
PDOCO00345). It remains open which and to what extent
conformational changes result from the substitutions.

A series of synapsin 2a and 2b phosphorylations have
been published in mouse and rat. As already reported, the
phosphorylation sites were verified (Supplementary
Table 2). Five phosphorylation sites were confirmed in rat
synapsins 2a and 2b by phosphatase treatment (Table 2,
Fig. 3). Phosphorylation on T338 in the C domain may
affect ATP, actin and synaptic-protein binding, while
phosphorylations T422 and S426 may modulate interac-
tions with other proteins by the proline-rich region G (Hall
et al. 1990). Again, this is of utmost relevance for the
generation of antibodies against the corresponding
phosphopeptides.

A series of modifications, including deamidations and
methylations, to name a few, representing artifacts and
glycosylation at N339 on synapsin 2b of the rat, is

Gln — pyro-Glu Q94, Q188, Q405, E258
Gln — pyro-Glu Q94, Q188, Q405, E258
Gln — pyro-Glu Q%4, Q188, Q405, E258
Gln — pyro-Glu Q94, Q188, Q405
Gln — pyro-Glu Q%4, Q188, Q405

Gln — pyro-Glu Q188, Q405

Other modification sites

Glycosylation sites

C361, S362, E363, C391,

E402, D403

D121, E122, D390, C391,
S392

E122, K244, E249, T340,

Methylation sites
E249, S362
D121

E122, E249
D121

Acetylation sites
1
1

M1, M2

Ml

N339, Q347, Q00, Q434,

N196, Q250, Q300,
Q456, N467

Q347, N416, N467
N20, Q64, Q69, Q73, N153,

Q290, Q300, Q452,

N467
N20, N171, N255, N339,

N196, Q250, N255,

Q428, Q434, N467
N20, N171, Q250, N255,

N255, N339, Q347,
Q434, N467
N20, Q69, Q73, N171,

Q457, N467
N20, Q146, N196, Q250,

Q73, N153, N255, Q435,

Deamidation sites

Spot no.
0
2

13
4

9
1

Table 6 continued

Protein name
Syn 2b_Mouse
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proposed (Supplementary Figure 3). Glycosylation of
synapsins is of functional relevance and may even affect
phosphorylation (Cole and Hart 1999; Tallent et al. 2009).
Taken together, we provided high sequence coverage
information on synapsins 2 in the mouse and rat, revealing
highest identity between the two species. Amino acid
substitutions and confirmation of phosphorylation sites
may form the basis for functional and conformational
studies, both, for interpretation of previous work and the
design of future studies on synapsin 2. Moreover, the
provided information generated by mass spectrometry
(Ahmed et al. 2009; Gruber-Olipitz et al. 2006; John et al.
2008; Myung et al. 2008) may be of value for the design of
sequence- and phosphorylation-specific antibodies.
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