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Abstract

Chicken is the first agricultural animal to have a sequenced genome, but current kinase
annotations of Gallus gallus are overwhelmingly limited to the predictions generated

based on homology or isolated studies focused on specific kinases. Our approach used
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chemical probes consisting of ATP and ADP derivatives binding to specific lysine
residues within the ATP-binding pocket of kinases. Collectively, we identified 188
chicken kinases and corresponding 267 peptides labeled with the ATP and ADP acyl
derivatives in chicken spleen and liver. The kinases identified here are publicly available
through the database, Chickspress genome browser
(http://geneatlas.arl.arizona.edu/cgi-bin/GeneAtlas/chickspress_genes.cgii). Analysis of
putative functions of these chicken kinases indicates that kinases identified in this study
might regulate hematological system development, necrosis, apoptosis, epithelial
neoplasm, and other processes. The identified tissue-specific expression atlas of active
chicken kinases along with the ATP binding sites of kinases provide the basis for the
development of specific drug targets for multiple chicken diseases as well as starting
point for inhibitor selectivity studies in this agriculturally important species. Moreover,
this study will support future studies focused on identifying the role of these kinases in

chicken growth, metabolism, and disease.

Keywords

chemoproteomics, proteomics, Gallus gallus, kinases, chicken, kinome

Introduction

Chicken represents an essential source of protein. The U.S. poultry industry is the
largest in the world and continues to be a major supplier of meat and eggs. The world’s
population growth is projected to surpass 9 billion by 2050, which mandates

2
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intensification of the existing poultry operations. It is necessary to make improvements
in the breeding, management, and treatment of poultry to meet this projected higher
demand for food. A comprehensive understanding of the physiology and
pathophysiology of the chicken is critical for animal production. Chicken is the first
agricultural animal to have a sequenced genome (1), with a description of the protein-
coding genes in the genome. Understanding the biological role of annotated gene
products, i.e., proteins require a description of their biological function. Like other non-
model agricultural organisms, the current annotation of the protein-coding genes in the
chicken genome relies on computational predictions based on sequence similarity,
based on the ortholog conjecture that postulates functional similarity of orthologous
genes (2, 3). The dynamic response, regulation, and modification of the genome
ultimately governs complex phenotypes. The availability of the chicken genome
expedites knowledge discovery using genomics methodologies. A compendium of
omics approaches such as transcriptomics, proteomics, or metabolomics enables the
measurement of the genome-scale response of chicken at the RNA, protein, and
metabolite levels, respectively, to identify molecular mechanisms responsive to biotic
and abiotic perturbations. Several post-transcriptional regulatory mechanisms such as
protein post-translational modifications (PTMs) including, but not limited to,
phosphorylation, glycosylation, ubiquitination, and methylation are known to regulate
protein structure and function. Post-translational regulatory mechanisms govern quick
response to external/internal stimuli and changes in PTM are often associated with the
disease. Protein phosphorylation is the most common and best characterized among

PTMs, and it is estimated to affect approximately 30% of all proteins in eukaryotes (4,
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5). Protein kinases catalyze the enzymatic addition of phosphoryl groups from
adenosine triphosphate (ATP) to the hydroxyls of specific amino acid residues, while
phosphatases reverse this modification. Phosphorylation of proteins catalyzed by
kinases occupies a pivotal role in signal transduction pathways in eukaryotes and is
known to control a wide range of cellular processes, ranging from metabolism,
proliferation, cell cycle progression, apoptosis and pathogen clearance (6, 7) (8).
Protein phosphorylation is integral to organismal development, homeostasis, immune
and nervous systems, and dysregulation. Over 500 kinases constitute the full
complement of protein kinases in the human genome, also known as kinome. Protein
kinases play regulatory roles in cancer, inflammatory disorders or infections (6, 9-15).
Since protein kinases are associated with pathophysiology, they are attractive drug
targets and are indeed among the most highly targeted class of enzymes in drug
development. At present, there are 37 kinase inhibitors licensed for therapeutic use by
US Food and Drug Administration - 12 16 while 250 inhibitors are under clinical
evaluation (16). Some of these drugs, such as tyrosine kinase inhibitors, are also
explored in veterinary medicine applications (17). There are also efforts to repurpose
kinase inhibitors as antimicrobials (18), and such novel classes of antibiotics could find
use in treating multidrug-resistant bacteria, which affect poultry (19-21). Global
characterization of chicken kinome will facilitate systems approaches to understand
health and disease for developing novel therapeutics targeting this druggable class of
enzymes. Species-specific peptide arrays can be utilized for studying kinomes, and
peptide arrays that can interrogate cellular processes such as innate and adaptive

immunity, inflammation, or protein, fat, and carbohydrate metabolism are described in
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91 the literature for poultry (22, 23). The available poultry-specific peptide arrays will help
92 study the role of specific kinases in immune-metabolism. Mass spectrometry-based
93  chemoproteomics approach utilizing probes that target ATP binding sites in catalytically
94  active kinases is a complementary approach to identify a large number of active kinases
95 in a given sample including potentially novel kinases missed by computational
96 prediction. Chemoproteomics can help generate a tissue atlas for active kinases in an
97 organism. A description of the full complement of catalytically active kinases in different
98 chicken tissues will contribute to the current knowledge of kinome and provide
99 information regarding the expression and activity of kinases which will aid future drug
100 development in multiple domains such as physiology, development, immunology and
101  host-pathogen interactions. For instance, activity screening by chemoproteomics is
102  used for drug selectivity studies (24). Inhibitor selectivity can also be detected by other
103  methods, such as competition experiments, which however require the use of
104 recombinantly expressed kinase domains. Several chicken kinases are already known
105  to regulate key cellular processes (25, 26). Expanding the current knowledge of the
106  chicken kinome will further aid ongoing, and future studies to understand the interplay of
107  kinases in different biological responses for the discovery of novel therapeutic

108 interventions, such as selectivity studies of kinase inhibitors in chicken.

109 In this study, we utilize a chemoproteomics approach to identify active protein kinases in
110  chicken liver and spleen and thus interrogate chicken kinome in these tissues. Our
111 approach used chemical probes consisting of ATP and ADP derivatives binding to specific
112 lysine residues within the ATP-binding pocket of kinases. Collectively, we identified 188

113 chicken kinases and corresponding 267 peptides labeled with the ATP and ADP acyl
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derivatives in chicken spleen and liver. Analysis of putative functions of these kinases
indicates that active kinases identified in this study are known to regulate hematological
system development, necrosis, apoptosis, epithelial neoplasm, and other processes. The
identified chicken kinome along with the ATP binding sites of kinases provide the basis
for the development of specific drug targets for multiple chicken diseases as well as
starting point for inhibitor selectivity studies in this agriculturally important species.
Kinases identified in this study are available at the Chickpress Genome Browser

(http://geneatlas.arl.arizona.edu/cgi-bin/GeneAtlas/chickspress_genes.cgi)

Results

Chemoproteomics-based identification of protein kinases in chicken liver and spleen

We utilized a chemoproteomics approach for genome-wide identification of active
kinases in chicken tissues. In this strategy, biotinylated acyl phosphates of ATP and
ADP were used to label catalytically active lysine-containing domains of protein kinases
present in liver and spleen homogenates. These acyl phosphate derivatives irreversibly
bind to the conserved lysine residues present within the ATP-binding pockets of kinases
(27). Protein kinases labeled with biotinylated probes were identified by mass
spectrometry-based proteomics. We identified 267 peptides labeled with acyl
derivatives of ATP and ADP that correspond to 188 proteins with kinase activity. We
identified 183 protein kinases from liver and 188 kinases in the spleen. The kinases
identified in this project are available for broader dissemination to the research

community through the Chickpress Genome Browser
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(http://geneatlas.arl.arizona.edu/cqi-bin/GeneAtlas/chickspress_genes.cqi). A

description of the identified ATP-binding site and abundance in tested tissues for all
protein kinases reported in this study is given in Supplementary Table 1, and displayed
as dendrograms, where the height of the bar corresponds to the MS signal strength,
which correlates with the activity/abundance of the proteins (Fig. 1, 2). The ATP/ADP
probes bind kinases with available ATP/ADP binding sites and identify kinases that are
activated under the conditions of sample collection. Although results of this approach
and other similar experimental approaches for identifying active kinases need to be
further supported by other activity assays for individual kinases, inhibition data from
KiNativ probes enriching kinases has a better correlation with readouts of cellular
inhibition compared with other tests measuring kinase activity (24). Our results show
that the spleen contained a higher number of kinases with available ATP/ADP binding
sites in comparison to the liver (4.8- and 7-fold higher for ATP- and ADP-probes,
respectively, when spectra of all identified active peptides were summarized for each
probe Supplementary Table 1). The ATP/ ADP probes targeted a single site, and in
some cases, more than one site (Supplementary Table 1). MET kinase is the only
kinase which was relatively more abundant in the liver (~5.5 fold) compared to the

spleen. MET is critical in the development and regeneration of liver (28).

Figure 1: A dendrogram representing the identified chicken liver kinome. The
protein kinases identified in the chicken liver through a chemoproteomics approach are
organized into kinase groups followed by families (from top to bottom). The bars

indicate the level of abundance of active sites, based on the mass spectrometry signal
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159  where maroon represents the most abundant kinases compared to yellow which
160  represents the lowest abundance. Each kinase is color-coded for the peptide that

161  vyielded the highest signal.

162

163  Figure 2: A dendrogram representing the identified chicken spleen kinome. The
164  protein kinases, identified in the chicken spleen by a chemoproteomics approach, are
165 organized into kinase groups followed by families (from top to bottom). The bars

166  indicate the level of abundance of active sites, based on the mass spectrometry signal
167  where maroon represents the most abundant kinases compared to yellow which

168  represents the lowest abundance. Each kinase is color-coded for the peptide that

169  yielded the highest signal.

170

171

172 The results of chemoproteomics-based identification of active kinases were validated
173 via immunoblotting for three kinases, IKKa, AKT1, and PIK3CA. Western blotting
174  confirmed higher expression of all three kinases in spleen compared to the liver (Fig.

175 3A, B).

176

177  Figure 3. Detection of kinases by Western blot immunoassay. (A) An equal amount
178  of protein from three liver or spleen samples (each tissue was harvested from a different

179  bird) were separated by SDS-PAGE, followed by transfer onto PVDF membrane. The
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180 membrane was probed for IKKa, AKT1 or PIK3CA kinases, or stained with Ponceau
181 Red stain to show protein loading. (B). Spectral counts for peptides of kinases identified
182 by chemoproteomics (Supplementary Table 1) are shown to compare the intensities of

183  proteins with mass spectrometry data.

184

185  The distribution of kinase families and subfamilies represented by the protein kinases
186 identified in this study are shown as dendrograms (Fig. 1, 2). We identified a number of
187  kinases in each of the nineteen individual most represented families in the liver and

188  spleen (Fig. 3C).

189  Major kinase families identified in both liver and spleen include AGC, CMGC, CAMK,
190 CK1, Other, STE, Tyrosine Kinase (TK), Tyrosine Kinase-Like (TKL), RGC, and Atypical
191  kinases (Fig. 1, 2, 3). The AGC kinase group contains essential kinase families (29, 30),
192  such as protein kinase A, G, and C, which are regulated by secondary messengers

193  including cAMP, cGMP, or lipid molecules. In the human genome, there are 63 AGC

194  kinases, and we identified 32 members of this kinase group in chicken (in equal number
195 in spleen and liver), which is approximately half of the known AGC kinases in human.
196  Another identified kinase group, CMGC, is named after CDK, MAPK, GSK3 and CLK
197  kinase families. CMGC kinases include functionally diverse enzymes, which control the
198  cell cycle, MAPK signaling, transcription, and cellular communication. In the human

199  kinome, there are 57 CMGC kinases (31) of which 24 are identified in the chicken

200 kinome reported here. STE kinases include the MAPK cascade families that constitute
201 critical kinases for transducing signals, such as the highly abundant MAP2K and

202  MAP3K kinases in the liver and spleen. While there are 47 known STE kinases (6) in

9
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203  human, we identified 27 chicken STE kinases, which constitute over 57% of the human
204 STE kinases. Based on these examples, our study identified a substantial number of
205  kinases from different protein kinase groups in chicken. However, our data also failed to
206 identify 40-50% of the chicken orthologs of human kinases. This result indicates that at
207 least some of these kinases are probably not active under experimental conditions, and
208 some could be unique to human kinome, or their abundance was too low for confident

209 detection in chicken tissues.

210  Analysis of the position of the labeled lysine residue within specific kinase domains

211 showed that107 sites were mapped to the Lys1 domain and 91 to the Lys2 domain.

212 Lys1, Conserved Lysine 1, is a residue localized at the beginning of the kinase domain,
213 while Lys2, Conserved Lysine 2, is located in the middle of the protein kinase domain.
214  In addition, 34 identified labeled sites were within the activation loop of the kinase

215 domain, 21 were mapped to the ATP site in non-canonical kinase (Figs. 1-2 “ATP”), and
216  seven to ATP-binding loop. Finally, four sites were within other protein kinase domain
217  (possibly not in the ATP binding site), while three others were not categorized, as the
218 labeling of the residue was likely outside of the protein kinase domain and possibly not

219  in ATP binding site.

220

221 Conservation of kinase active site between chicken and other species

222 Sequence alignments were performed to determine the level of conservation between
223  the identified peptides of chicken kinases and their closest human, rat and mouse

224 homologs. The known ATP-/ ADP- binding sites of human and mouse proteins were

10
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aligned with the regions of the identified Gallus proteins, including the ATP-binding
lysine residues, which is labeled by the biotinylated acyl phosphates and detected by
mass spectrometry. A protein-BLAST with three chicken serine/threonine-protein
kinases, WNK1, SMG1, and Nek6 identified in this study was performed to identify
human, rat and mouse homologs. Protein sequences of chicken, human, rat, and
mouse kinases were aligned and visualized (Fig. 4). The ATP-binding lysine residues of
WNK1 and Nek6 kinases in mouse, rat and human proteins (shown as a blue box)
corresponded to a lysine residue in chicken kinase (shown as a red box). The lysine
residue in chicken kinase was modified by the ATP- or ADP- acyl phosphate probes in
this study. The identified ATP-binding residue in chicken kinase SMG1 has not been

annotated as an ATP binding site in human, rat and mouse SMG1.

Figure 4: Sequence alignments of representative chicken kinases identified
through chemoproteomics. Three Gallus gallus proteins were chosen for sequence
alignment. We used blastp to identify the reviewed orthologs of chicken kinases in
human, rat, and mouse. Red boxes indicate the residue, which was identified by mass
spectrometry to bind to the active-site biotinylated acyl phosphate probe
(Supplementary Table 1) and therefore predicted to bind ATP/ADP. The blue boxes

indicate known ATP-binding regions in orthologous proteins in other species.

Analysis of the biological functions of chicken liver and spleen kinases

11
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247  To determine the biological function of the identified kinases reported here, we

248  performed Ingenuity Pathway Analysis. Based on the annotated functions of human, rat,
249  and mouse kinases, chicken kinases identified in the spleen (Fig. 5A) and liver (Fig.
250 5B) were associated with tissue development, hematological system development,

251  lymphoid tissue structure and development, organismal survival and hematopoiesis.
252  Chicken kinases identified by chemoproteomics also were associated with disease

253  etiology (Table 1-2). Kinases identified in the liver were mapped to specific liver

254  conditions such as a lesion, apoptosis of hepatoma cells, necrosis of the liver, liver

255  tumor, differentiation of erythroid precursor cells, epithelial neoplasm and others (Table
256 1). Kinases identified in chicken spleen were mapped to critical functions of spleen

257 including morphology of spleen and lymphoid tissue, the quantity of blood cells, the

258  proliferation of lymphatic system cells, cell death of immune cells, the viability of B

259 lymphocytes and others (Table 2).

260

261

262  Figure 5. Physiological system development and functions associated with
263  kinases identified by Ingenuity Pathways Analysis. All kinases identified in the
264  spleen (A) or liver (B) tissue by Mass Spectrometry were analyzed by IPA to determine

265 the physiological functions associated with these proteins.

266

267

12
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kinases identified by Ingenuity Pathway Analysis.

Cell death of
hepatoma cell
lines

Apoptosis of
hepatoma cell
lines

Liver lesion

Cell death of
liver cells

Necrosis of
liver

Liver tumor

Necrosis of
epithelial
tissue
Differentiation
of erythroid
precursor
cells
Proliferation
of
hepatocytes
Epithelial
neoplasm

Apoptosis of
hepatocytes
Cell viability
of hepatoma
cell lines

13

3.3E-08

4.3E-07

2.4E-05

2.9E-05

4.1E-05

0.00013

0.00015

0.00022

0.00033

0.00033

0.00061

0.0007

AKT1,EGFR,ERN1,INSR,IRAK2, MAP2K1,MAP2K3,MAP2K4,MAP3K7,
MAPK14,MET,PLK1,PRKCD,PRKCZ,SYK,ULK1

AKT1,EGFR,INSR,MAP2K1,MAP2K3,MAP2K4,MAP3K7 ,MAPK14,MET,
PLK1,PRKCD,PRKCZ,SYK,ULK1

ABL1,ATM,ATR,BTK,CAMK2B,CAMK2D,CAMK2G,CDK2,CDK9,CHUK,
EGFR,EIF2AK1,INSR,ITK,JAK1,LATS1,MAP2K1,MAP2K3,MAP2K4,MA
P3K1,MAP3K4,MAP3K7,MAPK14,MAPK9,MAST2,MAST4,MERTK,MET
,MTOR,MYLK,NEK6,NPR2,PAN3,PDPK1,PI4KA,PIK3CA,PKN2,PRKAA
2,PRKCB,PRKCQ,PRKD3,RAF1,RIPK1,RIPK2,ROCK1,RPS6KA2,RPS6
KA5,SGK1,SGK2,SIK2,SLK,SNRK,SRPK1,STK11,STK25,STK4,SYK,TA
OKS3,TBK1,TNIK, TNK2,WEE1

CHUK,EGFR,MAP2K1,MAP2K4,MAPK14,MAPK9,MET ,MTOR,PRKAA2
,RAF1,RIPK1,STK4,TBK1

ABL1,CHUK,EGFR,MAP2K1,MAP2K4,MAPK14,MAPK9,MET,MTOR,PR
KAA2,RAF1,RIPK1,STK4,TBK1

ABL1,ATM,ATR,BTK,CAMK2B,CAMK2D,CAMK2G,CDK2,CDKS9,EIF2AK
1,INSR,ITK,JAK1,LATS1,MAP2K3,MAP2K4,MAP3K1,MAP3K4,MAP3K7
,MAPK14,MAPK9,MAST2,MAST4,MERTK,MET,MTOR,MYLK,NEK6,NP
R2,PAN3,PDPK1,PI4KA,PIK3CA,PKN2,PRKAA2,PRKCB,PRKCQ,PRK
D3,RAF1,RIPK1,RIPK2,ROCK1,RPS6KA2,RPS6KA5,SGK1,SGK2,SIK2
,SLK,SNRK,SRPK1,STK11,SYK, TAOK3,TBK1,TNIK, TNK2,WEE1

ABL1,CHUK,EGFR,MAP2K1,MAP2K4,MAPK9,MET ,MTOR,PRKAA2,RI
PK1,STK4

ABL1,EGFR,EIF2AK1,JAK2

AKT1,CDK2,EGFR,INSR,MAPK1,MAPK14,MAPK9,MET,RAF1,RPS6KB
1

ABL1,ATM,ATR,BTK,CAMK2B,CAMK2D,CAMK2G,CDK2,CDKS9,EIF2AK
1,INSR,ITK,JAK1,LATS1,MAP2K3,MAP2K4,MAP3K1,MAP3K4,MAP3K7
,MAPK9,MAST2,MAST4,MERTK,MET,MTOR,MYLK,NEK6,NPR2,PAN3,
PI4KA,PIK3CA,PKN2,PRKAA2,PRKCB,PRKCQ,PRKD3,RAF1,RIPK1,RI
PK2,ROCK1,RPS6KA2,RPS6KAS5,SGK1,SGK2,SIK2,SLK,SNRK,SRPK1
,STK11,SYK, TAOK3,TBK1, TNIK, TNK2,WEE1

CHUK,EGFR,MAP2K1,MAP2K4,MAPK9,MET ,MTOR,RIPK1,STK4

AKT1,MET,MTOR,PRKAA2,PRKCD
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Viral Infection 0.001 AKT1,CAMK1,EGFR,EIF2AK2,INSR,PI4KA,RAF1,SRPK1 8

271

272  Table 2. Biological functions and diseases associated with chicken spleen

273  kinases identified by Ingenuity Pathways Analysis.
Morphology 2E-05 ABL1,ATM,AURKA,BTK,FYN,JAK2, LYN,MAPK14,MAPKAPK2,MERTK,M 19
of lymphoid TOR,PDPK1,PIK3CD,PRKCD,STK11,STK4,TBK1,TYRO3,ULK1
tissue
Quantity of 3.1E-05 ATM,AURKA,BTK,CAMK2G,CAMK4,FYN,LYN,MAPK14,MAPK9,MTOR,PI 17
lymphatic K3CD,PIK3CG,PRKCB,PRKCQ,RIPK2,STK11,STK4
system cells
Morphology 3.5E-05 ABL1,ATM,AURKA,BTK,FYN,JAK2,LYN,MAPK14,MERTK,MTOR,PDPK1, 17
of spleen PIK3CD,PRKCD,STK11,TBK1,TYRO3,ULK1
Quantity of 3.5E-05 AURKA,BTK,CAMK2G,CAMK4,FYN,JAK2,LYN,MAPK14,MAPK9,MTOR,P 17
blood cells IK3CD,PIK3CG,PRKCB,PRKCQ,RIPK2,STK11,STK4
Cell viability 4.6E-05 AKT1,BTK,CHEK2,PIK3CA,PIK3CD,PIK3CG,PRKCQ,SYK 8
of
lymphocytes
Mobilization 4.6E-05 AKT1,BTK,PIK3CA,PIK3CD,PIK3CG 5
of Ca2+
Proliferation 4.6E-05 ABL1,AKT1,ATM,BTK,FYN,ITK,JAK2,LYN,MERTK,MTOR,PIK3CA,PIK3C 15
of lymphatic D,PIK3CG,PRKCQ,SYK
system cells
Cell death of 0.00012 AKT1,ATM,BTK,CHEK2,ITK,PIK3CA,PIK3CD,PIK3CG,PRKCQ,SYK 10
immune cells
Cell viability 0.00015 AKT1,BTK,PIK3CA,PIK3CD,PIK3CG,SYK 6
of B
lymphocytes
Proliferation 0.00037 ABL1,AKT1,MERTK,MTOR,PIK3CA,PIK3CD,PIK3CG,SYK 8
of B
lymphocytes
Proliferation 0.00039 ABL1,AKT1,ATM,FYN,ITK,MERTK,MTOR,PIK3CA,PIK3CD,PIK3CG,PRK 12
of CQ,SYK
lymphocytes
Activation of 0.00045 CHUK,ITK,LYN,MERTK,PTK2B,RIPK2,STK11,SYK 8
cells
Activation of 0.00053 LYN,MERTK,RIPK2,SYK 4
B
lymphocytes
Expansion of 0.00078 PIK3CA,PIK3CD,PIK3CG 3
CD4+ T-
lymphocytes
Quantity of T 0.00094 BTK,CAMK2G,CAMK4,FYN,MAPK14,MAPK9,PIK3CG,PRKCQ,STK11,ST 10
lymphocytes K4
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275

276  Discussion

277  The availability of the genome sequences, decreasing sequencing cost, advances in

278 mass spectrometry-based proteomics, access to open source data analysis pipelines
279  and bioinformatics databases for biological interpretation have revolutionized all aspects
280 of biological research in the post-genomics era. Advances made in understanding

281  chicken health and disease are critical for the growth and sustainability of poultry

282  production systems that play a crucial role in meeting the needs to feed the world’s

283  increasing population. It is imperative to understand all aspects of the regulation of

284  essential physiological processes to leverage the chicken genome sequence for gains
285 in the US poultry industry. Regulatory cascades of given chicken pathophysiology

286 include PTMs of proteins, which control multiple aspects of cell fate and are often

287  deregulated in pathological conditions. Improving the existing annotation of chicken

288  protein function is a critical step towards understanding the biological processes

289 necessary for poultry health and disease prevention. Chemoproteomics enables

290 enrichment of specific enzymes, despite their low abundance, by targeting active site.
291  Therefore, chemoproteomics helps with the identification of low abundant enzymes that
292  could remain undetected in an unfractionated proteome when analyzed by standard

293  shotgun proteomics. Chemoproteomic approach has been applied to identify and

294  quantify functional and active kinases, serine hydrolases, deubiquitinases, and other
295 enzyme groups (27, 32-37). Phosphorylation, a reversible post-translational modification
296 catalyzed by kinases acts as a molecular switch that regulates many signaling pathways

297 that control several cellular processes including cell division, proliferation, differentiation,
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298 and apoptosis. Chemoproteomics-based identification of active kinases in chicken liver
299 and spleen reported here is the first systematic description of this important class of
300 enzymes in the chicken. Kinases reported in this study belong to AGC, CMGC, CAMK,
301 CK1, STE, Tyrosine Kinase, Tyrosine Kinase-Like, RGC, and Atypical kinase groups.
302  Majority of these kinases were previously uncharacterized in the chicken by genome-
303 scale experimental approaches. Peptide arrays design includes short peptides

304 sequences that are substrates for kinases and their design and application in poultry is
305 focused on a subset of kinases involved in the regulation of immune and metabolic

306 processes (23).

307 Peptide array based kinome studies in poultry focused on studying the host response
308 toinfection. Peptide arrays analysis of chicken macrophage kinome infected with

309 different serovars of Salmonella identified differences in infection with two different

310 strains (22), and evaluation of skeletal muscle kinome during Salmonella Typhimurium
311 infection could identify metabolic changes that could alter fatty acid and glucose

312 metabolism through AMPK and the insulin/mammalian target of rapamycin (mTOR)
313  signaling pathways (38). A peptide array for studying the kinome of mallard and

314  American black duck to study response to pathogens and environmental stress is

315 available (39).

316  Pharmacological inhibition studies with piceatannol, a selective inhibitor of Syk tyrosine
317 kinase, SB 203580, an inhibitor of p38 MAPK, U73122, an inhibitor of phospholipase
318 C, and LY294002, an inhibitor of phosphoinositol-3 kinase established the role of these
319  kinases in heterophil degranulation following the crosslinking of Fc receptors with 1gG-

320 bacteria during clearance of bacterial pathogens in poultry (40).
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321 Pharmacological or biological inhibition of kinases in chicken can be alternatives to

322  conventional antimicrobials. For example, SP600125, a specific inhibitor of JINK MAPK
323 interferes with Fowl Adenoviruses (FAdVs) serotype 4 replication in Leghorn male

324 hepatoma and enhances type | interferon production (41). FAdV-4 causes

325 hydropericardium syndrome (HPS) and is associated with high mortality in fowl (41).
326  Another application of specific kinase inhibition is to enhance bactericidal activity of

327 macrophages using a protein kinase A inhibitor, H-89, that reversed the suppression of
328 nitric oxide (NO) production during infection with Salmonella Enteritidis (42). Results of
329 the present study to Identify catalytically active kinases in the chicken liver and tissue
330  will complement ongoing efforts using peptide arrays and will contribute to

331 understanding the role of this protein family in chicken development, growth and

332 pathophysiology. Active Kinases from chicken liver and spleen will likely form the

333 framework for interpreting future functional genomics studies in different domains of
334 poultry research. Moreover, the identified kinome can be used as a starting point for
335 chemoproteomic-based interrogation of kinase inhibitor selectivity. Kinases identified in
336 this study are available through the Chickspress genome browser

337 (http://geneatlas.arl.arizona.edu/cgi-bin/GeneAtlas/chickspress _genes.cgii), for broader

338 dissemination and biological discovery.

339

340 Methods

341  Biological material
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342  The tissue samples were aseptically collected from commercial male broiler chickens at
343  the end of their grow-out period (60-64 days). The birds were collected from the

344  processing line immediately after they completed the stunning and exsanguination

345 phase. Once removed, the intact bird carcasses we placed on ice and transported out of
346  the processing plant for the collection of the tissue. Two birds were collected and

347  processed for tissue removal to minimize the time from expiration to tissue removal.

348  Once the tissues were aseptically collected, each sample was placed in a sterile whirl

349  pack bag and placed on ice for transport to the laboratory.
350

351  Since the animal tissues were collected post-mortem, no IACUC was necessary for the
352  work with animals. All methods were carried out in accordance with relevant guidelines
353  and regulations, and all experimental protocols were approved by the Institutional

354  Animal Care & Use Committee at the University of Florida (IACUC Study #201609318).

355

356  Sample Preparation

357  ATP and ADP Acyl-nucleotide probes were synthesized as described previously (43).
358  The sample preparation for mass spectrometry was done by ActivX Biosciences, Inc,
359 USA. Chicken liver and chicken spleen tissues from two birds (two biological replicates)
360 were lysed by sonication in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1%
361  Triton-X-100, phosphatase inhibitors [Cocktail I, AG Scientific]) by using the Omni Bead
362  Ruptor 24. After lysis, the samples were cleared by centrifugation (16,200g, 15 min),

363 and the supernatant collected for probe-labeling. Samples were incubated with 50 pL of

364 a 10X aqueous solution of the desthiobiotin-adenosine triphosphate-acyl phosphate
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365 probe (ATP probe) or desthiobiotin-adenosine diphosphate-acyl phosphate probe (ADP
366  probe) for a final probe concentration of 20 uM, for 10 min. Samples were prepared for
367 MS analysis as described previously (24). Briefly, probe-labeled lysates were denatured
368 and reduced (6 M urea, 10 mM DTT, 65°C, 15 min), alkylated (40 mM lodoacetamide,
369 37°C, 30 min), and gel filtered (Biorad Econo-Pac 10G) into 10 mM ammonium

370 bicarbonate, 2 M urea, 5 mM methionine. The desalted protein mixture was digested
371 with trypsin (0.015 mg/mL) for 1 hr at 37°C, and desthiobiotinylated peptides captured
372 using 12.5 L high-capacity streptavidin resin (Thermo Scientific). Captured peptides
373  were then washed extensively, and probe-labeled peptides eluted from the streptavidin
374  beads using two 35-pL washes of a 50% CH3;CN/water mixture containing 0.1% TFA at
375 room temperature.

376

377  LC-MS/MS Analysis

378 Samples were analyzed by LC-MS/MS as described previously (24). First, the samples
379  were run in a data-dependent mode in ion trap instrument, and after the initial kinome
380 was established, the identified ATP/ADP probe-labeled peptides were targeted based
381 on the m/z and migration time by using the same ion trap mass spectrometer. Briefly,
382 samples were analyzed on Thermo LTQ ion trap mass spectrometers coupled with

383  Agilent 1100 series micro-HPLC systems with autosamplers, essentially as described
384 (24, 44). HPLC grade solvents were used in all cases and were comprised of (A) 5%
385 ACN, 0.1% formic acid, and (B) 100% ACN, 0.1% formic acid. Samples were loaded
386 onto a pre-column peptide capTrap, desalted, and concentrated at 5% solvent B. Probe-

387 labeled peptides were separated in 0.18 X 100 mm columns packed with 5 pm
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388 diameter, 300 A Magic C18 stationary phase (Michrom Bioresources) equilibrated at
389  15% solvent B. Peptide samples were then separated using a three-stage linear

390 gradient: 15-30% solvent B from 0-100 min.; 30-50% solvent B from 100-115 min.; 50-
391 95 % solvent B from 115-120 min. The column flow rate was set to 2 ul/min. The

392  nanospray source (Thermo Scientific) was operated with the spray voltage at 1.6 kV,
393 the capillary temperature at 200°C, the capillary voltage at 46 V, tube lens voltage at
394 120V, and relative collision energy set to 35%. Samples were first to run in data-

395 dependent mode to identify probe-labeled peptides corresponding to kinases. The

396  migration times and m/z values of these peptides were then assembled into a target list,
397 and samples were subsequently run with this chicken kinase target list to allow for the
398 relative quantitation of kinases in liver and spleen. The data were searched against the
399  UniRef100 sequence database, taxonomy ID 9031, Gallus, by using the Sequest

400 algorithm as described (24, 44).

401

402  For the quantitative analysis, integrated peak areas were determined by extracting the
403  signal for theoretical fragments ions from each specifically targeted parent ion

404  (corresponding to a known probe-labeled kinase peptide). The mass spectrometry

405 proteomics data have been deposited to the ProteomeXchange Consortium via the
406  PRIDE (45) partner repository with the dataset identifier PXD011548. Moreover, the
407  proteomic data have been made available at the following link:

408  http://geneatlas.arl.arizona.edu/cgi-bin/GeneAtlas/chickspress _genes.cgii

409

410 Sequence Alignments
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411  MS peptide results were mapped to Gallus proteins present in the UniProt database.
412  Gallus proteins were selected for sequence alignment, and their sequence was blasted
413  in NCBI to locate human and mouse orthologs, followed by alignment of these

414  sequences.

415

416  Chickspress Genome Browser

417  Chickspress genome browser is an open source resource that is a repository of

418  proteomics, transcriptomics, miRNA and trait/QTL data from different tissues. Kinases
419 identified in this study (liver and spleen) are made publicly available through this

420 genome browser (http.//geneatlas.arl.arizona.edu/cgi-

421  bin/GeneAtlas/chickspress_genes.cgii). Unique identifications from the mass

422  spectrometry data were searched against the UniProt database (as of April 2018) and
423  current members for the Uniref clusters were downloaded inspected to ensure that they
424  included chicken proteins. Chicken UniProt proteins were mapped a unique NCBI Gene
425 records, and any discrepancies were reviewed manually. NCBI Gene records were

426  used to map to the NCBI Galgal5 genome assembly, and the start and stop coordinates

427 in the chromosome were retrieved and marked in the browser.

428

429  Ingenuity Pathway Analysis

430 To identify the molecular functions, signaling pathways, toxicological functions,
431 associated with the identified chicken kinases, we performed an Ingenuity Pathway
432 Analysis (IPA) as described earlier (46). The IPA analysis is based on human, mouse
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and rat data not on chicken and therefore as a first step, human, mouse or rat orthologs
of identified chicken proteins were identified. IPA mapped proteins from our dataset to
gene objects (focus genes) in the Ingenuity Pathways Knowledgebase (IPKB) known to
interact with other genes in networks and pathways. Fisher’s exact test was used to
calculate the P-value to determine the probability of each biological function/disease or
pathway being assigned by chance and a P < 0.05 was used to select highly significant

biological functions and signaling pathways.

Immunoblotting

An equal amount of protein from each one of three liver or spleen samples (each tissue
was harvested from a different bird) was loaded on a Criterion XT 4-12 % gradient
polyacrylamide gel (Bio-Rad, USA) and proteins were separated by SDS-PAGE,
followed by transfer onto Polyvinylidene difluoride (PVDF) membrane. A membrane was
blocked with 5% non-fat dry milk in PBS containing 0.1% Tween (PBST) for 60 min at
room temperature, and incubation with a primary anti-IKKa, AKT1 or PIK3CA rabbit
antibodies (Cell Signaling Technology, USA) and goat anti-rabbit secondary HRP-
conjugated antibody (Dako Scientific, USA). The antibodies recognized human proteins,
which were over 95% identical to chicken proteins apart from IKKa, which was ~79%
identical, but the molecular weight of bands was compared to the predicted molecular
weight of these proteins. All antibodies were diluted in Phosphate-buffered saline (PBS)
containing 1% Tween-20 (PBS-T) and 1% non-fat dry milk. After extensive washes in
PBS-T, Clarity Western Enhanced chemiluminescence (ECL) Substrate (Bio-Rad, USA)

was applied, and the membrane was imaged by exposing signals onto an X-ray film.

22


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634683; this version posted May 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

456

457  Acknowledgments

458  We would like to acknowledge Tyzoon Nomanbhoy and Brian Nordin for technical

459  assistance with the generation of the chemoproteomics data. We would also like to

460 thank Gary Jones for help with the analysis and thank Dr. Fiona McCarthy (University of
461  Arizona) for her support with Chickspress. This study was supported by a Biotechnology
462  Risk Assessment Grant Program No. 2016-31200-06012 from the National Institute of
463  Food and Agriculture and Agricultural Research Service (NIFA).

464

465  Author Contributions

466  MJE and BN jointly supervised the work. CRG and MO helped with data analysis,

467 WWH, MO, BN, and MJE prepared figures, RB obtained tissue sections, MJE, BN,

468  WWH and MJE wrote the manuscript.

469

470 Competing interest statement

471  The authors declare no competing interests.

472

473

474

475

476

23


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634683; this version posted May 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

477

478 References
479

480 1. International Chicken Genome Sequencing C. Sequence and comparative

481 analysis of the chicken genome provide unique perspectives on vertebrate evolution.
482  Nature. 2004;432(7018):695-716.

483 2. Koonin EV. Orthologs, paralogs, and evolutionary genomics. Annu Rev Genet.
484  2005;39:309-38.

485 3. Yu H, Luscombe NM, Lu HX, Zhu X, Xia Y, Han JD, et al. Annotation transfer
486  between genomes: protein-protein interologs and protein-DNA regulogs. Genome Res.
487  2004;14(6):1107-18.

488 4. Cohen P. The role of protein phosphorylation in human health and disease. The
489  Sir Hans Krebs Medal Lecture. Eur J Biochem. 2001;268(19):5001-10.

490 5. Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, et al. Global, in
491  vivo, and site-specific phosphorylation dynamics in signaling networks. Cell.

492  2006;127(3):635-48.

493 6. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase
494  complement of the human genome. Science. 2002;298(5600):1912-34.

495 7. Thomas SM, Brugge JS. Cellular functions regulated by Src family kinases. Annu
496  Rev Cell Dev Biol. 1997;13:513-609.
497 8. Tato CM, Hunter CA. Host-pathogen interactions: subversion and utilization of

498 the NF-kappa B pathway during infection. Infect Immun. 2002;70(7):3311-7.

499 9. Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, Paluch-Shimon S,
500 et al. Ribociclib as First-Line Therapy for HR-Positive, Advanced Breast Cancer. N Engl
501 J Med. 2016;375(18):1738-48.

502 10. Eid S, Turk S, Volkamer A, Rippmann F, Fulle S. KinMap: a web-based tool for
503 interactive navigation through human kinome data. BMC Bioinformatics. 2017;18(1):16.
504 11.  Knight ZA, Lin H, Shokat KM. Targeting the cancer kinome through

505 polypharmacology. Nature reviews Cancer. 2010;10(2):130-7.

506 12. ZhangJ, Yang PL, Gray NS. Targeting cancer with small molecule kinase

507 inhibitors. Nature reviews Cancer. 2009;9(1):28-39.

508 13. Oppermann FS, Gnad F, Olsen JV, Hornberger R, Greff Z, Kéri G, et al. Large-
509 scale proteomics analysis of the human kinome. Mol Cell Proteomics. 2009;8(7):1751-
510 64.

511 14. Moll M, Finn PW, Kavraki LE. Structure-guided selection of specificity

512  determining positions in the human Kinome. BMC Genomics. 2016;17 Suppl 4:431.

513 15.  Creixell P, Palmeri A, Miller CJ, Lou HJ, Santini CC, Nielsen M, et al. Unmasking
514  determinants of specificity in the human kinome. Cell. 2015;163(1):187-201.

515 16. Klaeger S, Heinzimeir S, Wilhelm M, Polzer H, Vick B, Koenig PA, et al. The

516 target landscape of clinical kinase drugs. Science. 2017;358(6367).

517 17. Ranieri G, Pantaleo M, Piccinno M, Roncetti M, Mutinati M, Marech |, et al.

518  Tyrosine kinase inhibitors (TKIs) in human and pet tumours with special reference to
519  breast cancer: a comparative review. Crit Rev Oncol Hematol. 2013;88(2):293-308.

24


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634683; this version posted May 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

520 18. Walsh CT, Fischbach MA. Repurposing libraries of eukaryotic protein kinase

521 inhibitors for antibiotic discovery. Proc Natl Acad Sci U S A. 2009;106(6):1689-90.

522 19. Qumar S, Majid M, Kumar N, Tiwari SK, Semmler T, Devi S, et al. Genome

523  Dynamics and Molecular Infection Epidemiology of Multidrug-Resistant Helicobacter
524  pullorum Isolates Obtained from Broiler and Free-Range Chickens in India. Appl

525  Environ Microbiol. 2017;83(1).

526 20. MacKinnon MC, Pearl DL, Carson CA, Parmley EJ, McEwen SA. Comparison of
527 annual and regional variation in multidrug resistance using various classification metrics
528 for generic Escherichia coli isolated from chicken abattoir surveillance samples in

529 Canada. Prev Vet Med. 2018;154:9-17.

530 21. Seo KW, Lee YJ. Prevalence and Characterization of B-Lactamases Genes and
531 Class 1 Integrons in Multidrug-Resistant Escherichia coli Isolates from Chicken Meat in
532  Korea. Microb Drug Resist. 2018.

533 22. He H, Arsenault RJ, Genovese KJ, Johnson C, Kogut MH. Chicken macrophages
534 infected with Salmonella (S.) Enteritidis or S. Heidelberg produce differential responses
535 in immune and metabolic signaling pathways. Vet Immunol Immunopathol.

536 2018;195:46-55.

537 23. Arsenault RJ, Trost B, Kogut MH. A Comparison of the Chicken and Turkey

538 Proteomes and Phosphoproteomes in the Development of Poultry-Specific Immuno-
539  Metabolism Kinome Peptide Arrays. Front Vet Sci. 2014;1:22.

540 24. Patricelli MP, Nomanbhoy TK, Wu J, Brown H, Zhou D, Zhang J, et al. In situ

541  kinase profiling reveals functionally relevant properties of native kinases. Chem Biol.
542 2011;18(6):699-710.

543 25. BaiD, Ueno L, Vogt PK. Akt-mediated regulation of NFkappaB and the

544  essentialness of NFkappaB for the oncogenicity of PI3K and Akt. International journal of
545  cancer Journal international du cancer. 2009;125(12):2863-70.

546  26. Morillo SM, Abanto EP, Roman MJ, Frade JM. Nerve growth factor-induced cell
547  cycle reentry in newborn neurons is triggered by p38MAPK-dependent E2F4

548  phosphorylation. Molecular and cellular biology. 2012;32(14):2722-37.

549 27. Graves LM, Litchfield DW. "Going KiNativ": probing the Native Kinome.

550 Chemistry & biology. 2011;18(6):683-4.

551 28. Borowiak M, Garratt AN, Wustefeld T, Strehle M, Trautwein C, Birchmeier C. Met
552  provides essential signals for liver regeneration. Proc Natl Acad Sci U S A.

553  2004;101(29):10608-13.

554  29. Leroux AE, Schulze JO, Biondi RM. AGC kinases, mechanisms of regulation and
555 innovative drug development. Semin Cancer Biol. 2018;48:1-17.

556 30. Xue G, Hemmings BA. AGC kinases in cancer metastasis, immune checkpoint
557  regulation and drug resistance. Semin Cancer Biol. 2018;48:iii-iv.

558 31. Varjosalo M, Keskitalo S, Van Drogen A, Nurkkala H, Vichalkovski A, Aebersold
559 R, et al. The protein interaction landscape of the human CMGC kinase group. Cell Rep.
560 2013;3(4):1306-20.

561 32. Kessler BM. Putting proteomics on target: activity-based profiling of ubiquitin and
562  ubiquitin-like processing enzymes. Expert Rev Proteomics. 2006;3(2):213-21.

563 33. Borodovsky A, Kessler BM, Casagrande R, Overkleeft HS, Wilkinson KD, Ploegh
564 HL. A novel active site-directed probe specific for deubiquitylating enzymes reveals

565 proteasome association of USP14. EMBO J. 2001;20(18):5187-96.

25


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/634683; this version posted May 10, 2019. The copyright holder for this preprint (which was not

certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

607

aCC-BY 4.0 International license.

34. Lee JH, Hou X, Kummari E, Borazjani A, Edelmann MJ, Ross MK.
Endocannabinoid hydrolases in avian HD11 macrophages identified by
chemoproteomics: inactivation by small-molecule inhibitors and pathogen-induced
downregulation of their activity. Mol Cell Biochem. 2017.

35.  Wang R, Borazjani A, Matthews AT, Mangum LC, Edelmann MJ, Ross MK.
Identification of palmitoyl protein thioesterase 1 in human THP1 monocytes and
macrophages and characterization of unique biochemical activities for this enzyme.
Biochemistry. 2013;52(43):7559-74.

36. Kidd D, Liu Y, Cravatt BF. Profiling serine hydrolase activities in complex
proteomes. Biochemistry. 2001;40(13):4005-15.

37. LiuY, Patricelli MP, Cravatt BF. Activity-based protein profiling: the serine
hydrolases. Proc Natl Acad Sci U S A. 1999;96(26):14694-9.

38.  Arsenault RJ, Napper S, Kogut MH. Salmonella enterica Typhimurium infection
causes metabolic changes in chicken muscle involving AMPK, fatty acid and
insulin/mTOR signaling. Vet Res. 2013;44:35.

39. Pagano G, Johnson C, Hahn DC, Arsenault RJ. A new tool for studying waterfowl
immune and metabolic responses: Molecular level analysis using kinome profiling. Ecol
Evol. 2018;8(16):8537-46.

40. Kogut M, Lowry VK, Farnell M. Selective pharmacological inhibitors reveal the
role of Syk tyrosine kinase, phospholipase C, phosphatidylinositol-3'-kinase, and p38
mitogen-activated protein kinase in Fc receptor-mediated signaling of chicken heterophil
degranulation. Int Immunopharmacol. 2002;2(7):963-73.

41. He Z, Chen X, Fu M, Tang J, Li X, Cao H, et al. Inhibition of fowl adenovirus
serotype 4 replication in Leghorn male hepatoma cells by SP600125 via blocking JNK
MAPK pathway. Vet Microbiol. 2019;228:45-52.

42. He H, Genovese KJ, Swaggerty CL, Nisbet DJ, Kogut MH. Nitric oxide as a
biomarker of intracellular Salmonella viability and identification of the bacteriostatic
activity of protein kinase A inhibitor H-89. PLoS One. 2013;8(3):e58873.

43. Patricelli MP, Szardenings AK, Liyanage M, Nomanbhoy TK, Wu M, Weissig H,
et al. Functional interrogation of the kinome using nucleotide acyl phosphates.
Biochemistry. 2007;46(2):350-8.

44.  Nomanbhoy TK, Sharma G, Brown H, Wu J, Aban A, Vogeti S, et al.
Chemoproteomic Evaluation of Target Engagement by the Cyclin-Dependent Kinase 4
and 6 Inhibitor Palbociclib Correlates with Cancer Cell Response. Biochemistry.
2016;55(38):5434-41.

45.  Vizcaino JA, Csordas A, Del-Toro N, Dianes JA, Griss J, Lavidas I, et al. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res.
2016;44(22):11033.

46. Hui WW, Hercik K, Belsare S, Alugubelly N, Clapp B, Rinaldi C, et al. Salmonella
enterica Serovar Typhimurium Alters the Extracellular Proteome of Macrophages and
Leads to the Production of Proinflammatory Exosomes. Infect Immun. 2018;86(2).

26


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

c c c c
el a — L

A 585 8585 & C

2o 2z 22> a 2 a

4 v v o v A v

| 50

EEI{DE ..q:. ' . aﬂh‘"{l{a
60kDa | s s s s e mm=" anti-AKT1 40 Bl Spleen

B Liver

110 kDa SV B .-iirikaca

Ponceau Red

Number of kinases

IKKa

AKT1
PIK3CA

Figure 3


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

Q9H4AS WHNEK1_HUMAN
QsJIHT WHNK1_RAT
P83741-3 WHNE1_MOUSE

ADALDSNTRO ADALDSNTRO_CHICK

Q96015 SMG1_HUMAN
XP_002725705.1 SMG1_RAT
QEBKXE SMG1_MOUSE

ADALIDSNWBY ADALIDSNWBY_CHICK

Q9HCSE MEKS_HUMAN
Q59895 NEKG _RAT
Q9ESTO MNEKS _MOUSE

ADALIDSNWTO  ADALIDSNWTO_CHICK

[l Identified ATP binding site
] Predicted ATP binding site

Figure 4

Serine/threonine-protein kinase WNK1

176
174
174
111

EEPPPARSGS--CGGSAKEPQEERSQQOUDDIEELETKAVGMSNDGRFLEFDIEIGRGS KG
EEPPPSRSGSGSGGASAKEPQEERNQQQDDIEELETKAVGMSNDGRFLEKFDIEIGRGS KG
EEPPPSRSGSGSCGASAKEAQEDRSQOQODDIEELETKAVGMSNDGRFLEKFDIEIGRGS KG
AAhLPPTShAGET-?ﬁLEREFEERRHQQEDIEELETKEHGIEPDGRFLKFDIEIGRGS KG

* sk, hek  hkskkkkkhRhdhd sk kh kR khdkk R h Rk hd hkk ok ok

ll-l'

Serine/threonine-protein kinase SMG1

2099
2097
2097
2042

LAAMTNTEIALPGEVSARDTVTIHSVGGTITILPTKTKPKKLLFLGSDGKSYPYLFKGLE
LARMTNTEIALPGEVSARDTVTIHSVGGTITILPTETKPKRLLFLGSDGEKSYPYLFRGLE
LARMTNTEIALPGEVSARDTVTIHSVGGTITILPTETKPKKLLFLGSDGKSYPYLFKGLE
LAAMMNTEIALPGEVSTRDTVTIBSVGSTITILPTRIKPKELLFLGSDGKNYPYLFKGLE

deoe et ol e ok ol ok e ok e o o ok e e o ol e o ook e ol e e o o o ol o ol o ol e o ol ol e ol oy ol e ol e e i e ol o o o ol o o i

Serine/threonine-protein kinase Nek6

61
61
61
47

KATCLLDREKTV VOIFEMMDAKARQDCVEEIGLLEQLNHPNIIKYLDSFIEDNELNI
KATCLLDRKTV VOIFEMMDAKARQDCVEEIGLLEQLNHPNIIKYLDSFIEDNELNI
KATCLLDREKTV VOIFEMMDARARQDCVEEIGLLEQLNHPNIIKYLDSFIEDNELNI
KATCLLDREPV IFEMMDARKARQDCIKEIDLLEQLNHPNIIRKYLDSFIEDNELNI

ik dddkdkd ddkdhdkdddddddddddrdr oo ¢ o dedr | oo o o i o o o i i O o o i i o o o o ol i e


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

A

Skaletal and Muscular System Developmeant and Function
Cell.mediated Immune FResponse

Hervous System Development and Function
Irmuna Cell Trafficking

Tissue Morphology

Ovgan Morphol ogy

Candiovascular Systermn Development and Function
Organ Davelopment

Embryonic Deve lopmant

Organismal Developmant

Hematopolesis

Organismal Survival

Lymphoid Tissue Structurs and Davelopmant
Hematedogical System Developmeant and Function
Tissue Development

Conneclive Tissse Development and Function

L1] 0 20
Saglp-value)

Figure 5

Skeletal and Muscular Sysiem Devalopment and Funclion
Hereous Sysiem Development and Function
Call-mediated Immune Response

Immiune Cell Tralicking

Tissie Morphology

Organ Morphology

Cardiovascular System Development and Function
Organ Dewvelopment

Embryonic Developmeni

Crganismal Development

Hematopoiesis

Organismal Survival

Tissuwe Dewvelopment

Connective Tissue Development and Function
Lymphoid Tissue Structure and Development
Hematological Sysiem Develogment and Funciion

10 H
Hog(p-value)


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

e
A\ ﬁ%

o

selie

Apg ot Fd
'::.'.lr:__ _ftq'h..?‘ﬁ'\-? &

B, 7 [
A % %

) '\‘.;\-._ T " [ .f.-"ﬁ i : .
tps://doi.org/1 4‘1&1{6346&3; this ver May 10, 2019. The copytight holder for this preprint (which was not
) Is the authoty| er,'whq has gran{® 1% a license to display & pregint in perpetuity. Itis made available under

e 4 ,_;,ft;"r - ag;c% .OfInternational license. -g‘ = :%' ;
. L]
-
feberhy ° ‘-5"):& %-
P

-1

o % ¥ BRE CEEEEE s

LTI B LA T TTTI
£ - % -I.I!_':I " F
= [y % g

wome B 2E g To 2w
il z a E£F
%%p& 7 c_fg’r

§ |\ 7

Figure 1

MS Signal < 10000 (Area under the curve, arbitrary units)
MS Signal > 10000; < 100000

MS Signal > 100000: < 1000000

MS Signal > 1000000


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

KA,
0

PI4iPI-5 3 i

i, T ¥

I: https://doi.org/10.1401/684683; thi% posted May 10, 2019. Th%pyrﬁht holder for this preprint (&tich s not

iew) is the a derawho has grantt ioRxiv a licensesto display the preprint in perpetuity. It is made availagle under
it r’&CC—BY 4.0 Internationatfgense.

Goy, “ARIKS %‘ g

o

5
o
gt
(a3

T

Legend

MS Signal < 10000 (Area under the curve, arbitrary units)
MS Signal > 10000; < 100000

MS Signal = 100000; < 1000000

MS Signal = 1000000

Figure 2


https://doi.org/10.1101/634683
http://creativecommons.org/licenses/by/4.0/

