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Abstract

Genomic analysis of the unicellular choanoflagellate, Monosiga brevicollis (MB), revealed
the remarkable presence of cell signaling and adhesion protein domains that are character-
istically associated with metazoans. Strikingly, receptor tyrosine kinases, one of the most
critical elements of signal transduction and communication in metazoans, are present in
choanoflagellates. We determined the crystal structure at 1.95 A resolution of the kinase
domain of the M. brevicollis receptor tyrosine kinase C8 (RTKC8, a member of the choano-
flagellate receptor tyrosine kinase C family) bound to the kinase inhibitor staurospaurine.
The chonanoflagellate kinase domain is closely related in sequence to mammalian tyrosine
kinases (~ 40% sequence identity to the human Ephrin kinase domain EphA3) and, as
expected, has the canonical protein kinase fold. The kinase is structurally most similar to
human Ephrin (EphA5), even though the extracellular sensor domain is completely different
from that of Ephrin. The RTKC8 kinase domain is in an active conformation, with two staur-
osporine molecules bound to the kinase, one at the active site and another at the peptide-
substrate binding site. To our knowledge this is the first example of staurospaurine binding
in the Aurora A activation segment (AAS). We also show that the RTKC8 kinase domain can
phosphorylate tyrosine residues in peptides from its C-terminal tail segment which is pre-
sumably the mechanism by which it transmits the extracellular stimuli to alter cellular
function.

Introduction

Receptor tyrosine kinases are crucial signaling molecules in animal cells, regulating inter-cellu-
lar responses to extracellar signals via numerous different pathways dependent on the
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organism involved. These receptors consist of an extracellular ligand-binding domain, a single
transmembrane helix, and a cytoplasmic tyrosine kinase domain [1, 2]. Binding of ligands to
the extracellular domain of the receptor leads to dimerization and activation of the kinase
domain. The activated kinase domain then autophosphorylates tyrosine residues present in
the activation loop in the kinase domain, thus sustaining or amplifying the activation. Other
sites of phosphorylation in the C-terminal tail of the receptor usually are involved in recruit-
ment of further components of the signaling pathway. In some instances, loops in the kinase
domain, or in the juxtamembrane segment bridging the transmembrane helix and the kinase
domain are phosphorylated to alter the kinase activity. Thus, in summary, phosphorylated
tyrosine residues switch on kinase activity, or act as docking sites for proteins that transmit the
signal further downstream [3-5].

The discovery of numerous genes encoding receptor tyrosine kinases in choanoflagellates
was remarkable [6-10]. Phylogenetic studies suggest that choanoflagellates are the closest liv-
ing relatives to metazoans, indicating that receptor tyrosine kinases were present in the com-
mon ancestor of choanoflagellates and metazoans. The choanoflagellate M. brevicollis contains
128 protein kinases, including 88 receptor tyrosine kinases [11]. These choanoflagellate recep-
tor tyrosine kinases are classified into 15 families (denoted A through M, FGTK and LRTK)
[11]. They are not direct orthologs of metazoan receptor tyrosine kinases as they have extracel-
lular domains that appear unrelated to those of metazoan receptor tyrosine kinases [11]. The
structural and functional aspects of choanoflagellate receptor tyrosine kinases are still relatively
unexplored.

The kinase described in this study is from the M. brevicollis receptor tyrosine kinase C
(RTKC) family. This family has 10 members (denoted RTKCI1 to RTKC10). The RTKC family
is a distinct clade of kinases and shares a common ancestor with the Ephrin kinases but does
not share all of the Ephrin-specific conserved motifs [12]. Most of the members of this family
contain Cys-rich and Hyalin-rich (HYR) extracellular domains, a transmembrane domain, a
kinase domain and a C-terminal tail with a CAP-Gly domain. The HYR domain is predicted
to be related to immunoglobulin (Ig) and fibronectin type3 (FN3) domains in metazoans, and
might be involved in cell adhesion [11, 13]. The metazoan CAP-Gly domains bind to microtu-
bules [14]. The presence of a CAP-Gly domain in M. brevicollis C family receptor tyrosine
kinases therefore suggests that these kinases may interact with the cytoskeleton [11]. The M.
brevicollis RTKC8 gene codes for a 2031 amino acid protein, It consists of an extracellular
domain of ~1487 residues containing two Cys-rich domains and four HYR domains, a trans-
membrane domain (TM) domain of ~19 residues and an intracellular domain consisting of a
juxtamembrane domain (JM, ~37 residues) a kinase domain (~254 residues) and a C-terminal
tail containing a 40 residue CAP-Gly domain and 10 tyrosine residues (Fig 1).

We determined the crystal structure of the RTKCS kinase domain to 1.95 A resolution. The
RTKCS kinase domain is co-crystallized with the kinase inhibitor staurospaurine in two posi-
tions, one the canonical active site position and one in the peptide binding site or Aurora A
activation segment (AAS). We also demonstrated the kinase is active on tyrosine residue con-
taining peptides derived from its C-terminal tail segment.

Materials and methods
Cloning of the RTKCS8 kinase domain

The sequence of the RTKCS kinase matches that reported in the Kinase.com database (http://
kinase.com/kinbase) [11]. The DNA (NCBI accession id: XM_001750163.1), encoding for the
RTKCS8 kinase domain (1543-1796) flanked by a 13 residues of the preceeding sequence and

15 residues of the following sequence, residues 1530-1811, was amplified using standard PCR
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Fig 1. Architecture of the RTKCS8 receptor tyrosine kinase and purification of its kinase domain. Domain organization of full length RTKCS8, consisting of Cys-rich
and hyalin rich (HYR) domains in the extracellular domain, followed by a transmembrane domain (TM) and an intracellular domain. The intracellular domain contains a
juxtamembrane (JM) domain, a kinase domain, and a C-terminal tail with tyrosine residues (red circles) and a CAP-Gly domain.

https://doi.org/10.1371/journal.pone.0276413.9001

protocols from a Monosiga cDNA library using the forward primer 5’ AGGGCCATATGCA
GCTTTCCAAGGAGCCGCGCG3' and the reverse primer 5/ CCTTTGAATTCTCAGCTTT
GGAAGAGGCTGGACATGTCCGAATCAGT3’ . The PCR product size was confirmed using aga-
rose gel electrophoresis. The amplified DNA was ligated into the pFastbacl insect-cell expres-
sion vector using EcoRI (5°) and Ndel (3’) restriction enzyme sites. The ligated product was
transformed into E. coli Top10 chemically competent cells and was selected with Ampicillin
on LB Agar. Next day, overnight cultures were set up from the Top10 bacterial colonies to iso-
late the plasmid and the plasmid was sequenced to confirm the cloned construct. The
expressed construct consisted of an N-terminal hexahistidine tag and a TEV protease site fol-
lowed by the M. brevicollis TRKCS core kinase domain with short flanking sections from the
RTKCS protein sequence either side (S1A Fig).

Expression of the RTKCS8 kinase domain

The pFastbacl-RTKC8-kinase vector carrying the ampicillin resistance gene was transformed
into DH10bac E. coli cells for transposition into the bacmid. The outgrowth (diluted 1:100)
was plated over Luria-Bertani (LB) agar plates containing kanamycin (50 pg/mL), gentamycin
(7 pug/mL), tetracycline (10 pg/mL), isopropyl B-D-1-thiogalactopyranoside (IPTG) (40 ug/
mL), bluo-gal (100-300 pg/mL) and incubated at 37°C. After 24-48 hours, the white colonies
(containing the cloned construct) were cultured overnight to isolate the bacmid. The bacmid
was transfected into Spodoptera frugiperda (Sf9) cells to prepare baculovirus stock, which was
further amplified via three cycles of infection. After 3 cycles of virus amplification, the super-
natant of this third passage (P3 virus) was used to infect another 2 liter batch of Sf9 cells grown
t0 2.5 x 106 cells/ mL in the presence of 10% antibiotics (penicillin and streptomycin). S9 cells
were harvested after 48 hours. Each liter of culture was resuspended in 20 mL of lysis buffer
(50 mM Tris-HCI pH 8.0, 200 mM NaCl, 20% (v/v) glycerol, 10 mM CaCl,, 10 mM MgCl,, 50
mM imidazole, 0.5 mM TCEP) containing 10 ug/mL DNasel and a protease inhibitor cocktail
of 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (0.2 mM), benzamidine
(0.5 mM) and leupeptin (0.005 mM). The resuspended lysate was stored at -80°C until thawed
for purification.

Purification of the RTKCS kinase domain

To purify the protein, sf9 cells were thawed and lysed by passing three times through an Aves-
tin EmulsiFlex C50 cell homogenizer with 1500 psi pressure at 4°C. The suspension was clari-
fied by ultracentrifugation at 40,000 rpm for 1 hour at 4°C. The supernatant was filtered using
a 0.45 puM syringe filter, loaded onto a Ni-NTA affinity column (GE Healthcare Life Sciences)
pre-equilibrated with Buffer A (50 mM Tris-HCl pH 8.0, 500 mM NacCl, 10% (v/v) glycerol, 25
mM imidazole, 0.5 mM TCEP) and the flow-through was collected. The resin was washed with
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20 column volumes of Buffer A to remove the non-specific proteins. Then, the RTKC8 protein
was eluted in Buffer B (50 mM Tris-HCI pH 8.0, 200 mM NaCl, 10% (v/v) glycerol, 250 mM
imidazole, 0.5 mM TCEP). To cleave the His-tag, TEV protease was added to the pooled frac-
tions containing the protein and dialyzed into Buffer C (50 mM Tris-HCI pH 8.0, 200 mM
NaCl, 10% (v/v) glycerol, 0.5 mM TCEP) overnight at 4°C. A subtractive Ni-NTA purification
was run to remove TEV protease and other impurities. The flow through was collected, con-
centrated and purified on a Superdex 200 16/600 column (GE Healthcare Life Sciences) in
Buffer C. Fractions containing RTKC8 kinase were either pooled and concentrated to 105 uM
for biochemical experiments and stored at -80°C or concentrated to 200 uM and used immedi-
ately for crystallization experiments. The purification yield was ~1 mg of purified RTKC8
kinase from 1 liter of Sf9 insect cells. The elution volume from size exclusion was consistent
with the molecular weight of a monomeric protein (28.5 KDa) (S1B Fig) and ran as a single
chromatography band on SDS PAGE (S1C Fig).

Phosphorylation and dephosphorylation analysis of RTKCS8 kinase domain

To determine the phosphorylation state of the purified RTKCS kinase domain, the protein was
probed using an anti-phosphotyrosine antibody (4G10) by western blot. The protein was run
on 12% (w/v) acrylamide SDS-PAGE gel at a final concentration of 1 pM and transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore) using a semi-dry transfer apparatus.
Protein samples were transferred using Towbin transfer buffer (25 mM tris, 192 mM glycine,
20% (v/v) methanol). The membrane was blocked using blocking solution (5% (w/v) BSA dis-
solved in Tris-buffered saline (20 mM Tris pH 7.5, 150 mM NaCl), 0.1% (v/v) Triton X-100).
The membrane was probed using anti-phosphotyrosine 4G10 primary antibody (Millipore,
05-321) (1:3000), diluted in blocking solution overnight at 4°C. Next day, the blot was washed
with 1X Tris-buffered saline containing 0.1% (v/v) Triton X-100 four times for 5 minutes each
with gentle shaking at room temperature. The blot was probed using anti-Mouse IgG second-
ary antibody linked with horse radish peroxidase (Cell Signaling Technology, #7076) (1:3000)
for 1 hour at room temperature on shaker. The blot was washed again with 1X Tris-buffered
saline solution containing 0.1% (v/v) Triton X-100 four times for 5 minutes each with gentle
shaking at room temperature. The blot was developed using the Western Bright kit (Advansta)
and imaged using a Bio-Rad Gel Doc.

For dephosphorylation assays, the RTKC8 kinase domain and YopH phosphatase, each at a
final concentration of 1 uM, were incubated together at room temperature and the dephos-
phorylation reaction was stopped at different time intervals by adding SDS-buffer. Phospho-
tyrosine levels were detected by western blot as described above.

In vitro kinase activity assays

Kinase activity measurements were carried out using a coupled kinase assay (Pyruvate Kinase/
Lactate Dehydrogenase (PK/LDH) ATPase assay) in presence of different substrate peptides
[15, 16]. This assay measures ADP production, which is coupled to NADH oxidation. In this
experiment, the reaction solution contained 50 mM Tris-HCl pH 8, 100 mM NaCl, 10 mM
MgCl2, 1 mM phosphoenolpyruvate (PEP), 300 mg/mL NADH, 2 mM sodium orthovanadate
(Na3VOy,), 100 pM ATP, and an excess of pyruvate kinase and lactate dehydrogenase (approxi-
mately 120 units/mL and 80 units/mL, respectively, added from a commercially available mix-
ture of the two enzymes). Human c-Src kinase domain phosphorylation of a preferred peptide
substrate, PKC3-Y313 (SSEPVGIYQGFEKKT) and a non-preferred peptide, PDGFRa-Y762
(SDIQRSLYDRPASAK), in which the Tyr 768 in the wildtype PDGFRa sequence was mutated
to alanine in the peptide so as to present a single substrate tyrosine residue, were used as
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controls in these kinase assays [17]. The tyrosine phosphorylation kinetics for RTKC8 with
these two previously mentioned peptides and three peptides from the RTKC8 C-terminal tail
(purchased from Elim Biopharmaceuticals, Inc.), corresponding to the residues surrounding
Tyr 1828 (EPETDEVYGNEGNVS), Tyr 1897 (GTVGEHEYFDCADQH), and Tyr 1990 (ASD-
NELLYDMGRAEA) were measured. The reactions were initiated by the addition of either c-
Src at 1 uM or RTKC8 kinase domain at 5 pM, to 250 mM peptide and were conducted in
duplicate. The reaction progress was monitored by measuring absorbance at 340 nm every 30
s at 25°C on a SpectraMax plate reader.

Crystallization and data collection

The freshly purified RTKCS kinase domain (10-15 mg/mL, in Buffer C) was mixed with a
final concentration of 1 mM staurosporine (10 mM stock, dissolved in 100% (v/v) DMSO) and
incubated on rotator for 2 hours at room temperature. The crystallization trays (96 well) were
set up using sitting-drop vapor diffusion with a Mosquito crystallization robot (TTP Labtech)
using commercial sparse matrix screens. 0.1 uL of the protein was mixed with 0.1 uL of the res-
ervoir solution. The drops were equilibrated against 50 uL of reservoir volume and the trays
were incubated at 20°C. A condition from the PACT screen (Qiagen) yielded crystals suitable
for diffraction (0.1 M succinic acid, sodium dihydrogen phosphate and glycine (SPG) buffer
pH 6.0, 25% (w/v) polyethylene glycol (PEG) 1500 [18]. The crystals directly from the 96 well
screen were cryoprotected with a solution of the well condition with 20% (v/v) glycerol and X-
ray diffraction data were collected at Lawrence Berkeley National Laboratory Advanced Light
Source, Beamline 8.2.1 with 0.9998 A wavelength X-rays.

Structure determination

The reflections were indexed and integrated by XDS [19, 20]. The data were scaled and merged
with Pointless [21] and Aimless [22], in the CCP4 suite [23]. The structure was solved by
molecular replacement with Phaser-MR [24] using the structure of tyrosine kinase AS—a
hypothetical protein with a sequence corresponding to a common ancestor of Src and Abl
with ~ 43% identity to the RTKC8 kinase domain (PDB 4UEU [25]) as a search model. The
structure was rebuilt using Phenix-AutoBuild and refined with multiple cycles of refinement
with phenix.refine [26] and model building with Coot [27]. We used Molprobity [28] statistics
provided in the Phenix suite to validate the structure. The calculated difference Fourier map
(Fo-Fc) revealed clear electron density for two molecules of bound staurosporine per kinase
domain and one phosphate, resumed to be from the crystallization buffer. The phosphate
(PO4) and staurospaurine (STU) ligands were refined with full occupancy using the standard
cif dictionaries included in the phenix suite. The B-factors for the ligands were comparable to
the B-factors of the protein amino acid residues co-ordinated with them. The coordinates and
structure factors of the final structure have been deposited in the Protein Data Bank (PDB)
with the PDB ID 8E4T. Software used in this project was curated by SBGrid [29]. Figures
depicting the structure were generated with PyYMOL (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC).

Results
RTKCS kinase domain is phosphorylated

Western blot analysis was performed to check the phosphorylation status of the purified
RTKCS8 kinase. The immunoblot was probed with an anti-phosphotyrosine antibody and
showed that the purified RTKCS kinase had at least one phosphorylated tyrosine residue
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which could be dephosphorylated by the tyrosine-protein phosphatase YopH (Fig 2A). The
band intensity was decreased to ~30% of the initial level after five minutes and to less than
~5% after an hour.

Substrate specificity of the RTKCS kinase

The phosphorylation rates of the peptides human c-Src preferred peptide (PKC3-Y313) and
non-preferred peptide (PDGFRo.-Y762) [17] by c-Src (1 uM) and RTKC8 kinase domain

(5 uM) were assayed (Fig 2B and 2C). RTKCS kinase appears to have a different substrate spec-
ificity than c-Src, showing more rapid phosphorylation of PDGFRa-Y762 than PKC3-Y313.
Kinase assays were also performed with three RTKCS tail peptides comprised of the sequences
surrounding Tyr 1828, Tyr Y1897, or Tyr Y1990. These experiments showed that the different
tail peptides were phosphorylated at different rates. The RTKCS8 peptide containing Tyr 1990
had the highest rate of phosphorylation by RTKCS kinase (Fig 2B and 2D). Both the c¢-Src
non-preferred peptide (PDGFRo-Y762) and the tail peptide (RTKC8-Y1990) have Leu before
the Tyr and Asp after the phosphosite tyrosine residue. This result suggests that the preferred
substrates of the RTKC8 kinase contain a hydrophobic residue at the position immediately
before the phosphosite and an acidic residue immediately after it.

Structure determination

Crystallization trials of the RTKC8 kinase domain with staurospaurine yielded triangular
shaped crystals, 70-100 um in diameter. The crystals were of the orthorhombic space group
P2,2,2 with cell dimensions a = 81.1, b = 55.5, ¢ = 60.6 (A) with a solvent content of 46.91%
and a Matthews coefficient of 2.32 and one molecule in the asymmetric unit. The crystal struc-
ture of the kinase domain was determined to 1.95 A resolution and the model was built with a
final Rwork/Rfree (%) of 20.4/25.5 (Table 1). The crystallographic model includes residues
1532 to 1804, two staurosporine molecules, 100 water molecules and one phosphate group (Fig
3A). The first three residues (1530-1531), the last seven residues (1805-1811) and a region of
the activation loop (1694-1698) in the expressed protein construct were not modeled as there
was no interpretable electron density for these residues. The tyrosine residues which would be
expected to be phosphorylated in the activation loop (Tyr 1697 and Tyr 1698) were in the dis-
ordered activation loop region. The staurosporine inhibitor bound to the kinase domain at
two sites, one in the ATP binding site (Fig 4A) and other on the C-lobe in the peptide-substrate
binding site (Figs 3C and 4B).

The choanoflagellate RTKC8 kinase domain crystallized in an active
conformation

The choanoflagellate kinase domain exhibits the conserved structural features of a typical
kinase domain [30, 31] with two lobes, the N-lobe and C-lobe. The activation loop is a stretch
of 29 amino acids in the C-lobe, beginning with the conserved Asp-Phe-Gly (DFG) motif and
ending at Ala-Pro-Glu (APE). The activation loop of the RTKC8 kinase domain contains two
consecutive tyrosine residues for which there is no observable electron density.

The RTKCS kinase crystallized in an active conformation with a RMSD of 1.0 A over 201
Co atoms to the structure of Lck in an active conformation [32]. The conserved Glu 1592 of
the aC-helix is rotated towards the active site to form a salt bridge with Lys 1575 of the
B3-strand, oriented as “a.C-helix-in”. The distance between aC-helix-Glu-Cp and B3-Lys-CB
atoms is 8.1 A (C-helix-in and C-helix-out structures are defined with the distance of <10 A
or >10 A, respectively) [33]. The kinase is crystallized in “DFGin” conformation where the
DFG-Asp is pointed towards the active site and the DFG-Phe interacts with the oC-helix. The
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Fig 2. Phosphorylated RTKC8 kinase domain is active and phosphorylates tyrosine residues in tail segment peptides. (A) The RTKCS kinase domain was
dephosphorylated by YopH phosphatase and samples were taken at different time intervals and probed with an anti-phosphotyrosine antibody. The control showed
that the band intensity on the western blot for the kinase domain without YopH is unchanged over 2 hours at room temperature while the band intensity decreased
rapidly upon the addition of the tyrosine phosphatase YopH. (B) The sequence of tyrosine phosphosite peptides (PKC8-Y313, PDGFRa-Y762, RTKC8-Y1828,
RTKC8-Y1897, RTKC8-Y1990) used as substrates for the kinase (C) Phosphorylation activity of RTKC8 kinase domain on the tyrosine containing peptides PKC8-
Y313 and PDGFRo-Y762 (D) Phosphorylation activity of RTKC8 kinase on tyrosine residue containing peptides from the tail segment (RTKC8-Y1828,
RTKC8-Y1897, RTKC8-Y1990). Kinase assays were performed in duplicate.

https://doi.org/10.1371/journal.pone.0276413.g002

Asp backbone and its sidechain is oriented in such a manner that the carbonyl group of the
Ala prior to the DFG motif forms a hydrogen bond with the nitrogen of the histidine sidechain
in HRD motif [33]. The distance between the sidechain nitrogen of His 1664 and the carbonyl
group of the Ala 1683 is 3.1 A, consistent with formation of a hydrogen bond between them.
The activation loop is extended away from the C-lobe of kinase domain. In this extended con-
formation, the cleft is accessible to ATP and peptide substrates [34, 35]. The orientation of the
activation loop leads to the formation of a hydrogen bond between the backbone N atom of
the sixth residue in the loop (DFGxxX) and the backbone carbonyl of the residue prior to the
HRD motif in the catalytic loop. The amide nitrogen of Arg 1689 (DFGxxR) and the carbonyl
of Ile 1663 form a hydrogen bond of 3 A. Another major structural feature of this conforma-
tion is the presence of type I B-turn at the Phe in the DFG motif, which forms a hydrogen
bond between the carboxyl group of the Phe and the NH of the Ala two residues after the DFG
motif [33]. The hydrogen bond length between Phe 1685 and Ala 1688 is 3.2 A. This interac-
tion plays an important role in orientating the activation loop to an extended conformation.
All these interactions and structural features present the signature of the active conformation
of the kinase domain (Fig 3C).
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Table 1. Structure determination and refinement of RTKC8 kinase domain bound to staurosporine.

Data Collection
Wavelength (A) 0.9998
Space group P2,2,2
Cell dimensions (A) a=81.1,b=55.5,c=60.6
Resolution (A) 48.55-1.95 (2.0-1.95)
Rmerge 0.23 (3.65)
Rmeas 0.23 (3.76)
Rpim 0.05 (0.88)
Total Observations 539294 (23983)
Unique Observations 20593 (1414)
CC1/2 0.99 (0.45)
Completeness (%) 99.9 (99.3)
Multiciplicity 26.2 (17.0)
Io () 12.4 (0.9)
Refinement Statistics

No. reflections in Rfree test set 1039 (142)

Resolution 48.55-1.95 (2.05-1.95)

R-work (%) 20.4 (29.0)

Rfree (%) 25.5(32.0)
No. of Atoms

Protein 2111

Ligand 75

STU 70
PO, 5

Water 100
Average B-factor (A%

Proteins 35.07

Ligand 38.54

Solvent 36.37
Ramachandran Statistics

Favoured (%) 97.35

Disallowed (%) 0.00
Root mean square deviation from ideality

Bonds (4) 0.007

Angle (°) 0.847
Molprobity score 1.23
Molprobity clash score 2.08
Rotamer outliers (%) 1.76
RSCC ligands

STUI1 (active site) 0.95

STU2 (AAS site) 0.81

PO4 0.97

https://doi.org/10.1371/journal.pone.0276413.t001

Staurosporine interactions with the RTKC8 kinase domain

Two molecules of staurosporine are bound to the RTKCS kinase. One is in the ATP-binding
site as seen in several other structures of kinase:staurospaurine structures (eg. CDK2 (1AQ1
[36]) and ZAP-70 (1U59 [37]) (Fig 3A), and the other is bound in the peptide substrate bind-
ing site in the C-lobe (Fig 3B and 3C). The active site inhibitor is positioned in the large groove
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Fig 3. The RTKCS kinase domain crystallized in an active conformation with staurosporine. (A) The RTKCS8 structure reveals a classic, two lobed kinase
domain (teal) with an aC helix (blue), P-loop (green), activation loop (red), catalytic loop (violet) with two staurosporines bound, one at the active site and the
other at the peptide-substrate binding site (light orange). Two views are shown. The one on the right is rotated slightly from the left view so as to show the break in
the activation loop more clearly. (B) The active aC-helix-in conformation is demonstrated by the presence of a salt bridge between the conserved oC-helix
Glu1592 and Lys1575 in the B3 strand (distance between the two CBs is <10A; distance between the Lys £-amnino and the Glu carboxyl is 3.4A), the presence of a
hydrogen bond between the backbone of the amino acid immediately prior to the DFG and the His in the HRD motif (3.1 A) and an extended activation loop with
a hydrogen bond between backbone carbonyl group of Arg1689 of the DFGxxR motif and the backbone amino group of Ile1663 which is immediately before the
HRD motif. A hydrogen bond in the extended activation loop between the DFG motif Phe1685 backbone carbonyl and the amino nitrogen of Ala1688 (DFGxA,
3.2 A) presents another feature of an active conformation of a kinase. (C) The second staurospaurine binds at the peptide-substrate binding site. When the
structure of the human insulin kinase domain (yellow) in complex with a peptide substrate (1IR3) is overlayed on the RTKC8 kinase domain (cyan), the second
staurospaurine (light orange) can be seen overlapping the position of the C-terminal segment of the substrate peptide (magenta) bound between the activation
loop, the oEF helix and the aG helix.

https://doi.org/10.1371/journal.pone.0276413.g003
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Fig 4. Two molecules of staurosporine (STU1 and STU2) are bound to the RTKCS kinase. (A) One molecule of staurosporine (STU1) is bound at the active site,
surrounded by the N-lobe B strands, the activation loop and the small helix between oE and 6 of the C-lobe (electron density for the Fo-Fc map with no compound
modeled contoured at 2.00 in grey). (B) The other staurosporine (STU2) is bound to the C-lobe, next to the activation loop, the oEF helix and the oG helix (electron
density for the Fo-Fc map with no compound modeled contoured at 2.00 in grey). (C) The contacts of STU1 in the active site of the RTKCS8 kinase domain with side
chain residues. Dotted lines (green) represent the hydrogen bonds and arches (red) represent the hydrophobic contacts (prepared by LigPlot+ [38]) (D) Contacts for
the other saturosporine (STU2) prepared by LigPlot+.

https://doi.org/10.1371/journal.pone.0276413.9004

surrounded by P strands in the N-lobe, the glycine rich P-loop, the hinge region, the N-termi-
nus of the activation loop and the small helix between oE and 6 of the C-lobe (Fig 4A). There
are both hydrophobic and hydrophilic interactions between the inhibitor and residues inside
the cleft. There are three hydrogen bonds, with Glu 1622, Met 1624 and Arg 1670 and five
hydrophobic interactions, with Leu 1549, Val 1557 and Ala 1573 from N-lobe, and Gly 1627
and Leu 1673 from C-lobe. The hydrogens from the secondary amine group and the keto oxy-
gen of the lactam ring of the inhibitor make a pair of hydrogen bonds with carbonyl oxygen on
the backbone of Glu1622 and the primary amine on the backbone of Met1624 in the hinge
region, respectively. The third hydrogen bond is observed between the methyloamino nitrogen
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of staurosporine and the carbonyl oxygen on the backbone of Argl1670, in the ribose-binding
pocket of the kinase domain (Fig 4B). This is a typical binding mode for staurospaurine in the
active site of a kinase.

Another molecule of staurosporine was found bound to the C-lobe of the kinase domain in
a hydrophobic groove between the activation loop, the oEF helix and the oG helix (Fig 4C). It
also forms pi-pi stacking crystal contacts with its symmetry molecule, which implies that soak-
ing of an apo or ATP/ADP bound crystal would not have revealed this secondary site, since
the protein would likely have been different in crystals form without the inhibitor. This staur-
osporine is bound at the peptide-substrate binding site as revealed in the structure of the insu-
lin receptor tyrosine kinase domain in complex with a peptide substrate (1IR3) [39] (Fig 3C).
This site has been identified as a druggable site, [40] and is the site of a trans interaction in
Aurora kinases, where the activation loop from one kinase binds to and presents as a substrate
for phosphorylation by the other aurora kinase, so is designated the AAS site. This potential
binding site has been identified in Src, Zap-70, and other tyrosine kinases using solvent map-
ping algorithms [40], and it is intriguing to see the inhibitor bound to a tyrosine kinas AAS
site. The ligand interacts with hydrophobic residues (Gly 1701, Gly 1702, Val 1704, Val 1706)
in the activation loop and Trp 1752, Asn 1748 and GIn 1749 in the aG-helix (Fig 4D).

Structural comparison of the RTKCS8 kinase domain with the Ephrin kinase
domain

A Dali search [41] of the RTKCS8 kinase model (268 residues) from Choanoflagellate against
the PDB database shows the highest structural similarity with the kinase domain of the Ephrin
type A receptor 5 (2R2P, 295 residues) with the z-score of 36.2 and 38% sequence identity. The
two structures were aligned over 214 atoms with a root mean square deviation of 0.84 A (Fig
5). The Ephrin receptor juxtamembrane region modulates the kinase activity [42]. Two tyro-
sine residues in the juxtamembrane segment, when phosphorylated, release inhibition, and
provide docking sites for SH2 domain-containing proteins to transmit the downstream signal
[43]. However, the juxtamembrane domain of RTKCS kinase does not contain tyrosine resi-
dues. In addition, while the kinase domains are structurally similar, the extracellular receptor
on the Ephrin receptor bears no resemblance to that of the RTKC8 receptor. The structure of
RTKCS kinase demonstrates that the kinase domain remained highly conserved throughout
the evolution of receptor tyrosine kinases from choanoflagellates to human but with divergent
fused extracellular domains.

Concluding remarks

Choanoflagellates provide an excellent opportunity to study the evolution of receptor tyrosine
kinases as they are the only group shown to have receptor tyrosine kinases outside of metazo-
ans [9]. It is an enigma why such an apparently primitive organism has such an extensive
kinome. We report the expression, purification, and initial characterization of the RTKC8
kinase domain from a choanoflagellate receptor tyrosine kinase. The isolated kinase domain is
monomeric, which is usual for an isolated kinase domain, since it is usually the dimerization
of the extracelluar sensor domains which dimerizes the kinase domains to activate them. We
also present the crystal structure of the kinase domain in complex with staurospaurine. The
purified RTKCS kinase is catalytically active and can phosphorylate tyrosine residue contain-
ing peptides generated from its C-terminal tail sequence. This suggests that the tail tyrosine
residues act as substrates for the kinase. These phosphorylated tyrosine residues most likely act
as recruitment sites for a yet unrealized signaling pathway in choanoflagellates. What the role
of these pathways in such a primitive organism is an intriguing question, open for further
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Fig 5. Structure and sequence alignment of RTKCS kinase and EphAS5 kinase. A Dali search identified the kinase domain of
EphAS5 (2R2P) as the structure with the highest similarity to RTKCS8 in the PDB. The RTKC8 kinase (cyan) and EphA5 kinase
(vellow) structures were aligned with a rmsd 0.836 A. B. Sequence alignment of the EphA5 kinase domain with the RTKC8
kinase domain, with the secondary structural elements above the alignment. The alignment prepared with ESPript 3.0 [44].

https://doi.org/10.1371/journal.pone.0276413.g005

investigation. That Choanoflagellates have an Ephrin like kinase with a completely different
sensor domain implies a divergence, in which either metazoans or choanoflagellates repur-
posed the kinase domain for their different signaling requirements. The unexpected secondary
binding site for staurospaurine in the substrate binding site or Aurora activation segment
(AAS), which is likely a non-optimal ligand for the site, shows the potential for this site in
developing tyrosine kinase inhibitors.

Supporting information

S1 Fig. Cloning and Purification of ChoanORTKCS. (A). The expressed construct consists of
an N-terminal hexa-His tag followed by a TEV protease site and the intracellular kinase
domain flanked by residues from the juxtamembrane and tail (RTKCS8 residues 1530-1811).
(B) Chromatogram showing the protein eluted from gel filtration (Superdex 200 16/600 col-
umn) as a single symmetric peak at the expected elution volume for a monomer. (C)
SDS-PAGE gel of fractions from gel filtration confirmed the protein purity.
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