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ABSTRACT: Until recently, phosphotyrosine signaling was thought to be restricted to multicellular animals.
Surprisingly, the unicellular choanoflagellateMonosiga brevicollis contains a number and diversity of tyrosine
kinases that exceeds that of any metazoan, including humans. Many of these M. brevicollis tyrosine kinases
possess combinations of signaling domains that do not occur in metazoans. One such kinase, the Src-like
protein MbSrc4, contains a lipid-binding C2 domain N-terminal to the conserved SH3-SH2-kinase domains.
Here, we report that the enzyme is highly active as a tyrosine kinase and that the targeting functions of the
C2, SH3, and SH2 domains are similar to themammalian counterparts. Themembrane-binding activity of the
C2 domain is functionally equivalent to the myristoylation signal of c-Src, suggesting that it is an example of
convergent evolution. When expressed in mammalian cells, full-length MbSrc4 displays low activity toward
endogenous proteins, and it cannot functionally substitute for mammalian c-Src in a reporter gene assay.
Removal of theMbSrc4 C2 domain leads to increased phosphorylation of cellular proteins. Thus, in contrast
to the related M. brevicollis Src-like kinase MbSrc1, MbSrc4 is not targeted properly to mammalian
Src substrates, suggesting that the C2 domain plays a specific role in M. brevicollis signaling.

Choanoflagellates are believed to be the closest living
unicellular relatives of metazoans (1-3). The sequencing of the
genome of the choanoflagellate Monosiga brevicollis has high-
lighted the presence of a number of signaling molecules that were
previously thought to be unique to multicellular animals (2). In
particular, the machinery necessary for phosphotyrosine-based
signal transduction (tyrosine kinases, tyrosine phosphatases, and
SH21 domains) is present inM. brevicollis. This suggests that the
evolution of tyrosine kinases predated their widespread use in
cellular signaling in metazoans. A comparison of M. brevicollis
andmetazoan tyrosine kinases can therefore reveal the structural
and functional features that arose more recently in the metazoan
lineage.

A striking feature of the M. brevicollis genome is the large
number of receptor and nonreceptor tyrosine kinases as com-
pared with metazoans (4, 5).M. brevicollis contains orthologues
of themammalian Src, Csk,Abl, andTec kinases, butmost of the

tyrosine kinases have no obvious mammalian orthologues
(2, 4, 5). Many of the kinases contain combinations of domains
that are not seen in any metazoan. For example, 10 of the
15 HMTKs (HM-motif tyrosine kinases) contain one or more
PTB domains, FYTK contains an inositol lipid-binding FYVE
domain, andSrc4 contains a lipid-bindingC2domain (5); none of
these domains is found in combination with a tyrosine kinase
catalytic domain in metazoans. These variations in the domain
architecture highlight the role of domain shuffling in the
evolution of signal transduction pathways.

SeveralM. brevicollis tyrosine kinases show possible examples
of convergent evolution (5). There are four identifiable Src-family
nonreceptor tyrosine kinases (Src1-4) in the M. brevicollis
genome. Each kinase contains the SH3, SH2, and kinase catalytic
domains found in metazoan Src family kinases. Three of the four
(Src1-3) contain an N-terminal myristoylation consensus
sequence, similar to mammalian Src-family kinases (SFKs).
For mammalian c-Src, myristoylation is critical for proper
membrane targeting of the enzyme. Mutation of the myristoyla-
tion sequence yields a form of c-Src that is enzymatically active,
yet unable to transform cells (6, 7). In contrast, Src4 possesses
a C2 domain, which in other signaling molecules functions as
a lipid targeting module (8). Thus, Src4 may possess an alterna-
tive mechanism for membrane localization. Similarly, the PTB
domains in severalHMTKkinasesmay play analogous functions
to the SH2 domains found in many families of nonreceptor
tyrosine kinases; for example, the PTB domains may be involved
in targeting the HMTK kinase domains to cellular proteins for
phosphorylation.
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We previously cloned, expressed, and purified the nonreceptor
tyrosine kinase MbSrc1 from M. brevicollis (9). The kinase
has the same domain arrangement as mammalian Src kinases,
and the individual SH3, SH2, and catalytic domains have similar
functions to their mammalian counterparts. We also cloned
and expressed the M. brevicollis homologue of c-Src C-terminal
kinase (MbCsk) and showed that it phosphorylates the
C-terminus ofMbSrc1, yet this phosphorylation does not inhibit
MbSrc to the same degree seen in the mammalian Src/Csk pair.
Our results suggested that the targeting function of the SH3
and SH2 domains in SFKs may have evolved earlier than the
autoinhibitory roles of these domains. Here, we have carried out
a biochemical characterization of the C2-containing MbSrc4.
Our studies have revealed that the targeting functions of the
C2, SH2, and SH3 domains are intact in Src4 and similar to
their mammalian counterparts. Nonetheless, MbSrc4 cannot
functionally substitute for mammalian c-Src.

MATERIALS AND METHODS

cDNA Cloning. The sequence of MbSrc4 was identified
within the kinase.com database (http://kinase.com/kinbase). This
sequence differs from the Joint Genome Institute (JGI) predicted
gene model (NCBI accession number = XP_001749643.1),
in that the JGI model contains an extra 120 residues at the
N-terminus. RT-PCR of the longer JGI form of MbSrc4 was
unsuccessful (Susan Young, personal communication). The extra
120 amino acids in the JGImodel lack amyristoylation signal but
contain two long stretches of hydrophobic amino acids that could
target the protein to the membrane. The C2, SH3, SH2, and
kinase domains are identical in the kinase.com and JGI models.

The kinase.com formofMbSrc4 was amplified by PCR from a
M. brevicollis cDNA library (10) using the 50 primer GGAAT-
TCAATGGCAGACTCCTCCACGCCCAGCCGCAAGGGC
and the 30 primer GCTCTAGATCAATGTGCTGGCATCGG-
CATATTGAGCCTCGCC. The predicted translation product
for MbSrc4 contains 606 amino acids, but we were unable to
amplify a cDNA using primers to the extreme C-terminus. The
PCR product encodes a protein that ends at Leu599; the last
seven amino acids are not predicted to be in a conserved domain
or regulatory region (Figure 1). For baculovirus expression,
MbSrc4 DNA (encoding residues 1-599) was cloned into the
EcoRI site of pFastBac-Htc (Invitrogen). Flag-tagged MbSrc4
was expressed in mammalian cells by cloning into the EcoRI site
of p3XFLAG-CMV (Sigma). The MbSrc4 N-terminus (residues
1-136) was expressed in Escherichia coli NB42 cells by cloning
into the BamHI and XbaI sites of pProEX-Htb (Invitrogen).
The MbSrc4-32K construct (residues 154-599, lacking the
C2 domain) was cloned into the p3XFLAG-CMV vector.
All constructs were confirmed by DNA sequencing.
Protein Expression and Purification. His-tagged MbSrc4

was expressed in Sf9 insect cells using the Bac-to-Bac system
(Invitrogen), as described previously (9). Sf9 cells (600 mL) were
infected with recombinant MbSrc4 baculovirus at a multiplicity
of infection of 10 plaque-forming units/cell for a period of 72 h.
MbSrc4 was purified on a 5 mL column of nickel-nitrilotriacetic
acid resin (Qiagen), as described previously (9, 11). Purified
MbSrc4 was concentrated in an Ultrafree-10 concentrator
(Millipore) and stored in 40% glycerol at -20 �C. The MbSrc4
N-terminus was expressed as a His-tagged protein in E. coli and
purified using similar methods. In some experiments, the His
tag was removed by overnight treatment with tobacco etch
virus at 4 �C.

Tyrosine Kinase Assays. Kinase assays were performed
with [γ-32P]ATP using the phosphocellulose paper binding assay
(12, 13). Reaction mixtures contained 20 mMTris-HCl (pH 7.4),
10 mM MgCl2, 0.1 mMNa3VO4, 0.5 mMDTT, 0.25 mMATP,
varying concentrations of peptide substrate, and [γ-32P]ATP
(200-400 cpm/pmol). The following substrates were used: Src
optimal substrate, AEEEIYGEFEAKKKKG; SH3-binding
substrate, AEEEIYGEFGGRGAAPPPPPVPRGRG; SH3 con-
trol substrate, AEEEIYGEFGGRGAAAAAAAVARGRG;
SH2-binding substrate, RRLEDAIYAAGGGGGEPPQpYEE-
IG; SH2 control substrate, RRLEDAIYAAGGGGGEPPQFE-
EIG; MbSTAT, KKKASGYVMADIA; RTKB2-1, SEEVYG-
AVVDKKK; RTKB2-2, AEEVYEAIADKKK.
Cell Transfection and Western Blotting. COS-7 or Src/

Yes/Fyn-deficient (SYF) cells (14) were cultured in Dulbecco’s
modified Eagle’smediumplus 10% fetal bovine serum at 37 �C in
5%CO2.Cells were transfected at 50%confluency usingTransIT
polyamine transfection reagent (Mirus) at a ratio of 1:3.5 (DNA:
TransIT). For Western blotting, cells were lysed 48 h after
transfection in buffer containing 10 mM Tris-HCl, pH 7.4,
50 mM NaCl, 5 mM EDTA, 1% Triton X-100, 50 mM NaF,
2 mMNa3VO4, 1 mMPMSF, 1 mg/mL aprotinin, and 1 mg/mL
leupeptin at 4 �C for 1 h. The cell lysates were centrifuged at
14000g for 10 min at 4 �C, and protein concentrations were
determined using Bio-Rad protein detection reagent. Lysates
(25 μg) were analyzed by 7.5% SDS-PAGE, and proteins in the
lysates were transferred onto PVDF membrane. Immunodetec-
tion was carried out with anti-phosphotyrosine (4G10; Upstate)
and anti-Flag (M2; Sigma) antibodies.
Luciferase Reporter Assay. The SYF cells were seeded in

12 well plates (5� 104 cells/well) and transfected in triplicate with
protein expression plasmids, GAS luciferase reporter plasmid, or
a promoterless renilla luciferase plasmid (pRL-null) as a trans-
fection control, as described previously (60). Transfected cells
were harvested after 48 h. Preparation of cell lysates and
measurement of light units were carried out using the dual-
luciferase reporter assay system (Promega) following the manu-
facturer’s instructions. Relative light units were calculated as
(firefly luciferase activity/renilla luciferase activity).
Fluorescence Labeling. Proteins were thawed and dialyzed

for 45min against 500mLof 20mMHepes (pH 7.4) and 150mM
NaCl buffer. Afterward, the proteins were labeled on ice with the

FIGURE 1: Domain arrangement ofMbSrc4. Tyrosines 483 and 593,
which are homologous to Y416 and Y527 of c-Src, respectively, are
shown in boldface. The C-terminal seven amino acids (underlined)
were not included in the construct expressed in Sf9 cells.



5182 Biochemistry, Vol. 48, No. 23, 2009 Li et al.

thiol-reactive probe 7-diethylamino-3-(40-maleimidylphenyl)-
4-methylcoumarin (CPM; Invitrogen). Unreacted CPM is not
fluorescent, but the probe becomes fluorescent once it covalently
attaches to a thiol group. After 1 h, the reaction was stopped
by adding DTT to a final concentration of 1 mM. The labeled
proteins were separated from unreacted probe by dialysis against
20 mM Hepes (pH 7.4), 150 mM NaCl, and 1 mM DTT,
3 times for 30 min. The final molar ratios of probe:protein
were 1:1, as determined by absorption to determine the probe
concentration and BCA analysis to determine the protein
concentration (15, 16).
Membrane Binding Experiments. Fluorescence measure-

ments were performed on an ISS spectrofluorometer (Cham-
paign, IL) using 3 mm quartz cuvettes. The emission spectrum of
CPM-labeled protein was measured from 415 to 530 nm (λex =
384 nm). Background signal from unlabeled protein accounted
for less than 0.1% of the emission and was not considered. The
lipids 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE),
1-palmitoyl-2-oleoylphosphatidylserine (POPS), and 1-palmitoyl-
2-oleoylphosphatidylcholine (POPC)were purchased fromAvanti
Polar Lipids, Inc. (Alabaster, AL).

Membrane binding was carried out by titrating large, uni-
lamellar vesicles (prepared bymanual extrusion through a 0.1 μm
polycarbonate filter) into a 100 nM solution of labeled protein
and bymeasuring the change in the integrated area of the sample
as compared to control samples that substituted buffer for
labeled protein. After correcting for dilution and background,
the change in fluorescence intensity was plotted as a function of
lipid concentration and fit to a hyperbolic curve using SigmaPlot
(Jandel, Inc.) to obtain the apparent partition coefficient (Kp),
which corresponds to the lipid concentration at which 50%of the
protein or peptide is bound. Measurements in the presence of
calcium ions were carried out by incrementally adding calcium
carbonate to a final concentration of 500 nM.
Subcellular Fractionation. SYF cells were transfected with

the appropriate Flag-tagged constructs. After 44-48 h, the cells
were harvested in ice-cold PBS and centrifuged at 500g for 5 min.
The cells were immediately resuspended in buffer A (10 mM
HEPES, pH 7.0, 5 mM MgCl2, 25 mM KCl, 150 mM PMSF,
1 mM Na3VO4, 10 μg/mL leupeptin, and 10 μg/mL aprotinin).
Cells were gently homogenized by forcing them 10 times through
23-gauge needles. The cell homogenates were immediately mixed
with buffer B (1:1 v/v) (10 mM HEPES, pH 7.0, 5 mM MgCl2,
25 mM KCl, 1 M sucrose, 150 mM PMSF, 1 mM Na3VO4,
10 μg/mL leupeptin, and 10 μg/mL aprotinin). Nuclei, unbroken
cells, mitochontria, peroxisomes, and microsomes were pelleted
by centrifugation at 16000g for 15 min. The supernatants were
further centrifuged at 100000g for 1 h to separate the membrane
fraction and clear soluble cytosolic fraction. The membrane
fraction was washed once and then dissolved in lysis buffer.
The lysates were separated by SDS-PAGE, and the proteins
were visualized by anti-Flag Western blotting.

RESULTS

Cloning M. brevicollis MbSrc4. A cDNA encoding
MbSrc4 (residues 1-599) was amplified by PCR from an M.
brevicollis cDNA library (10). The domain structure ofMbSrc4 is
shown in Figure 1. The enzyme contains the conserved SH3-
SH2-kinase domain structure found in all Src family kinases. The
N-terminal region of MbSrc4 contains a C2 domain, which in
other signaling proteins is a lipid-binding module. No metazoan
tyrosine kinase with a C2 domain has been described. The overall

amino acid identity between MbSrc4 and human c-Src is 37.5%,
and within the SH3-SH2-kinase regions, the identity rises to
45.7%. By comparison, the overall amino acid identity between
MbSrc1 and human c-Src is 57%. Metazoan Src family kinases
possess two tyrosine residues that are important for enzyme
regulation: Y416 (chicken Src numbering), which is a site
for autophosphorylation and activation, and Y527, which is
an inhibitory site when phosphorylated (7, 17, 18). MbSrc4
possesses tyrosines at homologous positions (Y483 and Y593,
respectively).
Expression and Purification of MbSrc4 from Insect

Cells.To testwhetherMbSrc4 is an enzymatically active tyrosine
kinase, we cloned the MbSrc4 DNA into a baculovirus expres-
sion vector and expressed the His-tagged enzyme in Spodoptera
frugiperda (Sf9) insect cells. MbSrc4 was purified in a single step
from Sf9 cell lysates by chromatography on nickel-nitrilotriacetic
acid resin (Figure 2A).

We tested the enzymatic activity of MbSrc4 toward a series of
synthetic peptide substrates. Peptide AEEEIYGEFEAKKKKG
incorporated the EEEIYGEF motif identified as the optimal
c-Src phosphorylation sequence in peptide library studies (19).
We also tested two peptides derived from the intracellular
domains of M. brevicollis receptor tyrosine kinases (RTKB2-1
and -2), along with a peptide derived from a predicted
M. brevicollis STAT molecule (5). We compared the activity of
MbSrc4 with a comparable preparation of MbSrc1, a non-C2
domain containing Src kinase from M. brevicollis (Figure 2B).
Consistent with our previous data (5), MbSrc1 preferred the
RTKB2-derived peptides from this group of substrates and
showed ≈6-fold lower activity with the c-Src optimal sequence.
The activity of MbSrc4 was slightly lower than that of MbSrc1
toward this panel of substrates, but the specificity of the two
enzymes was similar (Figure 2B). Kinetic analysis of the MbSrc4
reaction with peptide RTKB2-2 yielded a kcat/Km value of 2.9 �
105 min-1 M-1, comparable to the catalytic efficiency of a
mammalian Src family kinase (Hck) with its optimal substrate
(4.5 � 105 min-1 M-1) (20). Thus, MbSrc4 is a catalytically
competent tyrosine kinase, and its substrate specificity appears to
bemore closely related to that ofM. brevicollisMbSrc1 than that
of mammalian c-Src. The sequences of the P + 1 loops (regions
responsible for interacting with protein substrates) are well
conserved between c-Src andMbSrc4, suggesting that additional
regions or conformational differences account for the differences
in substrate specificity.
Autophosphorylation of MbSrc4. Mammalian SFKs un-

dergo autophosphorylation at Y416, which lies in the activation
loop, a flexible segment between the N- and C-terminal lobes of
the catalytic domain. Phosphorylation of Y416 substantially
increases tyrosine kinase activity (21, 22). We incubated purified
MbSrc4 with ATP under conditions that have previously
been shown to promote Y416 phosphorylation (9, 22) and then
measured MbSrc4 activity toward the synthetic peptide. In
addition, to test the possibility that MbSrc4 purified from insect
cells might already be phosphorylated, we pretreated the enzyme
with the Yersinia YOP tyrosine phosphatase. YOP-treated
MbSrc4 had barely detectable levels of kinase activity, and
incubation with ATP strongly activated the enzyme (Figure 3).
In contrast, MbSrc4 that was not treated with YOP showed high
activity in the presence or absence of ATP (Figure 3). Similar
results were previously obtained for MbSrc1 (9). These experi-
ments suggest thatMbSrc4 is controlled by autophosphorylation
in a similar manner to other SFKs.
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Substrate Targeting by the SH3 and SH2 Domains of
MbSrc4. In mammalian Src family kinases, the SH3 and SH2
domains play an important role in the recognition of protein
substrates (7, 23). SH3 domains bind to short proline-rich
sequences, and SH2 domains bind to sequences containing
phosphotyrosine. Many cellular substrates for SFKs contain
ligands for one or both of these domains, and binding leads to
phosphorylation by the Src catalytic domain. Substrate targeting
can be measured in vitro using synthetic peptides that contain
SH3 or SH2 ligand sequences in addition to a SFK phosphor-
ylation site (24, 25). Mammalian SFKs preferentially phosphor-
ylate such peptides, as compared to control sequences in which
the SH3/SH2 ligand sequences are altered.M. brevicollisMbSrc1

displays SH3-mediated substrate targeting but not SH2-mediated
targeting (9). We tested the ability of purified MbSrc4 to
phosphorylate peptides containing an SH3 or SH2 ligand.
Phosphorylation of the SH3- and SH2-containing substrates by
MbSrc4 was higher than controls (Figure 4), and the increase in
activity (5-fold for the SH2 substrate, 2.5-3-fold for the SH3
substrate) is comparable to that observed for other SFKs. Thus,
the SH3 and SH2 domains of MbSrc4 are functional and retain
their ability to target the kinase domain to potential substrates.
Membrane Binding by MbSrc4. To test for membrane

binding of MbSrc4, we prepared a fluorescently labeled version
of the protein and measured binding to large unilamellar vesicles
(LUVs) composed of POPC:POPS:POPE (1:1:1). This substrate
is often used as a model for the plasma membrane since the large
size of LUVs allows one to measure protein binding to a flat,
uniform surface and the unsaturated oleoyl hydrocarbon chains
insure that the lipid will be in the fluid phase. The plasma
membrane compositions of different cell types vary (www.
lipidmaps.org). Most cells contain ∼30% negatively charged
lipids along with a high concentration of phosphaditylcholine
and phosphatidylethanolamine lipids (26, 27). Phosphatidyl-
serine is often used in bindingmeasurements becauseC2 domains
prefer negatively charged lipids. The binding of various C2
domains to subcellular membranes generally follows the same
preference for particular lipids in model systems (28). MbSrc4
bound with a partition coefficient (Kp) of 77 μM (Figure 5 and
Table 1). Binding was not calcium-dependent, as measurements
in the presence of added calcium (500 nM) gave a comparable
partition coefficient (Table 1).

To test whether the membrane-binding ability of MbSrc4
is derived from the C2 domain, we cloned the N-terminal
136 residues ofMbSrc (containing the C2 domain) and expressed

FIGURE 2: (A)PurificationofMbSrc4 followedbySDS-PAGEwithCoomassie blue staining. Lanes: 1, Sf9whole cell lysate; 2, unbound fraction
after Ni-NTA chromatography; 3-9, Ni-NTA column fractions. (B) Enzymatic activity of MbSrc4 toward synthetic peptide substrates. Kinase
activity was measured using the phosphocellulose paper assay. The peptides used were as follows: c-Src optimal, AEEEIYGEFEAKKKG;
MbSTAT, KKKASGYVMADIA; RTKB2-1, SEEVYGAVVDKKK; RTKB2-2, AEEVYEAIADKKK. The peptides were tested at concen-
trations of 750 μM. Reactions proceeded for 5 min at 30 �C.

FIGURE 3: Effect of autophosphorylation on MbSrc4 activity.
MbSrc4 (5 μL of 68 μM) was incubated with immobilized GST-
YOP in 50mMTris (pH7.5) and 50mMNaCl (200μL final volume).
The reaction was mixed at room temperature for 30 min. After
removal of GST-YOP by centrifugation, MbSrc4 was assayed
directly or after incubation with 0.5 mM ATP for 30 min at 30 �C.
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the protein as a His-tagged fusion in E. coli. We fluorescently
labeled the N-terminus and carried out similar binding studies.
The N-terminus bound with a partition coefficient of 188 μM
(Figure 5 and Table 1). This suggests that the C2 domain indeed
acts as a membrane targeting module but that other elements of
MbSrc4 are present that contribute to the tighter binding
observed for the full-length protein. To confirm that the
N-terminal His tag did not interfere with the binding measure-
ments, we cleaved the His tag with TEV protease and repurified

theMbSrc4 N-terminus. Removal of the His tag did not alter the
binding properties of the N-terminus (Table 1).

Next, to test the importance of the C2 domain on the
membrane localization of MbSrc4 in intact cells, we expressed
an N-terminally Flag-tagged version of MbSrc4 in Src/Yes/Fyn
triple knockout (SYF) cells, which lack all Src family kinases (14).
We conducted subcellular fractionation experiments and visua-
lized MbSrc4 by anti-Flag Western blotting. MbSrc4 and mam-
malian c-Src were evenly divided between the membrane and
cytosolic fractions (Figure 6). In contrast, an MbSrc truncation
mutant consisting of the SH3, SH2, and kinase domains but
lacking the C2 domain (MbSrc4-32K) was found solely in the
cytosol (Figure 6). These results show that the C2 domain
mediates membrane targeting in intact cells.
Functional Studies of MbSrc4 in Mammalian Cells. We

expressed MbSrc4 in SYF cells and carried out anti-phosphotyr-
osine Western blotting of SYF lysates as a measure of global
MbSrc4 kinase activity. For comparison, we analyzed cells expres-
sing M. brevicollis MbSrc1 or human c-Src. Full-length MbSrc4
displayed much lower levels of activity than c-Src or MbSrc1,
suggesting that the enzyme was incapable of recognizing cellular
substrates (Figure 7). The single band in the MbSrc4 lysate mi-
grated at a position consistent with autophosphorylated MbSrc4.
On the other hand, the MbSrc4-32K construct (lacking the C2
domain) displayed a level of kinase activity that was comparable to
that of c-Src or MbSrc1 (Figure 7), suggesting that the C2 domain
interfered with phosphorylation of cellular proteins.

Next, we tested whether MbSrc4 can functionally substitute
for mammalian Src using a Src-responsive reporter gene assay.
We expressed Flag-tagged MbSrc4, MbSrc1, or c-Src in SYF
cells together with a phospho-STAT responsive luciferase repor-
ter construct. As reported previously (9), Src activates transcrip-
tion in this system by>50-fold, andMbSrc1 activates by 10-fold
(Figure 8). MbSrc4 showed low but reproducible activity in this
assay (2.5-3-fold activation). These results are consistent with
the Western blotting experiments shown in Figure 7 and suggest
that, although MbSrc4 has high kinase activity in vitro, the
enzyme has a low level of function in mammalian cells.

DISCUSSION

In the M. brevicollis genome, a majority of the domain
combinations involving tyrosine kinase, tyrosine phosphatase,
or SH2 domains are not found in any metazoan genome (2, 4).

FIGURE 4: Substrate targeting by MbSrc4. MbSrc4 (400 nM) was
assayed with 70 μM concentrations of the SH2-binding substrate,
SH2 control substrate, SH3-binding substrate, or SH3 control sub-
strate (sequences given in theMaterials andMethods section).Kinase
activity was measured using the phosphocellulose paper assay; reac-
tions were carried out for 5 min at 30 �C.

FIGURE 5: Membrane binding by full-length MbSrc4 and the
isolated N-terminus. Large unilamellar vesicles were titrated into
100 nM solutions of CPM-labeled protein. After correcting for
dilution and background, the change in fluorescence intensity was
plotted as a function of lipid concentration.

Table 1: Membrane-Binding Experimentsa

construct added calcium Kp ( μM)

full length no 77( 36

full length yes (500 nM) 85( 18

N-terminus, His tagged no 188( 41

N-terminus, untagged no 187( 38

aLipids were in the form of large unilamellar vesicles (0.1 μm) composed
of POPC:POPS:POPE (1:1:1). The buffer was 20 mMHEPES, pH 7.4, and
0.16M NaCl.

FIGURE 6: Subcellular fractionation. SYF cells were transfected with
human c-Src, full-length MbSrc4, or MbSrc4-32K. Cells were frac-
tionated as described inMaterials andMethods, and membrane and
cytosolic fractions (M and C, respectively) and whole cell lysates (W)
were analyzed by SDS-PAGE with anti-Flag Western blotting.
Equivalent amounts of total protein were analyzed in each lane.
To ensure that fractionation was successful, lysates were analyzed
by blotting with a membrane marker (Na+/K+-ATPase) and a
cytosolic marker (GAPDH); representative blots are shown.
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Several nonreceptor tyrosine kinases in M. brevicollis contain
modular domains that are not present in tyrosine kinases
in metazoans, including C2, FYVE, and PTB domains (5).
In contrast, for other signaling systems (Ser/Thr kinases and
phosphatases, Ras and Rho signaling), most of the domain
combinations in M. brevicollis are similar to metazoans. This
suggests a model in which tyrosine kinase signaling emerged
in a common ancestor of choanoflagellates and metazoans
and diverged significantly after the split (2, 29, 30). The func-
tions of the diverse tyrosine kinases in the unicellular life of
M. brevicollis are largely unknown.

One example of a unique domain combination in a
M. brevicollis nonreceptor tyrosine kinase is the MbSrc4 protein.
The only other tyrosine kinase known to possess a C2 domain is
the likely orthologous Src kinase from the choanoflagellate
Monosiga ovata (NCBI accession number = BAG55494).
Despite their shared genus names, M. brevicollis and M. ovata
are evolutionarily remote choanoflagellates; thus, the conser-
vation of the C2 domain increases the likelihood that they
are functionally relevant. C2 domains were first described in
conventional protein kinase C enzymes, where they act as
Ca2+-dependent phospholipid-binding domains (8). Many C2
domains have similar functions, although a subset do not bind
Ca2+, and protein targets for some C2 domains have been
described. In particular, the C2 domain of protein kinase
Cδ has been shown to bind phosphotyrosine-containing peptides
and proteins (31). This ability is dependent on a histidine residue
in PKCδ to form ring-stacking interactions with phospho-
tyrosine. The C2 domain of MbSrc4 lacks a histidine residue at
the corresponding position and is unlikely to act as a phospho-
tyrosine-binding module. We demonstrate in this paper that the
C2 domain of MbSrc4 is functional as a lipid-targeting module
(Figure 5) and that its removal interferes with membrane
localization in intact cells (Figure 6). Membrane binding of
many C2 domains has been assessed by qualitative methods,
but only a few have been quantified using surface plasma
resonance, and the Kd values are in the 1-100 nM range, or
about 100-fold stronger than the values obtained here (32-34).
However, the C2 domains used in those studies were calcium-
binding domains, and chelation of calcium ions with phospho-
serine headgroups appears to contribute to the strong membrane
binding. Since the MbSrc4 C2 domain does not appear to bind
calcium, the micromolar membrane affinity reflects a strong
protein-lipid interaction and on the order seen for calcium-
independent membrane protein domains (35). Our data suggest
that MbSrc4, with its alternative membrane-binding mechanism,
may represent an example of convergent evolution with other
Src kinases (although a recent gene fusion event is also a plausible
scenario).

The SH3 and SH2 domains of MbSrc4 are also functional, as
demonstrated by their ability to direct phosphorylation of
peptide substrates possessing cognate ligands (Figure 4). The
substrate targeting ability of the MbSrc4 SH3 and SH2 domains
is comparable to that of mammalian Src kinases. Interestingly,
the relatedM. brevicollis kinaseMbSrc1 displayed SH3-mediated
targeting but not SH2-mediated targeting (9). MbSrc1 has the
typical SH3-SH2-kinase architecture found in mammalian SFKs
and lacks the N-terminal C2 domain of MbSrc4. The reason for
the lack of SH2-mediated targeting in MbSrc1 is not clear but
may be related to the divergent linker region between the SH2
and kinase domains of that enzyme. Despite the fact that the
C2, SH3, SH2, and kinase domains of MbSrc4 are functional,
MbSrc4 had lower activity thanmammalian Src orM. brevicollis
MbSrc1 in a reporter gene assay (Figure 8). Furthermore, full-
length MbSrc4 phosphorylated a lower number of proteins in
mammalian cells than c-Src (Figure 7), consistent with the in vitro
data showing that the substrate preference of MbSrc4 differs
from the mammalian consensus (Figure 2B). The MbSrc4
construct lacking a C2 domain was more active than full length.
The latter result suggests either (i) that the C2 domain is involved
in an autoinhibitory interaction with the kinase domain or
(ii) that, in mammalian cells, the C2 domain targets MbSrc4 to
a subcellular location that is incompatible with phosphorylation

FIGURE 7: Phosphorylation of mammalian cell substrates. (A) SYF
cells were transfected with empty vector (Flag), human c-Src,
MbSrc1, full-lengthMbSrc4, orMbSrc4-32K. Lysates were analyzed
by SDS-PAGE and anti-pTyr Western blotting. The blots were
reprobed with anti-Flag antibody. The arrowhead indicates the
position of MbSrc4-32K.

FIGURE 8: Src reporter assay. (A) Diagram of the STAT-dependent
reporter assay. Phosphorylation of STAT drives the transcription of
the GAS-luciferase reporter plasmid. (B) Luciferase activity was
measured in lysates from SYF cells transfected with the indicated
plasmids and the GAS luciferase reporter plasmid. C= a promoter-
less renilla luciferase plasmid; Flag = empty vector. Fold activation
is presented relative to the control.
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of protein substrates. In the latter case, deletion of the C2 domain
would free MbSrc4 from its membrane tether, permitting the
kinase to phosphorylate additional substrates. These issues will
be clarified when the roles of the various MbSrc4 domains in
M. brevicollis biology are better understood.
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