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ABSTRACT: Spleen tyrosine kinase (Syk) is a cytoplasmic tyrosine kinase that plays an important signaling
role in several types of immune cells. To improve our understanding of the enzymology and activation
mechanism of Syk, we characterized the steady state kinetics of Syk substrate phosphorylation. A new
real time fluorescence kinase assay was employed that utilizes a nonnatural amino acid in the peptide
substrate which undergoes an enhancement in fluorescence following phosphorylation. Characterizing
the steady state kinetics using a Syk kinase domain construct [Syk(360-635)] revealed that Syk employs
a ternary complex kinetic mechanism involving little cooperativity between substrate binding sites and a
Km(ATP) of 36( 5 µM and aKm(peptide substrate) of 4.4( 0.9µM. The order of substrate binding was
determined to be either random or ordered with ATP binding first, as determined in substrate analogue
inhibitor studies. Utilizing the real time capabilities of the fluorescence assay, we established that Syk
demonstrates no lag phase in product formation. Furthermore, a Syk mutant lacking tyrosine in the activation
loop (Syk Y525F,Y526F) exhibited activity identical to that of wild-type Syk. These two findings indicate
that autophosphorylation of the activation loop of Syk does not regulate Syk(360-635) activity. We also
compared the activity of Syk(360-635) to that of full-length Syk and revealed that Syk(360-635) is
10-fold more active, suggesting that residues outside the catalytic domain of Syk suppress kinase activity.
The findings presented here provide the first kinetic description of the Syk enzyme mechanism.

Spleen tyrosine kinase (Syk)1 is a widely expressed
nonreceptor tyrosine kinase that facilitates signal transduction
in diverse cell types (1-4). Syk plays a particularly important
role in B cells, mast cells, and macrophages (5-7). The
significance of Syk in B cells was first deduced from Syk
knockout mice (8). These mice die perinatally, and syk-/-

lymphoid cells are impaired in B cell maturation due to
ablated signaling downstream of the B cell receptor. In mast
cells, Syk has been shown to be required for degranulation
in response to FcεRI receptor aggregation (9, 10). The
central role of Syk in hematopoietic cells such as B cells
and mast cells makes Syk an attractive target for diseases
such as rheumatoid arthritis, asthma, and allergic rhinitis (11,
12).

The molecular events involving Syk that couple receptor
ligation to signal propagation have been well established (13,
14). Syk is located downstream of the B cell receptor in B
cells, FcεRI receptor in mast cells, and FcRγ receptor in
macrophages. Signaling is initiated in each cell type with

extracellular ligation of the receptor, which first causes
activation of Src family tyrosine kinases in the intracellular
compartment. Src family kinases proceed to phosphorylate
the cytoplasmic tail of the receptor within immune tyrosine
activation motifs (ITAMs), which are two YxxL sequences
typically spaced 7-12 residues apart. Following ITAM
phosphorylation, Syk is recruited to the plasma membrane
by binding to these phosphorylated ITAM sequences. Syk
itself then becomes phosphorylated by Src family kinases.
Syk subsequently phosphorylates downstream targets such
as BLNK in B cells and PKCR in mast cells, resulting in
further propagation of the signal.

The Syk protein structure consists of an N-terminal tandem
set of SH2 domains, a linker region, and a C-terminal kinase
domain (see Figure 1A). Each domain has a particular
function: the tandem SH2 domains facilitate binding to
ITAM sequences (15-17), the linker region serves as a
region of regulatory phosphorylation and protein docking
(18-20), and the kinase domain phosphorylates cellular
substrates (5-7). Syk has been shown to undergo alternative
splicing. Specifically, a variant of Syk known as SykB lacks
23 amino acids within the linker region; SykB is less capable
than Syk in facilitating immune cell signaling processes (21).
Syk has the same overall domain structure as its close
homologue Zap-70 which plays a role in signaling in T cells
analogous to that of Syk in B cells (22).

Several questions regarding the molecular mechanism of
Syk remain uncharacterized. Syk has yet to be studied using
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steady state kinetics to elucidate the kinetic constants and
order of substrate binding. Furthermore, while a few experi-
ments have explored the significance of activation loop
phosphorylation within cells (23, 24), no study has yet
quantitatively addressed how activation loop phosphorylation
affects Syk activity in vitro. Finally, while evidence suggests
that both ITAM binding and phosphorylation outside the
activation loop play a role in Syk activation (25-27), a clear
picture of how Syk becomes activated following receptor
activation has not yet emerged.

In this study, we have used a new real time fluorescence
assay to examine the enzymology and activation mechanism
of Syk. Comparison of this fluorescence assay with an end
point radioactive kinase assay revealed that the different
methodologies provided similar information. We found
evidence that Syk forms a ternary complex with its two
substrates. Furthermore, several lines of evidence pointed
to there being little role for activation loop autophosphory-
lation in regulating the activity of the Syk kinase domain.
Finally, comparison of the activity of full-length Syk with
that of a kinase-only truncated version of Syk revealed a
10-fold greater activity of the truncated version, suggesting
a negative regulatory role for the tandem SH2 domains and
linker region of Syk. These studies provide the first detailed
kinetic characterization of Syk and may be useful for devising
strategies for targeting Syk for treatment of disorders of the
immune system.

RESULTS

A Direct, Real Time Fluorescence Assay for Monitoring
Syk ActiVity Using the Sox Fluorophore.Recently, a novel
approach to directly monitoring the activity of protein kinases
using real time fluorescence has been developed (28, 29).
This technique utilizes an unnatural, fluorescent amino acid,
the Sox amino acid, incorporated into the substrate peptide
of interest. Placing the Sox amino acid appropriately within
the peptide results in an increase in the fluorescence intensity
of Sox following phosphorylation due to more efficient
coordination of Mg2+ (see Figure 2). Using the Sox fluoro-
phore, the activity of protein kinases can be directly evaluated
in real time using a simple fluorescent readout.

We set out to examine if a Sox-based kinase assay had
utility for performing detailed kinetic and mechanistic studies
with protein kinases. If so, we planned to use the Sox-based
method together with a radioactive kinase assay to perform
a kinetic characterization of the Syk tyrosine kinase. We first
noted that several commercially available Sox-containing
peptides (termed pep 3, pep 5, and pep 7) are reported to be
capable of serving as Syk substrates (see Experimental
Procedures). To identify which of these peptides might be
optimal for a kinetic characterization of Syk, each peptide
was incubated together with Syk and Mg2+/ATP and the
change in fluorescence intensity was monitored. In these
initial experiments, a truncated version of Syk consisting of
only its kinase domain, Syk(360-635), was used (Figure
1A). The Syk(360-635) construct had the highest activity

FIGURE 1: Sequences and structures of the proteins, substrates, and inhibitors used in this study. (A) Domain structure of Syk and Syk
constructs used in this study. Full-length Syk contains an N-terminal tandem set of SH2 domains, a linker region, and a C-terminal kinase
domain. Two constructs used in this study, Syk(356-635) and Syk(360-635), consist of just the kinase domain. (B) Peptide sequences for
the S peptide and F peptide. Amino acids are listed by single-letter code except for those of biotin (Btn) and 4-aminocyclohexylalanine
(Aca), which was used as an amino acid linker between biotin and the peptide. Peptides were synthesized using standard Fmoc chemistry.
(C) Chemical structures for YM193306 and tyrphostin AG538 (Calbiochem, San Diego, CA).
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of several examined Syk constructs in a preliminary evalu-
ation of Syk activity (data not shown). Figure 3A shows that
pep 5 and pep 7 both exhibit a large increase in fluorescence
intensity upon incubation with Syk(360-635) while the
change in the fluorescence of pep 3 was much smaller.
However, the increase in the fluorescence of pep 7 was more
rapid than that of either pep 5 or pep 3. On the basis of this
experiment, pep 7 was chosen as the primary Sox-based
substrate for the kinetic characterization of Syk.

To confirm that the change in fluorescence reflects specific
phosphorylation of the peptide by Syk(360-635), the change
in fluorescence of pep 7 with time was examined as a
function of enzyme concentration. The kinetic traces are
shown in Figure 3B. Omitting Syk from the reaction was
first observed to result in no change in fluorescence with

time (Figure 3B). At all other enzyme concentrations, the
extent of product formation was found to increase linearly
with time until at least 20% or more of the substrate was
depleted (Figure 3B). The enzyme concentration dependence
of the velocity (see the Figure 3B inset) was linear at the
low concentrations of Syk(360-635) employed in this
experiment. These findings are all consistent with catalytic
conversion of pep 7 to its phosphorylated form by Syk(360-
635), providing validation that the observed fluorescence
signal reflects specific phosphorylation of the substrate. To
further validate that the change in fluorescence resulted from
specific peptide phosphorylation by Syk, the enzyme con-
centration dependence of pep 5 phosphorylation was also
studied (see Figure 1A of the Supporting Information).
Experiments using pep 5 instead of pep 7 gave qualitatively

FIGURE 2: Molecular basis for a real time kinase assay using a Sox-containing peptide. In the absence of phosphorylation, the Sox-
containing peptide is minimally fluorescent (left panel). However, following phosphorylation, the Sox amino acid more strongly binds
Mg2+ (right panel), causing a significant increase in the fluorescence intensity of the Sox fluorophore.

FIGURE 3: Activity of Syk monitored using a real time fluorescence kinase assay. (A) The rate of product formation and the magnitude of
signal change depend on the Sox-containing peptide. Three peptides (pep 3, pep 5, and pep 7) were explored as Syk substrates at a Syk-
(360-635) concentration of 10 nM. Shown is the increase in peptide fluorescence following phosphorylation (F/Fo) as a function of time
(minutes). Pep 3, pep 5, and pep 7 demonstrated 1.7-, 4.0-, and 4.5-fold total increases in fluorescence as well as activities of 1.8, 0.2, and
2.5 fluorescence units/min, respectively. Hence, pep 7 demonstrated the greatest signal change and most rapid conversion of substrate to
product. (B) Activity of Syk(360-635) at different Syk(360-635) concentrations using pep 7 as a substrate. Shown is the time course of
product formation as a function of time at 0, 0.125, 0.25, and 0.5 nM Syk(360-635). The solid lines are the linear best fits to the initial
phase of the reaction time courses (10 min for 0.125 and 0.25 nM Syk, 5 min for 0.5 nM Syk). The inset shows the velocity as a function
of Syk(360-635) concentration. In this plot, the solid line is the linear best fit to the data, the slope of which provides a turnover rate of
726( 39 min-1 for these experiments. (C and D) Two-substrate kinetic analysis using a real time fluorescence assay demonstrates that Syk
employs a sequential, or ternary complex, kinetic mechanism. Shown are double-reciprocal plots of 1/V vs 1/[ATP] (C) and 1/V vs 1/[pep
7] (D). Solid lines are simulations based on the parameters in Table 1 derived from the nonlinear least-squares best fit of the entire data set
to the ternary complex kinetic model (eq 2). See Figure 2 of the Supporting Information for a representation of the data in Michaelis-
Menten form. Error bars are the standard deviations of multiple data points under each condition.
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the same results, although the velocity of the reaction was
slower.

Two-Substrate Kinetic Analysis: Comparison of the Real
Time Fluorescence Assay to a RadioactiVe Enzyme Assay.
The results described above suggest that the observed
fluorescence signal of the Sox-based assay accurately reflects
substrate phosphorylation by Syk. Since the methodology is
new, we decided to further validate the approach by directly
comparing results from the fluorescence assay to those
obtained using an end point radioactive kinase assay. A
radioactive assay for Syk activity was developed on the basis
of the capture of a biotinylated substrate peptide using
streptavidin-coated beads (see Experimental Procedures). For
the radioactive assay, reaction conditions were optimized
such that product formation was linear with time for at least
20 min and the velocity of the reaction was linear with
enzyme concentration (Figure 1B of the Supporting Informa-
tion).

The real time fluorescence assay and the radioactive assay
were both used to perform a two-substrate kinetic analysis
of Syk(360-635) in which the reaction velocity was
measured as a function of both ATP concentration and
peptide substrate concentration. These experiments sought
to determine (1)Km values for both ATP and the peptide
substrate, (2) whether the reaction occurred via a ternary
complex of Syk(360-635), ATP, and peptide substrate, and
(3) the communication between the two substrate binding
sites. The results are shown in panels C and D of Figure 3
and also in Figure 2 of the Supporting Information.

Results using both methods were analyzed in an identical
manner. The entire data sets were simultaneously fit to either
a ternary complex (see eq 2) or ping-pong (see eq 4) reaction
mechanism. The ternary complex model provided the better
fit in both cases, which was expected on the basis of the
intersecting line pattern in the double-reciprocal plots (Figure
3 and Figure 2 of the Supporting Information). The best fit
parameters for the fluorescence experiments (Table 1)
indicate that theKm for ATP was 36( 5 µM and theKm for
pep 7 was 4.4( 0.9 µM. The R factor, a measure of the
communication between the ATP and peptide binding sites
(30, 31), was 2.2( 0.9, indicating that ATP binding has
little effect on pep 7 binding and vice versa. The radioactive
capture method providedKm values andR factor values for
Syk(360-635) similar to those of the real time fluorescence
method (Table 1). The maximum velocities were different
for the two approaches:Vmax(fluorescence)) 0.8 ( 0.06
µM/min (or kcat ) 1600 min-1) versusVmax(radioactive))
0.19 ( 0.01 µM/min (or kcat ) 380 min-1). This is likely
due to the different peptide substrates employed using the
fluorescence (pep 7) and radioactive (S pep) methods. Other
than Vmax, the fluorescence assay appeared to provide
information similar to that of the radioactive assay, further

validating the applicability of the real time fluorescence
approach for studying the Syk enzyme mechanism.

Role of ActiVation Loop Phosphorylation in Syk Kinase
Domain ActiVity. We proceeded to use the real time
fluorescence assay to explore whether phosphorylation of
tyrosines within the activation loop of the Syk kinase domain
modulates its activity. Phosphorylation in the activation loop
is essential for maximal activity for many kinases, and Syk
has two activation loop tyrosines (Tyr 525 and Tyr 526) that
could be hypothesized to regulate catalysis. However,
comparison of the activity of the wild-type Syk kinase
domain with a Syk Y525F,Y526F mutant revealed no
significant difference in activity (Figure 4A), suggesting that
phosphorylation of Tyr 525 and Tyr 526 plays no role in
activating the Syk kinase domain. This finding reinforces a
previous observation that little to no initial lag phase occurs
in the Syk kinase domain reaction time course (see Figure
3B), which also suggested that the kinase domain is already
in its fully activated state prior to inclusion of substrate and
Mg2+/ATP. In addition to using the fluorescence assay to
examine the activity of Syk Y525F,Y526F, we also used the
radioactive assay; identical time courses for the wild type
and mutant were also observed using this method (see Figure
1C of the Supporting Information).

To further explore the potential role of activation loop
phosphorylation in regulating Syk kinase domain activity,
we probed the phosphorylation state of the activation loop
using Western blotting with a Tyr 525/526 phosphospecific
antibody. It was observed that the Syk kinase domain is
moderately phosphorylated in its activation loop in its
purified, basal state (Figure 4B). Incubation with 100µM
ATP increases the level of activation loop phosphorylation,
while treatment with tyrosine phosphatase PTP1B eliminates
phosphorylation (Figure 4B). The kinetics of the basal,
preincubated, and dephosphorylated forms of the Syk kinase
domain were compared, and equivalent values of the kinetic
constants were observed for each form the protein (Figure
4C,D and Table 2). This finding supports the notion that
activation loop phosphorylation does not regulate the activity
of the Syk kinase domain.

Order of Substrate Binding InVestigated Using Substrate
Analogue Inhibitors.We next investigated the order of
substrate binding to Syk by exploring the mechanism of
inhibition (competitive, noncompetitive, or uncompetitive)
of substrate analogue inhibitors. The radioactive kinase assay
was employed in these experiments since it was more cost-
effective due to the high substrate concentrations that are
required.

The first experiments focused on the ATP binding site
using the known Syk inhibitor YM193306 (32, 33; see Figure
1C). The concentration of YM193306 was varied from 0.5
to 50 nM while simultaneously either ATP or S peptide was

Table 1: Kinetic Constants from the Two-Substrate Kinetic Analysisa

assay substrate Km (µM) Ka (µM) Vmax (µM/min) kcat (min-1) R

fluorescence ATP 36( 5 16( 7 0.80( 0.06 1600( 120 2.2( 0.9
fluorescence pep 7 4.4( 0.9 2.0( 0.7 0.80( 0.06 1600( 120 2.2( 0.9
radioactive ATP 23( 5 20( 11 0.19( 0.01 380( 20 1.1( 0.7
radioactive S peptide 8.4( 2 7.4( 4 0.19( 0.01 380( 20 1.1( 0.7

a Parameters are derived from the global, nonlinear best fit of the velocity data to the ternary complex model (eq 2). Uncertainties represent the
standard error for each parameter from the global fitting procedure.
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also varied. The measured reaction rates were then globally
fit to models of competitive (eq 5), uncompetitive (eq 6), or
mixed-type noncompetitive (eq 7) inhibition. YM193306 was
found to be competitive with ATP and noncompetitive with
S peptide (see Figure 5A,B). TheKi value for YM193306
was in the range of 5-20 nM depending on whether ATP
or S peptide was varied (see Table 3), while the observed
Km values for ATP and S pep reproduce those determined
from the two-substrate analysis described above. Data from
these experiments are shown in double-reciprocal form in
panels A and B of Figure 5 and Michaelis-Menten form in
Figure 3A,B of the Supporting Information.

To further characterize the mechanism of substrate binding,
the product of the reaction ADP was also used as an ATP-
site inhibitor. The concentration of ADP was varied from 1
to 300 µM while simultaneously either ATP or S peptide
was also varied. ADP, like YM193306, was found to be

competitive with ATP and noncompetitive with S peptide
(see Figure 5C,D). TheKi value for ADP was in the range
of 30-70 µM depending on whether ATP or S peptide was
varied (see Table 3); the observedKm values for ATP and S
pep were similar to those determined from the two-substrate
analysis described above. The inhibition pattern demonstrated
by both YM193306 and ADP indicates that S pep is not
required to bind Syk before ATP (30).

To further characterize the mechanism of substrate binding,
we sought inhibitors that would demonstrate competitive
inhibition versus S peptide. The inhibitor potency of F
peptide, an analogue of S peptide with phenylalanine
replacing the catalytic tyrosine (see Figure 1B), was exam-
ined first. Surprisingly, F peptide did not inhibit Syk(360-
635) at a concentration as high as 1.5 mM (Figure 6A). The
inhibitory potency of tyrphostin AG538 was also explored.
Tyrphostin AG538 has previously been demonstrated to have
potency against the insulin-like growth factor 1 receptor
tyrosine kinase (34). It also has a structure that suggests it
might interact competitively with the substrate binding site
of kinases (35; see Figure 1C) and was observed in
preliminary experiments to have inhibitory potency against
Syk(360-635) (data not shown). TheKi of tyrphostin AG538
for Syk was in the range of 10-20 µM (Table 3). However,
tyrphostin AG538 did not exhibit competitive behavior versus
S pep but rather demonstrated mixed, noncompetitive
behavior against both ATP (Figure 6B) and S pep (Figure
6C). Hence, we failed to identify an inhibitor that binds
competitively with S peptide.

The lack of an inhibitor that interacts exclusively with the
substrate site of Syk precludes unambiguously ascertaining
the order of substrate binding. The inhibitor binding data

FIGURE 4: Role of activation loop phosphorylation in the activity of the Syk kinase domain. (A) Comparison of the activity of Syk(356-
635) Y525F,Y526F with that of wild-type Syk(356-635). Shown is the time course of product formation as a function of time for both
constructs at a concentration of 0.5 nM. The solid lines are the linear best fits to the initial phase of the reaction time courses (the first 5
min for both constructs) and provide velocities of 313( 4 and 217( 7 nM/min for Syk(356-635) Y525F,Y526F and wild-type Syk-
(356-635), respectively. (B) Western blot of Syk(356-635) and Syk(360-625) using a Tyr 525/Tyr 526 phosphospecific antibody. Syk-
(356-635) and Syk(360-635) were incubated with buffer, 100µM Mg2+/ATP, or PTP1B and probed for activation loop phosphorylation.
The total protein loaded was ascertained from Coomassie staining of an equivalently loaded gel. (C and D) Activation loop phosphorylation
of Syk(360-635) has little effect on Syk kinase domain activity. (C) Michaelis-Menten plot ofV vs [ATP] for basal ([), preincubated
(0), and dephosphorylated (O) Syk. (D) Michaelis-Menten plot ofV vs [pep 7] for basal ([), preincubated (0), and dephosphorylated (O)
Syk.

Table 2: Comparison of the Enzyme Parameters for Syk(360-635)
and Full-Length Syka

Syk form
Km(ATP)

(µM)b
Km(pep 7)

(µM)b
kcat

(min-1)b

Syk(360-635) 8.9( 5.2 10.9( 4.9 420( 120
Syk(360-635),

pre-incubation
9.9( 4.4 10.0( 6.0 440( 160

Syk(360-635),
dephosphorylation

4.6( 2.7 11.8( 6.9 368( 110

full-length Syk 33( 3 5.0( 0.4 38( 2
a Parameters were determined by fitting to the Michaelis-Menten

equation (eq 1).b In these experiments, values of the kinetic constants
were determined at a single concentration of the nonvaried substrate
rather than by a global fitting procedure. Hence, these parameters will
differ somewhat from parameters determined from a global analysis
(see Experimental Procedures).
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are therefore consistent with either a random order of binding
(Figure 6D, left side of the panel) or an ordered binding with
ATP binding first (Figure 6D, right side of the panel).

Comparison of Syk(360-635) to Full-Length Syk.The
experiments described thus far have primarily been per-
formed with Syk(360-635), a truncated form of Syk
consisting of the isolated kinase domain. This form of the
protein had the highest level of enzyme activity in a
preliminary characterization of several different-length forms
of the enzyme (data not shown). While Syk(360-635) is
well-behaved for kinetic studies, it is conceivable that this
enzyme form has properties that distinguish it from full-
length Syk. To ascertain how closely Syk(360-635) mim-
icked full-length Syk, we obtained full-length Syk and
characterized its kinetic properties using the real time
fluorescence kinase assay.

We examined the phosphorylation state of full-length Syk
using Western blotting with a phosphospecific antibody and
found that, like Syk(360-635), full-length Syk is phospho-
rylated in its activation loop following purification (Figure
7A). Like Syk(360-635), full-length Syk also phosphorylates
pep 7 in the fluorescence kinase assay; full-length Syk also
shows activity in its basal state similar to that when it is
preincubated with 100µM ATP (Figure 7B). We next set
out to demonstrate whether product formation was linear with
time and enzyme concentration for full-length Syk studied

in its purified state. As expected, the level of phosphorylated
pep 7 did increase linearly with time at each enzyme
concentration (Figure 7C), and the overall velocity of the
reaction was also linear with enzyme concentration (Figure
7C inset). Varying the ATP concentration at a constant pep
7 concentration provided aKm for ATP of 33( 3 µM (Figure
7D), while varying the pep 7 concentration at a constant ATP
concentration provided aKm for pep 7 of 5( 0.4µM (Figure
7E) (the time courses of product formation for these
experiments are shown in Figure 5A,B of the Supporting
Information). The values are both within 4-fold of theKm

values for Syk(360-635) in its basal state (Table 2).
However, the maximal activity for full-length Syk was
observed to be more than 10-fold less than for Syk(360-
635) (see Table 2). To confirm this difference in activity,
the velocities of Syk(360-635) and full-length Syk were
directly compared by examining the time course of pep 7
phosphorylation using an equivalent enzyme concentration
of 1 nM (Figure 7F). It was revealed that the activity of Syk-
(360-635) (514( 4 nM/min) is indeed significantly greater
than that of full-length Syk (32( 2 nM/min). The activity
difference between Syk(360-635) and full-length Syk was
observed with both the fluorescence and radioactive assays
(see Figure 5C,D of the Supporting Information). Further-
more, similar enzyme activities were observed for different
protein preparations of both full-length Syk (Figure 7B) and

FIGURE 5: Inhibition of Syk with ATP analogues YM193306 and ADP monitored using radioactive capture. (A) Competitive inhibition of
YM193306 with varied ATP. (B) Noncompetitive inhibition of YM193306 with varied S peptide. (C) Competitive inhibition of ADP with
varied ATP. (D) Noncompetitive inhibition of ADP with varied S peptide. Shown in each case are double-reciprocal plots of 1/V vs either
1/[ATP] or 1/[S peptide] at varying inhibitor concentrations. Solid lines are representations of the nonlinear least-squares best fit of the
entire data set. In panels A and C, the simulated lines are from the best fit parameters derived from a pure competitive model (eq 5). In
panels B and D, the simulated lines are from the best fit parameters derived a mixed-type, noncompetitive model (eq 7). For best fit
parameters, see Table 3. See Figure 3 of the Supporting Information for a representation of the full data sets in Michaelis-Menten form.
Error bars are the standard deviations of multiple data points under each condition.

Table 3: Kinetic Constants for Syk Inhibitiona

inhibitor varied substrate inhibitor pattern Vmax (µM/min) Km (µM) Ki1 (µM) Ki2 (µM)

YM193306 ATP Cb 0.56( 0.01 40( 2 0.0045( 0.0003 -
YM193306 S peptide NCc 0.78( 0.02 7.6( 0.6 0.021( 0.009 0.014( 0.002
ADP ATP Cb 0.74( 0.02 56( 4 31( 3 -
ADP S peptide NCc 0.43( 0.02 9.9( 1 32( 11 65( 36
tyrphostin AG538 ATP NCc 0.54( 0.02 54( 8 10( 3 14( 2
tyrphostin AG538 S peptide NCc 0.83( 0.09 20( 3 18( 5 9.6( 2
a Parameters are derived from the global, nonlinear best fit of the data to either a competitive (eq 5) or noncompetitive (eq 7) kinetic model.

Uncertainties represent the standard error from the global fitting procedure.b Competitive.c Noncompetitive.
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Syk kinase domain (data not shown), suggesting that
differences in activity between full-length Syk and the Syk
kinase domain are not particular to particular protein
preparations. Hence, full-length Syk demonstrates reduced
activity compared to Syk(360-635). This finding suggests
that full-length Syk is autoinhibited by interactions outside
the kinase domain.

DISCUSSION

Syk is a tyrosine kinase involved in signaling processes
in B cells, mast cells, dendritic cells, and other immune cell
types (5-7). The central role of Syk in immune cell
activation makes it a potential target for treatment of
rheumatoid arthritis, asthma, and allergies (11, 12). Despite
the significance of Syk to several disease processes, little to
no characterization of the enzymology of Syk has yet been
reported. In this work, we sought to better understand the
kinetic mechanism and activation process of Syk. A new
fluorescence kinase assay was employed that directly reports
on Syk substrate phosphorylation in real time. Results from
the fluorescence assay were directly compared to those from
a more traditional radioactive kinase assay, and the two
approaches were found to provide consistent information.
Syk was found to employ a ternary complex (sequential-
type) kinetic mechanism with little to no cooperativity
between ATP and peptide substrate binding sites. The order
of ATP and substrate binding to Syk is likely random, but
an ordered mechanism with ATP binding first could not be
completely ruled out due to the weak inhibition of substrate
analogue inhibitors. Syk activity was not regulated by
activation loop autophosphorylation since a Y525F,Y526F
double mutant exhibited activity identical to that of the wild
type. However, a truncated Syk version consisting of its
isolated kinase domain, Syk(360-635), did demonstrate
significantly greater activity than full-length Syk.

In this work, kinase substrates containing an unnatural,
fluorescent amino acid, the Sox amino acid, adjacent to the

site of phosphorylation were employed to monitor Syk kinase
activity in real time (28, 29). The Sox amino acid more
strongly coordinates Mg2+ following phosphorylation, result-
ing in an increase in fluorescence (see Figure 2). Here, we
demonstrate for the first time that the Sox-based assay has
utility for characterizing the steady state kinetics of kinases.
The Sox-based approach has numerous advantages over other
approaches, including (1) a robust signal change, (2) flex-
ibility in placing the Sox amino acid at various positions
within the peptide sequence (permitting maintenance of
essential kinase recognition motifs near the phosphorylated
residue), and (3) the absence of any indirect or coupling
reactions required to detect activity (36). In this work, the
Sox-based assay greatly facilitated examination of the time
course of Syk phosphorylation which was useful for con-
cluding that Syk(360-635) is maximally active in the
absence of activation loop phosphorylation.

The two-substrate kinetic analysis performed here (see
Figure 3) indicates that Syk utilizes a ternary complex of
enzyme, peptide substrate, and ATP in catalysis. The
substrate analogue inhibitor studies (see Figures 5 and 6)
are consistent with either a random order of binding of these
substrates to Syk or an ordered binding mechanism with ATP
binding first. On the basis of the lack of communication
between the ATP and peptide binding sites observed in the
two-substrate analysis (see Table 1), a random order of
binding is the more likely of these two scenarios for Syk. A
random order of substrate binding is most commonly
observed for protein kinases. It has been observed, for
instance, for Src (37), epidermal growth factor receptor (38),
and more recently for JNK (39). Ordered binding has been
observed with some kinases, including p38 mitogen-activated
protein kinase (40, 41).

The order of binding of substrates to Syk could not be
unambiguously assigned because of the weak potency of the
substrate analogue inhibitor F peptide. Specifically, Syk
showed no inhibition by F peptide up to 1.5 mM (Figure

FIGURE 6: Inhibition of Syk with substrate analogues F peptide and tyrphostin AG538. (A) Lack of inhibition of Syk(360-635) with F
peptide. Shown is the velocity vs F peptide concentration. (B) Noncompetitive inhibition of tyrphostin AG538 with both varied ATP and
S peptide. Shown are double-reciprocal plots of 1/V vs 1/[ATP] (B) or 1/[S peptide] (C) at varying inhibitor concentrations. Solid lines are
representations of the nonlinear least-squares best fit of the entire data set to a mixed-type, noncompetitive model (eq 7). For best fit
parameters, see Table 3. See Figure 4 of the Supporting Information for a representation of the full data set in Michaelis-Menten form.
Error bars are the standard deviations of multiple data points under each condition. (D) Kinetic inhibitor analysis indicates that the Syk
kinetic mechanism is either random (left) or ordered with ATP binding first (right).
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6A) even though theKm value for the closely related S
peptide substrate was 8.4( 2 µM (Table 1). The tyrosine
kinases Csk and BTK are both similar to Syk in that the
potency of substrate analogue inhibitors is much weaker than
theKm for substrate (42, 43). For Csk, pre-steady state kinetic
studies have uncovered a potential explanation for this
behavior (44-46). Csk has been demonstrated to show a
“substrate clamping” mechanism in which a fast phosphoryl
transfer step compensates for a low substrate affinity, causing
a low Km value for substrate in comparison to the substrate
Kd value. It is conceivable that Syk, like Csk, may also
display some features of a substrate clamping mechanism,
explaining the low potency of substrate analogue inhibitors
with respect to theKm value for the substrate peptide.

While Syk demonstrated steady state kinetic behavior
similar to that of other tyrosine kinases such as BTK and
Csk, the regulation of Syk by activation loop phosphorylation
was atypical. In particular, many tyrosine kinases demonstrate
an increase in activity following autophosphorylation within
their activation loop (47-49); the reaction time course of
these kinases typically display a lag phase in product
formation due to the transition of the kinase from a low-
activity to a high-activity state during the experiment (43,
50). In this study, we monitored the time course of product
formation by the Syk kinase domain and observed no lag
phase in product formation, suggesting that the Syk kinase
domain does not undergo an autophosphorylation-dependent
increase in activity (Figure 3B). To further explore if Syk is

FIGURE 7: Mechanistic characterization of Syk fl using the real time fluorescence kinetic assay. (A) Western blot of the full-length protein
using a Tyr 525/Tyr 526 phosphospecific antibody. Full-length Syk was incubated either with buffer or with 100µM Mg2+/ATP and
probed for activation loop phosphorylation. The total protein loaded was ascertained from Coomassie staining of an equivalently loaded
gel. (B) Comparison of the enzymatic activity for 10 nM full-length Syk that was (white bars) or was not (black bars) preincubated with
Mg2+/ATP prior to activity analysis. Two preparations of full-length Syk were tested: a GST-tagged preparation (left) and a His-tagged
preparation (right). (C) Activity of Syk fl as a function of Syk fl concentration monitored by fluorescence using pep 7 as the substrate.
Shown is the time course of product formation as a function of time at 0, 1.25, 2.5, 5, and 10 nM Syk fl. The solid lines are the linear best
fits to the initial phase of the reaction time courses (10 min for all conditions). The inset shows the velocity values as a function of Syk fl
concentration. The solid line is the linear best fit to the data, the slope of which provides akcat of 21 ( 0.4 min-1 under these conditions.
(D) Michaelis-Menten plots demonstrate theKm value for ATP of full-length Syk. Shown is the velocity of the reaction as a function of
ATP concentration. The solid line is the best fit to the Michaelis-Menten equation and providesVmax andKm values of 890( 4 nM/min
and 33( 3 µM, respectively. Here, [Syk fl]) 20 nM and [pep 7]) 5 µM. (E) Michaelis-Menten plots demonstrate theKm value for pep
7 of full-length Syk. Shown is the velocity of the reaction as a function of pep 7 concentration. The solid line is the best fit to the Michaelis-
Menten equation and providesVmax andKm values of 305( 8 nM/min and 5( 0.4 µM, respectively. Here, [Syk fl]) 10 nM and [ATP]
) 25 µM. See Figure 5 of the Supporting Information for raw data. (F) Comparison of the activity of Syk(360-635) to that of full-length
Syk. Shown is the time course of product formation as a function of time for either Syk(360-635) or full-length Syk, each at a concentration
of 1 nM. The solid lines are the linear best fits to the initial phase of the reaction time courses [the first 5 min for both Syk(360-635) and
full-length Syk] and provide velocities of 514( 4 and 32( 2 nM/min for Syk(360-635) and full-length Syk, respectively.
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regulated by activation loop autophosphorylation, we also
studied a Syk mutant in which the two activation loop
tyrosines (Tyr 525 and Tyr 526) were mutated to phenyla-
lanine. The Syk Y525F,Y526F mutant was found to have
activity identical to that of wild-type Syk (Figure 4A).
Furthermore, we directly compared the activity of the
phosphorylated and unphosphorylated forms of the Syk
kinase domain and observed no difference in activity.
Together, these findings indicate that the activity of the Syk
kinase domain is not increased by activation loop phospho-
rylation. A crystal structure of the Syk kinase domain
supports our finding that activation loop phosphorylation is
not required for high Syk activity (51). In this structure, the
kinase adopts a conformation typical for the active state of
kinases despite not being phosphorylated at Tyr 525 or Tyr
526. Hence, the Syk(360-635) construct characterized here
is a good model for an active conformation of Syk.

To examine if full-length Syk demonstrated kinetic
behavior identical to that of Syk(360-635), we obtained full-
length Syk and characterized its kinetic constants. Full-length
Syk was found to haveKm values for both substrates similar
to those of Syk(360-635), but Syk(360-635) was greater
than 10-fold more active than full-length Syk. Why might
the Syk kinase domain alone be more active than full-length
Syk? One possibility is that the SH2 domains and linker
region in full-length Syk interact with the kinase domain in
a manner that represses Syk kinase activity in its basal state.
Indeed, the recently determined crystal structure of Zap-70
(a homologue of Syk) in its basal state supports a model in
which Zap-70 is repressed in activity due to intramolecular
interactions between the kinase domain and residues in the
linker domain (25, 52).

The finding here that the Syk kinase domain alone is
significantly more active than full-length Syk provides further
insight into understanding the mechanism of activation of
full-length Syk. Within the cell, Syk is known to demonstrate
increased activity following its recruitment to membrane
receptors. The increase in activity may be part of a positive
feedback loop that also includes the Src family kinase Lyn
(53). Binding of Syk to ITAM motifs within cell surface
receptors may also allosterically enhance Syk activity (26,
27). Furthermore, Syk activity is also regulated by phos-
phorylation by other kinases (24). Despite many investiga-
tions regarding the activation of Syk, a clear picture of the
molecular mechanism for how Syk makes the transition from
its less active to more active conformation remains undefined.
Future experiments that focus on dissecting the molecular
mechanism of Syk activation would certainly provide a
clearer picture of how Syk functions in signaling pathways
and hence contribute to our understanding of the role of Syk
in disorders associated with immune cells.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Full-length and
truncated versions of human Syk were cloned into a PVL
1392 vector for expression using baculovirus. Cloned ver-
sions of Syk include the full-length protein (residues 1-635),
Syk(360-635), and Syk(356-635). The Syk(356-635)
Y525F,Y526F mutant was constructed using the QuikChange
mutagenesis kit (Stratagene, La Jolla, CA).

Each protein was expressed and purified in the same
manner. For protein expression, Sf9 cells were infected at a

multiplicity of infection of 0.5 at a density of 1.5× 106 cells/
mL. Cells were harvested 3 days following infection by
centrifugation at 1000g. Cell pellets were resuspended in 250
mL of disruption buffer [50 mM Hepes (pH 7.5), 150 mM
NaCl, 5% glycerol, 0.1% Ipegal, and 200 mM arginine].
Cells were disrupted on ice using two passes through a
microfluidizer at 15 000 psi. Following disruption, material
was centrifuged at 10000g and the supernatant was collected
and filtered using a SuperCap Capsule. Material was then
incubated for 3 h with a Ni Sepharose FF resin that had been
pre-equilibrated in disruption buffer with 20 mM imidazole.
Resin was collected at 1000g and then washed four times
using disruption buffer. Bound proteins were eluted using
25 mL of elution buffer [25 mM Hepes (pH 7.6), 5%
glycerol, 150 mM NaCl, 10 mM methionine, and 200 mM
imidazole] and concentrated to 5 mg/mL total protein.
Material was applied to a Superdex XK16/60 column that
had been pre-equilibrated with 600 mL of 50 mM Hepes
(pH 7.5), 150 mM NaCl, 5 mM DTT, and 10 mM
methionine. Samples were run at 1 mL/min, and 1 min
fractions were collected. Fractions were analyzed using an
8 to 16% Tris-glycine gel, pooled, and stored at-80 °C.

Using the procedure described above, a low yield of full-
length His-tagged Syk was obtained due to the instability of
the protein. Therefore, full-length Syk was acquired com-
mercially from Invitrogen (Carlsbad, CA; catalog no. PV3857),
and this version of the protein was used for most of the
characterization of full-length Syk described here.

Syk Enzyme Assays.Syk enzyme activity was assessed
using the increase in fluorescence of peptides containing the
Sox amino acid. Pep 3, pep 5, and pep 7 were acquired from
Invitrogen (catalog nos. KNZ3031, KNZ3051, and KNZ3071,
respectively). Assays were performed in a buffer of 20 mM
Hepes (pH 7.15), 0.1 mM EGTA, 0.1 mM DTT, 0.5 mg/
mL BSA, and 10 mM MgCl2 and were conducted in either
96-well or 384-well black plates (Corning Inc., Corning, NY)
using a final assay volume of 50 or 20µL, respectively. A
SpectraMax GeminiXS fluorescence plate reader (Molecular
Devices, Sunnyvale, CA) was used for data collection. The
excitation wavelength was 360 nm, and the emission
wavelength was 485 nm. Data were typically collected at
15 s intervals using two reads/well and a fluorescence cutoff
of 455 nm. For assessment of the activity of the Syk Y525F,-
Y526F mutant, a Syk(356-635) construct was employed
since the both the wild type and mutant construct were
readily available.

Syk activity was also monitored using the incorporation
of 33PO4 from [33P]ATP into a biotin-tagged peptide substrate.
Using this approach, the peptide substrate was isolated from
unreacted radioactive material using streptavidin-coated
beads (Amersham Biosciences, Piscataway, NJ). The buffer
for this enzyme assay was 25 mM Tris-HCl (pH 7.5), 25
mM glycerol 2-phosphate, 1 mM EGTA, 1 mM NaVO4,
0.1% BSA, and 1 mM DTT. The sequence of the S peptide
substrate (see Figure 1) was derived from HS1 protein and
has previously been demonstrated to be a good substrate for
Syk (54, 55). Experiments were typically conducted for 15
min. At the end of the time course, assay plates were
quenched, washed with 2 M NaCl with 1% phosphoric acid,
dried, and subjected to scintillation counting. Other details
of the radioactive enzyme assay have been described
previously (43).
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Western Blot Analysis.Western blots were performed with
a Syk Tyr 525/526 phosphospecific antibody from Cell
Signaling Technologies (Danvers, MA) used at a 1:500
dilution. Preincubation of Syk with Mg2+/ATP was per-
formed for 15 min at room temperature in a buffer of 20
mM Hepes (pH 7.15), 0.1 mM EGTA, 0.1 mM DTT, 0.5
mg/mL BSA, and 10 mM MgCl2 at an ATP concentration
of 100µM. Dephosphorylation reactions were performed at
room temperature for 1 h with PTP1B (Invitrogen) at a
concentration of 2µM. For kinase assays following incuba-
tion with PTP1B, 10µM sodium vanadate was included in
the buffer to inhibit phosphatase activity.

Time Course Analysis and Km EValuation. When a time
course of Syk product formation was determined using the
fluorescence assay, the assay contained 20µM ATP and 5
µM pep 7. The velocity was evaluated from the initial phase
of the reaction time course (typically the first 10-15 min).
The signal change was converted to product formation
(micromolar) using a solution provided by the manufacturer
consisting of a phosphorylated version of pep 7.

To determine theKm for ATP and pep 7 of Syk(360-
635), ATP and peptide concentrations were varied from 1
to 180 µM and from 0.1 to 18.0µM, respectively. To
determine theKm for ATP of full-length Syk, the ATP
concentration was varied at quarter-log scale from 5.4 to 100
µM at a constant pep 7 concentration. Likewise, to determine
theKm for pep 7 of full-length Syk, the pep 7 concentration
was varied at quarter-log scale from 0.54 to 30µM at a
constant ATP concentration. The nonvaried substrate con-
centrations were 20µM for ATP and 5µM for pep 7. The
data were evaluated using the Michaelis-Menten equation
to determine theKm values and maximal velocity:

whereKm is the Michaelis constant for one substrate at a
constant concentration of the other substrate,kcat is the
maximal velocity at a particular value of nonvaried substrate,
and [S] is the varied substrate concentration. Data analysis
was conducted with GraphPad Prism 4.0 (GraphPad Soft-
ware, Inc., San Diego, CA).

Two-Substrate Analysis with Syk.To perform the two-
substrate analysis using the fluorescence assay, ATP and pep
7 were varied in a matrix at quarter-log intervals from 3.0
to 54 µM and from 1.8 to 30µM, respectively. Likewise,
the two-substrate analysis performed using the radioactive
assay was performed by varying the ATP and S pep
concentrations from 1 to 50µM and from 6 to 150µM,
respectively. To assess the quality of the data, a preliminary
analysis was performed that has previously been described
(43).

Following the preliminary analysis, the complete set of
velocity data was fit to expressions describing either a ternary
complex or a ping-pong enzymatic mechanism. For the
fluorescence data, the equation for a ternary complex
mechanism is

whereKm
pep7 andKm

ATP are Michaelis constants of pep 7 and
ATP, respectively, andKa

pep 7
is the association constant of

pep 7 for Syk. Here theR factor, a measure of cooperativity
between the ATP and pep 7 sites, is the ratio of theKm values
to dissociation constants:

where Ka
ATP is the dissociation constant of ATP for Syk.

The expression for the ping-pong enzymatic mechanism is
given by

To evaluate how well each model described the data, the
value of the reduced sum of squares was examined. For Syk,
the ternary complex model provided a significantly better
fit than the ping-pong model.

Order of Substrate Binding.For experiments with substrate
analogue inhibitors YM193306, ADP, F peptide, and tyr-
phostin AG538, the inhibitors were preincubated with Syk
for 10-15 min before initiation of the enzyme reaction.
Following preliminary analysis (43), data sets were fit to
several different models to ascertain the mechanism of
inhibition. These included a model of competitive inhibition

a model of uncompetitive inhibition

or a model of noncompetitive (mixed) inhibition

In these equations,Ki1 andKi2 are the inhibition constants
for binding to the enzyme alone and the enzyme-peptide
complex, respectively, and [I] is the inhibitor concentration.
The quality of the fit of the data to each of the models was
evaluated by examining the reduced sum of squares to
ascertain the correct model for each data set.
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