
Abstract. The Src family of non-receptor protein tyrosine
kinases plays a critical role in the progression of human
cancers so that the development of its specific inhibitors is
important as a therapeutic tool. We previously reported that
cysteine residues in the cysteine-cluster (CC) motif of v-Src
were critical for the kinase inactivation by the SH-alkylating
agents such as N-(9-acridinyl) maleimide (NAM), whereas
other cysteine residues were dispensable. We found similar
CC-motifs in other Src-family kinases and a non-Src-family
kinase, FAK. In this study, we explored the function of the
CC-motif in Yes, Lyn and FAK. While Src has four cysteines
in the CC-motif, c-Yes and Lyn have three and two of the
four cysteines, respectively. Two conserved cysteines of the
Src family kinases, corresponding to Cys487 and Cys498 of
Src, were essential for the resistance to the inactivation of the
kinase activity by NAM, whereas the first cysteine of c-Yes,
which is absent in Lyn, was less important. FAK has similar
CC-motifs with two cysteines and both cysteines were again
essential for the resistance to the inactivation of the kinase
activity by NAM. Taken together, modification of cysteine
residues of the CC-motif causes a repressor effect on the
catalytic activity of the Src family kinases and FAK.

Introduction

Since the discovery of the v-Src kinase (1), many protein
tyrosine kinases have been identified. Overexpression as well

as the constitutive activation of tyrosine kinases are associated
with many forms of human cancer. It appears that >80% of the
oncogenes and proto-oncogenes involved in human cancers
encode tyrosine kinase (2,3) so that the development of their
specific inhibitors is an important mission for the therapeutic
progress of human malignancies. All kinases, however, share
the same substrate, adenosine 5'-triphosphate (ATP) and
most, if not all, of kinase inhibitors target their conserved
nucleotide binding pocket so that no inhibitor with a highly
selective inhibitory effect on a single kinase has been found
(4). Despite the wide variety in the kinase structure, all the
inhibitors identified have some redundancy in their
specificity.

Investigating an alternative way to control specific types
of tyrosine kinases, we explored the cysteine residues of Src
which is known to be critical for its kinase activity (5,6). The
viral oncogene product, v-Src and its cellular counterpart,
c-Src, are members of a family of non-receptor protein
tyrosine kinase called the Src-family kinase that shares
structural similarity consisting of the SH2, SH3 and kinase
domains (1). While the c-Src kinase is overexpressed and
activated in a large number of human malignancies, it has been
linked to the development of cancer and progression to distant
metastases (7). Activity of the Src kinase is controlled by the
intramolecular bindings of SH2 to phosphorylated Tyr527 and
of SH3 to the linker region. These interactions appear to fold
the c-Src molecule to be in an inactive state (8-10). Any events
or mutations including a point mutation at Tyr527 that unfold
the structure can convert c-Src to be active and highly
oncogenic (8,11). In addition to these domains, we identified a
new regulatory motif, the cysteine-cluster (CC) motif, at the
end of the C-terminal lobe of Src where four cysteine
residues are clustered (5,6). Of the 10 cysteine residues
scattered over the v-Src kinase, only those in the CC-motif
were important for protein stability and cell transformation
(6). Consistently, we found that the SH-alkylating agents
could inactivate the Src kinase, though mutations of cysteine
residues, especially Cys498, in the CC-motif rendered v-Src
and c-Src to be resistant to the inactivation of the kinase
activity by the SH-alkylating agents (5). In contrast, other
cysteines including those in the catalytic cleft of the kinase
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domain and in the SH2 domain were dispensable for the
inactivation by the SH-alkylating agents. Thus, modification
of cysteine residues in the CC-motif of Src kinase appears to
yield a conformational change that causes a suppressive effect
on the catalytic activity of Src.

Among the Src-family kinases, the CC-motif is highly
conserved, while all receptor-type tyrosine kinases and other
nonreceptor-type tyrosine kinases such as Abl lack this motif.
In addition to the Src-family kinases, we identified the same
motif in another type of tyrosine kinase, FAK. It is, therefore,
of interest whether modification of cysteine residues in the
CC-motifs of these kinases has a similar suppressive function
on their kinase activities. Herein, we show evidence that
cysteine residues in the CC-motif are important for the
inhibition of the Yes, Lyn and FAK by the SH-alkylating
agent N-(9-acridinyl) maleimide (NAM).

Materials and methods

Cell culture, antibodies and chemicals. COS-7 cells were
cultured as previously described (5). Anti-Src monoclonal
antibody, mAb 327, was kindly provided by Dr J.S. Brugge
(Harvard Medical School) (12). Anti-Yes and anti-Lyn
monoclonal antibodies were purchased from BD Transduction
Laboratories and anti-FAK polyclonal antibody from Santa
Cruz Biotechnology. NAM was from Wako Pure Chemical

Industries, Ltd. Casein, enolase and poly (Glu,Tyr) were
purchased from Sigma.

Site-directed mutagenesis and transfection. Cysteine residues
in c-Yes (13), Lyn (14) and FAK (15) were substituted to
alanines by PCR as previously reported (16). Mutated c-yes,
lyn and FAK were ligated into the TOPO TA Cloning vector
(pCR®2.1-TOPO) and sequenced. Mutated c-yes, lyn and Fak
were cut by a suitable restriction enzyme, collected and
ligated into a pcDNA3 vector and reconfirmed the insertion
by sequencing. Each mutated gene (5 μg of each) in pcDNA3
was transiently transfected into COS-7 cells using DEAE-
dextran/chloroquine solution.

In vitro kinase assay and immunoblotting. An in vitro kinase
assay was performed as previously described (17,18). In brief,
cells were lysed with RIPA buffer (10 mM Tris-HCl pH 7.4,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 0.1 mM molybdic acid and 0.5 mM
sodium orthovanadate and 0.1 mM phenylmethylsulfonyl
fuoride and proteinase inhibitor cocktail from Sigma). The
lysate was clarified by centrifugation and immunoprecipitated
with antibodies. The immunoprecipitates were subjected to
either immunoblotting or an in vitro kinase assay.

For the treatment with NAM, immunoprecipitates were
washed with kinase buffer (10 mM Tris-HCl pH 7.4, 5 mM
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Figure 1. The primary sequences and secondary structural alignment of the CC-motif of the Src-family kinases and FAK and their response to the SH-alkylating
agent, NAM. (A) Sequence text was constructed for the Src-family kinases and FAK, as previously described (5). Based on the amino acid-matching of the
cysteine residues in the CC-motif that corresponds to the sequence of v-Src from 481Met to 499Trp, the Src-family kinases and FAK were classified into
three groups. Secondary-protein structural alignment given above the sequences was based on a previous report (5). (B) Kinase genes ligated into pcDNA3
were trasfected into COS-7 cells and lysates were collected after 36 h of transfection. Kinase proteins were immunoprecipitated with their related antibodies,
incubated in the presence or absence of 5 μM NAM and subjected to an in vitro kinase assay at 30˚C for 15 min with enolase (upper panel) as an exogenous
substrate. Their relative amounts were normalized by immunoblotting with their specific antibodies to use the same amounts of kinase proteins for the study
(lower panel).
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MgCl2 for the Src family and 50 mM Hepes pH 7.4, 10 mM
MnCl2 for FAK ), suspended in the same buffer and incubated
with or without the indicated doses of NAM for 5 min at
30˚C. After the reaction, immunoprecipitates were washed
twice and incubated in kinase buffer with radiolabeled [γ32P]-
ATP (370 kBq) (NEN, Wilmington, DE, USA) and 1.5 μg of
acid-treated enolase, 1 μg of pure casein or 1 μg of poly
(Glu-Tyr) as an exogenous substrate. After incubation of
15 min for the Src family and 2 h for FAK at 30˚C, reaction
was stopped by the addition of an SDS sample buffer. The
immunoprecipitates were then subjected to 10% SDS-

polyacrylamide gel electrophoresis. Gels were dried and
exposed to an IP plate and analysed by the BAS 2000 system.
Immunoblotting was performed as described (19).

Results

CC-motif is conserved among Src family kinases. We
previously reported that the CC-motif of Src has a suppressive
function on the catalytic activity of the Src kinase by use of the
SH-alkylating agents and mutant Src proteins (5). In contrast
to the cysteines in the CC-motif, other cysteine residues,
including those in the catalytic cleft of the kinase domain and
in the SH2 domain, were dispensable for the kinase inactivation
by the SH-alkylating agents. We found that multiple mutations,
though not a single point mutation, of the cysteine residues
of the CC-motif conferred the resistance to the kinase
inactivation by the SH-alkylating agents. During the course
of the study, we found that the CC-motif is well conserved
among other members of the Src-family kinases. Based on the
numbers and positions of cysteine residues in the CC-motif,
the Src-family kinases can be classified into 3 groups (Fig. 1A).
v-Src and its cellular counterpart c-Src have a complete set
of 4 cysteines (Cys483, Cys487, Cys496 and Cys498) in the
CC-motif that starts from 481Met and ends at 499Trp of the
v-Src sequence. In contrast, c-Yes, Fyn, Yrk and Blk (mouse)
have 3 cysteine residues except for the one corresponding to
Cys496 of Src. Lyn, Hck, Lck, Blk (human) and Frk have 2
cysteines corresponding to Cys487 and Cys498 of Src. In
addition to these Src-family kinases, FAK, which does not
belong to the Src-family kinase, also has the CC-motif similar
to Lyn.

Effect of SH-alkylating agent, NAM, on the kinase activities of
Src family kinases. To explore the function of the CC-motif in
the second and third groups of these kinases, we chose c-Yes
and Lyn to compare with v-Src and c-Src. These kinase genes
were ligated into pcDNA3 and transiently expressed in COS-7
cells. Each kinase protein was immunoprecipitated with its
specific antibody. Their relative amounts were normalized by
immunoblotting with their specific antibodies to use the same
amounts of kinase proteins for the study (Fig. 1B, lower
panel). Immunoprecipitated c-Yes, Lyn, v-Src and c-Src were
incubated with or without 5 μM NAM at 30˚C for 5 min,
washed with kinase buffer and subsequently assayed for their
kinase activities with enolase as an exogenous substrate
(Fig. 1B, upper panel). In accordance with our previous report,
the kinase activities of v-Src and c-Src were almost completely
inactivated by the treatment with NAM. c-Yes was also highly
sensitive to the level similar to those of v-Src and c-Src. In
contrast, the kinase activity of Lyn, especially the phosphory-
lation of the exogenous substrate, was substantially resistant
to the treatment with 5 μM NAM. These results are consistent
with our previous observation that, at least, double mutations
of cysteine residues of the CC-motif were required for Src
kinase to exhibit resistance to the inactivation by NAM (5).
As shown in Fig. 1A, Lyn lacks two cysteine residues which
correspond to Cys483 and Cys496 of Src.

C9AYes mutant shows resistance to kinase inactivation by
NAM. To obtain more clues, we then constructed two types of
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Figure 2. Effect of SH-alkylating agent, NAM, on the kinase activities of
wild-type c-Src (group 1), wild-type c-Yes (group 2) and c-Yes mutants,
C6AYes and C9AYes. (A) Cell lysates (500 μg of total protein) from
transiently transfected COS-7 cells with wild-type or mutant kinase genes
were immunoprecipitated with anti-Src (mAb 327) or anti-Yes monoclonal
antibody. Immunoprecipitates were incubated in the presence or absence of
5 μM of NAM and a kinase assay was performed with casein as an exogenous
substrate (upper panel). Immunoprecipitates were probed with indicated
antibodies to confirm an equal amount of loading (middle panel). Relative
activities of an in vitro kinase assay were measured by the substrate trans-
phosphorylation with BAS 2000 image analyzer (Fuji). Results were obtained
from three independent assays (lower panel). (B) A higher dose of NAM
(25 μM) was used as above for the treatment of immunoprecipitates and
enolase was used as an alternative exogenous substrate.
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Yes mutants, C6AYes and C9AYes. In C6AYes and C9AYes,
Cys491 and Cys506 of Yes were replaced with alanine
residues by site-directed mutagenesis (6), respectively. As
shown in Fig. 2A, both mutants had reduced kinase activities
(trans-phosphorylation to exogenous substrates) compared with
that of wild-type Yes. A reduction of kinase activity is,
however, more prominent in C9AYes as compared with that
of C6AYes. Kinase activities of C9A and C6A of Yes
mutants were ~50 and 80% of wild-type c-Yes, respectively.
These results are consistent with our previous observation (5)
that C9A v-Src, whose Cys498 was replaced with alanine,
displayed relatively low kinase activity as compared with
those of wild-type v-Src and other Src mutant. When we
treated these mutants Yes with 5 μM NAM, C9AYes
displayed a clear resistance to the treatment. In contrast,
C6AYes showed suppression to some extent. Kinase activity
of C6AYes after treatment was decreased to ~70% of the
activity of an untreated one. The difference between C6AYes
and C9AYes to the treatment with NAM was more prominent
at a higher concentration of NAM. When we treated these Yes
kinases with 25 μM NAM in Fig. 2B, C9AYes still displayed
a clear resistance to the treatment. In contrast, kinase activity
of C6AYes was almost completely lost by the treatment. It
should be noted here, that, in contrast to Yes, single point
mutation of cysteines in the CC-motif of Src was not

sufficient, though double mutations of cysteines were
required to confer the resistance on Src to the inactivation of
the kinase activity by the treatment with NAM (5). Since Yes
originally lacks the cysteine residue corresponding to Cys496
of Src, the point mutation we created in either C6A and
C9AYes therefore yielded the lack of two cysteine residues
which is observed in the CC-motif of Src. Notably, mutation
at C9 of Yes resulted in a paired mutation similarly present in
our previous Src mutant (5). These findings suggest that
double mutation in paired cysteine residues yields a stronger
resistance to NAM as compared to those in distant positions.
In this respect, Cys506 in Yes plays an important role in the
resistance to the inactivation of its kinase activity by the
SH-alkylating agent.

C9A Lyn mutant shows resistance to kinase inactivation of
Lyn by NAM. To explore the importance of cysteine residue
corresponding to Cys498 of Src, we then constructed Lyn
mutants, C7ALyn and C9ALyn, in which Cys468 and Cys479
corresponding to Cys487 and Cys498 of Src were substituted
with alanines, respectively. Since Lyn lacks two of the four
cysteine residues in the CC-motif of Src, Lyn displayed
resistance to NAM treatment as the double mutant of Src
showed (5). By treatment with 10 μM NAM in Fig. 3A,
wild-type Lyn showed partial resistance to kinase inactivation
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Figure 3. Effect of the SH-alkylating agent, NAM, on the in vitro kinase activities of wild-type Lyn (group 3), LynC7A and LynC9A. (A) Lyn and its mutant,
LynC9A, were treated with 10 μM NAM and a kinase assay was performed (left, upper panel) with enolase as an exogenous substrate as described in Fig. 2.
Immunoprecipitates were probed with anti-Lyn to confirm an equal amount of loading (left, lower panel). Relative activities of the in vitro kinase assay were
measured by the trans-phosphorylation of enolase (right panel). (B and C) In vitro kinase assay of Lyn, LynC9A and LynC7A mutants in the presence or
absence of high-dose NAM (50 μM) using casein as an exogenous substrate was performed as above. All figures are representative of three independent
experiments.
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by NAM. In contrast, C9ALyn showed a substantial resistance
to NAM. Although autophosphorylation of C9ALyn was
suppressed by the NAM treatment, the activity to
phosphorylate exogenous substrate, enolase, was retained well
even after the treatment. The difference between wild-type
Lyn and C9ALyn was more prominent at higher concentration
of NAM. By treatment with 50 μM NAM in Fig. 3B, wild-type
Lyn was almost completely inactivated, whereas C9ALyn
showed a clear resistance in the phosphorylation of exogenous
substrate. NAM-treated C9ALyn retained ~70% of trans-

phosphorylation activity as compared with those of untreated
C9ALyn whereas C7ALyn showed ~50% resistance in the
phosphorylation of exogenous substrate to 50 μM NAM
while wild-type Lyn was completely inactivated (Fig. 3C).
These results are consistent with our previous observations
(5) that double mutations in the pair of cysteines were required
for resistance to the inactivation of the kinase activity against
NAM treatment. As Lyn does not have two cysteines
corresponding to Cys483 and Cys496 of Src, both C7A and
C9ALyn lack two pairs of cysteine residues as compared with
those of Src. The two mutants showed a clear resistance to
the inactivation of the kinase activity of Lyn by NAM, though
C9ALyn was more prominent in resistance than C7ALyn.

Effect of SH-alkylating agent, NAM, on the kinase activities of
non-Src family kinase, FAK. As shown in Fig. 1A, FAK, which
has a distinct structural difference from the Src-family kinase,
also has the group 3-type CC-motif in the C-terminal side of
the kinase domain. We then examined whether the
modification of cysteine residues of the CC-motif in FAK by
the SH-alkylating agent has a similar suppressive function on
the kinase. FAK has two cysteine residues in its CC-motif,
Cys647 and Cys658, which correspond to Cys487 and
Cys498 of Src. Then we constructed two types of FAK
mutants, C7AFAK and C9AFAK. In C7AFAK and C9AFAK,
Cys647 and Cys658 of FAK were replaced with alanines by
site-directed mutagenesis, respectively. The kinase activity of
these mutants was compared with wild-type FAK with poly
(Glu,Tyr) as an exogenous substrate. As shown in Fig. 4A,
C9AFAK, although not C7AFAK, had reduced kinase activity
as compared with that of wild-type FAK. Kinase activity of
C9A mutant was ~80% of wild-type FAK. By treatment with
10 μM NAM, wild-type FAK showed a clear suppression in
kinase activity. In contrast, both C7AFAK and C9AFAK
showed substantial resistance to the inactivation of the kinase
activity of FAK by NAM, although resistance to kinase
inactivation by NAM was more prominent in C9AFAK than in
C7AFAK. To determine the kinase activity of FAK mutants
upon a higher concentration of NAM, we treated wild-type
FAK and mutants with 50 μM NAM (Fig. 4B). Upon a higher
concentration of NAM, C9A and C7AFAK mutant showed
~80 and 50% resistance, respectively in the phosphorylation of
poly (Glu,Tyr) substrate while wild-type FAK was completely
inactivated by NAM. These results are consistent with those of
Lyn and cysteines corresponding to Cys487 and Cys498 of Src
which are conserved well among the Src kinases as well as in
FAK, indicating their critical role for the inhibition of kinase
by the SH-alkylating agent.

Discussion

Since the protein tyrosine kinases play a critical role in a wide
array of human carcinomas, development of their inhibitors is
an important mission for the therapeutic progress of human
malignancies. All kinases, however, share the same substrate,
adenosine 5'-triphosphate (ATP) and molecular recognition
determinants in their conserved nucleotide binding pocket so
that no ATP analog that selectively inhibits a single kinase has
been found (4). In this report, we showed that the CC-motif
conserved only in the Src family kinases and FAK has an
inhibitory function by the modification of cysteine residues
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Figure 4. Effect of SH-alkylating agent, NAM, on the kinase activities of
wild-type FAK and its mutants, C7AFAK and C9AFAK. (A) FAK and its
mutants were immunoprecipitated from cell lysates by an anti-FAK
antibody. An in vitro kinase assay of FAK in the presence or absence of 10 μM
of NAM was performed at 30˚C for 2 h with poly (Glu,Tyr) as an exogenous
substrate (upper panel). Immunoprecipitates were probed by anti-FAK for
determination of an equal amount of loading (middle panel). Relative
activities of the in vitro kinase assay were measured by trans-
phosphorylation of poly (Glu,Tyr) and results were obtained from three
independent assays (lower panel). (B) A higher dose of NAM (50 μM) was
used for the same experiment as above.
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with the SH-alkylating reagent. Our results strongly suggest
that the CC-motif is a promising molecular target which can
compensate the rational drug design of specific inhibitors for
the kinases.

Based on the number of conserved cysteine residues in the
CC-motif, tyrosine kinases can be classified into three groups.
We found that v-Src, c-Src and c-Yes showed a clear
sensitivity to the kinase activity by the treatment with 5 μM
NAM, whereas Lyn showed a substantial resistance to kinase
inactivation from the treatment. These results confirm and
extend our previous observations with Src that sensitivity of
Src to the SH-alkylating reagents depended on the number of
cysteines in the CC-motif and at least two point mutations in
cysteine residues were required to confer resistance to kinase
inactivation by the reagents (5). While Src and Yes have four
or three conserved cysteine residues in the CC-motif, Lyn
has only two of them.

Among the four cysteine residues conserved in the CC-
motif of Src, Cys498 appears to have an exceptionally
important function for the kinase activity. Cys498 and Cys487
are most conserved cysteine residues among tyrosine kinases
(Fig. 1A). We then found that a single point mutation at
Cys498 of Src clearly caused a substantial reduction of the
kinase activity and intracellular instability of the mutant
protein (5,6). In c-Yes, Lyn and FAK, single point mutations
at cysteine residues corresponding to Cys498 of Src also
rendered a reduction of their kinase activities, although the
levels of reduction differ among these kinases. In contrast,
single point mutations at other conserved cysteine residues
including Cys487 did not cause a substantial reduction of the
kinase activity. These results strongly suggest that, among
the four cysteines conserved in the CC-motif, the cysteine
residue that corresponding to Cys498 of Src, which is distant
from the kinase cleft, has a conformationally important
function for the kinase activity.

Since the Src-family kinase and FAK play an important
role in human malignancies as well as acute and chronic
inflammatory disorders, our study will be helpful in
designing new therapeutic strategies in order to mitigate
complications associated with malignancies and chronic
inflammatory disorders.
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