Proc. Natl. Acad. Sci. USA
Vol. 92, pp. 9805-9809, October 1995
Cell Biology

A general strategy for producing conditional alleles of Src-like

tyrosine kinases

DAVID M. SPENCER*, ISABELLA GRAEF*, DAVID J. AUSTINT, STUART L. SCHREIBERTi, AND GERALD R. CRABTREE*

*Howard Hughes Medical Institute, Departments of Developmerital Biology and Pathology, Stanford University Medical School, Stanford, CA 94062; and
tHoward Hughes Medical Institute, Department of Chemistry, Harvard University, Cambridge, MA 02138

Contributed by Stuart L. Schreiber, June 14, 1995

ABSTRACT The Src-like tyrosine kinases require mem-
brane localization for transformation and probably for their
normal role in signal transduction. We utilized this charac-
teristic to prepare Src-like tyrosine kinases that ¢an be readily
activated with the rationally designed chemical inducer of
dimerization FK1012. Dimerization of cytoplasmic Src-like
tyrosine kinases was not sufficient for signaling, but their
recruitment to the plasma membrane led to the rapid activa-
tion of transcription factors identical to those regulated by
crosslinking the antigen receptor. Moreover, recruitment of
activated Src-like kinases to the membrane replaced signaling
by the T-lymphocyte antigen receptor complex, leading to the
activation of both the Ras/protein kinase C and Ca2*/
calcineurin pathways normally activated by antigen receptor
signaling. Since these chemical inducers of dimerization are
cell permeable, this approach permits the production of
conditional alleles of any of the Src-like tyrosine kinases,
thereby allowing a delineation of their developmental roles.

Conditional alleles have proven essential for understanding the
role of many genes because they add the dimension of time to
genetic analyses and thereby avoid the myriad secondary
effects and compensatory mechanisms brought into play when
a gene is constitutively absent or active. For example, isolation
of the temperature-sensitive (ts) cdc alleles of the cell cycle
control genes was essential to understanding their function (1,
2), since it permitted the definition of execution points and a
clarification of the complex feedback relationships that are
fundamental to cell cycle control. While ts alleles of mamma-
lian genes, including those encoding Src-like kinases (3), have
been engineered to elucidate their roles in signaling, they can
only be utilized in tissue culture and are typically indctivated
at temperatures that induce the heat-shock response, which
activates numerous genes that can potentially obfuscate the
physiologic role(s) of the gene being studied. Finally, most ts
alleles require several hours for the inactive protein to accu-
mulate, since ts alleles are almost always ts for posttransla-
tional folding and not stability (4). Recently, we have devel-
oped an alternative to ts alleles using the cell-permeable
chemical inducer of dimerization (CID) FK1012 (5). This
molecule is a dimer of FK506 and induces dimerization or,
more simply, proximity between two chimeric proteins con-
taining the FK506-binding protein FKBP12 (K4 = 0.4 nM).
Mounting evidence indicates that the recruitment of signal-
ing molecules to the proximity of their substrates is a major
mechanism of regulatory control. Enzymes such as protein
kinase C, phospholipase C, and c-Raf are localized to the
plasma membrane after receptor activation (for a review, see
ref. 6). The importance of proximity would be simplistically
predicted to arise because the probability of effective enzyme—
substrate interactions is inversely proportional to the cube of
the distance between them. Therefore it should be possible to
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activate certain signaling molecules by artificially inducing
proximity to their effector targets. For the Src-like tyrosine
kinases, we have relied on the fact that their activity requires
membrane attachment by ari N-terminal myristoyl group (7, 8).
Additionally, all members of this family have a conserved
regulatory tyrosine residue at their C terminus, which must be
dephosphorylated for maximum activity (9, 10); removal of
this tyrosine residue constitutively activates these enzymes.
The tyrosine kinase Csk and the phosphatase CD45 are
apparently involved in this regulation in vivo (11-14). By
regulating the membrane localization of activated protein-
tyrosine kinases (PTKs), we can recapitulate the “down-
stream” or activation-independent steps of Lck or Fyn signal-
ing by the T-lymphocyte antigen receptor (TCR), allowing a
delineation of catalytic activities without contribution of the
activation functions. Surprisingly, we find that this activation
occurs in the absence of a functional TCR, indicating that there
may be a role for Lck or Fyn downstream of the antigen
receptor, a result that is consistent with several studies on the
development of anergy (15).

MATERIALS AND METHODS

Plasmid Clones. The expression plasmids used in this study
are described in Fig. 14 or below. All of the constructs made
by PCR were sequenced. Protein expression was verified by
Western blot analysis using the influenza hemagglutinin
epitope tag (12CAS) (7). The murine Lck, Fyn, and Lyn
templates are from m-Ick, pmTF, and lynAF, respectively (18,
19). Primers were flanked by Xho I (5’ primer) or Sal I (3’
primer) sites, and the resulting fragments were subcloned into
pKS (Stratagene), sequenced, and subcloned into the Sal I site
of SF1E (SF1 series) or MF1E (MF1 series) described previ-
ously (5). RSV-N17Ras (20) is a dominant-negative Harvey
Ras mutant.

The reporter plasmids NF-AT-SX, IL-2-SX, AP-1-SX, NF«B-
SX, and Oct/OAP-SX have been described (5). Briefly, they
contain multiple binding sites for the various transcription factors
cloned upstream of a minimal interleukin 2 (IL-2) promoter [—70
to +47 (21)] driving seereted alkaline phosphatase (SEAP)
expression.

Cell Lines and Tissue Culture. Jurkat-TAg cells, J.RT-T3.5
cells (22), and COS (monkey kidney) cells were used for these
studies. Jurkat-TAg cells and COS cells contain the simian
virus 40 large tumor antigen, which permits replication of
plasmids containing the simian virus 40 origin. J.RT-T3.5 is a
TCR B-chain-deficient subclone of Jurkat cells (20). All cells
were grown and electroporated in RPMI 1640 medium, 10%

Abbreviations: ts, temperature sensitive; FKBP12, FK506-binding
protein; TCR, T-lymphocyte antigen receptor; IL-2, interleukin 2:
SEAP, secreted alkaline phosphatase; mAb, monoclonal antibody:
SH, Src homology; PTK, protein-tyrosine kinase; CID, chemical
inducer of dimerization.
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FiG. 1. (A) Construction of chimeric intracellular signaling molecules. Schematic of Src-family kinase-FKBP12 chimeras used for inducible
membrane targeting. Src-family kinases are deregulated by mutation of the C-terminal tyrosine residue as shown and inactivated by truncation of
the N-terminal myristoylation targeting peptide (residues 1-10). SF1IASH3Fyn lacks residues 1-144, SF1ASH3,SH2Fyn lacks residues 1-254, and
SF1AKFyn has substitution K296E (not shown). Membrane targeting is achieved by subcloning these modified kinases into the FKBP12-tagging
vector MF1E (myristoylated) or SF1E (cytosolic). M, myristoylation targeting sequence from v-src (residues 1-14) (5, 7); S, soluble,
nonmyristoylated; U, unique domain; E, influenza hemagglutinin epitope tag (16); TAIL, C-terminal regulatory peptide. (B) Model of the
regulation of Lck/Fyn by the CD45 protein-tyrosine phosphatase and Csk PTK. Removal of the C-terminal phosphate by the CD45 protein tyrosine
phosphatase relieves Lck/Fyn tyrosine kinase inhibition, permitting downstream signaling (modified from ref. 17). (C) Model of inducible
membrane targeting with synthetic ligands. (Left) Src-family kinases have been inactivated by the replacement of their membrane targeting motifs
by FKBP12. (Right) With the addition of membrane-permeable FK1012, the tyrosine kinases are recruited to the plasma membrane docking protein

MF1, eliciting a biological response. Y, tyrosine; YP, phosphotyrosine.

(vol/vol) fetal calf serum, 10 mM Hepes (pH 7.4), and
penicillin/streptomycin.

Electroporations and SEAP Assays. Jurkat-TAg cells were
electroporated (Bio-Rad Gene Pulset; 960 uF and 250 V in a
0.4-cm-wide cuvette) with 2-3 pg of the reporter plasmid
NF-AT-SX or one of its derivatives (5, 23), 1 ug of the pBJS
expression vector containing the “docking protein” MF1E or
MF3E, and 2 ug of pBJ5 containing one of the Src-family
kinases or the control construct SF1. Alternatively, 1 ug of
MF1Lck was cotransfected with 2 ug of reporter. For COS
cells, one-half of the above amounts were used. For J.RT-T3.5
cells, 0.2 ug of expression plasmid RSV-TAg (24) was cotrans-
fected to increase expression. After 24 hr, aliquots of cells were
stimulated with dilutions of FK1012A or mitogen (1 pum
ionomycin plus phorbol 12-myristate 13-acetate at 25 ng/ml)
plus 1 uM nonreactive, monomeric control ligand FK506-M
(5). After 20 hr, supernatants were assayed for SEAP activity
as reported (5), and the data are presented relative to mitogen
stimulation. Each data point was performed in duplicate, and
the data are the average of two experiments. All reagents were
dissolved in ethanol, and the maximum concentration of
solvent in culture never exceeded 0.1%.

Kinetics of Activation. Anti-TCR monoclonal antibody
(mAb) UCHT1 (Sigma)-coated microtiter wells were incu-
bated for 1 hr at 37°C with 10 pg of mAb per ml of

phosphate-buffered saline (PBS) and blocked for 1 hr 37°C in
PBS containing 1% fetal calf serum. Cells were divided into
these wells or untreated wells containing mitogen or FK1012.
Aliquots of cells were removed from the microtiter wells at
each time point and frozen until the last time point. The data
are presented as the average of two experiments performed in
duplicate.

RESULTS

To be able to reversibly recruit the Src kinases to the mem-
brane, we removed the myristoylation-targeting peptides from
the N termini of Fyn, Lck, and Lyn and replaced them with
FKBP12 (Fig. 14) (8, 25). We also designed a membrane-
bound docking protein, MFrE, composed of the N-terminal
myristoylation targeting peptide from v-src followed by n =
1-3 copies of FKBP12 (5). To focus on downstream signaling
events, we reasoned that we needed to eliminate the influence
of upstream regulatory events [e.g., Csk phosphorylation and
CD45 dephosphorylation (Fig. 1B)] in kinase activation.
Therefore, chimeric Lck (SF1Lck), Fyn (SF1Fyn), and Lyn
(SF1Lyn) were deregulated by eliminating their regulatory,
C-terminal tyrosine residues (Fig. 14). A priori, the adminis-
tration of the CID FK1012 (5; 26) should lead to the formation
of hetero- and homodimers (Fig. 1C).
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To demonstrate the feasibility of this approach, Jurkat-TAg
cells (24) were cotransfected with one of several FKBP12-
containing constructs and a reporter plasmid (NF-AT-SX) in
which the SEAP gene is under the control of the NF-AT
transcription factor (23, 27). NF-AT-dependent transcription
of this reporter is elicited by the antigen receptor through a
bifurcating signaling pathway (28-30) that requires both cal-
cineurin and Ras and that is inhibited by cyclosporin A and
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FiG. 2. Inducible signal transduction using
synthetic dimers by membrane targeting of Src-
family kinases. (4) The ability of dimeric ligand
FK1012 to recruit SF1Fyn to the plasma mem-
brane docking protein MF1E is assayed by the
induction of an NF-AT-responsive reporter plas-
mid NF-AT-SX in Jurkat-TAg cells (23, 24). This
is compared to the FK1012-dependent recruit-
ment of wild-type Fyn (SF1Fynwt) or cytosolic
FKBP12 (SF1E). (B) The ability of FK1012 to
target multiple Src family members to the plasma
membrane docking protein MF3E compared to
control protein SF1E. (C and D) The signaling
capacity of various Fyn (C) or Lck (D) mutants
lacking their SH3 (ASH3), SH3 and SH2
(ASH3,2), or kinase (AK) domain is compared to
the parent constructs SF1Fyn (C) or SF1Lck (D)
by membrane targeting with FK1012. As a con-
trol, CID-independent signaling by myristoylated
FKBP-Lck (MF1Lck) is shown. All of the con-
structs were similarly expressed as assayed by
Western blot using the 12CAS5 mAb against the
influenza hemagglutinin epitope (D.M.S., 1L.G.,
and G.R.C,, unpublished results and ref.7).

FK506 (31). Thus, in several respects, it faithfully mimics the
activation requirements of T lymphocytes. When the cytosolic
FKBP12-Fyn chimera (SF1Fyn) or the docking protein
(MFI1E) is transfected into Jurkat-TAg cells, NF-AT activity is
undetectable at all concentrations of FK1012 (Fig. 24). How-
ever, if the docking protein and the FKBP12-Fyn chimera are
cotransfected into Jurkat-TAg cells, FK1012 activates signal-
ing at concentrations as low as 1 nM. Membrane recruitment
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activation by membrane recruitment of
Fyn or Lck by 300 nM FK1012. (D) An
examination of the kinetics of activation
by Fyn and Lck using 1 pM FK1012
relative to that by mitogen or direct TCR
crosslinking (see Materials and Methods).
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of “wild-type” Fyn, SF1Fynwt, is insufficient for signaling (Fig.
24). As expected, FK1012-mediated membrane recruitment
and crosslinking of SF3Fynwt, which contains three FKBP12s,
signaled effectively. Also, membrane-tethered, deregulated
Fyn (MF1Fyn) activated signaling in a FK1012-independent
fashion (=~40% relative to ionomycin and phorbol 12-myristate
13-acetate activation (refs. 7 and 9; D.M.S. and G.R.C,
unpublished results).

To investigate potential specialization among several Src
family members, we compared the ability of Fyn, Lck, and Lyn
to activate signaling. Lck activates slightly, but reproducibly,
better in this system at lower FK1012 concentrations than Fyn
or Lyn, whereas there is no significant difference in the
efficiency by which membrane recruitment of deregulated Fyn
or Lyn activates signaling (Fig. 2B). Although Lyn is predom-
inately B-cell specific (32), it can apparently signal in T cells
when artificially targeted to the plasma membrane. These
results suggest that the kinase domains of Src family members
may not contribute significantly to their specific roles but that
specific mechanisms of activating these kinase are important
for their biologic specificity. ,

We investigated the role of the Src homology (SH) 2 and 3
domains in signaling induced by FK1012 by constructing a
series of Fyn and Lck mutants lacking one or both SH3 and
SH2 domains. MF3E was cotransfected into Jurkat cells alone
with one of the various Fyn or Lck constructs or kinase-
deficient mutants (Figs. 14 and 2 C and D). These results
indicate that the kinase domains are not only necessary but
also sufficient for signaling, whereas neither the SH3 nor the
SH2 domain is required for the induction of signaling and, in
fact, may be inhibitory. The dispensability of these N-terminal
domains rules out the formal possibility that membrane re-
cruitment of SH3- or SH2-associated signaling molecules is
responsible for signaling.

As previously shown, crosslinking the intact TCR or the ¢
chain of the TCR complex activates a subset of transcription
factors necessary for the transcriptional induction of the IL-2
gene, including NF-AT, Oct/OAP, and AP-1, whereas acti-
vation of NF-«B factors requires costimulatory signals (5, 33).
To assay whether inducible Fyn or Lck can activate a similar
panel of factors, we cotransfected various reporter plasmids
into Jurkat-TAg cells along with MF3E and SF1Fyn or SF1Lck
(Fig. 3 4 and B, respectively). Upon addition of FK1012, only
the NF-AT-, Oct/OAP-, and AP-1-responsive reporters were
activated, whereas the NF-«kB-responsive and the IL-2 enhanc-
er-containing reporter were completely inactive. Additionally,
NF-AT-dependent transcription induced by Fyn or Lck is
blocked by FK506, a potent inhibitor of the Ca?*-regulated
phosphatase calcineurin (23, 34, 35) and requires functional
Ras activity, because a dominant-negative Ras, RSV-N17Ras,
completely blocks induction (Fig. 3C) (20). Finally, we exam-
ined the kinetics of activation by Fyn and Lck and compared
them to that of direct TCR stimulation or mitogen stimulation.
Although the total levels of reporter enzyme secretion are
severalfold higher by TCR-stimulated cells than by Fyn or
Lck-stimulated cells, in either case, reporter activity is first
measurable at 3 hr, demonstrating that FK1012-activated
signaling is comparable to that of the receptor (Fig. 3D).
Therefore, by multiple criteria the induction of Fyn or Lck by
FK1012 seems to reproduce TCR-mediated signaling faith-
fully.

To investigate the dependence of Fyn or Lck signaling on the
TCR complex, SF1Fyn or SF1Lck plus MF3E were transiently
transfected into the TCR ™ subclone of Jurkat cells, J. RT-T3.5
(22). Since these cells lack the TCR B chain, they do not
assemble a TCR complex at the plasma membrane, resulting
in the enhanced degradation or retention in the endoplasmic
reticulum of the unassembled TCR complex subunits (36).
Surprisingly, membrane recruitment of Fyn (Fig. 44) or Lck
(D.M.S,, 1.G,, and G.R.C,, unpublished results) initiated sig-
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FiG. 4. Membrane recruitment of SF1Fyn activates signaling in-
dependent of the TCR complex. (4) The signaling capacity of Fyn was
examined in the TCR™ variant of Jurkat cells, J.RT-T3.5 (22), by
assaying the induction of NF-AT. (B) The signaling capacity of Fyn or
kinase-deficient Fyn (SF1FynAK) was examined in non-T COS cells by
assaying the induction of AP-1. (Inset) Western blot of samples from
the above transfections using 12CAS anti-hemagglutinin mAb.

naling in the absence of a functional TCR. To investigate this,
we transfected SF1Fyn or kinase-deficient SF1FynAK plus
MF3E into nonlymphocyte COS cells (Fig. 4B). Again, mem-
brane recruitment of Fyn was sufficient for signaling, whereas
the kinase-deficient SF1FynAK was defective in its ability to
signal. These results indicate that signaling by Src family
kinases may be able to bypass the antigen receptor complex.

CONCLUSIONS

Our results demonstrate that FK1012-mediated membrane
recruitment of deregulated Src-like kinases is sufficient to
initiate T-cell signaling. In contrast, studies by Kolanus et al.
(37) indicated that signaling required antibody-induced coag-
gregation of both membrane-tethered chimeric Fyn and a
distinct PTK, ZAP-70 or Syk. However, we have employed an
activated version of Lck or Fyn in our studies, implying that the
need for colocalization of Src-like tyrosine kinases and
ZAP-70 may be related to the ability of aggregation to activate
the Src-like- tyrosine kinase. Another possibility is that the
FK1012-localized Src family kinases used in this study may be
less conformationally restricted than the CD16-PTK chimeras
used in the previous study, permitting phosphorylation of
downstream signaling molecules in the absence of colocaliza-
tion of putative docking proteins or targets, like Syk or
ZAP-70. Other studies suggest that ZAP-70 may not be
required for certain types of signaling. Constitutively active Src
can activate IL-2 production without ZAP-70 phosphorylation
(8), Fyn and TCR ¢ can initiate signaling in COS cells in an
apparently ZAP-70-independent manner (38), and CD4* thy-
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mocytes can develop and emigrate from the thymus in ZAP-
70-deficient humans (39-41).

We find that when artificially recruiting an activated Src
kinase to their site of action, the SH3, SH2, and N-terminal
“unique” domains are not essential for the activation of
signaling. This is consistent with the putative normal role for
these domains in membrane targeting or activation of Lck or
Fyn. Moreover, we find that targeting these Src-family kinases
to an N-myristoylated FKBP12 eliminates potential subtype
specificity. This finding is consistent with previous reports that
Src family members can in several circumstances compensate
for the loss of other family members (42, 43) and suggests that
the specificity of the actions of these kinases arises from
specific means of activation rather than kinase function.
Furthermore, the crystal structure of the SH2-SH3 region of
Lck, which shows that both of these domains are involved in the
reversible repression of Src-family kinases by a tripartite
interaction with the C-terminal regulatory tyrosine residue
(44), is consistent with the inhibitory effects these regions
showed in our assays. While these domains have been impli-
cated in interactions with downstream effector molecules, like
phospholipase C-y2, mitogen-activated protein kinase, Ras
GTPase-activating protein, and phosphatidylinositol 3-kinase
(45), other studies show that SH3, SH2, or both domains may
be dispensable. The SH3 domain of LckF5% is not necessary for
transformation, and the dispensability of the SH2 and SH3
domains for tyrosine kinase activity has been well documented
(46). While our results contrast with reports that found that the
SH2 domain of LckF% is necessary for IL-2 production (47)
or proliferation (46, 48), we assayed the ability of relatively
short-term activation of Lck or Fyn (more similar to the
physiologic regulation) to initiate transcription. Our results
cannot rule out that the posttranscriptional regulation of IL-2
or mitogenesis may require the SH2 domain of Lck or Fyn.

Last, the results here suggest that bringing a constitutively
active Src-family kinase to the plasma membrane can bypass
signaling by the TCR complex and associated molecules, like
the Syk-family tyrosine kinase ZAP-70. This is consistent with
at least two observations. First, p56!% coprecipitates with
phospholipase C-y1 after TCR stimulation (49), and, second,
the induction of anergy requires calcineurin activation, as
reflected by the fact that induction of anergy is inhibited by
cyclosporin A, without activation of ZAP-70 (15). We cannot
yet exclude the formal possibility that endoplasmic reticulum-
retained ¢ chains or CD3 subunits can functionally substitute
for plasma membrane-bound TCR complexes (50, 51) or that
other cell surface receptors might substitute for the antigen
receptor in this context.

The approach described above may be generalizable to any
situation in which a protein becomes active by virtue of its
localization or proximity to its substrate. In the case of the
tyrosine kinases, we have taken an unregulated requirement
for activity (i.e., myristoylation) and made it the basis of
regulation. Such an approach has also been applied to the
CID-mediated activation of Ras (52). These reagents should
also be useful for reconstitution of genetically ablated genes
with chimeric genes that can be regulated on physiologic time
scales.
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