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RIk/Txk is a member of the BTK/Tec family of tyrosine kinases and is primarily expressed in T lymphocytes.
Unlike other members of this kinase family, Rlk lacks a pleckstrin homology (PH) domain near the amino
terminus and instead contains a distinctive cysteine string motif. We demonstrate here that Rlk protein
consists of two isoforms that arise by alternative initiation of translation from the same cDNA. The shorter,
internally initiated protein species lacks the cysteine string motif and is located in the nucleus when expressed
in the absence of the larger form. In contrast, the larger form is cytoplasmic. We show that the larger form is
palmitoylated and that mutation of its cysteine string motif both abolishes palmitoylation and allows the
protein to migrate to the nucleus. The cysteine string, therefore, is a critical determinant of both fatty acid
modification and protein localization for the larger isoform of RIk, suggesting that Rlk regulation is distinct
from the other Btk family kinases. We further show that Rlk is phosphorylated and changes localization in
response to T-cell-receptor (TCR) activation and, like the other Btk family kinases, can be phosphorylated and
activated by Src family kinases. However, unlike the other Btk family members, Rlk is activated independently
of the activity of phosphatidylinositol 3-kinase, consistent with its lack of a PH domain. Thus, Rlk has two

distinct isoforms, each of which may have unique properties in signaling downstream from the TCR.

The initiation of signal transduction through antigen recep-
tors in lymphocytes is associated with the rapid sequential
activation of a number of tyrosine kinases, including well-
studied members of the Src and the ZAP-70/Syk families (35).
However, in B cells, a third nonreceptor tyrosine kinase, Btk,
is also important for signaling from antigen and other lympho-
cyte cell surface receptors (4). Mutations in btk result in a
severe B-cell immunodeficiency, X-linked agammaglobuline-
mia (XLA), and the murine counterpart X-linked immunode-
ficiency (xid), characterized by decreased mature B-cell and
immunoglobulin levels. Btk kinase activity and tyrosine phos-
phorylation have both been shown to increase upon cross-
linking or stimulation of surface immunoglobulin M and the
interleukin 5 (IL-5) and IL-6 receptors in B cells, as well as
cross-linking of the high-affinity immunoglobulin E receptor
(FceRII) in mast cells (15, 24, 29, 30). Another Btk family
kinase, Itk, which is expressed in T cells, is tyrosine phosphor-
ylated and activated by engagement of either the T-cell recep-
tor (TCR) or CD28 in T-cell lines and by FceRII stimulation in
mast cells (1, 6, 16).

The Btk family kinases have a modular structure including
the kinase and SH2 and SH3 protein interaction domains, as
well as a proline-rich region and a pleckstrin homology (PH)
domain. Examination of lymphocyte signaling suggests that
Btk family members function downstream of Src family ki-
nases. Src family kinases have been shown to phosphorylate
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Btk family members on a tyrosine in the activation loop of the
kinase domain leading to kinase activation and, for Btk, auto-
phosphorylation of a site in the SH3 domain (10, 22, 26). The
activation of Btk and Itk by Src family kinases is both poten-
tiated by and dependent on an interaction between the PH
domains of the Btk kinases and the products of phosphatidyl-
inositol (PI) 3-kinase (2, 19), demonstrating the importance of
the PH domain in these signaling pathways.

rlk/TXK, originally isolated in screens for genes encoding
tyrosine kinases from both human peripheral blood and mu-
rine embryonic thymus, encodes a kinase that closely resem-
bles members of the Btk/Tec family (9, 12, 32). Rlk shares with
Btk kinases the proline-rich motif and homologous SH3, SH2,
and kinase domains, including the tyrosine phosphorylation
sites in the SH3 and kinase sequences (Fig. 1). However, unlike
the other Btk family members, Rlk lacks a PH domain and
instead possesses a distinctive cysteine string motif, suggesting
that Rlk has a unique role in TCR signaling. Like Itk, Rlk is
specifically expressed in developing and mature T cells as well
as mast cells. However, little is known about RIk protein func-
tion in the T cell. Evidence from our and other laboratories
suggests that Rlk and Itk together have important roles in signal-
ing from the TCR—targeted mutations of either kinase cause
only mild defects in T-cell numbers and decreased cytokine pro-
duction (20, 21). However, mutation of both kinases leads to
profound defects in TCR-based signaling (unpublished data).

In order to characterize Rlk/Txk biochemically, we exam-
ined properties of endogenous Rlk in T cells and Rlk-green
fluorescent protein (GFP) constructs expressed in the Jurkat
T-cell lymphoma cell line and in heterologous cells. We dem-
onstrate here that Rlk consists of two protein species gener-
ated by alternative initiation of translation. These two species
have distinct properties and subcellular localizations that are
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FIG. 1. Comparison of the predicted organizations of Rlk and Btk. Percent
amino acid identities are indicated at the bottom of the figure.

dictated by the presence of a cysteine string motif, which is an
essential requirement for palmitoylation of the full-length pro-
tein. Coexpression of Rlk and Src family members leads to the
tyrosine phosphorylation and kinase activation of Rlk. How-
ever, unlike for Btk and Itk, phosphorylation of Rlk does not
appear to require PI 3-kinase activity, consistent with the lack
of a PH domain. Activation of the Jurkat T-cell lymphoma line
through the TCR increases tyrosine phosphorylation of tran-
siently transfected Rlk and can lead to alterations in RIk sub-
cellular localization, suggesting that the nuclear localization of
Rlk may play an important role in its normal function. Thus,
despite lacking the PH domain, RIk can act as a substrate for
Src family kinases and may participate in novel signal trans-
duction pathways downstream of the TCR.

MATERIALS AND METHODS

Cell culture and transfection. 293T cells were a generous gift from the labo-
ratory of D. Baltimore (Massachusetts Institute of Technology). 293T and HeLa
cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, penicillin, streptomycin, and 10 mM glutamine. Jurkat
cells expressing simian virus 40 large T antigen (Tag) were a generous gift from
Gerald Crabtree (Stanford University). Jurkat and Jurkat Tag cell lines were
maintained in RPMI 1640 supplemented with 10% fetal calf serum, penicillin,
streptomycin, glutamine, and 50 wM 2-mercaptoethanol.

Antibodies and reagents. Anti-murine Rlk was raised in rabbits against a
glutathione S-transferase (GST) fusion protein containing the predicted amino
terminus and SH3 domain of full-length murine Rlk (residues 1 to 138). DNA
sequences encoding residues 1 to 138 of full-length Rlk were amplified by PCR
and fused in frame to pGEX-4T (Pharmacia). GST fusion proteins were grown
in bacterial strain BL21Plys5 at 37°C and induced with 100 mM IPTG (isopropyl-
B-p-thiogalactopyranoside) at 25°C for 2 h. Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), lightly stained
with Coomassie blue, eluted from the gel into 0.1% SDS-0.1 M Tris (pH 8.0),
and used to immunize rabbits (Assay Research Co., College Park, Md.). The
antisera were affinity purified by incubation of 1-ml aliquots of whole serum with
nitrocellulose strips containing the GST fusion protein overnight in 50 ml of
phosphate-buffered saline (PBS), elution with 1 ml of 25 mM glycine (pH 3.3),
and resuspension in 5 ml of Tris-HCI (pH 8.0) with 1% bovine serum albumin
(fraction V; Sigma).

Anti-TXK serum was a generous gift from M. Tomlinson (DNAX). OKT3 was
a generous gift from A. Weissman (National Institutes of Health [NIH], Be-
thesda, Md.). Anti-Fyn (FYN3) serum was purchased from Santa Cruz Bio-
chemicals (Santa Cruz, Calif.), antiphosphotyrosine (4G10) was purchased from
Upstate Biotechnology (Lake Placid, N.Y.), anti-Myc (9E10) was purchased
from Boehringer Mannheim (Indianapolis, Ind.), and anti-FLAG monoclonal
antibody M2 was purchased from Kodak (Rochester, N.Y.).

Constructs and mutagenesis. A fragment of mouse Rlk cDNA was subcloned
into pCI (Invitrogen) by using an MscI site near the 5" end of the cDNA and an
Xhol site at the 3’ end. An myc epitope tag was introduced by inserting an
oligonucleotide encoding the 15-amino-acid Myc tag from the Bs¢EII site at the
stop codon of Rlk to the downstream Af/II site. The myc-tagged cDNA was also
transferred into pcDNA3 with an Nhel-to-Xhol fragment. The amino-terminal
deletion mutant A54 was generated by deleting from the Nhel site to the BstXI
site in pCIRIk. RIk-GFP was generated by inserting a linker containing a BstEII
site from the Sacl site to the Nhel site of pFRED25 (a generous gift of G.
Gaitanairis and G. Pavlakis, NCI-ABL, Frederick, Md.). A BstEll-to-Xbal frag-
ment of the modified pFRED25 containing the GFP coding sequences was
subcloned onto the BstEII site at the stop codon of Rlk subclone pCIR (12).
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pCEF was a gift of Silvio Gutkind (NIH). pCEF-RIk was generated by subcloning
RIk-GFP into pCEF by three-fragment ligation with the EcoRI, Asp718, and
Notl sites.

Point mutations were introduced into Rlk by a PCR-based strategy (11) and
then subcloned into pcDNARIk. Mutagenesis was carried out by using the
following oligonucleotides, with boldface type representing altered residues:
AUGI (GCA AGC AGG GTC GTC TAG ATC CTG TCC TCT); AUG2 (TGG
TTC GCC AAG CTG TTG GGC AAA ACT CAA); CA2.1 (TGG TTC GCC
AAG CTT TTG GGC AAA ACT CAA); NLS (GTG CAA CCT TCG AAT AAC
AAT CCG CTG CCC CC); CYS (GTT CTC TGC TGC TCG TCT GCG CGC
TGC TCA GTA CAG). The double-mutant DM was generated by introducing
the CA2.1 mutation by PCR-based mutagenesis into the AUGI1 construct. Mu-
tations AUG1 and AUG2 were transferred to the RIk-GFP fusions by subcloning
with EcoNI and Xbal. The RIk-BFP construct was generated by transferring an
Nhel-to-Xbal fragment containing BFP from pFRED-Blue (a gift of G. Gaitan-
airis and G. Pavlakis). All mutations were confirmed by dideoxy sequencing.

A phage clone containing human TXK was generously provided by Gary
Littman (University of South Florida). The cDNA was recovered by an EcoRI
digest and subcloned into the pCDNA3 expression vector (Invitrogen). pLNCX
Fyn T was a generous gift from Cliff Lowell (USCF). Itk-FLAG was a generous
gift of Littman (New York University, New York).

Transfections. Constructs were introduced into 293T cells by calcium phos-
phate transfection in media containing 25 wM chloroquine (Sigma) (25). Three
to five micrograms of each plasmid was used for each transfection (2 X 10° cells);
the cells were harvested 24 to 36 h later. Alternatively, cells were split 24 h after
infection and treated 24 h later with either Wortmannin (1 wm), Ly294002 (100
M), or carrier (dimethyl sulfoxide) for 30 min before harvest. Transfections into
HelLa cells were performed identically, without the addition of chloroquine.

Jurkat and Jurkat Tag cell lines (107 cells) were electroporated with 25 to 40
ng of the appropriate DNA with a Bio-Rad electroporator at 250 V and 960 wF.
Cells were harvested 24 h later.

In vitro translation. In vitro translation employed the TnT coupled reticulo-
cyte lysate system (Promega); 1 pg of each construct was used for each reaction
at 30°C for 1 h with 20 pCi of [**S]methionine (1,000 Ci/mmol) (Redivue;
Amersham). Translation products were separated by SDS-10% PAGE, soaked
in Enlighten (NEN), dried, and analyzed by fluorography.

Western blotting and immunoprecipitation. Cells were harvested 24 h follow-
ing transfection. Cells were washed once with ice-cold PBS and lysed in ice-cold
Nonidet P-40 (NP-40) lysis buffer (0.5% NP-40, 50 mM HEPES [pH 7.4], 5 mM
EDTA, 50 mM NaCl, 10 mM NaPO,, 50 mM NaF, 1 mM sodium orthovanadate,
1 mM AEBSF, 2 U of aprotinin per ml) for 10 min on ice. Total protein extracts
were mixed directly with 2X SDS protein sample buffer (1X SDS protein sample
buffer is 50 mM Tris [pH 6.8], 2% SDS, 10% glycerol, and 0.1% bromphenol blue
plus 5% B-mercaptoethanol). Alternatively, lysates were clarified by centrifuga-
tion and detergent-soluble protein was analyzed. Equivalent amounts of protein
were boiled in SDS sample buffer and separated by SDS-10% PAGE and
transferred to nitrocellulose (Schleicher and Schuell). The membranes were
blocked in TBST (10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.1% Tween 20)
with 5% (wt/vol) nonfat dry milk and incubated with the appropriate primary
antibody at a 1:2,000 (anti-Rlk and 4G10 [antiphosphotyrosine]) or 1:1,000
(anti-Fyn) dilution overnight at 4°C for 1 to 2 h at room temperature. Mem-
branes were washed and incubated with the appropriate secondary antibody at a
1:10,000 dilution (Boehringer Mannheim) for 1 h, and protein was visualized by
enhanced chemiluminescence (Amersham).

For immunoprecipitation and coimmunoprecipitation studies, equivalent
amounts of detergent-soluble protein were incubated with affinity-purified anti-
Rlk sera for 2 to 4 h at 4°C. The complexes were recovered with protein
A-Sepharose (Sigma), washed two times with ice-cold NP-40 wash buffer (1%
NP-40 in PBS, 1 mM sodium orthovanadate), and analyzed by Western blotting
with either anti-RIk or anti-Fyn antisera (1:1,000).

In vitro kinase assays. Cell extracts were prepared in NP-40 lysis buffer and
immunoprecipitated as described above. Complexes were recovered with protein
A-Sepharose, washed twice with ice-cold NP-40 wash buffer, and washed twice
with ice-cold Rlk kinase buffer (30 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM
MgCl,, 5 mM MnCl,, 100 uM sodium orthovanadate). The kinase reaction was
carried out in kinase buffer supplemented with 1 wg of acid-denatured enolase
and 10 pCi of [y-*?P]ATP (Redivue; Amersham) for 5 min at room temperature.
The reaction was quenched with SDS sample buffer, boiled, and separated by
SDS-10% PAGE. Phosphorylated proteins were detected by autoradiography or
quantified on a PhosphorIlmager. The level of Rlk protein was measured by
Western blotting. For in vitro kinase assay of Rlk derived from murine thymo-
cytes, 107 cells were lysed in 1 ml of NP-40 lysis buffer and kinase assays were
performed in a buffer containing 50 mM HEPES (pH 7.0), 150 mM NaCl, 10 mM
dithiothreitol (DTT), 0.01% Brij 35, and 1 mM sodium orthovanadate. Assays
were initiated by adding 50 mM MgCl, and 133 p.Ci of [y->*P]ATP (ICN), and
mixtures were incubated for 20 min at room temperature. Assays were termi-
nated by two washes with ice-cold NP-40 wash buffer plus 0.1% SDS and resus-
pension in 1X SDS protein sample buffer.

Subcellular fractionation of lymphocytes. Thymocytes (6 X 107) from
C57BL/6 mice were swollen and dounced 20 times in homogenization buffer (10
mM HEPES [pH 7.0], 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM DTT,
and 1 mM Na;VO, plus aprotinin, leupeptin, and AEBSF). The crude nuclear
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pellet was obtained by spinning at 600 X g for 10 min at 4°C. A crude mitochon-
drial pellet was obtained from supernatant spun at 15,000 X g for 10 min at 4°C.
The supernatant was spun at 100,000 X g for 60 min and was used as the
cytoplasmic compartment. The pellets were resuspended in NP-40 lysis buffer at
37°C for 5 min and then placed at 4°C for 15 min and cleared at 15,000 X g for
10 min at 4°C. The S100 fraction was adjusted to 1X NP-40 lysis buffer, and
immunoprecipitations and kinase assays were performed as described above.

Immunofluorescence. HeLa or 293T cells were transfected with Rlk expression
constructs, passed onto coverslips 20 h later, and, 12 to 24 h later, fixed with 1%
paraformaldehyde for 20 min at room temperature. Cells were washed in PBS
and permeabilized with 0.1% Triton in PBS for 5 min at room temperature. Cells
were then washed in PBS followed by H,O, counterstained with DAPI (4',6-
diamidino-2-phenylindole) or propidium iodide, and visualized with a charge-
coupled device camera on a Zeiss Axioplan microscope. Alternatively, Jurkat
Tag cells were electroporated with pCEF RIk-GFP and 24 h later divided into
equal aliquots and left unstimulated or stimulated with either OKT3 or phorbol
myristate acetate (PMA) at 20 ng/ml and ionomycin at 1 pg/ml. Cells were either
examined live at sequential time points after stimulation or harvested, fixed, and
counterstained with propidium iodide.

Metabolic labeling with [*H]palmitate. Cells were transfected with RIk ex-
pression constructs and incubated 36 h later in 1.5 ml of medium containing 5%
dialyzed serum and 400 to 500 wCi of [*H]palmitate per 6-cm dish. One to 3 h
later, cells were lysed and Rlk was immunoprecipitated as described above.
Low-reducing protein sample buffer with 20 mM DTT was used in these exper-
iments, and samples were incubated at 65°C for 3 min prior to loading on
SDS-10% polyacrylamide gels. Gels were soaked in En*Hance (NEN), dried,
and visualized by fluorography.

RESULTS

rlk encodes two protein species. The rlk gene is expressed in
the T-cell lineage, where its mRNA is down-regulated upon
activation (12, 32). However, very little is known about the Rlk
protein. To facilitate studies of Rlk, we generated antisera
directed against a GST fusion protein containing the predicted
amino-terminal 138 amino acids of RIk, including the SH3
domain. We also extended the 3" end of the r/k cDNA with a
45-nucleotide sequence encoding an myc epitope for expres-
sion studies in vitro and in cell culture.

The predicted amino acid sequence of Rlk encodes a protein
of approximately 58 kDa. However, immunoprecipitation from
extracts of murine thymocytes, splenocytes, and lymph node
cells with our antibody, followed by in vitro kinase assays to
detect autophosphorylation activity, revealed two major phos-
phorylated species of approximately 58 and 52 kDa (Fig. 2A,
lanes 1 to 3). The two RIk proteins were observed at various ratios
(approximately 1:1) and were not detected when immunoprecipi-
tation was performed with preimmune sera (Fig. 2B, lane 4) or in
extracts from lymphocytes from mice homozygous for a targeted
disruption of the rlk gene (30a). These observations suggest that
the two proteins are both encoded by the Rlk gene.

To understand the nature of these two protein species, we
expressed the full-length myc-tagged cDNA in 293T cells. We
again observed two major protein species that migrated slightly
slower than endogenous Rlk in T cells, as expected from the
15-amino-acid tag (Fig. 2B; compare lanes 2 and 3). The two
protein species were observed by immunoprecipitation with
either antibody directed against the predicted amino-terminal
and SH3 domains or anti-myc monoclonal antibody directed
against the COOH-terminal tag (data not shown); by immu-
noprecipitation-kinase assay (Fig. 2B, lane 3); or by direct
Western analysis with the same antibodies (Fig. 2B, lane 6).
The generation of two isoforms by a single cDNA suggested
that the two forms of Rlk are encoded by a single mRNA
species, and the recognition of both forms of Rlk by the anti-
myc epitope antibody implied that these two forms share a
common carboxy terminus.

Finally, in vitro-coupled transcription and translation of the
full-length myc-tagged Rlk ¢cDNA also revealed two major
protein species migrating at positions expected for proteins of
59 and 53 kDa (Fig. 2B, lane 7). Similarly, in vitro transcription
and translation, as well as transfection into 293T cells of full-

MoL. CELL. BIOL.

66kD

46kD

FIG. 2. Rlk encodes two proteins. (A) In vitro protein kinase assay of Rlk
protein immunoprecipitated with anti-Rlk antiserum from lysates of murine
lymph node cells (lane 1), splenocytes (lane 2), or thymocytes (lane 3). Immune
complexes were labeled with [y-*>P]ATP, resolved by SDS-PAGE, and visualized
by autoradiography. (B) (Lanes 1 to 4) In vitro protein kinase assay of Rlk
protein immunoprecipitated with anti-Rlk antiserum from lysates of 293T cells
transfected with vector alone (lane 1) or murine myc-tagged rlk cDNA (lane 2)
compared with immunoprecipitates from murine thymocytes (lane 3). Lane 4
contains immunoprecipitates with preimmune sera from thymocyte lysates. The
two major protein species generated from the RIk-myc construct migrate slightly
slower than endogenous RIk in T cells, as expected from the 15-amino-acid tag
(lanes 3 and 2). Versions of the rlk ¢cDNA lacking the myc insert generated
proteins that comigrated with the endogenous forms (data not shown). (Lanes 5
to 7) Immunoblot analysis with anti-Rlk of 293T cell lysates from cells that were
mock transfected (lane 5) or transfected with murine 7k cDNA (lane 6) com-
pared to in vitro transcription-translation products (lane 7) generated from rlk
c¢DNA. (C) Immunoblot analysis with anti-human TXK antisera of 293T cell
lysates from cells that were mock transfected (lane 1) or transfected with human
Txk cDNA (lane 2). The expected TXK products are indicated.

length human TXK cDNA also generated two protein prod-
ucts, migrating as 58- and 55-kDa proteins (Fig. 2C, lane 2).
The generation of two forms from both the mouse and human
cDNAs suggested that the mechanism for synthesis of two
RIk/Txk isoforms from a single mRNA is conserved between
these two species.

Murine and human rlk/txk genes contain internal initiation
ATG codons. The production of two proteins from a single
mouse or human rlk/txk cDNA in vivo and in vitro suggests that
a posttranscriptional mechanism, such as protein processing or
alternative translational initiation, is responsible for produc-
tion of the second species. The results with in vitro translation,
however, argue against proteolytic processing of the 58- to the
52-kDa form. Furthermore, pulse-chase analyses were also in-
consistent with a precursor-product relationship for the 58-
and 52-kDa species (data not shown). Examination of the rlk
open reading frame revealed downstream in-frame ATGs that
are embedded within efficient translation initiation consensus
sequences in both the mouse and human ¢cDNAs (17) and
would be predicted to generate the shorter species (52 and 55
kDa in mice and humans, respectively [Fig. 3A]). Interestingly,
these shorter Rlk open reading frames are predicted to lack
the cysteine string motif that is unique to this tyrosine kinase.

Mutational analysis of putative translation start sites in
murine rlk. To address whether alternative initiation codons
were used, we generated mutations affecting the first ATG, the
second ATG, or both (Fig. 3). The resulting mutant cDNAs
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FIG. 3. Schematic of Rlk mutants. (A) Rk protein organization and loca-
tions of the cysteine string motif and putative NLS in the amino terminus of Rlk.
Residues changed in the mutants of the cysteine string motif and NLS are
marked by asterisks. The relative positions of the putative translational initiation
sites, as well as the nucleotide sequences of the various start site mutant deriv-
atives (italicized), are shown below the schematic. SH3, Src homology 3; SH2, Src
homology 2. (B) Schematic organization of the two forms of Rlk.

were assayed in vitro by using rabbit reticulocyte lysates and in
transfected 293T cells.

Mutations that altered the first ATG included a change to
TAG (ATG1) and a 54-codon deletion from the first ATG to
a site just upstream of the second ATG (A54) (Fig. 3). These
mutations abolished synthesis of the larger (58-kDa) protein
product and augmented production of the 52-kDa protein both
in vitro and in 293T cells (Fig. 4). This observation is consistent
with the ribosome scanning model, in which removal of the
upstream ATG leads to more efficient translation from the
downstream ATG codon (17, 18). Since no other upstream

Rlk Construct: WT A54 ATG1 DM ATG2
In vitro < 58kd
translation: & _— < 2k

RIk Construct: Mock WT AS4 ATG1 DM WT ATG1 ATG2

w— ¢ 58kD
= — <« 52D

293T cDNA -
Expression: B

FIG. 4. Distinct protein isoforms of rlk are generated by the utilization of
alternative translational start codons. (A) In vitro transcription-translation prod-
ucts generated from WT and mutant r/k cDNAs, resolved by SDS-PAGE, and
visualized by fluorography. (B) Expression of rlk WT and mutant cDNAs in 293T
cells. Equal amounts of protein from total cellular lysates of cells transfected with
the indicated constructs were resolved by SDS-PAGE and visualized by immu-
noblotting with anti-RIk serum (lower). Mutants are described in Fig. 3.
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ATG exists in our cDNA clones, these data also support the
idea that the most 5" ATG initiates translation of the larger
protein and that the smaller protein is generated by translation
from an internal start site, not by amino-terminal processing of
the larger protein.

We next altered the ATG at codon 55 to TTG (ATG2) (Fig.
3). This mutation eliminated synthesis of the shorter (52-kDa)
protein in vitro and drastically reduced its production in 293T
cells (Fig. 4B). A double mutation (CA2) of both the internal
ATG and an adjacent CTG gave similar results (data not
shown). To determine whether this small amount of the 52-
kDa RIk protein may be generated by posttranslational cleav-
age in 293T cells, we engineered a mutant (DM) in which the
first ATG and the internal ATG and CTG were all altered.
Expression of DM in 293T cells still demonstrated a small resid-
ual amount of protein migrating similarly to the shorter form (Fig.
4B, lane 5). Since no larger Rlk protein is generated by this
mutant, generation of a smaller protein could not result from
posttranslation cleavage of the larger protein product. Based on
these results, we conclude that the two Rlk isoforms arise by the
alternative initiation of translation, with most of the 52-kDa form
produced from an internal ATG codon at position 55.

The two RLK isoforms localize to different subcellular com-
partments. Analyses of extracts of cells that expressed the indi-
vidual forms of the Rlk proteins suggested that there were differ-
ences in the detergent solubility of the two forms. In particular,
the larger (58-kDa) form was relatively insoluble in nonionic
detergents, suggesting that the two forms may localize to dif-
ferent subcellular compartments when produced separately.

To examine subcellular localization, we fused GFP to the
carboxyl termini of the two products of wild-type (WT) rlk as
well as to the products of the ATG1 and ATG2 alleles. Tran-
sient transfection of the RIk-GFP fusion constructs generated
the predicted 83- and 77-kDa fusion proteins that were kinase
active and behaved like WT RIk (for example, see Fig. 9).
HeLa cells transiently transfected with the different Rlk-GFP
constructs were fixed, stained with DAPI, and observed by
fluorescence microscopy. Identical results were obtained with
unfixed cells expressing RIk-GFP and with cells expressing
nontagged versions of Rlk examined by indirect immunofluo-
rescence using anti-Rlk antisera (data not shown).

In HeLa cells, the WT RIk-GFP construct, expressing both
the 83- and 77-kDa proteins, showed a granular cytoplasmic
green fluorescent pattern that was mostly perinuclear (Fig.
5A). A similar pattern was observed when the Rlk-GFP fusion
proteins were expressed in the Jurkat T-cell line (see Fig. 11).
Furthermore, the ATG2 RIk-GFP construct, expressing mainly
the 83-kDa protein, showed an identical subcellular distribu-
tion (Fig. 5B). This pattern is characteristic of proteins that
localize to endosomal membranes, and we have observed that
RIk partially colocalizes with Src, a molecule that specifically
associates with endosomal membranes (14). Furthermore, we
have observed that Rlk very closely colocalizes with the Src
family member pp597"T (data not shown).

Surprisingly, in contrast to the findings with WT or the larger
(83-kDa) form of RIk-GFP, the shorter (77-kDa) protein pro-
duced from the ATG1 RIk-GFP construct showed a diffuse
nuclear pattern (Fig. 5C). Thus, the shorter form of RIk is
located in the nucleus when expressed in the absence of the
larger form. These results suggest that the two forms of the Rlk
protein can localize in different cellular compartments and
perhaps may play distinct roles in T-cell signaling.

The two forms colocalize when coexpressed. Despite the
nuclear localization of the p77%'* protein when expressed in
isolation, nuclear staining was only weakly observed in HeLa
cells expressing both the 83- and 77-kDa proteins from the WT
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FIG. 5. Subcellular localization of the two forms of WT and mutant RIk-GFP fusions. HeLa cells were transiently transfected with the following constructs, fixed,
and stained with DAPI. (A) WT GFP-RIk. (B) AUG2RIk-GFP expressing only the long form. (C) AUG1RIk-GFP expressing only the short form. (D) NLS mutant
of the short form of RIk-GFP (NLS-AUG1RIk-GFP). (E and F) Cysteine mutant of the long form of RlIk (CMRIk-GFP) with fluorescein channel only (E) or DAPI

only (F).

RIk-GFP construct. The retention of the 77-kDa protein in the
cytoplasmic compartment when both forms are coexpressed
suggests that they may interact and thereby colocalize. To
pursue this possibility, we differentially labeled the two forms
by tagging the large form (ATG2-RIKk) at its carboxy terminus
with blue fluorescent protein (BFP), a modified version of
GFP. Because the fluorescent intensity of the BFP fusion pro-
tein is significantly lower than the GFP fusions, we performed
these analyses with 293T cells, in which we obtain higher levels
of protein expression than in HeLa cells.

In 293T cells, the larger form or both forms of Rlk together
produce an intense globular pattern of fluorescence adjacent
to, but lying outside of, the nucleus (Fig. 6B and data not
shown). Cells expressing only the shorter form of Rlk (p77RIk-
GFP) show the characteristic nuclear pattern observed in
HeLa cells (Fig. 6A). However, when coexpressed with
pS83RIk-BFP, the characteristic nuclear pattern of p77RIk-GFP
was greatly reduced. Instead, p77RIk-GFP was found in the
same extranuclear region as the blue fluorescence pattern gen-
erated by p83RIk-BFP (Fig. 6C and D). Although we have not
been able to coprecipitate differentially tagged versions of RIk,
these results support the proposal that the two forms of the
protein can colocalize when expressed together and that the
presence of the larger Rlk isoform may recruit the smaller
isoform to an extranuclear location.

The two forms display distinct localizations in T cells. T
cells express rlk mRNA throughout development. We there-
fore asked whether we could find the two forms of the active
enzyme in similar cell compartments in freshly harvested thy-
mocytes. We fractionated thymocytes and examined immuno-

precipitated Rlk protein by kinase assay. In these cells, we
normally observed two forms of the Rlk kinase (Fig. 2A),
which we also found in the cytoplasmic fraction (Fig. 7, lane 2).
In contrast, the nuclear fraction is greatly enriched in the short
form of the RIk protein (Fig. 7, lane 1). These results suggest
that endogenous RIk can localize to different subcellular frac-
tions and that at least a portion of the shorter species can be
found in the nucleus. Furthermore, the detection of the short
form in the nucleus in the absence of the long form strongly
argues that the shorter phosphorylated protein observed in
lymphocytes is also RIk.

Determinants of protein localization. Inspection of the pre-
dicted amino acid sequence of Rlk revealed a cryptic bipartite
nuclear localization signal (NLS) at residues 57 to 71 that is
present in both species of RLK protein (Fig. 3) (9). To deter-
mine if this NLS causes nuclear localization of the shorter
protein, we mutated the motif in the shorter GFP fusion con-
struct (ATGINLS-RIkGFP). The mutant protein failed to ac-
cumulate in the nucleus of either HelLa or 293T cells, instead
being found in a granular pattern in the cytoplasm (Fig. 5D).
Thus, this NLS is required for the nuclear localization of the
shorter isoform of RIk.

Since the longer form of the protein also contains this NLS,
we reasoned that there must be some overriding feature that
holds the longer form of the protein in the cytoplasm. One of
the most distinctive features of the unique amino-terminal
region of pS8®'™ is the cysteine-rich region (Fig. 3). We there-
fore mutated three of the six cysteines in this region (CM) and
examined the effects on subcellular localization. Remarkably,
this mutation caused the majority of the protein to localize in
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FIG. 6. The two forms of Rlk colocalize when coexpressed. 293T cells were transiently transfected with RIk-GFP expression constructs, fixed, and counterstained
with propidium iodide. (A) AUG1RIk-GFP (short form). (B) AUG2RIk-BFP (long form). (C and D) AUG2RIk-BFP (long form) and AUG1RIk-GFP (short form)
cotransfected and visualized for GFP (C) or visualized for BFP (D). The colocalizations of the two forms of Rlk are indicated by arrows.

the nucleus (Fig. 5SE and F). Thus, the NLS and the cysteine-rich
motif play antagonistic roles in the subcellular localization of RIk.

The cysteine motif mediates palmitoylation of Rlk. Cysteine
string motifs have been found to be palmitoylated, a fatty acid
modification that causes the association of proteins with cer-
tain membranous compartments (7, 8). We therefore exam-
ined whether the cysteines of Rlk could undergo fatty acid
modification. 293T cells expressing WT RIk-GFP, the cysteine
mutant (CM) described above, or Fyn (an Src family member
known to be palmitoylated) were metabolically labeled with
[*H]palmitate, and the appropriate proteins were immunopre-
cipitated from cell lysates. Incorporation of [*H]palmitate, but
not [*H]myristate, is observed with the WT Rlk-GFP protein
(Fig. 8A, lane 3, and data not shown). However, mutation of 3
of the 6 cysteines in the cysteine string motif (CM) dramati-
cally decreased labeling of RIk-GFP, consistent with alteration
of the site of fatty acid labeling (Fig. 8A, lane 2). Boiling in
2-mercaptoethanol also reduced labeling of the WT protein
(data not shown), suggesting that the mechanism of incorpo-
ration of fatty acid is consistent with an S acetylation such as
palmitoylation. Thus, the cysteine string appears to mediate

46kD

FIG. 7. Subcellular fractionation of murine thymocytes. Cells were fraction-
ated as described in the text, and the nuclear and cytoplasmic fractions from 6 X
107 cells were immunoprecipitated and analyzed by kinase assay. Nucl, nuclear
pellet; Cyto, S100 supernatant.

palmitoylation, and this modification may account for the abil-
ity of this motif to prevent nuclear localization of Rlk.

While two *H-labeled protein species are observed after
immunoprecipitation with anti-Rlk serum in this experiment,
we believe that the shorter species may be either an aberrant
migration of some of the larger isoform under mild denaturing
conditions or a coprecipitating protein, since it does not mi-
grate at a position equivalent to the short Rlk isoform and was
only observed in experiments using very mild reducing condi-
tions. Furthermore, p77%"S is not labeled with [*H]palmi-
tate when expressed in isolation or as part of the CM mutant
(Fig. 8A, lane 2, and data not shown).

RIk-GFP
Fyn CM WT Mock
3 RIk-GFP
H-Palmitate - (83KD)
labeling
e <= Fyn
IB: aRIk B riorr
1 2 3 4

FIG. 8. WT Rlk is modified by palmitoylation. Mutation of the cysteine string
abolishes [*H]palmitate labeling. 293T cells were transfected with cDNAs en-
coding Fyn (positive control, lane 1), a cysteine mutant of RIk-GFP (lane 2), WT
RIk (lane 3), or control vector alone (lane 4). Twenty-four hours after transfec-
tion, cells were labeled with [*H]palmitate for 2 h, washed, and lysed, and Rlk or
Fyn was immunoprecipitated as described in the text. (Top) Samples were
analyzed by SDS-10% PAGE and visualized by fluorography. (Bottom) Immu-
noblot (IB) for RIk.
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FIG. 9. Tyrosine phosphorylation and activation of RIk kinase upon coex-
pression with Fyn in 293T cells. (A) 293T cells were transfected with Rlk-GFP
fusion and FynT expression constructs, followed by cell lysis at 24 h. Equal
amounts of detergent-soluble lysates were resolved by SDS-PAGE and subjected
to antiphosphotyrosine (4G10) (top) or anti-RIk (bottom) immunoblotting (IB).
(B) Immune complex kinase assays. Cells expressing RIk-GFP fusion proteins
alone or with Fyn were lysed and immunoprecipitated with anti-Rlk. Immune
complexes were washed and subjected to an in vitro kinase assay with [y->*P]ATP
and acid-denatured enolase as an exogenous substrate. Phosphorylated proteins
were resolved by SDS-PAGE and detected by autoradiography. (Top) In vitro
kinase activity on enolase. (Bottom) anti-Rlk. Equivalent expression of Fyn was
confirmed by immunoblotting with anti-Fyn (data not shown). WT, wild type
(kinase active); KI, kinase inactive.

RIk is activated by Src family members. The above data
suggest that RIk, unlike the other Btk family kinases, has a
distinct regulation of localization, consistent with its lack of a
PH domain. Nonetheless, other features of Rlk closely resem-
ble the Btk kinases. In particular, Rlk shares the common SH2,
SH3, and kinase domains, as well as a proline-rich sequence. This
proline-rich region has been shown in vitro to mediate an inter-
action with the SH3 domains of certain Src family kinases in vitro.
Similarly, we have observed an in vitro interaction with the SH3
domains of the Src family members Fyn, Hck, and Lyn (3a).

Src family members have been shown to phosphorylate Btk,
Itk, and Tec (10, 26). This phosphorylation on a tyrosine in the
activation loop of the kinase domain has further been demon-
strated to increase the kinase activity of Btk and Itk and to
cause an autophosphorylation of a tyrosine in the SH3 domain
of Btk. Since Rlk possesses homologous sequences and shows
similar binding of Src family SH3 domains in vitro, we asked
whether Rlk may be similarly activated.

We therefore coexpressed Rlk and the Src family member Fyn
in 293T cells and examined Rlk phosphorylation and kinase ac-
tivity. Since Rlk and Src family kinases are similar in electro-
phoretic mobility, we took advantage of our RIk-GFP fusion
constructs for these experiments. Coexpression of RIk-GFP with
Fyn led to an increase in the amount of phosphotyrosine in WT
RIk-GFP (Fig. 9A, lanes 1 and 2). In contrast, no significant
increase in phosphotyrosine is observed upon coexpression of WT
RIk with a kinase-inactive Fyn (Fig. 9A, lane 5). Kinase-inactive
RIk (K299R) showed virtually no evidence of tyrosine phosphor-
ylation unless coexpressed with kinase-active Fyn (Fig. 9; com-
pare lanes 1, 4, and 6). Because tyrosine phosphorylation of ki-
nase-inactive Rlk expressed with Fyn is markedly reduced relative
to WT Rlk expressed with Fyn (Fig. 9, lanes 3 and 4), maximal
tyrosine phosphorylation of Rlk appears to require both Rlk and
Fyn kinase activities, consistent with an increase in Rlk autophos-
phorylation activity upon phosphorylation by Fyn.

To assess the activation status of Rlk-GFP, we performed in
vitro kinase assays on immunoprecipitated Rk, using enolase
as a substrate (Fig. 9B). Coexpression of Rlk with WT Fyn
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augmented the kinase activity of Rlk by four-to sixfold on the
exogenous substrate enolase. Under these conditions, the in-
crease in enolase phosphorylation appears to be specific for
RIk and not derived from the small amount of coimmunopre-
cipitated Fyn, since there was no significant phosphorylation of
enolase when kinase-inactive Rlk was expressed with WT Fyn
(Fig. 9B, lane 4). Furthermore, a similar increase in Rlk auto-
phosphorylation activity was observed (data not shown). In
contrast, Rlk kinase activity did not increase when RIlk was
coexpressed with kinase-inactive Fyn (Fig. 9B, lane 5). We
have also found that Rlk coexpression with Fyn does not ap-
pear to increase phosphorylation or kinase activity of Fyn.

Finally, we noted that the shorter form of Rlk is not effi-
ciently phosphorylated by Src family kinases, consistent with its
potential for localization in a different subcellular compart-
ment (Fig. 9A, lane 3). Expression of only the short form of
RIk with Fyn corroborated this observation (data not shown).
Accordingly, when expressed alone, the shorter form of Rlk
also had a lower specific kinase activity (data not shown).

Activation by Src family kinases is independent of PI 3-Kki-
nase activity. It has been suggested that activation of Itk and
Btk by Src kinases requires a translocation to the membrane
mediated by the interaction between the PH domain and the
products of PI 3-kinase (2). The products of PI 3-kinase have
been found to interact with PH domains of Btk and Itk, and it
has recently been demonstrated that phosphorylation and ac-
tivation of Itk by Src family kinases is dependent on the activity
of PI 3-kinase. Either inhibitors of PI 3-kinase activity or mu-
tation of the PH domain will decrease activation of Itk by Src
family kinases (2). Furthermore, activation of BTK by Src can
be potentiated by overexpression of PI 3-kinase (19).

Since Rlk does not contain a PH domain, we investigated
whether activation of Rlk by Src family kinases also required
PI 3-kinase activity. We observed no decrease in the activation
of Rlk by Fyn when cells were incubated with Wortmannin or
Ly294002, two inhibitors of PI 3-kinase that greatly reduce acti-
vation of Itk under the same conditions (Fig. 10). Thus, activation
of Rlk by Src family members may occur by a mechanism distinct
from that used by Itk and Btk, consistent with our observations
that Rlk has a different means of membrane association.

RIk can be activated by TCR signaling in Jurkat cells. The
ability of Src family kinases to activate Rlk suggests that Rlk

Inhibitor: - - W L
Rlk: + + +
Fyn: -

+
+ + +

IB:aPY S .. RIKGFP

IB:aRlk S S &8 88 o) crp
1 2 3 4
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Itk: + + + +
Fyn: -+ + +
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FIG. 10. RIk activation by Fyn is not affected by inhibitors of PI 3-kinase.
(Top) Cells were transfected with constructs expressing either Rlk alone or Rlk
plus Fyn. Twenty-four hours after transfection, cells were split equally and
treated 24 h later with either dimethyl sulfoxide (DMSO) (lanes 1 and 2), 1 mM
Wortmannin (lane 3), or 100 mM Ly294002 (lane 4). After 30 min, cells were
lysed, resolved by SDS-PAGE, and examined by Western blotting with antiphos-
photyrosine (top row) or anti-Rlk (bottom row). (Bottom) Cells were transfected
with constructs expressing either Itk-FLAG alone or Itk-FLAG plus Fyn and
treated as above with either DMSO (lanes 5 and 6), 1 mM Wortmannin (lane 7),
or 100 mM Ly294002 (lane 8). Western blotting was performed with antiphos-
photyrosine (top row) or anti-FLAG (bottom row).
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FIG. 11. Tyrosine phosphorylation of RIk-GFP in Jurkat cells. Cells were
electroporated with either WT RIk-GFP or AUG2RIk-GFP expressing only the
short form of Rlk. Twenty-four hours later, cells were stimulated with anti-CD3
antibody OKT?3 for the indicated times (in minutes). Cells were lysed and Rlk
was immunoprecipitated. Immunoprecipitated Rlk was immunoblotted with an-
tiphosphotyrosine (4G10) (top) or anti-Rlk (bottom).

may be activated downstream of Src family kinases by TCR
signaling, in a fashion analogous to Btk in B-cell-receptor
signaling. To examine Rlk activation in T-cell signaling, we
again took advantage of our RIk-GFP constructs and expressed
them in the Jurkat T-cell lymphoma line, a strategy that al-
lowed us to bypass technical difficulties associated with comi-
gration of RIk with the heavy chain of our anti-RIlk antiserum.
Activation of Jurkat cells by stimulation with the OKT3 anti-
body directed against the CD3 component of the TCR induced
rapid tyrosine phosphorylation of RIk-GFP (Fig. 11, lanes 1 to
4). In contrast, the shorter form of Rlk was not efficiently
phosphorylated in response to OKT3 (Fig. 11, lanes 5 to 7),
again supporting hypothetically different roles for the two
forms of R1k. Thus, we conclude the longer form of Rlk is most
likely to be the principle form involved in signaling from cell
surface receptors in T cells.

Activation of Jurkat cells alters the subcellular localization
of Rlk. To examine whether T-cell activation affects the sub-
cellular distribution of Rk, we again expressed RIk-GFP tran-
siently in Jurkat cells and stimulated them either through the
TCR with the OKT3 antibody or with PMA and ionomycin.
Full-length RIk-GFP gave a vesicular type of localization out-
side the nucleus in Jurkat cells, consistent with that observed in
HeLa cells (Fig. 12A). Localization of the short form of Rlk
was less clear in Jurkat cells, suggesting both a nuclear and
nonnuclear localization (data not shown). However, long-term
activation with either PMA and ionomycin or with anti CD3
antibodies led to an apparent localization of either full-length
RIk-GFP or the short form (AUGIRIk-GFP) in the nucleus
(Fig. 12B and C and data not shown). To investigate this
subcellular trafficking in further detail, we examined live Jurkat
cells expressing the RIk-GFP constructs at a range of times
post-TCR stimulation. While initial stimulation did not appre-
ciably alter the pattern of localization, stimulation for 10 to 15
min revealed two new distinct compartments. A subpopulation
of Rlk was observed to migrate to the plasma cell membrane,
consistent with activation by the TCR. Additionally, a second
population of the protein was observed in the nucleus. Over
the next 30 to 60 min the membrane fraction disappeared,
while the nuclear component remained. While the function of
this nuclear fraction remains unclear, these results further dem-
onstrate a nuclear localization for RIk in lymphocytes, which may
be important for unique signaling pathways involving RIk.

DISCUSSION

By several criteria, Rlk appears to be a member of the Btk
family of kinases, yet significant differences exist between Rlk
and the other kinases in this family. In this report, we show that
the distinct molecular features of Rlk confer unique biological
properties on the kinase that may be important for its normal
cellular function. We demonstrate here that rlk/txk encodes

TWO DISTINCT ISOFORMS OF RIlk 1505

two proteins generated by the alternative initiation of transla-
tion from a single mRNA. In the case of murine Rlk, most or
all of the smaller isoform is generated from an internal start
site located 55 residues downstream of the upstream AUG.
This smaller form contains the catalytic, SH2, and SH3 do-
mains, as well as the proline-rich motif found in common with
other BTK family kinases; however, it lacks much of the unique
amino-terminal sequence, including a distinct cysteine string
motif, present in the larger 58-kDa isoform. We further dem-
onstrate that the two Rlk isoforms have distinct properties,
including subcellular locations and fatty acid modification, and
that the cysteine string motif helps dictate both palmitoylation
and subcellular localization.

Determinants of the subcellular localization of Rlk. Alter-
native initiation sites can affect the subcellular location and
modification of proteins. For example, the 59-kDa isoform of
Hck is both palmitoylated and myristoylated and is associated
with cellular membranes, most notably caveolae, whereas the
61-kDa isoform is not palmitoylated and not associated with
caveolae (28). In RIk, two motifs help determine its subcellular
location. The cysteine string motif is important for perinuclear
localization and can override a bipartite NLS, which is re-
quired for nuclear targeting of the short form. Hence, lacking
the cysteine-rich motif, the 52-kDa form is located in the nu-
cleus when expressed in isolation.

The cysteine string motif found in the amino terminus of Rlk
is unique among tyrosine kinases. Other cysteine string pro-
teins include synaptotagmin and GAIP (G-alpha interacting
protein), molecules implicated in vesicular transport and in the
presynaptic Ca®™" influx related to synaptic vesicular release (3,
5, 23, 34). In this regard, it is interesting that the phenotype of
rlk~'~ itk~'~ mice includes a specific decrease in Ca®" influx in
response to TCR-based signaling (unpublished data).

Cysteine residues near the amino termini of signaling mol-
ecules, including the cysteine string motifs, are important for
palmitoylation, a posttranslational lipid modification in which
palmitate is linked to cysteine via a labile thioester bond (7,
27). We found that RIk can be labeled by [*H]palmitate and
not by [H]myristate (Fig. 9 and data not shown) and that
mutation of the cysteines eliminates palmitoylation. Many sig-
naling molecules, including the Src family kinases Lck, Fyn,
and Hck, are also palmitoylated, and this modification has
been shown to affect membrane association, the ability to in-
teract with GPI-linked proteins on the cell surface, and local-
ization in glycolipid-enriched regions of the membrane (GEMs
or RAFTSs) (31). Notably, these regions are insoluble in non-
ionic detergents—a characteristic of the larger form of Rlk.
Rlk coimmunoprecipitates and colocalizes with Fyn (data not
shown), a palmitoylated kinase associated with these mem-
brane compartments. Proper palmitoylation may be required
for signal transduction of these molecules, as has been shown
for Lck in TCR signaling (13). Furthermore, palmitoylation
can be a dynamic and reversible process with functional impli-
cations. For example, palmitoylation of G protein subunits can
be modulated in response to receptor activation, thereby lead-
ing to changes in G protein subcellular localization and recep-
tor sensitization (5, 33). It is of interest that after prolonged
stimulation of Jurkat T cells, we observed a nuclear localiza-
tion of RIk-GFP. The functional consequences of changes in
palmitoylation and subcellular localization of Rlk during TCR-
based signaling are under further investigation.

Activation of Rlk. We demonstrate here that activation of
the TCR via OKT3 can lead to increased phosphorylation of
RIk transfected into Jurkat T cells. Coexpression of Rlk with
Src family kinases in heterologous cells also leads to increased
phosphorylation of the full-length Rlk and activation of the
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FIG. 12. Activation of Jurkat cells changes the subcellular localization of Rlk. Cells were electroporated with WT RIk-GFP and stimulated 24 h later with either
OKT3 or PMA and ionomycin, counterstained with propidium iodide, and examined by confocal microscopy. (A) Unstimulated cells. (B) Stimulated cells, fluorescein
channel. (C) Same as panel B, with rhodamine channel for visualizing propidium iodide. (D) Time course of localization of RIk-GFP after TCR stimulation. Cells were

visualized live at the indicated times (in minutes) after treatment with anti-CD3.

RIk kinase, suggesting that Rlk may be a downstream effector
of Src family kinases in TCR signaling. However, while RIk is
phosphorylated and activated in a fashion similar to the other
Btk kinases, there are marked differences between these ki-
nases, most notably the lack of a PH domain in RIk. A recent
model suggests that membrane association of Itk and Btk re-
sults from the interaction of their PH domains with products of
PI 3-kinase, thereby allowing activation by Src family kinases.
Accordingly, activation of Itk by Src kinases is inhibited by
Wortmannin and Ly294002 (2, 19). This is not observed for Rlk
and suggests that interactions of Rlk with Src family kinases is
distinct from the other Btk kinases. It is of interest that the
full-length form of RIk has a higher basal level of tyrosine phos-

phorylation and kinase activity than Itk when expressed in heter-
ologous cells (Fig. 10), which could be the result of different
upstream interactions and regulation of localization. Moreover,
we can reproducibly coimmunoprecipitate Rlk and Fyn, whereas
we and others have been unable to coprecipitate Itk and Btk with
members of the Src family (data not shown), implying that
there is a direct interaction between Rlk and the Src kinases.

In addition to properties that distinguish Rlk from the other
Btk family kinases, differences exist between the two forms of
RIk, including their different potential subcellular localiza-
tions. Furthermore, phosphorylation of the short form of Rlk is
less robust than for full-length Rlk. We have also observed that
expression of the full-length form, but not the short form,



VoL. 19, 1999

increases JNK activity in 293T cells (3b). The conservation of
two RIk/TXK isoforms in mouse and human, in concert with
the different properties of these proteins, suggests distinct func-
tions for the two forms of Rlk in T-cell physiology. In partic-
ular, the stronger activation of the long form of Rlk and the
trafficking of two distinct subpopulations of Rlk to either the
plasma membrane or the nucleus after TCR stimulation sug-
gests that they may have different functions in T-cell signaling.

Our data provide the first evidence of a signaling pathway that
may activate the Rlk kinase downstream from the TCR. The
phosphorylation of Rlk by Src family members, furthermore, sug-
gests that Rk, like other Btk family kinases, functions down-
stream of Src family kinases in signal transduction pathways from
antigen receptors. Preliminary evidence from gene-targeted mice
supports these data and suggests that Rlk may synergize with Itk
in signaling from the TCR, and deficiency of both kinases leads to
profound defects in cytokine gene transcription and T-cell acti-
vation (unpublished data). Thus, RIk together with Itk may oc-
cupy a position in TCR signaling pathways similar to that of Btk
in B-cell-receptor signaling. We have also demonstrated that Rlk
can augment activation of an IL-2 reporter construct upon sig-
naling from the TCR (36). In this and other assay systems, the
truncated (short) form of Rlk has been found to be less active. As
evidence of downstream targets and pathways emerges, the dis-
tinct functions of the two forms of this kinase in T-cell signaling
may be further understood.
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