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Abstract The microtubule protein Tctex-1 was cloned from
Torpedo electroplax, a biochemical model of the neuromuscular
junction, using the unique domain of Fyn in the yeast two hybrid
system. Binding of Tctex-1 and Fyn also occurred in vitro.
Torpedo Tctex-1 was contained within the molecular motor
protein dynein. A Src class kinase was also complexed with
dynein. Tctex-1 was enriched in electric organ vs. skeletal
muscle, was present in the postsynaptic membrane, and
coprecipitated with the acetylcholine receptor. The sequence of
Tctex-1 contained a tyrosine phosphorylation motif and Tctex-1
could be phosphorylated by Fyn in vitro and in vivo. These data
demonstrated that Tctex-1-containing dynein is a cytoskeletal
element at the acetylcholine receptor-enriched postsynaptic
membrane and suggested that Tctex-1 may be a substrate for
Fyn.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

Protein phosphorylation is recognized as a primary post-
translational mechanism for the regulation of essentially all
cellular processes [1,2]. Protein tyrosine kinases are highly ex-
pressed in the nervous system suggesting they are involved in
the regulation of synaptic transmission [3,4]. The neuromus-
cular junction (NMJ) has served as a classic model system for
studying synapse formation and function. The acetylcholine
receptor (AChR) is the ligand gated ion channel that mediates
rapid depolarization in the postsynaptic skeletal muscle cell
membrane. Recent studies have indicated important roles for
protein tyrosine kinases in regulating the expression, localiza-
tion, and channel kinetics of the AChR [5^7]. We have pre-
viously identi¢ed two protein tyrosine kinases of the Src fam-
ily, Fyn and Fyk, that are highly expressed at the endplate.
Fyn and Fyk bind to and phosphorylate the AChR, thereby
supporting the importance of Src class kinases at the NMJ
[8,9].

In this study, using Torpedo californica electric organ, a

biochemical model for the neuromuscular junction, we sought
to identify postsynaptic substrates and/or regulators of Fyn
and Fyk by characterizing components that interact directly
with the kinases. Src family kinases each contain a unique
region, a Src homology two (SH2) domain, a Src homology
three (SH3) domain, and a catalytic domain. We have
searched for postsynaptic components that interact with spe-
ci¢c subdomains of Fyn and Fyk by screening a Torpedo
electric organ library using the yeast two hybrid cloning sys-
tem. With this strategy, we have identi¢ed a microtubule mo-
lecular motor component of dynein, Torpedo Tctex-1, that
interacts with the unique domain of Fyn and may be a sub-
strate for this protein tyrosine kinase.

2. Materials and methods

2.1. Preparation of Torpedo electric organ pPC86 library
A Torpedo californica electric organ plasmid library was constructed

using the yeast expression vector pPC86 which contains the GAL4
transcriptional activating domain [10]. Electric organ poly(A)� RNA
was reverse transcribed and the cDNA directionally cloned into
pPC86 using the SuperScript System (Gibco). The plasmid library
was transformed into DH10B cells resulting in the generation of
1.4U106 independent clones.

2.2. Yeast two-hybrid system screening
The subdomains of Fyn and Fyk including the unique domain of

Fyn were ampli¢ed by PCR using pBS-Fyn or pBS-Fyk [8] as tem-
plates and subcloned into the SalI and NotI sites of the pPC97 vector
which contains the GAL4 DNA binding domain. The plasmids were
cotransformed with the Torpedo electric organ pPC86 library into the
PCY2 yeast strain [10] and positive clones were selected on leu3trp3

plates and assayed for L-galactosidase activity. Positive clones were
analyzed by dideoxysequencing and identity with known nucleotide
and amino acid sequences was determined using BLAST from NCBI.
Protein characteristics were determined with Prosite.

2.3. Generation of anti-Tctex-1 antibodies
A glutathione S-transferase (GST) fusion protein containing the

complete protein sequence of Tctex-1 was prepared and used to pro-
duce antiserum generated in rabbits as described [8]. Crude serum was
a¤nity puri¢ed using Tctex-GST fusion protein resolved by SDS-
PAGE and immobilized onto PVDF by transblotting as described
[11].

2.4. Tissue preparations
To examine the distribution of Tctex-1, Torpedo tissue homoge-

nates, membranes, and cytosolic fractions were prepared as previously
described [12].

2.5. QT-6 cell transfection
QT-6 cells, kindly provided by J.H. Steinbach (Washington Univer-

sity), were cultured as described [13]. Tctex-1 and Fyn cDNAs were
subcloned into the pBK-CMVvlac (pBK-CMV) vector engineered as
described [14]. The Tctex-1, Fyn, or empty pBK-CMV vectors were
transfected into QT-6 cells using the calcium phosphate coprecipita-
tion method [15].
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The nucleotide sequence for Torpedo Tctex-1 has been deposited in the
GenBank data base under GenBank Accession Number AF086756.
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2.6. Immunoprecipitations
Aliquots of Torpedo tissues or transfected QT-6 cells were solubi-

lized with bu¡er containing 50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM
EGTA, 1 mM EDTA, 1 mM Na3VO4 (Lysis Bu¡er). In some
experiments, total cellular Tctex-1 was analyzed by solubilizing trans-
fected cell proteins with Lysis Bu¡er without Triton X-100 but con-
taining 1% SDS followed by a 1:7.5 dilution in Lysis Bu¡er and
sonication for 20 s. The lysates were centrifuged at 100 000Ug for
10 min and the supernatants immunoprecipitated with anti-Tctex-1
serum as previously described [9].

2.7. Fusion protein a¤nity chromatography
Fyn-GST, Fyk-GST, and Tctex-GST fusion proteins and GST

backbone protein were prepared and used as a¤nity reagents as pre-
viously described [9]. Bound proteins were either eluted with SDS-
PAGE sample bu¡er and analyzed by Western blotting or used for
phosphorylation assay as described below.

2.8. Western blotting
Western blots were performed with primary antibody at 1:100 for

a¤nity puri¢ed anti-Tctex-1 antibody, 1:5000 for anti-phosphotyro-
sine antibody (UBI), 1:2000 for the monoclonal 74.1 anti-dynein anti-
body [16], 1:1000 for the monoclonal 1234 anti-rapsyn antibody [17],
1:10 000 for the monoclonal SYN1351 anti-syntrophin antibody [18],
1:400 for the carboxy terminal pan Src kinase antibody SRC2 (CT-
SrcK) from Santa Cruz Biotechnology followed by the appropriate
secondary antibody and ECL using BioMax MR-1 ¢lm. Densitometry
scanning was performed on a Howtek Scanner using PDI Discovery
Series software at the Lombardi Cancer Center's Macromolecular
Synthesis and Sequencing Shared Resource which is supported in
part by US Public Health Service Grant P30-CA-51008.

2.9. Protein tyrosine kinase assays
The binding of a protein tyrosine kinase activity to Tctex-1 GST

fusion protein was examined using the synthetic substrate poly(Glu-
Na,Tyr), 4:1 (Sigma), and [Q-32P]ATP as previously described [8].

To examine phosphorylation of Tctex-1 fusion protein, Torpedo
electric organ postsynaptic membrane proteins were solubilized and
immunoprecipitated with anti-Fyn, anti-Fyk, or preimmune serum as
described above. After washing, the immunoprecipitates were incu-
bated with Tctex-GST fusion or GST backbone protein (2 Wg each)
with [Q-32P]ATP under phosphorylating conditions as described [8].
The supernatants were analyzed by 10% SDS-PAGE and autoradiog-
raphy using BioMax MR-1 ¢lm. Phosphoamino acid analysis was
performed as described [8].

2.10. Protein analysis
Cellular protein levels were determined by the method of Lowry

[19] while fusion protein concentrations were determined as described
[9].

3. Results

3.1. Cloning of a Torpedo electric organ component using
the unique domain of Fyn in the yeast two hybrid
screening system

Our major goal was to identify proteins that are involved in
the action of Fyn and Fyk at the NMJ of skeletal muscle
by molecularly cloning Torpedo electric organ components
that interact directly with these protein tyrosine kinases.
The subdomains of Fyn and Fyk in the pPC97 vector were
used to screen a Torpedo electric organ pPC86 library as
described in Section 2. Upon screening with the unique
domain of Fyn containing amino acid residues 9^92 [8], 38
colonies out of 4U105 plasmids screened survived the selec-
tion process of which 20 were positive for L-galactosidase
activity. Twelve colonies were cloned to homogeneity. Four
of the clones had the identical nucleotide sequence in the
coding region as presented in Fig. 1A. However, within the
non-coding region, two of the four clones had the identical
subcloning sites while the other two each had unique sites

demonstrating the identi¢cation of three individual pPC86
constructs.

The deduced amino acid sequence indicated the cDNA to
encode a protein of 12.4 kDa and a pI of 4.6. No signal
sequence or N-terminal acylation sites were detected; the pol-
ypeptide sequence suggested a cytosolic protein. Homology
searches demonstrated that the nucleotide (data not shown)
and deduced amino acid sequences were most similar to hu-
man Tctex-1 ([20] ; Fig. 1B). The coding region at the nucleo-
tide and protein level showed 70% and 80% identity, respec-
tively, with human Tctex-1. In addition, there was 92%
conservation at the protein level with human Tctex-1. Thus,
Torpedo Tctex-1 with 70% identity was slightly more homol-
ogous to human Tctex-1 than is Chlamydomonas Tctex-1
which has 62% identity with human Tctex-1 [21]. Tctex-1,
originally identi¢ed as a gene of the mouse t-complex sterility
locus [22] is a component of the microtubule-associated mo-
lecular motor protein dynein [11,21]. These data indicated that
the cDNA clone identi¢ed with the unique domain of Fyn
encoded the Torpedo form of Tctex-1.

3.2. Tissue and subcellular distribution of Torpedo Tctex-1
If Torpedo Tctex-1 is a substrate or regulator of Fyn, the

protein should be expressed in the appropriate tissues and
subcellular compartments. To examine the expression of
Tctex-1 at the protein level, we generated antibodies to a
bacterial Tctex-GST fusion protein as described in Section
2. These antibodies recognized a 13-kDa protein of Torpedo
electric organ as demonstrated by Western analysis. The bind-
ing of the antibodies during Western blotting was blocked by

FEBS 20831 18-9-98

Fig. 1. Nucleotide and amino acid sequence of Torpedo Tctex-1. A
cDNA clone obtained by screening a Torpedo electric organ library
with the unique domain of Fyn using the yeast two hybrid system
as described in Section 2 was analyzed by dideoxysequencing. A:
The nucleotide sequence; the putative start codon is indicated by
shading while the stop codon is indicated by shading with a heavy
bar, and the Kozak motif is indicated by a ¢ne bar. B: The homol-
ogy of the deduced amino acid sequence of the clone identi¢ed in A
with known sequences was determined as described in Section 2.
The amino acid identities between Torpedo Tctex-1 and human
Tctex-1 [20] are indicated by shading. Y*, putative phosphorylation
site.
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fusion protein used to generate the anti-serum but not by
backbone GST protein indicating that the 13-kDa band was
in fact Tctex-1 (data not shown). In some experiments, the
antibodies also detected higher molecular weight aggregates of
Tctex-1 (see Fig. 2A,B). Tctex-1 was detected in Torpedo elec-
tric organ, heart, skeletal muscle, and brain but not liver (Fig.
2A). This pattern of tissue speci¢c expression was identical to
the expression of Fyn at the protein and/or RNA level as
previously demonstrated [8]. The level of Tctex-1 was highest
in electric organ, which is enriched in postsynaptic compo-
nents including the AChR. In addition, Tctex-1's high expres-
sion in electric organ and low expression in muscle agree with
the ratio of AChR and Fyn expression in these two tissues.
These data demonstrated that the tissue distribution of Tctex-
1 agreed with the distribution of Fyn. In addition, the ratio of
Tctex-1 in electric organ vs. muscle as well as the high level of
Tctex-1 in electric organ suggested that this cytoskeletal pro-
tein may have a function at the postsynaptic membrane.

The deduced sequence of Tctex-1 indicated a soluble cyto-
plasmic protein. However, Fyn is membrane bound [8]. To
determine the cellular localization of Tctex-1, subcellular frac-
tions of Torpedo electric organ were analyzed by Western
blotting using anti-Tctex-1 antibody. Tctex-1 was ubiquitously
expressed within the electroplax being detected in the low
speed pellet and supernatant, the cytosolic fraction, and the
total membrane fraction (Fig. 2B). Tctex-1 was distributed
equally between the cytosolic and total membrane fraction
demonstrating Tctex-1 to be both soluble and membrane as-

sociated (Fig. 2B). Torpedo electroplax membranes can be
fractionated on discontinuous sucrose gradients to enrich for
postsynaptic vs. non-postsynaptic membranes [23,24]. Tctex-1
was found in both the postsynaptic and non-postsynaptic
membrane fractions (Fig. 2B). The fact that more Tctex-1
was detected in the total membrane pellet than the postsynap-
tic plus non-postsynaptic membrane fractions suggested that
Tctex-1 may have dissociated from the membranes during the
prolonged sucrose gradient puri¢cation. This observation was
consistent with Tctex-1 being membrane associated primarily
via protein-protein interaction rather than by a posttransla-
tional anchoring to the membrane. Fyn is found not in the
cytosol but in the postsynaptic and non-postsynaptic mem-
branes [8]. Although Tctex-1 was found in the cytosol, it
was also colocalized with Fyn in both the postsynaptic and
non-postsynaptic membranes of electric organ. Thus, the sub-
cellular distribution of Tctex-1 suggested cytoplasmic and
membrane functions including a function at the postsynaptic
membrane.

3.3. Expression of a Tctex/dynein complex in Torpedo
electric organ

Mouse Tctex-1 is a light chain of the brain cytoplasmic
microtubule molecular motor protein dynein [11] as well as
£agellar dynein [21]. Cytoplasmic dynein is believed to be
required for retrograde transport, away from the membrane,
in both neuronal and non-neuronal cells (for reviews see
[25,26]). We tested whether Torpedo Tctex-1 was complexed
with dynein or cytoskeletal elements of the NMJ including
rapsyn and syntrophin. Precipitation of Tctex-1 from electric
organ homogenate resulted in coprecipitation of the inter-
mediate chain, IC74, of dynein (Fig. 3A). Scanning densitom-
etry analysis demonstrated that under these conditions,
56 þ 15% (mean þ S.E.M.; n=3) of the dynein IC74 in electric
organ was complexed with Tctex-1. The coprecipitation of
Tctex-1 and dynein was speci¢c since dynein was not precipi-
tated by preimmune serum and neither rapsyn nor syntrophin
coprecipitated with Tctex-1 (Fig. 3A). Further evidence for
Tctex-1 being a component of dynein in Torpedo electric or-
gan was obtained by immunoprecipitating dynein IC74 and
analyzing the precipitate for Tctex-1 by Western blotting (Fig.
3B). Tctex-1 was speci¢cally coprecipitated with dynein. Den-
sitometry scanning analysis showed that 66 þ 4% (mean þ
range; n = 2) of Tctex-1 was contained within the dynein com-
plex. These data indicated that Tctex-1 was a component of
the molecular motor protein dynein in Torpedo electric organ.

Association of Src class kinases with the Tctex/dynein com-
plex was also tested. The presently available anti-Fyn anti-
bodies were not useful for directly demonstrating association
of Fyn with the Tctex/dynein complex. However, in four ex-
periments, precipitation of dynein from electric organ homo-
genate resulted in coprecipitation of a Src family kinase as
demonstrated by Western analysis with an antibody to the
carboxy terminal sequence of Src family kinases (CT-Src anti-
body) (Fig. 3C). Coimmunoprecipitation of the Src class kin-
ase with dynein was speci¢c since no kinase was precipitated
with empty protein G-Sepharose beads. Densitometry scan-
ning demonstrated that 2.5 þ 0.5% (mean þ range; n = 2) of
the electric organ kinase(s) recognized by the CT-Src antibody
was coprecipitated with the dynein complex. Library screening
as well as PCR analysis has identi¢ed Fyn and Fyk as the
only Src class kinases in Torpedo electric organ [8]. Thus,
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Fig. 2. Tissue and subcellular distribution of Tctex-1. A: Total ho-
mogenates of the indicated Torpedo tissues were prepared as de-
scribed in Section 2. Aliquots of each tissue homogenate represent-
ing 20 Wg of protein were resolved by 15% SDS-PAGE and
analyzed by Western blotting using anti-Tctex-1 antibody as de-
scribed in Section 2. Tissues analyzed were brain (B), muscle (M),
liver (L), heart (H), and electric organ (E). Arrow indicates the posi-
tion of Tctex-1. B: Torpedo electric organ tissue was fractionated as
described in Section 2. Aliquots of the indicated fractions represent-
ing 25 Wg (H), or 75 Wg (P, S, C, M, nPS, PS) were resolved by
15% SDS-PAGE and analyzed by Western blotting using anti-
Tctex-1 antibody as described in Section 2. Fractions analyzed were
total homogenate (H), low speed pellet (P), low speed supernatant
(S), cytosol (C), total membranes (M), non-postsynaptic membranes
(nPS), and postsynaptic membranes (PS). Arrow indicates the posi-
tion of Tctex-1.
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these data suggested that the Src class kinase associated with
the Tctex/dynein complex was Fyn and/or Fyk.

The primary function of the endplate at the NMJ is to
mediate synaptic transmission via the activation of the
AChR. Since Tctex-1 was detected in postsynaptic mem-
branes, complex formation between the cytoskeletal protein
and the AChR was examined. Immunoprecipitation of
Tctex-1 resulted in coprecipitation of the AChR (Fig. 3D).
Coprecipitation of the AChR with Tctex-1 was speci¢c since
little AChR was precipitated by preimmune serum (Fig. 3D).
In addition, the cytoskeletal protein rapsyn, which is stoichio-
metrically expressed with the AChR, was not coprecipitated
with Tctex-1 (Fig. 3A). Scanning densitometry analysis dem-
onstrated that 0.12 þ 0.04% (mean þ S.E.M.; n=3) of the
AChR was speci¢cally coimmunoprecipitated with Tctex-1.
These data indicated that the AChR was also contained in a
complex with Tctex-1.

3.4. Binding of Tctex-1 to Fyn
Results from the yeast two hybrid screen suggested that

Tctex-1 bound to Fyn via the unique domain of the kinase.
To con¢rm these results, the ability of Tctex-1 and Fyn to
bind in vitro was tested. Initially, we determined whether a
protein tyrosine kinase activity could bind to Tctex-GST fu-
sion protein using the synthetic polypeptide substrate poly-
(Glu-Na,Tyr), 4:1, as described in Section 2. Solubilized Tor-

pedo electric organ postsynaptic membrane proteins contain-
ing Fyn, were incubated with Tctex-GST fusion or GST back-
bone protein a¤nity resins and the bound proteins analyzed
for protein tyrosine kinase activity using [Q-32P]ATP. Speci¢c
protein tyrosine kinase activity was taken as the di¡erence in
¢lter-bound radioactivity in the presence or absence of sub-
strate as described in Section 2. In three experiments, phos-
phorylation of poly(Glu-Na,Tyr), 4:1, occurred only upon
incubation of the substrate with proteins bound to Tctex-
GST fusion protein a¤nity resin; the synthetic substrate
was not phosphorylated by proteins bound non-speci¢cally
to GST backbone protein a¤nity resin (Fig. 4A). These
data demonstrated that a protein tyrosine kinase activity
bound to Tctex-1 in vitro.

The ability of Tctex-1 to bind Fyn in vitro was further
tested using Fyn fusion protein a¤nity chromatography. A
Fyn unique domain-GST fusion protein bound to glutathione
agarose was prepared and incubated with Torpedo electric
organ cytosolic proteins containing Tctex-1. Tctex-1 bound
to the Fyn unique domain a¤nity resin as demonstrated by
Western blotting (Fig. 4B). Scanning densitometry analysis
demonstrated that, under these conditions, 5% of the solubi-
lized Tctex-1 bound to the Fyn fusion protein. The binding
was speci¢c for the Fyn unique domain since Tctex-1 did not
bind to either the backbone GST protein or the Fyk unique
domain-GST fusion protein (Fig. 4B). These in vitro data
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Fig. 3. Characterization of a Tctex-1/Dynein complex in Torpedo electric organ. A: Aliquots of Torpedo electric organ homogenate representing
300 Wg of protein were solubilized and immunoprecipitated with anti-Tctex-1 (KTctex) or preimmune (Prei) serum as described in Section 2.
The precipitates and 30 Wg of homogenate (Hom) or 0.3 Wg of postsynaptic membranes (PS) were resolved by 10% SDS-PAGE and analyzed
by Western blotting using an anti-dynein IC74 (KDynein), anti-rapsyn (KRapsyn), or anti-syntrophin (KSyntrophin) antibody. Arrow indicates
the position of dynein IC74. B: Torpedo electric organ homogenate representing 500 Wg of protein was solubilized and immunoprecipitated
with anti-dynein IC74 (KDynein) antibody or empty protein G-Sepharose (PGS). The precipitates and 30 Wg of solubilized homogenate (Hom)
were resolved by 15% SDS-PAGE and analyzed by Western blotting using an anti-Tctex-1 antibody (KTctex) as described in Section 2. Arrow
indicates the position of Tctex-1. C: Torpedo electric organ homogenate representing 2 mg of protein was solubilized and immunoprecipitated
with anti-dynein IC74 (KDynein) antibody or empty protein G-Sepharose (PGS). The precipitates and 60 Wg of solubilized homogenate (Hom)
were resolved by 8% SDS-PAGE and analyzed by Western blotting using an anti-CT-Src kinase antibody (KCT-SrcK) as described in Section
2. Arrow indicates the position of Src kinases. D: Torpedo electric organ homogenate representing 300 Wg of protein was solubilized and immu-
noprecipitated with anti-Tctex-1 (KTctex) or preimmune (Prei) serum. The precipitates and 3.0 Wg of solubilized homogenate (Hom) were re-
solved by 10% SDS-PAGE and analyzed by Western blotting using a monoclonal anti-AChR antibody (88 b) as described in Section 2. Arrows
indicate the position of AChR N and Q subunits. In each panel, molecular weights are indicated to the left.
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support binding of Tctex-1 and Fyn as indicated by interac-
tion of Fyn and Tctex-1 using the two hybrid approach.

3.5. Phosphorylation of Tctex-1 by Fyn
The biological importance of an interaction between Tctex-

1 and Fyn could be that Tctex-1 may be a substrate for Fyn
or that Fyn kinase activity may be regulated by Tctex-1. The
deduced amino acid sequence of Tctex-1 revealed a consensus
site for tyrosine phosphorylation at Tyr4 (Fig. 1). The putative
Tctex-1 phosphorylation site was similar to the phosphoryla-
tion site of the AChR L-subunit of Torpedo which is a direct
substrate for Fyn in vitro [27,8]. To test whether Tctex-1
could be phosphorylated by Fyn in vivo, we examined the
e¡ect of coexpressing Tctex-1 with Fyn in a heterologous
system. When QT-6 ¢broblasts were transfected with Tctex-1
plus Fyn, Tctex-1 was phosphorylated on tyrosine residue(s)
as demonstrated by anti-phosphotyrosine Western blotting
(Fig. 5A). The phosphorylation was dependent on Fyn since
Tctex-1 immunoprecipitated from cells not cotransfected with
the kinase was not phosphorylated.

To determine whether the ability of Fyn to mediate Tctex-1
phosphorylation was due to a direct phosphorylation of the
microtubule protein by the kinase, the ability of Fyn to phos-
phorylate a Tctex-1 fusion protein in vitro was tested. Fyn
and Fyk, immunoprecipitated from Torpedo electric organ

postsynaptic membranes, were incubated with Tctex-GST fu-
sion or GST backbone proteins and [Q-32P]ATP under phos-
phorylating conditions. Fyn was e¡ective at phosphorylating
the Tctex-GST fusion protein (Fig. 5B). The phosphorylation
was very speci¢c for Fyn since phosphorylation was not ob-
served when the Tctex-GST fusion protein was incubated with
immunoprecipitated Fyk or the preimmune precipitate. The
site for phosphorylation occurred within the Tctex-1 sequence
of the fusion protein because the GST backbone protein was
not phosphorylated by Fyn (Fig. 5B). In addition, the phos-
phorylation occurred on tyrosine residue(s) as established by
phosphoamino acid analysis (Fig. 5C). These data demon-
strated that Tctex-1 could function as a speci¢c substrate
for Fyn in vitro and indicated that phosphorylation of
Tctex-1 in vivo as shown in Fig. 5A was due to a direct
phosphorylation of the microtubule protein by Fyn.
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Fig. 5. Phosphorylation of Tctex-1 by Fyn. A: QT-6 ¢broblasts
were transfected with Tctex-1+Fyn, Tctex-1, or Fyn pBK-CMV ex-
pression constructs or empty pBK-CMV as indicated. The cellular
proteins from two 100-mm dishes of transfected cells were solubi-
lized, immunoprecipitated with anti-Tctex-1 (KTctex) or preimmune
(Prei) serum and the immunoprecipitates analyzed by Western blot-
ting using an anti-phosphotyrosine antibody as described in Section
2. Arrow indicates the position of Tctex-1. B: Torpedo electric or-
gan postsynaptic membranes representing 500 Wg of membrane pro-
tein were solubilized and immunoprecipitated with preimmune
(Prei), anti-Fyn (KFyn), or anti-Fyk (KFyk) serum as described in
Section 2. The immunoprecipitates were incubated with 2 Wg of ei-
ther Tctex-1-GST fusion (Tctex) or GST backbone (GST) protein
and [Q-32P]ATP under phosphorylating conditions for 30 min at
30³C as described in Section 2. Phosphorylation was analyzed by
SDS-PAGE and autoradiography. Arrows indicate the positions of
the Tctex-1-GST fusion and GST backbone proteins. C: Phosphory-
lated Tctex-1-GST fusion protein from B, was subjected to phos-
phoamino acid analysis as described in Section 2. The positions of
phosphotyrosine (TYR), phosphothreonine (THR), and phosphoser-
ine (SER) are indicated.

Fig. 4. In vitro binding of Tctex-1 and Fyn. A: Torpedo electric or-
gan postsynaptic membranes representing 200 Wg of membrane pro-
tein, were solubilized and incubated with glutathione-agarose con-
taining 2 Wg of either Tctex-1-GST fusion (Tctex-GST) or GST
backbone (GST) protein as described in Section 2. After washing,
the pellets were incubated with (+) or without (3) poly(Glu-Na,
Tyr), 4:1, at 1 mg/ml under phosphorylating conditions in the pres-
ence of [Q-32P]ATP. After 30 min at 30³C, the reactions were
stopped, and the supernatants were analyzed for 32P incorporation
as described in Section 2. The data represent the mean value þ
S.E.M., n = 6. B: Torpedo electric organ cytosolic proteins (1 mg)
were diluted into Lysis Bu¡er and incubated with glutathione-agar-
ose containing 20 Wg of either Fyn unique domain-GST fusion
(Fyn-GST), Fyk unique domain-GST fusion (Fyk-GST) or GST
backbone (GST) protein as described in Section 2. The bound pro-
teins and 70 Wg of cytosol (Cytosol) were analyzed by 15% SDS-
PAGE and Western blotting using anti-Tctex-1 antibody. Arrow in-
dicates the position of Tctex.
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4. Discussion

The goal of this study was to investigate the synaptic func-
tion of Src kinases by characterizing postsynaptic substrates
and/or regulators of Fyn. To do so, the identities of endplate
components that interact with the kinase were sought. Using
the unique domain of Fyn to probe a Torpedo electric organ
library, a 13-kDa protein homologous to human Tctex-1 was
cloned. Several lines of evidence support an interaction be-
tween Tctex-1 and Fyn in Torpedo. First, the method with
which Tctex-1 was cloned from electric organ, the yeast
two-hybrid system, is dependent on protein-protein interac-
tion. In addition, others have also identi¢ed Tctex-1 as a bind-
ing partner for Fyn using the yeast two hybrid system,
although the domain of Fyn involved and the relevance for
the Tctex-1/Fyn interaction were not investigated [28]. In Tor-
pedo, Tctex-1 was coexpressed with Fyn in the same tissues
and subcellular fractions: electric organ, skeletal muscle,
brain, and membranes, respectively. In addition, a Src class
kinase was detected in the dynein complex of which Tctex-1 is
a component. In vitro, the Tctex-1 fusion protein bound a
protein tyrosine kinase activity and Tctex-1 bound speci¢cally
to the Fyn unique domain fusion protein. We were unable to
show coimmunoprecipitation of Tctex-1 and Fyn from Torpe-
do electric organ due to insensitivity of the anti-Tctex-1 anti-
bodies and/or low abundance of Tctex-1. However, the clon-
ing based on protein-protein interaction, coexpression and
colocalization in Torpedo, detection of a Src class kinase as-
sociated with the dynein complex, and in vitro binding pro-
vide evidence that Fyn and Tctex-1 form a complex.

An abundance of cytoskeletal proteins has been implicated
in synapse formation and structure at the NMJ (for review see
[29]). Tctex-1 is a light chain of the cytoplasmic and £agellar
forms of the microtubule molecular motor protein dynein
[11,21]. Torpedo Tctex-1, like mouse brain Tctex-1, was com-
plexed with the 74-kDa intermediate chain of dynein demon-
strating Torpedo Tctex-1 to be a component of dynein. Cyto-
plasmic dyneins produce force for retrograde transport along
microtubules away from the plasma membrane and have been
implicated in retrograde transport in axons [25,26,30^32]. In
addition, several reports indicate the importance of microtu-
bules in synaptic structure and function. For example, in the
brain, glycine receptors are localized at inhibitory synapses via
gephyrin-mediated anchoring to microtubules (for review see
[33]). At the NMJ, cold stable and acetylated microtubules
accumulate subsynaptically [34] and in the Torpedo electro-
cyte, microtubules converge towards the troughs of the post-
synaptic folds [35]. The cytoskeletal protein Tctex-1 appears
to have a synaptic role. Tctex-1 has been identi¢ed as a bind-
ing partner for Fyn in brain consistent with a role for the
interaction of Tctex-1 and Fyn in synaptic function in the
central nervous system [28]. In Torpedo, the relative abun-
dance of Tctex-1 in electric organ and muscle as well as its
presence in postsynaptic membranes and association with the
AChR were consistent with a postsynaptic function at the
NMJ. The reported accumulation of microtubules postsynap-
tically together with the established function of dynein in ret-
rograde transport, suggested that a role for Tctex-1 at the
postsynaptic membrane of the NMJ may be to translocate
endplate components along microtubules.

Regulation of dynein by phosphorylation has been shown
by previous studies. Both the 530-kDa heavy chain and the

74-kDa intermediate chain of dynein are phosphorylated on
serine residues [16,36]. Phosphorylation of the heavy chain
correlates with a dissociation of dynein from the lysosomes
into a soluble pool with a di¡use distribution [36]. In addition,
the heavy chain of inactive dynein being passively transported
anterogradely is hypophosphorylated compared to active cel-
lular dynein suggesting that serine phosphorylation regulates
the functional activity of dynein [16]. Thus, phosphorylation
appears to control dynein distribution and activity. Src-class
protein tyrosine kinases regulate cytoskeletal function in sev-
eral systems including neurite outgrowth at axonal growth
cones [37]. The sequence of Torpedo Tctex-1 predicted a phos-
phorylation site at Tyr4 of this cytoskeletal element (Fig. 1B).
Human Tctex-1 also has a tyrosine at position four which is in
a good context for phosphorylation: Glu-Asp-Tyr [20]. The
results presented here demonstrated that Tctex-1 could be
phosphorylated on tyrosine residues in vivo when coexpressed
with Fyn as well as in vitro upon incubation with immuno-
precipitated Fyn. These data in conjunction with the codistri-
bution of Tctex-1 and Fyn in the same tissues and at the
subcellular level as well as complex formation between the
microtubule protein and the kinase suggested that tyrosine
phosphorylation of Tctex-1 by Fyn may be an additional
posttranslational mechanism for regulating dynein.
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