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In the nematode Caenorhabditis elegans, the zinc finger transcriptional regulator TRA-1A directs XX somatic
cells to adopt female fates. The membrane protein TRA-2A indirectly activates TRA-1A by binding and
inhibiting a masculinizing protein, FEM-3. Here we report that a part of the intracellular domain of TRA-2A,
distinct from the FEM-3 binding region, directly binds TRA-1A. Overproduction of this TRA-1A-binding
region has tra-1-dependent feminizing activity in somatic tissues, indicating that the interaction enhances
TRA-1A activity. Consistent with this hypothesis, we show that tra-2(mx) mutations, which weakly
masculinize somatic tissues, disrupt the TRA-2/TRA-1A interaction. Paradoxically, tra-2(mx) mutations
feminize the XX germ line, as do tra-1 mutations mapping to the TRA-2 binding domain. We propose that
these mutations render tra-2 insensitive to a negative regulator in the XX germ line, and we speculate that
this regulator targets the TRA-2/TRA-1 complex. The intracellular domain of TRA-2A is likely to be produced
as a soluble protein in vivo through proteolytic cleavage of TRA-2A or through translation of an XX germ
line-specific mRNA. We further show that tagged derivatives of the intracellular domain of TRA-2 localize to
the nucleus, supporting the hypothesis that this domain is capable of modulating TRA-1A activity in a
manner reminiscent of Notch and Su(H).
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A two-fold difference in X chromosome dosage distin-
guishes males (XO) and hermaphrodites (XX) of the
nematode Caenorhabditis elegans at the beginning of
embryogenesis. As adults, individuals of the two sexes
differ in size, anatomy, and behavior. About one-third of
their somatic cells express sex-specific characteristics.
How the X chromosome to autosome (X : A) ratio deter-
mines sex has been the subject of detailed genetic inves-
tigation (for review, see Meyer 1997). These studies have
defined a regulatory pathway that transduces informa-
tion about the X : A ratio to a gene known as tra-1.

In all somatic tissues, tra-1 activity is necessary and
sufficient to promote female differentiation (Hodgkin
1987). Inhibition of tra-1 activity results in male devel-

opment. The tra-1 gene encodes a zinc finger transcrip-
tion factor, TRA-1A, that is related to Drosophila Ci and
the Gli proteins of vertebrates (Zarkower and Hodgkin
1992). Few targets of TRA-1A have been identified, but
in at least two cell types, TRA-1A represses genes that
would otherwise cause adoption of male-specific fates.
The survival of the HSN neurons, which are required for
egg laying in hermaphrodites, depends on the repression
of the egl-1 gene by TRA-1A (Conradt and Horvitz 1999).
Similarly, vitellogenin synthesis by intestinal cells in
the hermaphrodite requires that TRA-1A repress the
mab-3 gene (Yi et al. 2000).

The role of tra-1 in the germ line is less well under-
stood. Mutants lacking tra-1 activity, whether XX or
XO, often exhibit limited spermatogenesis followed by
oogenesis, suggesting that tra-1 is needed to sustain sper-
matogenesis (Schedl et al. 1989). On the other hand,
strong gain-of-function alleles of tra-1 completely femi-
nize the germ line, indicating that unregulated tra-1 ac-
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tivity can suppress spermatogenesis (Hodgkin 1980;
1987). Recent observations suggesting that TRA-1A may
serve as both an activator and a repressor of the fog-3
gene, which is required for spermatogenesis, reinforce
the idea that the function of tra-1 in the germ line is
complex (Chen and Ellis 2000).

Negative regulation plays a prominent role in C. el-
egans sex determination (Fig. 1A). Thus, male develop-
ment in XO animals requires the inhibition of tra-1 ac-
tivity by three fem genes (Doniach and Hodgkin 1984;
Kimble et al. 1984; Hodgkin 1986). In XX animals, the
tra-2 and tra-3 genes indirectly activate tra-1 by inhibit-
ing fem activity. Support for this model comes from the
observation that mutational inactivation of any of the
fem genes renders tra-2 and tra-3 dispensable for female
development. For example, both fem-1 mutants and tra-
2; fem-1 double mutants develop as true females as a
result of unregulated tra-1 activity (Doniach and
Hodgkin 1984).

The major product of tra-2 is a large membrane protein
known as TRA-2A (Fig. 1B) (Kuwabara et al. 1992). A
direct interaction between the intracellular domain of
TRA-2A and FEM-3 inhibits the masculinizing activity
of the FEM proteins, and although the mechanism of
inhibition remains to be determined, this interaction
would seem sufficient to explain the feminizing role of
TRA-2A (Mehra et al. 1999). In support of this idea, over-
production of the intracellular domain of TRA-2A as a

soluble protein in the somatic tissues of XO animals is
strongly feminizing (Kuwabara and Kimble 1995; Mehra
et al. 1999).

A 1.8 kb mRNA specific to the hermaphrodite germ
line can encode a second TRA-2 protein known as TRA-
2B, which is equivalent to the intracellular domain of
TRA-2A (Okkema and Kimble 1991; Kuwabara et al.
1998). Genetic evidence suggests that TRA-2B may limit
the extent of spermatogenesis in the hermaphrodite. Be-
cause TRA-2B includes the entire FEM-3-binding do-
main of TRA-2A, it is reasonable to expect that TRA-2B
might also act by binding to and inhibiting FEM-3.

Although the mRNA encoding TRA-2B is restricted to
the hermaphrodite germ line, a similar soluble protein
might be produced in other tissues by cleavage of TRA-
2A. The tra-3 gene, which acts at the same level in the
sex-determining pathway as tra-2, encodes an atypical
calpain protease (Barnes and Hodgkin 1996). When the
two proteins are expressed together in insect cells,
TRA-3 can cleave TRA-2A to release a fragment that
includes part of the intracellular domain of TRA-2A (So-
kol and Kuwabara 2000). This observation led to a sug-
gestion that tra-3 might fulfill its role in sex determina-
tion by producing a soluble, FEM-3-binding fragment of
TRA-2A. In this paper, we will use TRA-2c to refer to the
intracellular domain of TRA-2A, whether it originates as
part of TRA-2A or as TRA-2B.

Interaction with FEM-3 is the only effector function of

Figure 1. Model of somatic sex determi-
nation in C. elegans. (A) Genetic pathway
regulating somatic sex determination.
Barred lines indicate negative interactions,
and arrows indicate positive interactions.
The X/A ratio controls X chromosome
dosage compensation and sex determina-
tion via xol-1 and the sdc genes. The regu-
latory pathway branches at the level of the
sdc genes, and only the branch that con-
trols somatic sex determination is shown.
In XX animals, tra-2 negatively regulates
the fem genes, allowing tra-1 to promote
female development. In XO animals, el-
evated her-1 activity inhibits tra-2 and
permits the fem genes to bring about male
development by negatively regulating tra-
1. (B) Molecular model of somatic sex de-
termination. (Left) A high X/A ratio pre-
vents HER-1 synthesis, allowing TRA-2A
to inhibit the FEM proteins by binding
FEM-3. TRA-1A is thus free direct female
somatic development. (Right) A low X/A
ratio results in the synthesis of HER-1, a
small, secreted protein that inactivates the
membrane protein TRA-2A, thereby re-
leasing the FEM proteins from negative
regulation. The FEM proteins then inhibit
the activity of TRA-1A to cause male de-
velopment. TRA-3 is shown as activating
TRA-2A. See text for possible mechanism.
Whether it is subject to sex-specific regu-
lation is not known.

Lum et al.

3154 GENES & DEVELOPMENT



TRA-2 that has been defined to date. FEM-3 binding does
not require the C-terminal 200 amino acids of TRA-2c,
but genetic evidence suggests that this region is never-
theless important for TRA-2 activity. Doniach (1986)
identified tra-2 alleles that cause germ line feminization,
a phenotype associated with increased tra-2 activity.
Some of these alleles, now known as tra-2(mx) alleles,
are unusual in that although they feminize the XX germ
line, they appear to reduce tra-2 activity in somatic tis-
sues. All of the tra-2(mx) alleles carry missense muta-
tions that alter the sequence of a 22-amino acid region
near the C-terminal of TRA-2c, outside the FEM-3-bind-
ing domain (Kuwabara et al. 1998). It has been suggested
that this “MX region” might represent a domain re-
quired for interaction with a negative regulator of tra-2
in the germ line.

Here we report that TRA-2 directly interacts with
TRA-1A and that the MX region of TRA-2 is critical for
the interaction. The somatic effects of tra-2(mx) muta-
tions and the results of overexpression experiments lead
us to suggest that TRA-2 may promote somatic female
development not only by inhibiting FEM-3, but also by
directly stimulating the activity of TRA-1A. Mutations
that alter either TRA-2 or TRA-1A so as to disrupt their
interaction feminize the germ line. This observation
raises the conundrum of why an interaction that en-
hances the feminizing activity of both proteins in so-
matic tissues should appear to have a role in hermaph-
rodite spermatogenesis.

Results

In vitro interaction between TRA-1A and a C-terminal
fragment of TRA-2

To investigate the mechanisms regulating TRA-1A, we
tested for interactions between TRA-1A and other
known sex-determining proteins. We made use of nema-
todes carrying a myc epitope-tagged tra-1 minigene un-
der the control of a heat-shock promoter (Fig. 2). On heat
shock, these transgenic animals expressed a Myc-tagged
protein of about 125 kD, which corresponds to the pre-
dicted molecular weight of TRA-1A (Fig. 3A). In Far
Western experiments, we tested whether an in vitro
translated, 35S-TRA-2c probe (Fig. 2) could specifically
bind to MycTRA-1A in lysates of heat-shocked worms.
As shown in Figure 3A, the TRA-2c probe specifically
labelled a heat shock-induced band that comigrated with
MycTRA-1A.

To find out whether sequences required for binding to
TRA-1A overlapped with the FEM-3-binding domain in
TRA-2c (Mehra et al. 1999), we repeated the Far Western
experiment using a series of labelled fragments of TRA-
2c as probes (Figs. 2, 3B). Probes prepared from the FEM-
3-binding domain of TRA-2c failed to interact with TRA-
1A (probes c�2, c�3, Fig. 3A). In contrast, a C-terminal,
202 amino acid fragment of TRA-2, c�5, specifically de-
tected MycTRA-1A. This fragment includes the 22-
amino acid MX region (Fig. 2; see Introduction). A C-
terminal probe lacking the MX region (c�7) did not de-

tect MycTRA-1A, but neither did a C-terminally
truncated probe that retained the MX region (c�4), sug-
gesting that the MX region was required but not suffi-
cient for the interaction. We infer that the intracellular
domain of TRA-2 contains a C-terminal TRA-1A-bind-
ing domain that is distinct from the FEM-3-binding re-
gion.

A region near the C terminus of TRA-1A mediates
TRA-2 binding in yeast

To confirm that TRA-2 and TRA-1A interact, and to lo-
cate a region in TRA-1A that mediates the interaction,
we used the yeast two-hybrid system (Fields and Song
1989; Durfee et al. 1993). In the experiment shown in
Figure 3C, we tested various Gal4 activation domain
(Gal4 AD)::TRA-2 fusion proteins for the ability to in-
teract with either of two different fragments of TRA-1A
(see Fig. 2B for definition of fragments) fused to the Gal4

Figure 2. Diagram of TRA-2A, TRA-1A, and the protein frag-
ments used in this study. Numbers indicate the amino acids at
the termini of each fragment. Tags (GFP, Myc, or HA, as de-
scribed in Materials and Methods) were located at the N termi-
nus of each protein. (A) TRA-2A and fragments. The predicted
signal sequence and transmembrane domains of TRA-2A are
indicated as black rectangles. The intracellular domain is
shaded grey. Stippling indicates the MX region that is mutated
in tra-2(mx) alleles. (B) TRA-1A and fragments. The zinc fingers
of TRA-1A are indicated as grey boxes. The GF region, altered in
gain-of-function alleles of tra-1, is indicated by cross-hatching.
Hatching indicates a region of unknown function, referred to
here as CR7, which is conserved in C. briggsae and C. elegans
TRA-1A.
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DNA-binding domain (Gal4 DB). None of the TRA-2 fu-
sion proteins interacted with the N-terminal TRA-1A
fragment NT1, but those including the C-terminal 202
residues of TRA-2 (c or c�5) interacted with a fusion
protein containing a C-terminal fragment of TRA-1A,
CT2. Controls showed that none of these fusion proteins
activated reporter gene expression when expressed alone
in yeast. A Gal4 DB::FEM-3 fusion protein interacted
only with those TRA-2 fusion proteins that included the
previously defined FEM-3-binding domain (c, c�2, c�3)
(Mehra et al. 1999). The two-hybrid assay thus confirms
the results of the Far Western assay in suggesting the
existence of a C-terminal TRA-1A-binding domain
within TRA-2. Moreover, our results indicate that the
interaction depends on sequences within 450 residues of
the C-terminal of TRA-1A.

To define more narrowly the TRA-2-binding region in
TRA-1A, we repeated the experiment with smaller TRA-
1::Gal4 DB fusion proteins (Fig. 3D). A 181 amino acid
fragment of TRA-1A (CT3), extending from amino acid
663–843, was sufficient to interact with TRA-2c. No
function had been assigned previously to this region of
TRA-1A, but a notable feature of the sequence is a region
of about 80 amino acids that exhibits significant se-
quence conservation with TRA-1 from Caenorhabditis
briggsae (de Bono and Hodgkin 1996; CR7 in Fig. 2B).

tra-2(mx) point mutations disrupt the TRA-2/
TRA-1A interaction

Because the TRA-1A-binding domain in TRA-2 included

the 22 amino acid MX region, we tested whether the
amino acid substitutions that result from mx mutations
affect the TRA-2/TRA-1A interaction. We used three dif-
ferent MX variants of TRA-2c. The first corresponded to
the product of the tra-2(e2021) allele and contained ty-
rosine in place of cysteine residue 1392. We refer to it by
the amino acid substitution, C1392Y. We also tested the
effects of the substitution E1393K, encoded by tra-
2(e1939), and R1400Q, encoded by tra-2(e2019) (Ku-
wabara et al. 1998).

Each of the three MX substitutions severely reduced
the TRA-1A-binding activity of 35S-TRA-2c in the Far
Western assay. We were unable to detect specific Myc-
TRA-1A binding by TRA-2 probes carrying either the
C1392Y or the E1393K substitution, and the R1400Q
variant exhibited only weak binding (Fig. 4A). Interest-
ingly, of the five tra-2(mx) alleles characterized by Doni-
ach (1986), those encoding the C1392Y and E1393K sub-
stitutions were the strongest with respect to their mas-
culinizing effect on somatic development, whereas the
allele encoding the R1400Q variant was the weakest.

The mx mutations similarly disrupted the TRA-2/
TRA-1A interaction in the yeast two-hybrid system (Fig.
4C). None of the three MX variants of a Gal4AD::TRA-
2c fusion allowed reporter gene activation when coex-
pressed with a Gal4DB::TRA-1 fusion protein. All three
mutant TRA-2c proteins, however, interacted with
FEM-3 in this system, indicating that the MX mutations
did not merely cause misfolding of TRA-2, but instead
selectively interfered with the TRA-2/TRA-1A interac-
tion.

Figure 3. Interaction between TRA-2c and TRA-
1A. (A) TRA-2c binds to MycTRA-1A from nema-
tode lysates in a Far Western assay. Lysates of
worms carrying a HS-MycTRA-1A transgene were
prepared before (−) or after (+) heat shock. They were
analysed by SDS-PAGE, transferred to nitrocellu-
lose, and probed either with the anti-Myc monoclo-
nal antibody 9E10 (lanes 1,2) or with the indicated
35S-labelled fragments of TRA-2 (lanes 3–16). The
positions of molecular weight markers are indi-
cated. An asterisk indicates the position of Myc-
TRA-1A. (B) Samples of the 35S-labelled TRA-2
probes used in A were analysed by SDS-PAGE and
autoradiography to verify that they were of similar
specific activity. (C,D) Yeast expressing the indi-

cated protein fragments (see Fig. 2 for diagrams) as fusions with the Gal4 DNA-binding domain (Gal4 DB) or the Gal4 activation
domain (Gal4 AD) were assayed on filters for �-galactosidase activity. TRA-2c�3 is the smallest fragment previously shown to interact
with FEM-3.
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Feminizing activity of the FEM-3 and TRA-1-binding
domains of TRA-2

Having found TRA-2c to be capable of binding to TRA-
1A, we wanted to establish whether this interaction con-
tributed to the feminizing activity of TRA-2. To test the
activity of the separate FEM-3 and TRA-1A binding do-
mains in TRA-2, we produced a series of heat shock pro-
moter-driven transgenes encoding GFP-Myc-tagged frag-
ments of TRA-2. We subjected nematodes carrying these
transgenes to periodic heat shock throughout develop-
ment and scored feminization of sexually dimorphic tis-
sues in adult XO animals. In these experiments, we used
a host strain that produces 30% XO self-progeny (see
Materials and Methods).

Overproduction of GFP-Myc-TRA-2c strongly femi-
nized the somatic tissues of XO animals (Fig. 5A). Many
of these animals were distinguishable from XX hermaph-
rodites only because their germ line remained male, pre-
sumably because of the poor expression of heat shock
promoter transgenes in this tissue (Stringham et al.
1992). These results confirm that the feminizing activity
of TRA-2A resides in its intracellular domain (Kuwabara
and Kimble 1995; Mehra et al. 1999). Fragments of TRA-
2c that bound FEM-3, but not TRA-1A, exhibited femi-
nizing activity comparable to that of the complete TRA-
2c (Fig. 5A, c�3, c�2). This observation supports our con-
tention that TRA-2 promotes female development
primarily by binding and inhibiting FEM-3 (Mehra et al.
1999).

XO nematodes expressing the isolated TRA-1A bind-
ing domain (TRA-2c�5) from the heat shock promoter

exhibited normal male tail and gonad morphology, but
an accumulation of yolk droplets in their pseudocoelom
indicated feminization of their gut cells (Fig. 5A). We
confirmed that Myc-TRA-2c�5 induced the expression
of a vitellogenin reporter gene (vit-2::GFP) (Yi and
Zarkower 1999) in transgenic XO animals (see below;
Fig. 6). Fragments of TRA-2 that did not bind to FEM-3 or
TRA-1A in vitro (c�4, c�7) failed to feminize any tissue
when overexpressed in XO animals (Fig. 5A), although
they accumulated to levels comparable to c�5 (Fig. 5B).
These overexpression experiments revealed that the
feminizing activity of TRA-2 does not entirely reside in
its ability to bind FEM-3 and support the hypothesis that
the TRA-2-TRA-1A interaction is biologically signifi-
cant.

We verified that the feminizing activity of TRA-2c�5
depended on endogenous tra-1 activity by introducing
the transgene into animals homozygous for the null al-
lele tra-1(e1099) (Hodgkin 1987; Zarkower and Hodgkin
1992). No yolk accumulation was evident in these ani-
mals following repeated heat shock treatment (0/38 ani-
mals examined), although the TRA-2c�5 fusion protein
accumulated to levels at least equivalent to those seen in
wild-type animals (Fig. 5C). Therefore, the feminizing
activity of TRA-2c�5 was dependent on tra-1 activity.

If TRA-2c�5 induced yolk synthesis as a result of its
interaction with TRA-1A, then MX mutant forms of
TRA-2c�5, which exhibit little or no TRA-1A-binding
activity in vitro, should exhibit reduced feminizing ac-
tivity. To test this prediction, we produced transgenic
lines carrying both a vit-2::GFP reporter gene and a heat-
shock-driven construct encoding either wild-type TRA-
2c�5 or one of three MX variants. After heat shock in-

Figure 4. Effect of tra-2(mx) mutations on
the TRA-2/TRA-1A interaction. (A) Far
western analysis. Lysates were prepared
from heat-shocked (+) or non-heat-shocked
(−) nematodes carrying a HS-MycTRA-1A
transgene, fractionated by SDS-PAGE,
transferred to nitrocellulose, and probed ei-
ther with monoclonal antibody 9E10 (lanes
1,2), with 35S-radiolabelled TRA-2c (lanes
3,4) or with 35S-TRA-2c carrying the indi-
cated MX amino acid substitutions (lanes
5–10). After washing, bound antibody was
detected by chemiluminescence, bound
TRA-2c by autoradiography. (B) Samples of
the 35S-TRA-2c probes were analysed by
SDS-PAGE and autoradiography to verify
that all were of similar specific activity. (C)
tra-2(mx) mutations disrupt the TRA-2/
TRA-1A interaction in the yeast two-hy-
bridsystem. Yeast expressing the indicated
protein fragments as fusion proteins with
the Gal4 DNA-binding domain (Gal4 DB) or
Gal4 activation domain (Gal4 AD) were as-
sayed on filters for �-galactosidase activity.
All three of the MX variants of TRA-2c that
we tested retain the ability to interact with
FEM-3, but none interacted with TRA-1A in
this assay.
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duction of TRA-2, we assayed vitellogenin reporter ex-
pression and scored the accumulation of yolk droplets in
the pseudocoelom. Whereas both wild-type TRA-2c�5
and the R1400Q mutant induced vit-2::GFP in the ma-
jority of transgenic XO animals, the other two MX mu-
tant proteins, C1392Y and E1393K, were much less ef-
fective at inducing reporter expression, and neither
caused visible accumulation of yolk (Fig. 6). We conclude
that the gut-feminizing activity of TRA-2c�5 indeed de-
pended on its ability to bind to TRA-1A. Yolk induction
by TRA-2c�5(R1400Q) was consistent with our earlier
observation that the R1400Q mutation affected TRA-1A
binding less severely than either of the other MX muta-
tions we tested.

Homozygous tra-2(e2021mx) XX mutants often have
slightly masculinized tails, and in heterozygotes carry-
ing e2021 in trans to the null allele e1095, the tail always
shows some masculinization, often including male sen-
sory structures such as rays and spicules (Doniach 1986).
To find out if the isolated TRA-1A-binding domain
might feminize the tail, we tested whether overproduc-
tion of TRA-2c�5 could rescue female somatic develop-
ment in tra-2(e2021mx) or e2021mx/e1095 XX animals.
Periodic expression of the wild type TRA-2c�5 from a
heat-inducible transgene partially suppressed the devel-
opment of male tail structures in mx/mx and mx/null
animals (Table 1, data not shown). A comparable con-
struct encoding TRA-2c�5 with the E1393K substitution
did not have rescuing activity. These results support the
conclusion that the isolated TRA-1A-binding domain of
TRA-2c has feminizing activity in somatic tissues, and

that tra-2(mx) mutations reduce or eliminate that activ-
ity.

The intracellular domain of TRA-2 localizes
to the nucleus

Our observations that TRA-2c directly interacts with
TRA-1A led us to ask which subcellular compartment is
the site of this interaction in vivo. As a transcription
factor, TRA-1A must localize to nuclei in at least some
cells in XX hermaphrodites. TRA-2c is expected to be
soluble, but its subcellular localization is unknown. We
made use of GFP-tagged derivatives of TRA-1A and
TRA-2c to ask whether TRA-1A is restricted to the
nucleus and to which compartment of the cell TRA-2c
would localize.

Periodic expression of GFP-tagged TRA-1A from a heat
shock inducible transgene partially rescued female so-
matic development in animals homozygous for the null
allele, tra-1(e1099) (not shown). GFP-TRA-1A localized
to nuclei in both XX and XO animals (Fig. 7A). Under the
conditions we used (see Materials and Methods), the XO
animals exhibited normal male morphology, indicating
that the localization of TRA-1A to the nucleus is not
sufficient to trigger female development. These observa-
tions suggest that TRA-1A constitutively localizes to
nuclei, and we suggest that it is unlikely to interact with
the intracellular domain of TRA-2A at the cell mem-
brane.

The addition of a GFP tag to the N-terminal of TRA-2c
did not interfere with its activity, because the tagged

Figure 5. Feminizing activity of the FEM-3-
binding and TRA-1A-binding domains of TRA-
2c. (A) The indicated fragments of TRA-2c were
expressed from the heat shock promoter
throughout development in transgenic him-5
nematodes, and the adult animals were scored
for sexual phenotype of the gonad, ventral hy-
podermis, and tail. Hermaphrodites homozy-
gous for him-5(e1490) produce about 30% XO
and 70% XX (somatically female) self-progeny.
In those lines that produced morphologically
normal males, we looked for yolk accumula-
tion in the male pseudocoelom as an indicator
of gut feminization. (B) Western blot verifying
expression of TRA-2c fragments. Lysates were
prepared from transgenic lines maintained con-
tinuously at 20° C (HS −) and from animals sub-
jected to heat shock at 33° C followed by a 2 hr
recovery period (HS +). The animals carried
transgenes encoding GFP (lanes 1,2) or the in-
dicated GFP-tagged fragments of TRA-2c. The
lysates were analysed by SDS-PAGE and im-
munoblotting with anti-GFP antibody. The po-
sitions and relative molecular weights (in kD)
of marker proteins are indicated to the left of
the panel. (C) Western blot verifying that TRA-
2c�5 was equally expressed in tra-1(+) (WT,
lane 2) and tra-1(e1099) mutants (lane 3). Ly-
sates were prepared and analysed as in B.
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protein caused essentially complete somatic feminiza-
tion of XO animals when overproduced from the heat
shock promoter. Surprisingly, tagged TRA-2c localized
to nuclei in all cells that expressed it in both XX and XO
animals (Fig. 7B). TRA-2c localization did not depend on
the presence of TRA-1A (not shown). We could not find
an obvious nuclear localization signal (NLS) by inspect-
ing the sequence of TRA-2c, but observations of various

tagged fragments of TRA-2c suggested the presence of an
NLS near the N terminus (data not shown). We conclude
that TRA-2c would enter nuclei at least in somatic tis-
sues, and that the interaction between TRA-2c and TRA-
1A is likely to occur in the nucleus.

Several tra-1 alleles that cause germ line feminization
have mutations affecting the TRA-2-binding domain

If loss of the TRA-2/TRA-1A interaction is responsible
for the germ line feminization and mild somatic mascu-
linization of tra-2(mx) mutants, then mutations in tra-1
that disrupt the interaction might cause similar pheno-
types. Two kinds of tra-1 allele have been found to have
feminizing effects. Alleles of the first type cause a gain of
tra-1 function and feminize both germ line and somatic
tissues (Hodgkin 1980; 1987). They alter the sequence of
TRA-1A in a small, N-terminal region that is well out-
side the TRA-2-binding domain and is believed to be
important for negative regulation of TRA-1A by the FEM
proteins (de Bono et al. 1995). The second group includes
mutations that have feminizing effects in an smg mutant
background (Zarkower et al. 1994). The smg genes en-
code components of an RNA surveillance system that
degrades aberrant transcripts (Pulak and Anderson 1993).
In an otherwise wild-type background, most of these
smg-sensitive tra-1 mutations cause weak somatic mas-
culinization, suggestive of reduced function, or they pro-

Table 1. Partial rescue of tra-2(mx)/tra-2(null)a somatic
phenotype by HS-TRA-2c�5

TRA-2Ac�5
variantb n

Percent Rolc

with snub tail
Percent Rol

with spicules

noned 51 100 63
Wild type 56 46 5
E1393K 58 100 74

aThe animals scored were of genotype tra-2(e2021mx)/tra-
2(e1095).
bThe indicated protein was expressed from the hsp-16.41 heat
shock promoter. In each line, TRA-2c�5 carried an N-terminal
GFP tag followed by a Myc tag.
cThe Rol phenotype marked animals carrying the transgene. See
Materials and Methods.
dControl nontransgenic animals were subjected to the same
heat shock procedure as the transgenic animals. See Materials
and Methods.

Figure 6. MX amino acid substitutions reduce the
feminizing activity of TRA-2c�5. (A–H) Animals car-
rying a vit-2::gfp reporter transgene. Panels on the left
are DIC images of the posterior body region, and those
on the right show reporter expression. (A,B) XX her-
maphrodite, expressing vit-2::gfp in the gut. (C,D) XO
male does not express the reporter. (Autofluorescence
of the gut is weakly visible in D.) (E,F) XO male, ex-
pressing MycTRA-2c�5 from the heat shock pro-
moter. Note that although the tail morphology is that
of a normal male (E), the gut expresses the vit-2::gfp
reporter. (G,H) XO male expressing MycTRA-
2c�5(E1393K) from the heat shock promoter. Over-
production of this MX mutant form of TRA-2c�5 sel-
dom induced vit-2::gfp expression. (I) Frequency of gut
feminization in XO animals by MycTRA-2c�5 and
three MX mutant forms, as measured by vit-2::gfp ex-
pression and by the accumulation of yolk in the pseu-
docoelom. The E1393K and C1392Y mutants were
much less effective at feminizing the gut than either
the wild-type protein or the R1400Q mutant.
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duce no detectable phenotype. Zarkower et al. (1994)
suggested that the mutations in smg-sensitive tra-1 al-
leles might disrupt a C-terminal negative regulatory do-
main in TRA-1A and also render tra-1 transcripts un-
stable in wild-type animals, so that the mutant products
accumulate to levels sufficient to cause feminization
only in an smg background.

We sequenced the region encoding the TRA-2-binding
domain in six smg-sensitive tra-1 alleles and found mu-
tations in three (Fig. 8A). tra-1(e2272) carries a nonsense
mutation that truncates TRA-1A at residue 672, deleting
all but the first 10 residues of the minimal TRA-2-bind-
ing domain. Two other alleles, tra-1(e2270) and e2271,
have missense mutations that cause nonconservative
amino acid substitutions within the TRA-2 binding do-
main. The mutation in e2271 alters a residue within con-
served region CR7 (Fig. 2B; see de Bono and Hodgkin
1996), whereas the residue affected by e2270 lies C-ter-
minal to region CR7. Neither affected residue is itself
conserved between C. elegans and C. briggsae.

We used the yeast two-hybrid system to test the ef-
fects of the two missense mutations on the TRA-2c/

TRA-1A interaction. A fragment of TRA-1A carrying the
L723F amino acid substitution encoded by tra-1(e2271)
failed to interact with TRA-2c (Fig. 8B). Western analysis
confirmed that the mutant protein was stably expressed
in yeast (Fig. 8C). We infer that the phenotypic defects in
mutants homozygous for tra-1(e2271) or the nonsense
mutation e2272 probably result from the failure of the
mutant TRA-1A protein to bind TRA-2c. The tra-
1(e2270) allele causes temperature-sensitive germ line
feminization in a smg mutant background (Zarkower et
al. 1994) consistent with the observation that its product
retained the ability to bind TRA-2c in the two-hybrid
assay (Fig. 8B).

Discussion

An unexpected protein-protein interaction between
TRA-2 and TRA-1A

Our observations of a direct interaction between TRA-2c
and TRA-1A were surprising for two reasons. First, ge-
netic and molecular analyses of sex determination in C.

Figure 7. Nuclear localisation of GFP-
MycTRA-1A and GFP-TRA-2c. (A) Adult
hermaphrodite expressing GFP-MycTRA-
1A, showing predominantly nuclear fluo-
rescence. (B) Adult hermaphrodite ex-
pressing GFP-TRA-2c, which also local-
ized predominantly to nuclei.

Figure 8. Effect of smg-sensitive tra-1 mutations on the TRA-2/TRA-1A interaction. (A) Three smg-sensitive alleles of tra-1 have
mutations that affect the TRA-2c-binding domain. Nucleotide and amino acid numbering are from the sequence reported by Zarkower
and Hodgkin (1992), GenBank accession no. M932256. We did not find mutations within the region encoding the TRA-2c-binding
domain in the tra-1 alleles e2351, e2352, or e2368. (B) Yeast two-hybrid assay. Yeast coexpressing the indicated Gal4DB and Gal4AD
fusion proteins were assayed for �-galactosidase activity. A TRA-1CT2 fusion protein carrying the L723F substitution fails to interact
with TRA-2, whereas the T749I substitution does not affect the TRA-1/TRA-2 interaction in this assay. (C) Anti-HA Western blot
verifying that the Gal4DB::TRA-1CT2(L723F) fusion protein is expressed in yeast at levels comparable to the corresponding wild-type
fusion protein.
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elegans strongly support a model in which tra-2 indi-
rectly activates tra-1 by inhibiting fem activity, thereby
promoting female differentiation (Fig. 1; see Introduc-
tion). These results did not rule out the possibility of a
direct interaction between tra-2 and tra-1, but neither
did they suggest any requirement for such an interaction.
Second, as TRA-2A is a membrane protein (Kuwabara et
al. 1992; Sokol and Kuwabara 2000) and TRA-1A is a
transcription factor (Conradt and Horvitz 1999; Chen
and Ellis 2000; Yi et al. 2000), one might have expected
differences in their subcellular localization to hinder
their interaction.

Colocalization of TRA-2c with TRA-1A: interaction
in the nucleus?

The finding that GFP-tagged derivatives of TRA-1A and
TRA-2c localize to the nucleus suggests that the two
proteins indeed have the opportunity to interact in vivo
(Fig. 7). Although TRA-2c is only a fragment of the major
tra-2 product, TRA-2A, we believe its localization to be
biologically meaningful. First, GFP-TRA-2c is capable of
completely feminizing the XO soma. Second, soluble
TRA-2c protein may be produced in vivo by TRA-3-me-
diated cleavage of TRA-2A (Sokol and Kuwabara 2000) or
by translation of a 1.8 kb mRNA specific to the her-
maphrodite germ line (Kuwabara et al. 1998).

The generation of TRA-2c by cleavage of TRA-2A, its
translocation to the nucleus, and its interaction with the
transcription factor TRA-1A have precedents in the pro-
cessing of the Notch receptor and the translocation of its
intracellular domain to the nucleus, where it modulates
the activity of the transcription factor Su(H) (Schroeter et
al. 1998; Struhl and Adachi 1998). The proposed process-
ing of TRA-2A seems mechanistically distinct from
Notch processing, however, in that it is likely to involve
a calpain protease (Barnes and Hodgkin 1996; Sokol and
Kuwabara 2000) and is unlikely to be ligand-dependent,
because the candidate ligand HER-1 (Hunter and Wood
1992; Perry et al. 1993) inhibits the activity of TRA-2A
and indirectly, that of TRA-1A. Whether HER-1 might
inhibit TRA-2A cleavage is not known, but inhibiting
cleavage would not necessarily be sufficient to inhibit
tra-2 activity. We would expect full-length TRA-2A to
have FEM-3-binding activity similar to that of
TRA-2c.

Evidence for the biological significance
of the TRA-2/TRA-1A interaction

We have presented two types of evidence that the inter-
action between TRA-2c and TRA-1A is biologically sig-
nificant. First, mutations that alter either protein so as to
prevent its interaction with the other cause similar sex
determination defects (Figs. 4, 8). The similarity in phe-
notypes caused by these mutations is most economi-

cally explained in terms of a shared defect in interaction
between TRA-2c and TRA-1A.

The second kind of evidence for the significance of the
interaction is that a fragment of TRA-2 that binds to
TRA-1A but not to FEM-3 has tra-1-dependent somatic
feminizing activity in overexpression assays, and that
activity is abrogated by strong mx mutations (Figs. 5, 6).
In otherwise wild type animals, feminization is limited
to the gut, but the TRA-1A-binding domain of TRA-2c
can feminize other tissues in tra-2(mx)/tra-2(null) ani-
mals, suggesting that its activity is weak but not intrin-
sically tissue-specific. Interestingly, the overproduc-
tion of TRA-3 has mild feminizing activity (Sokol
and Kuwabara 2000) very similar to that of the TRA-1A-
binding domain of TRA-2c, consistent with a role for
TRA-3 in releasing TRA-2c to allow interaction with
TRA-1A.

TRA-2 as a cofactor for TRA-1A in somatic tissues

If TRA-1A can promote female development in the ab-
sence of TRA-2 activity, what role does the interaction
between the two proteins play in sex determination? We
will address this question first for somatic tissues and
then consider the germ line, as mutations that disrupt
the interaction have different effects in germ line and
soma.

Because tra-2(mx) mutations result in mild mas-
culinization of the XX soma (Doniach 1986), we sug-
gest that in somatic tissues, interaction with TRA-2c
enhances the feminizing activity of TRA-1A. One sim-
ple model is that TRA-2c is a transcriptional coacti-
vator or corepressor for TRA-1A (Fig. 9A). A second pos-
sibility is that by binding to TRA-1A, TRA-2c might
partly counteract the inhibitory effect of the FEM
proteins, perhaps by preventing a FEM-dependent modi-
fication of TRA-1A or by allowing TRA-1A to func-
tion despite such modification. Alternatively, or in ad-
dition, the binding of TRA-2 might stabilize TRA-1A,
allowing it to promote female development more effec-
tively.

We have shown that the isolated FEM-3-binding do-
main of TRA-2 has much stronger somatic feminizing
activity than the isolated TRA-1A-binding domain. This
observation strengthens our earlier conclusion that the
primary role of TRA-2A is to bind and inhibit FEM-3
(Mehra et al. 1999). The TRA-2/TRA-1A interaction
could be viewed, at least in somatic tissues, as a support
mechanism that ensures that TRA-1A activity is ad-
equate to prevent or overcome inhibition by residual
FEM activity. Interestingly, tra-2 gain-of-function muta-
tions that relieve translational repression of tra-2 (Good-
win et al. 1993) largely suppress the defects of tra-3 mu-
tants (Doniach 1986). This observation has been inter-
preted as supporting a model in which TRA-3 inhibits a
repressor of tra-2 translation (Goodwin et al. 1997), but it
is also consistent with the idea that one role of TRA-3 is
to generate TRA-2c, and that elevated levels of TRA-2A
render TRA-2c and therefore TRA-3 dispensable.

TRA-2/TRA-1 interaction in sex determination

GENES & DEVELOPMENT 3161



Why do mutations that disrupt the TRA-2/TRA-1A
interaction feminize the germ line?

In contrast to their weakly masculinized somatic pheno-
type, tra-2(mx) XX mutants exhibit germ line feminiza-

tion, which implies that mx mutations render tra-2 less
sensitive to negative regulation in the hermaphrodite
germ line (Doniach 1986; Kuwabara et al. 1998). A simi-
lar proposal has been made to explain the germ line-
feminizing effects of smg-sensitive tra-1 alleles
(Zarkower et al. 1994). Why should disruption of the
TRA-2c/TRA-1A interaction have opposite conse-
quences for soma and germ line?

One possible answer is that the TRA-2/TRA-1A com-
plex, which by itself is feminizing, is a target for a nega-
tive regulator of oogenesis in the XX germ line (Fig. 9B).
Mutations that disrupt the complex could result in germ
line feminization if the proposed negative regulator were
less effective against the dissociated proteins than
against the complex, because unregulated TRA-2 and
TRA-1A would promote oogenesis. The Cip/Kip family
of cyclin/Cdk inhibitors and the I�B� inhibitor of p65/
p50 NF�B are examples of regulatory proteins that bind
to their target protein complexes with greater affinity
than to the subunits of those complexes (Russo et al.
1996; Huxford et al. 1998; Jacobs and Harrison 1998).
Mutations that inactivated the proposed TRA-2c/TRA-
1A regulator would also feminize the XX germ line, un-
less the regulator was also required for other processes.

Of those genes known for their roles in germ line sex
determination in C. elegans, only fog-2 is specifically
and exclusively required for hermaphrodite spermato-
genesis, and its inactivation transforms XX animals into
females (Schedl and Kimble 1988). Although the genetic
properties of fog-2 are consistent with those expected for
the negative regulator pictured in Figure 9B, molecular
analysis suggests that FOG-2 interacts with the RNA-
binding protein GLD-1 to regulate the translation of
tra-2 mRNA (T. Schedl, pers. comm.), making a role for
FOG-2 in regulating the TRA-2/TRA-1A complex seem
unlikely.

Why does disruption of the interaction between
TRA-2 and TRA-1A have more dramatic consequences
for the germ line than for the soma of the C. elegans
hermaphrodite? Sex determination in the germ line is
more complex than in the soma, because the hermaph-
rodite germ line, which develops within a female soma,
must transiently adopt a male fate and later switch to a
female fate (for review, see Schedl 1997). It seems that
the need to balance masculinizing and feminizing activi-
ties in the germ line makes it much more sensitive to
perturbation than the soma. Mutations that interfere
with translational regulation of either tra-2 or fem-3
(Ahringer et al. 1992; Goodwin et al. 1993; Zhang et al.
1997; Jan et al. 1999), for example, cause sexual transfor-
mation of the germ line but have little effect on somatic
tissues (Doniach 1986; Barton et al. 1987), although the
translational controls for both genes are active in both
soma and germ line (Goodwin et al. 1997; Gallegos et al.
1998).

Conservation of the domains involved
in the TRA-2c/TRA-1A interaction

It is noteworthy that the domains involved in the TRA-

Figure 9. Model for the role of the TRA-2/TRA-1 interaction.
(A) This model proposes that in somatic tissues, TRA-3 cleaves
TRA-2A to release the intracellular domain, TRA-2c, as a
soluble protein which then translocates to the nucleus and in-
teracts with TRA-1A to stimulate its feminizing activity. TRA-
2A also binds to FEM-3 as previously demonstrated to inhibit
the masculinizing activity of the FEM proteins. (B) In the XX
germ line, a 1.8 kb tra-2 transcript furnishes an additional
source of TRA-2c. TRA-2c interacts with TRA-1A in the
nucleus as above, but we hypothesize that a negative regulator
in the XX germ line inhibits the feminizing activity of the com-
plex to allow spermatogenesis.
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2/TRA-1A interaction include some of the more con-
served regions in both proteins. The C-terminal half of
TRA-1A is poorly conserved between C. elegans and C.
briggsae, except for a region of about 80 residues, most of
which lies within the TRA-2-binding domain (de Bono
and Hodgkin 1996). In TRA-2, a region of about 100 resi-
dues that includes the MX region and lies within the
TRA-1A-binding domain, is relatively well conserved be-
tween C. elegans, C. briggsae, and the male-female spe-
cies Caenorhabditis remanei (Kuwabara 1996; Haag and
Kimble 2000). Sequence conservation in the regions that
mediate the TRA-2/TRA-1A interaction suggests that
the interaction itself is a conserved feature of sex deter-
mination in Caenorhabditis. This seems surprising in
view of its apparently secondary role in sex determina-
tion in C. elegans. In striking contrast, the FEM-3-bind-
ing region of TRA-2 shows no significant sequence con-
servation between C. elegans, C. briggsae, and C. rema-
nei. Further study will be required to determine the
contribution of the TRA-2/TRA-1A interaction to sex
determination in other Caenorhabditis species and to
understand why the domains that mediate this interac-
tion appear to have been more tightly constrained during
evolution than those involved in the TRA-2/FEM-3 in-
teraction.

Materials and methods

C. elegans strains and culture methods

C. elegans was cultured and manipulated as described (Brenner
1974) on MYOB medium (Church et al. 1995) at 20° C unless
otherwise noted. We used the standard wild-type strain of C.
elegans var. Bristol, N2, and strains derived from N2 that car-
ried the following mutant alleles (unless otherwise noted, de-
scribed in Hodgkin 1997): LGII, tra-2(e1095), tra-2(e2021),
LGIII, tra-1(e1099), eDp6, LGV, and him-5(e1490). Strain
CB3300 has genotype tra-1(e1099); eDp6. Strain CB3779 is a
male-female strain that is homozygous for tra-2(e2021mx)
(Doniach 1986).

Plasmids

Plasmids were constructed using standard methods (Sambrook
et al. 1989) and are available on request. DNA sequencing was
carried out at the Centre for Applied Genomics at the Hospital
for Sick Children, Toronto.

Plasmids for in vitro transcription/translation of fragments of
TRA-2c were derived from pPK126 (Mehra et al. 1999). For yeast
two-hybrid assays, TRA-2c fragments were expressed as Gal4
activation domain fusion proteins from plasmid AS#1191 or its
derivatives (Mehra et al. 1999).

Plasmids derived from fragments of pPK126 and the C. el-
egans heat shock expression vector pPD49.83 (Mello and Fire
1995) directed the heat-inducible expression of fragments of
TRA-2c in worms. TRA-2c fragments encoded by these plas-
mids carried an N-terminal Myc or GFP-Myc tag. The GFP cod-
ing sequence was from vector pPD95.02 (A. Fire), and the Myc
tag was from T7plinkTag.

Plasmid pDZ48 contains a myc-tagged full-length tra-1
cDNA in pPD49.83. To produce AS#DL35, which encodes GFP-

Myc-TRA-1A, the GFP coding sequence from plasmid
pPD95.02 was ligated into pDZ48. Subcloning fragments of
pDZ48 into the two-hybrid vector pAS1 (Durfee et al. 1993)
produced plasmids directing the expression of fragments of
TRA-1A as Gal4 DNA-binding domain fusion proteins.

Nematode transformation

DNA microinjection was carried out as described by Mello
(1995). Unless otherwise noted, the injected DNA mixture con-
tained 50 µg/ml each of pRF4 and the plasmid to be tested.
Plasmid pRF4 carries rol-6(su1006dm), which confers a domi-
nant Roller phenotype and serves as a transformation marker
(Mello et al. 1991). The total DNA concentration in the injected
mixture was kept at 100 µg/ml in all experiments by adding
Bluescript DNA (Stratagene) where necessary. In most experi-
ments, a him-5(e1490) strain was used as host. Hermaphrodites
homozygous for him-5(e1490) produce about 30% XO animals
among their self-progeny (Hodgkin et al. 1979). Extrachromo-
somally transformed lines were established from the F2 Roller
progeny of injected animals. At least three independent lines
were analyzed for each plasmid tested.

In tests of the ability of variants of TRA-2c�5 to induce vi-
tellogenin reporter expression, the plasmids encoding wild-type
and mutant MycTRA-2c�5 proteins were injected at a concen-
tration of 25 µg/ml with the vit-2::GFP reporter plasmid, pCR2,
(Yi and Zarkower 1999) at the same concentration, and pRF4 at
50 µg/ml.

Tests of the rescuing activity of HS-GFP-MycTRA-1A were
carried out on transgenic lines derived from the strain CB3300
by injecting AS#DL35 (2 µg/ml) with pRF4 (50 µg/ml). The abil-
ity of TRA-2c�5 to rescue the somatic phenotype of tra-
2(e2021mx) XX animals was tested by establishing transgenic
lines in strain CB3779.

Heat shock experiments

In most experiments to test the feminizing activity of TRA-2c
and its derivatives, adult transgenic hermaphrodites were trans-
ferred to seeded plates to let them lay eggs and were removed
after 4–6 hr. After a further incubation of 1–3 hr, their progeny
were heat-shocked at 33° C for 1 hr. The heat shock was re-
peated at intervals of 10–13 hr until the animals reached adult-
hood. Adult transgenic animals were scored for sexual pheno-
type using differential interference contrast microscopy. In ex-
periments that tested for induction of vit-2::gfp, embryos were
incubated for 18–20 hr before the first heat shock. In testing for
rescue of tra-1(e1099) by HS-GFP-Myc-TRA-1A, we used daily
20 min heat shocks in a 33° C water bath to induce transgene
expression.

To examine the subcellular localisation of GFP-MycTRA-1A
and GFP-MycTRA-2c, we induced the expression of each pro-
tein from the relevant heat shock transgene with a 1–2 hr, 33° C
heat shock followed by a 1–2 hr recovery period at 20° C.

Far Western experiments

One of two populations of transgenic animals carrying pDZ48
(HS-MycTRA-1A) was subjected to a 2 hr heat shock at 33° C
and allowed to recover at 20° C for 2 hr, while the second was
continuously kept at 20° C . The animals were rinsed off the
plates in water, collected by centrifugation, and lysed by boiling
in SDS sample buffer. Lysates were fractionated by SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and either silver-
stained or transferred to nitrocellulose. TRA-2c binding was
tested using the procedure of Guichet and coworkers (1997).
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Filters were blocked in AC buffer (10% glycerol, 100 mM NaCl,
20 mM Tris-HCl at pH 7.5, 0.5 mM EDTA, 0.1% Tween 20)
containing 2% skim milk powder.

TRA-2c probes were synthesized by coupled in vitro tran-
scription/translation (Promega TNT with T7 RNA polymerase)
in the presence of [35S]-methionine. Reactions were diluted five-
fold in AC buffer and passed over a Sephadex G-25 spun-column
to remove unincorporated methionine. Ninety-five percent of
the purified probe was diluted sixfold in AC buffer containing
2% skim milk powder, and the mixture was incubated with the
blocked filters overnight at room temperature. Filters were
washed three times with 20 ml AC buffer for 10 min each. After
the final wash, the filters were allowed to dry and exposed to
X-ray film (Kodak MR-1). The remaining 5% of the probe was
mixed with SDS sample buffer, denatured by boiling, and ana-
lysed by SDS-PAGE. Gels were fixed, dried, and exposed to X-
ray film.

Yeast two-hybrid assay

Yeast strain Y153 (Durfee et al. 1993) was cultured on standard
complete and synthetic selective media (Sherman 1991). Trans-
formations were performed as described by Schiestl and cowork-
ers (1994). Standard methods were used to assay �-galactosidase
activity (Ausubel et al. 1989).

Western analysis

To assay the expression of TRA-1 and TRA-2 fusion proteins in
worms, we lysed samples by boiling in SDS sample buffer after
a 2 hr heat shock at 33° C and a 2 hr recovery period at 20° C.
Lysates were analysed by SDS-PAGE and transferred to nitro-
cellulose. TBST (25 mM Tris-HCl at pH 7.5, 150 mM NaCl,
0.2% Tween 20) with 5% skim milk powder was used to block
filters and dilute antibodies. Filters were washed in TBST.
Chicken anti-GFP (Chemicon) was detected with peroxidase-
conjugated donkey anti-chicken Ig (Jackson Laboratories). Cell
culture supernatant containing anti-Myc monoclonal 9E10
(Evan et al. 1985) was used at a 1 : 20 dilution and was detected
with peroxidase-conjugated donkey anti-mouse IgG (Jackson
Laboratories). Antibody binding was visualized using chemilu-
minescence (ECL, Amersham).
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