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The function of epithelial cell sheets depends on the integrity of specialized cell–cell junctions that connect neigh-
bouring cells. We have characterized the novel coiled-coil protein AJM-1, which localizes to an apical junctional
domain of Caenorhabditis elegans epithelia basal to the HMR–HMP (cadherin–catenin) complex. In the absence of
AJM-1, the integrity of this domain is compromised. Proper AJM-1 localization requires LET-413 and DLG-1, homo-
logues of the Drosophila tumour suppressors Scribble and Discs large, respectively. DLG-1 physically interacts with
AJM-1 and is required for its normal apical distribution, and LET-413 mediates the rapid accumulation of both DLG-
1 and AJM-1 in the apical domain. In the absence of both dlg-1 and let-413 function AJM-1 is almost completely lost
from apical junctions in embryos, whereas HMP-1 (αα-catenin) localization is only mildly affected. We conclude that
LET-413 and DLG-1 cooperatively control AJM-1 localization and that AJM-1 controls the integrity of a distinct apical
junctional domain in C. elegans.

D
uring animal development, specialized junctional domains are
crucial for the function of epithelial cell sheets. In both verte-
brates and invertebrates, adherens junctions are thought to

regulate cell–cell adhesion and dynamic changes in cell morpholo-
gy1,2. Vertebrate tight junctions and invertebrate septate junctions
have been implicated in controlling the apicobasal polarity of epithe-
lial cells (the ‘fence’ function) as well as regulating the passage of flu-
ids and solutes through the paracellular space (the ‘gate’ function)3–5.

Recently, proteins that regulate the polarity and junctional
integrity of epithelia have been characterized. Drosophila Discs
large, a member of the protein family of membrane-associated
guanylate kinases (MAGUKs), localizes to and maintains septate
junctions6,7. Furthermore, Discs large and the LAP4 (for ‘leucine-
rich repeats and four PDZ domains’) protein Scribble localize
together at septate junctions and act in a common pathway with the
cortical protein Lethal giant larvae in controlling the localization of
apical and adherens junction proteins and in regulating cell prolif-
eration8. Similarly, the Caenorhabditis elegans LAP1 protein LET-
413 localizes to basolateral domains of epithelia and has been shown
to be crucial for adherens junction assembly and for the localization
of apical proteins9. Among the junctional components whose local-
ization is affected in dlg and scrb mutants in Drosophila are proteins
specifically required for the gate function of septate junctions such
as Neurexin IV and Band 4.1-Coracle6,10–12. However, the proper
localization of these and other junctional components probably
requires normal epithelial polarity, which is lost in dlg and scrb
mutants. Therefore, a specific role for Scribble and Discs large in
regulating proteins directly required to maintain the integrity of
junctional domains has been difficult to demonstrate.

Here we show that the novel coiled-coil protein AJM-1 (for ‘api-
cal junction molecule’) is required for the integrity of epithelial
junctions of C. elegans and that it localizes to an apical junctional
domain. (AJM-1 was originally called JAM-1 (refs 13, 14) but has

been renamed to avoid confusion with the vertebrate transmem-
brane tight junction protein, JAM-1.) This domain is basal to the
HMR–HMP(cadherin–catenin) complex; on the basis of the local-
ization of the Discs large homologue DLG-1 to the same domain, it
might be required for maintaining a tight apical seal between
epithelial cells at apical junctions. Furthermore, we show that AJM-
1 directly binds DLG-1, which is required for the proper distribution
of AJM-1 around the junctional belt but not for general cell polari-
ty. In addition, we show that in embryos lacking LET-413 the pat-
terns of both DLG-1 and AJM-1 are equally disrupted, including a
delay in concentration of these proteins at a narrow apical domain.
Almost complete loss of junctional AJM-1 is observed in the absence
of both LET-413 and DLG-1, whereas HMP-1 (α-catenin) localiza-
tion is reduced but junctional. We propose a model in which LET-
413 and DLG-1 control the integrity of a distinct apical subdomain
by cooperatively regulating the localization of AJM-1.

Results
AJM-1 encodes a novel coiled-coil protein localizing to C. elegans
apical junctions. As an initial step in understanding the molecular
composition of apical junctions in C. elegans, we characterized the
antigen recognized by the MH27 antibody. The antibody had been
previously shown to stain apical borders of C. elegans epithelia15,16.
We named the antigen AJM-1 and identified the ajm-1 gene by
probing a C. elegans expression library with the MH27 antibody.
One complementary DNA (cDNA), mh-1, was identified; sequenc-
ing revealed that ajm-1 corresponds to the predicted gene C25A11.4,
which spans the genomic clones H08J11 and C25A11 (Fig. 1a). The
ajm-1 transcript was analysed by reverse-transcriptase-mediated
polymerase chain reaction (RT–PCR), northern blot analysis and
sequencing of expressed sequence tags (ESTs) from the C. elegans
cDNA project. Five conceptual splice forms were identified. A
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BLAST search of the databases revealed no obvious homologues of
AJM-1. Amino acids 255–768, which are common to all splice vari-
ants of AJM-1, are predicted to form a coiled-coil motif (Fig. 1b).
Hydrophobicity analysis suggests that AJM-1 is completely
hydrophilic and is therefore probably a cytoplasmic protein (data not
shown). Rescue of ajm-1 mutants was obtained with a 12-kilobase
(kb) genomic fragment that encodes the two smallest splice forms;
these encode amino acids 102–868 and 205–868, respectively. We
therefore conclude that amino acids 102–868 are sufficient for
AJM-1 function (Fig. 1b).

To address the requirement of specific domains of AJM-1 for
localization and function of the protein, we analysed the expression
pattern and rescuing ability of different green-fluorescent-protein
(GFP)-tagged forms of the protein (see Methods). We observed
that amino acids 205–868, encoding mainly the coiled-coil domain,
are sufficient to localize AJM-1 to apical junctions, yet cannot res-
cue ajm-1 mutants (Fig. 1b). This suggests that AJM-1 amino acids
102–204 are an essential domain of AJM-1 that is not required for
localization.

The AJM-1 expression pattern was determined by staining with
MH27 and expression of an ajm-1::gfp construct containing exons
2–9 and able to rescue ajm-1 mutants. AJM-1 localizes to the apical
borders of all C. elegans epithelia. Expression occurs in the embry-
onic hypodermis, pharynx and intestine (Fig. 2a, b, e, f), as well as
in post-embryonic epithelia, including the vulva, uterus, spermath-
ecae (Fig. 2c, d), pharynx, intestine, hindgut, hypodermis and male
tail (data not shown). MH27 staining of embryos expressing HMP-
1–GFP reveals that AJM-1 occupies an apical domain that is basal
to the HMR–HMP(cadherin–catenin) complex in all epithelial tis-
sues examined (Fig. 2e, f). Transmission electron microscopy
(TEM) analysis of embryonic hypodermal cell junctions revealed

an apical junctional domain resembling adherens junctions of flies
and vertebrates, whereas no morphologically distinct septate or
tight junctions are observed. The apicobasal extent of this domain
is ∼ 100 nm (Fig. 2g). Immuno-TEM analysis of hypodermal cells of
larvae with the MH27 antibody revealed that AJM-1 specifically
localizes to the apical domain (Fig. 2h).
ajm-1 mutant embryos are arrested during late embryonic elonga-
tion. To address the function of AJM-1, we generated ajm-1 mutant
alleles. ajm-1(jc18) was isolated in a linked-lethal screen and ajm-
1(ok160) in a PCR-based screen (data not shown). ok160 deletes
almost the entire predicted coiled-coil domain. jc18 deletes exons
4–6, although the precise 3′ and 5′ breakpoints are unidentified
(Fig. 1b). Both alleles are predicted nulls and show the same phe-
notype as ajm-1(RNAi) embryos (data not shown). ok160 was used
for all subsequent analysis.

During wild-type embryogenesis, the animal is enclosed by an
epithelial sheet (hypodermis) and subsequently elongates to about
four times its original length before hatching (Fig. 3a–c)17,18. ajm-1
embryos enclose normally and initiate elongation without obvious
morphological abnormalities (Fig. 3d, e), yet at a slower rate than
the wild type. Wild-type embryos reach the 2-fold stage 90 ± 0.4
min (mean ± SEM, n = 12) after completion of enclosure, whereas
ajm-1 embryos require 124 ± 3.8 min (n = 13). In ajm-1 embryos,
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Figure 1 ajm-1 encodes a novel coiled-coil protein. a, ajm-1 maps to the cen-

tre of LGX and corresponds to the predicted gene C25A11.4, which is covered by

the cosmids H08J11 and C25A11. b, ajm-1 splice variants. Filled boxes indicate

exons; white boxes indicate 5′ and 3′ UTRs. Exons were numbered 1–20. Five con-

ceptual splice forms encoding the amino acids (aa) indicated were deduced from

the sequencing of ESTs, RT–PCR and northern blot analysis. Secondary structure

analysis predicts amino acids 255–768 to form a coiled-coil motif (shown in grey).

The jc18 and ok160 lesions are indicated. ok160 almost completely deletes exons

6–9. jc18 deletes exons 4–6; however, its precise 3′ and 5′ breakpoints have not

been identified. Domains required for AJM-1 localization and function were deter-

mined by rescue experiments with specific splice forms (see Methods). Amino

acids 102–868 were shown to be sufficient for function. Amino acids 205–868

were sufficient for junctional localization of AJM-1 (data not shown), but not for

function.
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Figure 2 AJM-1 localizes to a distinct apical domain of epithelial junctions.

a, b, Embryonic AJM-1 expression. Embryos in this and all subsequent figures are

presented with anterior to the left and dorsal at the top. a, MH27 staining outlines

the apical borders of hypodermal cells. b, A Nomarski image of a comparable

embryo. c, d, AJM-1 expression in larval epithelia. c, AJM-1–GFP localization to api-

cal cell borders of the spermathecae (sp), vulva (vl) and uterus (ut) of an L4 larva.

d, A Nomarski image of the same animal. e, f, Comparison of the MH27 (in red)

and HMP-1–GFP (in green) patterns in an embryo. e, Both markers outline the api-

cal borders of the pharynx (ph) and the intestine (it). f, Magnification of the pharynx

region reveals that HMP-1–GFP is closer to the lumen and is flanked by MH27, indi-

cating that MH27 stains a more basal domain. The same relative positions of AJM-1

and HMP-1 were also observed in the hypodermis (data not shown). g, A TEM

image of a hypodermal cell junction of a wild-type embryo. An electron-dense apical

domain (arrow) links the cells, and clearly defined septae in the junction are not

present. h, Immunogold labelling with MH27 reveals specific labelling at the apical

junction. Scale bars, 10 µm (a,c), 5 µm (f),100 nm (g) and 50 nm (h).
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elongation is consistently arrested at the 2–3-fold stage, accompa-
nied by the formation of a large vacuole in the posterior region
(Fig. 3e). ajm-1 embryos lack MH27 staining (Fig. 3f). We con-
clude that AJM-1 is required for the correct rate and completion of
elongation of the C. elegans embryo.

The process of embryonic elongation has been shown to depend
on the HMR–HMP(cadherin–catenin) complex, which mediates
the junctional attachment of circumferential microfilaments pro-
viding the contractile force that is thought to drive elongation17,19.
In addition, elongation past the 2-fold stage depends on the prop-
er attachment of body wall muscle to the hypodermis20,21. We there-
fore analysed ajm-1 embryos for possible defects in the integrity of
the HMR–HMP complex, microfilament alignment and the pat-
tern of body wall muscle. Mutants for components of the
HMR–HMP complex typically display incomplete enclosure or
severe defects during initial elongation, but show unaltered AJM-1
localization14,19. We analysed the pattern of HMP-1 (α-catenin) in
ajm-1 mutants by using HMP-1–GFP and anti-HMP-1 expression
and observed patterns identical to the wild type in both cases.
Furthermore, ajm-1 embryos display a normal alignment of cir-
cumferential microfilaments (data not shown). We analysed the
pattern and function of body wall muscle in ajm-1 embryos by

using the muscle-specific antibody R224 (ref. 22) and observed a
wild-type pattern. In addition, ajm-1 embryos begin twitching at
around 1.75-fold stage (data not shown), indicating wild-type
muscle activity23. These results suggest that AJM-1 and the
HMR–HMP complex localize and function mutually independent-
ly. Furthermore, AJM-1 is not required for the circumferential
alignment of microfilaments and for the positioning and function
of body wall muscle in the embryo.
AJM-1 is required for junctional integrity but not epithelial polar-
ity. To address the functional role of AJM-1 in apical junctions
specifically, we analysed ajm-1 embryos at the ultrastructural level
by TEM. Apical junctions of C. elegans epithelia appear as a contin-
uous close apposition of neighbouring cells. They contain electron-
dense material at the cytoplasmic face of the membranes and an
electron-dense area in the paracellular space (Fig. 2g and Fig. 3g–i).
Thin sections of hypodermal cells of ajm-1 embryos display apical
junctions that are properly positioned (data not shown). However,
the close apposition of these junctions is disrupted intermittently
by ring-shaped separations along the whole length of the junction-
al belt. These separations create paracellular gaps that are typically
between 50 and 200 nm in diameter, whereas properly sealed
domains are ∼ 15 nm wide with paracellular gaps of 0–2 nm (Fig.
3g–i). Analysis of serial thin sections revealed that the apical–basal
extent of the separations is ∼ 100 nm and that they comprise only
the electron-dense apical domain. Close membrane apposition is
observed both apical to and basal to the separations (data not
shown). We conclude that AJM-1 is required for maintaining the
integrity of the electron-dense domain of apical junctions.

To address further whether AJM-1 is required for epithelial
polarity, we analysed the localization of apical and basal markers in
ajm-1 embryos. As apical markers we used antibodies against SMA-
1 (βH-spectrin), which localizes apically in hypodermal cells (J.
Austin, personal communication), and PAR-3 and PAR-6, which
localize apically of AJM-1 in the pharynx and intestine (data not
shown). Antibodies against UNC-70 (βG-spectrin) were used as a
basolateral marker in the hypodermis24, and as basal markers we
used the monoclonal antibodies MH46 and MH5, which recognize
components of hemidesmosomes involved in body wall muscle
attachment25. In each case, protein localization was unaltered in
ajm-1 embryos in comparison with the wild type (data not shown).
This suggests that AJM-1 is not required for epithelial polarity.
AJM-1 and DLG-1 physically interact and function in a common
pathway. To identify proteins that are required for AJM-1 localiza-
tion and function, we performed a yeast two-hybrid screen with a
fusion protein between AJM-1 and the DNA-binding domain of
LexA as bait. The pLexA–AJM-1 construct was made with a partial
ajm-1 cDNA encoding amino acids 180–809 of the protein, which
include the predicted coiled-coil domain. Of the 200,000 transfor-
mants screened, two independently isolated cDNAs were found
corresponding to the dlg-1 gene. dlg-1 encodes the C. elegans
homologue of Drosophila Discs large (Fig. 4a)26,27. Both dlg-1
cDNAs isolated in the two-hybrid assay encode amino acids 28–483
of the predicted DLG-1 protein. To confirm this interaction in an
independent assay, we performed an in vitro pull-down experiment
with a fusion of glutathione S-transferase (GST) and DLG-1
(amino acids 28–483). Full-length 35S-labelled AJM-1 (amino acids
1–868) was produced by translation in vitro and incubated with
beads carrying GST–DLG-1 or GST. Radiolabelled AJM-1 bound to
GST–DLG-1 but not to GST alone (Fig. 4b).

DLG-1 is a member of the family of membrane-associated guany-
late kinases, containing three PDZ domains, an SH3 domain and a
guanylate kinase domain. Amino acids 28–483 of the protein contain
the first two PDZ domains (amino acids 210–289 and 369–448) and
additional residues amino-terminal and carboxy-terminal to those
domains (Fig. 4c). PDZ domains have been previously implicated in
protein–protein interaction in Drosophila Discs large and other
MAGUK proteins7,28. PDZ domains of Discs large-like MAGUKs
favour binding partners with a C-terminal E(S/T)X(V/I) domain
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Figure 3 ajm-1(ok160) embryos are arrested at the twofold stage and dis-

play compromised integrity of apical junctions. a–c, Wild-type embryos. Two

time points of a time-lapse recording show that during elongation the wild-type

embryo reaches the 1.5-fold stage ∼ 50 min after completion of enclosure (a), and

the 3-fold stage is reached ∼ 120 min after enclosure (b). MH27 staining shows the

typical junctional pattern (c). d–f, ajm-1(ok160) embryos. The embryo reaches the

1.5-fold stage without apparent morphological abnormalities, yet is significantly

delayed, reaching 1.5-fold 90 min after enclosure (d). After reaching the 2-fold

stage at ∼ 130 min after enclosure (data not shown) elongation stops and a large

vacuole forms in the body cavity near the posterior end of the actively twitching

embryo (arrow) (e), followed by developmental arrest. MH27 staining is completely

abolished in ajm-1(ok160) embryos (f). g–i, TEM analysis of apical junctions of an

ajm-1(ok160) embryo and a wild-type embryo. (g) A glancing section through the

apical surface of a hypodermal cell of an ajm-1(ok160) embryo, permitting the

assessment of junctional integrity along the entire cell border. As is consistently

observed in ajm-1(ok160) embryos, separations within the apical junction are visible

(arrowheads and arrow). A higher magnification of the largest separation (arrow)

reveals that the junction is evenly split open, creating a paracellular gap of 190 nm

in width (h). The junctional areas flanking the separation seem properly sealed and

∼ 15 nm wide, as in the wild-type (WT) junction in (i), with paracellular gaps ranging

between 0 and 2 nm. Scale bars, 10 µm (a), 0.5 µm (g) and 100 nm (h).
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(single-letter amino acid abbreviations)29. However, this motif is
not found in AJM-1. Furthermore, the AJM-1 protein used in the
two-hybrid screen (but not in the GST pull-down assay) lacked the
C-terminal 59 amino acids. This suggests that the interaction with
DLG-1 does not involve the C terminus of AJM-1. Similarly, the
coiled-coil protein cingulin has been shown to interact with the
MAGUK proteins ZO-1, ZO-2 and ZO-3 through its N-terminal
domain30. We propose that AJM-1 either contains a novel internal
PDZ-interaction domain, or alternatively that the interaction does
not involve the PDZ domains. Additional structure–function
analyses will address these possibilities.

To analyse the expression pattern of DLG-1 in C. elegans
embryos, we stained embryos with a polyclonal antibody raised
against the highly conserved amino acids 39–251 of Drosophila
Discs large31. Consistent with another report that was published

while this work was being reviewed was our observation, by laser
scanning confocal microscopy analysis, of complete co-localization
with AJM-1 to the apical junctions in the hypodermis (Fig. 4d),
pharynx and the intestine (data not shown)27. We conclude that
AJM-1 and DLG-1 physically interact at apical junctions.

We addressed the function of DLG-1 protein by using RNA-
mediated interference (RNAi)32. At the level of Nomarksi
microscopy, dlg-1(RNAi) embryos display an arrest phenotype that
is morphologically similar to, but slightly more severe than, that of
ajm-1 embryos. Elongation is arrested immediately before or at the
2-fold stage at ∼ 165 ± 6.7 min (mean ± SEM, n = 6) after the initi-
ation of elongation (Fig. 4d and data not shown). Therefore, the
elongation of dlg-1(RNAi) embryos is significantly slower than that
of both wild-type and ajm-1 mutants. Like ajm-1 mutants, dlg-
1(RNAi) embryos typically display a large vacuole in the posterior
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Figure 4 AJM-1 and DLG-1 physically interact and function in a common

pathway. a, AJM-1–DLG-1 interaction in yeast. An unbiased yeast two-hybrid screen

was conducted with AJM-1 (amino acids 180–809) fused to the LexA DNA-binding

domain as bait. Two independently isolated cDNAs correspond to dlg-1. Specificity

of the AJM-1–DLG-1 interaction was confirmed in directed interaction tests with

yeast containing the pLexA–AJM-1 plasmid and either the identified cDNAs or con-

trol plasmids. β-Galactosidase acitivity was detected in yeast expressing the Gal4

activation domain–DLG-1 fusion protein (Gal4–DLG-1) and LexA–AJM-1 (top streak).

Control assays using Gal4–IRP (iron response protein) or Gal4 resulted in a com-

plete lack of β-galactosidase activity (middle and bottom streaks, respectively). 

b, AJM-1–DLG-1 interaction in vitro. Sepharose beads carrying a GST–DLG-1 fusion

protein (amino acids 28–483 of DLG-1) or GST were incubated with radiolabelled

AJM-1 (amino acids 1–868). Bound protein was eluted and analysed by SDS–PAGE.

Binding was observed between AJM-1 and GST–DLG-1 (left lane) but not between

AJM-1 and GST alone (middle lane). The right lane shows labelled AJM-1 protein

equivalent to 20% of the material analysed in the experimental lanes. c, DLG-1

domain structure. The dlg-1 encodes a 967-amino-acid protein, containing three

PDZ domains, an SH3 domain and a GuKc domain. The bar indicates the region

encoded by both cDNAs identified in the yeast two-hybrid screen (amino acids

28–483). d, DLG-1 localization and dlg-1(RNAi) phenotype. A wild-type embryo was

immunostained with MH27 and anti-DLG antibodies raised against Drosophila Discs

large31. The upper left panel shows MH27 staining in hypodermal cells. The upper

middle panel shows anti-DLG in the same focal plane. Both patterns overlap com-

pletely in a merged image (upper right panel). Analysis of a dlg-1(RNAi) embryo with

Nomarski video-microscopy reveals a phenotype similar to that of ajm-1 embryos.

The embryo is arrested at around the 2-fold stage of elongation and forms a large

vacuole in the posterior body cavity (arrow, bottom left panel). A dlg-1(RNAi)

embryo stained with anti-DLG antibodies shows a complete absence of staining

(bottom middle panel), whereas an ajm-1(ok160) embryo shows proper anti-DLG-1

staining (bottom right panel). Scale bar, 10 µm.
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region (Fig. 4d). We observed no anti-DLG-1 staining in dlg-
1(RNAi) embryos, confirming that the antibody recognizes DLG-1.
ajm-1 mutant embryos display a DLG-1 expression pattern that is
identical to the wild type (Fig. 4d). Next, we eliminated dlg-1 func-
tion in ajm-1 embryos. The phenotype observed was identical to
that of dlg-1(RNAi) embryos with respect to the stage of embryon-
ic arrest, the morphology of the embryos and the rate of elongation
(data not shown). Taken together, these results indicate that DLG-
1 is required for proper embryonic elongation; DLG-1 probably
acts upstream of AJM-1 and becomes localized to apical junctions
independently of AJM-1.
LET-413 and DLG-1 cooperatively regulate AJM-1 localization. LET-
413 is a LAP1 protein, containing leucine-rich repeats and one PDZ
domain. LET-413 is localized to the basolateral domains of epithelial
cell membranes, and in let-413 mutant embryos apical junctions dis-
play severe structural defects. In addition, the localization of apical
proteins, including AJM-1, is disrupted9. AJM-1 mislocalization in
dlg-1(RNAi) embryos has also been described27. To explain in more
detail how AJM-1 localization is regulated by LET-413 and DLG-1, we
carefully compared AJM-1 localization in embryos lacking either
LET-413 or DLG-1, or both.

Our results confirm that let-413(RNAi), let-413(s128) and sDf35
embryos (the deficiency deleting the let-413 gene) consistently rup-
ture after the 1.5-fold stage of elongation (data not shown)9. We
analysed AJM-1 localization in these three backgrounds and

obtained identical results for each. We observed an AJM-1 pattern
showing regions of normal localization separated by intermittent
gaps (Fig. 5d, d′). In let-413(RNAi) embryos, junctional localiza-
tion of HMP-1–GFP is observed consistently, although at lower lev-
els than in wild-type embryos (Fig. 5b, e). Similar results were
obtained from immunostaining of let-413(RNAi) embryos and let-
413(s128) mutants with anti-HMP-1 (data not shown). The
remaining AJM-1 protein is closely associated with HMP-1–GFP,
suggesting that it is localized to apical junctions as in the wild type
(Fig. 5c, f). We next compared DLG-1 and AJM-1 localization in
let-413(RNAi) embryos. Invariably, the patterns of both proteins
are identical and completely overlap in merged images (Fig. 5d, g
and data not shown). dlg-1(RNAi) embryos consistently show an
AJM-1 mislocalization pattern that is distinct from that in let-
413(RNAi) embryos: AJM-1 localizes to apical junctions, but unlike
the even, uninterrupted AJM-1 pattern of wild-type embryos, we
observe regions of AJM-1 aggregation that alternate with large
regions in which AJM-1 expression is greatly reduced; this pattern
is reminiscent of ‘beads on a string’ (Fig. 5a, h, h′). The HMP-
1–GFP pattern in these embryos is unaltered, and AJM-1 remains
closely adjacent to HMP-1–GFP at apical junctions (Fig. 5i, j). In
embryos deprived of both LET-413 and DLG-1 by RNAi, the junc-
tional localization of AJM-1 is almost completely abolished. HMP-
1–GFP shows reduced expression but remains junctional (Fig.
5k–m). Taken together, these results suggest that LET-413 and
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Comparison of the MH27 and HMP-1–GFP patterns in wild-type, dlg-1(RNAi), let-

413(RNAi) and dlg-1;let-413(RNAi) embryos with confocal microscopy. a–c, Wild

type. MH27 (a) and HMP-1–GFP (b) show continuous junctional localization and the

merged image reveals that both patterns are closely associated (c). d–g, let-

413(RNAi). The MH27 pattern reveals long stretches of normal AJM-1 localization

that are separated intermittently by gaps completely lacking AJM-1 (d); a magnifica-

tion of the boxed area is shown in (d′′). Junctional HMP-1–GFP is observed but is

reduced compared with the wild type (e). Adjacent localization of the MH27 signal

and HMP-1–GFP is maintained, as observed in the merged image (f). Anti-DLG stain-

ing of the same embryo reveals a pattern that is largely identical to the MH27 pat-

tern (g). h–j, dlg-1(RNAi). The MH27 pattern is characterized by aggregates sepa-

rated by large regions in which MH27 staining is greatly reduced (h); a magnifica-

tion of the boxed area is shown in (h′′). The HMP-1–GFP pattern is unaltered com-

pared with the wild type (i), and the remaining MH27 signal is closely associated

with HMP-1–GFP (j). k–m, let-413; dlg-1(RNAi). Junctional MH27 staining is com-

pletely abolished (k), whereas the HMP-1–GFP pattern is similar to that in let-

413(RNAi) embryos (l). In the merged image no significant overlap of MH27 and

HMP-1–GFP is observed (m). Scale bars, 10 µm (c, g) and 2 µm (h′′).
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DLG-1 cooperatively regulate AJM-1 localization to apical junc-
tions, whereas normal junctional localization of HMP-1 is partly
dependent on LET-413 but not DLG-1.

To address how LET-413 functions in localizing DLG-1 and
AJM-1 to apical junctions, we analysed the dynamics of the api-
cobasal distribution of DLG-1 and AJM-1 in individual hypoder-
mal junctions of wild-type and let-413(RNAi) embryos over time.
Time-lapse multi-photon analysis of a DLG-1–GFP fusion protein
revealed that during an early phase of hypodermal morphogenesis
(dorsal intercalation) in let-413(RNAi) embryos, DLG-1–GFP
shows punctate localization to apical hypodermal junctions and is
partly localized to the lateral membrane domain (Fig. 6a, e, f). In
contrast, comparable wild-type embryos display a continuous pat-
tern of DLG-1–GFP that is completely apical (Fig. 6b, g, h). As
hypodermal morphogenesis proceeds, DLG-1–GFP accumulates at
a narrow apical region of the hypodermal junctions of let-
413(RNAi) embryos (Fig. 6c ,i, j), forming a pattern comparable
with that of wild-type embryos (Fig. 6d, k, l). Similar results were
obtained for AJM-1–GFP (data not shown). We conclude that
LET-413 is required for rapid confinement of DLG-1 and AJM-1
to a narrow apical region in C. elegans epithelia. Apical confine-
ment of both proteins occurs in the absence of LET-413, but more
slowly.

Discussion
Our results indicate that AJM-1 is a novel coiled-coil protein that

localizes to a distinct apical domain of epithelial junctions of C. ele-
gans and is required for maintaining the integrity of this domain.
Junctional localization of AJM-1 is regulated by both the Discs
large homologue DLG-1 and the LAP1 protein LET-413. AJM-1
seems to interact directly with DLG-1 at apical junctions, whereas
LET-413 mediates the rapid apical localization of both DLG-1 and
AJM-1.

Analysis of AJM-1 localization by immunofluorecence and
immunogold TEM reveals that AJM-1 occupies a distinct apical
junctional domain in C. elegans epithelia that is basal to the
HMR–HMP (cadherin–catenin) complex. AJM-1 is required dur-
ing embryogenesis, because ajm-1 mutant embryos are consistent-
ly arrested at the 2–3-fold stage of elongation. This phenotype
clearly differs from that resulting from a compromised
HMR–HMP complex. Mutants lacking any component of the
complex show incomplete enclosure of the embryo by the hypo-
dermis and subsequent rupture during elongation, as well as mis-
alignment of microfilaments. This defect probably results from a
failure to form adherens junctions between leading ventral hypo-
dermal cells during enclosure, or from a failure to anchor properly
the microfilaments that transmit contractile forces to the junctions
during elongation14,19. In ajm-1 embryos, no epithelial ruptures,
body shape defects or improper microfilament alignment are
observed. Consistent with this was the observation that AJM-1
localizes normally in the absence of the HMR–HMP complex14,19;
here we report normal localization of HMP-1 (α-catenin) in the
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Fig. 6 LET-413 is required for rapid apical confinement of DLG-1. Dynamic

analyses of DLG-1-GFP expression in a developing let-413(RNAi) and wild-type

embryo were performed with time-lapse multiphoton laser scanning microscopy.

DLG-1-GFP distribution along individual apical junctions was correlated with api-

cobasal distribution of the protein over time. During early epithelial morphogenesis

(dorsal intercalation), DLG-1-GFP shows a punctate pattern in all dorsal epithelial

cells of the let-413(RNAi) embryo; for further analysis, one cell border is marked

with an arrowhead (a, and enlarged in e). A Z-projection of the marked cell border

reveals that DLG-1-GFP is localized apically as well as laterally (f). The equivalently

staged wild-type embryo shows a completely continuous DLG-1-GFP pattern (b, g),

and DLG-1-GFP is confined to a narrow apical domain within the junction (h). At 75

min. later, after the completion of dorsal intercalation, further DLG-1-GFP has accu-

mulated in the apical junctions of the let-413(RNAi) embryo (c, i); the DLG-1-GFP pat-

tern of the marked junction has become more similar to that of the wild-type junction

(d, k). Comparison of the apicobasal distribution of DLG-GFP at this stage reveals

that the protein has become confined apically within the let-413(RNAi) junction (j),

similar to the wild-type junction (l). Scale bars represent 10 mm (d) and 2 mm (l).
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Figure 7 Model for the control of AJM-1 localization by LET-413 and DLG-1.

a, In the wild type, AJM-1 (red) is distributed in a continuous pattern at apical junc-

tions in the presence of LET-413 (yellow), which localizes basolaterally, and DLG-1

(blue), which binds AJM-1 at apical junctions. b, In the absence of DLG-1, apical

AJM-1 is decreased, and in addition the protein is unevenly distributed within the

apical domain. c, In the absence of LET-413, rapid apical confinement of DLG-1

and AJM-1 does not occur, resulting in a decrease in the apical localization of both

proteins and misdistribution to the lateral domain. d, In the absence of both LET-

413 and DLG-1, localization of AJM-1 to apical junctions is almost completely lost.

The protein is randomly distributed along the apicobasal axis or lost from cell bor-

ders. e, A proposed pathway of AJM-1 localization. LET-413 is required for the

localization of DLG-1, which directly controls AJM-1 localization. In addition, an

unknown factor is required to account for the significant amount of apical DLG-1 in

the absence of LET-413 (protein X; c). LET-413 also affects AJM-1 localization via a

DLG-1-independent pathway; loss of both the DLG-1-dependent and DLG-1-independ-

ent pathways leads to a marked mislocalization of AJM-1 in the absence of both

LET-413 and DLG-1 (d) compared with the loss of DLG-1 alone (b).
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absence of AJM-1. AJM-1 therefore seems to perform a function
that is independent of the HMR–HMP complex, which is consis-
tent with localization of AJM-1 to a distinct apical domain.
Ultrastructural analysis of the hypodermis of ajm-1 embryos
reveals apical junctions that are properly positioned and have, in
part, a normal morphology. However, whereas wild-type junctions
appear as continuous close appositions between neighbouring
epithelial cells, numerous small separations of the junctions are
observed in ajm-1 mutants. Apart from the apical junction to
which AJM-1 localizes, we observe no morphologically distinct
structures in the cell borders between epithelial cells of C. elegans
that could be candidates for maintaining the paracellular seal. This
apical junction might therefore serve as a permeability barrier.
Consistent with this hypothesis is the observation that this domain
is basal to the cadherin–catenin complex and contains Discs large,
which is analogous to the Drosophila septate junction, a proposed
permeability barrier10,11. We speculate that the junctional separa-
tions observed in ajm-1 embryos allow the excessive passage of
fluid across the hypodermis through the paracellular space, causing
embryonic arrest owing to osmotic imbalance between the pseudo-
coelom and the exterior of the embryo. The large vacuole that con-
sistently forms in the posterior region of elongating ajm-1 embryos
might result from the accumulation of fluid in the pseudocoelom.
However, our attempts to analyse epithelial permeability of size-
specific dyes in ajm-1 embryos have so far been inconclusive (M.
K., P. A. S. and J. D. H., unpublished observations). The close appo-
sition of epithelial cells apical and basal to the junctional separa-
tions in ajm-1 mutants might still provide a sufficient physical bar-
rier to restrict dye movement in such experiments.

ajm-1 is predicted to encode a novel cytoplasmic protein.
Several splice variants of the ajm-1 transcript were identified.
However, AJM-1 function requires only two essential domains: a
short N-terminal domain without obvious secondary structure,
followed by a putative coiled-coil domain. The roles of alternative
N and C termini are not known. Our GFP-tagging experiments
have demonstrated that the coiled-coil domain is sufficient for
localizing AJM-1 to junctions. The function of the critical N-ter-
minal domain is currently unclear. Several coiled-coil proteins with
structural similarity to the coiled-coil domain of AJM-1 have been
shown to bind and crosslink cytoskeletal components. These
include the mammalian proteins trichohyalin, caldesmon and
plectin33–35. In addition, recent studies have implicated coiled-coil
motifs in membrane-anchored scaffolding of structural and func-
tional proteins at the cytoplasmic face of vertebrate tight junctions.
The coiled-coil-containing protein cingulin and the intracellular
coiled-coil motif of occludin interact physically with other tight-
junction components, including the MAGUK proteins ZO-1, ZO-2
and ZO-3, and interact directly with the actin cytoskeleton30,36,37.
Similarly, AJM-1 might contribute to the assembly and integrity of
apical junctions between epithelial cells of C. elegans by clustering
cytoplasmic and/or transmembrane components at junctions.
Testing this model will require the identification of other direct
binding partners of AJM-1. A potential requirement for AJM-1 in
organizing actin filaments at apical junctions was not confirmed by
the use of phalloidin staining; however, a more in-depth analysis at
the ultrastructural level might be necessary to address this possibil-
ity better.

Our results suggest that AJM-1 localization to apical junctions is
controlled cooperatively by the MAGUK protein DLG-1 and the
LAP-1 protein LET-413. We have shown that DLG-1 might be
directly required for proper AJM-1 localization at apical junctions
(Fig. 7a); DLG-1 and AJM-1 interact physically in yeast as well as in
vitro, and both proteins localize together at apical junctions of C.
elegans. Furthermore, loss of DLG-1 causes similar developmental
arrest to that caused by the loss of AJM-1, and loss of both DLG-1
and AJM-1 causes a phenotype indistinguishable from that pro-
duced by the loss of DLG-1 only. This suggests that both proteins
act in a common pathway. In the absence of DLG-1, the junctional

AJM-1 level is decreased and misdistributed along the junctional
ring (Fig. 7b), whereas the formation and apical localization of the
cadherin–catenin complex as well as general apicobasal polarity are
unaffected. Thus, one way in which DLG-1 seems to control the
integrity of apical junctions is by mediating the proper distribution
of AJM-1 along the junctions.

LET-413 had been shown to localize to the basal and basolater-
al membranes of epithelial cells and to be required for the proper
localization of apical proteins9. We have shown that DLG-1 and
AJM-1 are found in the junctional belt in the absence of LET-413.
However, the normally continuous distributions of DLG-1 and
AJM-1 are equally disrupted by gaps, and both proteins partly mis-
localize to the lateral membrane domain (Fig. 7c). Moreover, our
results indicate that LET-413 mediates a rapid accumulation of
DLG-1 and AJM-1 at apical junctions. An apical accumulation of
both proteins occurs in the absence of LET-413 but is significantly
delayed. We propose two models for how LET-413 might function
in this process. Apical localization of DLG-1 and AJM-1 might
involve an initial, LET-413-independent localization to the lateral
membrane domain, given the lateral localization of the proteins
observed in the absence of LET-413. This is followed by LET-413-
dependent translocation to the apical domain. Equally plausibly,
DLG-1 and AJM-1 might be targeted directly to the apical mem-
brane domain via a currently unidentified mechanism, and LET-
413 might exclude these proteins from the lateral membrane
domain. Clearly, these two mechanisms are not mutually exclusive.
A more temporally refined dynamic analysis of DLG-1 and AJM-1
deposition might help to distinguish between these possibilities.
Significantly, we observed that the AJM-1 pattern is more severely
affected in embryos lacking the functions of both LET-413 and
DLG-1 than in embryos lacking the function of either protein alone
(Fig. 7d). This result argues against a strictly linear pathway in
which LET-413 affects AJM-1 exclusively by controlling DLG-1
localization. We propose that, in addition, LET-413 controls AJM-
1 localization via a parallel pathway that is independent of DLG-1
(Fig. 7e).

Our analysis allows us to infer additional aspects of junctional
regulation in C. elegans. Unidentified factors probably contribute
to the localization of DLG-1 to apical junctions, because there is a
significant amount of apical DLG-1 and AJM-1 in the absence of
LET-413. That junctional localization of HMP-1 (α-catenin) is
decreased in the hypodermis is consistent with a study showing a
decrease in junctional HMP-1 in the gut epithelium of let-413
mutant embryos27, and extends these findings to the hypodermis.
We did not observe the essentially cytoplasmic localization of
HMP-1 in the hypodermis that had previously been reported for
∼ 50% of let-413 mutant embryos in an additional study9. Taken
together, these results argue that additional apical cues exist that
function in parallel with LET-413 (Fig. 7e). A more complete
understanding of apical targeting of proteins awaits the identifica-
tion of additional factors that complement the roles of LET-413.

Our model for the regulation of junctional integrity in C. ele-
gans by LET-413, DLG-1 and AJM-1 differs significantly from the
roles proposed for the LAP4 protein Scribble and Discs large in
Drosophila, which are required for each other’s localization and the
control of general epithelial polarity8. The severe polarity defects
caused by both dlg and scrb mutants have made it difficult to iden-
tify direct targets of Scribble and Discs large that are required for
specific aspects of junctional integrity in Drosophila. The Protein
4.1 family member Coracle has been implicated as a possible target
of Discs large. Coracle localizes to septate junctions and is required
for maintaining the tightness of the paracellular space11. Although
the protein is mislocalized in dlg mutants, no physical interaction of
Discs large and Coracle has been observed; because Coracle local-
ization probably requires proper apicobasal polarity of the junc-
tions, regulation of Coracle by Discs large could be indirect6,38. Our
demonstration that AJM-1 is a direct binding partner of DLG-1 that
does not affect apicobasal polarity clarifies the role of proteins of the
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Discs large family in regulating the structural integrity of epithelial
junctions. A better understanding of the nature and function of the
apical junctional domain to which DLG-1 and AJM-1 localize in C.
elegans will require the identification of other binding partners for
these proteins. This in turn should shed additional light on the
function and regulation of epithelial junctions in general.

Methods
Strains.
The Bristol strain N2 was used as the wild type and handled as described39.

JJ1136 (unc119(e2498::Tc1)III; zvEx24(unc119(+) hmp-1::gfp) was a gift from James Priess. The

strains BC2991 (dpy-18(e364)/eT1 III; dpy-11(e224) let-413(s128) unc-42(e270)/eT1 V) and BC2511

(dpy-18(e364)/eT1 III; unc-60(e677) dpy-11(e224) sDf35/eT1 V) were received from the Caenorhabditis

Genetics Center.

ajm-1 cloning.
To identify the original ajm-1 cDNA designated mh-1, a directional cDNA expression library of

mixed-stage C. elegans was constructed in lgt11 (Promega Corp., Madison, Wisconsin) with the

EcoRI–NotI restriction sites in accordance with the manufacturer’s protocol. The original titre of this

library was 4.8 × 106 plaque-forming units ml−1, with 97% of the phage containing inserts ranging

from 0.5 to 2.0 kb; the average size of insert was 1.2 kb. Clones obtained by screening the lgt11 cDNA

library by DNA hybridization were digested with SfiI and NotI, gel-purified and ligated into pGEM-

11Zf digested with the same enzymes. RT–PCR was performed using Superscript II reagents (Gibco

BRL, Rockville, Maryland). Poly(A)+ RNA from mixed-stage N2 animals was used as template for first-

strand synthesis. SL-1 primer and a poly(T) primer were used for first-strand synthesis for the 5′ end

and 3′ end, respectively. Exons 2 and 4 were shown to be alternative SL-1-trans-spliced transcription

start sites. The third 5′ start site was identified by sequencing of the EST yk285a2; it extends into exon

1, which is contained in H08J11 (all Kohara cDNAs were gifts from Y. Kohara). One 3′ end was identi-

fied by sequencing of the ESTs yk28c11 and yk285a2; both extend into a putative 3′ untranslated region

(UTR) after exon 9. The second 3′ end was identified by sequencing of RT–PCR clones and the ESTs

yk344g1, yk161c3 and yk152f7; all clones extend into a putative 3′ UTR after exon 20. Northern blot

analysis was performed essentially as described previously40. Poly(A)+ RNA of mixed-stage N2 worms

was used and northern blots were probed with probes specific to exon 1, exons 5–8, the predicted 3′
UTR of exon 9, and exons 16–19. Northern sizes were in agreement with conceptual cDNAs derived

from RT–PCR clones and sequenced ESTs (data not shown).

ajm-1 mutant isolation.
ajm-1(jc18) was isolated in a linked lethal screen. unc-27 and dpy-6 map within 0.5 map unit from the

ajm-1 gene locus on chromosome X; unc-27(e155)/dpy-6(e14) L4 animals were mutagenized with ethyl

methyl sulphonate, and 5000 F1 progeny were singled and screened for the absence of the dpy-6 phe-

notype in the F2 generation. Initial positives were re-screened for dead embryos and the remaining

positives were tested for the absence of AJM-1 expression by staining with MH27. ajm-1(ok160) was

isolated in a PCR-based deletion screen performed by the C. elegans Knockout Consortium in

Oklahoma as described previously41. An external primer pair (5′-ACTATTTCGCACCTTGGCTC-3′
and 5′-ATAGTGATGACGGTGGG-3′) spanning 3.5 kb and a nested pair (5′-TACCGACCGAGAAGT-

GATGAC-3′ and 5′-ACAGGAGTCATGCGGATTTC-3′) spanning 3.1 kb were used. The deletion

breakpoints of ajm-1(ok160) on cosmid C25A11 are 6232 and 8598.

Electron microscopy.
For immuno-TEM of larvae with MH27, post-embedding immuno-TEM procedures were conducted

on animals fixed in buffered aldehydes and embedded in LR Gold resin42,43. MH27 antibody (1/500 to

1/2000 dilution) was localized on thin sections on nickel mesh grids with gold-labelled secondary anti-

bodies (AuroProbe; Amersham Life Science).

For analysis of hypodermal junctions in wild-type and ajm-1 mutants, embryos were mounted on a

thin agar pad and immobilized with low-melting-point gelatin agar under a coverslip. A small piece of

agar containing the embryos was cut out of the mount and frozen at high pressure in a Balzer HPM

high-pressure freezer. After freeze substitution in 2% OsO4, 1% uranyl acetate, samples were embed-

ded in Epon and 40–100-nm sections were post-stained with uranyl acetate and lead citrate. Sections

were viewed on a Philips CM 120 electron microscope at 60–80 kV accelerating voltage. For mutant

analysis, a strain homozygous for ajm-1(ok160) and rescued by an extrachromosomal array containing

ajm-1::gfp was used. Mutants were identified by confocal microscopy to score the loss of ajm-1::gfp and

staged with Nomarski optics.

RNAi.
Templates for RNA synthesis for RNAi experiments were generated by PCR-amplifying cDNAs from

pBluescript vector (Stratagene, La Jolla, California). Primers flanking T3 and T7 sites were used (5′-
TTGTAAAACGACGGCCAG-3′ and 5′-CATGATTACGCCAAGCTC-3′) and transcription in vitro was

performed with Ambion Megascript reagents (Ambion, Austin, Texas). yk28c11 was used for ajm-

1(RNAi); yk25e5 was used For dlg-1(RNAi) and yk524b7 was used for let-413(RNAi). In each case, dou-

ble-stranded RNA at a concentration of 1–4 mg ml−1 was injected into the body cavity of adult

worms32.

ajm-1::gfp and dlg-1::gfp expression analysis.
The ajm-1::gfp clone (pJS191) was constructed by cloning a bright mutant GFP (S65A, V68L, S72A) in

frame into exon 8 of a genomic clone containing exons 2–9. Transgenic lines were generated with

pRF4 (rol(su1006))44 as co-injection marker, and the array was integrated into chromosome IV of

wild-type worms to create the integrated array jcIs1 (strain SU93). jcIs1 was crossed into the ajm-

1(ok160) mutant background and shown to rescue mutants to viability. jcIs1 was used to determine the

AJM-1 expression pattern. To address the requirement of amino acids 102–204 for AJM-1 function, an

oligonucleotide encoding stop codons in all reading frames was cloned into a BglII site in exon 3 of

pJS191, essentially eliminating exon 2 as a transcription start and allowing expression only from exon

4. To generate a strain of nematodes expressing dlg-1::gfp using its own promoter (strain OR113), we

created the free array odEx33(dlg-1::gfp; rol(su1006)). The plasmid CR16, a GFP translational fusion at

the C terminus of genomic dlg-1, was made by cloning a 5-kb XhoI/ApaI fragment from the cosmid

C25F6 into the GFP vector PD95.75 (Andy Fire). Live imaging of AJM-1–GFP and DLG-1–GFP was

performed via automated time-lapse multiphoton laser scanning microscopy, essentially as described

previously13. Three-dimensional stacks containing slices spaced 1 µm apart were taken every 5 min

over several hours. Z-projections of the stacks were done with NIH Image software.

Antibodies and immunostaining.
Antibody staining of embryos was performed with the freeze-cracking method essentially as described

previously18. The following primary antibodies were used at the dilutions indicated: MH27 at 1:500

and MH46 at 1:100 (gifts from R. Waterston), R224 at 1:100 (a gift from A. Kagawa), anti-HMP-1 at

1:100 (a gift from J. Priess) anti-DLG at 1:3000 (gift from V. Budnik), anti-PAR-3 at 1:40 and anti-

PAR-6 at 1:20 (gifts from K. Kemphues), anti-SMA-1 at 1:125 (a gift from J. Austin) and anti-UNC-70

at 1:500 (a gift from V. Bennett). Phalloidin staining was performed as previously described18. Images

were captured on a Bio-Rad MRC1024 confocal microscope.

Yeast two-hybrid analysis.
The yeast two hybrid-screen was performed with yeast strain L40ura− as previously described45. In

brief, the pLexA–AJM-1 plasmid was constructed with a partial ajm-1 cDNA encoding amino acids

180–809. L40ura− yeast cells containing this plasmid were transformed with a random-primed cDNA

library, LambdaACT-RB-2. The library transformation was plated on SD-Trp-Leu-His plates contain-

ing 5 mM 3-aminotriazole. Colonies were picked after 6 days and tested for reporter (lacZ) expression.

The cDNA-containing plasmids of those testing positive were recovered and sequenced. The specificity

of the interactions was addressed in directed assays by introducing pLexA–AJM-1 into L40 together

with recovered cDNA plasmids, and for negative controls, with the empty pGal4 (Gal4 activation

domain) plasmid alone or pGal4–IRP (Iron Response Protein). In each cased, lacZ expression was

assayed in triplicate using a X-Gal colony filter assay as described previously45. In directed two-hybrid

tests, pBTMKnDB and pACT2 were used as vectors for the LexA and Gal4 activation domain (Gal4)

plasmids, respectively (gifts from M. Wickens).

GST pull-down assay.
The GST–DLG-1 fusion was generated by cloning dlg-1 cDNA (encoding amino acids 28–483) into

pGEX-5X-1 and introduced into the E. coli strain BL21(DE3) (Stratagene, La Jolla, CA). GST was gen-

erated using empty pGEX-5X-1. Bacteria were grown in TB plus 2% Glucose to log phase at 37°C,

induced with 0.1 mM isopropylthiogalactoside for 2 h at 25 °C and harvested. Cells were lysed with B-

PER reagent (Pierce, Rockford, Illinois), with Complete protease inhibitor cocktail (Boehringer-

Mannheim, Indianapolis, Indiana), in accordance with the manufacturers’ directions. Recombinant

protein was bound to glutathione–Sepharose beads (Amersham Pharmacia Biotech, Piscataway, New

Jersey) and repeatedly washed with buffer A (20 mM Tris-HCl pH 7.9, 0.2 mM EDTA, 0.1 M NaCl, 1

mM dithiothreitol, 0.2% Nonidet P40, and Complete protease inhibitor cocktail). Radiolabelled AJM-1

protein (amino acids 1–868) was generated by in vitro translation with the TNT Coupled Reticulocyte

Lysate System (Promega). The Kohara clone yk285a2 was used as template. For the protein binding

assays in vitro, labelled AJM-1 was added to equivalent quantities of beads carrying GST–DLG-1 or

GST alone. The quantities of coupled protein were similar for each protein, as judged by staining of

the proteins after SDS–PAGE. Radiolabelled protein was incubated with beads in buffer A at 4 °C, with

rocking. Beads were pelleted, washed four times in buffer A and eluted by boiling in SDS–PAGE sam-

ple buffer. Eluted labelled protein was analysed by SDS–PAGE. An equivalent of 20% of the labelled

AJM-1 used in the binding assays was run as a comparison.
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