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brains of patients with Alzheimer’s disease14–17. In addition, active
m-calpain accumulates in neurofibrillary tangles in Alzheimer’s
disease brains14.
The amyloid hypothesis proposes that the Ab peptides, perhaps
acting with other influences such as excitotoxins, free radicals and
oxidative stress, cause an increased or unregulated entry of calcium
into affected cells, which ultimately leads to the activation of a tauphosphorylating kinase18. Our observations indicate that cdk5 may
be one of the kinases ‘activated’ by amyloid-b peptide through
calpain-mediated conversion of p35 to p25 (Fig. 5d). Given the
potentially deleterious role of cdk5 in Alzheimer’s disease, the
calpain-mediated p35 cleavage pathway may serve as a target for
pharmacological intervention.
M

Methods
Chemicals and antibodies
p25 antibody was raised against the whole protein and purified against glutathione Stransferase (GST)–p25. Non-erythroid a-spectrin antibody was purchased from Chemicon. p35 C-19, p35 N-20 and m-calpain polyclonal antibodies were purchased from
Santa-Cruz. The anti-rat m-calpain antibody is a gift from J. Elce. PMSF, Pepstatin A,
aprotinin, leupeptin, MTT, glutamate and all metal chlorides were purchased from Sigma.
Purified calpain I, purified calpain II, calpastatin, calpeptin, calpain inhibitor I, calpain
inhibitor II, BAPTA-AM, butyrolactone and ionomycin were purchased from Calbiochem. H2O2 was purchased from Fisher Scientific. Ab(1–42) and Ab(42–1) were
purchased from Bachem.

Primary cortical neuronal cultures
E17–E19 pregnant Long Evans rats were purchased from Harland Sprague–Dawley.
Embryos were surgically removed and their cortices were dissected and cultured as
described3. Cortical cultures were grown in basal growth medium on 6-well plates coated
with laminin and poly-D-lysine. Treatments with H2O2 and glutamate were performed
10 d after plating for 5 h. Treatment with ionomycin was performed 4 d after plating for
5 h. In experiments where calpeptin, EGTA, or BAPTA-AM were used, the drugs were
added 30 min before challenges were applied.

Glycerol gradient
A 11-ml 10–25% glycerol gradient was set up in ELB buffer (50 mM Tris pH 7, 0.1% NP-40,
250 mM NaCl). We layered 300 ml of fresh mouse brain lysate on top of the gradient and
centrifuged at 40K r.p.m. for 26 h. We collected 17 600-ml fractions. We incubated 10 ml of
each fraction at 25 8C for 2 h with either purified p35 or frozen and thawed mouse brain
lysates in a reaction buffer (5 mM CaCl2, 5 mM cysteine, 150 mM imidazole, pH 7.5) to a
final volume of 100 ml. The product from each reaction was electrophoresed on a 12% gel
and analysed as described in the text.

Protein microsequencing
Recombinant p35 and His-tagged cdk5 were produced by baculovirus and the p35/cdk5
complex was purified through a Ni2+ column. We treated 1 mg of the purified p35/cdk5
complex with 2 units of purified m-calpain (Calbiochem) at 30 8C for 30 min. The reaction
was stopped by 1% SDS. The entire reaction was electrophoresed on a 15% acrylamide gel
and transferred to a 0.2-mm PVDF membrane (BioRad). The membrane was stained with
Coomassie Brilliant Blue (BioRad), the 25K cleavage product was excised, and 1/3 of the
excised band was sequenced on Applied Biosystems Model 494 Procise Protein Sequencer
with Model 140C Microgradient Delivery System and Model 785A Programmable
Absorbance Detector.

Ischaemia
To induce focal ischaemia, adult mice (C57BL/6), weighing 16–20 g, were anaesthetized
initially with 1.5% isoflurane and thereafter maintained in 1.0% isoflurane in 70% N2O
and 30% O2. An 8.0 nylon monofilament suture coated with a silicone/hardener mixture
(Heraeus Kulzer) was inserted into the right common carotid artery. The suture was
advanced 9–10 mm from the insertion site through the internal carotid artery, occluding
the middle cerebral artery (MCA). Mice all woke up hemiplegic and were killed with
isoflurane 4 h after the induction of ischaemia. Global ischaemia was induced for 1 h as
described19. Generation and fractionation of brain lysates was as described20.

Cell viability assay
Primary cortical neurons were plated on 96-well plates. Four days after plating, neurons
were incubated with 20 mM Ab(1–42) (from a stock of 1 mg ml−1 in ddH2O) with or
without 10 mM butyrolactone (from 2.8 mM stock in DMSO) or 20 mM calpeptin (from
2 mM stock in DMSO) for 24 h. Cell viability was measured by treating neurons with MTT
(Sigma) at a final concentration of 0.5 mg ml−1 for 1 h. After MTT treatment, cell medium
was replaced with 100 ml DMSO and the optical density of each well at 495 nm was
determined using a microtitre plate reader.
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Notch signalling controls growth, differentiation and patterning
during normal animal development1,2; in humans, aberrant Notch
signalling has been implicated in cancer and stroke3,4. The
mechanism of Notch signalling is thought to require cleavage of
the receptor in response to ligand binding5, movement of the
receptor’s intracellular domain to the nucleus6,7, and binding of
that intracellular domain to a CSL (for CBF1, Suppressor of
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Hairless, LAG-1)8,9 protein. Here we identify LAG-3, a glutaminerich protein that forms a ternary complex together with the LAG-1
DNA-binding protein10 and the receptor’s intracellular domain.
Receptors with mutant ankyrin repeats that abrogate signal
transduction are incapable of complex formation both in yeast
and in vitro. Using RNA interference, we find that LAG-3 activity
is crucial in Caenorhabditis elegans for both GLP-1 and LIN-12
signalling. LAG-3 is a potent transcriptional activator in yeast,
and a Myc-tagged LAG-3 is predominantly nuclear in C. elegans.
We propose that GLP-1 and LIN-12 promote signalling by recruiting LAG-3 to target promoters, where it functions as a transcriptional activator.
The C. elegans Notch signalling pathway relies on either of two
receptors, GLP-1 or LIN-12 (Fig. 1a)1,2. The intracellular portions of
GLP-1 and LIN-12 possess three distinct regions: the RAM domain
binds tightly and specifically to LAG-1 (ref. 8); the ankyrin repeats
(ANK) are critical for signalling11–13; and the PEST domain is
thought to control receptor stability14 (Fig. 1b). Among these
domains, the RAM and ANK regions are sufficient for eliciting a
strong signalling response8.
We used a modified yeast two-hybrid screen to identify proteins
that interact with the GLP-1 intracellular domain only in the
presence of LAG-1. Briefly, one hybrid protein, GLP-1(RAMANK), fused to the LexA DNA-binding domain and one nonhybrid protein, LAG-1, were used as a complex bait, selecting for
activation of the HIS3 gene in the presence of a C. elegans
complementary DNA/activation domain fusion library (see Methods). Out of 300,000 transformants, 6 were dependent on the
presence of LAG-1 for robust growth; all 6 positives carried a
complementary DNA encoding the same glutamine-rich protein
(Fig. 1c), which we call LAG-3. In yeast, LAG-3 interacts strongly
with both GLP-1(RAM-ANK) and LIN-12(RAM-ANK) in the
presence of LAG-1, but not in its absence (Fig. 1d). Furthermore,
LAG-3 does not interact with either LAG-1 alone or a lamin control
(Fig. 1d). The simplest interpretation is that a ternary complex
is formed which is composed of LAG-3, LAG-1 and either
GLP-1(RAM-ANK) or LIN-12(RAM-ANK).
We then assayed formation of the complex in vitro. We generated
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Table 1 Wild-type ANK repeats are required in yeast for complex formation
and LAG-3 is a potent transcriptional activator in yeast
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Figure 1 LAG-3 and ternary complex formation in yeast. a, Core components of the
GLP-1/LIN-12 pathway (reviewed in ref. 1). b, Intracellular domain of receptors. Top, wild
type proteins. TM, transmembrane domain; RAM, RAM domain (green box); ANK, ankyrin
repeats (blue diamonds); PEST, PEST domain (black box). Middle, GLP-1 mutant protein.
Bottom, LIN-12 mutant protein. c, LAG-3 amino-acid sequence. Glutamine is highlighted
in red; the predicted nuclear localization sequence is underlined. Two alternative 59 ends
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a LAG-1 carrying a T7 epitope tag (Novagen) bound to beads and
versions of the remaining components, each bearing an S-peptide
tag (Novagen). After incubation, the proteins associating with beads
were detected by western blot (see Methods). LAG-3 bound LAG-1
in the presence of wild-type GLP-1(RAM-ANK) (Fig. 2a, lane 3),
but did not bind LAG-1 alone (Fig. 2a, lane 7). As expected from
previous results8, GLP-1(RAM-ANK) bound LAG-1 regardless of
LAG-3 (Fig. 2a, lane 5). To determine whether LAG-3 binds
GLP-1(RAM-ANK) on its own, we carried out a reciprocal experiment with T7–LAG-3 bound to beads and S-tagged versions of
LAG-1 and GLP-1(RAM-ANK). Wild-type GLP-1(RAM-ANK)
bound weakly to LAG-3 (Fig. 2b, lanes 7, 8), but binding was
enhanced markedly by the addition of LAG-1 (Fig. 2b, lanes 3, 4).
We conclude that a ternary complex composed of LAG-1, LAG-3
and the RAM-ANK region of GLP-1 forms in vitro.
Previous work has shown that the ANK repeats of both GLP-1
and LIN-12 are essential for signalling11–13. To determine whether
ANK repeat mutations disrupted ternary complex formation, we
assayed three mutations in the fourth ANK repeat of either GLP-1 or

GLP-1/LIN-12
TM RAM

6

.............................................................................................................................................................................
* LexA fusion proteins were used. T, temperature of yeast growth. Scale for b-galactosidase activity:
++++, strong blue colour detected by 30 min; +++, by 60 min; ++, by 90 min; +, by 120 min; 6, by
4 h; −, no blue detected at 4 h.

d

b

LIN-12(RAM-ANK)* LAG-1* LAG-3* Lamin*
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c
LAG-2

LIN-12(RAM-ANK)* LAG-1* Lamin*

predict two proteins, LAG-3A and LAG-3B (see Methods). Asterisk denotes the methionine
predicted to initiate LAG-3B. d, Interactions of LAG-1, LAG-3 and GLP-1(RAM-ANK) or
LIN-12(RAM-ANK) proteins in yeast. Transcription by LexA-controlled reporter yields
b-galactosidase (blue). Top, LexA fusion proteins; side, AD–LAG-3, GAL-4-activation
domain fused to LAG-3. Yeast were grown at 20 8C.
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LIN-12 (Fig. 1b); all three mutant proteins were produced stably
in yeast as shown by western blot (not shown). In C. elegans, the
glp-1(q224) and glp-1(q231) mutant receptors signal almost
normally at 15 8C, but function poorly at 20 8C and 25 8C (ref. 15).
When assayed in yeast, both mutants were defective for ternary
complex formation in a temperature-sensitive manner: interactions
were indistinguishable from wild-type at 15 8C, but much weaker at
30 8C (Table 1). Moreover, the strength of interaction correlated
with allelic strength: the weaker q231 mutant interacted better in
yeast than did the more severe q224 mutant. Similarly for lin-12, the
lin-12(n653) mutant receptor is severely impaired in C. elegans12,
and when assayed in yeast, LIN-12(RAM-ANKn653) did not
participate in complex formation (Table 1). Finally, when the
mutant GLP-1(RAM-ANKq224) protein was assayed in vitro, formation of the ternary complex was not detectable (Fig. 2a, lane 4;
Fig. 2b, lanes 5, 6). We conclude that the ANK repeats of both GLP-1
and LIN-12 receptors are critical for interactions with LAG-1 and
LAG-3, and suggest that the failure of the mutant receptors to
function properly in C. elegans may be due to their inability to form
ternary complexes.
We then determined whether lag-3 activity is required for glp-1
and lin-12 signalling in C. elegans. We used RNA interference
(RNAi)16 to reduce lag-3 activity (see Methods). To examine the
effects of lag-3(RNAi) on early embryos, mothers were soaked in
double-stranded (ds) lag-3 RNA as late L4 larvae. Whereas wildtype embryos have an elongate pharynx (Fig. 3a), both glp-1(q224)
and lag-3(RNAi) embryos lack an anterior pharynx and die within
the eggshell (Fig. 3b, c). To examine the effects of lag-3(RNAi)
postembryonically, early L1 larvae were soaked in lag-3 dsRNA.
Resultant lag-3(RNAi) adults were usually sterile (91%, n = 100),
and sometimes possessed a protruding vulva (36%, n = 100). The
sterility of lag-3(RNAi) adults resulted from a failure in germline
proliferation (Fig. 3d, e), a phenotype typical of glp-1 null
mutants15; the protruding vulva (Fig. 3f) was similar to that of
lin-12 loss-of-function mutants17. More diagnostic of a lin-12
signalling defect, however, was the finding of two anchor cells in

lag-3(RNAi) larvae (Fig. 3g). Also, these lin-12 and glp-1 defects
were the only ones observed and, therefore, other pathways appear
to be unaffected. From these results, we conclude that lag-3 is
critical for glp-1 signalling in both embryo and germ line and for
lin-12 signalling postembryonically.
To further investigate the role of lag-3 in C. elegans, we assayed the
effect of lag-3(RNAi) on both glp-1 and lin-12 gain-of-function
mutants. Whereas most glp-1(oz112 gf) animals are sterile and make
tumorous germ lines at 25 8C (ref. 18) (Fig. 3h, upper row), most
glp-1(oz112 gf); lag-3(RNAi) adults are either fertile or sterile with a
Glp-1-like germ line composed solely of a few mature sperm
(Fig. 3h, lower row). Thus, lag-3 is critical for glp-1(gf) signalling.
Similarly for lin-12, all lin-12(n137 gf) mutants possess multiple
pseudovulvae, the Muv phenotype (Fig. 3i, upper row), and do not
possess an anchor cell17, whereas most lin-12(n137 gf); lag-3(RNAi)
animals have either a normal or a Lin-12-like protruding vulva
(Fig. 3i, lower row). Upon examination by DIC microscopy, most
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Figure 2 LAG-3 forms a ternary complex in vitro with GLP-1(RAM-ANK) and LAG-1.
a, LAG-3 binds LAG-1 in the presence of wild-type GLP-1(RAM-ANK). Lanes 1, 2, input Stagged proteins; lane 3–10, T7–LAG-1 was bound to beads; proteins incubated with
beads shown at top of each lane. b, LAG-1 binds LAG-3 in presence of wild-type GLP-1.
Lanes 1, 2, input S-tagged proteins; lanes 3–10, T7–LAG-3 was bound to beads;
proteins incubated with beads shown at top of each lane. Assays done in duplicate using
two different amounts of LAG-3 for each experiment (++ indicates that the amount of T7–
LAG-3 is ,3 times greater than +).
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Figure 3 lag-3 is critical for both glp-1 and lin-12 signalling. a–c, Embryos stained with
3NB12 antibody: arrowhead, anterior pharynx; arrow, posterior pharynx. d–e, lag-3(RNAi)
adults with germ line composed solely of a few mature sperm (arrowheads). d, Distal tip
cell (DTC). e, 49,6-diamidino-2-phenylindole (DAPI) stained. f, lag-3(RNAi) adult with
protruding vulva (arrowhead). g, lag-3(RNAi) L3 with two anchor cells (AC) (arrows).
h–i, Suppression of glp-1(oz112 gf) and lin-12(n137 gf) by lag-3(RNAi). L1s soaked
with either lag-3 dsRNA or M9 buffer. n, number of animals. h, Complete genotype:
unc-32(e189) glp-1(oz112 gf). Glp, glp-1(lf) phenotype. Tumorous, glp-1(gf) phenotype.
Exploded indicates that animals could not be scored. i, Suppression of lin-12(n137 gf)
by lag-3(RNAi). Protruding vulva, lin-12(lf) phenotype; others, minor vulval defects. Muv,
lin-12(gf) phenotype.
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lin-12(gf); lag-3(RNAi) animals possessed at least one anchor cell
(data not shown). Both glp-1(gf) and lin-12(gf) receptors therefore
rely on lag-3 activity for signalling. We conclude that lag-3 is an
integral component of both glp-1 and lin-12 signalling pathways.
How might LAG-3 function in signal transduction? The LAG-3
amino-acid sequence is glutamine-rich, containing 20% glutamine
residues (Fig. 1c), a hallmark of certain transcriptional activation
domains19. To determine whether LAG-3 might function in transcriptional control, we did two experiments. First, we tested a
LexA–LAG-3 fusion protein for its ability to activate transcription
in yeast, and found it to be a strong transcriptional activator (Table
1). In contrast, other nuclear components of the glp-1/lin-12 pathway possessed either no activity by this assay or a much more
modest activity (Table 1). Second, we examined the subcellular
localization of a Myc-tagged LAG-3 fusion protein placed under
heat shock control and introduced into transgenic animals. Upon
heat shock, Myc–LAG-3 was predominantly nuclear (Fig. 4a),
whereas without heat shock, virtually no staining could be detected
(Fig. 4b). Consistent with the idea that LAG-3 is a nuclear protein,
there is a classical nuclear localization signal20 in its amino-acid
sequence (Fig. 1c, underline). The simplest interpretation is that
LAG-3 normally serves as a transcriptional activator and that the
primary function of the receptor’s intracellular domain is to bring
LAG-3 and LAG-1 together in a ternary complex at the target gene
promoter.
Figure 4c,d illustrates one model of how LAG-3 and ternary
complex formation might function in glp-1 and lin-12 signalling. In
a

b

c

the absence of ligand binding (Fig. 4c), the receptor’s intracellular
domain does not enter the nucleus and LAG-3 is not recruited to
target gene promoters. Upon ligand binding (Fig. 4d), however, the
receptor is cleaved and its intracellular domain moves to the
nucleus; as a result, LAG-3 is recruited to the promoter as part of
a ternary complex, activating transcription. It must be emphasized
that this model is speculative. For example, both the specific binding
interactions within the ternary complex and the stoichiometry of
components within the complex are not known. If LAG-3 is indeed
a transcriptional activator in C. elegans, which we think is likely, the
LAG-3 glutamine-rich domain might serve as the primary activation domain, as illustrated, or it might act together with other
proteins, for example with the receptor’s intracellular domain.
The identification of a new component in the C. elegans glp-1/
lin-12 signalling pathway has important implications for our
understanding of Notch signalling. In particular, evidence suggests
that a lag-3-like activity will be found in Drosophila and vertebrates.
First, the strong conservation among CSL DNA-binding proteins
and the conservation of both RAM and ANK repeat regions in all
Notch-like receptors suggests that these proteins participate in a
conserved process. Second, missense mutations in the ANK repeats
of Drosophila Notch21 and mouse Notch1 (ref. 22) reduce the ability
of receptor activity to induce cell fate changes, as also found in
C. elegans. Last, mouse Notch1 ANK mutants fail to induce target
gene transcription23,24. As the C. elegans ANK mutations abrogate
ternary complex formation, we predict that ANK mutations in
other Notch-related receptors similarly affect complex formation
with a LAG-3-like protein and the CSL DNA-binding protein. That
LAG-3 activity might be provided by a component of the Notch
pathway, such as mastermind25, which so far has not found a place in
models for molecular mechanism, or some other protein that has
yet to be identified. Identification of the third partner and analysis
of the ternary complex will be essential for understanding how
normal Notch signalling controls development and physiology and
how aberrant Notch signalling leads to human disease.
Note added in proof: lag-3 has also been shown to correspond to the
previously described locus sel-8 and to be associated with Lag
phenotypes in RNAi experiments (T. Doyle and I. Greenwald,
personal communication).
M
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Yeast two-hybrid screen and assays
QQQQ

The yeast two-hybrid screen was done essentially as described26 with two modifications.
First, we used the L40-ura3 (MATa, trp1, his3, leu2, ade2, LYS2::(LexAop)4-HIS3,
ura3::(LexAop)8-lacZ) yeast strain (a gift from T. Triolo and R. Sternglanz) for both
screening and characterization of interactions. Second, in addition to LexA and AD fusion
proteins, a third, ‘non-hybrid’ protein, LAG-1, was expressed from pYES2 vector
(Invitrogen). The screen used the plasmid form of a C. elegans cDNA library fused to Gal4AD, which was derived from the LambdaACT-pRB-2 library27. Among the six lag-3 cDNAs
recovered, three were full-length for LAG-3A (residues 1–490) and the others encoded
truncated forms (residues 1–398, 1–446 and 24–490). The b-galactosidase filter-lift assay
was done as described26. For assays of yeast grown at different temperatures, yeast were
grown on plates at the given temperature, frozen in liquid nitrogen and the enzymatic
assay carried out at 30 8C.

LAG-1

Transcription
machinery

OFF
LAG-1 binding
site

d

Target gene

Signal present

Plasmids

LAG-1

QQQQ
Transcription
machinery

LAG-1 binding
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Target gene

Figure 4 LAG-3 may function as a transcriptional activator. a,b, Adults carrying Myc–
LAG-3 under heat shock control, examined using anti-Myc antibodies. a, After heat
shock, Myc-LAG-3 is predominantly nuclear, as seen in intestinal nuclei (arrowheads).
b, Without heat shock, Myc-LAG-3 is barely detectable. c,d, Model for LAG-3 function.
c, Without signalling, no ternary complex is formed at target gene promoter and
transcription is repressed. d, Upon signalling, the ternary complex forms and transcription
is activated.
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Plasmids were constructed using standard techniques and details are available upon
request. The pBTM116 vector26 was used to obtain LexA fusions. All LexA–GLP-1(RAMANK) constructs encode GLP-1 residues 788–1171; mutant versions contain appropriate
nucleotide substitutions13. LexA–LIN-12(RAM-ANK) constructs encode LIN-12 residues
930–1320, the mutant version contains the appropriate nucleotide substitution12. LexA–
LAG-3 encodes residues 1–490 of LAG-3. The LexA–Lamin fusion has been described26.
The non-hybrid used for the yeast two-hybrid screen contained residues 203–673 of
LAG-1. AD–LAG-3 contains residues 1–490 of LAG-3A. pCITE-4a (Novagen) was
used to obtain S-tag fusion proteins,. S–LAG-1 includes residues 199–673 of LAG-1.
S–GLP-1(RAM-ANK), wild type and mutant, encodes residues 788–1171 of GLP-1.
S–LAG-3 encodes residues 5-490 of LAG-3A. pET-28a (Novagen) was used to generate
T7-tag fusions. T7–LAG-1 encodes residues 199–673 of LAG-1; T7–LAG-3 encodes
residues 5–490 of LAG-3. For LAG-3 localization in worms, a Myc–LAG-3 construct,
encoding full-length LAG-3A, was created from a modified pPD49.83, which contains
the heat shock promoter HSP16-14, a translation start site, and an amino-terminal
c-Myc epitope8.
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In vitro binding assay
T7-tagged proteins were produced in Escherichia coli and partially purified by absorption
onto T7-tag antibody agarose. S-tagged proteins were generated using rabbit reticulocite
lysate (TnT, Promega). In vitro translated proteins were diluted with 0.5 ml of T7-tag bind/
wash buffer (4.29 mM Na2HPO4, 1.47 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl,
0.1% Tween-20, 0.002% NaN3, pH 7.3) in the presence of 1 × ‘Complete EDTA-free’
protease inhibitor cocktail (Boehringer Mannheim). S-tagged proteins were then added to
the corresponding T7-tagged protein bound to the agarose beads in microfuge tubes.
Samples were incubated with shaking for 1 h at 25 8C. The agarose beads were washed three
times with 1 ml of T7-tag bind/wash buffer in the presence of 1 × Complete EDTA-free
protease inhibitor cocktail. Bound proteins were released by boiling agarose beads in
protein loading buffer. Proteins were separated using SDS–PAGE and transferred to
polyvinylidene difluoride membrane. S-tagged proteins were visualized using S-proteinalkaline phosphatase conjugates (Novagen); T7-tagged proteins were visualized using T7tag antibody-alkaline phosphatase conjugates (Novagen). Between 0.5 mg and 5 mg of T7–
LAG-1 or T7–LAG-3 and about 100 ng of each of the S-tagged proteins were used in each
assay.

Transcript analysis
The 59 end of the lag-3 message was determined by RT–PCR using lag-3 specific primers
and a primer to the trans-splicing leader SL1. Two alternative 59 ends were obtained. The
inferred transcripts are predicted to encode two proteins, LAG-3A and LAG-3B.

RNA interference
The RNAi effect should be limited to lag-3 specifically, because this gene is unique in the
C. elegans genome28. The DNA template for in vitro transcription contained all of the
coding sequence for LAG-3A and 86 nucleotides of the lag-3 39 untranslated region. To
assay the postembryonic lag-3 phenotype, L1 larvae were soaked in 1–3 mg ml−1 of double
stranded lag-3 RNA for 48 h at 20 8C or 25 8C in M9 buffer (22 mM KH2PO4, 42 mM
NaH2PO4, 85 mM NaCl, 1 mM MgSO4) in the presence of E. coli (Absorbance 600 nm,
0.75–1.0). After soaking, animals were transferred to Petri dishes to continue development. To assay the embryonic lag-3 phenotype, L4 animals were soaked in M9 containing
1 mg ml−1 lag-3 dsRNA overnight, then transferred to plates to lay eggs, using essentially a
described method29.

Subcellular localization
Generation of transgenic nematodes carrying HS–Myc–LAG-3, heat shock conditions
and antibody detection was done essentially as described8, except a whole mount freeze
cracking method was used for fixation of the worms30.
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DNA helicases are ubiquitous enzymes that unwind doublestranded DNA1–3. They are a diverse group of proteins that
move in a linear fashion along a one-dimensional polymer
lattice—DNA—by using a mechanism that couples nucleoside
triphosphate hydrolysis to both translocation and doublestranded DNA unwinding to produce separate strands of DNA.
The RecBC enzyme is a processive DNA helicase that functions in
homologous recombination in Escherichia coli; it unwinds up to
6,250 base pairs per binding event and hydrolyses slightly more
than one ATP molecule per base pair unwound. Here we show, by
using a series of gapped oligonucleotide substrates, that this
enzyme translocates along only one strand of duplex DNA in
the 39 → 59 direction. The translocating enzyme will traverse, or
‘step’ across, single-stranded DNA gaps in defined steps that are 23
(62) nucleotides in length. This step is much larger than the
amount of double-stranded DNA that can be unwound using the
free energy derived from hydrolysis of one molecule of ATP,
implying that translocation and DNA unwinding are separate
events. We propose that the RecBC enzyme both translocates and
unwinds by a quantized, two-step, inchworm-like mechanism
that may have parallels for translocation by other linear motor
proteins.
DNA unwinding by RecBC enzyme initiates only at blunt or
nearly blunt double-stranded DNA (dsDNA) ends; thus, it had not
been possible to determine on which strand of DNA translocation
occurs, or whether both DNA strands are required. We therefore
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