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Here we present a detailed genetic analysis of let-512/
vps34 that encodes the Caenorhabditis elegans homo-
logue of the yeast phosphatidylinositol 3-kinase Vps34p.
LET-512/VPS34 has essential functions and is ubiqui-
tously expressed in all tissues and developmental
stages. It accumulates at a perinuclear region, and
mutations in let-512/vps34 result in an expansion of
the outer nuclear membrane as well as in a mislocali-
zation and subsequent complete lack of expression of
LRP-1, a C.elegans LDL receptor normally associated
with the apical surface of hypodermal cells. Using a
GFP::2xFYVE fusion protein we found that the phos-
phatidylinositol 3-phosphate (PtdIns 3-P) product of
LET-512/VPS34 is associated with a multitude of
intracellular membranes and vesicles located at the
periphery, including endocytic vesicles. We propose
that LET-512/VPS34 is required for membrane trans-
port from the outer nuclear membrane towards the
cell periphery. Thus, LET-512/VPS34 may regulate
the secretory pathway in a much broader range of
compartments than was previously suggested for the
yeast orthologue.
Keywords: Caenorhabditis elegans/membrane transport/
PtdIns 3-kinase

Introduction

Phosphoinositides serve as membrane signals mediating
intracellular traf®cking and protein targeting. They direct
the movement of membrane compartments, and control
the translocation and activity of proteins that contain
phosphoinositide-binding motifs such as pleckstrin homol-
ogy-, FYVE-, PX- and ENTH-domains (reviewed in
Simonsen et al., 2001; Wishart et al., 2001). Phospho-
inositide 3-kinases (PI3Ks) are an important type of lipid
kinase that provide targets for the above mentioned protein
domains. PI3Ks form a large evolutionarily conserved
family of enzymes that speci®cally phosphorylate inositol
phospholipids at the D-3 position of the inositol ring.

PI3Ks are key regulators of diverse cellular pathways that
include cytokine and growth factor receptor signalling
cascades, apoptosis, regulation of the actin cytoskeleton
and intracellular membrane traf®cking (Carpenter and
Cantley, 1996; De Camilli et al., 1996; Toker and Cantley,
1997; Rameh and Cantley, 1999).

In the yeast Saccharomyces cerevisiae, VPS34 encodes
the sole detectable PI3K activity. Vps34p is the prototype
for the class III PI3Ks with its substrate speci®city
restricted to phosphatidylinositol (PtdIns) (Stack and
Emr, 1994). Genetic and biochemical studies have
identi®ed Vps34p as part of a molecular complex required
for the ef®cient sorting and vesicle-mediated delivery of
resident vacuolar proteins from the late trans-Golgi
network via an intermediate endosomal compartment to
the yeast vacuole (Herman and Emr, 1990; Schu et al.,
1993). Mutations in the VPS34 gene that deplete cells of
phosphatidylinositol 3-phosphate (PtdIns 3-P) result in
mis-sorting and secretion of Golgi-modi®ed precursor
forms of several vacuolar hydrolases, including carboxy-
peptidase Y, proteinase A and proteinase B (Robinson
et al., 1988; Schu et al., 1993). Other characteristics of
the phenotype shown by VPS34 mutants involve a
temperature-sensitive growth defect and defects in osmo-
regulation and in vacuole segregation during mitosis
(Herman and Emr, 1990). Inactivation of the Vps34p PI3K
also has been shown to alter a late stage of the endocytic
pathway in yeast. Reduced cellular levels of PtdIns 3-P
caused by loss of Vps34p function impede the transport of
the endocytosed ¯uorescent dye FM4-64 (Vida and Emr,
1995) to the vacuole, thus resulting in a late-stage
endocytosis defect characterized by an accumulation of
FM4-64 in pre-vacuolar endocytic compartments (Wurmser
and Emr, 1998).

Much less is known about the function of the Vps34p
orthologues in higher eukaryotes. Studies in mammalian
cells, mainly based on experiments with the two non-
isoform speci®c PI3K inhibitors wortmannin and
LY294002, have suggested that mammalian PI3Ks regu-
late the protein traf®c to the lysosomes (Brown et al.,
1995; Davidson, 1995; Row et al., 2001). In plants, PI3K
expression is correlated with membrane proliferation
during root nodule formation (Hong and Verma, 1994)
and wortmannin inhibits at least one type of vacuolar
sorting (Matsuoka et al., 1995). Expression of Arabidopsis
thaliana VPS34 antisense constructs revealed that this
gene is essential for plant growth and development
(Welters et al., 1994). Furthermore, the protein appears
to be associated with nuclear and nucleolar transcription
sites in plant cells (Bunney et al., 2000). Despite these
numerous studies, however, a detailed genetic analysis of a
Vps34p orthologue in the context of higher eukaryotes has
not yet been reported. To close this gap and to learn more
about the function of Vps34p proteins in multicellular
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organisms, we have analysed loss-of-function mutations of
the only Vps34p orthologue in Caenorhabditis elegans.
We show that VPS34 is encoded by let-512, a gene that is
essential for development and growth. The protein
product, LET-512/VPS34, is expressed in somatic cells
and in the germ line of all developmental stages of both
sexes. It is concentrated at the perinuclear region and loss-
of-function mutations result in an expansion of the
perinuclear space. Altogether these data suggest that the
outer nuclear membrane is the primary location of the
C.elegans VPS34. Its lipid product PtdIns 3-P, however, is
much more broadly distributed in the cells. Most of the
detectable PtdIns 3-P is located in endocytic compart-
ments, implying that functional membrane traf®cking
machinery to deliver PtdIns 3-P from its site of synthesis to
the cell periphery is present. Furthermore, we show that
mutations in let-512/vps34 interfere with the secretion of
LRP-1, a gp330/megalin-related member of the LDL receptor
superfamily, at the apical surface of the hypodermal cells.

Results

The genome of C.elegans encodes a single
Vps34p homologue
A database search revealed that the genome of C.elegans
encodes a single homologue of the yeast class III PI3K,
Vps34p. This protein (CeVPS34) is encoded by the gene
B0025.1. We have used a PCR probe speci®c to the
predicted B0025.1 coding region to screen a C.elegans
mixed-stage cDNA library (Barstead and Waterston,
1989) and have identi®ed 15 positive clones out of
500 000 plaques. One of them, P51Y, was randomly
chosen and completely sequenced (Figure 1A). Its length
of 2837 bp was consistent with the size of a single mRNA
detected on a northern blot with poly(A)+ RNA from a
wild-type mixed-stage C.elegans population (data not
shown). The cDNA contained 36 bp of 5¢ UTR, 110 bp of
3¢ UTR, and a 2691 bp long open reading frame composed
of six exons encoding a predicted protein of 897 amino

Fig. 1. The C.elegans gene let-512/vps34 (B0025.1) encodes a Vps34p homologue. (A) Structure of let-512/vps34 (B0025.1). (I) let-512/vps34
(B0025.1), encoded by cosmid B0025, is preceded by the two upstream genes B0025.2 and B0025.3, which are predicted to be transcribed as a poly-
cistron. Numbering is according to sequences in the DDBJ/EMBL/GenBank database. let-512/vps34 is composed of six exons spanning ~4.8 kb. The
core catalytic lipid kinase domain is located on exons 4 and 5 (black box). (II) let-512/vps34 (B0025.1) mRNA. The let-512/vps34(B0025.1) mRNA is
trans-spliced to the SL2 spliced-leader sequence (boxed). The putative ATG start codon is written in bold and italic. The positions of the point muta-
tions in the alleles h351, h362, h510, h741 and h808 are indicated. The striated domains represent homology regions (HR) 1 to 3, which are conserved
between the different Vps34p PI3K family members (Wymann and Pirola, 1998). The black box represents the core catalytic lipid kinase domain. The
1.1 kb BamHI±PstI fragment was subcloned for expression of a His-tagged fusion protein and polyclonal anti-LET-512/VPS34 antiserum production.
(III) Alignment of the core catalytic domains of different Vps34p PI3K family members and the mammalian p110a PI3K (Hiles et al., 1992). Dm,
D.melanogaster; Hs, Homo sapiens; Sp, Schizosaccharomyces pombe; Sc, S.cerevisiae; At, A.thaliana; Ce, C.elegans. Asterisks indicate highly con-
served amino acid residues within the catalytic domain of all PI3Ks implicated in ATP and substrate binding (Walker et al., 1999). (B) Western blot
analysis of LET-512/VPS34. Total protein extracts from C.elegans were blotted after SDS±PAGE and incubated with pre-immune serum (pre-
immune), with anti-LET-512/VPS34 antiserum (anti-CeVPS34) and with anti- LET-512/VPS34 antigen that was pre-incubated with the LET-512/
VPS34 antiserum (anti-CeVPS34+antigen). (C) PI3K activity was immunoprecipitated from disrupted and lysed mixed-stage cultures of N2 C.elegans
strains with pre-immune or anti-LET-512/VPS34 antiserum, before PI3K-mediated PtdIns 3-P formaion was assayed. Where indicated, immobilized
LET-512/VPS34 was pre-incubated with wormannin for 15 min at 30°C. (D) Developmental northern blot analysis of let-512/vps34 (B0025.1) expres-
sion. Poly(A)+ RNA was puri®ed from staged cultures and equivalent amounts of RNA (3.8 mg/lane) were loaded on a denaturing agarose gel. A
1.1 kb C-terminal XhoI fragment of the let-512/vps34 (B0025.1) cDNA was used as hybridization probe (see Materials and methods). act-1 (Krause
et al., 1989) was used as a loading control.
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acids (Figure 1A). A canonical AAUAAA poly(A) signal
was present 11 bp upstream of the poly(A) tail. No trans-
spliced leader sequence was present at the 5¢ end of the
cDNA clone P51Y, but a RT±PCR ampli®cation of
C.elegans wild-type RNA revealed that the transcript of
B0025.1 is trans-spliced to SL2 exclusively, suggesting
that its coding region is located at a downstream position
within a polycistronic operon (Spieth et al., 1993; Zorio
et al., 1994). This hypothesis is con®rmed by the genomic
sequence that encodes two upstream ORFs predicted to be
in the same operon (Figure 1A). cDNAs corresponding to
both genes have been isolated and sequenced (our
unpublished results).

Over its entire length, the predicted amino acid
sequence of CeVPS34 shows most sequence similarities
to Vps34p-like PI3Ks of other species, namely to the
S.cerevisiae Vps34p (Herman and Emr, 1990), to the
Drosophila melanogaster PI3K_59F (Linassier et al.,
1997) and to the human phosphatidylinositol-speci®c
PI3K HsVPS34 (Volinia et al., 1995). To further con®rm
that CeVPS34 is a member of the Vps34p family of PI3Ks,
we have tested its ability to phosphorylate PtdIns at the
D-3 position of the inositol ring in vitro. A polyclonal
antiserum raised against an N-terminal fragment of
CeVPS34 (amino acid residues 197±569) lacking the
conserved lipid kinase domain was used to immunopre-
cipitate CeVPS34. On western blots, the antibodies
recognized a protein of the expected molecular mass of
100 kDa (Figure 1B). The same protein was co-pre-
cipitated from C.elegans total extracts (data not shown).
The immunoprecipitate was incubated with PtdIns and
[g-32P]ATP, and the reaction products were assayed by

thin layer chromatography (TLC) and autoradiography.
The anti-CeVPS34 immunoprecipitate displayed a lipid
kinase activity towards PtdIns, yielding PtdIns 3-P as a
product. This activity was totally inhibited following
addition of the fungal metabolite wortmannin (Figure 1C),
a potent inhibitor of PI3Ks (Arcaro and Wymann, 1993;
Wymann et al., 1996). Altogether, structural and bio-
chemical data con®rm that the C.elegans gene B0025.1
encodes a PtdIns-speci®c PI3K that structurally and
functionally belongs to the Vps34p subfamily of PI3Ks.

CeVPS34 is ubiquitously expressed during
development and accumulates at a
perinuclear localization
We have tested the developmental expression pro®le of
B0025.1. On northern blots with poly(A)+ RNA isolated
from staged wild-type animals, B0025.1 mRNA was
detected at all developmental stages; however, strongest
expression occurred during embryogenesis until the ®rst
larval stage (L1). During the L2 larval stage, B0025.1
expression level was low, but it increased again in L4
larvae and adults (Figure 1D). The subcellular distribution
of CeVPS34 was tested by using polyclonal anti-CeVPS34
antibodies (see above). We found that the protein was
ubiquitously present in all major tissues and at all
developmental stages in C.elegans. Most interestingly,
CeVPS34 was strongly concentrated at a perinuclear
localization in all blastomeres of the embryo, but some
weak granular and diffuse cytoplasmic anti-CeVPS34
staining was also evident (Figure 2A±H). In larval and
adult stages of both sexes, the protein was also found at the
nuclear envelope of the cells from most major tissues such

Fig. 2. Immunostainings of different developmental stages of C.elegans with the anti-LET-512/VPS34 polyclonal antiserum. LET-512/VPS shows a
strong perinuclear accumulation in all blastomeres of developing embryos. (A±D) Two-cell stage embryo. (E±H) Four-cell stage embryo. Blue, DAPI
staining; green, anti-CeVPS34 staining. (I, J) Microdissected distal gonad: (I) ¯uorescent micrograph, (J) DAPI staining. (K, L) Growing oocytes in a
microdissected proximal gonad: (K) Anti-CeVPS34 staining, (L) DAPI staining. (M, N) Late L3 homozygous segregant of the let-512(h510) strain.
Anterior is to the left. (M) Anti-LET-512/VPS staining. (N) Same specimen as in (M) stained with the mAb5-6 monoclonal antibody speci®c for myo-
sin heavy-chain as control. Scale bars: 20 mm.
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as the hypodermis or the intestine (results not shown).
Furthermore, we observed that CeVPS34 was abundantly
present in the germline of adult hermaphrodites. Both the
mitotically dividing germ line precursor nuclei and the
differentiated oocytes of the more proximal germ line
showed bright perinuclear and cytoplasmic staining
(Figure 2I and K). Altogether, these results point to the
nuclear envelope and possibly the perinuclear endoplas-
mic reticulum (ER) as the innermost localization sites for
CeVPS34.

CeVPS34 is encoded by the essential gene let-512
B0025.1 is located on chromosome I and maps between
the two genes dpy-5 and bli-4. This region contains several
lethal mutations (Howell et al., 1987) that were tested for
rescue with the construct B0025DSacII. B0025DSacII is a
3¢ truncated derivative of cosmid B0025 containing the
CeVPS34 encoding region B0025.1, and the two upstream
genes B0025.2 and B0025.3 of the operon (Figure 1A).
Two different alleles of one of these candidate genes,
let-512(h351) and let-512(h510), could be rescued, indi-
cating that CeVPS34 must be encoded by one of the three
genes contained in B0025DSacII. To determine if B0025.1
corresponded to let-512, we partially sequenced the ®ve
available alleles of let-512. We found that three of them
introduced stop codons in the CeVPS34 coding region at
amino acid positions 165(h510), 249(h741) and 574(h362)
that are predicted to result in truncated protein products
lacking the putative core catalytic domain (Figure 1A;
Table I). The two other alleles of let-512 caused amino
acid substitutions at positions 651(h808) and 687(h351),
two highly conserved amino acid residues within the
catalytic domain of the Vps34p family of proteins
(Figure 1A; Table I). In summary, our data demonstrate
that the CeVPS34 PI3K is encoded by the gene let-512,
and we therefore re-named the gene let-512/vps34.

let-512/vps34 mutants arrest development at the
L3 or L4 molt
We have analysed the phenotype of let-512/vps34 mutant
animals. Four out of the ®ve alleles (h510, h741, h362
and h351) appeared to have the same sterile or lethal
phenotype, suggesting that they represent strong loss of

function or null alleles. Homozygous dpy-5;let-512;
unc-13 animals segregating from sDp2(I;f) balanced
mothers variably arrested growth and development either
during or shortly after the molts from the L3 to L4 or from
the L4 to the adult stage (Table I). A few hermaphrodites
arresting after the ®nal molt were able to develop into
young adults with up to six disorganized and arrested
embryos in their uterus, whereas others were marked by
the presence of abnormal oocytes. Animals homozygous
for the ®fth allele (h808) had a weaker phenotype. These
animals exhibited the same general arrest phenotype as
those carrying the strong alleles, but ~11% (n = 949) of
them reached adulthood and were fertile (Table I),
permitting the maintenance of this strain in the absence
of sDp2(I;f).

To analyse the let-512/vps34 mutant phenotype in more
detail we have used the allele h510. The marker mutations
dpy-5 and unc-13 were crossed out from the h510-bearing
chromosome (see Materials and methods). Homozygous
let-512(h510) animals from heterozygous mothers showed
the same developmental arrest during or shortly after the
molts from the L3 to L4 or from the L4 to the adult stage,
like homozygous dpy-5;let-512;unc-13 triple mutants.
Prior to the onset of arrest, homozygous let-512/vps34
animals did not differ phenotypically from wild-type
animals at the same developmental stage. At the L3/L4
or L4/adult molts, however, let-512(h510) homozygous
worms failed to shed their old cuticles, which were usually
displaced from the anterior and sometimes from the most
posterior end, but not from the rest of the body (Figure 3A).
In h510 mutant animals arresting at the L4/adult molt,
however, the alae of the newly synthesized adult cuticle
were clearly visible (Figure 3B). This indicates that the
molting defects cannot be attributed to a failure in new
cuticle formation. No differences between animals incu-
bated at 15, 20 or 25°C were observed. Obviously, the
phenotype of let-512 mutation worms is not temperature
dependent, which is opposite to results obtained in yeast
(Herman and Emr, 1990).

Mutations in let-512/vps34 result in an expansion
of the perinuclear space
Besides the molting defects, arrested homozygous
let-512(h510) segregants were frequently marked by an
expansion of the nuclear envelope in various somatic cells,
including the cells of the hypodermis, the intestine and the
body wall muscles, and in germ cells (Figure 3E and F).
Staining of micro-dissected gonads isolated from homo-
zygous let-512(h510) hermaphrodites with DAPI or with
the antibody mAb414, which speci®cally recognizes
several nuclear pore components of C.elegans (Davis
and Blobel, 1986; Browning and Strome, 1996; Pitt et al.,
2000), revealed that this defect was restricted to the outer
nuclear membrane, whereas the size of the inner nuclear
membrane remained unchanged (Figure 3G and H). The
diffuse distribution of the mAb414 epitopes within the
enlarged perinuclear space suggests that the dissociation
of the outer and the inner nuclear membrane may lead to a
disintegration of the nuclear pore complexes in let-512
mutants. An enlarged perinuclear space caused by the
expansion of ribosome-free sheets of the outer nuclear
membrane in arrested let-512(h510) homozygote animals,
®nally, was also seen in transmission electron microscopy

Table I. let-512/vps34 mutant alleles

Allele Protein alteration Sequence

Wild type Mutanta Fertilityb

h351 G687R GGA AGA 0%
h362 R574-opal CGA TGA 0%
h510 W165-amber TGG TAG 0%
h741 R249-opal CGA TGA 0%
h808 D651N GAT AAT 11% (n = 949)

aSequence alterations found in the different let-512/vps34 mutant
alleles are underlined. Altered amino acids are abbreviated using the
single-letter code.
bAllele fertility was judged by scoring the percentage of homozygous
animals that reach adulthood and were fertile in each generation. For
alleles h351, h362, h510 and h741, homozygous dpy-5; let-512; unc-13
animals that had lost the free duplication sDp2(I;f) were never fertile,
whereas, although at a low percentage, animals homozygous for
let-512(h808) were fertile and could be maintained without sDp2(I;f).

L.Roggo et al.

1676



(Figure 3I and J). Interestingly, the defects in the outer
nuclear membrane correlate well with the perinuclear
localization of LET-512/VPS34 protein.

PtdIns 3-P is absent from intracellular membranes
and vesicles in let-512/vps34 mutant animals
We next assessed the intracellular distribution of PtdIns
3-P, the product of LET-512/VPS34. Therefore, we
made a fusion protein containing two FYVE RING ®nger
domains coupled to green ¯uorescent protein (GFP)
[gfp::2xT10G3.5(FYVE)]. The FYVE RING ®nger domain
is a conserved 70-residue protein module that was shown
to interact speci®cally with PtdIns 3-P (reviewed in
Gillooly et al., 2001). The FYVE RING ®nger domains

used for our GFP fusion construct were derived from the
yet uncharacterized C.elegans protein T10G3.5. T10G3.5
is a putative coiled-coil protein displaying 22% overall
identity and 42% overall similarity to the human EEA1
(early endosome antigen 1) that is required for membrane
docking and early endosome fusion (Mills et al., 1998;
Simonsen et al., 1998; Christoforidis et al., 1999a). The
FYVE ®nger domain of T10G3.5 contains both a RING
motif, characterized by the spacing of eight cysteine and/
or histidine residues (Cx2Cx9±39Cx1±3C/Hx2±3Cx2Cx4±48

Cx2C) that permits coordination of two zinc atoms
(Saurin et al., 1996), and the highly conserved FYVE
signature motif (R/K)(R/K)HHCR surrounding the third
zinc-coordinating cysteine that is critical for PtdIns 3-P
binding (Gillooly et al., 2001).

The speci®city of the GFP::2xT10G3.5(FYVE) fusion
protein for binding PtdIns 3-P was tested in a yeast mutant
strain deleted for the VPS34 gene (Schu et al., 1993). In
wild-type yeast cells, the GFP::2xT10G3.5(FYVE) fusion
protein was bound to endosomal/vacuolar membranes,
whereas in VPS34 mutant cells devoid of PtdIns 3-P, the
fusion protein was cytosolic (data not shown). We have
transformed C.elegans with the heat shock promoter
driven gfp::2xT10G3.5(FYVE) fusion construct and ana-
lysed its expression pattern. Animals wild type for let-512
showed the strongest expression in the intestinal and
hypodermal cells. In these cells, the GFP::2xT10G3.5
(FYVE) fusion protein was targeted to a multitude of
intracellular membranes and vesicles, most of them being
localized at peripheral regions (Figure 4A and F; data not
shown). In arrested let-512(h510) mutant worms the fusion
protein was also expressed, but it remained diffusely
distributed in the cytosol (Figure 4D). This indicates that
PtdIns 3-P was absent from all microscopically detectable
membranes and vesicles from mutant animals.

PtdIns 3-P is located to the endocytic pathway
In the hypodermis of let-512/vps34 wild-type animals, we
observed a strong localization of GFP::2xT10G3.5(FYVE)
to apical peripheral vesicular structures within the main
hypodermal syncytium hyp7 (Figure 4A and F). To test
whether these peripheral structures could represent
endocytic compartments, we stained GFP::2xT10G3.5
(FYVE)-expressing worms with the ¯uorescent dye
FM 4-64. This dye speci®cally labels the yeast plasma
membrane and the endocytic pathway upon internalization
(Vida and Emr, 1995) and is endocytosed by C.elegans
embryos when added to the medium (Rappleye et al.,
1999). We found that FM 4-64 is rapidly taken up by the
hypodermal syncytium hyp7 in larvae and adult worms
following perforation of the cuticle using an injection
needle. Upon internalization, FM 4-64 stains punctuated
structures that are frequently co-labelled with the
GFP::2xT10G3.5(FYVE) fusion protein (Figure 4A±C).
Thus, these data clearly demonstrate an association of
PtdIns 3-P with endocytic intermediates in hypodermal
cells of C.elegans. A possible requirement for PtdIns 3-P
and hence for LET-512/VPS34 in the endocytic pathway
of C.elegans is suggested by our observation that arrested
homozygous animals are no longer capable of endo-
cytosing the FM 4-64 dye (Figure 4E).

Fig. 3. Phenotype of homozygous let-512/vps34(h510) mutant worms.
(A) Severe constriction caused by an unshed cuticle in the tail region
of an arrested young adult animal. (B) Alae (arrow) of the newly
synthesized adult cuticle of mutant animal arrested at the L4 to adult
molt. (C and E) Wild-type nuclei: (C) hypodermis, (E) germ line. (D
and F) Homozygous let-512/vps34(h510) segregants arrested at the L4/
adult stage molt showing an extension of the outer nuclear membrane:
(D) hypodermal and (F) germ line cells. Scale bars: 20 mm. (G, H)
DAPI (blue) and mAb414 (red) double staining of germ cell nuclei in
the distal gonad: (G) a wild-type animal, (H) a homozygous
let-512(h510) mutant hermaphrodite. mAb414 speci®cally recognizes
proteins of the nuclear pore complex (see text). Scale bars: 20 mm.
(I, J) Transmission electron microscopic pictures of nuclei from the
gonad: (I) wild-type animal and (J) let-512(h510) mutant animal, show-
ing an enlargement of the nuclear membrane space.
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LET-512/VPS34 is required for the expression and
localization of LRP-1 at the apical surface of hyp7
The severe defects in molting and in the proper shedding
of the old cuticle displayed by arrested homozygous
let-512(h510) mutant worms resembled the defects caused
by mutations in the C.elegans gene lrp-1 (Yochem et al.,
1999). Mutations in the lrp-1 gene cause an arrest in
growth and development, usually during the molt from L3
to L4, and result in a striking inability of homozygous
animals to shed and degrade the old cuticle during the molt
(Yochem et al., 1999). lrp-1 encodes a gp330/megalin-
related member of the LDL receptor superfamily and
is predominately located to the apical surface of the
hypodermal syncytia hyp6 and hyp7 (Yochem et al.,
1999). It was suggested that LRP-1 plays a major role
in receptor-mediated uptake of cholesterol through the
hypodermis (Yochem and Greenwald, 1993; Yochem
et al., 1999). The strikingly similar phenotype of let-512
and lrp-1 mutant animals prompted us to compare the
intracellular localization of LRP-1 with that of LET-512/
VPS34 and its lipid product PtdIns 3-P. The cellular
distribution of LRP-1 was investigated by confocal
immuno¯uorescence microscopy using the two mono-
clonal anti-LRP-1 antibodies 1H6 and 4H5 (Yochem et al.,
1999). In wild-type animals the antibodies stained vesicles
at the apical surface of the hyp7 syncytium (Figure 4G)
(Yochem et al., 1999). Co-staining with the monoclonal
antibody MH27, which is speci®c for the hypodermal
adherens junctions (Francis and Waterston, 1985), demon-
strated that the LRP-1 marked structures are con®ned to
the dorsal and ventral ridges of hyp7 and wider sections on

either side of the lateral seam cells (Figure 5A). Double
staining with the GFP::2xT10G3.5(FYVE) fusion protein
revealed a co-localization of the LRP-1 receptor with
PtdIns 3-P in vesicles (Figure 4F±H), showing that they
represent endocytic structures. However, no co-localiza-
tion of LRP-1 and LET-512/VPS34, which mainly reside
at a perinuclear position (see above), could be observed.

Co-localization of the LRP-1 receptor with PtdIns 3-P in
endocytic vesicles suggests a possible role of PtdIns 3-P
(and hence LET-512/VPS34) in receptor-mediated endo-
cytosis at the hyp7 plasma membrane of C.elegans. To
investigate this issue further, we looked at the distribution
of LRP-1 at the apical surface of hyp7 in dpy-5(e61);
let-512(h510) double mutant animals. The dpy-5(e61)
phenotype permitted the identi®cation of homozygous let-
512(h510) segregants prior to L3/L4 arrest. As control we
used dpy-5(e61) single mutant animals, which had an
LRP-1 expression pattern corresponding to wild-type
animals (Figure 5A). During the developmental arrest of
dpy-5(e61);let-512(h510) homozygous animals, LRP-1
gradually became less abundant and less regularly distrib-
uted at the apical surface of hyp7 than in control animals
that were wild type for let-512. Furthermore, the endocytic
vesicles changed their form and adopted a more tubular
or mesh-like appearance (Figure 5B and C). In arrested
dpy-5(e61); let-512(h510) worms, the apical LRP-1
signals disappeared almost completely, although some
faint and diffuse LRP-1 signal remained in the cytoplasm
of hyp7 (Figure 5D). From these experiments we con-
cluded that the function of LET-512/VPS34 is required for
the secretion and localization of LRP-1 at the apical

Fig. 4. PtdIns 3-P, the product of LET-512/VPS34, and the LDL-receptor LRP-1 co-localize to endocytic intermediates in the hypodermal syncytium
hyp7. (A±D) Fluorescent microscopy images of a GFP±FYVE fusion protein [GFP::2xT10G3.5(FYVE)] expressing wild-type hermaphrodite stained
with the endocytic marker FM 4-64. (A) GFP::2xT10G3.5(FYVE), (B) FM 4-64, and (C) merged images. Scale bar: 20 mm. (D) Expression of
GFP::2xT10G3.5(FYVE) in the hypodermis of a let-512/vps34(h510) mutant animal. GFP::2xT10G3.5(FYVE) remains completely cytosolic and does
not bind to any de®ned structure within the hypodermal cells of let-512(h510) mutant animals. (E) FM 4-64 staining of a let-512/vps34(h510) mutant
animal. No endocytic vesicles or other structures are stained, suggesting that the dye cannot be endocytosed by the hypodermal cells of let-512/
vps34(h510) mutant animals. (F±H) Confocal ¯uorescent images of a GFP::2xT10G3.5(FYVE) expressing wild-type hermaphrodite stained with the
anti-LRP-1 antibodies 1H6 and 4H5. (F) GFP::2xT10G3.5(FYVE), (G) anti-LRP-1, and (H) merged images. Scale bar: 20 mm.
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surface of the hypodermal syncytium of C.elegans. Thus,
let-512/vps34 mutant animals have defects in the secretion
and/or in the production of LRP-1.

Discussion

Here we report on the identi®cation and the genetic
analysis of let-512/vps34, which encodes the only struc-
tural homologue of the S.cerevisiae Vps34p PI3K in the
genome of C.elegans. We show that LET-512/VPS34 is
strongly concentrated in a perinuclear location and we
present evidence that it is vital for vesicle budding and
membrane transport from the outer nuclear membrane
towards the cell periphery in the worm.

We have characterized ®ve recessive mutations of
let-512/vps34. Four of them confer an identical lethal
phenotype and sequence data indicate that they represent
strong loss-of-function or null alleles. Homozygotes
segregating from heterozygous mothers were able to
hatch and initiate development but they arrested develop-
ment at or shortly after the molts from L3 to L4 or from L4
to adult. Only a few animals were able to reach adulthood
and to produce a small number of disorganized and
arrested embryos. The lethality of let-512/vps34 is in
contrast to the situation in yeast, where the deletion of the
VPS34 gene is essential for vegetative growth only at
elevated temperatures (Herman and Emr, 1990). One of
the severe alleles of let-512/vps34, h351 causes an amino
acid substitution at a highly conserved position within the
catalytic domain of LET-512/VPS34. This is in line with
earlier data from yeast showing that Vps34p proteins

carrying point mutations in the catalytic domain are unable
to rescue the phenotype of a VPS34 deletion (Schu et al.,
1993) and suggests that the lipid kinase activity is essential
for the biological function of the Vps34p class of proteins.

Polyclonal antibodies detected LET-512/VPS34 in all
major tissues and all developmental stages of C.elegans. It
is expressed abundantly in the germ line and is maternally
contributed to the early embryo. This maternal contri-
bution explains why let-512/vps34(h510) homozygotes
segregating from heterozygous mothers can develop until
the L3/L4 or L4/adult molt. During the development of
wild-type animals, LET-512/VPS34 is present at high
levels until the L1 larval stage, decreases in L2 and L3
larvae, and peaks again as animals reach the L4 larval and
adult stages. The elevated expression levels of LET-512/
VPS34 in L4 larvae and adults could re¯ect a requirement
for the protein in the developing gonad.

Using a GFP::2xFYVE fusion protein that speci®cally
binds PtdIns 3-P, we found that PtdIns 3-P is associated
with a multitude of intracellular membranes and vesicles
located at peripheral positions. In arrested let-512/
vps34 mutant animals, however, the GFP::2xFYVE fusion
protein was completely cytosolic, indicating that PtdIns
3-P was absent from all microscopically detectable
membranes and vesicles in mutant animals lacking
LET-512/VPS34. The most striking labelling with the
GFP::2xFYVE probe in WT animals, however, was
associated with peripheral vesicles located at the apical
surface of the hypodermal main syncytium. Co-staining
with the ¯uorescent dye FM 4-64, a marker for endocytic
intermediates (Vida and Emr, 1995), identi®ed them as

Fig. 5. Aberrant localization of the lrp-1 gene product in let-512/vps34(h510) mutant animals. Each specimen has been stained for LRP-1 with the
1H6 and 4H5 monoclonal antibodies, and for apical adherens junctions in epithelial cells with the monoclonal antibody MH27. (A) Late L4 larva
[dpy-5(e61)]. Two wide bands of apical, punctate LRP-1 staining (large parentheses) ¯ank the hypodermal adherence junctions between hyp7 and the
lateral seam syncytium (MH27 staining). A small parenthesis depicts the band of LRP-1 staining in the ventral ridge of hyp7. (B) dpy-5(e61);let-512/
vps34(h510) L3 larvae. Unlike the punctate staining pattern evident in wild-type and dyp-5 animals, LRP-1 is less regularly distributed in the dpy-
5;let-512/vps34 background, adopting a tubular and mesh-like appearance. (C) Anterior part of a late L3/early L4 dpy-5;let-512/vps34 larvae showing
a disappearing aberrant LRP-1 signal. The large bracket indicates the two bands of LRP-1 staining on either side of the lateral seam syncytium,
whereas the small bracket depicts LRP-1 in the ventral ridge of hyp7. (D) An arrested late L4 mutant dyp-5;let-512/vps34 animal. The LRP-1 signal
has almost completely disappeared at the apical surface of hyp7; a faint and diffuse LRP-1 signal remains in the cytoplasm. White arrows in (B) and
(D) indicate MH27 staining of the lateral hypodermal seam. The anterior of the animals is to the left in all pictures. Scale bar: 20 mm.
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being of endosomal origin. The association of PtdIns 3-P
with endocytic vesicles suggests a role for LET-512/
VPS34 in the endocytic pathway of C.elegans. This view
is supported by the ®nding that arrested homozygous
let-512/vps34 animals were no longer capable of internal-
izing FM 4-64 by endocytosis, although other interpret-
ations are also possible (see below). In yeast, PtdIns 3-P is
highly enriched on the intralumenal vesicles of endosomes
and vacuoles, and recent studies in yeast and mammalian
cells have implicated PI3K activity as an essential
component of the endosomal system (for a recent review
see Gillooly et al., 2001). The yeast enzyme Vps34p plays
a role in sorting events that follow the initial stages of
endocytosis, i.e. in the transport of endocytic cargo from
a pre-vacuolar endocytic compartment to the vacuole
(WuÈrmser and Emr, 1998; reviewed in Simonsen et al.,
2001), and inhibition of PI3Ks in mammalian cells by the
drug wortmannin blocks early endosomal traf®cking
(reviewed in Rameh and Cantley, 1999). The speci®c
roles of LET-512/VPS34 in the endocytic pathway of
C.elegans remain to be determined.

LET-512/VPS34 has a completely different cellular
distribution than its PtdIns 3-P product, in that it is strongly
concentrated at a perinuclear localization. This is particu-
larly evident in the nuclei of the distal gonad that lack
rough ER and that are not surrounded by Golgi bodies
(D.Hall, personal communication). Loss-of-function
mutations in let-512/vps34 result in an expansion of the
perinuclear space, and our data suggest that LET-512/
VPS34 is located to and acts directly at the outer nuclear
membrane. The biochemical composition of this mem-
brane is very similar to that of the ER, and in many cells
it is a site of membrane-bound protein synthesis, as
shown by the attachment of ribosomes (Franke et al.,
1981). We propose that LET-512/VPS34 produces
PtdIns 3-P required for vesicle budding and membrane
transport from the outer nuclear membrane towards the
cell periphery. Inactivation of LET-512/VPS34 may block
vesicle budding, thereby causing a retention of secretory
and biosynthetic material resulting in an expansion of the
perinuclear space between the inner and the outer nuclear
membrane, and possibly the interconnected lumen of the
ER. This hypothesis is consistent with the fact that the
nuclear expansion observed in let-512/vps34 mutant
animals is most obvious in the cells of the hypodermis
and the gut, two tissues characterized by a high secretory
activity (White, 1988). The expansion of the perinuclear
space may eventually lead to the disintegration of the
nuclear pores and subsequently to a complete breakdown
of nuclear RNA export and protein synthesis. Thus, the
de®ciency in LRP-1 localization at the apical surface of
the hyp7 syncytium in let-512/vps mutant animals may be
caused by both a general defect in the secretory pathway
and a subsequent breakdown of protein synthesis in these
cells. Differences in the cellular distribution between
Vps34p and PtdIns 3-P were also found in mammalian
cells. Indirect immuno¯orescence microscopy demon-
strated that the majority of VPS34 localizes to the trans-
Golgi network, but some of it is also distributed to late
endosomes (Kihara et al., 2001). PtdIns 3-P, however, is
highly enriched on early endosomes and in the internal
vesicles of multivesicular endosomes (Gillooly et al.,
2000).

Besides the distensions of the perinuclear space, let-
512/vps34 homozygote worms often develop abnormal
and large vacuoles, although the degree of this vacuolar-
ization varies greatly among individuals (data not shown).
The accumulation of these abnormal vacuoles may be
explained by the fact that the different membrane
compartments along the vesicle transport pathways are
still capable of receiving input from transport vesicles, but
fail to form, package and bud outgoing vesicles correctly.
Weak antibody staining, however, suggests that LET-512/
VPS34 may not only be located and function at the nuclear
periphery, but also at vesicles throughout the cytoplasm
(see Figure 2). In mammalian cells, the small GTPase
Rab5 has been proposed to recruit VPS34 to the early
endosomes via its binding to the Vps15p homologue p150
(Christoforidis et al., 1999b). Homologues of Rab5 (Grant
and Hirsh, 1999) and Vps15p are both encoded by the
genome of C.elegans, but a possible interaction of these
two proteins in a complex with LET-512/VPS34 has yet to
be established by genetic and biochemical studies.

In summary, we show that the C.elegans PI3K LET-
512/VPS34, like Vps34p from yeast, is required for a
functional membrane traf®cking machinery. There are,
however, important differences between the two organ-
isms, the most striking one concerning the subcellular
localization of their VPS34 proteins. Some preliminary
evidence suggests that VPs34p could be associated with
the cytoplasmatic phase of the trans-Golgi apparatus
(Herman et al., 1991; Stack et al., 1993), rather than being
located at the nuclear envelope like LET-512/VPS34.
Correspondingly, Vps34p functions in the vesicle-medi-
ated transport of newly synthesized soluble proteins from
the late trans-Golgi network via an intermediate endoso-
mal compartment to the vacuole (Herman and Emr, 1990;
Schu et al., 1993), whereas the early secretory pathway
from the ER to the Golgi apparatus does not require PI3K
activity, since it is not interrupted in vps34 loss-of-
function mutants (Klionsky et al., 1990). Thus, LET-512/
VPS34 is involved in the regulation of the secretory
membrane and protein traf®cking pathways in a broader
range of compartments than was previously suggested
for the yeast homologue Vps34p. This points towards
fundamental differences in the role of VPS34 in the
membrane traf®cking system between yeast and C.elegans
(and perhaps higher eukaryotes in general).

Materials and methods

Strains and general methods
Caenorhabditis elegans strains were cultured using standard conditions
(Brenner, 1974). Wild-type worms correspond to C.elegans var. Bristol
strain N2. The following mutations and rearrangements were used:
LG I, let-512(h351, h362, h510, h741, h808), dpy-5(e61), unc-13(e450),
sDp2(I;f). The genotype of the strain FR359 used for rescue of the let-
512/vps34 lethal phenotype was swEx236[rol-6(su1006), B0025DSacII].
The strain FR480 is of the genotype swEx312[rol-6(su1006), hsp16-2::
GFP::2xT10G3.5(FYVE)].

Identi®cation and isolation of the let-512/vps34 cDNA
A PCR ampli®ed probe corresponding to positions 740±774 of the LET-
512/VPS34 amino acid sequence was used to screen a C.elegans mixed-
stage cDNA library (Barstead and Waterston, 1989). Sequence compari-
sons and alignments were obtained by use of the University of Wisconsin
Genetics Computer Group (GCG) software package (version 10.1;
Devereux et al., 1984) and BLAST (Altschul et al., 1997). The DDBJ/
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EMBL/GenBank database accession number for the let-512/vps34
nucleotide sequence reported in this paper is Y12543.

Developmental northern blot analysis
mRNA extraction from staged C.elegans cultures and northern blot
analysis was performed as described by Puoti and Kimble (1999). The let-
512/vps34-speci®c probe was obtained by XhoI digestion of the P51Y
plasmid releasing a 1.1 kb-long terminal 3¢ fragment of the let-512/vps34
cDNA.

Isolation and transgenic rescue of let-512
The EMS-induced let-512/vps34 mutations balanced by the free
duplication sDp2(I:f) described in this study were initially characterized
by Howell et al. (1987).

To identify the point mutations associated with the let-512/vps34
alleles, genomic DNA from homozygous dpy-5; let-512; unc-13
segregants was PCR-ampli®ed and sequenced directly. To eliminate
potentially confounding effects, the dpy-5 and unc-13 marker mutations
were outcrossed from the h510-bearing chromosome and the presence of
the let-512(h510) point mutation was con®rmed by PCR in homozygous
animals segregating from heterozygous mothers. For transgenic rescue,
the let-512/vps34-containing cosmid B0025 was shortened by ~21 kb of
genomic DNA downstream of the polycistron by SacII digestion and
religation (B0025DSacII). The strain FR359 (swEx236[rol-6(su1006),
B0025DSacII]) was generated by microinjection of 50 mg/ml of
B0025DSacII and 200 mg/ml of pRF4 rol-6(su1006) DNA into the
gonads of wild-type hermaphrodites (Mello and Fire, 1995). For
transgenic rescue of let-512/vps34 mutants, heterozygote dpy-5 let-512
unc-13/+++ males that had lost sDp2(I:f) (Howell et al., 1987; McKim
and Rose, 1990) were mated to FR359 hermaphrodites. The L4
hermaphrodite rollers resulting from this cross were individually plated
and their progeny screened for the presence of non-lethal Dpy Unc
animals.

Antibody production
To generate a His6-tagged LET-512/VPS34 fusion protein, a BamHI±PstI
fragment encoding amino acid residues 197±569 from the let-512/vps34
cDNA (see Figure 1A) was cloned into the expression vector pQE.
The recombinant protein was expressed in Escherichia coli M15 cells
and puri®ed by nickel-nitrilo-triacetic acid (Ni-NTA) metal af®nity
chromatography under denaturing conditions according to the manufac-
turer's instructions (Qiagen). Rabbit polyclonal antibodies were raised
against the puri®ed fusion protein according to standard protocols
(Harlow and Lane, 1988). The speci®city of the resulting serum was
investigated by western blotting on total C.elegans protein extracts
separated by 8% SDS±PAGE. Whereas the anti-CeVPS34 antiserum
recognized a single band with the expected size of ~100 kDa, pre-
immune serum did not. Preincubation of the antiserum overnight at 4°C
with 8.4 mg of the puri®ed antigen completely eliminated the observed
signal (Figure 1B), con®rming that the antiserum is speci®c to CeVPS34.
The anti-CeVPS34 antiserum was used at a 1:2000 dilution, whereas the
pre-immune serum was used at a 1:1000 dilution. Western blots were
developed using enhanced chemiluminescence (ECL kit, Amersham).
The speci®city of the anti-CeVPS34 antiserum is demonstrated further by
the fact that animals homozygous for the allele let-512(h510) fail to stain
with the anti-CeVPS34 antiserum (Figure 2M).

PtdIns 3-kinase assay
Mixed stage cultures of the C.elegans N2 strain were suspended in a
hypotonic buffer (50 mM NaCl, 5% glycerol, 1 mM EDTA, 5 mM DTT,
50 mM HEPES, supplemented with a protease inhibitor cocktail
containing leupeptin, pepstatin, PMSF and aprotinin). Worms were
sonicated with a tip sonicator on ice, and disruption was followed
microscopically. At ~90% disruption, the buffer was supplemented with
Triton X-100 to 1%. After 15 min, debris was sedimented at 1000 g for
5 min at 4°C. CeVPS34 was immunoprecipitated with anti-CeVPS34
antiserum from the supernatant (see above), or alternatively pre-immune
serum was used as a control. After incubation with antibodies for
2 h, immunocomplexes were immobilized on protein A±Sepharose
(Pharmacia) for 1 h. After three washes with 0.5 M LiCl/20 mM Tris
pH 7.4 and three washes with 5 mM MgCl2/20 mM HEPES pH 7.4,
beads were suspended in 5 mM MgCl2/5 mM MnCl2/20 mM HEPES
pH 7.4 (40 ml), before 10 ml of sonicated PtdIns/PS (1 mg/ml each) and
10 ml of 60 mM/10 mCi of [g-32P]ATP (Hartmann) was added to start the
reaction. After 30 min at 30°C, lipids were extracted and separated on
two TLC systems as described previously (Walsh et al., 1991; Wymann
et al., 1996). The latter, borate-based system discriminates between

PtdIns 3-P and PtdIns 4-P. Recombinant p85/p110 was used to produce
PtdIns 3-P standards (Wymann et al., 1996).

Antibody stainings and ¯uorescence microscopy
Whole-mount immunostainings on larvae and adult worms were
performed as described previously (Bettinger et al., 1996). For anti-
CeVPS34 immunostainings, adults and larvae were permeabilized by
freeze-fracture, and ®xed in ±20°C methanol for 5 min and ±20°C
acetone also for 5 min. Embryos and microdissected gonads were
immunostained on poly-L-lysine coated slides. A coverslip was placed
over the samples and the slides were frozen on dry ice for at least 20 min.
Coverslips were ¯icked off and the specimens ®xed in methanol and
acetone as above. Stainings of microdissected gonads with the mAb414
antibody (BABCO) were performed as described in Pitt et al. (2000). All
®xed specimens were washed three times for 15 min in phosphate-
buffered saline with 0.1% Tween-20 (PBST) at room temperature prior
to incubation with primary or secondary antibodies overnight at 4°C.
Primary antibodies were used at the following dilutions: anti-CeVPS34,
1:100; MH27 (Francis and Waterston, 1985), 1:1000; mAb5-6 (Miller
et al., 1983), 1:50 to 1:100; anti-LRP-1 antibodies 1H6 and 4H5 (Yochem
et al., 1999), 1:100 each; and mAb414, 1:200. FITC- or Cy3-conjugated
goat secondary antibodies (Jackson ImmunoResearch, West Grove, PA)
were used at 1:1000 to 1:2000 dilutions. Nuclei were visualized by
staining with 2 mg/ml DAPI (Sigma). For FM 4-64 (Molecular Probes
Inc., Eugene, OR) labelling, living worms were incubated in M9 buffer
(Brenner, 1974) containing 32 mM FM 4-64. Specimens were observed
using a Leica DM RXA epi¯uorescence microscope, and images were
taken with a Hamamatsu colour chilled 3CCD camera and processed
with the Hamamatsu colour chilled 3CCD camera controller (C5810).
Confocal images were obtained using a Bio-Rad MRC1024 confocal
microscope.

2xT10G3.5(FYVE) construct and PtdIns 3-P localization
The FYVE ®nger used in this study is encoded by nucleic acid residues
2702±2928 of the Kohara cDNA clone yk24a5 encoding the C.elegans
FYVE ®nger protein T10G3.5. 2xT10G3.5(FYVE) consists of this
domain in duplicate separated by the linker QGQGS. 2xT10G3.5(FYVE)
was cloned behind GFP into the vector pPD117.01 (provided by A.Fire)
and a fragment coding for GFP::2xT10G3.5(FYVE) coupled to the let-
858 3¢ UTR was recloned into the ectopic expression vector pPD49.78
(provided by A.Fire) driven by the hsp16-2 heat shock promotor
(Stringham et al., 1992). The transgenic line FR480 was generated by
microinjection of 50 mg/ml of the ®nal 2xT10G3.5(FYVE) construct and
200 mg/ml of pRF4 rol-6(su1006) DNA into wild-type hermaphrodites
(Mello and Fire, 1995). To induce expression of the GFP::
2xT10G3.5(FYVE) fusion construct, transgenic worms were heat
shocked at 30°C for time periods varying between 15 and 30 min. The
extrachromosomal array swEx312[rol-6(su1006), hsp16-2::GFP::
2xT10G3.5(FYVE)] was crossed into both a dpy-5(e61) unc-13(e450)
and a dpy-5(e61) let-512(h510) unc-13(e450) background to analyse the
speci®city of PtdIns 3-P recognition in the presence and absence of
functional LET-512/VPS34 PI3K activity in C.elegans.

Electron microscopy
Individual animals were cut open under a dissecting microscope in a drop
of ®xative containing 2.7% glutaraldehyde and 1.33% formaldehyde in
0.13 M cacodylate buffer. After an overnight ®xation at 4°C the ®xative
was changed into washing buffer (0.1 M cacodylate) and the samples
were embedded in agar, post-®xed with 0.5% cacodylate buffered OsO4,
stained with 2% uranyl acetate, dehydrated in ethanol and propylene
oxide, and embedded in Durcupan (Fluka). Thereafter samples were cut
with a Reichert±Jung Ultracut-E Type ultramicrotome, stained with lead
citrate and examined in a JEM100CX II electron microscope.
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