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Clathrin-coated vesicles (CCVs) originating from the trans-
Golgi network (TGN) provide a major transport pathway from
the secretory system to endosomes/lysosomes. Herein we de-
scribe paralogous Sec14 domain-bearing proteins, clavesin
1/CRALBPL and clavesin 2, identified through a proteomic
analysis of CCVs. Clavesins are enriched on CCVs and form a
complex with clathrin heavy chain (CHC) and adaptor pro-
tein-1, major coat components of TGN-derived CCVs. The pro-
teins co-localize with markers of endosomes and the TGN as
well as with CHC and adaptor protein-1. A membrane mimic
assay using the Sec14 domain of clavesin 1 reveals phosphatidyl-
inositol 3,5-bisphosphate as a specific lipid partner. Phosphati-
dylinositol 3,5-bisphosphate is localized to late endosomes/ly-
sosomes, and interestingly, isoform-specific knockdown of
clavesins in neurons using lentiviral delivery of interfering RNA
leads to enlargement of a lysosome-associated membrane pro-
tein 1-positive membrane compartment with no obvious influ-
ence on the CCV machinery at the TGN. Since clavesins are
expressed exclusively in neurons, this new protein family
appears to provide a unique neuron-specific regulation of late
endosome/lysosome morphology.

Proteins entering the secretory pathway move through the
Golgi apparatus to the trans-Golgi network (TGN)4 where they
are sorted and packaged into carrier vesicles, including clathrin-
coated vesicles (CCVs) for transport to their final destination (1).
Adaptor protein-1 (AP-1), which is recruited to the TGN through
dual interactions with Arf1 and phosphatidylinositol 4-phosphate

(2), recruits clathrin to initiate CCV formation. AP-1 and clathrin
form the membrane coat that shapes the vesicle and recruits an
array of regulatory/accessory proteins, which control numerous
aspects of CCV formation and function (3). Interactions with the
clathrin�AP-1 coat complex also serve to recruit both transmem-
brane and cytosolic cargo to CCVs, allowing for their transport
from the TGN to the endosomal network.
The specificity and function of intracellular compart-

ments depends in part on the presence of distinct PtdIns
species. For example, phosphatidylinositol 4-phosphate is
found predominantly at the TGN and contributes to AP-1
recruitment, whereas phosphatidylinositol 3-phosphate re-
cruits effectors, such as EEA1 (early endosome antigen 1), to
early endosomes to mediate membrane fusion (4–9). Early
endosomes subsequently transition into late endosomes/ly-
sosomes, and during this process, phosphatidylinositol
3-phosphate is converted to PtdIns(3,5)P2 via the action of a
phosphatidylinositol 3-phosphate 5-kinase named Fab1p in
yeast and PIKfyve in mammals (10). PIKfyve is part of a pro-
tein complex nucleated by Vac14 (11, 12), and disruption of
this complex leads to decreased PtdIns(3,5)P2 levels and the
formation of enlarged cytoplasmic vacuoles of endosomal/
lysosomal origin (10, 13, 14). Intriguingly, despite the fact
that Vac14 is found in all tissues (15) and regulates a ubiqui-
tous trafficking process (10), decreases in PtdIns(3,5)P2
levels resulting from Vac14 knock-out show massive neuro-
degeneration with little effect on other tissues (16). This
neuron-specific effect has remained mysterious due to the
lack of exclusively neuronal factors targeting PtdIns(3,5)P2.

The Sec14 domain is an evolutionarily ancient protein mod-
ule that in humans is found in more than 45 proteins encoded
by at least 25 genes (17). Mutations in several Sec14 proteins
lead to human diseases, including neurodegeneration (18), yet
most of the Sec14 proteins in mammals remain uncharacter-
ized. The yeast protein Sec14p is the prototype for this module
(19). Sec14p is essential for the transport of proteins from the
Golgi (19), but more recently it was also found to be involved in
the trafficking of protein cargo, specifically the mating factor
receptor Ste3, from the plasmamembrane via endosomes to the
yeast vacuole (17). The yeast vacuole is the equivalent of the
lysosome in mammalian cells. Yeast Sec14p is a phospholipid
transfer protein that extracts phosphatidylinositol and phos-
phatidylcholine from membranes in vitro and regulates the
metabolism of these lipids in cells (19, 20). Sec14p is composed
of the Sec14 domain only, whereas the majority of Sec14 pro-
teins in mammals contain a Sec14 domain in conjunction with
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other modules or protein/lipid binding domains (21, 22). In the
few well characterized examples, these proteins function to
integrate lipid binding/metabolism with other biological func-
tions (21, 22).
In a subcellular proteomic analysis of CCVs from the brain,

we identified eight novel open reading frames, including one
encoding an Sec14 domain (23, 24). A subsequent bioinformat-
ics analysis revealed a second, paralogous Sec14 protein. We
now demonstrate that the proteins, which we have named
clavesin (clathrin vesicle-associated Sec14 protein) 1 and 2, are
neuron-specific proteins that function in the regulation of lyso-
some morphology.

EXPERIMENTAL PROCEDURES

Antibodies and cDNA Constructs—A rabbit polyclonal anti-
body that recognizes clavesin 1 and 2 was raised against a pep-
tide from the C terminus of clavesin 1 (EKGENENTQPL-
LALD). Mouse monoclonal antibodies against various proteins
were from the indicated commercial sources; CHC X22 (Ameri-
canTypeCultureCollection),�-adaptin (AP-1),�-adaptin (AP-2),

CHC and GM130 (BD Transduction
Laboratories), anti-FLAG M2
(Sigma), LAMP1 LY1C6 and EEA1
281.7 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), TGN38 2F7.1
(Abcam), and glial fibrillary acid-
ic protein (Chemicon). Chicken
MAP2 and sheepTGN46polyclonal
antibodies were from EnCor Bio-
technology and Serotec, respec-
tively. Rabbit anti-NECAP1 and
endophilin 1 polyclonal antibodies
were described previously (25, 26).
Polyclonal antibodies against man-
nose 6-phosphate receptor 46 and
300 were a gift from Dr. Kurt von
Figura. Alexa 594-, 633-, and 647-
conjugated secondary antibodies
were from Molecular Probes, Inc.
Cy3-, Cy2-, and horseradish peroxi-
dase-conjugated secondary anti-
bodies were from Jackson Immu-
noResearch Laboratories, Inc.
cDNA clones for human clavesin

1 (gi27503734) and clavesin 2
(gi115527290) were used as PCR
templates to amplify DNA encoding
full-length proteins. N-terminal
GST, FLAG, and GFP tags were
added by cloning the PCR products
into pGEX-6P1 (Amersham Bio-
sciences), pCMV-Tag2B (Strat-
agene), and pEGFP-C1 (BD Bio-
sciences Clontech), respectively.
Clavesin 1 and 2 truncationmutants
were generated by PCR from full-
length cDNA.Mutations of clavesin
1 resulting in a defective lipid bind-

ing were introduced into its cDNA using a QuikChange XL
site-directed mutagenesis kit (Stratagene). Tandem FYVE
domain (2�FYVE), derived from mouse hepatocyte growth
factor-regulated tyrosine kinase substrate (Hrs) (27) was a gift
of Dr. Fred Meunier. The enhanced green fluorescent protein
from the pEGFP plasmid was replaced with mCherry. The
enthoprotin C-terminal construct was previously described
(23).
Subcellular Fractionation—Adult rat tissues and various

cell lines were homogenized in buffer A (10 mM HEPES, pH
7.4, 0.83 mM benzamidine, 0.23 mM phenylmethylsulfonyl
fluoride, 0.5 �g/ml aprotinin, and 0.5 �g/ml leupeptin) and
centrifuged at 800 � g for 5 min. The protein content of the
postnuclear supernatants was determined, and equal protein
aliquots were analyzed by SDS-PAGE and Western blot. In
other cases, the postnuclear supernatant was further centri-
fuged at 12,000 � g to create a P2, and the supernatant of this
spin was centrifuged at 200,000 � g to create a microsomal
pellet (P3) and a cytosolic fraction (S3). CCVs were isolated
from rat brain, as described previously (23).

FIGURE 1. Identification and CCV enrichment of clavesin proteins. A, alignment of clavesin 1 and 2.
Identical amino acids are shaded black. The dashed underline indicates the Sec14 domain, and the solid
underline indicates the CRAL_TRIO_N portion of the Sec14 domain. The box denotes a clathrin box. B, the
level of clavesin 1 and 2 in the indicated tissues was determined by Western blot. C, rat brain subcellular
fractions from a preparation leading to highly enriched CCVs were blotted with clavesin 1/2 and CHC
antibodies. H, homogenate; P, pellet; S, supernatant; SGp, sucrose gradient pellet; SGs, sucrose gradient
supernatant.
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Protein Binding Assays—Postnuclear supernatants were pre-
pared from brain or transfected HEK293 cells as described
above. Triton X-100 was added to 1% final, and the extracts
were spun at 265,000 � g for 30 min. The soluble supernatants
were incubated with GST fusion proteins purified from Esche-
richia coli BL21 cells and prebound to glutathione-Sepharose
beads (Amersham Biosciences). Samples were incubated over-
night at 4 °C and washed three times with buffer A containing
1% Triton X-100. Proteins specifically bound to the beads were
subjected to Western blot.
Primary Rat Hippocampal Cultures—Embryonic day 18–19

rat hippocampal neuronswere prepared as described (28). Cells
were fed every 7 days with Neurobasal medium supplemented
with B-27, N-2, L-glutamine (500 �M), and penicillin/strepto-
mycin (100 units/ml) (Invitrogen) and were processed for
immunofluorescence analysis or Western blot.
Immunofluorescence—Formost immunofluorescence exper-

iments, hippocampal neurons plated on poly-L-lysine-coated
coverslips were washed in phosphate buffered saline (PBS; 20
mM NaH2PO4, 0.9% NaCl, pH 7.4) and fixed in 4% paraformal-
dehyde for 10 min. Cells were then washed in PBS, permeabi-
lized in PBS with 0.2% Triton X-100, and incubated in blocking
buffer (PBS with 1% bovine serum albumin and 0.02% Triton
X-100). Following this block, coverslips were incubated with
primary antibodies in blocking buffer for 2 h at room tempera-
ture. Following this incubation, cells were washed in PBS with
0.02% Triton X-100, incubated for 1 h at room temperature
with fluorescent secondary antibodies, and washed, and the
coverslips were mounted on glass slides with DAKO (cytoma-
tion fluorescence mounting medium; Dakocytomation) and
imaged on a Zeiss 510 confocal microscope. For quantification
of lysosomes, raw images were converted to binary, particles
larger than 0.1 �m2 were extracted, and the area of the
extracted particles was measured using ImageJ software
(National Institutes of Health). Data were analyzed statistically
using JMP software (SAS Institute, Inc.). For quantification of
intensity ofCHCandAP-1 at theTGN, total fluorescence in the
regions of interest was measured using ImageJ software.
Knockdown—MicroRNA (miRNA) sequences were designed

to deplete rat clavesin 1 (gi109476027) and clavesin 2
(gi109460582) using Invitrogen’s RNAi Designer. The sequences
target clavesin 1 and clavesin 2mRNA starting at nucleotides 489
(clavesin 1 sequence 1), 956 (clavesin 1 sequence 2), 1087 (clavesin
2 sequence 1), and 1186 (clavesin 2 sequence 2) and are TGATG-
ATCATGTCTCTGACCT, AAAGCGAGCAGGAAAGCT-
GTC,TTCAGTGCCTGCTTGATGCCA, andACCAGTGTAT-
ACCTGCTCTGA, respectively.AnontargetingmiRNAwasused
for controls, and its sequence is AATTCTCCGAACGTGT-
CACGT. Oligonucleotides encoding the miRNA sequences were
cloned into pcDNA 6.2-GW/EmGFP-miR plasmid (Invitrogen),
and lentivirus was produced as described (29). Virus vectors were
generally transduced at 7 days in vitro (DIV), and neurons were
processed for immunofluorescence or Western blot at 14–21
DIV.
Lipid Binding—Lipid binding was performed in 10 mM

HEPES with 100 mM NaCl essentially as described (30).

RESULTS

Identification of Clavesin 1 and 2—Clavesin 1 was originally
identified as a novel open reading frame in a proteomic analysis
of rat brain CCVs (23), and a data base search revealed a clave-
sin 1 paralogue, clavesin 2. The proteins consist of an Sec14
domain flanked by a short stretch of residues on theN-terminal
side and an �75 residue C-terminal region ending in a putative
clathrin box, a motif involved in clathrin binding (Fig. 1A). The
proteins also contain a CRAL_TRIO_N domain (Fig. 1A).
Although this module is often annotated as a separate entity, it
is a component of the globular Sec14 domain (21). Clavesin 1

FIGURE 2. Clavesins are membrane-associated proteins that localize to
the TGN. A, rat brain homogenates (H) were subjected to differential centrif-
ugation, leading to pellets (P1–P3) with increasingly smaller membranes as
well as a cytosolic supernatant fraction (S3). Equal protein aliquots of the
fractions were blotted with antibodies against clavesins or endophilin 1. Hip-
pocampal neurons at 21 DIV were processed by indirect immunofluores-
cence with polyclonal antibody against clavesin (red) and monoclonal anti-
bodies against TGN38 (B) and GM130 (C), each in green. In each case, the lower
panels are from the area indicated by the white box in the merge images. The
arrows point to co-localizing structures. Bars, 10 and 2 �m for the low and
high power images, respectively.
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was independently isolated from a cDNA library based on the
fact that it contains a CRAL_TRIO_N domain (31). Due to
homology of the protein with a cellular retinaldehyde-binding
protein (CRALBP) it was called CRALBPL (CRALBP-like) (31).
Reverse transcription-PCR analysis indicated that the mRNA
for CRALBPL/clavesin 1was expressed in the brain, but neither
expression nor localization of the endogenous protein was
examined (31). We thus sought to generate antibodies against
the clavesins. Our first attempts to generate isoform-specific
antibodies were unsuccessful. However, we were successful in
generating a polyclonal antibody against a peptide from the C
terminus of clavesin 1 that recognizes recombinant clavesin 1
and 2 (supplemental Fig. S1). Western blots of brain extracts
reveal a doublet with a strong band at 40 kDa and aweaker band
that migrates slightly slower (Fig. 1B). Isoform-specific knock-
down in cultured hippocampal neurons indicates that the lower
and upper bands are clavesin 1 and 2, respectively (see Fig. 9A).
Clavesins are detected in the brain but are undetectable, even
with extended exposure in non-neuronal tissues or in various
cell lines (Fig. 1B and supplemental Fig. S2; data not shown).

Both clavesin isoforms are enriched on CCVs, although their
fractionation pattern does not precisely parallel the clathrin
heavy chain (CHC) (Fig. 1C), indicating that clavesins are not
exclusively CCV proteins. Thus, clavesins are brain-specific
proteins associated with CCVs.
Clavesins are Localized in Part to the TGN—In hippocampal

cultures at 21DIV, clavesins are detected by immunofluorescence
inMAP2-positive neurons but not glial fibrillary acidic protein-
positive astrocytes (supplemental Fig. S3). Neuronal staining is
punctate and prominent in cell bodies with enrichment in a
perinuclear compartment (supplemental Fig. S3). Subcellular
fractionation of brain lysates by differential centrifugation
reveals that clavesins aremost prominent in the pellet fractions
(Fig. 2A). Clavesin 1 is enriched in the P3 microsomal fraction,
whereas clavesin 2 is more evenly distributed between mem-
brane fractions (Fig. 2A). There is less of the clavesins in the S3
cytosolic fraction, which is enriched in endophilin A1. Thus,
the clavesin puncta detected by immunofluorescence probably
represent membrane-associated proteins. Clavesin puncta in

FIGURE 3. Clavesins co-localize with clathrin coat components. Hip-
pocampal neurons at 21 DIV were processed by indirect immunofluores-
cence with polyclonal antibody against clavesin (red) and monoclonal anti-
bodies against AP-1 (A) and CHC (B), each in green. In each case, the lower
panels are from the area indicated by the white box in the merge images. The
arrows point to co-localizing structures. Bars, 10 and 2 �m for the low and
high power images, respectively.

FIGURE 4. Clavesins localize to endosomes. A, HeLa cells were transfected
with plasmid encoding GFP-clavesin 1 and subsequently processed by indi-
rect immunofluorescence with antibody against EEA1 (red). The lower panels
are from the area indicated by the white box in the merge image. Bars, 10 and
2 �m for the low and high power images, respectively. B, hippocampal neu-
rons at 6 DIV were transfected with plasmids encoding mCherry-tagged tan-
dem FYVE domains of Hrs (mCherry-FYVE) (red) and GFP-clavesin 1 (green)
and were imaged at 7 DIV. The lower panels are from the area indicated by the
white box in the merge image. Bars, 10 and 2 �m for the low and high power
images, respectively.
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the perinuclear region partially overlap with TGN38 (Fig. 2B),
which is highly enriched at the TGN at steady-state, whereas
little co-localization is seen with the cis-Golgi protein GM130
(Fig. 2C). Clavesins also partially co-localize with AP-1 and
CHC (Fig. 3, A and B). Strongly diminished immunofluores-
cence following treatment with inhibitory RNAs targeting the
clavesins indicates the specificity of the antibody (see Fig. 9B).
However, there is some weak immunofluorescence seen in
nuclei (Fig. 2, B and C, for example), and this is not lost with
inhibitory RNA treatment, suggesting that it represents a cross-
reactivity of the antibody. Together, our data demonstrate that
clavesins are neuron-specific, membrane-associated proteins
that co-localize with clathrin coat components on the TGN.
Clavesins Localize in Part to Endosomes—In addition to the

TGN localization, we noticed that clavesins also displayed a
more peripherally distributed punctate staining in neuronal cell
bodies (Figs. 2, B and C, and 3). Since clavesins are associated
with TGN-derived CCVs that deliver cargo to endosomes, it
was reasonable to hypothesize that clavesinswould also localize
in part to endosomes. To test this possibility, we transfected
HeLa cells with GFP-clavesin 1 and examined its localization in
relationship to the early endosome marker EEA1 (Fig. 4A).
Interestingly, in addition to a juxtanuclear pool corresponding
to the TGN, there was a more peripheral punctate pool that
showed prominent co-localization with EEA1, indicating the
presence of an endosomal pool of clavesin 1 (Fig. 4A; see also
Fig. 7). Similar results were seen with GFP-clavesin 2 (data not
shown). Unfortunately, the EEA1 antibody did not work for

immunofluorescence in neurons.
Thus, we co-transfected hippocam-
pal cultures with GFP-clavesin 1
and a construct encoding tandem
copies of the PtdIns 3-phosphate-
binding FYVE domain of Hrs fused
to mCherry, a marker of early endo-
somes (27). To allow for increased
transfection efficiency, cells were
transfected at 6DIV and imaged at 7
DIV. GFP-clavesin 1 displayed jux-
tanuclear staining corresponding to
the TGN (Fig. 4B; also see Fig. 6). At
7 DIV, the TGN has a more
restricted juxtanuclear pattern
(Figs. 4 and 6) than at 21DIV (Figs. 2
and 3). In addition to the TGN
staining, a pool of GFP-clavesin 1
co-localizes with mCherry-FYVE,
indicating endosomal localization
(Fig. 4B). Thus, clavesins are local-
ized to endosomes in addition to the
TGN.
Clavesins Are in a Complex with

CHC and AP-1—Clavesin 1 and 2
end with the sequence LLALD and
LLSLD, respectively (Fig. 1A).
These sequences match the consen-
sus (�-�-X-�-Ac, where � represents
a bulky hydrophobic residue, and

Ac is an acidic residue) for a type I clathrin box (32, 33). GST-
tagged clavesin 1 or 2 C-terminal constructs (residues 298–354
and 276–327, respectively) affinity-selected CHC from brain
extracts (Fig. 5A). Similar results were seen with full-length
proteins, and deletion of the clathrin box strongly reduced
CHC binding (Fig. 5B). Clathrin box motifs interacted with the
N-terminal domain of the CHC, and a GST-terminal domain
construct (GST-CHC-TD) affinity-selected clavesin 1 and 2
from transfected cell lysates (Fig. 5C). AP-1 was also affinity-
selected with GST-clavesin 1 and 2, and this interaction
depended on residues in the clathrin box (Fig. 5, A and B).
Clavesins did not bind the plasma membrane clathrin adaptor
protein-2 (AP-2) (Fig. 5, A and B). The mechanism of AP-1
binding is unknown, but it may be indirect through CHC. An
important future avenue will be to determine the selectivity of
clavesins for AP-1 versus AP-2.
The Sec14 Domain Targets Clavesins to Membranes—We

next sought to identify the region of the clavesins responsible
for their membrane targeting. Whereas GFP alone transfected
into hippocampal cultures was found throughout neurons,
GFP-clavesin 1 was co-localized with AP-1 in the juxtanuclear
area (Fig. 6). Interestingly, GFP-clavesin 1 lacking the clathrin
box showed a similar AP-1 co-localization as the full-length
protein, and in fact the Sec14 domain alone appeared to be
sufficient for guiding localization (Fig. 6). Similar results were
observed for clavesin 2 in neurons and for both clavesin 1 and 2
ectopically expressed in HeLa cells (data not shown).

FIGURE 5. Clavesins form a complex with AP-1 and CHC. A, GST fusion proteins encoding clavesin 1 or 2
C-terminal regions or GST alone were precoupled to glutathione-Sepharose and incubated with soluble brain
extracts. Affinity-selected proteins were blotted with the indicated antibodies. The starting material (SM) is an
aliquot of extract equal to one-tenth of that added to the fusion proteins. B, as in A except using GST-full-length
clavesin 1 and 2 and full-length constructs lacking the clathrin box (�CB). C, a GST fusion protein encoding the
N-terminal domain of the CHC (GST-CHC-TD) or GST alone was precoupled to glutathione-Sepharose and
incubated with soluble extracts from HEK-293 cells transfected with FLAG-tagged clavesin 1 or 2. Affinity-
selected proteins were blotted with an anti-FLAG antibody.

Clavesin Family of Sec14 Proteins

27650 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 40 • OCTOBER 2, 2009



The Sec14 Domain of Clavesin 1 Binds PtdIns(3,5)P2—Sec14
domains generally function in lipid binding (21, 22). Prelimi-
nary studies with PIP strips indicated that the Sec14 domain of
clavesin 1 and 2 bound to phosphorylated forms of PtdIns but
not PtdIns alone or other phospholipids, such as phosphatidyl-
choline or phosphatidylserine (data not shown).We thus exam-
ined Sec14 domain binding to PtdIns species using liposomes of
known composition, captured on biosensor chips. This mem-
branemimic assay allows for real time detection of lipid binding
with affinity measurements (30). Intriguingly, the Sec14
domain of clavesin 1 showed specific binding to PtdIns(3,5)P2
(Fig. 7A). Much weaker binding was seen with PtdIns 4,5-
bisphosphate and PtdIns 3,4-bisphosphate, and binding of
PtdIns 4-phosphate or PtdIns 3-phosphate was only marginally
above the background seen with the phosphoglycerolipids (Fig.
7A). To further demonstrate the specificity of these interac-
tions, we sought to design a phospholipid-binding mutant.
PTP-MEG2 is a Sec14 domain-bearing protein phosphatase,
and point mutations have been identified that disrupt PtdIns
binding to the Sec14 domain (34, 35). These residues are con-
served in the Sec14 domain of clavesin 1 and 2, and we thus
made a triple point mutation in clavesin 1 (R83A/K84A/F85A).
The RKF/AAA triple mutant Sec14 domain was expressed as
well as thewild-type version but displayed abrogated binding to

PtdIns(3,5)P2 (Fig. 7B), confirming the specificity of the inter-
action. A concentration series was performed for the binding of
the Sec14 domain to PtdIns(3,5)P2 (Fig. 7C), revealing a Kd of
11.3 �M (Fig. 7D).
PtdIns Binding Is Not Required for the Localization of

Clavesins—The Sec14 domain of the clavesins is sufficient
for membrane targeting (Fig. 6), suggesting that PtdIns bind-
ing may guide the proteins to membranes. However, this
seemed somewhat unlikely, given the modest affinity for
PtdIns(3,5)P2. To test if lipid binding was important for
localization, we transfected cells with GFP-tagged clavesin 1
containing the triple mutation. This construct showed a sim-
ilar localization pattern in HeLa cells as the wild-type pro-
tein, revealing co-localization with AP-1 at the TGN and
endosomes (Fig. 8). Similar results were seen in neurons
(data not shown). Moreover, wild-type Sec14 domain alone
(lacking the clathrin-binding motif) showed a similar local-
ization pattern as the Sec14 domain alone with the triple
mutation (supplemental Fig. S4). In fact, PTP-MEG2
mutated for PtdIns binding also shows normal Sec14
domain-dependent localization to secretory vesicles (35).
Thus, whereas the Sec14 domain appears sufficient for mem-
brane targeting, the phospholipid binding is not required.
Future studies will be directed to identifying the interacting
factors that target clavesins via their Sec14 domains to
membranes.
Clavesin Knockdown Disrupts the Morphology of LAMP1-

positive Late Endosomes/Lysosomes—TheTGNand endosomal
localization of the CCV-associated clavesins together with the
binding to PtdIns(3,5)P2, which is involved in the formation/
maturation of late endosomes/lysosomes, suggests that
clavesins function in trafficking between the TGN and the
endosomal system and/or in the transition of early endo-
somes to late endosomes/lysosomes. To explore these possi-
bilities, we took a loss-of-function approach using a lentivi-
ral system that allows for the efficient delivery of inhibitory
miRNAs into postmitotic cells, including neurons, and
examined the steady-state localization of the mannose
6-phosphate receptor and LAMP1. The mannose 6-phos-
phate receptor uses CCVs to transport lysosomal hydrolases
from the TGN to endosomes (36–38). The hydrolases are
eventually targeted to lysosomes, whereas the receptor
returns to the TGN (39). Thus, alterations in the localization
of the mannose 6-phosphate receptor are indicative of dis-
ruptions in the TGN/endosomal trafficking cycle. In con-
trast, LAMP1 is a resident late endosome/lysosomal protein
that is delivered in a clathrin-independent manner from the
TGN to early endosomes, which then transition into late
endosomes/lysosomes (40, 41). Cultured hippocampal neu-
rons were transduced with a control virus encoding a non-
targeting sequence or with viruses encoding two sequences
specific for clavesin 1 and two sequences specific for clavesin
2. In addition, the clavesin 1 and 2 miRNA targeting viruses
were used in varying combinations (Fig. 9A). The viruses
were highly effective in allowing for isoform-specific knock-
down in neurons (Fig. 9A). We were also able to efficiently
knock down both isoforms using various combinations of
isoform-specific viruses (Fig. 9A). Immunofluorescence

FIGURE 6. The Sec14 domain targets clavesin to the membrane. Hip-
pocampal neurons at 6 DIV transfected with plasmids encoding GFP, GFP-
clavesin 1, GFP-clavesin 1 lacking the clathrin box (�CB), or GFP-clavesin 1
Sec14 domain, as indicated, were processed by indirect immunofluorescence
with antibody against AP-1 at 7 DIV. Bar, 2 �m.
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revealed a greatly reduced signal in knockdown neurons
compared with controls (Fig. 9B). Thus, we are able to effect
efficient clavesin knockdown. However, we were unable to
detect any change in the localization of either the 46- or
300-kDa isoform of the mannose 6-phosphate receptor (sup-
plemental Fig. S5). Moreover, although there was a slight
reduction in the recruitment of both CHC and AP-1 to the
TGN, neither effect was significant (supplemental Fig. S6),
nor was there any influence of clavesin knockdown on TGN
morphology (data not shown). In contrast, LAMP1 staining

was dramatically altered following
clavesin knockdown (Fig. 9C). Sin-
gle knockdown of either clavesin 1
or 2 led to a slight and not signifi-
cant enlargement of LAMP1-posi-
tive late endosomes/lysosomes
that became highly significant
when both clavesins were depleted
(Fig. 9, C and D). Thus, clavesin
function is required for the normal
morphology of LAMP1-positive late
endosomes/lysosomes in neurons.

DISCUSSION

Subcellular proteomics has
proven to be an extremely versatile
approach toward the identification
of new protein components of
organelles (42). Our proteomic
analysis of CCVs isolated from rat
brain yielded eight proteins that at
the time of the analysis had not been
described at the protein level (23,
24). Six of these proteins have now
been linked to clathrin-mediated
membrane trafficking, including
AAK1 (adaptor-associated kinase 1)
(43), NECAP1 and -2 (44, 45),

CVAK104 (coated vesicle-associated kinase of 104 kDa)/Scyl-
like 2 (46), FENS1 (FYVE domain endosomal protein 1) (47),
and enthoprotin/epsinR (23). These proteins function in traf-
ficking at various subcellular locations. AAK1 and NECAP1
and -2 interact with AP-2 and are involved in the formation of
cargo-ladenCCVs at the plasmamembrane during endocytosis
(43, 45). Interestingly, like clavesins, FENS1, CVAK104, and
enthoprotin/epsinR are localized to membranes of the TGN
and/or endosomes and are involved in trafficking at these com-
partments (23, 46–50). Both FENS1 and enthoprotin/epsinR
interact with PtdIns through specific lipid-binding modules,
and both CVAK104 and enthoprotin/epsinR bind to AP-1 (23,
46–52). Thus, clavesins join an expanding repertoire of CCV-
associated proteins that provide an interface between the clath-
rin machinery and PtdIns.
Given that clavesins are associated with TGN-derived CCVs

and that they form a complex with CHC and AP-1, it seemed
possible that they could be involved in the formation ofCCVs at
the TGN membrane, specifically that they interact with the
TGN membrane through the Sec14 domain and serve a bridg-
ing function in the recruitment of CHC�AP-1 complexes. How-
ever, we saw no significant change in the localization of AP-1 or
CHC at the TGN following clavesin knockdown. Moreover, we
saw no alterations in the localization of mannose 6-phosphate
receptors, inconsistent with a role for clavesins in clathrin-me-
diated trafficking from the TGN to endosomes or recycling of
mannose 6-phosphate receptors from endosomes back to the
TGN. However, clavesin knockdown in hippocampal neurons
did cause a significant enlargement of a LAMP1-positive com-
partment. LAMP1 traffics from the TGN to early endosomes

FIGURE 7. Clavesins bind to PtdIns(3,5)P2. A, liposomes composed of 80% phosphatidylcholine, 20% phos-
phatidylethanolamine (PC/PE) and liposomes in which 10% phosphatidylcholine was substituted for the indi-
cated PtdIns were probed for binding of recombinant clavesin 1 using a surface plasmon resonance biosensor.
Binding to PtdIns(3,5)P2 was most significant. B, a triple point mutation in the Sec14 domain (RFK/AAA mutant)
abolished binding, indicating that clavesin 1 binding is specific, although it exhibits a relatively low affinity.
C and D, a series of injections with varying concentrations of clavesin-1 were used to calculate a rate constant
of 11.3 �M for clavesin 1 binding to PtdIns(3,5)P2.

FIGURE 8. Membrane localization of clavesin is PtdIns-independent. HeLa
cells were transfected with plasmids encoding GFP-clavesin 1 or GFP-clavesin
1 containing a triple point mutation in the Sec14 domain that eliminates
PtdIns binding (RFK/AAA). The cells were subsequently processed by indirect
immunofluorescence with antibody against AP-1 (red). Bar, 10 �m.
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before progression into late endosomes/lysosomes (40). Given
the lack of influence of clavesin knockdown on TGN to endo-
some trafficking, these data suggest that clavesins function in a
pathway between early endosomes and mature lysosomes. In
this scenario, clavesins use CCVs as a mechanism to reach the
endosomal system. LAMP1 itself traffics from the TGN to early
endosomes using a clathrin-independent pathway (41). Thus,
clavesins will not encounter LAMP1-positive membranes until
early endosomes, further supporting the possibility that the

influence of clavesins on LAMP1
occurs after early endosomes. We
do not at present understand the
mechanism of clavesin function or
the means by which clavesin pro-
teins influence the morphology of
the LAMP1-positive compartment.
However, given that the Sec14
domain binds PtdIns(3,5)P2 and
that decreased levels of this inositol
phospholipid lead to the formation
of enlarged cytoplasmic LAMP2-
positive vacuoles (10, 11, 13, 14, 53),
it is interesting to speculate that
clavesin knockdown could cause
decreased PtdIns(3,5)P2 levels.
Unfortunately, our attempts to
assay PtdIns(3,5)P2 in knockdown
versus control neurons following
loading with [3H]myo-inositol were
frustrated by the low level of this
PtdIns species (54) and limitations
in the material available from
knockdown neuronal cultures. This
will clearly be an important avenue
for future exploration.
The ingls (infantile gliosis) mouse

arose as a spontaneous mutation at
The Jackson Laboratory. The mice
show enlargement of brain ventri-
cles and gliosis (astrocyte prolifera-
tion) as a result of extensive and
severe neuronal degeneration (11).
It was recently demonstrated that
ingls results from a mutation in
Vac14 that disrupts the Vac14-PIK-
fyve complex and leads to decreased
PtdIns(3,5)P2 levels (11). It is not
understood why alterations in the
level of a lipid involved in “house-
keeping” trafficking pathways
would lead to selective neuronal
loss (11). However, these data
imply the presence of neuron-spe-
cific PtdIns(3,5)P2 effectors that
are important for cell survival. To
the best of our knowledge, clavesin
1 is the first neuron-specific
PtdIns(3,5)P2-binding protein. More-

over, it is interesting that clavesins function in trafficking to
lysosomes. The importance of lysosomes for cell survival is
underscored not only by their ability to degrade damaged mac-
romolecules but also by the fact that compromised lysosomal
function can lead to apoptotic cell death (55). Neurons are
particularly sensitive to lysosomal dysfunction, and alter-
ations in lysosomal function are the underlying cause of
numerous neurodegenerative diseases (55). These data
imply that neurons have unique mechanisms for regulation

FIGURE 9. Knockdown of clavesins in neurons alters lysosome morphology. A, hippocampal neurons at 4
DIV were transduced with lentivirus encoding a non-targeting miRNA or with lentivirus encoding two different
miRNAs targeting clavesin 1 (1-1, 1-2), two different miRNAs targeting clavesin 2 (2-1, 2-2), or different combi-
nations of the clavesin 1 and 2 miRNAs, as indicated. At 12 DIV, lysates were prepared from the cultures, and
equal protein aliquots were processed for Western blots with antibodies against CHC, AP-1, or clavesin 1/2.
B, hippocampal neurons at 4 DIV were transduced with lentivirus encoding clavesin 1-1 and 2-1 miRNAs. At 21
DIV, cells were processed for indirect immunofluorescence with polyclonal antibody against clavesin (red) and
monoclonal antibody against AP-1. The AP-1 signal was processed in the CY5 channel (633) and was pseudo-
colored green for the purpose of merging with the red clavesin signal. The lentivirus also drives expression of
GFP (leftmost panels). Bar, 10 �m. C, hippocampal neurons at 7 DIV were transduced with lentivirus encoding
non-targeting miRNA, clavesin 1-1 miRNA, clavesin 2-1 miRNA, or both clavesin miRNAs. At 14 DIV, cells were
processed for indirect immunofluorescence with antibodies against LAMP1 (red) and MAP2 (blue). The lentivi-
rus also drives expression of GFP. Bar, 10 �m. D, the total LAMP1-positive area was quantified. Each bar repre-
sents the mean � S.E. with n � 40. ***, a significance of p � 0.001 using Welch’s t test.
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of lysosomal function and/or formation/maintenance, prob-
ably involving PtdIns(3,5)P2. An important avenue for the
future will be to determine the mechanism of clavesin func-
tion in LAMP1 trafficking in neurons.
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