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Transport of proteins through the ALP (alkaline phosphatase) pathway to the vacuole requires the
function of the AP-3 adaptor complex and Vps4lp. However, unlike other adaptor protein—
dependent pathways, the ALP pathway has not been shown to require additional accessory
proteins or coat proteins, such as membrane recruitment factors or clathrin. Two independent
genetic approaches have been used to identify new mutants that affect transport through the ALP
pathway. These screens yielded new mutants in both VPS41 and the four AP-3 subunit genes. Two
new VPS541 alleles exhibited phenotypes distinct from null mutants of VPS41, which are defective
in vacuolar morphology and protein transport through both the ALP and CPY sorting pathways.
The new alleles displayed severe ALP sorting defects, normal vacuolar morphology, and defects
in ALP vesicle formation at the Golgi complex. Sequencing analysis of these VPS41 alleles
revealed mutations encoding amino acid changes in two distinct domains of Vps41p: a conserved
N-terminal domain and a C-terminal clathrin heavy-chain repeat (CHCR) domain. We demon-
strate that the N-terminus of Vps4lp is required for binding to AP-3, whereas the C-terminal
CHCR domain directs homo-oligomerization of Vps41lp. These data indicate that a homo-oligo-
meric form of Vps4lp is required for the formation of ALP containing vesicles at the Golgi
complex via interactions with AP-3.

INTRODUCTION

The selective trafficking of proteins between organelles in
the secretory and endocytic pathways is predominantly ac-
complished by membrane vesicles. In this system, newly
synthesized proteins are actively selected and concentrated
into distinct vesicle populations, which are subsequently
targeted to a specific acceptor compartment. Vesicle forma-
tion is often mediated by adaptor and coat proteins that link
cargo selection to vesicle budding by both binding and
concentrating cargo proteins within the donor membrane as
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well as by deforming the membranes into nascent vesicles
(Hirst and Robinson, 1998).

This mechanism for vesicle formation is conserved at mul-
tiple steps in vesicle-mediated transport pathways by re-
lated but distinct sets of adaptor and coat proteins. In the
early secretory pathway, COPI and COPII coated vesicles
direct transport of proteins between the endoplasmic retic-
ulum and the Golgi complex (Robinson, 1997). In the endo-
cytic and vacuolar/lysosomal pathways, three related het-
erotetrameric adaptor protein complexes, AP-1, AP-2, and
AP-3 (Phan et al., 1994; Dell’ Angelica et al., 1997; Simpson et
al., 1997; Stepp et al., 1997) interact with either di-leucine or
tyrosine-based sorting signals in the cytoplasmic tails of
cargo proteins (Chen et al., 1990; Letourneur and Klausner,
1992; Marks et al., 1997). AP-2 is required for clathrin-medi-
ated endocytosis at the plasma membrane, whereas AP-1
and -3 act at the Golgi and endosomal compartments to
direct transport to both the vacuole/lysosome and the
plasma membrane (Cowles ef al.,, 1997a; Robinson, 1997;
Faundez et al.,, 1998). A fourth adaptor protein complex,
AP-4, has also been identified in mammalian cells. By ho-
mology, AP-4 is believed to act in vesicle formation, but the
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Table 1. S. cerevisiae strains used in this study

Strain Genotype Reference
SEY6210 MATa leu2-3,112 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 Robinson et al., 1988
CCY250 SEY6210; ste13A:: LEU2 Cowles et al., 1997a
CBY31 SEY6210; pep12A::HIS3 Burd et al., 1997
TDY231 SEY6210; pep12A:: HIS3; vps41-231 This study
CCY4118 SEY6210; ste13A:: LEU2; vps41-18 This study

WSY41 SEY6210; vps41A:: LEU2 Radisky et al., 1997
GOYS8 SEY6210; apl5A::HIS3 Cowles et al., 1997a
TDY27 SEY6210; vam3tsf This study

DKY25 SEY6210; VPS41-HA:: HISSMX6 Rehling et al., 1999
TDY30 SEY6210; VPS41-231-HA :: HISSMX6 This study

PRY1 SEY6210; APL5-HA:: HISSMX6 Rehling et al., 1999

trafficking role of this complex has yet to be elucidated
(Dell’ Angelica et al., 1999; Hirst et al., 1999). Both AP-1 and
AP-2 interact with the coat protein clathrin (Robinson, 1994),
whereas to date, the role of clathrin in AP-3-dependent
transport pathways has been controversial (Newman et al.,
1995; Simpson et al., 1997; Dell’ Angelica et al., 1998). In yeast
there is strong evidence that AP-3 does not function with
clathrin because clathrin mutants do not display defects
similar to AP-3 mutants, and clathrin itself does not copurify
with AP-3-coated vesicles (Vowels and Payne, 1998; Reh-
ling et al., 1999; Yeung et al., 1999). This raises the possibility
that AP-3 may interact with an unknown coat protein or
proteins.

Biosynthetic transport of proteins to the yeast vacuole
proceeds through two separate pathways, the CPY pathway
and the ALP pathway (Burd et al., 1998). Many vacuolar
resident proteins are delivered to the vacuole via the well-
defined CPY pathway in which vacuolar hydrolases are
transported from the Golgi compartment to an endosomal
intermediate and then on to the vacuole (Stack et al., 1995).
However, the membrane-bound vacuolar enzyme ALP and
the vacuolar t-SNARE Vam3p are transported to the vacuole
via the alternative ALP pathway that bypasses the prevacu-
olar endosome (Cowles et al., 1997b; Piper et al., 1997). Spe-
cific transport of proteins to the vacuole via the ALP path-
way requires the function of the AP-3 adaptor protein
complex (Cowles ef al., 1997a; Stepp et al., 1997). In yeast,
AP-3 binds to an acidic di-leucine sorting signal found in the
cytoplasmic tails of cargo proteins (Darsow et al., 1998; Hon-
ing et al., 1998) and directs these cargoes into Golgi-derived
vesicles that are then transported to the vacuole (Rehling et
al., 1999). In other eukaryotes, the function of AP-3 is more
complex. For example, mutations in human AP-3 result in a
medically relevant disorder, Hermansky-Pudlack syn-
drome, in which patients have deficiencies in skin pigmen-
tation and blood clotting and in the transport of resident
proteins to the lysosome. In addition, mutations in AP-3
subunits in mice and Drosophila result in defects in coat color
and eye pigmentation, respectively (Odorizzi ef al., 1998).
Together these data suggest that AP-3 in these organisms is
required not only for transport of resident proteins to lyso-
somes, but also to lysosome-related organelles such as mela-
nosomes and platelet storage granules.

In addition to the AP-3 adaptor protein complex, in yeast
a number of vacuolar protein sorting (VPS) genes are also
required for transport of ALP to the vacuole, including
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VAMS3, the vacuolar t-SNARE, and VPS541/VAM2. Null mu-
tations in genes such as VAM3 and VPS41 result in defects in
both CPY and ALP transport to the vacuole (Radisky et al.,
1997). Furthermore, both Vam3p and Vps4lp are required
for in vitro homotypic vacuole fusion (Nichols et al., 1997;
Price et al., 2000b). However, unlike VAM3 and the other
late-acting VPS genes, a temperature-conditional VPS41 mu-
tant (vps41'?) exhibits specific defects in transport of ALP to
the vacuole (Cowles et al., 1997b). Furthermore, Vps4lp is
required for ALP pathway vesicle formation at the Golgi
complex, and Vps4lp physically associates with an AP-3
subunit (Rehling et al., 1999). Therefore, although Vps4lp
appears to act at an early transport step in the ALP pathway,
the molecular function of Vps41p at this and additional steps
in the pathway remains unclear.

To isolate new alleles of VPS41 and the AP-3 genes, as
well as unidentified components of the ALP transport path-
way, we undertook two genetic screens. Several new alleles
of both VPS41 and the AP-3 adaptor genes were recovered
from the screens. Analysis of two new constitutive loss-of-
function VPS41 alleles revealed that these mutations cause
phenotypes similar to AP-3 mutants, including strong, rela-
tively specific defects in ALP transport, normal vacuolar
morphology, and defects in the formation of ALP pathway
intermediates. These alleles encode for proteins with muta-
tions in either a novel N-terminal domain or the clathrin
heavy-chain repeat (CHCR) domain of Vps41p. Analysis of
these two protein domains show that they are required for
Vps4lp binding to AP-3 and homo-oligomerization of
Vps4lp, respectively. Both of these molecular interactions
are essential for Vps4lp function in the ALP pathway but
seem to be dispensable for CPY pathway protein sorting.
These results suggest that assembly of Vps4lp into an oli-
gomeric complex and its association with AP-3 are required
at an early step of vesicle formation in the ALP pathway.

MATERIALS AND METHODS
Strains and Media

Yeast strains (Table 1) were grown in standard yeast extract-pep-
tone-dextrose (YPD) or synthetic medium (YNB) supplemented
with essential amino acids. Standard bacterial medium, containing
100 pg/ml ampicillin for plasmid retention, was used to propagate
Escherichia coli. Transformation of Saccharomyces cerevisiae was done
by the lithium acetate method (Ito et al., 1983). E. coli transforma-
tions were done by the method of Hanahan (1983).
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Genetic Methods and EMS Mutagenesis

The ALP-Stel3 screen was performed exactly as previously de-
scribed (Cowles ef al., 1997a), except cells were mutagenized using
ethyl methanesulfonate (EMS). For both screens, EMS mutagenesis,
of either CCY250 harboring pAS13 (ALP-Stel3) (Cowles et al.,
1997a) or CBY31 cells containing the plasmid pVAM3.416 (CEN,
URA3, VAM3) (Darsow et al., 1997) was performed as described
(Rose et al., 1990), resulting in ~20-30% viability of mutagenized
cells. For the Vam3p mislocalization screen, after EMS mutagenesis,
the cells were diluted in YPD to recover for 1 h and then plated onto
URA selective media and incubated at 38°C until colonies arose.
Colonies that survived at 38°C were selected and cured of
pVAMS3.416 on plates containing 5-fluoroorotic acid and retested for
temperature sensitivity at 38°C. Strains that were no longer temper-
ature resistant without expression of VAM3 were selected. These
strains were transformed with pPEP12.414 (CEN, TRP1, PEP12) and
tested for CPY secretion by colony blot assays (Roberts et al., 1991).
Cells that did not secrete CPY were then tested for ALP processing
by Western blot analysis. Complementation analysis with known
ALP pathway components was performed on all strains by individ-
ual transformation with characterized plasmids, followed by ALP
and CPY pulse-chase assays.

Plasmid Construction and Nucleic Acid
Manipulations

Restriction and modification enzymes were purchased from Boehr-
inger Mannheim (Indianapolis, IN), New England Biolabs (Beverly,
MA), or U.S. Biochemical Corporation (Cleveland, OH). pPEP12.414
was made by subcloning a Clal-NsiI genomic fragment containing
PEP12 into pRS414 vector (Sikorski and Hieter, 1989) digested with
Clal-Pstl.

Cloned VPS41 Alleles. The plasmid containing the vps41'¥ allele was
previously described (Cowles et al., 1997b). The vps41-18 allele was
recovered from the chromosome using PCR with primers directed
toward sequences 800 nucleotides upstream and 500 nucleotides
downstream of the VPS41 open reading frame (ORF). PCR products
were subsequently cloned with Kpnl and Sacl into pRS414 to yield
pVPS41-18. The vps41-231 mutant gene, as well as wild-type chro-
mosomal VP541, were rescued from the chromosome by PCR with
complementary primers directed 500 bp both upstream and down-
stream of the VPS41 ORF. PCR product was then cloned into
TOPO-TA cloning vector (Invitrogen, San Diego, CA), digested with
Nsil and Spel, and subcloned into yeast expression vector by ligation
into pRS414 vector digested with PstI and Spel to yield pTD44 and
pVPS41, respectively. Phenotypes of the mutants were confirmed by
CPY and ALP pulse-chase assays.

Two-Hybrid Constructs. Plasmid pPR15, encoding amino acids (aa)
729-932 of Apl5p in frame with the GAL4 DNA-binding domain in
the pGBT9 vector was previously published (Rehling et al., 1999). A.
Wurmser provided full-length VPS41 cloned into pGADGH (Clon-
tech, Palo Alto, CA). A truncated form of VPS41 corresponding to
the vps41-18 allele was produced by using the identical 5 primer
used for the full-length construct, in combination with a primer
introducing the identical stop codon (5'-GGG GGG AGC TCT TAA
TTT TCA TAA GGA CTT ATC ATG AAC G-3'). pTD41 containing
the DNA encoding for Vps41p aa 1-570 in pGADGH was generated
by PCR using primers containing in frame Smal/Xmal sites at the
start codon of VPS41 and primers containing an EcoRI site down-
stream in the VPS41 sequence. PCR products were cloned using the
TOPO-TA cloning kit and then digested with Xmal and EcoRI and
ligated into Xmal/EcoRI digested pGADGH vector. Plasmid pTD50,
containing the full-length vps41-231 mutant in the pPGADGH vector
was constructed in two steps. First, the N-terminal domain of vps41-
231 was amplified and constructed in the same manner as pTD41 to
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yield pTD49. The Ndel-Xbal C-terminal fragment of vps41-231 was
then subcloned into pTD49 digested with Ndel-Xbal to yield pTD50.

GST Fusion Constructs. GST-fusion protein plasmids were con-
structed as follows. Full-length VPS41 cloned into GST expression
vector (pGST-VPS41) was constructed by subcloning the full-length
fragment of VPS41 from the two-hybrid vector described above as
an Xmal fragment into the bacterial expression vector pGEX-2T
(Pharmacia, Piscataway, NJ) digested with the same enzyme. The
GST-Vps4lp truncation (pGST-VPS41T) was made by digesting
pGST-VPS41 parent plasmid with Xhol, which cuts a single time in
the C-terminus of VP541 gene and filling the overhanging Xhol ends
with T4 DNA polymerase. This manipulation introduced a frame-
shift resulting in a stop codon 7 amino acids downstream of the Xhol
site at amino acid 714 of Vps4lp. The GST fusion plasmid pPR22,
containing aa 729-932 of Apl5p was described previously (Rehling
et al., 1999)

Integrated HA Epitope Tags. Tagging of VPS41 and vps41-231 with
a triple HA sequence was performed by genomic integration at the
3" end of the VPS41 ORF. Generation of PCR products containing an
HIS3 marker gene and the tags, flanked by VPS41 homologous
sequence, were performed as described earlier (Longtine ef al., 1998)
using the templates described therein.

Metabolic Labeling and Immunoprecipitation

To analyze the transport of vacuolar proteins, yeast cells were
grown at 30°C in synthetic medium supplemented with amino
acids. Cells at logarithmic growth phase were harvested and con-
verted to spheroplasts as described previously (Paravicini et al.,
1992). Spheroplasts were resuspended at a concentration of 3
ODygpo/ml in synthetic medium containing amino acids. Cultures
were preincubated at 30°C for 5 min and then labeled for 10 min
with 60 uCi [*S]cysteine and methionine/ml of cell suspension.
After labeling, cultures were chased for 40 min with the addition of
methionine, cysteine, yeast extract, and glucose to a final concen-
tration of 5 mM, 1 mM, 0.4% and 0.2%, respectively. After chase,
samples were harvested and precipitated by addition of trichloro-
acetic acid (TCA, 10% final concentration). Whole cells lysates were
generated by glass bead disruption in urea buffer (50 mM Tris, pH
7.5, 1 mM EDTA, 1% SDS, and 6 M urea). Immunoprecipitated
proteins were resolved by SDS-polyacrylamide gel electrophoresis
(PAGE) and analyzed by autoradiography. Antibodies to CPY and
ALP have been previously described (Klionsky and Emr, 1989).

Cell Fractionation

ALP intermediates were separated from Golgi membranes using a
previously defined two-step gradient protocol (Rehling et al., 1999).
In brief, 500-1000 ml of logarithmically growing cells (ODg4y, = 0.8)
were harvested and softened for 10 min at room temperature (in 0.1
M Tris-HCI, pH 9.4, 10 mM DTT). Cells were then spheroplasted at
26°C in spheroplasting media (1X YNB, 2% glucose, amino acids, 1
M sorbitol, 20 mM Tris-HCl, pH 7.5, + 1 ug/ODyy, zymolyase).
Spheroplasts were harvested by centrifugation and resuspended in
labeling medium (1X YNB, 2% glucose, amino acids, 1 M sorbitol)
to a concentration of 3 ODg,/ml and incubated at either 26°C (for
constitutive alleles) or 38°C (for temperature-sensitive alleles) for
1 h. The spheroplasts were then chilled on ice for 5 min and
harvested at 4°C. Spheroplasts were lysed in HEPES-KOH lysis
buffer (20 mM HEPES-KOH, pH 6.8, 50 mM KOAc, 0.2 M sorbitol,
2 mM EDTA) containing protease inhibitors (to the following final
concentration: 5 ug/ml antipain, 1 ug/ml aprotinin, 0.5 ug/ml
leupeptin, 10 ug/ml a,-macroglobulin, and 0.1 mM AEBSF) with 15
strokes with a Kontes glass dounce homogenizer on ice. After a
clearing spin at 300 X g for 5 min, the lysate was subjected to
centrifugation at 13,000 X g (15 min). A 2-ml, 13,000 X ¢ supernatant
fraction was loaded on top of a sucrose step gradient consisting of
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1.5 ml 30% (wt/vol) sucrose layered on top of 1 ml 60% (wt/vol)
sucrose, in HEPES-KOH lysis buffer. The gradient was spun for 2 h
at 150,000 X g at 4°C in a Beckman SW50.1 rotor (Fullerton, CA). The
gradient was manually collected from the top into a 2.4-ml soluble
fraction (S), a 1.2-ml membrane fraction (M), and a 0.9-ml pellet
fraction (P). The membrane fraction was adjusted with HEPES-KOH
lysis buffer to a sucrose concentration of 12% (wt/wt). Two millili-
ters of adjusted membrane fraction was loaded on top of a sucrose
step gradient consisting of several concentration steps (wt/wt) that
were from bottom to top as follows: 0.5 ml, 60%; 1 ml, 37%; 1.5 ml,
34%; 2 ml, 32%; 2 ml, 29%; 1 ml, 27%; and 1.5 ml 22%. This gradient
was subjected to centrifugation at 160,000 X g for 18 h at 4°C. The
gradient was harvested manually from the top into 14 fractions. The
fractions were TCA precipitated and processed for SDS-PAGE and
immunoblotting. Quantification of proteins from Western blots
were made using NIH image software (Scion Image 1.62).

Fluorescence Microscopy

To examine vacuolar structures in live yeast cells, FM4-64 (Molec-
ular Probes, Eugene, OR) labeling was done as previously described
(Vida and Emr, 1995) except that the labeling was done at a con-
centration of 16 uM FM4-64 at 30°C for 15 min, and the cells were
chased for a period of 1 h.

Protein Domain and Alignment Analysis

Analysis of the Vps4l protein domain structure was done using
ProDom at SWISSPROT. Analysis of the N-terminal domain was
done with PatMatch at the Saccharomyces Genome Database. Align-
ment of Vps4lp and its homologues in other organisms was done
using MegAlign in the DNA STAR software package.

Two-Hybrid Analysis

All two-hybrid plasmids were transformed into the yeast reporter
strain PCY2 (Ito et al., 1983). Colonies were assayed for B-galacto-
sidase activity by filter assay (Rehling et al., 1996). All assays were
done in triplicate on at least three independent transformants.

Biochemical Assays

The full-length and truncated GST-Vps41 fusion proteins as well as
the GST-Apl5p (aa 729-932) were transformed into E. coli. Expres-
sion and purification of GST fusion proteins were performed as
described previously (Rehling et al., 1999). Yeast extracts for binding
experiments were generated from 500-1000 ODy, of cells express-
ing the integrated Vps41p-HA or Apl5p-HA fusion proteins. Har-
vested cells were resuspended in 1-2 ml lysis buffer (20 mM HEPES-
KOH, pH 6.8, 50 mM potassium acetate, 2 mM EDTA) plus 1X
complete protease inhibitor cocktail (Boehringer Mannheim). Glass
beads (0.5 g of 0.5-mm diameter) were added, and samples were
alternatively vortexed for 30 s and cooled on ice for 1 min 15 times.
The lysate was cleared for 10 min at 3000 X g at 4°C, and the
supernatant was harvested, adjusted to 1% Triton X-100, and ex-
tracted on ice for 10 min. The lysate was then cleared for 10 min at
13,000 X g at 4°C, and the supernatant fraction was retained for
binding experiments. Approximately 100-200 ODy, equivalents of
the supernatant fraction (100-200 ul) were incubated for 1 h at 4°C
with either GST or the various forms of Vps41lp and Apl5p fused to
GST that had been bound to glutathione-sepharose as described
above. After incubation, sepharose beads were washed three times
with lysis buffer containing 1% Triton X-100, three times with lysis
buffer, and two times in final wash buffer (20 mM HEPES, 2 mM
EDTA). Bound material was eluted with urea sample buffer (6 M
urea, 100 mM Tris, pH 8, 4.5% SDS, 5% BME). For sizing column
analysis, lysis protocols for making 5100 supernatant fractions from
bacteria and yeast differed slightly. The equivalant of 100 ODgy
units of yeast expressing VPS41-HA were spheroplasted and lysed
in 1.5 ml by dounce homogenization in PBS plus 1X complete
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protease inhibitor cocktail (Boehringer Mannheim) and subjected to
a 30-min, 100,000 X g clearing spin. Equivalents at 20 ODgq, of
induced bacteria expressing either the full-length or truncated form
of GST-Vps4l fusion proteins were lysed in 1.5 ml PBS plus 1X
complete protease inhibitor cocktail (Boehringer Mannheim) by
probe sonication (Branson, Danbury, CT) and subjected to a 30-min,
100,000 X g clearing spin. Cleared 1-ml supernatants were run over
a Sephacryl 5-300 16/60 column (Pharmacia) in PBS. Fractions of 1.4
ml were eluted at a flow rate of 0.4 ml/min and a portion of the
resulting samples (1:1500 for bacteria and 1:40 for yeast extracts)
were separated on SDS-PAGE and then immunoblotted with either
anti-HA or anti-GST antisera and visualized by ECL (Amersham,
Arlington Heights, IL). Sizing standards for the column were blue
dextran, ferritin, catalase, and thyroglobulin.

RESULTS

Genetic Screen for Additional Components of the
ALP Sorting Pathway

The ALP pathway in yeast directs the transport of two
known cargo proteins to the vacuole: the membrane-bound
vacuolar hydrolase ALP, and the vacuolar t-SNARE,
Vam3p. Both of these cargo proteins contain acidic di-
leucine sorting signals in their cytoplasmic domains (Dar-
sow et al., 1998; Honing et al., 1998; Vowels and Payne, 1998)
that are recognized by the AP-3 adaptor protein complex
and are required for packaging these proteins into transport
vesicle intermediates (Darsow et al., 1998; Honing et al.,
1998). In addition to AP-3, the formation of ALP pathway
intermediates depends on Vps4lp, a protein that binds to
Apl5p, the & subunit of the AP-3 complex (Rehling et al.,
1999). As in AP-1 and AP-2-mediated transport pathways, it
is possible that other proteins that function specifically in the
ALP pathway, involved in membrane recruitment of AP-3,
budding, and uncoating of vesicles, remain to be identified.
We undertook two different genetic approaches to identify
such proteins.

The first screen (Figure 1) was an extension of the previ-
ously published ALP-Stel3p screen (Cowles et al., 1997a). In
brief, Ste13p is a Golgi-localized peptidase that is required
for maturation of the secreted mating pheromone, alpha
factor. The ALP-Stel3 fusion protein, unlike native Ste13p, is
rapidly transported out of the Golgi complex, by virtue of
the AP-3 sorting signal of ALP. In mating type alpha cells
expressing the ALP-Stel3 fusion protein as the only form of
Stel3p, the rapid transport of the fusion protein out of the
Golgi complex to the vacuole separates Stel3p from its sub-
strate, precursor alpha factor, and results in defects in alpha
factor processing (Figure 1B). However, when transport
through the ALP pathway is disrupted, residence of the
ALP-Stel3 fusion protein in the Golgi complex is extended,
where the Stel3p moiety can process alpha factor (Figure
1B). Binding of secreted mature alpha factor by receptors on
the surface of cells of the opposite mating type results in G1
cell cycle arrest, which can be observed as a zone of growth
inhibition when these cells are plated onto a lawn of oppo-
site mating type cells. Therefore, the presence of a halo of
growth inhibition can be used to visualize alpha factor pro-
cessing and therefore, indirectly monitor ALP pathway sort-
ing defects via Golgi localization of the ALP-Stel3 fusion
protein. This approach was previously used to identify the
AP-3 adaptor proteins in a screen for 2 u dominant negative
enhancers of halo formation (Cowles et al., 1997a) and was
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Figure 1. Screens for ALP pathway components. (A) In wild-type
yeast cells, protein trafficking between the Golgi and the vacuole pro-
ceeds through two parallel pathways. In the CPY pathway, cargo
transits first from the Golgi to an endosomal compartment, where the
endosomal t-SNARE, Pep12p, mediates docking and fusion with the
endosomal membrane. From the endosome, the CPY pathway contin-
ues to the vacuole via a second step in which the vacuolar t-SNARE,
Vam3p, mediates docking and fusion with the vacuolar membrane. In
contrast, the ALP pathway appears to be a direct Golgi-to-vacuole
pathway. Sorting signals in the cytoplasmic domains of the cargo
proteins such as ALP and Vam3p are recognized by AP-3 and pack-
aged into vesicles that are then directed from the Golgi to the vacuole
without transit through an endosomal compartment. (B) Wild-type
cells containing an ALP-Stel3p fusion protein are unable to process
alpha factor because the fusion protein is directed to the vacuole
through the ALP pathway by virtue of the AP-3 sorting signal of ALP.
Disruption of trafficking through the ALP pathway by abrogation of
AP-3 function results in retention of the ALP-Stel3p fusion protein in
the Golgi and normal alpha factor processing. (C) pep12A cells disrupt
trafficking through the CPY pathway and are temperature sensitive for
growth at 38°C. The additional deletion of AP-3 in pep12A cells results
in misrouting of ALP pathway cargoes such as Vam3p into the CPY
pathway. Vam3p at the endosomal compartment can substitute for
Pep12p and rescues the temperature sensitivity of pep12A cells.
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expanded in this study using EMS mutagenesis in an at-
tempt to identify additional mutants defective in the deliv-
ery of ALP to the vacuole. Approximately 20,000 EMS-
mutagenized colonies were screened for halo formation, of
which ~200 displayed a detectable halo phenotype. Second-
ary screening for lack of CPY secretion by CPY colony
blotting and for ALP missorting by ALP pulse-chase immu-
noprecipitation experiments was performed. Six mutants
with specific defects in ALP transport to the vacuole were
recovered.

The second genetic screen (Figure 1C) used the other
known cargo of the ALP pathway, the vacuolar t-SNARE
Vam3p. Mutations in the sorting signal of Vam3p or in the
AP-3 adaptor proteins themselves prevent Vam3p entry into
the ALP pathway, resulting in misrouting of Vam3p into the
CPY pathway. At the CPY pathway endosome, Vam3p is
able to functionally substitute for Pep12p, the endosomal
t-SNARE (Darsow et al., 1998). Therefore, we reasoned that
mutations in other genes required for transport in the ALP
pathway may have similar effects on the trafficking of
Vam3p and should also rescue pepI12A mutant phenotypes
(i.e., temperature-sensitive growth at 38°C). Therefore, we
EMS-mutagenized pep12A cells and selected for tempera-
ture-resistant mutants. In the Vam3p mislocalization screen,
~400,000 EMS-mutagenized colonies were screened for tem-
perature resistance. Six hundred colonies that survived at
38°C were selected and subjected to secondary screens to
determine whether the temperature resistance was depen-
dent on the expression of VAM3. Clones that displayed
temperature-resistant growth in a Vam3p-dependent man-
ner were then screened for lack of CPY secretion by CPY
colony blot and for ALP sorting by Western blotting. Nine
mutants with ALP defects were recovered from the screen.

Thus, from both of these screens, a total of 15 mutants
were isolated that displayed relatively specific defects in the
transport of ALP to the vacuole. Of these 15 mutants, 12 of
the mutant alleles were complemented by AP-3 genes. At
least one representative allele of each of the four AP-3 sub-
units was identified. Interestingly, the remaining three mu-
tants that were isolated from the screens were new missense
alleles of VPS41, a gene that had been previously implicated
as functioning at an early point in the ALP pathway through
analysis of a temperature sensitive for function (fsf) allele of
the gene (Cowles et al., 1997b; Rehling et al., 1999).

VPS41 Alleles Exhibit ALP Pathway
Protein-sorting Defects

vps41' mutant cells display immediate defects in ALP trans-
port to the vacuole and defects in budding of ALP pathway
vesicles upon shift to nonpermissive temperature, suggest-
ing that this protein may function in the formation of ALP
pathway intermediates (Cowles ef al., 1997b; Rehling et al.,
1999). However, VPS541 deletion mutants have much more
pleiotropic phenotypes than AP-3 subunit mutants, display-
ing defects in both vacuolar morphology and CPY sorting
(Nakamura et al., 1997; Radisky et al., 1997), which suggests
that Vps41p may also have a role in additional pathways or
transport steps. Indeed, Vps41p seems to have a dual site of
action as it is also part of the class C-Vps/HOPS protein
complex (Seals et al., 2000; Wurmser et al., 2000) that directs
SNARE-mediated fusion at the vacuole (Sato ef al., 2000).
The new constitutive loss-of-function alleles of VPS41 were
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selected on the basis of specific defects in ALP, and not CPY,
transport to the vacuole, suggesting that these new mutants
were distinct from null mutants of VPS41 in that that they
were particularly defective in ALP pathway transport. Of
the three new VPS41 alleles, two caused ALP sorting phe-
notypes similar in severity by both colony blot and Western
blot analysis. We decided to further analyze one of these two
mutants, vps41-18, and a third distinct mutant, vps41-231, by
carefully examining their vacuolar protein—sorting defects
by pulse-chase analysis. Wild-type, vps41A, vps41-18, and
ups41-231 mutant cells were pulse-labeled with [33S]cys-
teine/methionine for 10 min and then chased for 40 min
with excess unlabeled cysteine/methionine at 30°C. Cells
were harvested, and proteins were immunoprecipitated
with specific antibodies and visualized by SDS-PAGE and
autoradiography. Unlike wild-type cells in which both CPY
and ALP were processed to their mature forms, in vps41A
cells, both CPY and ALP were primarily found in their
Golgi-modified precursor forms (Figure 2A), suggesting that
transport through both biosynthetic pathways from the
Golgi to the vacuole are disrupted in the deletion mutant
(Radisky et al., 1997). As expected, in both of the new VPS41
mutants, ALP accumulated primarily in the precursor form
after 40 min of chase (Figure 2). However, CPY was matured
in the new VPS41 mutants, with ~60% of CPY found in the
mature form in vps41-18 and nearly 100% mature CPY in
vps41-231 (Figure 2A).

Deletion of VPS41 results in a severely fragmented vacu-
olar morphology (Figure 2B) because of the accumulation of
aberrant transport intermediates (Cowles et al., 1997b;
Radisky et al., 1997). Because the VPS41 mutants have dis-
tinct vacuolar protein—sorting phenotypes when compared
with the VP541 deletion mutant, we were interested in ex-
amining the vacuolar morphology of these mutants. The
vacuoles of wild-type, vps41A, vps41-18, and vps41-231 mu-
tant cells were labeled with the vital stain FM4-64 for 15 min
and then chased for 30 min at 30°C. The cells were then
harvested and examined by fluorescence microscopy. Wild-
type cells displayed typical vacuolar morphology, with one
to three large, FM4-64—stained vacuolar compartments per
cell, which could also be visualized by Nomarski optics
(Figure 2B). In contrast, the vps41A cells displayed a highly
dispersed and fragmented vacuolar morphology (Figure
2B), as has previously been reported (Radisky et al., 1997).
Remarkably, although the new VPS41 mutant cells did con-
tain some peripheral FM4-64—-stained compartments not
seen in wild-type cells, the vacuoles in these cells had rela-
tively normal morphology (Figure 2B). Therefore, the new
VPS41 mutants had phenotypes quite distinct from vps41A
cells. Instead, these new VPS41 mutants were much more
reminiscent of AP-3 mutants, which have ALP-specific sort-
ing defects and normal vacuolar morphology (Cowles et al.,
1997a; Stepp et al., 1997).

VPS41 Mutant Cells Are Defective in the Formation
of ALP Transport Intermediates

The relatively specific defects of the new VPS41 mutants
suggested that they may, like AP-3, act at an early stage of
transport intermediate formation at the Golgi complex. We
have previously described an in vivo assay for the detection
of ALP transport vesicle intermediates and demonstrated
that both AP-3 and vps41'¥ mutants are defective in the
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formation of these intermediates (Rehling et al., 1999). We
examined the new VPS41 alleles in this assay to determine
their effects on transport vesicle formation. Extracts were
prepared from vam3'st, apl5A vps41-18, and vps41-231 cells
and were analyzed in the in vivo ALP vesicle formation
assay (see MATERIALS AND METHODS). As expected, in
vam3't cells, precursor ALP (pALP) was evenly distributed
in two peaks, one at low sucrose concentrations (vesicle
fraction) and another at higher sucrose concentration (Golgi
fraction) (Figure 3), which is indicative of accumulation of
transport vesicles (Rehling et al., 1999). In contrast to vam3*,
in apl5A cells, pALP was found as a single peak, with ~75%
of the protein contained within the Golgi fractions (Figure
3), consistent with the previously reported defect in vesicle
formation in apl5A cells. In both vps41-18 and vps41-231
strains, the pALP distribution was similar to that seen in
apl5A cells (Figure 3). This result suggests that like AP-3 and
vps41* (Rehling et al., 1999) mutant cells, these new VPS41
mutants also have defects early in the ALP pathway, specif-
ically in the formation of vesicles from the Golgi complex.

VPS41 Alleles Encode Mutations in Distinct
Domains of Vps4lp

The phenotypes of the new VPS41 mutants in the formation
of ALP transport vesicles at the Golgi suggested that these
mutants are particularly defective in early events in the ALP
pathway. We wanted to determine the nature and location
of the mutations in the new VPS41 alleles, because they
might indicate what domains of Vps4lp are important for
ALP pathway function. We rescued the mutant VPS41 genes
from the chromosome by PCR and cloned them into yeast
expression vectors. Phenotypes resulting from the cloned
mutations were then confirmed by retransformation into
ups41A yeast cells. We sequenced the mutant oups41-18,
vps41-231, vps41'f, and wild-type VPS41-containing plas-
mids for comparison.

Sequence comparison of all known Vps4lp sequences re-
vealed only two conserved domains in the protein. First, an
N-terminal domain (domain I) that is conserved between
Vps4lp homologues but is not found in other proteins, is
located between amino acids 99 and 232 of Vps41p. Second,
a C-terminal CHCR domain, which was originally identified
in the clathrin heavy-chain molecule and can be found in
other proteins, including a number of Vps proteins
(Conibear and Stevens, 1998) is located between amino acids
753 and 901. Sequence analysis showed that vps41-18 and
vps41* each contained mutations within the conserved
CHCR domain in the C-terminus of Vps41p (Figure 4B). In
clathrin, this domain is repeated seven times and is required
for homo-oligomerization of the clathrin heavy-chain mole-
cules to form the clathrin lattice structure (Ybe et al., 1999).
vps41-18 contains a stop codon at amino acid 803 that trun-
cates the C-terminal 20% of the protein and completely
removes the CHCR domain. vps41* contains a single amino
acid change from isoleucine to threonine at amino acid 832
(I832T) within the CHCR domain. Unlike the other alleles,
sequencing of the vps41-231 mutant revealed that it did not
contain a mutation in the CHCR domain. Instead, this gene
had two single mutations coding for amino acid changes in
the N-terminus of the protein. The mutations were sepa-
rated by subcloning, and ALP sorting analysis was used to
determine that the ALP missorting phenotype of the vps41-
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Figure 2. Vacuolar protein sorting and vac-
uolar morphology of VPS41 mutants. (A)
vps41A (WSY41) cells transformed with either
complementing VPS41 plasmid (pVPS41), or
plasmids containing vps41-18 (pVPS41-18), or
ups41-231 (pTD44), were pulse-labeled with
[*°S]cysteine /methionine and chased for 40
min. CPY and ALP were immunoprecipitated
with polyclonal antibodies and analyzed by
SDS-PAGE and autoradiography (B). The
same strains shown in A were labeled with
FM4-64 for 15 min at 30°C and then chased in
fresh media for 1 h at 30°C.
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Figure 3. VPS41 alleles are defective in ALP intermediate forma-
tion. Five hundred ODy, equivalents of vam3' cells (TDY27), apl5A
(GOYS8), vps41-18 (WSY41 + pVPS41-18), and vps41-231(WSY41 +
pTD44) were spheroplasted, temperature-shifted, lysed, and frac-
tionated (see MATERIALS AND METHODS). Approximately 1
ODg equivalent of material from each fraction was analyzed by
SDS-PAGE and Western blot analysis. The distribution of pALP
from each gradient was quantitated using Scion Image 1.62, and the
relative amounts of protein contained within the Golgi and vesicle-
enriched fractions were calculated. Legend: black bars = vesicle
fraction; shaded gray bars = Golgi fraction.

231 mutant was attributable to a single amino acid change of
glycine to arginine at amino acid 171 (G171R) in domain I
(Figure 4A). This mutation in vps41-231 falls within a par-
ticularly conserved region of domain I, suggesting that the
mutation may act to disrupt this domain and that it may be
important for Vps4lp ALP pathway function.

An N-terminal Region of Vps4lp Interacts

with Apl5p

The extreme C-terminal portion of Apl5p has previously
been shown be necessary and sufficient to bind to Vps4lp
(Rehling et al., 1999). However, the domain of Vps4lp itself
,which is required for this interaction, has not been deter-
mined. We considered that the mutations in the new VPS41
alleles may potentially interfere with the ability of Vps41p to
bind to the C-terminal domain of Apl5p. To examine this
possibility, we performed two-hybrid analysis of Vps4lp
and Apl5p. As previously reported (Rehling et al., 1999),
coexpression of full-length Vps4lp fused to the GAL4 acti-
vation domain (AD) and a C-terminal fragment (aa 729-923)
of Apl5p fused to the GAL4 DNA binding domain (BD) in
the yeast reporter strain creates a positive two-hybrid inter-
action (Figure 5A). Truncations of Vps4lp from the C-ter-
minus were made to define the Apl5p interaction domain of
Vps4lp. These truncations revealed that the minimal do-
main of Vps41p that bound to Apl5p was the N-terminal 570
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amino acids of the protein (Figure 5A). Further truncations
of Vps41p from either the N- or the C-terminus were unable
to bind to Apl5p (our unpublished observations). Interest-
ingly, a Vps41lp truncation in which the CHCR domain was
removed, similar to the truncation mutation found in
vps41-18 (aa 1-803), still efficiently bound to Apl5p (Figure
5A), suggesting that the CHCR domain is not directly re-
quired for AP-3 interaction. However, the mutation found in
the vps41-231 allele encoded for an amino acid change in the
N-terminus of the protein, within the minimal region re-
quired for binding to Apl5p. Indeed, when tested in the
two-hybrid assay, Vps41-231 protein, which contains an
amino acid substitution within domain I, no longer bound to
Apl5p (Figure 5A), suggesting that disruption of domain I
interferes with Vps41p binding to Apl5p.

To confirm these results by an independent means, we
made GST fusion constructs with either full-length Vps4lp
or a C-terminal domain of Apl5p containing aa 807-932.
These proteins, as well as GST alone, were expressed in E.
coli and purified onto glutathione sepharose beads for bind-
ing experiments. Glutathione sepharose beads containing
either GST, GST-Apl5p (aa 807-932) or full-length GST-
Vps4lp (aa 1-992) were incubated with Triton X-100 solu-
bilized total cell extracts made from cells expressing either
Vps41-HA or Vps41-231-HA protein. Bound proteins were
washed and eluted with SDS sample buffer and examined by
Western blot analysis. Although Vps41p-HA bound to the
GST-Apl5p fusion protein, theVps41-231-HA protein did not
efficiently bind to the GST-Apl5 fusion protein (Figure 5B),
suggesting, in concert with the two-hybrid data, that the
amino acid change in domain I of the Vps41-231 protein
interferes with the ability of Vps41p to bind to Apl5p. Inter-
estingly, full-length GST-Vps41p bound to Vps4lp-HA as
well as to the Vps41-231-HA protein (Figure 5B), indicating
that Vps41p is able to interact with itself and that the amino
acid substitution within Vps41-231 protein does not affect
this interaction. These results suggest that the C-terminal
structure of the Vps41-231 protein is maintained and that the
mutation selectively interferes with Apl5p interactions.

Vps41p Forms a Large Oligomeric Complex Both In
Vitro and In Vivo

In clathrin, the CHCR domain is essential for assembly of
clathrin heavy-chain into a homo-oligomeric complex. Be-
cause Vps41p binds to itself in vitro and the CHCR does not
affect binding of Vps41lp to Apl5p, we wanted to determine
whether Vps4lp was able to multimerize via the CHCR
domain. We first tested for homotypic interactions between
Vps4lp by the two-hybrid assay. Coexpression of plasmids
encoding for Vps41lp GAL4-AD and Vps41lp GAL4-BD in the
yeast reporter strain resulted in reporter activation, suggest-
ing, in agreement with the GST coprecipitation data (Figure
5B), that Vps41p may in fact associate with itself (Figure 5A).
However, the vps41-18 mutant, which results in a truncation
of the majority of the CHCR domain, does not associate with
wild-type Vps4lp (Figure 5A), suggesting that this domain
is required for Vps41p homotypic interactions.

To examine the role of the CHCR domain in multimeriza-
tion of Vps4lp in vitro, GST, GST-Vps41p, or a GST-Vps41p
truncation (aa 1-714) bound to glutathione sepharose beads
were incubated for 1 h at 4°C with Triton X-100 solubilized
cell extracts from strains expressing either Apl5p-HA or
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Figure 4. Alignment of Vps41p domains. (A) Vps4lp contains two conserved domains, an N-terminal domain that is conserved between
all of the Vps41p homologues, designated here as domain I, and a C-terminal clathrin heavy-chain repeat (CHCR) domain, which is found
in clathrin heavy-chain , a number of Vps proteins, and in Vps4lp and all of its homologues. (B) Domain I alignment with the Vps4lp
homologues from Homo sapiens (H.s.), Drosophila melanogaster (D.m.), and Lycopersicon esculentum (tomato) (L.e.). The amino acid change found
in vps41-231 is indicated with an arrow, and the base change is noted. (C) CHCR alignment with Vps41p homologues. Amino acid changes
in both vps41' and vps41-18 are blocked in gray and indicated with arrows. In B and C, identity between all sequences is blocked in black,
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Vps4lp-HA fusion proteins. After incubation, the beads
were washed extensively, and the bound proteins were
eluted with SDS sample buffer and examined by Western
blotting with anti-HA antibodies. Again, in agreement with
the two-hybrid data, Apl5p-HA bound to both GST-Vps41p
and the GST-Vps4lp (aa 1-714) truncation (Figure 5C). In
contrast, although Vps4lp-HA efficiently bound to full-
length GST-Vps41p, Vps41p-HA displayed a dramatic (~10-
fold) decrease in binding to the GST-Vps4lp (aa 1-714)
truncation (Figure 5C), suggesting that the deletion of the
CHCR domain results in a decreased ability of Vps4lp to
homo-oligomerize.

To determine whether Vps4lp forms oligomeric struc-
tures in vivo, we examined the gel filtration characteristics of
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Vps4lp from yeast extracts. A soluble cell extract from yeast
cells expressing Vps41p-HA was generated and examined
by gel filtration on an S300 sephacryl column. Vps4lp-HA
eluted at ~630 kDa (Figure 6A), consistent with a complex
containing approximately six Vps41p molecules if Vps41p is
the sole component of the complex. However, because
Vps4lp also interacts with Apl5p, we considered that the
AP-3 proteins may be associated with Vps4lp in this high-
molecular-weight complex. Surprisingly, the deletion of
AP-3 complex components had no effect on the gel filtration
characteristics of Vps4lp-HA (our unpublished results),
suggesting that these proteins were not stably associated
with the soluble Vps4lp complex in yeast. Furthermore,
when the AP-3 proteins and the late-acting proteins such as
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Figure 5. Analysis of Vps4lp interactions. (A) GAL4-BD fusion with a C-terminal fragment of Apl5p (aa 729-932) and a GAL4-BD fusion
with full-length Vps41p tested against the indicated Vps41p fragments fused in frame with the GAL4-AD. B-Galactosidase assays were done
in duplicate on multiple transformants for each experiment. (B and C) The indicated GST fusion proteins were purified from E. coli on
GSH-Sepharose. (A) Triton X-100-solubilized 13,000 X g supernatant fractions from yeast cells expressing either Apl5p-HA (PRY1),
Vps4lp-HA (DKY25), or Vps41-231-HA protein (TDY30) were incubated with the immobilized GST fusion proteins at 4°C and then washed.
The bound proteins were eluted with sample buffer. For Western blotting, 20% of the eluate was loaded per lane. One percent of solubilized
extract (total) was loaded as a reference. (B and C) Top panels: a Western blot probed with anti-HA antibodies; bottom panels: Coomassie-
stained gels of 10% of the eluted sample indicate the relative amounts of the fusion proteins used in each experiment. The identity of each
GST-fusion protein is indicated to the right of the bottom panels.

Vps39p/Vamép, a protein in the class C Vps/HOPS protein To further characterize the components and stoichiometry
complex that has been previously reported to interact with of the Vps41l protein complex, we recombinantly produced
Vps4lp (Nakamura et al., 1997), were examined by gel fil- the full-length GST-Vps41 protein in E. coli and examined
tration, they did not coelute with Vps41p (our unpublished the mobility of the fusion protein on a sephacryl S300 sizing
results), suggesting that these proteins are not part of the column. Interestingly, GST-Vps4lp eluted at a calculated
soluble Vps41lp complex. molecular weight of 780 kDa (Figure 6, A and B). Consider-
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Figure 6. Analysis of Vps4lp oligomeric complex. (A) Lysates
were made from 100 ODy, equivalents of wild-type yeast express-
ing an integrated VPS41-HA fusion construct (DKY25) and centri-
fuged at 100,000 X g to remove insoluble proteins and membranes.
The supernatant fraction was applied to the S300 sizing column.
Proteins in the fractions were analyzed by Western blotting using
antibodies against the HA epitope. The yeast Vps41p-HA profile is
compared with recombinantly produced GST-Vps4lp. (B) GST
fused to either full-length Vps41p (pGSTVPS41) or a truncated form
of Vps4lp containing amino acids 1-714 (pGSTVPS41T) were in-
duced in E. coli (XLIB). Lysates were made from 20 ODy, equiva-
lents of E. coli and centrifuged at 100,000 X g to remove insoluble
proteins and membranes. Supernatant fractions for both GST-
Vps4lp and GST-Vps4lp (aa 1-714) truncation were subjected to
fractionation on S300 sizing columns. In both A and B, the relative
amounts of proteins in each fraction from the columns were com-
pared using Scion Image 1.62 and plotted as a percentage of total
protein. Bottom panels: Western blots of Vps41lp-HA (A) and GST-
Vps4lp (B) from the columns. Arrows indicate the approximate size
of the peak fractions in both A and B.

ing that the molecular weight of GST-Vps4lp is ~135 kDa,
this large complex, like the Vps41p-HA from yeast extracts,
would correspond to six Vps4lp molecules. Furthermore,
because the protein was produced in bacteria, the potential
association of other yeast proteins is eliminated, suggesting
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that the soluble protein complex in both yeast and bacteria is
most likely a homo-oligomer of Vps41p. However, we were
concerned with the possibility that GST dimerization may be
contributing to the size of the complex, so we also examined
the mobility of the truncated GST-Vps41 protein (aa 1-714).
If Vps4lp oligomerization via the CHCR domain were re-
sponsible for the size of the complex, this truncated fusion
protein would be expected to disrupt the formation of the
complex. In fact, the recombinant GST-Vps4lp truncation
(aa 1-714) did not display a clear peak of protein from the
gel filtration column and instead was distributed over a
large range of smaller molecular weights (Figure 6B), indi-
cating that deletion of the C-terminal portion of Vps4lp
dramatically destabilized homo-oligomeric complex forma-
tion. Therefore, several lines of evidence, both in vivo and in
vitro, suggest that the soluble pool of Vps41p forms a homo-
oligomeric complex and that the formation of this complex
depends upon the CHCR domain in the C-terminus of
Vps4lp.

DISCUSSION

Using two distinct genetic screens, we attempted to identify
new alleles of genes that function in the ALP transport
pathway. From these screens, we recovered numerous al-
leles of the four AP-3 genes and VPS41, but did not uncover
new complementation groups. It is possible that there are no
additional genes required for ALP pathway transport. How-
ever, we think this is unlikely, as loading of AP-3 onto
membranes is likely to require components other than the
tails of cargo proteins. It is possible that additional compo-
nents that function in the ALP pathway are redundant or
have overlapping function with other ALP pathway compo-
nents. For example, Arfl has been shown in mammalian
cells to be required for AP-3 membrane association (Ooi et
al., 1998). In yeast there are several ARF genes that may have
the capacity to substitute for one another. Furthermore, ad-
ditional components that are required for ALP transport
may not be specific to the ALP pathway. For example, the
late-acting genes that direct the docking and fusion of ALP
pathway vesicles with the vacuolar membrane are utilized
by CPY pathway intermediates as well, and mutations in
these genes result in defects in both ALP and CPY transport
(Darsow et al., 1997; Rieder and Emr, 1997). Finally, it is
possible that the core machinery necessary for vesicle for-
mation has been identified and that other components may
have regulatory roles, resulting in less severe ALP missort-
ing phenotypes upon disruption. Though no additional ALP
pathway components were identified, a pair of very infor-
mative new alleles of VPS41 were recovered from our
screens, allowing us to dissect the function of Vps41p in the
ALP pathway.

The role of Vps4lp in the Vps pathway has been a con-
troversial issue because of the complex phenotypes associ-
ated with mutants of this gene. Deletion of VP541 results in
defects in transport through both the ALP and CPY pathway
and severely fragmented vacuolar morphology (Nakamura
et al., 1997; Radisky et al., 1997), suggesting defects in fusion
at the vacuole. Consistent with such vacuolar defects, recent
studies have established Vps41p as a member of a vacuole-
associated protein complex (Seals et al., 2000; Wurmser et al.,
2000) required for vacuole fusion (Price et al., 2000a,b). Yet
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several other observations suggest that Vps4lp also func-
tions at an early step in the ALP pathway. First, a temper-
ature-conditional allele of VPS41 (vps41'¥) has primary de-
fects in ALP-specific trafficking to the vacuole, and only
upon prolonged shifts to the nonpermissive temperature are
CPY sorting and vacuolar morphology affected (Cowles et
al., 1997b). Additional analysis of the same vps41tf allele
revealed that, much like AP-3 mutant cells, vps41'¥ cells are
defective in the formation of ALP pathway transport inter-
mediates from the Golgi compartment (Rehling ef al., 1999).
Furthermore, protein interaction studies have revealed that
Vps4lp physically associates with the AP-3 complex subunit
Apl5p (Rehling et al., 1999). Together, these results suggest
that Vps4lp has a role at two distinct points in the Vps
pathway.

The recovery of constitutive VPS41 alleles from screens for
ALP-specific transport components further suggests that
Vps4lp acts initially at an early stage in the ALP pathway.
Although deletion mutants in late-acting genes such as the
vacuolar t-SNARE VAMS3 and the YPT7 Rab GTPase, which
have identical phenotypes to vps41A mutants, were also
recovered from the screen, these proteins were eliminated in
secondary screens for CPY secretion as nonspecific (our
unpublished observations). The new VPS41 mutants, how-
ever, did not display strong CPY secretion defects and there-
fore were clearly discernable from the late-acting genes.
Careful analysis of vacuolar protein sorting in the new con-
stitutive VPS41 mutants showed that although ALP was
strongly blocked, CPY defects were weak to undetectable
(Figure 2A). Surprisingly, these new VPS41 mutants dis-
played essentially wild-type vacuole morphology (Figure
2B), in contrast to the severely fragmented structures ob-
served in vps41A mutant cells. Finally, like AP-3 mutants,
the new VPS41 mutants were defective in formation of ALP
transport intermediates (Figure 3B). Thus, the phenotypes of
these alleles were much more similar to AP-3 deletion mu-
tants than to vps41A mutant cells. Together, the analysis of
the new VPS41 alleles provides a strong genetic argument
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for a dual role for Vps4lp, both at an early step of vesicle
formation in the ALP pathway at the Golgi complex and
additionally as a component of the docking and fusion ma-
chinery at the vacuole (Price et al., 2000b; Sato et al., 2000;
Wurmser et al., 2000). Coupling of budding and fusion
events by a single protein is not a novel concept, since there
is some precedent for such dual functions by the SNARE
fusion machinery (Springer and Schekman, 1998) and Rab1l
GTPase (Allan et al., 2000) in the formation of the COPII coat
and in the docking and fusion of ER-derived transport ves-
icles at the Golgi. Reconciliation of these two activities of
Vps4lp will require additional work to determine relation-
ships between Vps4lp and the AP-3 adaptor complex as
well as the molecular function of Vps41p in the late steps of
vesicle docking and fusion at the vacuole.

Analysis of the mutations found in each of the new VPS41
alleles revealed that they encoded amino acid changes
within either the CHCR domain (Figure 4B) or a novel
N-terminal domain (domain I, Figure 4A), suggesting that
these domains are particularly important for transport
through the ALP pathway. Consistent with this, we have
shown that both of these domains are protein interaction
domains in Vps41p. The N-terminal half of Vps41p contains
the minimal region that is required for binding to the Apl5p
& subunit of AP-3 (Figure 5, A and C). More importantly,
mutations within a highly conserved domain of the N-ter-
minus of the protein abolish the ability of Vps41p to interact
with Apl5p (Figure 5, A and B). Interaction with AP-3 in
particular would presumably be essential for Vps41p activ-
ity in the formation of ALP pathway vesicles at the Golgi
membrane. Consistent with this, the vacuolar protein-sort-
ing phenotype of vps41-231 is very specific for ALP transport
(Figure 2A). Together, this data does not rule out an addi-
tional function for the N-terminal portion of the protein in
later steps of transport to the vacuole, but it does strongly
suggest that function of the N-terminal domain is required
for the early function of vesicles formation at the Golgi
membrane.
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Our analysis of both recombinant Vps4lp from bacteria
and endogenous Vps4lp from yeast extracts suggests that
the soluble fraction of Vps4lp exists as a homo-oligomer,
most likely composed of six Vps41p molecules (Figure 6, A
and B). Furthermore, our data strongly suggest that the
CHCR domain is required for stable Vps4lp oligomeriza-
tion. The deletion of the CHCR domain results in a reduced
ability of the truncated protein to bind to full-length Vps41p
in vitro (Figure 5C) and results in a dramatic destabilization
of the purified Vps41p complex (Figure 6A). Structural anal-
ysis of the CHCR domain in the clathrin molecule demon-
strated that the CHCR domain mediates the homotypic in-
teractions of clathrin to form triskelions (Ybe et al., 1999),
consistent with the proposed function of the homologous
domain in Vps4lp. But what is the function of this oligo-
meric complex? It is interesting to note that the most highly
conserved portion of the Vps4lp N-terminal domain dis-
plays some similarity to WD40 repeat domains found in
other yeast proteins such as Secl3p (Saxena et al., 1996)
(Figure 7). WD40 repeats, although not similar at the se-
quence level, are highly conserved at the structural level
with the beta propeller domains found in the N-terminal
region of the clathrin heavy-chain molecule (ter Haar et al.,
1998). The propeller domain in clathrin contains seven re-
peats that form the seven blades of the propeller and pro-
duces the binding site for the AP-2 adaptor complex and the
arrestins (ter Haar et al., 2000). The Vps41lp domain would
roughly correspond to a single blade in the propeller struc-
ture. However, it is possible that the oligomerization of the
protein may coordinate a number of the blade domains in
concert to form a propeller-like structure in the oligomer.
The deletion of the CHCR does not interfere with Vps4lp
binding to Apl5p in vitro, suggesting that oligomerization is
not a prerequisite for association with AP-3. Nonetheless,
the higher order structure could act to stabilize the interac-
tion with AP-3 or to coordinate interactions with multiple
AP-3 molecules to form clusters of AP-3 complexes that then
could oligomerize further during the formation of the ALP
transport vesicle. Like the vps41-231 mutant, the vps41-18
mutant results in a strong defect in ALP sorting, but the
CHCR truncation results in a modest CPY sorting defect as
well, suggesting that this domain may also affect the vacu-
olar fusion function of Vps41p, possibly by destabilizing the
class C-Vps/HOPS complex. Clearly, additional analysis of
Vps4lp structure will be necessary to determine the molec-
ular configuration of Vps4lp and its interacting protein
partners.

Together, these data indicate that Vps41p function in the
ALP pathway is dependent on both protein interactions
with the AP-3 complex and oligomerization of Vps41p itself,
which by analogy to clathrin, could suggest a coat-like func-
tion for Vps41lp. However, Vps4lp also seems to have a late
function in docking and fusion at the vacuole, which makes
a model for Vps41p performing the function of a traditional
coat protein difficult to imagine. It is quite possible that
Vps4lp may perform dual functions, distinct at both early
and late sites in the vacuolar protein-sorting pathway. In this
model, Vps4lp is incorporated onto the emerging ALP ves-
icles at the Golgi compartment and may act to stabilize AP-3
on the membrane via interactions with other proteins or
lipids and in this capacity be required for efficient vesicle
formation. In addition, once incorporated into the vesicle,
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Vps4lp may form a docking site on the budded vesicle for
the addition of the components of the class C Vps/HOPS
complex, a necessary requirement for eventual docking and
fusion at the vacuolar membrane. Consistent with this, the in
vitro vacuole fusion assay requires Vps4lp on both the
acceptor and the donor compartment. By analogy, in hetero-
typic fusion of vesicles with the vacuolar membrane, Vps41p
may also be required on both membranes (Price et al.,
2000a,b). Interactions of Vps4lp with both AP-3 and class
C-Vps/HOPS complex proteins may act to bridge the ALP
intermediate to its target destination, the vacuole. Interest-
ingly, the Drosophila homologue of VPS41, light, results in
defects in eye pigmentation, as do mutations in the Drosoph-
ila AP-3 adaptor subunit homologues, such as garnet (Simp-
son et al., 1997) and the VPS18 class C VPS gene homologue
dor (Shestopal et al., 1997). Additionally, nonlethal mutations
of light display genetic interactions in combination with
alleles of both dor and garnet (Warner et al., 1998), suggesting
that the functional relationships between VPS41, AP-3, and
the class C VPS genes are evolutionarily conserved. Further
characterization of Vps4lp, its structure, localization, and
functional organization should help to resolve the details of
how this interesting and complex molecule executes its dis-
tinct roles in both vesicle formation and vesicle docking/
fusion reactions.
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