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Abstract

Molecular genetic studies of endocytosis using the unicellular eukaryote Saccharomyces cerevisiae (budding yeast) have led
to the identification of many cellular components, both proteins and lipids, required for this process. While initially, many of
these requirements (e.g. for actin, various actin-associated proteins, the ubiquitin conjugation system, and for ergosterol and
sphingolipids) appeared to differ from known requirements for endocytosis in higher eukaryotes (e.g. clathrin, AP-2,
dynamin), it now seems that endocytosis in higher and lower eukaryotes share many requirements. Often, what were initially
identified as actin cytoskeleton-associated proteins in S. cerevisiae, are now revealing themselves as clathrin-coated pit- and
vesicle-associated proteins in higher eukaryotes. So rather than delineating two endocytic pathways, one actin-based and one
clathrin-based, the combined studies on higher and lower eukaryotes are revealing interesting interplay in both systems
between the actin cytoskeleton, clathrin coats, and lipids in the formation of endocytic vesicles at the plasma membrane.
Recent results from the yeast system show that the Arp2/3p complex, Wiskott-Aldrich syndrome protein (WASP), and
WASP-interacting protein (WIP), proteins involved in the nucleation step of actin filament assembly, play a major role in the
formation of endocytic vesicles. This discovery suggests models whereby endocytic vesicles may be actively pushed from the
plasma membrane and into the cell by newly forming and rapidly extending actin filaments. © 2001 Published by Elsevier
Science B.V.
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1. Yeast as a model eukaryote for molecular genetic
studies

The budding yeast Saccharomyces cerevisiae has
become a widely used eukaryotic model organism
for the study of vesicular transport [1-8]. S. cerevisi-
ae is unicellular, grows well in culture, is stable as
either a diploid or haploid cell type, and is amenable

* Fax: +65-872-7007; E-mail: alan@ima.org.sg

to both classical genetic as well as molecular genetic
manipulations. Haploid cell types (of which there are
two: a and o) can be mated to form diploids (a/o)
and diploids can be induced to undergo meiosis to
yield recombinant a and o haploid spores. As in
some other fungi, in S. cerevisiae it is possible to
recover all four haploid products of a single meiosis
and to phenotypically examine the progeny even
when some of them are inviable [9]. A vast collection
of well-characterised mutants affected in almost
every aspect of cellular physiology is available [9].
Furthermore, the sequencing of the approximately
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6000 genes which comprise the S. cerevisiae genome
is now complete [10].

2. Endocytosis

Endocytosis is a term used to describe vesicular
transport pathways used by eukaryotic cells to inter-
nalise extracellular fluid and particles as well as plas-
ma membrane molecules. Endocytosis occurs in all
eukaryotic cells which have been examined. It has
been estimated that in some cultured mammalian
cells, membrane material equivalent to 50% of the
entire cell surface can be internalised every hour.
Endocytosis, as referred to in this article, will specif-
ically refer to internalisation of small particles, as
distinct from phagocytosis, which involves internal-
isation of much larger particles (> 500 nm diameter)
and which is a more specialised endocytic process
found only in certain types of cells [11].

Endocytosis of extracellular particles or molecules
can be classified as fluid-phase or receptor-mediated,
based on whether the particles or molecules are in-
ternalised in a free state or while bound to a specific
cell-surface receptor. Fluid-phase endocytosis is non-
saturable and particles or molecules are internalised
at rates dependent on their extracellular concentra-
tion. In receptor-mediated endocytosis, uptake of the
particle or molecule (ligand in this case) is saturable
because it is dependent on binding to a specific cell-
surface receptor and the ligand and receptor are in-
ternalised together. Endocytosis is an energy- and
temperature-dependent process and can therefore be
blocked when cells are treated with energy poisons or
when incubated at low temperature (e.g. <4°C). It is
also time-dependent, the half-time for internalisation
of many plasma membrane proteins being 2—5 min
under optimal conditions [11,12]. In some cases, in-
ternalisation of a cell-surface receptor is dependent
on ligand binding (regulated endocytosis), while in
other cases the receptor is internalised equally effi-
ciently with or without ligand binding (constitutive
endocytosis) [11].

3. Endocytosis in higher eukaryotic cells

Since the original report of endocytosis in mosqui-

to oocytes in 1964 [13], most research on endocytosis
has used higher eukaryotic cells, and in particular
cultured mammalian cells. The characterisation of
many endocytosed cell-surface receptors, e.g. the hu-
man low density lipoprotein, transferrin, and man-
nose 6-phosphate receptors, led to the discovery of
short sequence motifs in the cytoplasmic domains
which act as endocytic internalisation signals, e.g.
the tyrosine-based NPXY and YXX® motifs (in
the single letter amino acid code and where X is
any amino acid and @ is a bulky hydrophobic amino
acid) and the dileucine (LL) motif [14-16]. Charac-
terisation of the internalisation process using electron
microscopy led to the discovery of clathrin, AP-2
adaptor complexes, and dynamin as major compo-
nents of the coats of endocytic pits at the plasma
membrane. The AP-2 adaptor complex has a role
in recognition of internalisation motifs in cell-surface
receptors and in clathrin coat assembly. Dynamin is
involved in scission of endocytic vesicles from the
plasma membrane. These topics have recently been
reviewed [16-18].

4. Endocytosis in yeast
4.1. Fluid-phase endocytosis in yeast

Yeast cells carry out endocytosis [3-6,8,19]. This
can be assayed in a variety of ways. The initial meth-
od used the membrane-impermeant fluorescent dye
lucifer yellow carbohydrazide (LY). LY does not en-
ter the cytoplasm, but is taken up in the fluid phase
via endocytic vesicles. Uptake of LY is time-, tem-
perature-, and energy-dependent and leads to accu-
mulation of LY in the vacuole. LY accumulation can
be easily visualised by fluorescence microscopy, be-
cause the vacuole is a relatively large organelle occu-
pying about 30% of the total yeast cell volume. De-
fects anywhere in the endocytic pathway from the
cell surface to the vacuole lead to a block in vacuolar
LY staining. One limitation of LY assays is that it is
not possible to determine which step in endocytic
vesicular traffic is blocked, e.g. in a mutant [19,20].

4.2. Endocytosis of the mating-factor receptors

Yeast cells also have the ability to carry out recep-
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tor-mediated endocytosis. Haploid cells of the a mat-
ing type express a cell-surface receptor (o-factor re-
ceptor, encoded by sterile 2, (STE2) gene) which spe-
cifically binds o-factor peptide secreted by cells of
the oo mating type. Similarly, cells of the o mating
type express a cell-surface receptor (a-factor receptor,
encoded by STE3 gene) which binds a-factor peptide
secreted by haploids of the a mating type. Both mat-
ing-factor receptors are polytopic G-protein-coupled
membrane proteins with seven transmembrane do-
mains similar to mammalian (-adrenergic receptors.
Binding of ligand to these receptors activates signal
transduction pathways that arrest cell division and
induce morphological changes required for cell—cell
fusion during mating [21].

Metabolically radiolabelled mating peptides (e.g.
a-factor) can be used as markers for receptor-medi-
ated endocytosis. As is the case for many ligands
internalised by mammalian cells, labelled o-factor
can be released from uninternalised receptors by
washing cells at low pH. Once internalised, a-factor
can no longer be removed from cells by low pH
washes. Endocytosis of radiolabelled a-factor can
therefore be measured as a time-dependent increase
in low pH resistant radioactivity [20,22,23]. The use
of radiolabelled a-factor as an endocytic marker al-
lows for the specific assay of the internalisation step
[20].

Internalisation of the o-factor receptor (Ste2p)
can also be assayed. Ste2p internalisation can be
measured by the progressive loss of a-factor binding
sites at the cell surface [23] or by Ste2p degradation
in the vacuole [24] after treatment with o-factor. In-
ternalisation and degradation of Ste2p occurs in the
absence of o-factor, but the rate increases 5-10 fold
upon o-factor binding, indicating that Ste2p is sub-
ject to regulated endocytosis [23]. The a-factor re-
ceptor (Ste3p) is also internalised by endocytosis
and degraded in the vacuole. As for Ste2p, Ste3p
endocytosis can be followed by measuring Ste3p
degradation in the vacuole [25]. In the absence of
ligand, endocytosis and vacuolar degradation of
Ste3p is rapid compared to that of Ste2p, indicating
that Ste3p has a higher rate of constitutive endo-
cytosis. Interestingly, although o-factor stimulates
internalisation of Ste2p, this stimulation has been
shown to be independent of G-protein signalling
[26].

4.3. Endocytosis of other plasma membrane proteins

Early work focused on the mating-factor recep-
tors. More recently, however, endocytosis of other
cell-surface proteins has been investigated. Nutrient
permeases, such as those specific for uracil (Furdp)
[27], galactose (Gal2p) [28], maltose (Mal61p) [29],
general hexoses (Hxt6p and Hxt7p) [30], inositol
(Itrlp) [31], general amino acids (Gaplp) [32], tryp-
tophan (Scm2p/Tat2p) [33], and zinc (Zrtlp) [34]
have been shown to undergo endocytic internalisa-
tion followed by vacuolar degradation. In these cases
endocytosis is demonstrated by loss of permease ac-
tivity from the cells and vacuolar-protease-dependent
loss of the permease protein. Cell-surface proteins of
the multidrug resistance family, e.g. Ste6p (which is
involved in export of a-factor) [35] and Pdr5p (which
is involved in export of low molecular weight cyto-
toxic compounds) [36] have also been shown to
undergo endocytosis and vacuolar degradation. Oth-
er endocytosed surface proteins include the chitin
synthases Chslp and Chs3p, which are involved in
synthesis of chitin (a cell wall component) at the neck
region between the mother cell and bud at defined
stages of the cell division cycle [37,38], and Snclp, a
v-SNARE involved in Golgi to plasma membrane
vesicular transport [39]. Not all surface proteins are
internalised, however. The plasma membrane H*
ATPase, Pmalp, is stably maintained at the plasma
membrane. Pmalp does not undergo endocytic inter-
nalisation and is not found in endosomes [35,40].
Internalisation of these proteins has been shown to
require some common gene products, but it will be
interesting to see if there are also differences in the
internalisation requirements of distinct cell-surface
proteins. It is perhaps surprising that most of these
internalised yeast proteins are polytopic (the sole ex-
ception being Snclp). In contrast, the ‘classical’
mammalian cell-surface receptors whose endocytosis
was first studied have a single membrane-spanning
domain [14]. Until quite recently it was not even
clear if polytopic surface proteins are subject to en-
docytosis in higher eukaryotes.

4.4. Endocytic signals in yeast

While the sequence motifs and/or other structural
features which regulate internalisation of most S. ce-
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revisiae surface proteins are not known, two internal-
isation motifs in the mating-factor receptors have
been characterised in detail. Important information
for internalisation of Ste2p and Ste3p lies in the cy-
toplasmic carboxy-terminal tail domains [25,41]. The
sequence motif SINNDAKSS in the cytoplasmic tail
of Ste2p [41] and NPFXD (where X is any amino
acid) [42] in the cytoplasmic tail of Ste3p have been
shown to be sufficient to confer endocytic internal-
isation. Neither sequence is necessary for internalisa-
tion of otherwise full-length receptor molecules, in-
dicating that Ste2p and Ste3p have multiple
independent internalisation motifs. In the case of re-
ceptors whose cytoplasmic tails have been truncated
experimentally to remove other internalisation mo-
tifs, the SINNDAKSS and NPFXD sequences have
been shown to be required for internalisation [41,42].

An important clue to the function of the Ste2p
SINNDAKSS sequence came from the discovery
that lysine 337 (K337) within this motif is ubiquiti-
nated in a ligand-dependent process [43]. Ubiquitina-
tion is necessary for rapid internalisation of Ste2p,
since ubc (ubiquitin conjugation enzyme) mutants
which are defective in ubiquitination of Ste2p (ubc4
ubc5 double mutants) exhibit a defect in Ste2p inter-
nalisation [43]. In addition, mutation of K337 to ar-
ginine (which cannot be ubiquitinated) (K337R)
abolishes both ligand-dependent ubiquitination and
internalisation of a truncated Ste2p, even in cells
with a normal ubiquitin conjugation system [41,43].
The Ste2p cytoplasmic tail contains seven other ly-
sine residues apart from K337, of which six are prob-
ably subject to ubiquitination and one is clearly not
ubiquitinated. One of the other six ubiquitinated ly-
sines (K374) is, like K337, quite strongly ubiquiti-
nated. The existence in the Ste2p cytoplasmic tail
of other lysine residues which can act as ubiquitin
acceptors explains why SINNDAKSS itself is not
absolutely necessary for internalisation of full-length
Ste2p. Replacement of all seven ubiquitinated lysines
in the Ste2p cytoplasmic tail with arginine leads to
lack of ubiquitination and a severe defect in Ste2p
internalisation, even in the context of a full-length
cytoplasmic tail [44].

Ubiquitination of cellular proteins is often used to
target such proteins for degradation by the cytosolic
26S proteasome complex [45]. The 26S proteasome
complex has a well-characterised role in degradation

of polyubiquitinated cytosolic (and some membrane-
spanning) proteins in S. cerevisiae and in higher eu-
karyotes. Unlike most ubiquitinated proteins, how-
ever, Ste2p is degraded in the vacuole. 26S protea-
some-deficient strains of yeast are not defective in
degradation of ubiquitinated Ste2p [43]. Proteins
which are targeted to the 26S proteasome and de-
graded in the cytoplasm are polyubiquitinated, i.e.
each lysine is modified by a chain composed of
many ubiquitin molecules in covalent linkage. Unlike
these proteins, each modified lysine in Ste2p is ubiq-
uitinated with a single ubiquitin molecule, i.e. Ste2p
is monoubiquitinated. Monoubiquitination of Ste2p
is sufficient for internalisation, since in-frame addi-
tion of the amino acid sequence of ubiquitin (even a
mutated ubiquitin lacking all lysine residues) to a
truncated Ste2p lacking the remaining cytoplasmic
tail lysines restores Ste2p internalisation [44]. Se-
quences within ubiquitin that contain information
specifying endocytic internalisation have recently
been characterised [46].

The ubiquitination of K337 is specifically induced
by ligand binding and recent work has shown that
this is due to phosphorylation of the neighbouring
three serine residues in the SINNDAKSS sequence.
While the Ste2p tail is constitutively phosphorylated,
ligand binding induces hyperphosphorylation of
Ste2p [47]. Exchange of all three serines for alanine
in the SINNDAKSS motif (S331A, S338A, and
S339A) in a truncated (but endocytically functional)
Ste2p leads to a defective Ste2p species which cannot
be phosphorylated, either constitutively or upon o-
factor binding, and which cannot be ubiquitinated or
internalised [43,48]. Double mutants defective in the
yeast casein kinase I homologue 1, YCKI, and YCK2
genes, have defects in phosphorylation, ubiquitina-
tion, and internalisation of wild-type Ste2p. Ycklp
and Yck2p may therefore represent the kinases re-
sponsible for Ste2p phosphorylation [48].

Ubiquitination has also been shown to be impor-
tant for internalisation of other plasma membrane
proteins in S. cerevisiae, e.g. Furdp [49], Ste3p [50],
Pdr5p [51], and several other proteins (Gal2p [28],
Ste6p [52], Gaplp [32]). In contrast to Ste2p, in the
case of the uracil permease, Furdp, polyubiquitin
chains are required for normal kinetics of internal-
isation. In most polyubiquitinated proteins the ubiq-
uitin chains are crosslinked via the carboxy-terminal
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glycine of ubiquitin covalently bonding to the € ami-
no group of K48 in ubiquitin. In contrast, crosslink-
ing of ubiquitin attached to Furdp is mainly via the
€ amino group of K63 of the ubiquitin molecules.
Perhaps this unusual ubiquitin linkage is used to
specifically target Furdp to the vacuole instead of
the cytosolic 26S proteasome for degradation [53]. A
PEST-like sequence containing several serine residues
in the cytoplasmic amino-terminal domain of Furdp
is important for phosphorylation, ubiquitination,
and endocytosis of this protein. However, it is not
known if this PEST-like sequence, like the SINN-
DAKSS sequence, is sufficient on its own to act as
an endocytosis signal or if phosphorylation of the
PEST-like sequence induces conformational changes
in Furdp which are required to expose an endocyto-
sis signal elsewhere in the protein [54]. Ubiquitina-
tion of Furdp is different from that of Ste2p in a
second way because it does not require the ubiquitin
conjugating proteins Ubcdp or UbcS5p, but instead
requires the ubiquitin protein ligase nitrogen perme-
ase inactivator 1, Npilp (also called Rsp5p) [49,55,
56]. Npilp is also required for inactivation of other
permeases, e.g. the general amino acid permease,
Gaplp [56]. Gaplp has a sequence EEKAI in its
cytoplasmic tail which is important for permease
turnover and which may be ubiquitinated [32,57].
The motifs used in higher eukaryotes to direct in-
ternalisation by endocytosis (the NPXY and YXX®
tyrosine-based motifs and the dileucine motif), while
present in some yeast membrane proteins, are not
commonly used as internalisation motifs. Tyrosine-
containing motifs are used by resident proteins of the
trans Golgi network (TGN) to specify retention or
retrieval to this compartment of the secretory path-
way [58] and dileucine motifs have been found to
direct newly-synthesised vacuolar resident proteins
from the TGN to the vacuole [59]. Interestingly,
Gaplp is unique in that it also has a dileucine-like
motif in its cytoplasmic domain which is necessary,
together with the EEKAI motif described above, for
normal kinetics of internalisation and degradation

[32,57].

4.5. Some differences between endocytosis in higher
eukaryotes and in yeast

Most of the proteins important for endocytic in-

ternalisation in mammalian cells, e.g. clathrin heavy
and light chain, are present in S. cerevisiae. Initial
characterisation of the requirements for endocytic
internalisation in yeast, however, led to the remark-
able observation that mutant strains in which the
single gene for clathrin heavy chain, CHCI, is de-
leted (chclA) are still able to carry out endocytosis,
although with slower kinetics [60]. The same is true
for strains in which the clathrin light chain gene
(CLCI) is deleted (clciA) [61]. Temperature-sensitive
mutations affecting clathrin heavy chain (chcl-ts) do,
however, have strong defects in endocytic internal-
isation immediately after shift to the restrictive tem-
perature [62]. The differences observed between chcl-
ts immediately after shift and chclA mutant strains
may indicate the existence of a cellular adaptive re-
sponse that compensates for loss of clathrin and re-
stores endocytosis in clathrin-deficient cells after
some time.

S. cerevisiae has possible homologues of the AP-2
adaptor complex subunits, but these proteins are not
only dispensable for endocytosis, but may not even
associate with clathrin in yeast cells [63,64]. Yeast
has three dynamin-like proteins. One, mitochondrial
genome maintenance 1, Mgmlp, is localised on mi-
tochondria [65], and the other two are cytoplasmic
isoforms (dynamin-related protein 1, or Dnmlp and
vacuolar protein sorting 1, or Vpslp) [66,67]. Dnml1p
and Vpslp have been tested and are not required for
endocytic internalisation [66,67]. Mutants carrying a
complete deletion of the DNMI gene are weakly de-
fective in transport between endosomes and the vac-
uole and have defects in mitochondrial morphology
[66,68]. In contrast, Vpslp is required for the trans-
port of newly-synthesised proteins from the TGN to
the vacuole [67].

4.6. Screens for endocytosis-deficient mutants of yeast

A variety of mutant screens have been developed
to isolate yeast mutants with general defects in the
internalisation step of endocytosis. The initial ap-
proach was to create banks of random mutants
showing temperature-sensitive defects in viability
and then assaying each mutant for a defect in o-
factor internalisation at the restrictive temperature.
This approach was based on the prediction that,
like mutants defective in the secretory pathway, mu-
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tants defective in endocytosis (end) would have se-
vere viability defects and that only conditional muta-
tions (e.g. temperature-sensitive, where the defect is
only manifest at elevated temperatures) would be
viable [1]. This approach led to the isolation of the
end3 and end4 mutants [69] and subsequently to the
1solation of the end5, end6, and end7 mutants and a
second end4 allele [70]. While these end mutants are
temperature-sensitive for viability, as expected, most
are defective for endocytic internalisation at all tem-
peratures. This shows that endocytosis, unlike secre-
tory vesicular traffic, is not essential for cell viability
under all environmental conditions (see [8]).

Another approach used to isolate endocytic mu-
tants was based on an interesting discovery. The vac-
uolar membrane ATPase 2, or VM A2 (also known as
VAT?2), gene encodes the 60 kDa subunit of vacuolar
H"-ATPase, an enzyme responsible for maintaining
the acidity of this compartment [71]. Mutants in
which VMA?2 is deleted (vina2A) have defects in vac-
uolar acidification, but, perhaps surprisingly, remain
viable. Interestingly, the viability of these mutants is
pH-sensitive: they are only viable when cultured in
acidified (pH < 6) medium. One explanation for the
pH-dependent viability of these strains was that vac-
uolar acidification is indeed required for viability but
vma2A mutants can acidify their endosomal pathway
and vacuole by internalising acidic medium via fluid-
phase endocytosis. Based on this, the combination of
a mutation blocking fluid-phase endocytosis with
vma2A should lead to a lethal inability to acidify
the vacuole, even on acidic medium [71]. Consistent
with this, haploid end3 vma2A or end4 vma2 A double
mutant spores arising from end3 Xvma2A and en-
d4 X vma2A genetic crosses were inviable [72]. This
result showed that end mutants can be identified by
simply screening for lethality in combination with
vma2A. Using such an approach, the end8, end9,
endl0, and endll [72,73] and endl4 [74] internalisa-
tion mutants were isolated.

Although this screening strategy has proven very
successful for isolation of novel end mutants, the
original explanation for the lethality may not be cor-
rect. A recent study has shown that while acidic me-
dium does lead to the predicted increase in vacuolar
acidity in vma2A mutant cells, this acidification oc-
curs even when endocytosis is blocked [75]. This
acidification is dependent on the presence of ammo-

nium ions in the medium, but the actual mechanism
is not clear yet. One possibility is that ammonium
may be taken up by a plasma membrane permease
and then delivered to the vacuole via a vacuolar per-
mease. In the vacuole it would then dissociate to
yield protons and ammonia (which can diffuse out
of the vacuole). Since acidification occurs even in the
absence of endocytosis, why are end vma2A double
mutants inviable? One possible explanation is that an
increased physiological requirement for vacuolar
acidity exists in end mutants. If this were the case,
vacuolar acidification would still occur in end mu-
tants but would not be sufficient to maintain cell
viability.

Other genetic screens have involved looking for
wild-type genes which when present at high copy-
number can suppress an end mutation of interest.
The rationale is that if a critical protein—protein in-
teraction has been affected in the mutant, overexpres-
sion of the partner protein may reverse the pheno-
type. An example of this approach was the isolation
of the local anaesthetic sensitive 17, LASI7 (also
known as BEEI), gene as a high-copy-number sup-
pressor of the end5 mutant. Using the yeast two-hy-
brid system the interaction between the protein de-
fective in end5 (Vrplp/End5p) and the protein
encoded by LASI7 (Lasl7p) was confirmed. Subse-
quent testing of a strain in which the LASI7 gene
was deleted (lasl7A) showed that Lasl7p is also re-
quired for endocytosis [76,77].

In addition to screens for novel end mutants, some
gene products important for endocytosis were discov-
ered by taking known mutants affected in specific
proteins or processes and testing them for defects
in endocytosis. In this way actin (actl), the actin
filament bundling protein fimbrin (suppressor of ac-
tin 6, sac6) [78], the Ca>* regulatory protein calmod-
ulin (e¢mdl) [79], unconventional type I myosins
(myo3, myo5) [80], the actin filament severing protein
cofilin (cof1) [81], and actin-related protein 2 (arp2)
[82,83] were implicated in the endocytic process. A
screen for novel mutations that block endocytosis
and thus suppress the viability defect of a pmal mu-
tant in which the plasma membrane ATPase Pmalp
is mistargeted to the vacuole (sop) as well as the test-
ing of known mutants for endocytic defects both led
to the discovery that yeast homologues of synapto-
janin are required for internalisation. Mammalian
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synaptojanin is a neuronal inositol polyphosphate
5-phosphatase. The yeast homologues are known
as inositol polyphosphate S5-phosphatases (Inp5Slp,
Inp52p and Inp53p) or, alternatively, as synapto-
janin-like proteins (Sjllp, SjI2p, and S;jI3p). InpS53p/
Sjl3p is also known as suppressor of pmal 2 (Sop2p)
[84,85]. All these proteins are required for both fluid-
phase and receptor-mediated internalisation.

4.7. The importance of cytoskeletal proteins

One of the most remarkable findings from molec-
ular genetic studies of endocytosis in yeast was the
correlation between mutations affecting internalisa-
tion and those affecting the distribution of the corti-
cal actin cytoskeleton. Yeast cells have two types of
filamentous actin (F-actin) structure that are visible
by immunofluorescence staining: actin patches and
actin cables. Actin patches are predominantly at
the cortex just underlying the plasma membrane
and actin cables are present in the middle of the
cell. Both of these structures undergo characteristic
changes in distribution during the cell division cycle,
e.g. in cells about to form a daughter cell (bud) the
actin patches concentrate in the region where the bud
will form and actin cables align so that they point
towards this site. Many mutants defective in actin
itself or actin-associated proteins cause a loss of
this polarised distribution and both patches and ca-
bles are randomly distributed throughout the cell di-
vision cycle [86]. The majority of end mutants iso-
lated in the various mutant screens described above
exhibit a more random distribution of cortical actin
patches than is seen in wild-type cells [70,74,76,87].
Some of the END gene products are S. cerevisiae
orthologues of well-known cytoskeleton-associated
proteins in higher eukaryotes (e.g. actin, fimbrin, co-
filin, myosins), while others are regulators or compo-
nents of the actin cytoskeleton, e.g. End3p, Panlp,
Sla2p/End4p, Vrplp/End5p, Rvsl61p/End6p, and
Rvs167p, which originally had no higher eukaryotic
counterparts.

Not all mutations that perturb the distribution of
cortical actin patches cause defects in endocytic in-
ternalisation. Mutations affecting an unconventional
type V myosin (myo2), the actin-filament-binding
protein tropomyosin 1 (¢pml), or actin-monomer-
binding protein profilin of yeast 1 (pfyl) do not

have strong effects on endocytic internalisation,
even though the cortical actin patches are severely
delocalised [3,8,70]. This suggests that if actin-con-
taining cytoskeletal structures are directly involved
in endocytic internalisation, they may be distinct
from cortical actin patches. These putative endocy-
tosis-specific cytoskeletal structures may not be as
easily visualised by immunofluorescence as cortical
actin patches and may therefore have been over-
looked in the initial characterisations of the yeast
cortical actin cytoskeleton.

What types of proteins are affected in endocytosis-
defective mutants?

4.7.1. ActinlActlp/End7p

The end7 mutation affects actin (Actlp) itself and
causes loss of cortical actin patch polarisation. The
end7 mutation is a substitution of glycine 48 with
aspartic acid in the DNase I-binding loop of subdo-
main 2 of actin. Subdomain 2 is implicated in con-
tacts between actin monomers within filaments [3,70].

4.7.2. Fimbrin/Sac6p

The actin filament bundling protein fimbrin is en-
coded by the suppressor of actin mutations 6, or
SAC6, gene. Fimbrin was found to be necessary for
endocytosis through testing a sac6 deletion mutant
[78].

4.7.3. Calmodulinl Cmdlp

The essential calcium regulatory protein calmodu-
lin is necessary for endocytosis: temperature-condi-
tional cmdl mutants have defects in internalisation.
Many cmdl mutants defective in endocytosis have
delocalised cortical actin patches and one pool of
Cmdlp partially colocalises with cortical actin
patches [88,89]. Interestingly, a mutant in which
Cmdlp lacks all high-affinity calcium-binding sites
is still able to internalise normally [79].

4.7.4. End3p

end3 mutants display delocalised cortical actin
patches and abnormal clumps of F-actin in the cyto-
plasm. End3p contains a consensus site for interac-
tion with phosphatidylinositol 4,5 bisphosphate
(PtdInsP2), but this binding site is not essential for
End3p function. End3p also has two copies of a
short amino acid sequence motif at its carboxy-ter-
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minus and the presence of at least one of these repeat
sequences is required for function [87]. Finally,
End3p has a domain homologous to mammalian ep-
idermal growth factor (EGF) receptor kinase phos-
phorylation substrate 15 (Eps15) [90] (‘Eps15 homol-
ogy’ or ‘EH’, domain) [91,92] at its amino-terminus.
The EH domain contains a conserved EF hand motif
which is essential for End3p stability and function
[87].

4.7.5. Panlp

Panlp has two long sequence repeats at the amino-
terminal end and each repeat contains one EH do-
main. Panlp is required for polarised cortical actin
patch distribution and also localises to cortical actin
patches [93]. Panlp binds to End3p and the complex
is necessary for the internalisation step of endocyto-
sis [92,94]. The Pan1p-End3p interaction is mediated
through the essential repeated carboxy-terminal mo-
tif in End3p binding to the second long amino-ter-
minal repeat sequence in Panlp. The interaction does
not require the EH domain in the second long repeat
of Panlp, but requires neighbouring sequences with-
in the repeat [92]. Panlp is phosphorylated by a ser-
ine, threonine specific protein kinase known as
Prklp, and this phosphorylation negatively regulates
Panlp function. At least one role of End3p binding
is to protect Panlp from phosphorylation by Prklp
[95].

4.7.6. Sla2p/End4p

end4 mutants, like end3 and panl, have delocalised
cortical actin patches. Other alleles of end4 were
isolated based on their lethality in combination
with mutations affecting actin-binding protein 1
(Abplp), another actin-associated protein. Hence,
the protein affected by the end4 mutation is known
as Sla2p (synthetic lethal with abpl 2) [96]. Sla2p
partially colocalises with cortical actin patches and
has a carboxy-terminal domain which shows homol-
ogy to the mammalian actin-binding protein talin.
Surprisingly, the talin homology domain is not re-
quired for Sla2p localisation or function. The essen-
tial domain of Sla2p lies in the amino-terminal re-
gion and this region does not exhibit strong
homology to other yeast proteins [74]. In vitro recon-
stitution of actin patch assembly using permeabilised
yeast cells and fluorochrome-labelled actin mono-

mers requires Sla2p [97]. This protein therefore has
a role in actin filament assembly.

4.7.7. Lasl7p/Beelp

las17 mutants also have delocalised cortical actin
patches [98]. Las17p is also known as Beelp because
it is homologous to higher eukaryotic Wiskott—Al-
drich syndrome protein (WASP). Lasl7p is a pro-
line-rich protein that has a carboxy-terminal actin-
binding motif. Las17p partially colocalises with cor-
tical actin patches and is implicated in actin filament
assembly (see Section 7) [99].

4.7.8. VrplplEnd5p

The ENDS5 gene is also known as very rich in pro-
line 1, VRPI, because End5p (also known as verpro-
lin), like Lasl7p, is proline-rich. end5 mutants have
cytoskeletal defects similar to the other end mutants
described above. End5p has an amino-terminal actin-
binding motif and also partially colocalises with cor-
tical actin patches [76,100,101].

4.7.9. Rvsl6lp/End6p and Rvsl67p

The protein affected in the end6 mutant is known
as reduced viability upon starvation 161, or Rvs161p.
Rvs161p, and a second yeast protein, Rvs167p, are
highly homologous over the entire sequence of
Rvs161p. Rvs167p has, however, two additional car-
boxy-terminal domains not present in Rvsl6lp: a
GPA domain rich in glycine, proline, and alanine
residues, followed by a src homology 3, or SH3,
domain. SH3 domains are important mediators of
protein—protein interactions and bind to specific pro-
line-rich amino acid sequence motifs [102-104]. Am-
phiphysin, a mammalian neuronal protein, shows se-
quence similarity to Rvs161p and Rvs167p and has a
similar domain structure to Rvs167p [104,105]. The
common amino-terminal domain within Rvsl61p,
Rvs167p, and amphiphysin is now known as the
Bar domain because it is found in binl (a2 mamma-
lian amphiphysin-like protein), amphiphysin, and
Rvs proteins [106]. Mutations in RVSI61/END6
and RVSI67 lead to a loss of cortical actin patch
polarity. Rvs161p interacts with Rvs167p in the yeast
two-hybrid system [107] and because of the similar
phenotypes associated with deletion of either gene it
has been suggested that they function together [103].
The two proteins may not always function together,
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Fig. 1. The biosynthetic pathway for ergosterol showing the steps catalysed by Erg2p (C-8 sterol isomerase) and Ergbp (C-24 sterol
methyltransferase) and the structures of the various intermediates. Mutants in which both Erg2p and Ergbp are missing accumulate
mainly zymosterol which lacks not only the C-24 methyl group and the C-7,8 desaturation, but also the C-5,6 desaturation. Zymoster-
ol is unable to support normal kinetics of endocytic internalisation due to the presence of only a single desaturation in the B-ring. Re-
printed from [73] with permission by the American Society for Cell Biology.

however, because Rvs167p interacts with actin in the
two-hybrid system [108] while Rvs161p has not been
reported to, and the localisations of the two proteins
seem to be different. Rvs167p localises to cortical
actin patches [106] while Rvs161p has a more diffuse
distribution at the cell cortex and in the cytoplasm
[109].

4.7.10. Arp2p and Arc35p/End9p

The Arp2/3p complex comprises seven subunits, of
which the two larger subunits are actin-related pro-
teins encoded by the ARP2 and ARP3 genes
[82,83,110]. The Arp2/3p complex plays a critical
role in assembly of F-actin containing structures
[110]. Both arp2 and end9 mutations have been
shown to block endocytosis [72,83]. The end9 muta-
tion affects the 35 kDa subunit of the Arp2/3p com-
plex (encoded by the ARC35 gene) [110,111].

4.7.11. Myo3p and Myo5Sp

S. cerevisiae has two type I unconventional myo-
sins, encoded by the M YO3 and M YOS5 genes. These
myosins have a conserved ATPase motor domain at
the amino-terminus which can bind actin. They also
have an SH3 domain and a carboxy-terminal acidic
domain. myo5 mutants have weak defects in endocy-
tosis and myo3 myo5 double mutants are blocked in
endocytosis and exhibit delocalised cortical actin
patches [80,112]. Type I myosins partially colocalise
with cortical actin patches [112,113].

4.8. Specific lipid requirements for endocytosis

Specific sterols and sphingolipids, two classes of

lipid abundant in the yeast plasma membrane, are
also required for endocytic internalisation. The
end8 mutation affects the long chain base 1, LCBI
gene, which encodes a subunit of serine palmitoyl
transferase. This enzyme catalyses the condensation
of palmitoyl-CoA and L-serine into 3-dehydro p-
sphinganine and CoA, the first committed step in
sphingolipid synthesis [72,114]. endll mutants, on
the other hand, are blocked in ergosterol synthesis
[72,73]. The endll mutation affects the ergosterol 2,
ERG2, gene. ERG?2 encodes C-8 sterol isomerase and
endlllerg2 mutants are specifically defective in the
isomerisation of the C-8,9 desaturation to a C-7,8
desaturation in the B-ring of the sterol molecule
(see Fig. 1). erg6 mutations, which affect methyla-
tion of C-24 in the sterol side-chain (Fig. 1), do
not have severe effects on endocytosis. However,
combination of endll/erg2 and erg6 mutations leads
to loss of the C-5,6 desaturation in the B-ring as
well as the expected lack of isomerisation of the
C-8.9 to a C-7,8 desaturation and defects in side-
chain methylation. This additional unexpected loss
of the C-5,6 desaturation is presumably due to the
C-5,6 desaturase being unable to use sterols lacking
both ERG2- and ERG6-dependent modifications as
a substrate. endll/erg? erg6 double mutants have
severe defects in endocytic internalisation. It is likely
that for sterols to support endocytic internalisa-
tion, two desaturations, either C-5,6 and C-7,8 or
C-5,6 and C-8,9 are required in the B-ring. The
role of sterols in endocytosis is specific because
even the endll/erg? erg6 double mutation does not
severely affect other membrane trafficking pathways
[73].
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5. Insights into endocytosis emerging from yeast

A major finding from work in S. cerevisiae has
been that endocytosis is an actin-dependent process.
That the involvement of actin in endocytosis is direct
has been demonstrated using mutants with temper-
ature-conditional mutations affecting actin. Thus,
actl-1 mutants that are temperature-sensitive for ac-
tin function can endocytose at 24°C, but lose this
ability immediately upon shift to 37°C [78]. Another
approach has been the use of drugs which cause F-
actin depolymerisation. Depolymerisation of F-actin
using the drug latrunculin A has been shown to rap-
idly abolish endocytic internalisation in S. cerevisiae
cells [115]. In earlier studies using mammalian cells,
actin inhibitors such as cytochalasins had given var-
iable results in endocytosis inhibition experiments. In
some cell types some types of endocytosis had been
affected in some studies. For example, cytochalasin
D blocks endocytosis from the apical surface of po-
larised epithelial cells, but has no effect on endocy-
tosis from the basolateral surface even though F-ac-
tin at both surfaces is disrupted [116]. Cytochalasin
D also blocks internalisation through some clathrin-
independent internalisation pathways (see below)
[117,118]. More recent studies with latrunculin A,
which has stronger effects on actin polymerisation
than cytochalasin D, indicate that endocytosis
through clathrin-coated pits can also be blocked by
actin depolymerisation [119].

The role of amphiphysin in endocytosis in mam-
malian cells was also revealed after earlier studies
using yeast. Amphiphysin is a mammalian neuronal
protein related to Rvsl61p/End6p and Rvsl167p.
After the initial observation that Rvsl161p/End6p
and Rvsl167p are required for endocytosis of both
LY and o-factor in yeast [70], amphiphysin was
shown to be important for endocytic internalisation
in neurons [120]. While amphiphysin is mainly cyto-
solic, a fraction is tightly associated with synaptic
coated vesicles [105]. Amphiphysin contains a car-
boxy-terminal SH3 domain and this binds to a pro-
line-rich domain in the carboxy-terminus of dynamin
[121,122]. Disruption of this interaction in vivo or in
vitro leads to the accumulation of invaginated clath-
rin-coated pits unable to pinch off the plasma mem-
brane, a defect similar to that observed when dyna-
min function is affected [120,123]. In vitro, purified

amphiphysin can bind to artificial phospholipid lipo-
somes and induce the formation of membranous tu-
bules. Similar tubules can be formed when purified
dynamin is added to liposomes and dynamin can
also sever these tubules into vesicles in a GTP-depen-
dent reaction. Simultaneous addition of amphiphysin
and dynamin to liposomes leads to colocalisation of
amphiphysin and dynamin in spiral-shaped struc-
tures surrounding the membranous tubules and stim-
ulation of the GTP-dependent vesiculating activity of
dynamin [124,125]. Amphiphysin also interacts with
the AP-2 complex and may function as a linker be-
tween dynamin and AP-2 present in clathrin-coated
pits [123]. While amphiphysin is expressed mainly in
neurons, lower levels of amphiphysin are expressed
in other cell types and amphiphysin has been shown
to have general functions in endocytosis in non-neu-
ronal cells [123]. In addition, in mammals another
amphiphysin-like protein (amphiphysin II, of which
Binl mentioned above is a splice variant) is encoded
by a distinct gene. Amphiphysin II, like the original
amphiphysin isoform (amphiphysin I), is mainly ex-
pressed in neurons, but is expressed at lower levels in
other cell types. Interestingly, amphiphysin II binds
directly to clathrin heavy chain and the two amino
acid sequence motifs which mediate this interaction
are conserved in the sequence of amphiphysin I [126].
There are also reports that while neuronal amphi-
physin I localises to clathrin-coated pits, some iso-
forms of amphiphysin II (e.g. Binl) may be associ-
ated with the cortical actin cytoskeleton in some
mammalian cells [127].

Following the discovery that End3p is required for
endocytic internalisation in yeast [69,87], the mam-
malian EH-domain-containing protein Epsl5, was
shown to be a component of clathrin-coated pits in
mammalian cells [128]. Epsl5 localises specifically to
the edges of clathrin-coated pits through interaction
with the AP-2 adaptor complex [129-131]. More re-
cently, Epsl5 interaction with AP-2 has been shown
to be required for assembly of clathrin-coated pits
and for endocytosis [132,133]. EH domains have
been shown to bind to motifs in other proteins con-
taining the amino acid sequence NPF (in single letter
amino acid code) [134]. Epsin is a mammalian NPF-
motif-containing clathrin-coated pit protein which
interacts strongly with Epsl5 as well as AP-2 and
which is required for receptor-mediated internalisa-
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tion of both Tf and EGF [135]. In yeast, the EH-
domain-containing protein Panlp is the closest rela-
tive of mammalian Epsl5. The EH domains of
Panlp bind to two epsin homologues, Epsin-N-ter-
minal-homology-domain-containing protein 1, or
Entlp, and Ent2p. Intriguingly, yeast Entlp binds
clathrin heavy chain in vitro through a carboxy-ter-
minal sequence motif (Ent2p also has the motif, but
was not tested for clathrin heavy chain binding). The
yeast epsins have been shown to be required for both
cortical actin patch localisation and endocytic inter-
nalisation [136]. It is not yet clear whether mamma-
lian epsin is required for actin cytoskeletal organisa-
tion or function in mammalian cells.

A human homologue of yeast Sla2p/End4p has
also been described more recently. This protein,
Huntingtin-interacting protein 1 (HIP1)-related pro-
tein (HIP1R) is a member of a family of proteins
that interact with Huntingtin. Mutations affecting
Huntingtin cause Huntington’s disease, a human ge-
netic disorder associated with degeneration of the
nervous system. HIPIR is associated with clathrin-
coated pits as well as actin-rich membrane ruffles in
mammalian cells [137].

Synaptojanin is a neuronal inositol polyphosphate
5-phosphatase [138]. Synaptojanin-like proteins have
been shown to be required for internalisation in
S. cerevisiae [84,85] and synaptojanin itself is im-
plicated in internalisation in mammalian neurons
[138]. Like dynamin, synaptojanin also contains a
proline-rich domain and the SH3 domain of amphi-
physin binds to synaptojanin through this proline-
rich domain [139-141]. While the exact role of phos-
phatidylinositides in endocytosis is not yet known,
PtdIns(4,5)P2 plays a key regulatory role in actin
polymerisation.

WASP is a mammalian proline-rich protein related
to S. cerevisiae Las17p. Wiskott—Aldrich syndrome is
a human X-linked recessive genetic disorder charac-
terised by low numbers of circulating platelets and
lymphocytes. Patients with Wiskott—Aldrich syn-
drome have severe immunodeficiencies which arise
from an inability of certain subtypes of T lympho-
cyte to proliferate upon T cell receptor activation
[142]. The disease has been shown to be attributable
to mutations in WASP, a protein expressed in vari-
ous haematopoietic cells [142,143]. At least two oth-
er, more ubiquitously-expressed, WASP-like proteins

are known in humans (neural-, or N-WASP, and
another protein known variously as WASP-family
verprolin-homologous protein (WAVE) or the hu-
man homologue of Dictyostelium discoideum suppres-
sor of cCAMP receptor 1 (SCAR1)). Diseases associ-
ated with defects in these proteins are not yet known
[144-147]. After the discovery that Lasl7p is re-
quired for endocytosis in yeast, there have been re-
ports linking WASP-family proteins to endocytic in-
ternalisation in mammalian cells. Wiskott—-Aldrich
syndrome T lymphocytes have endocytic defects, sug-
gesting a requirement for the haematopoietic form
of WASP in endocytosis [148]. In neuronal cells,
N-WASP has been shown to interact with syndapin
I, an SH3-domain-containing protein that also inter-
acts with dynamin and synaptojanin [149]. Syndapin
I, and a more ubiquitously-expressed isoform, synda-
pin II, have been shown to play an important role in
endocytic clathrin-coated vesicle formation in mam-
malian cells [150,151].

WASP-interacting protein (WIP) is a ubiquitously
expressed human protein. The carboxy-terminal do-
main of WIP interacts with the amino-terminal do-
main of WASP in the yeast two-hybrid system [152].
S. cerevisiae Vrplp/End5p shows sequence similarity
to WIP and in the yeast two-hybrid system, the car-
boxy-terminal domain of Vrplp interacts with the
amino-terminal domain of Lasl7p, analogous to
the mammalian WIP-WASP interaction [76]. Inter-
estingly, while it is not yet known if WIP is required
for internalisation in mammalian cells, expression of
WIP in end5 mutant yeast cells rescues some of the
end5 phenotypes including endocytosis [153]. This
result shows that the function of this family of pro-
teins has been conserved through evolution.

The investigation of lipid requirements for endo-
cytic internalisation in S. cerevisiae cells is contribut-
ing to our understanding of the role of lipids in en-
docytosis in higher eukaryotes. In mammalian cells,
sterols (the major form in mammals being cholester-
ol) are necessary for the formation of specialised de-
tergent-insoluble (e.g. Triton X-100-insoluble) micro-
domains within the plasma membrane [154-158]. A
subset of these domains are flask-shaped invagina-
tions (distinct from clathrin-coated pits) and bear a
novel cytoplasmic coat composed of a protein known
as caveolin. These microdomains are known as cav-
eolae [155,157,159]. Sphingolipids have been shown
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to concentrate in caveolae in higher eukaryotes [160].
Sterol- and sphingolipid-enriched detergent-insoluble
microdomains (caveolae as well as other microdo-
mains lacking caveolin) have been implicated in
clathrin-independent endocytosis in mammalian cells
[117,118,156,161-163]. The requirement for specific
sterols and sphingolipids in yeast may indicate that
internalisation in lower eukaryotic cells also occurs
through sterol- and sphingolipid-containing microdo-
mains (although yeast lacks a caveolin homologue
and hence these domains are unlikely to have the
same morphology as mammalian caveolae) [73]. A
possible involvement of sterol- and sphingolipid-con-
taining microdomains might be consistent with the
observation that endocytosis in yeast is largely non-
clathrin-dependent. The classification of endocytosis
as either clathrin-dependent or sterol- and sphingo-
lipid-dependent may not always be so clear, however.
Recent evidence suggests that internalisation through
clathrin-coated pits in mammalian cells may also be
dependent on sterols [164,165].

The internalisation of many plasma membrane
proteins in S. cerevisiae is dependent on their prior
modification by phosphorylation and ubiquitination.
The classical mammalian tyrosine-based and dileu-
cine-based motifs are not commonly used as internal-
isation motifs in yeast. Interestingly, it has been
known for some time that several mammalian plas-
ma membrane receptors are ubiquitinated, e.g. the
EGF, platelet-derived growth factor (PDGF), and
human growth hormone (HGH) receptors. Recent
evidence shows that in some cases the ubiquitination
is dependent on ligand binding. The discovery that
ubiquitin is a signal for internalisation in yeast led to
investigations into whether the same is true in mam-
mals. So far there is only one case (HGH receptor)
where evidence exists that ubiquitination is impor-
tant for internalisation. Nevertheless, ubiquitination
may well turn out to be an important general signal
for internalisation in both higher and lower eukary-
otes [55].

Studies using yeast have contributed, not only to
our understanding of the machinery involved, but
also to our understanding of the types of surface
proteins which are subject to endocytic internalisa-
tion. Most endocytosed proteins characterised so far
in yeast are polytopic and the best characterised is
Ste2p, a G-protein-coupled receptor. The majority of

mammalian proteins whose endocytic internalisation
has been well-characterised have only a single mem-
brane-spanning domain [14]. Recently, several types
of mammalian polytopic G-protein-coupled receptor
have been shown to undergo endocytosis through
clathrin-coated pits [166,167].

6. Yeast plasma membrane endocytic pits

The fact that many end mutants of S. cerevisiae
have a defective cortical actin patch localisation, to-
gether with the observation that these patches are
often seen close to the plasma membrane, led to
the idea that the cortical actin patches are the sites
of endocytic internalisation. Initially, this hypothesis
also seemed to be supported by the first ultrastruc-
tural studies on yeast cortical actin patches. These
studies showed that cortical actin patches are associ-
ated with plasma membrane invaginations [168].
More recent studies, however, show that during in-
ternalisation Ste2p does not localise to cortical actin
patches. Instead, a novel type of furrow-like struc-
ture is the primary site at which Ste2p localises dur-
ing internalisation. These structures contain some
actin, but less than cortical actin patches [169]. The
finding that these novel structures do contain some
actin is consistent with the requirement for actin and
actin-associated proteins in internalisation. More-
over, the fact that these endocytic structures are dis-
tinct from cortical actin patches may help to explain
why not all mutations that affect cortical actin
patches also affect endocytosis. Some actin-associ-
ated proteins may function in cortical actin patches
but not in these furrow-like invaginations important
for endocytosis. The protein composition of these
furrow-like plasma membrane subdomains has not
yet been described. It will be interesting to see
whether they contain the actin-associated End pro-
teins described above which are required for internal-
isation.

7. Models for endocytic internalisation
The study of endocytosis using both lower and

higher eukaryotes has led to a widening of our per-
spective and a more complete knowledge of the key
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Fig. 2. Regulation of the actin filament nucleation activity of the Arp2/3p complex (A) in mammalian cells and (B) in yeast cells. Ar-
rows indicate known interactions. The regulatory significance of the interaction of WIP with WASP and N-WASP in mammalian cells
and the interaction of Vrplp with Lasl7p, Myo3p, and Myo5p in yeast cells, is not yet clear.

molecules involved. How do these various molecules
work together to bring about the budding of a vesicle
from the plasma membrane? A number of exciting
recent findings have given us insight into the function
of some of the key players. One major advance has
been in understanding the function of the WASP-
family proteins and how they interact with the
Arp2/3p complex. The Arp2/3p complex comprises
seven proteins of which the two larger proteins are

Arp2p and Arp3p [110,170]. The subunit composi-
tion and function of the Arp2/3p complex is highly
conserved between higher and lower eukaryotes. A
key finding was that the Arp2/3p complex is respon-
sible for nucleation (i.e. initiation) of new actin fila-
ments, which is the slow step in actin filament as-
sembly [170,171]. A second advance was the
demonstration that the purified Arp2/3p complex
has only limited activity in vitro, but is strongly
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stimulated by interaction with WASP-family proteins
[147,170,172]. Las17p has been shown to have a sim-
ilar effect on the yeast Arp2/3p complex [110,173]. It
is likely that WASP-family proteins also regulate ac-
tin filament assembly in vivo. Ectopic WASP expres-
sion induces the formation of cytoplasmic clusters of
F-actin in mammalian cells and WASP localises to
these F-actin clusters [174-176]. Expression of N-
WASP in mammalian cells induces the formation
of F-actin-containing cell-surface projections [177].
WASP and N-WASP have Cdc42p/Rac interaction
binding (CRIB) (also called GTPase binding domain
(GBD)) domains which bind the Rho-family GTPase
Cdc42p [144,174-176]. Both WASP and N-WASP
also have amino-terminal pleckstrin homology (PH)
domains which can potentially bind phosphatidylino-
sitides such as PtdIns4,5P2 [144,172]. The GTP-
bound form of Cdc42p and PtdIns4,5P2 have re-
cently been shown to function together in regulating
N-WASP activity on the Arp2/3p complex [172].
Mammalian and Dictyostelium SCAR1/WAVE and
yeast Lasl7p lack the consensus sequence for inter-
action with Rho-like GTPases [99,145,146]. The var-
ious interactions between the Arp2/3p complex and
known regulatory proteins and lipids is depicted in
Fig. 2. WIP has also been implicated in actin fila-
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ment assembly. High-level expression of WIP in
mammalian cells causes accumulation of what ap-
pear to be F-actin bundles at the cortex and the
formation of F-actin-containing cell-surface projec-
tions [152].

In S. cerevisiae Arp2p is required for endocytic
internalisation [82,83]. Furthermore, the END9 gene
product (End9p/Arc35p), which is also required for
endocytosis, is one of the smaller (35 kDa) subunits
of the yeast Arp2/3p complex [72,110,111]. This, to-
gether with the additional requirements for a WASP-
related protein, Lasl7p [76,77], and a WIP-related
protein, End5p/Vrplp [70,76], for endocytosis in
yeast suggests a model in which nucleation and rapid
actin polymerisation provides a force pushing
vesicles away from the plasma membrane and into
the cytoplasm (Fig. 3). Whether actin filament poly-
merisation by the Arp2/3p complex plays a direct
role in vesicle budding from the plasma membrane
in mammalian cells is not yet known. However, in
support of this possible mechanism, N-WASP has
recently been implicated in endocytic vesicle forma-
tion [149-151]. Moreover, there is recent evidence
that in some mammalian cells primary endocytic
vesicles move through the cytoplasm leaving behind
a trail of polymerised actin [178]. Recently, a role for

a b c

Fig. 3. Models for the internalisation step of endocytosis. In model (A) the endocytic pits invaginate (a), undergo fission to form
vesicles (b), and the vesicles move (c) because of their attachment to type I myosins (striped). The type I myosins bind to membranes
via their basic tail domain and to actin filaments (vertical lines) via their ATPase head domain and move the membrane with respect
to the actin filaments. In model (B) the endocytic pits undergo the same events as in model (A) (a—), but driven by the formation
(nucleation) and extension (by polymerisation) of new actin filaments (vertical lines) which push the vesicles off the plasma membrane
and into the cell interior. Nucleation of actin filaments may occur upon activation of the Arp2/3p complex by proteins such as
Lasl7p. The arrowheads depict the direction of actin filament extension.
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sterol- and PtdIns4,5P2-enriched membrane micro-
domains in this type of actin-based motility was re-
ported [179]. This is interesting in light of the re-
quirement for specific sterols and phosphoinositides
in endocytic internalisation in yeast [73,84,85]. Per-
haps similar microdomains in the plasma membrane
are required for Arp2/3p-dependent actin polymeri-
sation during membrane invagination or vesicle bud-
ding [73]. A lipid requirement for this actin-based
movement may play a role in controlling vesicle re-
lease spatially and temporally. High sterol content in
microdomains may provide sufficient localised ri-
gidity to ensure that the force of actin polymerisation
is channelled into driving vesicles inwards rather
than into formation of outwards cell-surface projec-
tions.

Another possibility is that the cytoskeleton is re-
quired in a structural way to provide a framework
against which force can be applied to pull endocytic
vesicles into the cellular interior. Unconventional
myosins of the type I class (e.g. Myo3p and
Myo5p) have been implicated in endocytic internal-
isation [80,112]. These type I myosins have a con-
served head domain which binds actin and has ATP-
ase activity as in conventional type II myosins, but
their characteristic tail domain (which contains a
higher content of basic amino acids) can associate
with phospholipid membranes. This domain struc-
ture makes them ideal for attaching to the cytoskel-
eton and plasma membrane and applying contractile
force to the membrane (see Fig. 3) [80,112].

Interestingly, type I myosins may be able to func-
tion in more than one way to promote membrane
invagination. It has recently been reported that the
yeast type I myosins (Myo3p and MyoSp), like
Lasl7p, can activate the Arp2/3p complex [180-
182]. Thus, this family of myosins may be able to
function as motors or as stimulators of actin filament
assembly, at least in lower eukaryotes. It has been
difficult to test the relative importance of the motor
activity and Arp2/3p activation activity in endocyto-
sis because Arp2/3p activation is dependent on the
motor domain [180].

While the two models shown in Fig. 3 invoke a
direct mechanical role for the actin cytoskeleton in
endocytic vesicle formation, it is also possible that
the actin cytoskeleton plays a regulatory role. In sup-
port of this idea is the recent finding that depolymer-

isation of F-actin by latrunculin A treatment does
not abolish endocytosis in all cultured mammalian
cell lines. Even in those cell lines in which endocyto-
sis does appear to require F-actin, this requirement
can be overcome by altering the cell culture condi-
tions, e.g. growing the cells in suspension instead of
monolayers [183].

8. Future directions

Over the past few years our understanding of en-
docytosis has improved enormously. Molecular ge-
netic studies using S. cerevisiae have led to a better
idea of the types of proteins and lipids required for
endocytosis in this lower eukaryote. Recent studies
have suggested that similar classes of protein and
lipid may be required for endocytosis in at least
some higher eukaryotic cells. Actin, the Arp2/3p
complex, WASP- and WIP-related proteins, type I
myosins, phosphatidylinositides, sphingolipids, and
sterols may turn out to be general requirements for
endocytic vesicle formation in higher as well as lower
eukaryotes. This realisation, together with recent
progress in understanding the biochemical activity
of the Arp2/3p complex in actin polymerisation and
its regulation by WASP-related proteins, Rho-family
GTPases, and lipids has made this a very exciting
time to study endocytosis. The next challenge is to
determine which of these new requirements reflect a
mechanical role for the corresponding protein or lip-
id in endocytosis and which reflect a regulatory role.
If the involvement of actin, the Arp2/3p complex,
type I myosins, WASP, and WIP in endocytosis is
indeed mechanical, we will need to fit these ‘new’
players together with ‘older’ players like clathrin, dy-
namin, and AP-2 into a coherent model that de-
scribes how they all work together to create an en-
docytic vesicle at the plasma membrane.
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