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The Ark/Prk serine/threonine kinases initiate phosphorylation
cycles that control the endocytic machinery in mammalian cells and
in yeast, and the actin cytoskeleton in yeast. The members of this
protein family are unified by homologies in their kinase domain, but
are generally diverse in their other domains. The evolution of
Ark/Prk family members in different organisms may have allowed
the conserved role of the kinase domain, which is required for the
phosphorylation of both endocytic and cytoskeletal components, to
be coupled to other functional domains.
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Introduction
The Ark/Prk serine/threonine protein kinase family has recently been
shown to be important in controlling endocytosis and the actin
cytoskeleton. The members of this family (Fig. 1A) are defined by
their homology in an amino-terminal kinase domain and by a con-
sensus phosphorylation target site (L(I)XXQXTG) that is found in all
substrates analysed so far. Strikingly, functional studies indicate that
all of the characterized  Ark/Prk kinases have related roles in endocy-
tosis in mammalian cells, and in both endocytosis and actin dynam-
ics in yeast. Interestingly, little conservation exists outside 
the kinase domain. This is undoubtedly important for the substrate
specificity of individual family members and may be responsible for
other functions that are unique to specific Ark/Prk proteins (Fig. 1B).
In this respect, it is important to note that increasing evidence of the
actin cytoskeleton being required for endocytosis in mammalian
cells, as it is in yeast, suggests that this family has evolved to regulate
several steps in a common process.

This review focuses on our knowledge of the roles of the Ark/Prk
kinases and highlights the idea that some of the target substrates of
these kinases may be key links between the endocytic pathway and
the actin cytoskeleton.

Endocytosis in mammals
Endocytosis is the fundamental cellular process by which all
eukaryotic cells internalize material from the extracellular medium
through vesicles. These vesicles bud from the plasma membrane
and are delivered to an endosomal compartment where their con-
tent is sorted, and recycled to the cell surface, transported across
the cell or targeted for degradation in lysosomes.

In mammalian cells, the initial internalization step can occur by
different mechanisms, the best-characterized of which involves
clathrin-coated pits (Brodsky et al., 2001). These structures form at
the plasma membrane and have a striking lattice morphology that
results from the polymerization of cytosolic clathrin onto the mem-
brane. The clathrin-binding adaptor complex, AP2, links transmem-
brane receptors that are destined for internalization to the clathrin
lattice by associating with internalization motifs in their cytoplasmic
tails (Ohno et al., 1995). A high-molecular-weight GTPase,
dynamin, is required for the budding of coated pits (McNiven et al.,
2000a), and a host of other molecules, principally the binding part-
ners for clathrin, AP2 and/or dynamin, are implicated in the forma-
tion of these vesicles. These other molecules include Eps15, epsin,
amphiphysin, intersectin, syndapin and Rab5 (Brodsky et al., 2001).

The role of actin in endocytosis in mammals
A requirement for actin in clathrin-mediated uptake in mammalian
cells is supported by the recent discovery of several molecular links
between endocytic proteins and the actin cytoskeleton. Mammalian
actin-binding protein 1 (Abp1) and cortactin, both activators of the
Arp2–Arp3 complex, are now known to bind dynamin (McNiven et
al., 2000b; Kessels et al., 2001). Also, the dynamin-binding partners,
syndapin and intersectin, could indirectly regulate actin assembly
through their interactions with N-WASP (a homologue of Wiskott-
Aldrich syndrome protein)—a potent activator of the Arp2–Arp3 com-
plex (Qualmann & Kessels, 2002)—which is crucial for driving actin
nucleation (Welch & Mullins, 2002). Perhaps the strongest link
between actin and clathrin-coated vesicles is the F-actin binding pro-
tein Huntingtin-interacting protein 1R (HIP1R), which can physically
link clathrin-coated vesicles with actin in vitro and which co-localizes
with coated pits in vivo (Engqvist-Goldstein et al., 2001). Recently,
local actin rearrangements that are associated with the budding of
clathrin-coated vesicles from the plasma membrane have been visual-
ized using evanescent wave microscopy (Merrifield et al., 2002).
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Endocytosis in yeast
Early studies on endocytosis mutants in yeast suggested that the ini-
tial steps of internalization might be different from those of the
clathrin-mediated pathway in mammalian cells. Deletion, or muta-
tions, of the yeast clathrin gene results in only a partial, albeit signifi-
cant, endocytic block (Payne et al., 1987). Many mutations identified
in endocytic screens affect proteins that associate either physically or
functionally with actin (Geli & Riezman, 1998). In addition, an intact
and dynamic actin cytoskeleton is necessary for endocytosis (Kubler
& Riezman, 1993; Ayscough et al., 1997; Belmont et al., 1999;
Ayscough, 2000). However, recent data suggest that the apparent dif-
ferences between the endocytic machinery of lower and higher
eukaryotes reflect the distinct approaches used to study them.

In yeast, two distinct actin structures can be visualized by using
rhodamine–phalloidin staining. Actin cables, which are cytoplasmic
bundles of relatively long filaments, are important for vesicle move-
ment and for generating cell polarity. In contrast to this, endocytic
proteins associate with cortical actin patches, which are plasma-
membrane-associated complexes that comprise short filaments and
a plethora of actin binding and regulatory proteins. 

The association between cortical actin patches and endocytic pro-
teins in yeast raises the question of whether endocytic machinery
components are involved in actin-patch recruitment and of how the
site of endocytosis is established. Sla2 is a yeast protein that interacts
with the clathrin light-chain in a two-hybrid screen (Henry et al.,
2002), the mammalian homologue of this protein being HIP1R
(Engqvist-Goldstein et al., 2001). Similarly to HIP1R, Sla2 contains a
carboxy-terminal domain able to interact with actin. The recruitment
of Sla2 to endocytic sites seems to be an early endocytic event in
yeast. Sla2 is able to interact with other components of the endocytic
machinery including Sla1 (K.R.A. and colleagues, unpublished
observations), which is itself part of a complex that contains Pan1 and
End3, which is important for endocytosis in yeast (Tang & Cai, 1996;
Tang et al., 1997; 2000). In this complex, Sla1 and Pan1 have been
shown to interact with proteins that regulate actin dynamics. For
example, Pan1 binds directly to and activates the Arp2–Arp3 com-
plex, which is crucial for driving cortical actin polymerization
(Duncan et al., 2001), and Sla1 binds to both Las17 (the yeast WASP
homologue) and Abp1, which are activators of Arp2–Arp3 (Madania
et al., 1999; Kessels et al., 2000). A loss of Sla1 leads to an increase in
stabilized actin fibres (F-actin), suggesting that it may inhibit these
actin regulators. Pan1 and Sla1 may be compartmentalized with
components of the endocytic machinery, confining their activities to
the appropriate regions of the plasma membrane.

Parallels between endocytosis in yeast and mammals
Pan1 is the yeast homologue of Eps15, which associates with AP2 in
mammalian cells (Benmerah et al., 1995). Despite the considerable
molar excess of AP2 over Eps15, dominant-negative mutants of
Eps15 and anti-Eps15 antibodies block endocytosis (Benmerah et
al., 1998; Carbone et al., 1997). Eps15 also binds epsin (Chen et al.,
1998), and Pan1 interacts with the yeast epsins (Ent1 and Ent2) in a
two-hybrid assay (Wendland & Emr, 1998), suggesting that at least
some elements of Pan1 function have been conserved. Pan1 also
binds to, and co-localizes with, yAP1801 and yAP1802 (Wendland
& Emr, 1998). Because the mammalian homologue, AP180, of
yAP1801 and yAP1802 binds clathrin and AP2 (Ahle &
Ungewickell, 1986), this interaction may provide a further link
between the Sla1–End3–Pan1 complex and clathrin (Fig. 2). Sla1
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also acts as an endocytic adaptor, recognizing NPFX(1,2)D motifs
in proteins such as the pheromone receptors Ste2 and Ste3, and
facilitating their internalization (Howard et al., 2002). It thereby
links cargo recruitment both to the endocytic machinery and to the
actin cytoskeleton. 

Thus, whether in yeast or in mammalian cells, endocytosis
requires multivalent interactions and the formation of dynamic
macromolecular protein complexes (Fig. 2) that may be coupled
to actin assembly and disassembly. Because endocytosis is a
constitutive process that involves continuous recycling of its
machinery, these complexes must be capable of rapid and regu-
lated assembly and disassembly. Reversible phosphorylation is
therefore a plausible regulatory mechanism, and members of the
Ark/Prk family of protein kinases seem to be key regulators of
this process.

The Ark1/Prk1 family
The family of actin-regulating kinases in Saccharomyces cerevisiae
comprises three members: Ark1, Prk1 and the lesser-studied Akl1.
PRK1 interacts at a genetic level with PAN1 (Zeng & Cai, 1999), and
Prk1 phosphorylates Pan1 at its N terminus on multiple repeats of
the consensus target phosphorylation site L(I)xxQxTG (where x is
any amino acid). Sla1 also contains multiple LxxQxTG repeats and
is a substrate for Prk1 (Zeng et al., 2001). In both Sla1 and Prk1,
these phosphorylation sites are in the regions required for their inter-
action, suggesting that modification may regulate assembly and/or
disassembly of the Pan1–Sla1 complex. This idea is supported in
vitro by the failure of phosphorylated Pan1 to bind to Sla1 and vice
versa. Overexpression of Prk1 results in the dissociation of Sla1, but
not Pan1, from cortical complexes (Zeng et al., 2001), possibly as a
consequence of phosphorylation.
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Fig. 2 | Comparison of early steps of endocytosis in yeast and mammalian cells. Some of the main components that are required for the early endocytic steps are

shown, with emphasis on the interactions for which there is clear evidence and that might be affected directly or indirectly by the Ark/Prk kinases. Homologues are
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ellipses and circles, respectively, and cargo as green rods). The insert shows a schematic representation of the subunit composition of the AP2 adaptor complex.

AAK, adaptor-associated kinase; Abp1, actin-binding protein 1; GAK, cyclin-G-associated kinase; WASP, Wiskott–Aldrich syndrome protein.
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Evidence suggests that the role of Ark1 may overlap with that of
Prk1. Both Sla1 and Pan1 are phosphorylated in prk1–/– cells, but not
in cells that lack both kinases (Zeng et al., 2001). Whether Ark1 rec-
ognizes only the LxxQxTG motif or also variations thereof has not
yet been explored, but it should be noted that in addition to five
LxxQxTG motifs, Sla1 has seven QxTG motifs and ten L(I)(M)xxxxTG
motifs. This raises the possibility that different subsets of target sites
may be phosphorylated in response to different signals. 

Further evidence for Ark1/Prk1 involvement in endocytosis comes
from the Prk1-specific substrate Ent1. Although overexpression of
mutants that mimic constitutively phosphorylated or dephosphory-
lated Ent1 has no significant effect on endocytosis in wild-type cells,
it does inhibit endocytosis in a Pan1 temperature-sensitive mutant
(pan1-20) background (Watson et al., 2001). 

Ark1 was originally identified through a two-hybrid screen for
proteins that bind to Sla2 (Cope et al., 1999). The interaction is
through the Ark1 C-terminal region, which shows no homology with
Prk1, indicating that the kinases may have distinct roles. This idea is
supported by a series of genetic studies in which either ark1 or prk1
was deleted with mutations in other genes including abp1, sla2 and
rvs167 (yeast amphiphysin). Different phenotypes resulted (Cope et
al., 1999), suggesting that Ark1 and Prk1 may regulate actin and the
endocytic machinery through parallel pathways.

If Ark1 and Prk1 phosphorylation of Pan1 and Sla1 changes the
ability of these proteins to interact, the kinases may need to be spa-
tially segregated from their substrate until required. Fluorescence
resonance energy transfer (FRET) and fluorescence microscopy have
shown that Sla1 and Abp1 are present individually in discrete corti-
cal patches as well as together in a distinct subset of patches (Warren
et al., 2002). Because Abp1 is known to bind to Prk1 (Fazi et al.,
2002) and is necessary for the correct localization of both Ark1 and
Prk1 (Cope et al., 1999), it seems likely that these kinases are nor-
mally associated with the actin cytoskeleton. Thus, discrete actin
patches could segregate the kinases from the substrate, and the
merging of these patches, presumably at sites of endocytosis, would
then give them access to Pan1 and Sla1. 

Although little is known about the details of the actin rearrange-
ments that are required to drive endocytosis (Schafer, 2002), it seems
likely that, once recruited to sites of endocytosis, an actin patch must
change markedly to favour the invagination or scission process, rely-
ing on both actin polymerization and depolymerization. Sla1 may
be an initiator of actin disassembly, as its deletion leads to a more
stable actin cytoskeleton (Ayscough et al., 1997; Warren et al.,
2002). Subsequent phosphorylation by Ark1 or Prk1 could cause
Sla1 to dissociate from the endocytic complex, allowing other pro-
teins such as Sla2 to interact with actin to drive the formation of new
structures required for endocytosis.

Phosphorylation cycles in yeast
An understanding of the mechanisms by which Ark1 and Prk1 regu-
late endocytosis requires knowledge of the reversible nature of
phosphorylation. Although Prk1 phosphorylation has been shown to
inhibit Pan1 function, it may be the balance between phosphoryla-
tion and dephosphorylation that is important. Current data support a
model in which, following the association of actin with the endocyt-
ic machinery, Ark1 and Prk1 can phosphorylate Sla1, Pan1 and Ent1
and, at least in the case of Sla1, cause its dissociation from a large
complex. In the absence of both Ark1 and Prk1, all of the actin and
endocytic machinery is found in one large patch that dissociates

from the cell cortex. This actin may be insufficiently dynamic to
facilitate endocytosis. Thus, the normal role of Ark1 and Prk1 could
be the positive regulation of endocytosis.

If Pan1 and Sla1 are phosphorylated and then lost from the
complex, dephosphorylation might allow their re-incorporation into
cortical complexes. This remains to be shown, as the role of phos-
phatases in endocytosis has not been extensively studied. However,
interactions between Sla1 and the yeast homologue of protein phos-
phatase 1, Glc7 (Tu et al., 1996; Venturi et al., 2000), as well as
between Pan1 and Glc7 have been reported (Uetz et al., 2000).
Furthermore, Scd5, a suppressor of clathrin heavy-chain deficiency,
was recently shown to rely on its interaction with Glc7 to maintain
endocytosis and actin dynamics (Chang et al., 2002). Because Scd5
is also required in conjunction with clathrin for the association of
Sla2 with cortical actin (Henry et al., 2002), one scenario is that the
Glc7 phosphatase recruits Sla2 to initiate new sites of endocytosis. 

Mammalian family members
There is increasing evidence that reversible cycles of phosphoryla-
tion also control the coated-vesicle cycle in mammalian cells. In
vitro dephosphorylation of dynamin, amphiphysin and epsin pro-
motes their assembly into complexes with clathrin and AP2
(Slepnev et al., 1998). In neuronal cells, recycling of synaptic vesi-
cles through clathrin-coated pits requires the concerted dephos-
phorylation of these and several other endocytic proteins, including
Eps15 and AP180 (Cousin & Robinson, 2001). On neuronal stimu-
lation, dephosphorylation occurs rapidly to promote vesicle uptake
and/or recycling, whereas re-phosphorylation, which is also essen-
tial, occurs more slowly. 

Members of the Ark/Prk family of kinases have recently been
identified in mammalian cells. These include cyclin-G-associated
kinase (GAK) and adaptor-associated kinase 1 (AAK1). Substrate
analyses coupled to functional studies indicate that, like their coun-
terparts in yeast, these kinases are important for endocytosis. 

GAK was originally identified as a ubiquitous homologue of 
the neuronal protein auxilin, and shares its role as a cofactor to the
heat shock cognate protein (Hsc70) in uncoating clathrin-coated vesi-
cles (Greener et al., 2000; Umeda et al., 2000). GAK is a component
of these vesicles (Korolchuk & Banting, 2002), and, in vitro, its kinase
domain can phosphorylate the medium subunits of both the plasma
membrane adaptor complex AP2 and the trans-Golgi network adaptor
complex AP1, which are known as µ2 and µ1, respectively (Fig. 2,
inset; Umeda et al., 2000). Both µ-subunits are involved in cargo
recruitment  into clathrin-coated vesicles (Ohno et al., 1995).

AAK1 was identified as a binding partner for the appendage or
ear domain of the α-adaptin component of AP2 complexes (Conner
& Schmid, 2002). It co-purifies with AP2, and localizes to active
sites of endocytosis in rat hippocampal neurons, and also with coat-
ed pits in HeLa cells. A recombinant form can phosphorylate µ1
and µ2. Phosphorylation of µ2 occurs in vivo on serine and threo-
nine residues (Wilde & Brodsky, 1996), and Thr 156, which is locat-
ed in a typical consensus site for the Ark/Prk kinase family, has been
shown to be an in vitro phosphorylation site (Pauloin & Thurieau,
1993). µ2 phosphorylation has been shown to be important for
endocytosis (Olusanya et al., 2001) as the sequestration of the cargo
molecule transferrin into newly formed coated pits is inhibited if µ2
phosphorylation is specifically blocked. Other evidence for this is
that transfection of HeLa cells with a mutant form of µ2, which 
cannot be phosphorylated, inhibits transferrin uptake.
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Several complementary studies have shed light on the role of µ2
phosphorylation. The binding of endocytic cargoes, such as the
transferrin receptor, by µ2 is known to depend on the recognition of
sorting motifs in the cytoplasmic tails of transmembrane receptors
(Ohno et al., 1995). Phosphorylated µ2 binds to peptides that con-
tain such motifs with a significantly higher affinity than the unphos-
phorylated form (Ricotta et al., 2002). The crystal structure of the AP2
complex (comprising α- and β2-adaptin without their ear domains)
suggests that unphosphorylated µ2 cannot bind cargo because the
binding site is partially blocked by β2-adaptin (Collins et al., 2002). It
also indicates that a substantial conformational change is required to
make the binding site accessible. Evidence that a conformational
change occurs when AP2 is incorporated into coated pits comes
from experiments showing that incorporation of AP2 into clathrin
coats alters its sensitivity to proteolysis (Matsui & Kirchhausen, 1990)
and increases its affinity for cargo (Rapoport et al., 1997). Such a
change could be effected by phosphorylation of µ2 on Thr 156,
which is located on an exposed surface of µ2.

Understanding the crucial role of µ2 phosphorylation in the for-
mation of coated vesicles requires the identification and characteriza-
tion of the kinases responsible for Thr 156 phosphorylation in vivo.
Given their ability to phosphorylate µ2 in vitro, both GAK and AAK1
are candidates. To determine which of these is relevant for the coated-
vesicle cycle, adaptor complexes were subfractionated, and a fraction
enriched in AAK1 but devoid of GAK was found to contain most of the
µ2 kinase activity (Ricotta et al., 2002). Together with the localization
of AAK1 to sites of endocytosis, compared with the perinuclear/cyto-
plasmic localization of GAK (Greener et al., 2000), this suggests that
AAK1 is probably the in vivo µ2 kinase. Given the in vitro substrate
specificities of AAK1 and GAK, and the enrichment of the latter in
coated vesicles, it is possible that GAK preferentially phosphorylates
µ1 in vivo, perhaps to promote cargo recruitment into coated vesicles
at the trans-Golgi network. Similarly to AAK1, it can also bind to the
ear domain of α-adaptin, suggesting that it may nevertheless have a
role in coated vesicle formation at the cell surface, although this is
likely to be independent of its kinase domain and may be related to
the uncoating process. However, it is also important to consider the
alternative possibilities that, by analogy with the suggested overlap-
ping functions of Ark1 and Prk1, different signals may independently
activate AAK1 or GAK to phosphorylate µ2, or that other substrates for
GAK may be present at the plasma membrane. Given that AAK1 is
probably the closest mammalian Prk1 homologue (Fig. 1A), it is in-
triguing to speculate that these substrates might regulate interactions
between the endocytic machinery and the actin cytoskeleton.

Conclusions
We have focused on the best-characterized members of the Ark1/
Prk1 family. However, other family members are emerging and, 
intriguingly, the paradigm of a common role in endocytosis is
maintained. So, for example, the Numb-associated kinase (Nak) 
of Drosophila phosphorylates Numb, which functions in cell fate
determination during cell division (Chien et al., 1998). Numb has
been shown to be an endocytic protein (Santolini et al., 2000) 
and, furthermore, Numb-mediated asymmetrical cell division in
Drosophila requires α-adaptin (Berdnik et al., 2002).

Major challenges for the future will be to analyse the regulation of
these kinases and the counterbalance of their activities by phos-
phatases. Analysis of the in vivo substrate specificities of these 
molecules, coupled with improved microscopy techniques that

allow local actin dynamics to be imaged (Merrifield et al., 2002),
should provide important insights into these issues. Because family
membership is now dictated largely by homologies in the kinase
domains, it is crucial to determine how kinase activity is integrated
with the function of the divergent C termini of these proteins (Fig. 1B),
which probably regulate their in vivo specificities. 

What is certain is that we have seen the emergence of a new
kinase family that seems to have a central role in endocytosis from
yeast through to man. At this early stage, many of the in vivo roles of
these proteins remain undetermined, so their breadth of function is
still unknown. However, the range of approaches that are being used
to investigate these proteins should lead to answers to the many ques-
tions about the relationship between the actin cytoskeleton and
endocytosis, and the role of phosphorylation and dephosphorylation.
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