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Phosphoinositides regulate a wide range of cellular processes,

including proliferation, survival, cytoskeleton remodelling and

membrane trafficking, yet the mechanisms controlling the

kinases, phosphatases and lipases that modulate phosphoinosi-

tide levels are poorly understood. In the present study,we describe

a mechanism controlling MSS4, the sole phosphatidylinositol

(4)-phosphate 5-kinase in Saccharomyces cere�isiae. Mutations

in MSS4 and CMD1, encoding the small Ca#+-binding pro-

tein calmodulin, confer similar phenotypes, including loss

of viability and defects in endocytosis and in organization of

INTRODUCTION
Phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P

#
] plays a

role in a remarkable number of cellular processes. PtdIns(4,5)P
#

is cleaved by phospholipase C (PLC) to generate the second mess-

engers diacylglycerol and Ins(1,4,5)P
$
that activate protein kinase

C (PKC) and increase intracellular Ca#+ respectively [1]. Un-

cleaved PtdIns(4,5)P
#
directly binds and regulates several target

proteins (for review see [2]). For example, PtdIns(4,5)P
#
(i) binds

pleckstrin homology domains present in a variety of proteins

involved in signal transduction [3–5] ; (ii) binds actin-binding

proteins and thereby regulates organization of the actin cyto-

skeleton [2] ; (iii) regulates the small GTPase ADP-ribosylation

factor (ARF) by recruiting both the guanine nucleotide ex-

change factor and the GTPase-activating protein for ARF ([6–8],

but see [7a]) ; and (iv) binds several proteins involved in the

formation of clathrin-coated vesicles during endocytosis [9–11].

In mammalian cells, PtdIns(4,5)P
#

is synthesized via two

independent reactions. It is the product of PtdIns(4)P 5-kinases,

which phosphorylate PtdIns4P at the D-5 position of the inositol

ring. It is also produced by phosphorylation of PtdIns5P at the

D-4 position of the inositol ring by PtdIns(5)P 4-kinases [12].

Little is known about the regulation of PtdIns(4,5)P
#

synthesis.

The activation of PtdIns(4)P 5-kinases by phosphatidic acid, a

product of phospholipase D, is well documented [13–16], but two

recent studies [17,18] demonstrate that PtdIns(4)P 5-kinases

are also activated by ARF to control membrane ruffling and

structural integrity of the Golgi complex. The investigation of the

physiological function of PtdIns(4,5)P
#

and the mechanisms

regulating its synthesis in mammalian cells is complicated not

only due to the existence of both PtdIns(4)P 5-kinases and

PtdIns(5)P 4-kinases, but also because of the presence of different

isoforms of these kinases. In the yeast Saccharomyces cere�isiae,

Abbreviations used: ARF, ADP-ribosylation factor ; MAPK, mitogen-activated protein kinase ; PKC, protein kinase C; PLC, phospholipase C; SD, yeast
nitrogen base/ammonium sulphate/dextrose media ; TRITC, tetramethylrhodamine β-isothiocyanate ; ts, temperature-sensitive ; YPD, yeast extract/
peptone/dextrose media.
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the actin cytoskeleton. Overexpression of MSS4 suppresses the

growth and actin defects of cmd1-226, a temperature-sensitive

calmodulin mutant which is defective in the organization of the

actin cytoskeleton. Finally, the cmd1-226 mutant exhibits reduced

levels of phosphatidylinositol (4,5)-bisphosphate. These findings

suggest that calmodulin positively controls MSS4 activity and

thereby the actin cytoskeleton.

Key words: CMD1, MSS4, PtdIns(4)P 5-kinase, PtdIns(4,5)P
#
,

Saccharomyces cere�isiae.

PtdIns(4,5)P
#

is produced solely via MSS4-mediated phos-

phorylation of PtdIns4P [19]. MSS4 is encoded by the essential

gene MSS4 which when mutated causes disorganization of the

actin cytoskeleton, aberrant cell morphology and loss of cell

integrity [19,20].

Calmodulin is a Ca#+-binding protein also implicated in the

regulation of many proteins, including metabolic enzymes,

protein kinases, a protein phosphatase, transcription factors,

ions transporters, receptors, motor proteins and cytoskeletal

components (for reviews see [21,22]). Studies using temperature-

sensitive (ts) calmodulin mutations (cmd1ts) in S. cere�isiae have

demonstrated that calmodulin is an essential protein required for

organization of the actin cytoskeleton, endocytosis, nuclear

division and bud emergence [23,24]. Interaction of calmodulin

with some target proteins has been reported [25,26]; however,

the exact mechanisms by which calmodulin controls these cellular

processes is largely unknown. Our findings reveal a new mode of

calmodulin action which operates via regulation of PtdIns(4,5)P
#

synthesis.

EXPERIMENTAL

Strains, plasmids and media

The S. cere�isiae strains used in this study are listed in Table 1.

All strains were isogenic derivatives of JK9-3d. Plasmids used

in this work are listed in Table 2. Rich media, YPD [1% (w}v)

yeast extract, 2% (w}v) peptone and 2% (w}v) dextrose], and

synthetic defined minimal media, SD [0.17% (w}v) yeast nitrogen

base, 0.5% (w}v) ammonium sulphate and 2% (w}v) dextrose],

supplemented with the appropriate nutrients for plasmid main-

tenance were as described previously [27].
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Table 1 Yeast strains

Strain Genotype

JK9-3da MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa
JK9-3dα MATα leu2-3,112 ura3-52 trp1 his4 rme1 HMLa
TB50a JK9-3da his3 HIS4
SD18-1d TB50a mss4 : :HIS3MX6/Ycplac111 : :MSS4
SD19-3a TB50a mss4 : :HIS3MX6/Ycplac111 : :mss4-2 ts

SD54-11d SD18-1d bar1 : : kanMX4
SD55-1b SD19-3a bar1 : : kanMX4
TS45-1a TB50a mpk1 : : TRP1
SH121 JK9-3da ade2 tor2 : :ADE2-3/Ycplac111 : : tor2-21ts

SH27-1b JK9-3dα ade2 mpk1 : :TRP1 tor2 : :ADE2-3/Ycplac111 : : tor2-21ts

DBY7462 MATa leu2-3,112 ura3-52 trp1 his3 lys2
DBY7446 DBY7462 cmd1-226
DBY7445 DBY7462 cmd1-228
DBY7449 DBY7462 cmd1-239

Determination of cellular phosphatidylinositol levels

Cells were grown at 24 °C in the presence of 50 µCi}ml

[$H]inositol (Amersham International, Little Chalfont, Bucks.,

U.K.) to a D
'!!

of 0.7 (D is attenuance), harvested by centri-

fugation, and resuspended in one-fifth the original volume. After

control samples had been removed, cells were incubated at 37 °C
and aliquots (200 µl) were collected at different times. Cells were

arrested by the addition of 2.5 vols. of methanol, and disrupted

by vortexing for 5 min with glass beads. Lipids were extracted

and analysed as described previously [28]. The radioactivity

associated with each phospholipid was quantified and corrected

to the level of total phosphatidylinositol found in the control

samples.

Endocytosis assays

Lucifer Yellow (Fluka, Buchs, Switzerland) accumulation in

vacuoles was assayed as described previously [29]. Cells were

grown in YPD at 24 °C to mid-log phase, shifted to 37 °C and

incubated for 1 h in the presence of 4 mg}ml Lucifer Yellow.

Cells were then washed three times in 1 ml of ice-cold buffer

(50 mM sodium phosphate, 20 mM sodium azide and 20 mM

sodium fluoride, pH 7.0). [$&S]α-Factor-uptake assays were per-

formed using the continuous-presence protocol as described

previously [29]. Cells were grown in YPD at 24 °C to exponential

phase, and the α-factor-uptake assay was carried out at 24 °C or

37 °C. Cells assayed at the restrictive temperature (37 °C) were

preincubated at this temperature for 15 min.

Rhodamine–phalloidin staining of actin

Cells were grown to early logarithmic phase, fixed in for-

maldehyde, and stained with phalloidin–tetramethylrhodamine

β-isothiocyanate (TRITC) conjugate (Sigma) to visualize actin as

described previously [30].

RESULTS

Calmodulin and MSS4 are functionally related

We have shown previously that the yeast PtdIns(4)P 5-kinase

MSS4 is an essential protein required for proper organization of

the actin cytoskeleton [19]. The actin cytoskeleton plays a funda-

mental role in endocytic uptake in yeast [31] and recent studies

[32,33] in mammalian cells suggest a role for PtdIns(4,5)P
#

in

receptor-mediated endocytosis. To investigate further the role

Table 2 Plasmids

Plasmid Description

pROM2 pAS30, ROM2 (2 µ, URA3 ) [53]

pRHO2 pC-186, RHO2 (2 µ, URA3 ) [54]

pCMD1 pSD14, CMD1 in YEplac195 (2 µ, URA3 )

pBCK1-20 BCK1-20 in pRS352 (CEN, URA3 ) [55]

pMKK1 MKK1 in YEp352 (2 µ, URA3 ) [55]

pMPK1 MPK1 in YEp352 (2 µ, URA3 ) [55]

pMSS4 pSH22, MSS4 in pSEY18 (2 µ, URA3 ) [56]

pPKC1 pSH24, PKC1 in pSEY18 (2 µ, URA3 ) [56]

of PtdIns(4,5)P
#

in endocytosis, we examined fluid-phase and

receptor-mediated endocytosis in a temperature-sensitive (ts)

mss4 mutant. mss4ts cells shifted to non-permissive temperature

(37 °C) were defective in fluid-phase endocytosis, as evidenced

by a lack of vacuolar accumulation of the dye Lucifer Yellow,

and in receptor-mediated uptake, as evidenced by a reduction

in internalization of the α-factor pheromone (Figure 1). These

results suggest that PtdIns(4,5)P
#

is required for the intern-

alization step of endocytosis.

The above finding revealed that the phenotype of a mss4ts

mutant is remarkably similar to that of a cmd1 mutant defec-

tive in the Ca#+-binding protein calmodulin. Calmodulin, like

MSS4, is an essential protein required for proper organization

of the actin cytoskeleton [23] and for the internalization step of

endocytosis [24,25]. Furthermore, like a mss4ts mutant, the

temperature-sensitive cmd1-226 mutant loses viability after pro-

longed incubation at restrictive temperature ; approx. 30% of

cmd1-226 cells and 80% of mss4ts cells were non-viable after 4 h

at 37 °C, as evidenced by staining with the vital dye Methylene

Blue. No loss of viability was detected with a similarly treated

wild-type strain. The growth defect of both the mss4ts and cmd1-

226 mutants was at least partly suppressed by osmotic

stabilization of the cells, i.e. by the addition of 1 M sorbitol to the

growth medium (results not shown), indicating that both mutants

are impaired in cell integrity. Finally, both mss4 [20] and cmd1-

226 (Figure 2) mutants display aberrant morphology at 37 °C.

Altogether, these findings suggest that MSS4 and calmodulin

have related functions.

To investigate further whether calmodulin and MSS4 are func-

tionally related, we examined whether CMD1 and MSS4 interact

genetically. Temperature-sensitive CMD1 mutations fall into dif-

ferent intragenic complementation groups, indicating a role for

calmodulin in different, essential cellular processes [23,34]. Rep-

resentative mutations from the different complementation groups

were examined for suppression by a multicopy MSS4 gene. Over-

expression of MSS4 restored growth (Figure 3) in a cmd1 mutant

defective in organization of the actin cytoskeleton (cmd1-226),

but did not restore growth of mutants defective in calmodulin

localization (cmd1-228) or in nuclear division (cmd1-239) (results

not shown). The suppression of the cmd1-226 growth defect by

overexpression of MSS4 suggested that MSS4 can restore proper

organization of the actin cytoskeleton in cmd1-226 cells. To test

this, the actin cytoskeleton was visualized in cmd1-226 mutant

cells overexpressing MSS4 (Figure 2). Cells were grown at per-

missive temperature (24 °C) and then shifted to restrictive tem-

perature (37 °C) for 4 h. cmd1-226 cells exhibited a severe defect

in the organization of the actin cytoskeleton; actin cables were

undetectable and cortical actin patches were randomly distrib-

uted in mother and daughter cells, instead of being concentrated

at the site of growth. Conversely, cmd1-226 cells overexpressing
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Figure 1 MSS4 is required for the internalization step of endocytosis

Wild-type (WT; MSS4 ; SD54-11d) and mss4 ts (SD55-1b) cells were assayed for Lucifer Yellow

accumulation in the vacuole at 37 °C (upper panel) or α-factor uptake at 24 °C and 37 °C
(lower panel). For the Lucifer Yellow uptake, the same field of cells is viewed by fluorescence

(right-hand panels) and Nomarski (left-hand panels) microscopy. The results shown for α-factor

uptake represent the mean of two independent experiments³S.E.M.

MSS4 (cmd1-226­pMSS4) exhibited a polarized actin cyto-

skeleton, as observed in wild-type CMD1 cells (Figure 2). Over-

expression of MSS4 also suppressed the abnormal morphology

of medium-sized buds on cmd1-226 mutant cells (Figure 2). Thus,

consistent with the suppression of the cmd1-226 growth defect

by MSS4, overexpression of MSS4 suppresses the actin defect of

cmd1-226 cells.

These findings indicate that calmodulin and MSS4 are func-

tionally related, particularly in the regulation of the organization

of the actin cytoskeleton. Furthermore, the above findings,

combined with the observation that multicopy CMD1 failed to

restore growth in a mss4ts mutant (results not shown), suggest

that calmodulin may act upstream of MSS4.

Calmodulin is required for synthesis of PtdIns(4,5)P2 in vivo

To determine if calmodulin acts upstream of MSS4, we exam-

ined phosphoinositide levels in the cmd1-226 mutant. Cells were

labelled with [$H]inositol at 24 °C, shifted to 37 °C for various

times, and assayed for phosphorylated phosphatidylinositol

levels (Figure 4). As observed previously [19], a temperature

up-shift induced production of PtdIns(4,5)P
#

in a wild-type

strain (CMD1), due to activation of MSS4. PtdIns(4,5)P
#
levels

increased approx. 2-fold within 1 h of the temperature shift and

Figure 2 Multicopy MSS4 suppresses a cmd1 mutation

Logarithmic cultures of cmd1-226 (DBY7446) cells carrying an empty vector (cmd1-226 ),

pCMD1 (CMD1) or pMSS4 (cmd1-226­pMSS4) were grown at 24 °C, shifted to 37 °C for

4 h, fixed, stained with TRITC–phalloidin, and observed by Nomarski (lower panel) and

fluorescence (actin staining; upper panel) microscopy. Arrowheads indicate the abnormally-

shaped, medium-sized buds of cmd1-226 cells.

remained at this level for at least 2 h. In contrast, cmd1-226 cells

failed to induce PtdIns(4,5)P
#

synthesis upon temperature up-

shift, indicating that calmodulin regulates PtdIns(4,5)P
#

levels.

The cmd1-226 mutation had little to no effect on the production

of PtdIns3P, PtdIns4P and PtdIns(3,5)P
#
, indicating that cal-

modulin regulates specifically PtdIns(4,5)P
#
levels. These findings

provide further evidence that calmodulin acts upstream of MSS4,

in particular, as an activator of MSS4.

Calmodulin and MSS4 signal independently of the PKC1-activated
mitogen-activated protein kinase (MAPK) cascade

Organization of the actin cytoskeleton and cell integrity, both of

which are affected in mss4 and cmd1 mutants, are controlled in

part by the PKC1-dependent MAPK cascade [35]. The PKC1-

dependent MAPK cascade comprises BCK1}SLK1 (MAPK kin-

ase kinase ; ‘MAPKKK’), MKK1 and MKK2 (MAPK kinases ;

‘MAPKKs’) and MPK1}SLT2 (MAPK) [36]. To investigate if

calmodulin and MSS4 signal to the actin cytoskeleton via acti-

vation of this pathway, we examined whether overexpression of

PKC1 or components of the MAPK cascade restore growth in

cmd1-226 and mss4ts mutants. As shown in Figure 3, the growth

defect of the cmd1-226 mutants is weakly suppressed by over-

expression of PKC1. Overexpression of components upstream of

PKC1, such as the guanine nucleotide exchange factor ROM2 or

the small GTPase RHO2, suppressed very weakly, if at all, the

cmd1-226 mutation. Expression of a constitutively active allele of

BCK1 (BCK1-20) or overexpression of MKK1 or MPK1 failed

to suppress cmd1-226 (Figure 3). Overexpression of PKC1 or

components of the MAPK cascade failed to suppress the mss4ts

mutation (results not shown). These results suggest that the

growth defects of the cmd1-226 and mss4ts mutants are not due

solely to a lack of activation of the MAPK pathway downstream

of PKC1. To determine if calmodulin and MSS4 are required

for the activation of the PKC1-dependent MAPK pathway, we

assayed activation of MPK1 in cmd1-226 and mss4ts cells. Shifting

# 2002 Biochemical Society
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Figure 3 Overexpression of PKC1, but not other members of the PKC1-activated MAPK pathway, suppresses a cmd1 mutation

Wild-type (CMD1 ; DBY7462) cells and cmd1-226 (cmd1 ; DBY7446) cells carrying an empty vector or pCMD1, pROM2, pRHO2, pMSS4, pPKC1, pBCK1-20 (containing an activated allele of BCK1),

pMKK1 or pMPK1 were streaked out on YPD and incubated at 24 °C or at 37 °C.

wild-type cells to 39 °C for 1 h resulted in activation of the

cascade, as determined by Western blotting using an antibody

specific for the activated form of MPK1 [37–39] (results not

shown). Elevated temperature induced activation of MPK1 in

mss4ts cells to a level similar to that observed in wild-type cells.

The cmd1-226 mutation resulted in an even stronger and longer

activation of MPK1 (results not shown). These results indicate

that calmodulin and MSS4 are not required for activation of the

PKC1-dependent MAPK pathway. However, calmodulin and

possibly MSS4 may still signal via PKC1, but independently of

the MAPK cascade, as suggested by the suppression of cmd1-226

by multicopy PKC1.

DISCUSSION

We have shown previously [19] that MSS4 is the only PtdIns(4)P

5-kinase in S. cere�isiae, and that it is required for proper

organization of the actin cytoskeleton. In the present study, we

provide evidence that calmodulin activates MSS4-mediated syn-

thesis of PtdIns(4,5)P
#
, and that it is via MSS4 that calmodulin

controls the actin cytoskeleton. First, cells lacking functional

calmodulin or MSS4 proteins have similar phenotypes. Secondly,

overexpression of MSS4 restores both growth and actin organ-

ization in the cmd1-226 mutant. Finally, PtdIns(4,5)P
#
levels are

reduced in cells lacking calmodulin.

How does calmodulin activate MSS4? Two models could ex-

plain how calmodulin regulates PtdIns(4,5)P
#

synthesis. First,

calmodulin could activate a PtdIns 4-kinase that would, in turn,

yield more substrate for MSS4. Alternatively, calmodulin could

activate MSS4 independently of a PtdIns 4-kinase. Several

lines of evidence suggest that calmodulin does not activate a

PtdIns 4-kinase. First, unlike PtdIns(4,5)P
#
, total cellular levels

of PtdIns4P do not increase upon shift of wild-type cells to

37 °C. Secondly, a calmodulin deficiency prevents heat-induced

PtdIns(4,5)P
#

accumulation, but does not cause a significant

change in PtdIns4P levels. Finally, overexpression of either one

of the two S. cere�isiae PtdIns 4-kinases, PIK1 and STT4, failed

to suppress the growth defect of the cmd1-226 mutant (results

not shown). Thus calmodulin may activate MSS4 independently

of the PtdIns 4-kinases. Frequenin, another member of the

calmodulin superfamily, has been shown to bind and stimulate

PIK1 [40]. This suggests that activation of PtdIns-kinases by

Ca#+-binding proteins may be a common theme. However, we

could not detect a direct interaction between calmodulin and

MSS4 using the yeast two-hybrid system (results not shown),

suggesting that calmodulin may not activate MSS4 directly.

How do calmodulin and MSS4 control the organization of

the actin cytoskeleton? One possibility is that they regulate the

interactions between actin and the actin-binding proteins. Cell

motility and changes in morphology initiated by binding of extra-

cellular ligands to transmembrane receptors, for example during

the activation of platelets or neutrophils, require rearrangement

of the actin cytoskeleton. This is generally achieved by a transient

increase in cytoplasmic Ca#+ concentration and by synthesis of

PtdIns(4,5)P
#
. Ca#+ leads to solubilization of the cytoskeleton via

activation of proteins that disrupt the actin network and inhi-

bition of actin cross-linking proteins. Conversely, PtdIns(4,5)P
#

promotes actin polymerization by inhibiting actin-filament sever-

ing, capping and monomer-sequestering proteins (for review see

[41]). The opposite effects of Ca#+ and PtdIns(4,5)P
#
have led to

a two-step model for the reorganization of the actin cytoskeleton

during cell spreading or crawling [42]. First, Ca#+ induces the

release of actin filaments from the membrane and depolymeriza-

tion of the cytoskeleton. The second phase, characterized by

repolymerization of actin, is triggered by synthesis and rearrange-

ment of phosphoinositides. Our previous observations in yeast

cells undergoing thermal stress support this model [19,43].

# 2002 Biochemical Society
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Figure 4 Calmodulin regulates PtdIns(4,5)P2 levels in vivo

Wild-type (CMD1 ; DBY7462) and cmd1-226 (DBY7446) strains were labelled at 24 °C with [3H]inositol and transferred to 37 °C. Aliquots were collected at the indicated times, and the [3H]inositol-

labelled lipids from cell extracts were deacylated and separated by HPLC. Radioactivity associated with each lipid was quantified and corrected to total levels of phosphatidylinositol found in the

control samples. Total phosphatidylinositol levels (c.p.m.) were as follows : CMD1, 0 h, 663 147 ; 2 h, 693 733 ; 4 h, 687 418 ; cmd1-226, 0 h, 753 572 ; 2 h, 902 835 ; 4 h, 617 489. Data represent

means³S.E.M of two independent experiments.

Rearrangement of the actin cytoskeleton in response to heat is

biphasic. A rapid disappearance of actin cables and depolariz-

ation of the actin cytoskeleton is followed by an MSS4-dependent

phase in which actin cables reappear and the cytoskeleton

repolarizes. Our finding that calmodulin is required for

heat-induced activation of MSS4 suggests that calmodulin is

involved in the second phase of actin rearrangement and might

act as a negative feedback regulator of Ca#+-induced actin

depolarization and as a switch between actin depolarization

and repolarization.

The suppression, albeit weak, of cmd1-226 by multicopy PKC1

suggests that calmodulin and MSS4 may also signal to the actin

cytoskeleton via PKC1. PKC1 is activated by the GTP-bound

form of the GTPase RHO1 or its homologue RHO2 [44,45].

Surprisingly, we found that overexpression of either RHO2 or its

GDP}GTP exchange factor ROM2 did not suppress the cmd1-

226 mutation. This may suggest that there are different pools of

PKC1 regulated by different mechanisms. This notion is con-

sistent with the observations that PKC1 displays punctate

cytoplasmic localization and is also found associated with the

plasma membrane at the site of bud growth, and that shifting

cells to 37 °C induces nuclear translocation only of PKC1

fractions initially localized at the plasma membrane (results not

shown). Thus MSS4 and RHO1}2 might activate different pools

of PKC1. However, if MSS4 does signal to the actin cytoskeleton

via PKC1, this signalling appears to be independent of the

PKC1-effector MAPK cascade, as MPK1 activation is not

affected in cmd1 or mss4 mutants. The existence of a calmodulin-

activated PKC1-dependent pathway parallel to the MAPK

cascade is consistent with an earlier suggestion that there is

functional redundancy of the Ca#+- and MPK1-regulated path-

ways [46]. The Ca#+- activated protein calcineurin and the PKC1-

activated MAPK pathway act in concert to regulate transcription

of FKS2, which encodes a subunit of the 1,3-β-glucan synthase

required for cell-wall synthesis [47,48]. Calcineurin and MPK1

also act in synergy to control the onset of mitosis by activating

the SWI1 transcription factor at the transcriptional and post-

translational levels respectively [49]. In addition, the phenotypes

of glc7 cells, carrying a mutation in the catalytic subunit of type

1 protein serine}threonine phosphatase, suggests a role for this

phosphatase in maintenance of cell-wall integrity, possibly via

a PKC1-related pathway [50].

We also found that cells lacking functional MSS4 are defec-

tive in endocytosis. This provides additional support for the idea

that PtdIns(4,5)P
#

is required for endocytosis. An involvement

of PtdIns(4,5)P
#
in endocytosis was suggested previously by the

finding that a dominant-negative isoform of PtdIns(4)P 5-kinase

Iβ inhibits endocytosis of human colony-stimulating factor 1

receptor [32]. Furthermore, key components of the clathrin-

mediated endocytic machinery are PtdIns(4,5)P
#
-binding pro-

teins [31,33]. Deletion of members of the synaptojanin inositol

5-phosphatases family in yeast also leads to reduced endocytosis

[51], suggesting a role for PtdIns(4,5)P
#
turnover in endocytosis.

Targeted disruption of the synaptojanin 1 gene in mice leads to

death shortly after birth [52]. Neurons of mutant animals have

elevated levels of PtdIns(4,5)P
#

and accumulate clathrin-coated
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vesicles at the synaptic vesicle cluster, the site where clathrin-

mediated internalization of the synaptic vesicle membrane occurs.

Interestingly, cells lacking calmodulin, like mss4ts mutants, are

defective in endocytosis [24,25]. It remains to be determined if

calmodulin also regulates endocytosis via activation of MSS4.
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