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Abstract Cell wall integrity signalling in Saccharomyces cere-
visiae provides a model for the regulation of fungal wall biosyn-
thesis. Chimers of the major plasma membrane sensors Wsc1
and Mid2 fused to GFP have been employed to show that
intracellular and membrane distribution is only dependent on a
membrane-anchored cytoplasmic tail. Phenotypic analyses of
chimeric sensors in an isogenic Dmid2 Dwsc1 double deletion
strain indicate that this tail, provided that it is linked to an extra-
cellular domain, also determines the cellular response to different
surface stresses to a large extent.
� 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Cell integrity in fungi is mainly ensured by a rigid cell wall,

which represents a potential target for antifungal drugs [1,2].

In yeasts, such as Saccharomyces cerevisiae, the cell wall is sub-

ject to controlled structural changes during growth and mating

[3]. This cell wall remodelling can also be observed during cell

surface stress. Detection of the latter is achieved by a set of

plasma membrane sensors which, through the sole yeast pro-

tein kinase C (Pkc1), are connected to a conserved mitogen

activated protein kinase (MAPK) cascade (reviewed in [4,5]).

Activation of the MAPK module finally results in transcrip-

tional changes which lead to new cell wall biosynthesis. Muta-

tions in many genes which encode components of this so-called

cell wall integrity (CWI) pathway cause a cell lysis defect which

is osmo-remedial. They are also hyper-sensitive to cell wall

destabilizing compounds such as Calcofluor white (CFW)

and Congo red [6], as well as to agents which act on the plasma

membrane, such as sodium dodecyl sulfate (SDS) and tea tree

oil [7].

The exact molecular mechanisms by which such stresses are

detected by the plasma membrane sensors still remains elusive.

Two small families of sensors have been described which are
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able to activate the afore mentioned intracellular signalling

cascade: Three members of the Wsc-family (Wsc1, Wsc2 and

Wsc3; for ‘‘wall stress component’’) have been identified in dif-

ferent genetic screens [8–10] (note that Wsc1 is synonymous

with Slg1 and Hcs77). They are characterized by a cysteine-

motif near the amino terminal end, which is followed by a ser-

ine/threonine-rich, highly mannosylated extracellular region, a

single transmembrane domain (TMD) and a relatively short

cytoplasmic tail [11–13]. Each of these motifs has been shown

to be essential for in vivo-function in deletion analyses [14].

The second group of sensors is constituted by Mid2 and

Mtl1 [11,13]. Despite low primary sequence similarities, the

overall structure of these sensors is reminiscent of the Wsc-

family, but they lack the cysteine-motif (see [5], and references

therein). It is presumed that the cysteines could establish a con-

tact to the cell wall glucans and that the glycosylation of the

Ser/Thr-region confers a rod-like structure (reviewed in [5]).

The cytoplasmic tails of Wsc1 and Mid2 have been shown in

yeast two-hybrid assays to interact with Rom2, the GDP/

GTP exchange factor (GEF) which mediates activation of

the small GTPase Rho1 and hence that of the subsequent

CWI components [15,16].

Genetic analyses indicate a primary importance of Wsc1 and

Mid2 for CWI signalling [10,13]. Defects in the other redun-

dant sensors do not display significantly increased stress sensi-

tivities as compared to the wild-type, but mainly aggravate

those of null mutants in either WSC1 or MID2. Since overex-

pression of MID2 partially complements the deletion of

WSC1, it has been concluded that the sensors serve different,

but overlapping functions [11,13]. In this work, we aimed to

follow up these investigations by determining the specificity

of chimeric Wsc1/Mid2 sensors for different stress agents. In

addition, we investigated the influence of the cytoplasmic tail

on the intracellular distribution of functional sensor-GFP

fusions.
2. Materials and methods

2.1. Media, growth conditions, strains and genetic manipulations
Unless stated otherwise, media and standard procedures were ap-

plied as recently described [7]. Caspofungin (brand name Cancidas;
Merck & Co. Inc., USA; 50 mg) was obtained from a local pharmacy
and prepared in sterile water according to the instructions of the man-
ufacturer. It was added to rich medium (YEPD) after autoclaving and
cooling, to final concentrations of 50 and 100 ng/ml. S. cerevisiae
strains employed in this work are HAS17-3B (MATa ura3-52 leu2-
3,112 his3-11,15; an isogenic derivative of HD56-5A [17]) and the
isogenic deletion mutants HAS17-3C (MATa ura3-52 leu2-3,112
his3-11,15 wsc1;SpHIS5), HAS17-3A (MATa ura3-52 leu2-3,
112 his3-11,15 mid2;KlLEU2), and HAS17-3D (MATa ura3-52
blished by Elsevier B.V. All rights reserved.
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leu2-3,112 his3-11,15 wsc1;SpHIS5 mid2;KlLEU2) [7]. HAS17-3D
was used as a recipient strain to construct different sensor gene vari-
ants. Consequently, the following strains share all the auxotrophic
markers and only the sensor alleles are indicated: HAS28 (mid2;MI-
D2ex–WSC1cyt-kanMX wsc1;SpHIS5), HAS29 (mid2;KlLEU2
wsc1;WSC1ex–MID2cyt-kanMX), HAS43 (mid2;MID2cyt-kanMX
wsc1;SpHIS5) and HAS44 (mid2;KlLEU2 wsc1;WSC1cyt-kanMX)
were obtained by one-step gene replacement using appropriate frag-
ments of the plasmids pAS39, pAS40, pAS51 and pAS52 (see below),
respectively. For work with Escherichia coli, strain DH5a from Invit-
rogen (Karlsruhe/Germany) was used.

2.2. Plasmids, genomic substitutions, GFP fusions and sequence analyses
In order to obtain the genes which encode chimeric sensors on plas-

mids suitable for genomic replacement of the deletion alleles, deriva-
tives of pUG6 [18] were constructed, with sensor sequences flanking
the kanMX marker cassette.

For this purpose, fragments which contain the 5 0 ends of the sensor
genes (with approximately 100 bp upstream of the coding sequence
and the entire open reading frame) were inserted upstream. Down-
stream of the cassette, approximately 500 bp of non-coding sequences
3 0 of the sensor genes were introduced: The plasmid pAS31 (MID2)
was constructed with PCR products made with the oligonucleotide
pairs 04.98/04.99 (upstream) and 04.100/04.101 (downstream), which
were cloned into the vector pUG6 using the restriction sites underlined
in the oligonucleotides listed in Table 1. With the oligonucleotides
04.128 and 04.129 a BamHI-recognition sequence was introduced into
the MID2-sequence with the ‘‘QuikChange site-directed mutagenesis
kit’’ (Stratagene, La Jolla, USA). Similarly, pAS30 (WSC1) was con-
structed from pUG6 with PCR products obtained with the oligonucle-
otides 04.94/04.95 (upstream sequences with entire open reading frame
including 200 bp of the 5 0 non-coding region; restriction sites under-
lined in Table 1), and 04.96/04.97 (approximately 800 bp within the
downstream non-coding region; for cloning into pUG6 XhoI and
EcoRV, which are intrinsic to the amplified sequences, were used in
this case). The BamHI site was introduced by site directed mutagenesis
with the oligonucleotides 04.126/04.127. To this end, pAS30 and
pAS31 were digested with BamHI/XbaI and the obtained fragments
were exchanged to get pAS39 (MID2ex–WSC1cyt) and pAS40
(WSC1ex–MID2cyt). Furthermore, the sequences encoding the external
sensor domains were deleted. Therefore, pAS30 and pAS31 were used
as templates for an inverse PCR reaction using the oligonucleotides
05.210/04.128 and 05.209/04.126, which introduced additional BamHI
sites after the sequence encoding the signal peptide of each sensor. The
PCR products were digested with BamHI and religated to yield plas-
mids pAS51 (MID2cyt) and pAS52 (WSC1cyt). DNA sequences were
provided by Heinz Gabriel (Osnabrück/Germany) for which custom-
made oligonucleotides from MWG-Biotech (Munich/Germany) were
employed.
Table 1
Oligonucleotides used in this work

Name Sequence (5 0–3 0)

03.50 accaggagggaaaaacaacgtttta

03.51 ggagatgatttggcaaaatgaaatc

03.52 gaagaaaaattctatgatgaacaag

03.53 gtccacctactcaatatcagaaata

04.94 gcgcgtcGACCAGGCACTAACATTA

04.95 gcgctctagaCCTCGTTACTTCCAG

04.96 GCGCAAGGATTGATTATGTGATAGG

04.97 GTAGTTTACAATAAGGGCAGC

04.98 cgcggtcGACGCCTCTGCCTCAAAG

04.99 cgcgtctaGAGGGTATGTAATGCTA

04.100 cgcgcTCGAGTGCTTTAACGTTCCA

04.101 cgcgactAGTTATTCCCTTTTGCGT

04.126 GGTACAGCTGGATCcGACTCTACGA

04.127 CCACTCGTAGAGTCgGATCCAGCTG

04.128 CTACCGTTACGTACACAggATCcGC

04.129 GCTTGAATCAGCGGTTGCgGATccT

05.209 gcccggatccTTGCACGAAAAATTG

05.210 gcccggatccTAGTGAGCTAAAACA

Restriction recognition sequences introduced by the oligonucleotides and us
present in the template sequence.
Genomic C-terminal GFP-fusions of wild-type WSC1 and MID2 in
strain HD56-5A were obtained via homologous recombination with
PCR products obtained from pFA6a-GFP (S65T)-kanMX [19] as tem-
plate and the oligonucleotide pairs 03.50/03.51 (WSC1-GFP) and
03.52/03.53 (MID2-GFP) as listed in Table 1. Segregants from crosses
with isogenic strains yielded HAS35-8D (MATa WSC1-GFP;kanMX
ura3-52 leu2-3,112 his3-11,15) and HAS4011A (MATa MID2-
GFP;kanMX ura3-52 leu2-3,112 his3-11,15). Strains which produce
carboxy-terminal sensor GFP fusions of the chimeric sensors were ob-
tained from the strains described above as follows: HAS50 was derived
from HAS28 by transformation with a BamHI/SalI fragment from
pAS59. The latter contains the 3 0 part of the WSC1 coding sequence
(from nt 742 to 1134 counted from the ATG translation start codon)
fused in frame to GFP derived from pKT209 [20], followed by a Can-
dida albicans URA3 cassette and a MID2 3 0 non-coding region (from nt
255 to 326 after the translation stop codon). pAS59 was obtained
through several subcloning steps (details are available upon request).

HAS49 was derived from HAS29 by transformation with a BamHI/
SalI fragment from pAS57. The latter contains the 3 0 part of the MID2
coding sequence (from nt 613 to 1128 counted from the ATG transla-
tion start codon) fused in frame to GFP derived from pKT209, fol-
lowed by a CaURA3 cassette and a WSC1 3 0 non-coding region
(from nt 700 to 905 after the translation stop codon). pAS57 was
obtained through several subcloning steps (details are available upon
request).

HAS51 was obtained from HAS43. To this end, the BamHI/HindIII
fragment from pAS81 was transformed. The latter contains the same
WSC1 and GFP coding sequences as pAS59, followed by a Kluyver-
omyces lactis URA3 cassette and the WSC1 non-coding region from
pAS30.

HAS52 was derived from HAS44 by transformation with the Bam-
HI/HindIII fragment from pAS83. The latter contains the same MID2
and GFP coding sequences as pAS57, followed by a KlURA3 cassette
and the MID2 non-coding region from pAS31.

2.3. Fluorescence microscopy
For fluorescence microscopy, cells were grown overnight in synthetic

medium and then inoculated for another 3–6 h in fresh medium with
shaking at 25 �C. Equipment and imaging conditions have been
described, previously [21].
3. Results

3.1. Functional characterization of chimeric sensors

Mutants defective in different components of the CWI path-

way display considerable phenotypic variations depending on
acagtggtcaatccagacgaagctgatCGGATCCCCGGGTTAATTAA

ggaaaaagaaaaaattaatgggaagGAATTCGAGCTCGTTTAAAC

gtaacgaattatcaccacgaaattatCGGATCCCCGGGTTAATTAA

taattaagatggtcaatttacaataattGAATTCGAGCTCGTTTAAAC

CAG

CTCTCCAGC

ACATAC

ATCCTAC

CTG

CGTC

GTGG

TACC

AACCGCTGATTCAAGC

GTGTACGTAACGGTAG

TGCGCG

ATTCACG

ed for subcloning are underlined. Small print indicates nucleotides not
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their genetic background (see [22], and references therein).

Therefore, the studies reported in this work are exclusively

based on an isogenic series of strains, which differed only with

respect to the sequences at the WSC1, MID2 and MAT loci [7].

The Dmid2 Dwsc1 double deletion strain HAS17-3D was used

as a recipient to genomically replace the null alleles by various

parts of one or the other sensor by in vivo recombination

(Fig. 1A). First, the functional importance of the large extra-

cellular domain of each sensor in the genetic background of

this strains was determined. Therefore, sequences which

encode the signal peptide in frame with the TMD and the

cytoplasmic tail of Wsc1 and Mid2, tagged with a KanMX

marker, were used to substitute the wsc1;SpHIS5 and the

mid2;KlLEU2 deletions, respectively. By the use of GFP-
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Fig. 1. Phenotypic analyses of strains with different sensor genes. (A) Schema
Dmid2 Dwsc1 double deletion strain HAS17-3D. The Wsc1 sensor is depicted
and protein sequences obtained by the introduction of the BamHI sites (un
print and italics represent the original DNA and protein sequences in this re
after introduction of the restriction site. C designates the cysteine motif, S/T t
The different sensor domains are not drawn according to scale. (B, C) Serial
medium (YEPD) and were incubated at 25 �C, if not indicated otherwise
concentration of 7.5 mM, SDS at 0.1%, and tea tree oil (TTO) at 0.2%, the l
variations in commercially available preparations of Calcofluor white, the pla
ml. (B) Phenotypes of strains with externally truncated Wsc1 and Mid2 senso
plate for each condition. Strains tested were (from top to bottom): HA
Investigation of chimeric sensor constructs. Note that the plate containing T
days in this case. Strains tested were (from top to bottom): HAS17-3B, HA
from an independent experiment to determine the effect of caspofungin. T
stabilization (YEPD/sorbitol) or rich medium (YEPD) containing 50 ng/ml c
Note that the upper 4 lanes in (B) and (C) show the control strains and are f
same experiment on the same plates and show the strains with modified senso
grow, and HAS43 (MID2ex–WSC1cyt Dwsc1) displayed a marginal resistanc
fusions, the proteins produced were shown to reside at the

plasma membrane (see below). As shown in Fig. 1B the Dmid2

Dwsc1 double deletion strain was sensitive to all stress condi-

tions and only grew in the presence of osmotic stabilization,

i.e. on plates containing 1 M sorbitol. Similar phenotypes

can be observed for strains carrying the truncated constructs.

In contrast, the wild-type and the Dmid2 strain grew well in

the presence of caffeine, Calcofluor white, SDS, and at elevated

temperatures. For tea tree oil, the reported hyper-resistance of

the Dmid2 deletion mutant was observed [7]. For caspofungin,

both single deletion strains showed sensitivity as compared to

the wild-type. On the other hand, the strain with a Dwsc1 dele-

tion displayed an increased sensitivity to caffeine and Calco-

fluor white. Thus, each sensor deletion mutant responds to a
sorbitol 37˚C caffeine

CFW SDS TTO

sorbitol 37˚C caffeine

CFW SDS TTO

caspofun*

caspofun*

sorbitol *

sorbitol *

tic representation of sensor variants expressed in the background of the
in light grey, the Mid2 sensor in dark grey. Below, the modified DNA

derlined) for construction of the chimeric sensors are indicated. Small
gion. Capital letters of DNA and amino acids represent the sequence
he serine/threonine-rich region, and TMD the transmembrane domain.
dilution patch tests of the strains are shown. All plates contained rich

. Plates were incubated for 3–4 days. Caffeine was added at a final
atter in conjunction with 0.5% Tween 40. Due to the enormous charge
te shown in (B) contained 300 lg/ml, the one shown in (C) only 10 lg/

rs. Drop dilution assays are all from the same experiment and from one
S17-3B, HAS17-3A, HAS17-3C, HAS17-3D, HAS43, HAS44. (C)
TO was obtained from an independent assay and was incubated for 6
S17-3A, HAS17-3C, HAS17-3D, HAS28, HAS29. *Designates results
he plates shown are either the controls in the presence of osmotic
aspofungin (caspofun). All plates were incubated for 3 days at 25 �C.
rom one assay (i.e. identical). The lower two lanes were assayed in the
r genes. At 100 ng/ml caspofungin only the wild-type strain was able to
e (not shown).
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specific set of stress conditions and the membrane-anchored

cytoplasmic tails are not sufficient to complement the growth

defects of the double deletion.

To investigate which parts of the sensors determine signal

specificity, the extracellular sequences of Wsc1 were fused to

the TMD and cytoplasmic tail of Mid2 and vice versa. Again,

all encoding constructs were genomically integrated at the

respective loci (i.e. WSC1ex–MID2cyt at the WSC1 locus and

MID2ex–WSC1cyt at the MID2 locus). As evident from

Fig. 1C, a strain with a chimeric sensor carrying the cytoplas-

mic tail of Wsc1 grows like the wild-type control under almost

all conditions tested. In this respect, the chimeric construct

behaves much like a strain carrying a single Dmid2 deletion.

However, it does not display a hyper-resistance to tea tree

oil. On the other hand, a strain expressing a fusion of the

extracellular domain of Wsc1 to the internal part of Mid2

(WSC1ex–MID2cyt) largely resembles the single Dwsc1 deletion

strain in its growth behaviour (i.e. in the presence of Calcoflu-

or white, caspofungin and at elevated growth temperatures). It

is, however, slightly more sensitive to SDS, slightly more resis-

tant to caffeine and displays a remarkable hyper-resistance to
Fig. 2. Localization of different sensor-GFP fusions. (A) The upper lanes sh
white bars represent a size standard of 5 lm. For Wsc1-GFP constructs two p
bud and at the bud neck and vacuole prior to cytokinesis, respectively. N
localization at the emerging bud and in fragmented vacuolar compartment
HAS40-11A (Mid2-GFP), HAS51 (Mid2cyt–GFP), HAS50 (Mid2ex–Wsc1cy

Time-lapse pictures of HAS35-8D (Wsc1-GFP). The uppermost picture show
top to bottom were taken from the same cell with the GFP-filter in time in
mother cell has been superimposed for orientation. The arrow indicates one s
the same time frame.
tea tree oil (Fig. 1B). Note that for the single deletion mutants

variations with respect to caffeine-sensitivity can be observed

between independent experiments. Therefore, all tests always

included the proper controls.

3.2. Intracellular sensor distribution

In order to obtain some information on the governing fac-

tors regarding the dynamics and intracellular localization of

the sensors, the wild-type genes and those which encode the

truncated and the chimeric sensors described above were

genomically fused in frame to the GFP gene at their 3 0 end.

The carboxyterminal GFP-modification of the full-length sen-

sors did not alter the growth behaviour of the strains with the

non-tagged versions under any of the conditions tested above

(data not shown). This can be taken as strong evidence that

the fusions are functional in vivo. Wsc1-GFP proved to be

highly dynamic and concentrated at emerging buds and at

the bud neck prior to cytokinesis (Fig. 2). On the other hand,

Mid2-GFP showed a more static, even membrane distribution.

Interestingly, the GFP-fusions of the membrane-anchored

constructs completely lacking the extracellular domain local-
ow the bright field images, the lower lanes the GFP fluorescence. The
ictures are shown on the left as examples of localization at the emerging
ote that in the fusion with only the cytoplasmic tail of Wsc1 both a
s can be observed. Strains employed were: HAS35-8D (Wsc1–GFP),

t–GFP), HAS49 (Wsc1ex–Mid2cyt–GFP), HAS52 (Wsc1cyt–GFP). (B)
s the bright-field image (size bar = 4 lm) and the following images from
tervals of 800 milliseconds. The white doted line which surrounds the
ignal changing its position. Note that other signals are also changing in
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ized much like the full-length fusions. Thus, Wsc1cyt-GFP con-

centrated at the sites of emerging buds and, subsequently, at

the bud neck. There appeared to be a highly dynamic fluctua-

tion between plasma membrane and cytoplasm. In addition, a

marked accumulation of the GFP signal can be detected within

the vacuole, which, besides endocytic travelling, could also be

due to a misfolding of the protein in the secretory pathway and

targeting for degradation (Fig. 2). Mid2cyt-GFP showed the

static membrane distribution as did the full-length Mid2-

GFP fusion. Finally, GFP-fusions of the chimeric sensors also

behaved as expected from the information displayed by their

cytoplasmic tails. Thus, Mid2ex–Wsc1cyt-GFP showed the

dynamic distribution observed for Wsc1-GFP and external

sequences and TMD with cytoplasmic tail of the respective

sensors (Wsc1ex–Mid2cyt)-GFP appeared across the entire

plasma membrane, as did Mid2-GFP.

To determine the contribution of the TMD to sensor local-

ization, we also constructed genomic GFP fusions switching

only the intracellular domains of the sensors. Again, hybrid

sensors with only the cytoplasmic tail of Wsc1 (Mid2exTMD–

Wsc1cyt) resembled Wsc1cyt-GFP (which lacks the external do-

main) in its distribution and dynamics, and those with only the

cytoplasmic tail of Mid2 behaved like Mid2-GFP (data not

shown).
4. Discussion

The exact mode by which the CWI sensors Mid2 and Wsc1

recognize extracellular signals and trigger specific intracellular

responses in S. cerevisiae is still a mystery [5]. An appealing

model for these functions is deduced from the similar sensor

structures. Thus, the amino-terminal ends of the sensors could

bind to cell wall components (through the cysteine-motif of

Wsc1 and an as yet unknown mode of action for Mid2). The

highly mannosylated Ser/Thr-rich region could provide a

rod-like structure connecting to the TMD. Mechanical forces

acting either on the cell wall or on the plasma membrane

would then trigger a protein distortion, which in turn may alter

the folding of the cytoplasmic tail. Alternatively, the signal

could lead to a dimerization of the sensor molecules also affect-

ing the conformation (or modification [23]) of the cytoplasmic

regions. The latter would, either directly or indirectly, allow

interaction with Rom2 as an upstream component of the

CWI signalling pathway [16,23]. Although such a model pro-

vides a means of signal detection, it does not explain the sen-

sor-specific cellular responses.

The phenotypes of the chimers investigated in this work indi-

cate that the cytoplasmic tails of the sensors contribute signif-

icantly to the signal specificity. Note that a Dmid2 deletion in

the genetic background of our strain does not show reduced

growth under most of the conditions tested. A reported

hyper-resistance to caspofungin [24] was not observed. Rather,

the deletion strain was more sensitive as compared to the wild-

type. Therefore the conclusion on the importance of the cyto-

plasmic tail for signalling is mainly taken from the phenotypes

conferred by the construct carrying this tail derived from Wsc1

(Mid2ex–Wsc1cyt). It rescued most of the growth defects dis-

played by the double deletion strain (wsc1;SpHIS5 mid2;-

KlLEU2). The failure to complement, which was observed with

the sensors lacking the external sequences, clearly shows that
an external extension (which is interchangeable between the

sensors and most likely connects to the cell wall) is essential

for function. This adds to the previous observations reported

on truncated Wsc1 sensors [14,16,25]. However, it should be

noted that, with regard to tea tree oil, the extracellular part

of the sensor seems to govern the response, i.e. the WSC1ex–

MID2cyt construct shows the hyper-resistance of a Dmid2 dele-

tion strain. Thus, specificity also seems to depend on the type

of extracellular stress applied.

In this context, an appealing way to modulate the cellular

response to stresses detected by different sensors through the

same CWI signalling pathway would be a micro-compartmen-

tation within the plasma membrane. Thus, local sensor con-

centrations could lower the threshhold for signal generation.

In fact, as demonstrated with the C-terminal GFP fusions,

Wsc1 and Mid2 display a strikingly different dynamics and

localization within the plasma membrane. The highly dynamic

behaviour of Wsc1 has recently been shown to be caused by a

fast turnover through endocytosis ([26] and unpublished re-

sults from our laboratory). This was also observed for the

homologous sensor from the closely related yeast Kluyveromy-

ces lactis [21]. Interestingly, in the latter work, it could also be

shown that species-specificity of the Mid2 sensor seems to be

mainly conferred by the extracellular sequences.

In conclusion, the data presented in this work indicate that

intracellular signal generation in the CWI pathway is at least

partially governed by the local concentrations of the sensors

Wsc1 and Mid2 within the plasma membrane. These are deter-

mined by the cytoplasmic sensor tails. For Wsc1 it could be

shown that the determinant for plasma membrane localization

within the cytoplasmic tail is an endocytosis signal [26]. For

Mid2, the processes determining the static localization within

the plasma membrane remain to be elucidated.
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