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Mutational Analysis ldentifies a Short Atypical Membrane Attachment Sequence
(KYWFYR) within Caveolin-1If
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ABSTRACT. Caveolae are vesicular invaginations of the plasma membrane. Their formation is strictly
dependent on the expression of the caveolin coat proteins. During transit to the plasma membrane,
approximately 15 monomers of caveolin-1 assemble into a multivalent homo-oligomer. Caveolae are most
likely generated through the subsequent interaction of these caveolin homo-oligomers with one another,
with sphingolipids, and with cholesterol. Membrane association of caveolin-1 is critical to this process
and is facilitated by an atypical N-terminal membrane attachment domain (residad9BR termed
N-MAD. To better understand the membrane attachment function of N-MAD, we performed a detailed
mutational analysis of the 20 amino acid N-MAD peptide sequence fused to the C-terminus of the soluble
reporter green fluorescent protein (GFP). Removal of the distal six residues (KYWFYR) within N-MAD
prevents membrane attachment in cells as assessed by hypotonic lysis, detergent solubility, carbonate
extraction, and fluorescence microscopy. These six residues (KYWFYR) are sufficient to confer membrane
attachment to GFP, an otherwise soluble protein. Both the central aromatic and flanking basic residues in
this sequence are required for membrane attachment, as the sequence YWFY does not confer membrane
affinity to GFP. Although the KYWFYR sequence within N-MAD facilitates membrane association, we
show that the entire N-MAD sequence is required for targeting to lipid rafts/caveolae.

Electron microscopy of endothelial cells and most epi- a hairpin configuration within the membrane with the N-
thelial tissues reveals 50.00 nm invaginations of the cell —and C-terminal domains extending into the cytoplagd®
membrane termed caveolae. Although most conspicuousl?). Detailed molecular characterization of caveolin-1 shows
when flask-shaped in morphology, caveolae can vary in that the regions that flank the central hydrophobic domain,
shape and may even be flat within the membrane. Caveolaenamely, residues 82101 and and residues 13350, bind
are enriched in cholesterol and sphingolipids, rendering themto membranes with high affinityl( 18—20) and serve as
physically distinct from the adjacent phospholipid membrane. targeting signals for retention in different cellular compart-
The study of caveolae has advanced significantly after ments (, 18).
identification of the major coat protein caveolin-1).( We recently demonstrated that the caveolin scaffolding

Caveolin-1 is the first of three members of a gene family domain (CSD, residues 82.01) is sufficient to anchor green
encoding encoding four different subtypes of caveolin fluorescent protein (GFP) to membranes in whole cdl)s (
proteins 2—4). Caveolin-1 ( andf5) and caveolin-2 have a  This region was, thus, given an alternative designation as
nearly identical tissue distribution, while caveolin-3 is the N-terminal membrane attachment domain (N-MAD).
expressed in musclé{9). Caveolin-1 and caveolin-3 are  Given the multifunctional role of the CSD/N-MAD, we were
necessary for the formation of caveolae in their respective interested in defining a minimal region that facilitates
tissues of expressiorl(—12). membrane attachment in vivo. In this paper, we identify a

Many experimental approaches have been used to charshort, atypical C-terminal sequence, KYWFYR, within the
acterize the interaction of caveolins with the caveolar CSD/N-MAD that is important for membrane association.
membrane. Collectively, these studies show that caveolin-1Although no one residue within this region is necessary to
assumes an unusual hairpin-loop membrane topology. Briefly,confer membrane attachment, we now show that the KY-
it is thought that the central portion of caveolin-1 generates WFYR sequence alone is sufficient to anchor the soluble

reporter protein GFP to membranes. The entire N-MAD
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Biochemicals); rabbit anti-GFP IgG (full-length (FL) raised
against the entire GFP molecule) (Santa Cruz Biotechnol-
ogy); and HRP-conjugated goat anti-rabbit IgG (BD-Trans-
duction Laboratories).

Construction of the GFPN-MAD Expression Vectors
GFP-N-Cav-1 (82-101) contains the indicated caveolin-1
sequence subcloned aslandlll/BanHI fragment within the
multiple cloning site of the GFP expression vector pEGFP-
C1 (Clontech) ). This construct was used as a template in
generating GFPN-Cav-1 (82-96) through GFP-N-Cav-1
(82—100). A uniqueNhd site 5 to the coding region of
EGFP in the pEGFP plasmid was included in the forward
primer that was used to amplify GFN-Cav-1 (82-101).
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containing protease inhibitors was used to scrape the cells
off the dish (9). The sample was transferred to a tightly
fitting 1 mL Dounce homogenizer and homogenized with
five strokes. Following a 30 min incubation on ice, the
sample was transferred to an ¥134 mm polycarbonate
tube and centrifuged at 100 000 rpm in a TLA-100.2 rotor.
The pellet was resuspended in an equal volume of 1% SDS.
Both fractions were sonicated on ice, and /0 of each
were subjected to SDSPAGE and immunoblot analysis.
Triton Solubility. Cells were grown to confluence in 35
mm diameter dishes and washed twice with ice-cold PBS.
Three hundred microliters of cold MBS (25 mM Mes (pH
6.5), 150 mM NacCl) containing 1% Triton X-100 plus

A series of reverse primers was used to generate the variougrotease inhibitors was then addd@)( Following a 30 min

C-terminal truncations of GFPN-Cav-1 (82-101). An in-
frame stop codon followed byBanH]| site was included in
each of the reverse primers. The PCR products were all
subcloned adNhd/BanHI| fragments into pEGFP-C1. The
alanine mutant constructs were prepared in a similar fashion,

incubation on ice without agitation, the soluble fraction was
collected. An equal volume of 1% SDS was added to the
plate to dissolve the remaining Triton X-100-insoluble
material. The latter fraction was passed through a 26-gauge
needle 10 times in order to lower its viscosity. Twenty

using reverse primers coding for an alanine residue at themicroliters of the Triton X-100-soluble and insoluble frac-

appropriate position. Other constructs were prepared by

tions were each separated by SEFSAGE and subjected to

standard PCR methods and were subcloned into the samémmunoblot analysis.

sites within the pEGFP-C1 multiple cloning site.

Cell Culture and Transfection Methadduman embryonic
kidney 293T cells and COS-7 cells were propagated and
transfected, as described).(293T and COS-7 cells were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 2 mM glutamine, 100
units/mL penicillin, and 10&xg/mL streptomycin. 293T cells

were transfected using the calcium phosphate transfection

method, and COS-7 cells were transfected using Fugene 6
as detailed by the manufacturer (Roche Molecular Biochemi-
cals).

Protein AssaysProtein concentrations were determined
using a commercially available bicinchoninic acid protein
assay kit, as described by the manufacturer (Pierce).

ImmunoblottingSamples were subjected to SDBAGE
under reducing conditions and transferred to nitrocellulose
membranes. Protein bands were stained with Ponceau
(Sigma). Membranes were then washed, blocked, incubate
with primary antibody, washed again, and incubated with

3

Fluorescence MicroscopyCOS-7 cells were grown on
cover slips, fixed in ice-cold methanehcetone, viewed with
an inverted Olympus microscope, and photographed with a
Photonics CCD camera. All microscopy was performed at
the Analytical Imaging Facility of the Albert Einstein College
of Medicine.

Purification of Caveolae-Enriched Membrane Fractions.
Caveolae-enriched membrane fractions were purified, es-
sentially as we described previousl{).( Cells grown to
confluence in two 100-mm diameter plates were washed
twice in ice-cold PBS, scraped into 750L of MBS
containing 1% Triton X-100, passed five times through a
tightly fitting Dounce homogenizer, and mixed with an equal
volume of 80% sucrose (prepared in MBS lacking Triton
X-100). The sample was then transferred to a 4.5 mL
ultracentrifuge tube and overlaid with a discontinuous sucrose
radient (1.5 mL of 30% sucrose, 1.5 mL of 5% sucrose;
oth prepared in MBS, lacking detergent). The samples were
then subjected to centrifugation at 200 §0@4 000 rpm,

secondary antibody conjugated to horseradish peroxidasegq ) rotor TH-660) for 16 h. A light scattering band was
Bound IgG were detected using a chemiluminescent substratep<arved at the 5%/30% sucrose interface. Twelvea75-

(Pierce).

Hypotonic LysisBriefly, cells grown to confluence in a
60 mm diameter dish were scraped into cold PBS, pelleted
by centrifugation, and resuspended in 7B0of hypotonic
buffer (5 mM Tris (pH 7.5), 1 mM MgGl 1mM EGTA,

0.1 mM EDTA) containing protease inhibitors9). Follow-

fractions were collected, protein concentrations were deter-
mined, and equal concentrations of protein from each fraction
were subjected to SDSPAGE and immunoblot analysis.

RESULTS

ing a 30 min incubation on ice, the lysate was passed through Deletion Mutagenesis of the N-Terminal Membrane At-

a 26-gauge needle 10 times and centrifuged at ¢G60

tachment Domain (N-MAD) of Geolin-1. We have dem-

remove nuclear debris. The postnuclear lysate was transferre@nstrated previously that residues-801 of caveolin-1 serve

to an 11x 34 mm polycarbonate tube and centrifuged at
56 000 rpm for 30 min in a TLA-100.2 rotor (Beckman).

as a high-affinity membrane-binding region, termed N-MAD.
This domain confers high-affinity membrane attachment to

The supernatant was collected, and the pellet was resusGFP, an otherwise soluble protein, as assessed by hypotonic

pended in an equal volume of 1% SDS. An aliquot of 25
uL from each fraction was subjected to SBBAGE and
immunoblot analysis.

Alkaline Carbonate ExtractianCells were grown to
confluence in a 60 mm diameter dish and washed twice in
ice-cold PBS and once in 150 mM NaCl. After aspiration
of the NaCl solution, 1 mL of 200 mM NaGJpH 11.3)

lysis, alkaline carbonate extraction, detergent solubilization,
and fluorescence microscop)(

As the C-terminal of N-MAD contains a cluster of four
aromatic residues flanked by basic amino acids (KYWFYR,
residues 96101), we suspected that this region of N-MAD
may mediate its membrane binding activity. Indeed, McLaugh-
lin and colleagues showed that a peptide corresponding to a
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A. 1 61 &2 101 178 GFP-N-Cav-1
Caveolin-1 | N [ opb [N-maD c
82-101 82-100 82-99 82-98 8297 82-96
s P s P s P s P s P s P

GFP-CAV-1(82-101) [ GFP__|DGIWKASFTTFTVTKEYWFYR
GFP-CAV-1(82-100) [ GFP__IDGIWKASFTTFTVIKYWFY
GFP-CAV-1(82-99)  [_GFP _|DGIWKASFTTFTVTKYWF
GFP-CAV-1(82-98) [ GFP _IDGIWKASFTTFTVIKYW
GFP-CAV-1(82-97) [ GFP__IDGIWKASFTTFTVTKY
GFP-CAV-1(82-96) [ _GFP__IDGIWKASFTTFTVTK

Ficure 2: GFP is extractable by alkaline sodium carbonate when
a C-terminal portion of N-MAD is deleted. 293T cells transiently
expressing the indicated GFHR-MAD deletion constructs were
homogenized in 200 mM NaGO(pH 11.3). Soluble (S) and
particulate (P) fractions were recovered by high-speed centrifuga-
tion. Equal volumes of both fractions were subjected to SDS

B. GFP-N-Cav-1 PAGE and transferred to nitrocellulose. Immunoblot analysis with
anti-GFP antibodies demonstrates that deletion of the four C-
82-101 82-100 82.99 8298 82.97 82.66 termi_nal res_idues of N-MAD renders GFIRN-MAD soluble in
s » s » s & s » s p s b alkaline sodium carbonate.
- - = - uem am= ponents of cellular lysates (Figure 1B). As previously shown,
the GFP-N-MAD fusion protein was localized almost
FIGURE 1: Construction and characterization of GAR-MAD exclusively in the particulate fraction. Interestingly, sequen-
deletion mutants. (A) Caveolin-1 can be divided into three large tial deletion of residues 101 through 99 failed to increase
domains: the N-terminal domain (N, residueséll), the oligo- the solubility of GFP. However, the subsequent deletion of

merization domain (OD, residues-6101), and C-terminal domain residue 98 resulted in GFP being equally distributed in the

C, residues 102181). The N-terminal membrane attachment : ; :
Eiomain ((N-MAD, also) known as the Caveolin scaffolding domain supernatant and particulate fractions. No further changes in

(CSD), residues 82101) exists within the oligomerization domain. GFP solubility were observed with the loss of residue 97.
GFP-CAV-1 (82-101) represents a fusion of the N-MAD of  Thus, GFP-N-MAD shifts from being predominantly mem-
caveolin-1 (residues 82101) to GFP; the constructs which follow  prane-bound to equally dispersed between the soluble and

ﬁlr-?vl ;lécfglszisjixe(% \?.il?éezd— 1%y0)otﬂr60urgﬁi((13u|:ePgtA{?-?l (g;_eg%‘)i;‘us ofpellet fractions upon the loss of the distal four residues of
(B) 293T cells were transiently transfected with the indicated 6FP 'S C-terminus under the conditions of hypotonic lysis.
N-MAD deletion constructs. Thirty-six-hours post-transfection cells ~ Carbonate and Detergent Resistance ofv€alin-1 N-

were subjected to hypotonic lysis, and proteins were fractionated MAD Deletion Mutants.A more stringent method for
into soluble (S) and particulate (P) portions by high-speed examining the high-affinity association of proteins with

centrifugation. The particulate material was resuspended in aV0|umemembranes is to expose cell membranes to high pH. Those
equivalent to the soluble fraction, and equal volumes of each were - . . .
proteins resistant to extraction are considered mtegral

separated by SDSPAGE. Proteins were transferred to nitrocel- X -

lulose and probed with anti-GFP antibodies. Deletion of the four membrane proteins2@). 293T cells expressing the panel

C-terminal residues of N-MAD is sufficient to increase the solubility of GFP fusion constructs were exposed to alkaline sodium

of GFP dramatically (i.e., lessen its afflnlty for membranes). carbonate (pH 113) extraction, and proteins were Separated
into soluble and membrane-bound fractions (Figure 2). As

protein effector domain binds membranes with high-affinity godium carbonate extractiorl)( Sequential deletion of

in vitro (20). To test this hypothesis directly, we generated yesidues 101 through 99 of N-MAD failed to restore the

a panel of five N-MAD C-terminal deletion mutants fused = so|ybility of GEP. Only after the deletion of residue 98 did

to the soluble GFP reporter and assessed their affinity for GEp |ocalize to the soluble fraction. Loss of residue 97 had

biological membranes in whole cells (Figure 1A). no greater effect on the solubility of GFP.

To eliminate the possible interaction of these fusion  Caveolae are characterized physically by their insolubility
proteins with endogenous caveolins, we chose to express theiin nonionic detergents, such as Triton X-100 at low tem-
cDNAs in human embryonic kidney 293T cells. Like many peratures, and buoyancy in a sucrose density grad23ht (
transformed cell lines, 293T cells do not express any known These properties are due to the relative abundance of
caveolins 1). Furthermore, 293T cells do not express other cholesterol and sphingolipids within caveolae. In addition
integral caveolae membrane structural proteins (i.e., flotill- to homo-oligomerizing 16) and having palmitoylation
ins), which we demonstrated can hetero-oligomerize with groups that insert into the membrared), caveolins also
caveolin-1 R1). Importantly, we found previously that bind sphingolipids24) and cholesterol5). As we showed
expression of caveolin-1 in these cells results in proper previously, GFP-N-MAD is localized to the membrane-
oligomerization, palmitoylation, and localization of the bound fraction upon Triton X-100 extraction (Figure 3, and
caveolin-1 protein 19). In summary, 293T cells are well-  ref 1). The subsequent deletion of C-terminal residues
suited for an unbiased analysis of the membrane affinity of restores GFP’s solubility in Triton X-100, with the GFP
GFP when fused to distinct caveolin-1 domains because theseCav-1 (82-96) construct being completely Triton-soluble.
cells contain the necessary sorting machinery for assembling | ocalization of Caeolin-1 N-MAD Deletion Mutants As
and directing caveolin-1 oligomers to caveolae, yet they do Revealed by Fluorescence Microscopyo examine the
not express caveolae structural proteins endogenously.  subcellular localization of the various GFP-fusion proteins,

To assess the membrane association of the N-MAD we performed fluorescence microscopy in transfected COS-7
mutants, we used an established fractionation method (hy-cells (Figure 4). This cell line, like 293T, shows little or no
potonic lysis) to separate the soluble and particulate com-endogenous caveolin-1 and was selected for these studies
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GFP-N-Cav-1 A
GFP-CAV-1(82-100,(Y100A)) [ GFP IDGIWKASFTTFTVTKYWFAR
82101 82-100 B82-99 B82-98 82-97 B82-96
GFP-CAV-1(82-100, (F99A)) [_GFP__JDGIWKASFTTFTVTKYWAYR
s P s P s P s P s P s P
GFP-CAV-1(82-100, (W98A)) [ GFP _|DGIWKASFTTFTVTKYAFYR
- - -l -, - — - -_ GFP-CAV-1(82-100,(Y97A)) [_GFP__IDGIWKASFTTFTVTKAWFYR

) ) ) . GFP-CAV-1(82-100, (K96A)) [_GFP__IDGIWKASFTTFTVTAYWFYR
Ficure 3. GFP is rendered more soluble in Triton X-100 with

each subsequent deletion of the C-terminal residues of N-MAD.
293T cells transiently expressing the indicated GRPMAD B
deletion constructs were extracted with ice-cold Triton X-100, .
homogenized, and fractionated into soluble (S) and particulate (P)
portions. Equal volumes of both fractions were subjected to-SDS
PAGE, transferred to nitrocellulose, and immunoblotted with anti- Y1004 Fo9A WosA YoTA KesA
GFP antibodies. Deletion of the arginine at position 101 of the s P s P s P s P s P
C-terminus of N-MAD failed to alter the solubility of GFP in Triton

GFP-N-Cav-1

X-100; however, the subsequent deletion of the C-terminal residues Tl - - o Wpdbosic
successively increased the solubility of GFP. °
— = - - @8  Alkaline
Extraction
m—_— - fa - - Triton X-100

Extraction

Ficure 5: Construction and characterization of GAR-MAD
alanine mutants. (A) The C-terminal residues of GEFAV-1 (82—
101) were each individually mutated to alanine: GRFAV-1
. (F100A) through GFPCAV-1 (K96A). (B) 293T cells were

GFP-N-Cav-1(82-101) transiently transfected with the indicated GAR-MAD alanine

: mutant constructs. Thirty-six-hours post-transfection cells were
subjected to hypotonic lysis, alkaline sodium carbonate extraction,
or Triton X-100 extraction, as in Figures-B. Immunoblot analysis
demonstrated that each fusion protein was found predominantly in
the particulate portion after each fractionation procedure.

(82—101) through GFPCav-1 (82-98) had a similar
punctate fluorescence pattern, while GRPav-1 (82-97)

and GFP-Cav-1 (82-96) were diffusely distributed through-
out the cytoplasm. These results corroborate the fractionation
GFP-N-Cav-1(82-99) GFP-N-Cav-1(82-98) findings shown in Figures-13.

Alanine Scanning Mutagenesis within the N-Terminal
Membrane Attachment Domain of @mlin-1. Having
established that the C-terminal residues of N-MAD are
important for membrane attachment, we examined the
contribution of individual residues by generating and char-
acterizing a panel of GFPN-MAD alanine-scan mutants
(Figure 5A). Figure 5B shows that each of the alanine-scan
mutants was located in the pellet fraction upon hypotonic
lysis, alkaline carbonate treatment, and Triton X-100 extrac-

GF;_N_CW_”&_Q?] ' " _tion, indicating that all of these mutants are membrane-bound

d - ol in cells. These results were confirmed by fluorescence
FIGURE 4: Fluorescence microscopy of GFR-MAD deletion microscopy (data not shown). These results indicate that no
mutants. Cos-7 cells were transiently transfected with the indicated single residue is responsible for membrane attachment, but
GFP-N-MAD deletion constructs. Thirty-six-hours post-transfec-  yather, as indicated from the deletion mutagenesis, multiple
tion cells were fixed and viewed using fluorescent microscopy. . - . .
GFP-CAV-1 (82-101) had a punctate pattern, similar to the residues Wlth_m 'Fhe C-terminus of N-MAD are required for
pattern seen when full-length caveolin-1 is fused to GFP. Deletion membrane binding.
;:)r:_the dii’g}[leth;?% r%'tﬁg\:‘vig\?érfegl:dgii/%f(g'z“ﬂg% ?A‘g%}g’;'tef The KYWFYR Sequence ltself Is Sufficient To Confer

IS punc ) - — H
CAVFfl (82—95) both had a diffuse cytosolic pattern. These results Membrane Attachmerithe KYWFYR sequence contains a
are consistent with the fractionation data in Figures31 central cluster of four aromatic residues flanked by two basic

residues. To determine the relative contributions of these two
because it adheres tightly to glass coverslips, whereas 293Ttypes of amino acyl residues to membrane attachment, we
cells are less adherent. GFBav-1 (82-101) has a punctate  characterized two additional GFP-fusion proteins: GFP
distribution that is similar to the full-length protein, GFP KYWFYR and GFP-YWFY. Figure 6 illustrates clearly that
Cav-1 (1-178), reflecting its membrane localizatiob)(In the YWFY sequence is inadequate to localize GFP to the
agreement with the cellular fractionation results, GkFRv- pellet fraction under all conditions tested. However, the
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A. Fraction
GFP-CAV-1(KYWFYR)  [_GFP__IKYWFYR
1 2 3 4 5 6 7 8 8 W 1M 12
GFP-CAV-1(YWFY) [Grp__lYWFY
ey ¥ T ¢ GFP-YWFY
B.
YWFY  KYWFYR - eun e e=m o®  GFP-KYWFYR
s P s P
-_— - e Hypotonic Lysis Y e bl ot GFP-N-MAD
Ficure 7: Neither the KYWFYR nor the YWFY sequences are
caveolar membrane targeting signals. GRYWFYR and GFP-
- -~ o @ Alkaline Extraction YWFY were each transiently expressed in 293T cells. Thirty-six-
hours post-transfection cells were lysed in 1% Triton X-100 in
MBS. The lysate was mixed with an equal volume of 80% (w/v)
sucrose. The mixture was placed at the bottom of an ultracentrifuge
) . . tube and then overlaid with a discontinuous sucrose gradient. After
- @ @  Triton X-100 Extraction ultracentrifugation, 12 fractions were collected, and protein con-
centrations were determined. Equal masses of protein from each
FiGure 6: Construction and characterization of GAR-MAD fraction were subjected to SDSAGE. After electrophoresis,

aromatic/basic residue cluster mutants. (A) The KYWFYR or proteins were transferred to nitrocellulose. Immunoblot analysis
YWFY sequences were each fused to the C-terminus of GFP. (B) shows, as previously demonstrated), @ proportion of GFP-N-
293T cells were transiently transfected with the indicated fusion MAD targets to low-density fractions-3. However, both GFP
protein. Thirty-six-hours post-transfection cells were subjected to KYWFYR and GFP-YWFY failed to localize to fractions 35,
hypotonic lysis, alkaline sodium carbonate extraction, or Triton arguing that the KYWFYR sequence serves as a membrane
X-100 extraction, as in Figures-B. Whereas roughly half of the  attachment domain, but not as a caveolae targeting domain.
GFP-KYWFYR protein was in the particulate fraction, nearly all

of the GFP-YWFY protein was soluble. Thus, loss of the flanking and cysteines 133, 143, and 156 are palmitoylated in vivo
basic residues resulted in a marked increase in the solubility of the (14, 17, 28, 29). Third, caveolin-1 is not sugar-modified when
GFP. artificial glycosylation sites are placed at the extreme N- or

. . C-termini, arguing that its post-translational modification
KYWFYR sequence was able to render a substantial fraction ' : . .
of GFP membrane bound under these same conditions. Thesiter)S are not those of a typical single-pass integral membrane

results suggest the need for electrostatic interactions mediate rotein (L5). Fourth, antibodies directed against the N- and
99¢ . . . . . C-terminal domains and epitope tagged caveolin-1 constructs
by the flanking basic residues, in addition to the aromatic

residues, for N-MAD's membrane association. only stain permeabilized cell§,(13—15). Fifth, akin to other

The KYWFYR Sequence Itself Is Not Sufficient To Confermtegral membrane proteins, caveolin-1 has a central hydro-

. o . phobic stretch of amino acids, is inextractable from the
Targeting to Lipid Rafts/Ceeolae.We used an established membrane fraction by alkaline sodium carbonate treatment,

equilibrium sucrose de.nsit.y.gradient system to separate ..o photoaffinity labeled with a variety of lipids, and binds

membranes enriched in lipid rafts/caveolae from other cholesterol and sphingolipidsld, 15, 23, 24, 30, 31)

(L:Jel_lularﬂ:nembrangs and cyt0||3_Iaslm_|c pro;fe;gséggé %?d Likewise, many studies support the notion that caveolin-1's
sing this procedure, caveolin-1 1S purtl o oligomerization and presence in caveolae provides a mech-

rB%I(z;twe to totglt C?" Iys?tes{.. Ca\éeoh?].lloiaglng) /to ftth? |5/°/ anism for the sequestration of a variety of caveolar resident
”olsucroste_m erface ( lrag '3”? )’n’] e f 't' 00 VS ah proteins 82). Much focus has been placed on the caveolin
cellufar proteins are exciuded from these fractions. Ve aVescaffolding domain (CSD, residues -8201), given its

previously demonstrated that a significant amount of 6P cytoplasmic location and interaction with proteins containing

N-MAD targets to the low buoyant density fraction).( a caveolin bindin .
: . g MOtif@XPXXXX D or DXXXX OXX P,
Figure 7 shows that neither the KYWFYR nor the YWFY where® is an aromatic amino acid) found in many caveolin-

sequences were able to target GFP to these fractions. Thu%nteracting proteins

the KYWFYR sequence within N'MAD s a critical mem- . Because the central hydrophobic region of caveolin-1 most
brane attachment region, bl_Jt_the entire N-MAD sequence is closely resembles the membrane-spanning segment of an
necessary for targeting to lipid rafts/caveolae. integral membrane protein, it was thought that it would play
a significant role in membrane attachment. However, we
previously demonstrated that this segment (residues-102
Caveolin-1 has a unique hairpin-like organization within 134) is not required for membrane attachment in whole cells
the membrane in which its N- and C-terminal domains are or in reconstituted lipid vesicled ). Surprisingly, residues
localized to the cytoplasm. There is abundant evidence for 82—101, which flank the central hydrophobic domain,
this membrane topology. First, caveolin-1 does not undergo facilitate targeting to low buoyant density membrane frac-
cell surface biotinylation, indicating that no portion of the tions and membrane attachmef}. (
molecule is located in the extracellular spaté)( Second, N-MAD is an unconventional membrane attachment
the caveolin-1 N- and C-terminal domains are each the targetdomain but has features in common with other membrane
of cytoplasmic modifications: tyrosine 14 is a c-Src substrate binding proteins. It resembles a highly conserved portion of

DISCUSSION
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the homeodomain transcription factor, engrailed, which
mediates nonvesicular membrane transport through caveolar
membranes, suggesting that the homologous residues may
help facilitate caveolar membrane interaction in both cases
(33, 34). In addition, there is compelling in vitro data that
domains which contain clusters of aromatic and basic
residues, including caveolin-1 residues—94D1, have sig-
nificantly heightened membrane binding affinity due to
combined hydrophobic and electrostatic interactidi®s Z0).
Finally, we note that monotopic membrane association need
not involve contiguous hydrophobic and charged residues:
juxtaposition of hydrophobic and charged residues from
distant portions of clotting factors V and VIII contribute to
the membrane affinity of these molecul&b,36).

In this paper, we have identified a minimal membrane
attachment domain within the N-MAD of caveolin-1 in living
cells. To do so, we constructed a series of deletion and
alanine mutant forms of N-MAD fused to the normally
soluble reporter GFP and examined their membrane attach-
ment capacity after transient expression in 293T cells. The
results of this analysis indicated that the aromatic/basic
residue cluster, KYWFYR (amino acids 9801), constitut-
ing the C-terminal residues of N-MAD, is important for
membrane attachment in vivo. We posit that caveolin-1
N-MAD binds membranes through the insertion of the
aromatic cluster YWFY into the inner leaflet of membranes
and the electrostatic interaction of the flanking charged
residues with phospholipid charged headgroups. The present
study, in combination with our previous results, contributes
to a better understanding of the molecular underpinnings of
caveolin-1 membrane attachment. It is our desire to link the
molecular characterization of caveolin-1 with functional
studies in whole animals in the future.
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