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Cholesterol binds to synaptophysin and
Is required for biogenesis of synaptic
vesicles
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Here, to study lipid-protein interactions that contribute to the biogenesis of regulated secretory vesicles, we have
developed new approaches by which to label proteins in vivo, using photoactivatable cholesterol and
glycerophospholipids. We identify synaptophysin as a major specifically cholesterol-binding protein in PC12 cells and
brain synaptic vesicles. Limited cholesterol depletion, which has little effect on total endocytic activity, blocks the
biogenesis of synaptic-like microvesicles (SLMVs) from the plasma membrane. We propose that specific interactions
between cholesterol and SLMV membrane proteins, such as synaptophysin, contribute to both the segregation of SLMV

membrane constituents from plasma-membrane constituents, and the induction of synaptic-vesicle curvature.

ids and proteins. They are subject to continuous turnover as

a result of budding of membrane vesicles from donor mem-
branes and the fusion of vesicles with acceptor membranes. These
processes involve sorting of both proteins and lipids, which results
in donor organelles and the vesicles derived from them having dif-
ferent protein and lipid compositions. Two mechanisms contribute
to the sorting of membrane constituents during vesicle-mediated
membrane turnover. One mechanism is the interplay between a
cytosolic protein machinery and lipid-embedded transmembrane
protein anchors'; the other takes advantage of lipid-lipid and lipid—
protein interactions that mediate lateral self-assembly to form dis-
tinct membrane subdomains, which serve as sorting platforms™”.

Two approaches have been widely used to study lipid—protein
interactions. One is the analysis of the binding of soluble proteins
to liposomes of defined lipid composition. The other approach is
the analysis of detergent-insoluble complexes (DICs) obtained by
treatment of cells or membranes with weak detergents’. These DICs
have a distinct lipid and protein composition® and are thought to
resemble self-organized structures (membrane ‘rafts’), present in
the membrane before the detergent treatment, that have been pro-
posed to be important units with respect to both protein function
and membrane sorting and traffic’.

Although both approaches have proven useful for investigating
various questions, they also have severe drawbacks. First, both are
in vitro methods, and any interaction detected by them needs a crit-
ical evaluation for in vivo relevance. Second, the use of detergents
for DIC preparation is a source of concern, as detergents tend to
break hydrophobic lipid—protein interactions. Hence, although the
presence of a protein in a DIC suggests (but does not prove) its
interaction with cholesterol and/or sphingolipids, its absence can-
not be taken as evidence for the lack of such an interaction. Third,
analysis of DICs is not suitable to detect interactions of membrane
proteins with glycerophospholipids.

An alternative approach by which to study lipid—protein inter-
action is photoaffinity labelling using photoactivatable radioactive
lipids. Photoactivatable glycerophospholipids™ and cholesterol
derivatives® have previously been used to study model systems such
as (proteo)liposomes’ and purified, soluble lipid-binding
proteins™’, but not for systematic screening for proteins that specif-

Cellular membranes are dynamic assemblies consisting of lip-

ically interact with certain lipids in eukaryotic cells in vivo.

Here we describe a method for in vivo photoaffinity labelling
that uses a new derivative of cholesterol and in vivo-generated pho-
toactivatable radioactive glycerophospholipids. This approach
allowed us to identify the specific interaction of cholesterol with
membrane proteins of SLMVs in neuroendocrine cells. We found
that the assembly of membrane proteins and lipids to form SLMVs
was dependent on cellular cholesterol levels, showing the relevance
of this interaction to membrane traffic.

Results
Synthesis and characterization of photocholesterol. We synthe-
sized a photoactivatable analogue of cholesterol, refered to as pho-
tocholesterol; this analogue lacks the A5 double bond and the
hydrogen at C-6, which are replaced by the photoactivatable diazir-
ine ring (Fig. 1a). To obtain radioactively labelled photocholesterol,
we oxidized unlabelled photocholesterol to the 3-keto compound 2
(see Methods) and then reduced the compound using tritiated
sodium borohydride, yielding [*H]photocholesterol (Fig. 1a) and
its 3a-epimer (data not shown). ["H]Photocholesterol and its 30-
epimer were subjected to enzymatic oxidation using cholesterol
oxidase, which is specific for the 33 conformation of cholesterol
and some other sterols. Only [*H]photocholesterol, but not its 30-
epimer, was oxidized (Fig. 2a), showing that the hydroxyl group
was in the correct () conformation and that photocholesterol
shared overall conformational similarity with cholesterol.
Interaction of photocholesterol with proteins and lipids in vitro.
To demonstrate the suitability of photocholesterol labelling to
identify cholesterol-binding proteins, we studied the interaction of
photocholesterol with known cholesterol-interacting partners.
Cholesterol in the plasma is preferentially incorporated into high-
density lipoproteins (HDLs) and low-density lipoproteins (LDLs),
whose major protein components are apolipoprotein Al and apol-
ipoprotein B, respectively. Upon photoaffinity labelling of human
plasma with [*H]photocholesterol, we identified the major labelled
bands as apolipoprotein Al and apolipoprotein B by immunopre-
cipitation (Fig. 2b). Albumin, which has a strong tendency to inter-
act nonspecifically with hydrophobic compounds, was not labelled.
Cholesterol also interacts specifically with other lipids’, as
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Figure 1 Photoactivatable lipids: [*H]photocholesterol and
[*H]photophosphatidylcholine. a, Structures of cholesterol, the photoactivatable
cholesterol analogue [*Hlphotocholesterol, and PH]photocholesterol after activation by
ultraviolet light. b, Biosynthetic generation of photoactivatable
[PHlphotophosphatidylcholine from 10-azi-stearic acid (10-ASA) and [*H]choline. The
location of 10-ASA at position 2 of the glycerol backbone is hypothetical; location at
position 1, or 1 and 2, is also possible.

reflected by the formation of DICs upon detergent treatment of
membranes rich in cholesterol and sphingolipids®. The membranes
of bovine chromaffin granules form DICs upon treatment with Tri-
ton X-100; these DICs can be isolated using flotation in a sucrose
gradient’ (Fig. 2¢). These DICs are enriched in cholesterol, sphingo-
myelin and a specific subset of proteins, most prominently the sub-
units of the vacuolar proton ATPase' (Fig. 2¢c, top; C.T. and
W.B.H., unpublished observations). Upon incubation with bovine
chromaffin granule membranes, [*H]photocholesterol also incor-
porated into DICs (Fig. 2¢, bottom). This indicates that [*H]photo-
cholesterol and cholesterol may undergo similar lateral interactions
with other membrane constituents (most likely sphingolipids).
Lipid photaffinity labelling of membrane proteins in vivo. To
investigate the suitability of ["'H]photocholesterol to label choles-
terol-interacting partners in vivo, we performed photoaffinity label-
ling of MDCK cells. These cells contain the integral membrane
protein caveolin/VIP21 (ref. 12), which binds cholesterol in vitro"
and is assumed to do so in vivo', although experimental evidence
for an in vivo interaction is lacking. Specific labelling of caveolin/
VIP21 by [*H]photocholesterol in live MDCK cells would provide
such in vivo evidence, which in turn could be taken as an indication
that [*H]photocholesterol is suitable to detect membrane proteins
that interact with cholesterol in vivo.
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Figure 2 Characterization of photocholesterol interactions with proteins and
lipids. a, Photocholesterol but not its 3a-epimer is a substrate for cholesterol
oxidase. H]Photocholesterol (3-OH B) and its 3a-epimer (3-OH a) were incubated in
the absence or presence of cholesterol oxidase. The amount of oxidized sterol is
expressed as a percentage of the total amount of sterol (sum of oxidized plus non-
oxidized sterol). Data represent means+range of duplicate determinations.

b, Photocholesterol labels cholesterol-binding proteins in human plasma. Human
plasma was photolabelled with [*Hlphotocholesterol, and apolipoproteins were
immunoprecipitated. Lane 1, 1/12 of total labelled sample; lanes 2 and 3, 5/12 of
labelled sample immunoprecipitated using antisera against apolipoprotein Al (apo-
Al, lane 2) or apolipoprotein B (apo-B, lane 3). Arrow, apolipoprotein B; arrowhead,
apolipoprotein Al. Note the absence of photolabelled albumin (lane 1, M, 66K).

¢, Photocholesterol, like cholesterol, partitions into detergent-insoluble complexes
(DICs). Bovine chromaffin granule membranes were loaded for 1 h at 4°C with
[*Hlphotocholesterol and lysed in 1% Triton X-100 at 4 °C. DICs were floated on a
sucrose gradient. Top, SDS-PAGE/CBB staining of the gradient fractions. Bottom,
distribution of [PHlphotocholesterol and cholesterol in the gradient fractions as
determined by scintillation counting and quantitative TLC, respectively. The amount
of the two sterols in each gradient fraction is expressed as a percentage of that
found in the total gradient. Fraction 1, bottom of the gradient; fraction 12, top of the
gradient. The peak of floating DICs is in fractions 9 and 10.

For photoaffinity-labelling experiments, MDCK cells were
grown for 16h in medium containing [’H]photocholesterol com-
plexed to methyl-B-cyclodextrin (MBCD). Metabolism of [’H]pho-
tocholesterol by the cells was negligible (Fig. 3a). Hence, labelling of
proteins upon ultraviolet irradiation would be attributable to the
covalent incorporation of [’H]photocholesterol rather than incor-
poration of a metabolite. After irradiation of the cells with ultravi-
olet light, several proteins incorporated radioactivity (Fig. 3b, lane
1). Labelling of proteins was dependent on ultraviolet irradiation
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Figure 3 Photoaffinity labelling of MDCK cells with photoactivatable lipids
reveals specific binding of photocholesterol to caveolin/VIP21 in vivo.

a, TLC analysis of radioactive photoactivatable lipids. MDCK cells were grown in the
presence of PH]photocholesterol (PCh, incubation time 16h), 10-ASA plus [*Hlcholine
(Ch, 20h), or 10-ASA plus [*Hlinositol (In, 20h). Detergent extracts were resolved on
TLC plates followed by fluorography. The positions of co-migrating standards (PC,
phosphatidylcholine; Pl, phosphatidylinositol) are denoted by arrows. b, Distinct sets
of proteins are labelled by different photoactivatable lipids. MDCK cells were grown
in the presence of [*Hlphotocholesterol (lanes 1, 5), 10-ASA plus [*H]choline (lanes
2, 6), BHIcholine (lane 4), or 10-ASA plus [Hlinositol (lanes 3, 7). Incubation times
were the same as in a. [PHlcholine was incubated for 20h. Cells were either
ultraviolet (UV)irradiated (lanes 1-4) or kept in the dark (lanes 5-7). Photolabelled
proteins were resolved by SDS-PAGE (6-15%, Tris-Tricine) and visualized by
fluorography. Identical amounts of radioactivity crosslinked to protein were applied
inlanes 1 and 2; lanes 5 and 6 contain the same amounts of non-crosslinked sample.
Lane 4 contains the same amount of total radioactivity as lane 2. The exposure time
for lanes 3 and 7 was ten times longer than for the other lanes to compensate for
the low incorporation of [*Hlinositol into photo-PI (a). Arrow, 35K band labelled with
photocholesterol, photo-PC and photo-Pl; arrowhead, 30K band specifically labelled
with photo-PC; bracket, the major specifically cholesterol-labelled band (caveolin/
VIP21; ¢). ¢, Identification of photocholesteroHabelled caveolin/VIP21. A detergent
extract of [*HlphotocholesteroHabelled MDCK cells (Total) was subjected to
immunoprecipitation using antibodies against a control antigen or caveolin/VIP21.
Proteins were resolved by SDS-PAGE (6-15%, Tris-Tricine) and visualized by
fluorography. The bracket shows the position of immunoprecipitated caveolin/
VIP21. The difference between the M, value for this protein and the reported
apparent M, of caveolin/VIP21 of 21K (ref. 12) is due to the Tris-Tricine gradient gel
system used; these bands migrated at 22-24K in a normal Laemmli-type gel system
(data not shown).

(Fig. 3b, compare lanes 1, 5), and labelled proteins were almost
exclusively found in the cellular membranes (data not shown).

Although the distinct pattern of proteins labelled with [*H]pho-
tocholesterol indicated specific interactions leading to the labelling,
it could not be excluded that labelling with [*H]photocholesterol
also reflected an unspecific interaction with any type of membrane
lipid. To identify the specifically cholesterol-interacting proteins, it
was necessary to compare the pattern of [’H]photocholesterol
labelling with that obtained by photolabelling with a membrane
lipid that is a major component of all cellular membranes. Phos-
pholipids, especially the abundant phosphatidylcholine, would be
suitable for that purpose. To generate phospholipid analogues suit-
able for photoaffinity labelling in live cells, we took advantage of the
cellular biosynthetic apparatus (Fig. 1b). Cells were grown for 20h
in the simultaneous presence of the non-radioactive fatty-acid ana-
logue 10-azi stearic acid (10-ASA) (which bears the same photoac-
tivatable carbene-generating azi group as [’H]photocholesterol)
and of [*H]choline or [*H]inositol. 10-ASA should be taken up by
the cells, giving rise to photoactivatable phospholipids. The only
radioactive lipids generated by the cells incubated in the presence of
10-ASA plus [*H]choline and 10-ASA plus [*H]inositol were
[*H]phosphatidylcholine and [*H]phosphatidylinositol, respec-
tively (Fig. 3a). Hence, photolabelling of a protein upon ultraviolet
irradiation should reflect its interaction with photoactivatable
phosphatidylcholine or phosphatidylinositol, referred to as photo-
PC and photo-P]I, respectively.

Labelling with photo-PC and photo-PI was dependent on ultra-
violet irradiation (Fig. 3b, compare lanes 2, 3 with 6, 7) and on the
presence of the photoactivatable fatty acid 10-ASA (Fig. 3b, com-
pare lanes 2, 4). Certain proteins, such as a major band of relative
molecular mass 35,000 (M, 35K; Fig. 3b, lanes 1-3, arrow), showed
relatively similar labelling with photocholesterol, photo-PC and
photo-PI (that is, for each photoactivatable lipid the band con-
tained the same proportion of the total protein-incorporated label).
Photolabelling of these proteins possibly reflected their spatial
proximity to the lipid probes. Labelling of some other proteins was
relatively stronger with one (or two) of the three photoactivatable
lipids than with the other one(s). This specific photolabelling was
likely to reflect a specific protein-lipid interaction. For example, a
30K band was specifically labelled with photo-PC (Fig. 3b, lane 2,
arrowhead); this band co-fractionated with mitochondria and pre-
sumably is subunit III of cytochrome oxidase (C.T., unpublished
observations), which contains a specifically bound phosphatidyl-
choline molecule®. An 18K band was labelled strongly with photo-
cholesterol (Fig. 3b, lane 1, bracket) but only weakly with photo-PC
(Fig. 3b, lane 2) and photo-PI (Fig. 3b, lane 3); immunoprecipita-
tion showed that this band was caveolin/VIP21 (Fig. 3c).

The neuroendocrine cell line PC12 is an established model sys-
tem for the study of the biogenesis of neurosecretory vesicles'®". To
study the role of interactions between cholesterol and membrane
proteins in neurosecretory-vesicle biogenesis, we labelled PC12
cells with photocholesterol, photo-PC and photo-PI. As well as
comparing the pattern generated by the individual photoactivatable
lipids, we took advantage of the PC12 cell subclone 27, which lacks
the neuroendocrine phenotype'®; that is, this subclone is unable to
form secretory granules and SLMVs and lacks neuroendocrine
marker proteins such as the granins, synaptophysin and synapto-
brevin/VAMP2. Any difference in labelling between the normal
PC12 cell clone 251 and the subclone 27 should therefore indicate a
protein involved in neuroendocrine function.

As was the case for MDCK cells, neither PC12 cell clone metabo-
lized [’H]photocholesterol under our experimental conditions (Fig.
4a, left). Upon incubation for 20h in the presence of 10-ASA plus
[*H]choline or 10-ASA plus [*H]inositol, both PC12 cell clones effi-
ciently generated photo-PC and photo-PI, respectively (Fig. 4a, right).

Photo-PC and photo-PI labelling of PC12 cells resulted in very
similar patterns (Fig. 4b, lanes 2, 3, 5, 6), which also showed striking
similarity to those observed in MDCK cells (Fig. 3b, lanes 2, 3). As
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Figure 4 Photoaffinity labelling of PC12 clone 251 and clone 27 cells.

a, TLC analysis of radioactive photoactivatable lipids. PC12 clone 251 (251; normal
neuroendocrine phenotype) and clone 27 (27; loss of neuroendocrine phenotype)
cells were grown in the presence of [*Hlphotocholesterol (PCh, incubation time 4 h),
10-ASA plus [*Hlcholine (Ch, 20 h) or 10-ASA plus [*Hlinositol (In, 20 h). Detergent
extracts were resolved on TLC plates followed by fluorography. The positions of co-
migrating standards (PC, phosphatidylcholine; PI, phosphatidylinositol) are denoted
by arrows. b, Some photocholesterol-labelled proteins are neuroendocrine specific.
PC12 clone 251 (lanes 1-3) and clone 27 (lanes 4-6) cells were grown (for same
incubation times as in a) in the presence of [*Hlphotocholesterol (lanes 1, 4), 10-
ASA plus [Hicholine (lanes 2, 5), or 10-ASA plus [Hlinositol (lanes 3, 6), and were
then UV-irradiated. Photolabelled proteins were resolved by SDS-PAGE (6-15%,
Tris-Tricine) and visualized by fluorography. Similar amounts of crosslinked
radioactivity were applied. Arrowheads indicate proteins that specifically bind
photocholesterol as compared to photoglycerophospholipids (compare lane 1 with
lanes 2, 3); amongst these (but not amongst the glycerophospholipid-binding
proteins) are some (asterisks) that are specific to PC12 clone 251 versus clone 27
cells (compare lanes 1, 4). Arrow, 30K band specifically labelled with photo-PC.
¢, Photocholesterol labels a specific set of membrane proteins that are distinct
from the major Coomassie-stained membrane proteins. A membrane fraction of
PC12 clone 251 cells labelled with [*H]photocholesterol was either left untreated
(-) or extracted with sodium carbonate at pH 11 (+). Membrane proteins were
resolved by SDS-PAGE (6-15%, Tris-Tricine) and visualized by CBB staining (CBB)
and fluorography (Fluo).

observed in MDCK cells, both PC12 cell clones showed the 30K
band that was labelled by photo-PC (Fig. 4b, lanes 2, 5, arrow) but
not photo-PI (Fig. 4b, lanes 3, 6). Some of the photo-PC- and
photo-PI-labelled bands were also labelled by photocholesterol
(Fig. 4b, lanes 1, 4), but photocholesterol also specifically labelled
several bands that were only weakly labelled (if at all) with photo-
PC and photo-PI (Fig. 4b, lane 1, arrowheads). Although the photo-
PC- and photo-PI-labelled bands were very similar between the two
PC12 cell clones, at least three of the specifically photocholesterol-
labelled bands in clone 251, that is the 60K, ~43K and 21K bands
(Fig. 4b, lane 1, asterisks), were lacking in the neuroendocrine-defi-
cient clone 27 (Fig. 4b, lane 4). No specifically photocholesterol-
labelled band present in clone 27 but not clone 251 was detected.
The observation that certain proteins of clone 251 cells were
photolabelled strongly with photocholesterol but only weakly with
photo-PC indicated that the photocholesterol labelling of these
proteins did not simply reflect their abundance. To corroborate this
conclusion, we analysed a total membrane fraction from a post-
nuclear supernatant (PNS), either untreated or after removal of
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Figure 5 Identification of photocholesterol-labelled proteins of PC12 clone
251 cells. a, Identification of the vesicular proton ATPase (V-ATPase) 17K
proteolipid subunit (c subunit). PC12 clone 251 cells were photoaffinity-labelled with
[*Hlphotocholesterol. A postnuclear supernatant (PNS; lane 1) was prepared and
subjected to chloroform extraction, yielding an insoluble pellet (Ins; lane 2,
containing twice the starting material of lane 1) and a chloroform extract (Ext; lane
3, containing twice the starting material of lane 1). A delipidated chloroform extract
from unlabelled cells was prepared (Ext; lane 5) and co-electrophoresed with
photocholesteroHabelled PNS (lane 4), and the protein band (lane 5, asterisk)
corresponding to the photolabelled band at 17K (lanes 3, 4, asterisks) was identified
by mass spectrometry as the ¢ subunit of the V-ATPase. Note that the samples
shown in lanes 1-3 were electrophoresed using a gel system (6-15% Tris-Tricine)
different from that in lanes 4 and 5 (13% Laemmli), resulting in a slightly different
electrophoretic mobility. Corresponding bands in lanes 3 and 4 are connected by
dashed lines. Lanes 1-4, fluorogram; lane 5, CBB stain. b, Identification of
synaptophysin and synaptotagmin. PC12 clone 251 cells were photolabelled with
[*Hlphotocholesterol. A detergent extract of a PNS-derived total membrane fraction
was subjected to immunoprecipitation using antibodies (Ab) against synaptophysin
(Sy38) and synaptotagmin (Syt). Aliquots of non-immunoprecipitated total extract
(lane 1), the supernatants after immunoprecipitation (lanes 2, 3) and the
immunoprecipitates (IP, lanes 4, 5, containing ten times more material than lanes 1-
3) were subjected to SDS-PAGE (11% Laemmli) followed by fluorography.

peripheral membrane proteins by stripping with pH 11 carbonate,
and compared the pattern of Coomassie brilliant blue (CBB)-
stained protein bands with that of photocholesterol-labelled bands
(Fig. 4c). The major photocholesterol-labelled bands did not corre-
spond to the major protein bands.

Synaptic-vesicle membrane proteins specifically bind cholesterol.
Three of the specifically photocholesterol-labelled proteins in both

NATURE CELL BIOLOGY | VOL 2 | JANUARY 2000 | cellbio.nature &RO 1999 Macmillan Magazines Ltd 45



articles

PC12 cell clones (M, values 17K, 14K and 10K; Fig. 4b, lane 1, arrow-
heads without asterisks) were found to be chloroform-soluble mem-
brane proteins (Fig. 5a, lane 3). Chloroform solubility is a
characteristic feature of the 17K proteolipid (c) subunit of the vescic-
ular proton ATPase (V-ATPase)". To identify the 17K photocholes-
terol-labelled band, we subjected the proteins of a delipidated
chloroform/methanol extract of PC12 clone 251 cells to SDS—polyacr-
ylamide gel electrophoresis (PAGE). The CBB-stained band (Fig. 5a,
lane 5, asterisk) corresponding to the 17K radiolabelled band (Fig. 5a,
lanes 3, 4, asterisks) was subjected to mass spectrometry after in-gel
tryptic digestion. We identified two peptides of V-ATPase ¢ (residues
6-36 and 37-54), which covered 32% of its amino-acid sequence, con-
firming that the 17K band was indeed V-ATPase ¢"°. The chloroform-
soluble photocholesterol-labelled bands at 14K and 10K are probably
products of the degradation of the 17K V-ATPase c. The abundance of
the 14K band increased upon incubation of PC12 cell detergent
extracts, concomitant with a decrease in the abundance of the 17K V-
ATPase ¢ band (compare Fig. 5a, lane 1, which is a PNS directly sub-
jected to SDS-PAGE, with Fig. 5b, lane 1, which is a PNS that had been
incubated for 16h at 4°C before SDS-PAGE).

SLMVs contain the membrane protein synaptophysin®, whose
relative molecular mass is similar to that of the ~43K photocholes-
terol-labelled protein (Fig. 4b, lane 1, asterisk). In addition, we sus-
pected the photocholesterol-labelled protein of M, 60K (Fig. 4b, lane
1, asterisk) to be synaptotagmin®, a neuroendocrine-specific protein
which, in PC12 cells, is present in both SLMVs and secretory
granules™. Immunoprecipitation confirmed the identity of the 60K
and ~43K photocholesterol-labelled proteins as synaptotagmin (Fig.
5b, lane 5) and synaptophysin (Fig. 5b, lane 4), respectively.

When we separated SLMVs of photocholesterol-labelled PC12
clone 251 cells from their donor membranes — plasma membrane®
and early endosomes” by velocity glycerol-gradient
centrifugation", photocholesterol-labelled synaptophysin (Fig. 6a,
top) showed a very similar distribution to immunoreactive synap-
tophysin across the gradient (Fig. 6a, bottom), being found in both
SLMV- and donor-membrane-containing fractions. Three other
photocholesterol-labelled proteins (with M, values of ~120K, 24K
and 14K) were also detected in SLMVs (Fig. 6a, top, fractions 7-10).
The lack of obvious detectability of photocholesterol-labelled syn-
aptotagmin in SLMVs probably reflects both its lower level of label-
ling with photocholesterol as compared with synaptophysin at the
level of whole cells (Fig. 4b, lane 1), and its broader subcellular dis-
tribution (in comparison to synaptophysin) in organelles other
than SLMVs, that is, secretory granules®.

We labelled PC12 clone 251 cells with photocholesterol and
photo-PC and compared the pattern of labelled bands in a subcellu-
lar fraction enriched in SLMV donor membranes (plasma mem-
brane and early endosomes) but largely devoid of nuclear envelope,
endoplasmic reticulum, Golgi, late endosomes, lysosomes, secretory
granules and mitochondria. Although, for many bands in this frac-
tion, the labelling with photocholesterol (Fig. 6b, solid line) and
photo-PC (Fig. 6b, dashed line) was relatively similar, a 17K band
(Fig. 6b, arrow), corresponding to V-ATPase ¢, and a ~43K band
(Fig. 6b, arrowhead), corresponding to synaptophysin, were signifi-
cantly more strongly labelled with photocholesterol than with
photo-PC. As the membranes analysed, although rich in cholesterol,
contain high levels of phosphatidylcholine, the relatively stronger
labelling of these proteins with photocholesterol than with photo-
PC indicates their specific cholesterol binding rather than simply
their residence, at high abundance, in cholesterol-rich membranes.

To investigate whether specific binding of cholesterol to synapto-
physin also occurred in synaptic vesicles, we labelled intact rat brain
synaptosomes, stimulated with a-latrotoxin to promote exocytosis—
endocytosis, with photocholesterol and purified synaptic vesicles
from the labelled synaptosomes. Synaptophysin (Fig. 6¢, arrows) was
the most strongly photocholesterol-labelled band, even considering
the fact that this protein is the major CBB-stained band of synaptic
vesicles”. Other labelled proteins included synaptotagmin (Fig. 6c,
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Figure 6 Specific cholesterol binding to synaptophysin in SLMVs/synaptic
vesicles and their donor membranes. a, Photocholesterol-labelled
synaptophysin is found in SLMVs. PC12 clone 251 cells were photoaffinity-labelled
with PH]photocholesterol. A 53,000g supernatant was prepared and subjected to
velocity glycerol-gradient centrifugation. Gradient fractions were subjected to SDS-
PAGE (12% Laemmli) followed by fluorography (Fluorogram) or immunoblotting (Blot)
for transferrin receptor (TfR) and synaptophysin (Sy38). The peak of synaptophysin
immunoreactivity in fractions 7-10, which are largely devoid of transferrin receptor,
represents SLMVs. Arrowhead, synaptophysin (Sy38); bracket, 17K and 14K forms
of the ¢ subunit of V-ATPase. Both the 17K and the 14K form of V-ATPase ¢ subunit
are found in SLMV-containing fractions; however, whereas most of the 14K form, like
the majority of synaptophysin, is found in fractions 1 and 2, which contain
endosomes, the majority of the 17K form is found in membranes that sediment
slightly faster than SLMVs. Fraction 1, bottom of the gradient; fraction 11, top of the
gradient. b, Specific labelling by photocholesterol in a membrane fraction enriched
in plasma membrane and endosomes. A subcellular fraction enriched in plasma
membrane and endosomes of PC12 clone 251 cells labelled with
[PHlphotocholesterol (solid line) or photo-PC (dashed line) was prepared by sequential
sucrose velocity and equilibrium centrifugation. Membrane proteins were resolved
by SDS-PAGE (12% Laemmli) and visualized by fluorography. Fluorograms were
quantified by densitometric scanning. Arrow, V-ATPase ¢ subunit; arrowhead,
synaptophysin. ¢, Photocholesterol labels synaptophysin but not synaptobrevin/
VAMP in synaptic vesicles. Intact rat brain synaptosomes were incubated for 25min
with *H]photocholesterol in the presence of a-latrotoxin and then UV-irradiated.
Synaptic vesicles were purified and proteins were analysed by SDS-PAGE (7.5-15%,
Laemmli) followed by CBB staining and fluorography. Brackets, synaptotagmin (Syt);
arrows, synaptophysin (Sy38); arrowhead, synaptobrevin/VAMP (VAMP) (see ref.
44); dot, a photocholesterol-labelled 16K protein, presumably V-ATPase c. Note the
absence of labelling of synaptobrevin/VAMP.

brackets) and a 16K band that probably represents V-ATPase ¢ (Fig.
6¢, dot). We detected no photocholesterol labelling of the transmem-
brane protein synaptobrevin/VAMP, which, on a molar basis, is as
abundant as synaptophysin®. Even if the different number of trans-
membrane domains (synaptophysin has four such domains and syn-
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Figure 7 The effect of cholesterol depletion and replenishment on PC12 cell
SLMVs. a, b, Manipulation of cellular cholesterol influences SLMV levels. a, PC12
clone 251 cells were treated for 45min with delipidated medium containing either no
addition (DL), 5mgmi* MBCD (MBCD), or 2.5mgmli™* MBCD plus 2.5mgml* MBCD-
cholesterol complex (MBCD-cholesterol). A PNS (PNS, 1,/150 of total) and a fraction
enriched in SLMVs (SLMVs, 1/20 of total) were prepared. Proteins were resolved by
SDS-PAGE; synaptophysin (Sy38), synaptobrevin/VAMP2 (VAMP2) and transferrin
receptor (TfR) in the PNS and SLMVs were visualized by immunoblotting; for each
antibody, PNS and SLMVs received the same exposure. Results from quadruplicate
dishes are shown. b, The ratio of cholesterol to phosphatidylcholine (PC) was
determined in the 55,000g membrane pellet of cells treated as described in a. The
levels of synaptophysin (Sy38) and synaptobrevin/VAMP2 in SLMVs, expressed
relative to those found in the PNS, were determined from the blots shown in a. The
values obtained under control conditions (DL) were set to 100 and the values
obtained for the other conditions were expressed relative to the control. Data are the
means+s.d. of quadruplicate determinations and are representative of at least three
experiments. ¢, Differential effects of MBCD treatment on SLMV biogenesis and total
endocytic activity of PC12 cells. For analysis of SLMV biogenesis, PC12 clone 251
cells were biotinylated for 30 min at 18°C, treated for 10min at 18°C with
delipidated medium containing no addition (DL), 5mgml™ MBCD (MBCD), or 2.5mg
mi™ MBCD plus 2.5mgmi™ MBCD-cholesterol complex (MBCD-cholesterol), and
chased in the respective media for 15min at 37°C. For analysis of HRP uptake, the
same protocol was used except that the biotinylation step was omitted and HRP was
present during the chase at 37 °C. SLMV biogenesis was determined from the
appearance of biotinylated synaptophysin in SLMVs, expressed relative to that found
in the PNS. Total cellular HRP uptake was quantified to determine the total endocytic
activity. The values obtained under control conditions (DL) were set to 100 and the
values obtained under the other conditions were expressed relative to the control.
Data are the means+s.d.; SLMV biogenesis, n=3; HRP uptake, n=6.

aptobrevin/VAMP has one) is taken into account, synaptobrevin/
VAMP should have incorporated detectable levels of photocholes-
terol if this labelling were simply a reflection of the abundance of
transmembrane domains in a cholesterol-rich membrane. We con-
clude that the labelling of synaptophysin with photocholesterol
reflects synaptophasin’s specific interaction with cholesterol.

Steady-state amounts of SLM Vs correlate with cellular cholesterol
levels. To study a possible role of the binding of SLMV membrane
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proteins to cholesterol in the SLMV life cycle, we manipulated cho-
lesterol levels of PC12 clone 251 cells by extraction with MBCD, fol-
lowed by subcellular fractionation'** and analysis of the SLMV
marker proteins synaptophysin and synaptobrevin/VAMP2 (ref.
20) and of transferrin receptor, a marker of the plasma membrane
and of endosomal compartments® (Fig. 7a).

Control cells were treated for 45min with delipidated medium

(Fig. 7a, b, DL). These cells showed a distribution of synaptophysin
between SLMVs and plasma membranes/endosomes that was sim-
ilar to that of cells grown in the continuous presence of serum lipids
(data not shown). Cholesterol was depleted to 60-70% of control
values by a 45-min treatment with 5mgml™ (3.8 mM) MBCD in
delipidated medium (Fig. 7a, b, MBCD). As a control for the effect
of MBCD, cells were treated for 45min with 2.5mgml™ MBCD plus
2.5mgml”" MBCD-cholesterol complex in delipidated medium
(Fig. 7a, b, MBCD-cholesterol). The latter treatment, which
exposed the cells to the same concentration of MBCD as that to
which the cholesterol-depleted cells were exposed but left the cho-
lesterol levels unchanged or even slightly increased as compared
with control cells grown in delipidated medium (Fig. 6b), served as
a control for any effects of MBCD other than cholesterol depletion.
MPBCD treatment reduced the amount of synaptophysin in SLMVs
to 40% of control cell levels (Fig. 7a, b). We observed significantly
increased amounts of synaptophysin in SLMVs after MBCD—cho-
lesterol treatment, showing that changes in cholesterol levels, and
not the presence of MBCD per se, caused the effect on this SLMV
marker protein. Higher concentrations of MBCD (15-20 mgml™)
caused the complete disappearance of synaptophysin from SLMVs
(data not shown) but also resulted in general changes in cell mor-
phology, so unspecific effects could not be excluded. The behaviour
of synaptobrevin/VAMP?2 was similar to that of synaptophysin (Fig.
7a, b). This parallel behaviour of two SLMV membrane proteins
made it likely that the reduction in their amounts in the SLMV-con-
taining fraction reflected a decrease in SLMYV levels rather than their
impaired targeting to SLMVs.
Limited cholesterol depletion blocks SLMV biogenesis but not
total endocytic activity. To study the mechanism underlying the
reduction in SLMV levels upon cholesterol depletion, we measured
the biogenesis of SLMVs from the plasma-membrane donor com-
partment, using a pulse—chase protocol*. Cells were biotinylated at
18°C and afterwards sequentially chased at 18 °C and 37 °C using
media as above to manipulate cellular cholesterol levels during the
chase periods. The amount of biotinylated synaptophysin incorpo-
rated into SLMVs during the 37 °C chase was quantified and used to
calculate the extent of SLMV biogenesis. Upon MBCD-induced
cholesterol reduction to 80% of control values (data not shown), we
observed a >90% reduction in SLMV biogenesis (Fig. 7c, compare
DL with MBCD). The effect of MBCD treatment on SLMV biogen-
esis was much less pronounced if half of the MBCD was loaded with
cholesterol (Fig. 7¢, compare MBCD with MBCD—cholesterol). To
clarify whether the dependence on cholesterol is specific for SLMV
biogenesis or is a general feature of endocytosis, we compared
SLMV biogenesis with fluid-phase uptake of horseradish peroxi-
dase (HRP) as a marker of the total endocytic activity. MBCD treat-
ment caused only a moderate decrease in HRP uptake (Fig. 7c,
compare DL with MBCD). Most of this decrease was also observed
when cells were treated with MBCD—cholesterol (Fig. 7c), indicat-
ing that most of the effect of MPBCD treatment on HRP uptake was
caused not by cholesterol depletion but by MBCD itself. We con-
clude that the biogenesis of SLM Vs is more sensitive to cholesterol
reduction than is the activity of other endocytic pathways.

Discussion

We have shown that lipid photoaffinity labelling is a useful tool
with which to detect protein-lipid interactions in vivo. Several lines
of evidence indicate that photocholesterol behaves like cholesterol.
These include the incorporation of photocholesterol into DICs and
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Figure 8 Cholesterol-synaptophysin interaction and the biogenesis of SLMVs.
In the plasma membrane (green), cholesterol is associated with glycosphingolipids
(CHO). In the membrane of the forming SLMV (orange), cholesterol is associated with
oligomeric cholesterol-binding proteins such as synaptophysin (blue). The latter

association may promote membrane curvature and hence support SLMV biogenesis.

the specific photocholesterol labelling of apolipoproteins and of the
membrane protein caveolin/VIP21, which is known to bind choles-
terol in vitro". It is, therefore, highly likely that labelling of proteins
by photocholesterol reflects their physiological interaction with
cholesterol.

For in vivo photolabelling with glycerophospholipids, we devel-
oped a new approach that exploits the cellular biosynthetic appara-
tus to generate photoactivatable radioactive phospholipids in vivo.
We added the photoactivatable fatty acid 10-ASA to the culture
medium. 10-ASA did not bear radioactivity, as this would have led
to massive photolabelling by the free fatty acid and also by fatty-
acid-containing compounds such as acyl-CoAs and acyl-carni-
thines. Instead, we added non-radioactive 10-ASA together with the
radioactive phospholipid head groups choline or inositol. A radioac-
tive photoactivatable compound was then generated by the biosyn-
thetic apparatus and was restricted to phosphatidylcholine and
phosphatidylinositol, respectively. This strategy ensures correct tar-
geting of the photolabel, because the in vivo-synthesized phospholi-
pids will follow the normal pathways of intracellular lipid targeting.

Cholesterol-protein interactions are a recurring motif in the late
endomembrane system. A comparison of the patterns generated by
photo-PC and photo-PI in the three cell lines analysed showed
remarkably few differences, whereas significant differences were
detected between the patterns generated by photocholesterol and by
photo-PC or photo-PI. Further analysis showed that these differ-
ences were mainly due to the presence of proteins that play a part in
the specialized membrane traffic typical of the respective cell line:
major specifically photocholesterol-labelled proteins in PC12 clone
251 cells (synaptophysin, synaptotagmin and V-ATPase c) and
MDCK cells (caveolin/VIP21) function in regulated secretion and
maintenance of epithelial polarity, respectively. Our overall impres-
sion is that proteins that interact with phospholipids are involved in
‘housekeeping’ functions, whereas proteins that interact with cho-
lesterol are associated with specialized post-Golgi membrane func-
tion and traffic. The localization of photocholesterol-labelled
proteins to membranes with a high cholesterol content, such as
endosomes™ and SLMVs”, is not sufficient to explain why these pro-
teins are only weakly labelled with glycerophospholipid analogues.
All of these membranes still contain substantial (~60% on a molar
basis) amounts of phospholipids, with phosphatidylcholine usually
being the predominant phospholipid. Thus specific labelling with
photocholesterol but not with phosphatidylcholine or phosphati-
dylinositol does not reflect the lipid composition of the environment
but rather the affinity and binding capacity of the labelled proteins
for cholesterol. In support of this conclusion, analysis of purified
synaptic vesicles revealed selective photocholesterol binding to
some, but not all, transmembrane proteins, with synaptophysin
being labelled to a significantly greater extent than would be

expected from the abundance of its transmembrane domains rela-
tive to the other synaptic-vesicle transmembrane proteins.

What are the functions of a specific protein—cholesterol interac-
tion? Although V-ATPase might require cholesterol for its pumping
activity”, the function of the other major labelled proteins, espe-
cially synaptophysin and caveolin/VIP21, is only partially under-
stood and it seems reasonable to assume that cholesterol binding is
part of their physiological role. Furthermore, all three — synapto-
physin, caveolin/VIP21 and the V-ATPase — are present in at least
hexameric"®* or even higher oligomeric® form. The combination of
specific cholesterol-binding and oligomerizing properties should
allow these proteins to function in the mutual enrichment of pro-
teins and lipids to form distinct membrane microdomains. The
microdomains formed by these proteins and cholesterol are likely
to be curved, as all three proteins are usually found in highly curved
structures such as endosomes, synaptic vesicles and caveolae.

The membranes of synaptic vesicles contain high amounts of
cholesterol” and, as shown here, several cholesterol-interacting pro-
teins. Both the size of the steady-state SLMV pool and SLMV biogen-
esis were markedly affected by cholesterol depletion. In comparison
with the effects of cholesterol depletion on transferrin-receptor
endocytosis™”, the effect on SLMV biogenesis was already much
more marked at significantly lower concentrations of the depleting
agent, MBCD. The total endocytic activity of PC12 cells was only
weakly affected by our conditions of cholesterol depletion, indicating
that the strong dependence on cholesterol may be a specific feature of
SLMV biogenesis compared with other endocytic pathways.

What is the molecular basis of the cholesterol dependence of
SLMYV formation? Cholesterol dependence of other membrane-traf-
ficking events reflects the involvement of detergent-insoluble cho-
lesterol/sphingolipid-based membrane rafts™*. Two pieces of
evidence run counter to the view that the SLMV is such a raft-based
organelle. First, although high in cholesterol, the SLMV membrane
is low in sphingolipids, particularly in glycosphingolipids”. Second,
synaptophysin, a major cholesterol-interacting protein in PC12 cells
and also a major membrane protein of PC12 cell SLMVs", is not
insoluble in Triton X-100 (ref. 35). We favour an alternative expla-
nation for the cholesterol dependence of SLMV formation. Choles-
terol and cholesterol-interacting transmembrane proteins associate
in the SLMV donor compartment to support the formation of
SLMVs (Fig. 8). Cholesterol deprivation prevents this association
and impairs SLMV formation, probably by inhibiting the induction
of curvature of the forming bud, as suggested for the clathrin-coated
endocytic vesicle’*, We propose that association of cholesterol with
oligomerizing membrane proteins is a mechanism that is important
for the formation of highly curved structures such as SLMVs and
caveoli. The presence of other oligomerizing four-transmembrane-
domain proteins in highly curved post-trans-Golgi-network trans-
port vesicles (SCAMP proteins)**” or the rims of the photoreceptor
discs (RDS/peripherin)** indicates that this may be a general way
by which curved structures can be formed. O

Methods

For more detailed methods, see Supplementary Information.

Chemical syntheses.
Photocholesterol was synthesized by conversion of 6-keto-5a-cholestan-3B-ol (Sigma) to 6-azi-5a-
cholestan-3pB-ol (€=70 at 354nm; £=64 at 371nm; 2.8 mgml™ in ethyl acetate), following the method of
ref. 40. Photocholesterol was oxidized to 6-azi-50-cholestan-3-on (€=70 at 354nm; €=62 at 371nm; 2.7
mgml™ in ethyl acetate; m/z=413) using chromic acid and subsequently reduced to ["H]photocholesterol
([3a-"H]6-azi-50-cholestan-3[B-ol, ~6 Cimmol™') using ["H]|NaBH,. Unlabelled photocholesterol was
verified by mass spectrometry of its sulphate ester.

10-azi-stearic acid (10-ASA; €=56 at 350 nm; 3.1 mgml™ in methanol) was synthesized from 10-keto-
stearic acid following the method of ref. 40, transferred into serum as described*', and used for cell
labelling at ~50 M.

Photoaffinity labelling.

Human plasma (100pl) was incubated for 15min at 37 °C with 10 uCi [*H]photocholesterol and
irradiated for 10 min at 4°C using the filtered (A>310nm) beam of a high-pressure mercury lamp*;
apolipoprotein Al and apolipoprotein B were immunoprecipitated and then analysed by SDS-PAGE (5—
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15% gradient gel) and fluorography.

Rat brain synaptosomes (P2') were isolated as described” and incubated for 25min at 37°C in
oxygenated Krebs—Ringer buffer containing [*H]photocholesterol-MBCD complex (200l per 10ml
synaptosome suspension), with addition of 1 nM a-latrotoxin after 5min and of 1.5mM CaCl, after 15
min (to enhance incorporation of photocholesterol into synaptic vesicles by stimulating exocytosis—
endocytosis), followed by ultraviolet irradiation at 4°C for 17 min. Synaptic vesicles were purified from
the labelled synaptosomes through the sucrose equilibrium centrifugation step (SG-V) as described” and
subjected to SDS-PAGE (7.5-15% gradient) followed by CBB staining and fluorography. Proteins were
identified by comparison of the CBB-stained gel with the nearly identical pattern shown in ref. 44. Results
identical to those shown in Fig. 6c were obtained when 1.5mM CaCl, was added to the synaptosome
suspension before the incubation with [*H]photocholesterol-MBCD complex and a-latrotoxin; in this
case, the suspension was irradiated after 10min of a-latrotoxin treatment (data not shown).

PC12 clone 251C (refs 16, 45), PC12 clone 27 (ref. 18) and MDCK* cells were incubated for 4-16h
in lipid-free medium containing either ["H]photocholesterol-MBCD complex (100 pl per 2ml medium,
400l per 20ml) or 10-ASA (100pl per 3ml) plus [*H]choline (200pCi per 3ml) or [*H]inositol (200puCi
per 3ml), and ultraviolet-irradiated for 20min at room temperature on the dish. Postnuclear extracts
were analysed by SDS-PAGE/fluorography and TLC/fluorography.

Identification of V-ATPase c.

A chloroform extract was prepared from total PNS membranes of PC12 clone 251 cells; the extract was
delipidated as described”” and subjected to SDS—PAGE. The protein band corresponding to the
[*H]photocholesterol-labelled chloroform-soluble 17K protein was identified as V-ATPase ¢ by mass
spectrometry of tryptic peptides.

Effect of MBCD treatment on SLMV levels.

PC12 clone 251 cells were incubated for 45min at 37°C in 80 pllcm™ DMEM supplemented with 15%
delipidated serum and containing either no addition, 5mgml™ (3.8mM) MBCD, or 2.5mgml™ MBCD
plus 2.5mgml™ MBCD—cholesterol complex (27 mg of cholesterol per gram MBCD, prepared as
described™). SLMVs were isolated from PNS by single 30% glycerol step centrifugation™, and analysed
by immunoblotting. The 55,000¢ membrane pellet obtained before glycerol step centrifugation was used
for cholesterol determination.

Effect of MBCD treatment on SLMV biogenesis and HRP uptake.

SLMYV biogenesis was determined by quantifying the appearance of synaptophysin, biotinylated at the
cell surface at 18°C, in SLMVs as described”*, except that after biotinylation the cells were incubated for
10min at 18°C in the presence of MBCD or MBCD—cholesterol complex as above, followed by a 15-min
chase at 37°C in the respective fresh medium. For analysis of HRP uptake, the biotinylation step was
omitted and HRP (1 mg ml™') was added at the beginning of the 37°C incubation. HRP activity was
determined in a postnuclear detergent extract.

Miscellaneous.
Oxidation of [*H]photocholesterol and its 3a-epimer [3B-"H]6-azi-50-cholestan-3a-ol with cholesterol
oxidase was monitored by release of tritiated water.

The [*H]photocholesterol-MBCD inclusion complex* contained 7mg MBCD (Sigma) and 0.4-1
mCi [*H]photocholesterol in 400 pl water.

A fraction enriched in plasma membranes and endosomes was obtained by sequential velocity
(fractions 1-3 of 13) and equilibrium (fraction 7 of 13) sucrose gradient centrifugation'.
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