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Recent studies using two cholesterol-binding bacterial toxin
proteins, perfringolysin O (PFO) and domain 4 of anthrolysin O
(ALOD4), have shown that cholesterol in the plasma mem-
branes (PMs) of animal cells resides in three distinct pools. The
first pool comprises mobile cholesterol, accessible to both PFO
and ALOD4, that is rapidly transported to the endoplasmic
reticulum (ER) to signal cholesterol excess and maintain choles-
terol homeostasis. The second is a sphingomyelin (SM)-seques-
tered pool inaccessible to PFO and ALOD4 but that becomes
accessible by treatment with SM-degrading sphingomyelinase
(SMase). The third is an essential pool also inaccessible to PFO
and ALOD4 that cannot be liberated by SMase treatment. The
accessible cholesterol pool can be trapped on PMs of live cells by
nonlytic ALOD4, blocking its transport to the ER. However, studies
of the two other pools have been hampered by a lack of available
tools. Here, we used ostreolysin A (OlyA), which specifically binds
SM/cholesterol complexes in membranes, to study the SM-seques-
tered cholesterol pool. Binding of nonlytic OlyA to SM/cholesterol
complexes in PMs of live cells depleted the accessible PM choles-
terol pool detectable by ALOD4. Consequently, transport of acces-
sible cholesterol from PM to ER ceased, thereby activating SREBP
transcription factors and increasing cholesterol synthesis. Thus,
OlyA and ALOD4 both control movement of PM cholesterol, but
through different lipid-binding mechanisms. We also found that
PM-bound OlyA was rapidly internalized into cells, whereas PM-
bound ALOD4 remained on the cell surface. Our findings establish
OlyA and ALOD4 as complementary tools to investigate cellular
cholesterol transport.

The cholesterol content of the plasma membranes (PMs)5 of
animal cells is tightly regulated by a network of proteins that
reside in membranes of the endoplasmic reticulum (ER) (1).
When PM cholesterol levels deviate from their optimal range,
the ER regulatory network responds rapidly and modulates the
activity of SREBP2 transcription factors, which control genes
involved in cholesterol synthesis and uptake (2), to restore cho-
lesterol levels back to normal. Proper functioning of this regu-
latory network requires sensing of cholesterol in PMs and
transmission of this information to ER. Many groups have stud-
ied these processes (3–8), but they are not yet well-understood.

Recent studies using new tools to directly probe the organi-
zation of PM cholesterol have begun to provide some additional
insights (9, 10). When PM cholesterol was below a threshold
concentration of �30 mol % of total PM lipids, it was largely
inaccessible to bind to perfringolysin O (PFO), a cholesterol-
binding protein (11–13). Above this threshold, PM cholesterol
became accessible, and the binding of PFO to PMs increased
sharply. In addition to binding PFO, the accessible pool of PM
cholesterol was mobile, rapidly moving to the ER to signal cho-
lesterol surplus and shut down activation of SREBPs (9, 10). The
mobile pool of accessible cholesterol could be trapped on the
PMs of cells at 37 °C by domain 4 of anthrolysin O (ALOD4), a
cholesterol-binding protein that is closely related to PFO but
that is nonlytic at 37 °C. As a result, transport of accessible PM
cholesterol to the ER was halted, triggering activation of SREBP
even when PM cholesterol was well-above the threshold set-
point (10).

The studies with PFO and ALOD4 showed that cholesterol
adopted different forms in PMs and highlighted the signaling
function of the accessible form. However, far less is known
about the roles played by the other forms of PM cholesterol that
are inaccessible to PFO and ALOD4. The earlier studies showed
that about half of the inaccessible form of PM cholesterol (�15
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mol % of PM lipids) is sequestered by sphingomyelin (SM),
whereas the remainder of inaccessible PM cholesterol is
sequestered by other membrane factors and is essential for
cellular viability (9). Treatment of cells with sphingomyeli-
nase (SMase), a soluble, membrane-impermeable enzyme
that degrades SM, releases the SM-sequestered cholesterol,
rendering it capable of binding to PFO and moving to the ER
(a finding that is in line with earlier studies (14, 15)). Thus
far, further understanding of SM-sequestered cholesterol
has been hindered by a lack of experimental tools.

Fortunately, we recently characterized a fungal protein,
ostreolysin A (OlyA), that specifically binds SM/cholesterol
complexes in membranes (16). Consistent with its dual speci-
ficity for SM and cholesterol, OlyA shows no binding to mem-
branes composed of glycerophospholipids and cholesterol or to
membranes composed of SM and epicholesterol, a diaste-
reomer of cholesterol (16). The SM/cholesterol complexes that
are detected by OlyA likely form the basis of the SM-seques-
tered pool of PM cholesterol (9, 17–19). An additional attrac-
tive feature of OlyA is that it does not lyse cells at 37 °C (20),
making it possible to use it to study cholesterol homeostasis in
living cells.

Here, we use the newly-described OlyA and the previous-
ly-characterized ALOD4 to compare the localization and
dynamics of SM-sequestered and accessible pools of choles-
terol, respectively, in the PM of live cells. We find that bind-
ing of OlyA to SM/cholesterol complexes in the PM depletes
the pool of accessible cholesterol in PMs that can transport
to the ER, thus activating SREBP2. Our data indicate how
controlling the distribution of cholesterol between accessi-
ble and inaccessible forms regulates overall cholesterol
homeostasis in animal cells.

Results

Recombinant OlyA and ALOD4 bind distinct pools of
cholesterol on PMs

We overexpressed and purified recombinant His6-tagged
versions of both ALOD4 and OlyA, as described under

“Experimental procedures.” The homogeneity of the purified
proteins was confirmed by Coomassie staining (Fig. 1A).
When CHO-K1 cells were incubated with these proteins at
37 °C, we observed dose-dependent binding of both ALOD4
(Fig. 1B, lanes 1– 6) and OlyA (Fig. 1B, lanes 7–12). We next
checked whether the binding of these sensor proteins to PMs
caused lysis of CHO-K1 cells by monitoring the release of a
cytosolic protein, ubiquitin-activating enzyme (E1), into the
extracellular medium (Fig. 1C). Addition of ALOD4 and
OlyA at concentrations of 30 �M did not result in any cell
lysis (Fig. 1C, lanes 2 and 3). In contrast, addition of the
full-length version of ALO (ALOFL), which forms large olig-
omeric pores in cells (21), resulted in complete lysis, as did
addition of Nonidet P-40 detergent (Fig. 1C, lanes 4 and 7).
Pleurotolysin B (PlyB), a co-factor that is recruited by mem-
brane-bound OlyA to form oligomeric pores in cells (20, 22),
did not cause cell lysis when added alone (Fig. 1C, lane 5);
however, addition of both PlyB and OlyA resulted in com-
plete lysis (Fig. 1C, lane 6).

We then assessed the lipid specificities of nonlytic ALOD4
and OlyA for binding to CHO-K1 cells at 37 °C. For these
experiments, cells were set up in lipoprotein-rich FCS. First,
we examined their binding dependence on SM by treating
cells with SMase (Fig. 2A). We observed that SMase treat-
ment led to a small increase in ALOD4 binding (Fig. 2A,
lanes 1 and 2), but completely eliminated OlyA binding
(lanes 3 and 4). Mass spectrometry analysis showed that
SMase treatment reduced overall cellular SM content by 76%
(Fig. 2B). Next, we examined their binding dependence on
cholesterol by treating cells with hydroxypropyl-�-cyclo-
dextrin (HPCD), a reagent that extracts cholesterol from
membranes (Fig. 2C). When treated with increasing concen-
trations of HPCD, binding of ALOD4 declined sharply and
was completely eliminated after treatment with 1% HPCD
(Fig. 2C, lanes 1– 6). Binding of OlyA did not decline as
sharply and was completely eliminated only at the highest
concentration tested of 2% HPCD (Fig. 2C, lanes 7–12). Mass
spectrometry analysis showed that treatment with 2% HPCD
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Figure 1. Biochemical characterization and nonlytic properties of OlyA. A, recombinant ALOD4 and OlyA proteins were purified as described under
“Experimental procedures.” 2 �g of each protein was subjected to 15% SDS-PAGE and stained with Coomassie. B and C, on day 0, CHO-K1 cells were set up in
medium B at a density of 6 � 104 cells per well of 48-well plates. On day 1, media were removed, cells were washed twice with PBS and then subjected to the
following treatments. B, dose-curve analysis. Cells were treated with 200 �l of medium B containing the indicated concentrations of either ALOD4 or OlyA. C,
release of cytosolic proteins after incubation with sensor proteins. Cells were treated with 200 �l of medium B containing either the indicated proteins (all at
a final concentration of 30 �M, except for ALOFL (1 �M) and PlyB (100 nM)) or Nonidet P-40 detergent (1% (v/v)). After incubation for 1 h at 37 °C, media were
removed, cells were washed twice with PBS and harvested, and equal fractions of cell lysates (10% of total) (B) or equal aliquots of cell lysates and media (10%
of total of each) (C) were subjected to immunoblot analysis as described under “Experimental procedures.”
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reduced overall cellular cholesterol content by 42% (Fig. 2D).
The observed SM and cholesterol dependences of ALOD4
and OlyA at 37 °C are consistent with previous binding stud-
ies that were carried out at 4 °C (16). We also prepared fluo-
rescently labeled versions of ALOD4 and OlyA, as described
under “Experimental procedures,” to directly visualize their
binding to the cell surface. When CHO-K1 cells were simul-
taneously incubated with both fluorescent sensors for 5 min,
and then observed by Airyscan confocal microscopy after
fixation, we detected punctate staining patterns for both
probes (Fig. 2E, also see Fig. 6A). An overlay of the individual
staining patterns of ALOD4 and OlyA revealed some regions
where there was a strong overlap of the two signals and other
regions where there was no overlap (Fig. 2E). In this study,
we did not further characterize the spatial distribution of
ALOD4 and OlyA, but instead we focused on how their bind-
ing affected cholesterol distribution and transport.

Binding of OlyA depletes accessible cholesterol on PMs

We next sought to determine whether cholesterol can ex-
change between accessible and SM-sequestered forms by car-
rying out sequential binding studies with ALOD4 and OlyA.
When we first added ALOD4 to cells, we observed the expected
dose-dependent increase in ALOD4 binding (Fig. 3A). We then
added a constant amount of OlyA to these ALOD4-treated cells
and observed that the previously-bound ALOD4 did not affect
the subsequent binding of OlyA (Fig. 3A). This result is in line
with previous observations that the levels of SM-sequestered
cholesterol are relatively constant over a wide range of choles-
terol concentrations (9, 16). We then reversed the order of
addition and first added OlyA to cells. Again, we observed the
expected dose-dependent increase in OlyA binding (Fig. 3B).
However, a surprising result was observed when we then added
a fixed amount of ALOD4 to these OlyA-treated cells. Robust
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Figure 2. Differential lipid specificities of ALOD4 and OlyA for binding to PMs. A–D, on day 0, CHO-K1 cells were set up in medium B at a density of
6 � 104 cells per well of 48-well plates. On day 1, media were removed; cells were washed twice with PBS and then subjected to the following treatments.
A and B, sphingomyelin dependence. Cells were treated with 200 �l of medium B without or with SMase (100 milliunits/ml). After incubation for 30 min
at 37 °C, media were removed, and cells were washed four times with PBS. Cells were then either treated with 200 �l of medium F containing 3 �M of the
indicated protein (A) or scraped off the plate and subjected to quantitative analysis of sphingomyelin and protein content as described under
“Experimental procedures” (B). C and D, cholesterol dependence. Cells were treated with 200 �l of medium B containing the indicated amounts of HPCD.
After incubation for 1 h at 37 °C, media were removed, and cells were washed four times with PBS. Cells were then either treated with 200 �l of medium
F containing 3 �M of the indicated protein (C) or scraped off the plate and subjected to quantitative analysis of cholesterol and protein content as
described under “Experimental procedures” (D). A and C, after incubation for 1 h at 37 °C, media were removed, cells were washed twice with PBS and
harvested, and equal fractions of cell lysates (10% of total) were subjected to immunoblot analysis as described under “Experimental procedures.” E, on
day 0, CHO-K1 cells were set up in medium B at a density of 1.5 � 104 cells per well of an 8-well Lab-Tek II chambered #1.5 cover glass dish. On day 1, cells
were washed twice with PBS, and treated with 200 �l of medium B containing 3 �M ALOD4-488 and 3 �M OlyA-555. After incubation for 5 min at 37 °C,
media were removed, and cells were washed twice with PBS, fixed, and permeabilized, stained with DAPI, and then imaged immediately with a Zeiss
Airyscan 880 as described under “Experimental procedures.” Scale bar, 10 �m.
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ALOD4 binding was observed in the absence of OlyA preincu-
bation (Fig. 3B, lane 1), but this binding steadily decreased and
was eventually eliminated with increased pre-binding of OlyA
(Fig. 3B, lanes 2– 6). The elimination of ALOD4 binding
occurred even though the cholesterol content of the cells was
not altered by pre-treatment with OlyA (Fig. 3C).

Binding of OlyA lowers ER cholesterol levels

The results of Fig. 3 suggested to us that stabilization of
SM/cholesterol complexes by OlyA binding was depleting the
pool of accessible cholesterol available for binding to ALOD4.
Because accessible PM cholesterol is transported to the ER to
shut down lipogenic processes (9, 10), we wondered whether
OlyA-induced depletion of accessible PM cholesterol would
reduce cholesterol transport to the ER and trigger the activa-
tion of lipogenic processes. To monitor the effects of OlyA
treatment on ER cholesterol levels, we assayed for the following:
(i) proteolytic processing of SREBP2; ii) levels of 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), the rate-limiting
enzyme in cholesterol biosynthesis (23); and (iii) activity of
acyl-CoA:cholesterol acyltransferase (ACAT), an ER enzyme
that esterifies some of the lipoprotein-derived cholesterol that
arrives at the ER (24, 25). As a control for these studies, we used
ALOD4, which traps accessible PM cholesterol and prevents its
transport to the ER, thereby lowering ER cholesterol even
though cellular or PM cholesterol does not change (10). As
another control, we overexpressed and purified a version of
OlyA containing a point mutation (W6A), hereafter designated
as OlyA(Mut), that abolishes OlyA’s binding to membranes
(16).

We first studied the effects of OlyA treatment on cholesterol-
replete cells. In one experiment, CHO-K1 cells were set up in
lipoprotein-rich FCS, incubated with either ALOD4, OlyA, or
OlyA(Mut), and then subjected to immunoblot analysis of
SREBP2 (Fig. 4A). ALOD4 bound to the cholesterol-rich PMs of
these cells and triggered the processing of SREBP2 from its
inactive precursor form to its active nuclear form (Fig. 4A, lanes
1– 4), a result that is consistent with previous observations (10).
OlyA also bound to PMs and caused proteolytic activation of
SREBP2 (Fig. 4A, lanes 5– 8), whereas OlyA(Mut), when added
at the same levels as OlyA, did not bind to cells or affect SREBP2
processing (lanes 9 –12). In another experiment, CHO-K1 cells
were again set up in lipoprotein-rich FCS, incubated with either
OlyA, OlyA(Mut), or ALOD4, and then subjected to immuno-
blot analysis of HMGCR (Fig. 4B). In the absence of treatment
with any protein, HMGCR protein levels were undetectable
(Fig. 4B, lane 1). Incubation with OlyA, but not OlyA (Mut), led
to binding to cells and a subsequent increase in HMGCR levels
(Fig. 4B, lanes 2–5). ALOD4 also bound to cells and led to an
increase in HMGCR levels (Fig. 4B, lane 6). The rise in HMGCR
levels after treatment with OlyA or ALOD4 was similar to that
observed after extreme cholesterol depletion by HPCD (Fig. 4B,
lane 7).

We next studied the effects of OlyA treatment on cholester-
ol-depleted cells. In one experiment, CHO-K1 cells were
depleted of cholesterol by incubation in lipoprotein-poor LPDS
along with compactin, an inhibitor of cholesterol biosynthesis.
We then added back lipoproteins (LDL) along with [14C]oleate,
and after 3 h, we processed the cells for measurement of cho-
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Figure 3. Effects of sequential addition of ALOD4 and OlyA on accessible and SM-sequestered pools of PM cholesterol. A–C, on day 0, CHO-K1 cells were
set up in medium B at a density of 6 � 104 cells per well of 48-well plates. A and B, on day 1, media were removed, cells were washed twice with PBS, and treated
with 200 �l of medium B containing the indicated concentrations of either ALOD4 (A) or OlyA (B). After incubation for 1 h at 37 °C, each well was supplemented
with OlyA (19 �l of protein stock solution, final concentration 10 �M) (A) or ALOD4 (10 �l of protein stock solution, final concentration 1 �M) (B). After further
incubation for 30 min at 37 °C, cells were washed twice with PBS and harvested, and equal fractions of cell lysates (10% of total) were subjected to immunoblot
analysis as described under “Experimental procedures.” C, quantification of cellular cholesterol after treatment with ALOD4 or OlyA. On day 1, media were
removed, cells were washed twice with PBS and treated with 200 �l of medium B without or with 30 �M of the indicated proteins. After incubation for 1 h at
37 °C, cells were washed twice with PBS and harvested as described under “Experimental procedures.” One-half of the cell lysates from each treatment was
used for immunoblot analysis (10% of total lysate per lane), and the other half was used for quantification of cholesterol, as described under “Experimental
procedures.” Each column represents the mean of cholesterol measurements from 11 independent experiments, and error bars show the standard error (top
panel). Immunoblot analysis of lysates from one of the 11 experiments is shown in the bottom panel.
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lesteryl [14C]oleate. As shown in Fig. 4C, we observed an
increase in cholesteryl [14C]oleate formation after LDL addi-
tion, and this increase was blocked when either OlyA or
ALOD4 was included during the incubation with LDL and
[14C]oleate. In contrast, incubation with OlyA(Mut) did not sig-
nificantly affect cholesteryl [14C]oleate formation. In another
experiment, CHO-K1 cells were depleted of cholesterol by incu-
bationwithcholesterol-extractingHPCD,whichtriggeredthepro-
cessing of SREBP2 to its active nuclear form (Fig. 4D, lane 1). Addi-
tion of �-vLDL, another lipoprotein that is enriched in cholesteryl

esters (26), restored cellular cholesterol and suppressed the activa-
tion of SREBP2 (Fig. 4D, lane 2), but this suppression was blocked
by the addition of ALOD4 (Fig. 4D, lane 3) or OlyA (lanes 4–7),
both of which bound to PMs (lanes 3–7) and intercepted the LDL-
derived cholesterol directly (ALOD4) or indirectly (OlyA) before it
could reach the ER.

While lipoprotein-derived cholesterol suppresses SREBP2
activation by binding to Scap sensors in the ER, oxysterols such
as 25-hydroxycholesterol (25HC) also suppress SREBP2 activa-
tion by a different mechanism involving binding to Insig pro-
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Figure 4. Effects of binding of OlyA to PMs on ER cholesterol levels. On day 0, CHO-K1 cells were set up in medium B at a density of 6 � 104 cells per well
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levels of 14C-labeled triglycerides formed ranged from 9.7 to 14.4 nmol/mg/h. D, treatment of sterol-depleted cells with �-vLDL. On day 1, media were removed
and cells were washed twice with PBS, and 200 �l of cholesterol-depleting medium G was added. After incubation for 1 h at 37 °C, media were removed, and
cells were washed twice with PBS and treated with 200 �l of medium F without or with �-vLDL (7 �g/ml) and the indicated concentrations of ALOD4 or OlyA.
After incubation for an additional 3 h at 37 °C, cells were harvested, and equal fractions of cell lysates (10% of total) were subjected to immunoblot analysis as
described under “Experimental procedures.” E, SREBP2 processing in 25HC-treated cells. On day 1, media were removed, and cells were washed twice with PBS
and treated with 200 �l of medium B without or with 25HC (5 �M) and the indicated concentrations of ALOD4 or OlyA. After incubation for 1 h at 37 °C, cells were
harvested, and equal fractions of cell lysates (10% of total) were subjected to immunoblot analysis as described under “Experimental procedures.” P, precursor
form of SREBP2; N, cleaved nuclear form of SREBP2.
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teins in the ER (27, 28). We tested whether ALOD4 or OlyA
would affect the actions of 25HC. Consistent with the results of
Fig. 4A, in the absence of 25HC, both ALOD4 and OlyA bound
to PMs of cholesterol-replete cells and triggered the proteolytic
activation of SREBP2 (Fig. 4E, lanes 1–5 and lanes 11–15). In
the presence of 25HC, both ALOD4 and OlyA still bound to
PMs but 25HC was able to enter cells and suppress SREBP2
activation (Fig. 4E, lanes 6 –10 and lanes 16 –20). Thus, in con-
trast to their effects on lipoprotein-derived cholesterol (Fig. 4, C
and D), ALOD4 and OlyA did not affect the ability of 25HC to
suppress SREBP2 activation.

In summary, triggering of SREBP2 activation, stabilization of
HMCGR levels, lowering of ACAT’s activity, and inability to
block 25HC from suppressing SREBP2 activation, all indicate
that OlyA-induced depletion of accessible PM cholesterol
reduces cholesterol transport to ER and lowers ER cholesterol
levels.

Binding of OlyA does not block endocytosis or processing of
lipoproteins

We considered the likelihood that OlyA was lowering ER
cholesterol not by depleting accessible cholesterol on PMs, but
instead by blocking endocytosis and processing of lipoproteins.
To address this possibility, we directly measured the uptake and
degradation of LDL in the presence of OlyA. CHO-K1 cells
were first depleted of cholesterol by incubation in lipoprotein-
poor LPDS along with compactin, after which we added 100
�g/ml 125I-labeled LDL along with increasing concentrations of
OlyA. After incubation for 3 h, we measured surface-bound
plus internalized 125I-labeled LDL (a measure of LDL uptake)
and [125I]monoiodotyrosine released into medium (a measure
of LDL degradation). As shown in Fig. 5A, when the incubation
was carried out at 37 °C, the uptake of 125I-labeled LDL
increased as increasing amounts of OlyA were added (left
panel), a result that is likely due to higher expression of the LDL
receptor induced by OlyA-mediated activation of SREBP2 tran-
scription factors (Fig. 4A). 125I-Labeled LDL uptake was also
unaffected by incubation with OlyA(Mut) or ALOD4 (Fig. 5A,
left panel). In addition, the degradation of 125I-labeled LDL was
not affected by incubation with OlyA, OlyA(Mut), or ALOD4
(Fig. 5A, right panel). As a negative control, lowering the incu-
bation temperature to 4 °C blocked endocytosis and suppressed
both the uptake and degradation of 125I-labeled LDL by more
than 85% (Fig. 5A, gray bars).

To further assess possible effects of serum lipoproteins on
OlyA, we incubated CHO-K1 cells for 1 h with OlyA in lipopro-
tein-rich FCS or in lipoprotein-poor LPDS and compared the
results. As shown in Fig. 5B, we observed similar binding of
OlyA to cells (top panel) and similar triggering of SREBP2 acti-
vation (middle panel) both in FCS (lanes 3–7) and in LPDS
(lanes 10 –14). The extent of SREBP2 activation by OlyA treat-
ment was similar to that observed after cholesterol depletion by
HPCD (Fig. 5B, lanes 1, 2, 8, and 9). We also tested the effects of
OlyA treatment on a mutant CHO-K1 cell line that is deficient
in Niemann-Pick C1 (NPC1) (29), a lysosomal membrane pro-
tein that is critical for transporting LDL-derived cholesterol out
of lysosomes (30 –32). As shown in Fig. 5C, we observed similar
binding of OlyA and similar triggering of SREBP2 processing in

both control cells Fig. 5C, lanes 1– 4) and NPC1-deficient cells
(lanes 5– 8). Combined, these results suggest that the actions of
OlyA in reducing ER cholesterol are not simply due to blocking
the endocytosis and processing of lipoproteins.
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Figure 5. OlyA does not block uptake and processing of lipoproteins. A,
LDL uptake and degradation in the presence of OlyA. On day 0, CHO-K1 cells
were set up in medium B at a density of 5 � 105 cells per 60-mm dish. On day
1, media were removed, and cells were washed twice with 2 ml of PBS fol-
lowed by addition of 2 ml of cholesterol-depleting medium F. On day 2, media
were removed, and cells were washed with 2 ml of PBS followed by addition
of 1 ml of medium F containing 100 �g/ml 125I-labeled LDL (27.4 cpm/ng) in
the absence or presence of the indicated proteins. The cells were incubated
for 3 h at either 4 or 37 °C, after which LDL uptake and degradation were
determined as described under “Experimental procedures.” B, effects of OlyA
in lipoprotein-rich and lipoprotein-poor serum. On day 0, CHO-K1 cells were
set up in medium B at a density of 6 � 104 cells per well of 48-well plates. On
day 1, media were removed, and cells were washed twice with PBS and
treated with 200 �l of either lipoprotein-rich medium B (lanes 1–7) or lipopro-
tein-poor medium D (lanes 8 –14) containing the indicated concentrations of
either HPCD or OlyA. C, effects of OlyA in control and NPC1�/� cells. On day 0,
CHO-K1 cells (lanes 1– 4) or NPC1�/� cells (lanes 5– 8) were set up in medium
B at a density of 6 � 104 cells per well of 48-well plates. On day 1, media were
removed, and cells were washed twice with PBS and treated with 200 �l of
medium B containing the indicated concentrations of OlyA. B and C, after
incubation for 1 h at 37 °C, cells were harvested, and equal fractions of cell
lysates (10% of total) were subjected to immunoblot analysis as described
under “Experimental procedures.” P, precursor form of SREBP2; N, cleaved
nuclear form of SREBP2.
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Internalized OlyA does not interfere with intracellular
cholesterol trafficking

Because OlyA has been reported to be internalized by cells in
a caveolin-mediated manner (20), we addressed the possibility
of the internalized OlyA interfering with intracellular choles-
terol trafficking to the ER. We first studied the time dependence
of OlyA internalization. When CHO-K1 cells were simultane-
ously incubated with fluorescent versions of OlyA and ALOD4
(3 �M of each), we observed initial binding of both proteins to
the cell surface (Fig. 6A, top panel). After incubation for 25 min,
some of the surface-bound OlyA, but none of the ALOD4, was
internalized into the cells (Fig. 6A, bottom panel). We then
tested whether the internalized OlyA would affect the delivery
of lipoprotein-derived cholesterol to the ER (Fig. 6B). For this
experiment, CHO-K1 cells were set up in FCS and then incu-
bated with 30 �M OlyA for 1 h to allow for maximal internal-
ization of OlyA. As observed previously, this incubation also
triggered the activation of SREBP2 to its nuclear form (Fig. 6B,
lane 2). We then washed off the PM-bound OlyA and then
added back �-vLDL in the presence or absence of OlyA. When
OlyA was present in the extracellular medium, it intercepted
the �-vLDL– derived cholesterol at the PM and prevented the
movement of this cholesterol to ER to block the processing of
SREBP2 (Fig. 6B, lane 3). In this case, it is also possible that the
internalized OlyA was affecting the intracellular movement of
cholesterol. In contrast, when no OlyA was added to the extra-
cellular medium, the �-vLDL– derived cholesterol was able to
eventually reach the ER, where it blocked the processing of
SREBP2 to its active nuclear form (Fig. 6B, lane 4). This result
suggests that the internalized OlyA does not block the move-
ment of lipoprotein-derived cholesterol to the ER.

OlyA and ALOD4 inhibit hemolysis by sequestering accessible
cholesterol by different mechanisms

To further establish that OlyA was exerting its effect at the
PM, we used red blood cells (RBCs) that have accessible and
SM-sequestered pools of cholesterol in their PMs (16, 33) but
no internal membranes or internalization processes. Incuba-
tion of RBCs with pore-forming ALOFL, which binds accessible
cholesterol, led to hemolysis (Fig. 7, left panel). The concentra-
tion of ALOFL that resulted in 50% hemolysis (LD50) was �0.2
nM. We reasoned that pre-incubation of RBCs with ALOD4 or
OlyA, which do not form pores (Fig. 1C), would sequester the
accessible RBC cholesterol and make it unavailable to be tar-
geted by ALOFL for pore formation. Indeed, pre-incubation
with ALOD4, which binds accessible cholesterol shifted
ALOFL’s LD50 to �2 nM. Pre-incubation with OlyA, which
binds to SM-sequestered cholesterol, also shifted ALOFL’s
LD50 to �1 nM, whereas OlyA (Mut), which does not bind
membranes, did not affect ALOFL hemolysis. Dose-curve anal-
ysis (Fig. 7, right panel) showed that 3 �M ALOD4 could com-
pletely inhibit ALOFL hemolysis, whereas inhibition by OlyA
was not as complete. This result is in line with the lower potency
of OlyA in shifting ALOFL’s LD50 (Fig. 7, left panel). In con-
trast, OlyA(Mut) had no effect on hemolysis by ALOFL, even at
the highest tested concentration of 10 �M.

Discussion

This study uses OlyA and ALOD4 as complementary tools to
highlight how the interaction between SM and cholesterol in
the PM regulates overall cellular cholesterol levels. As illus-
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Figure 6. Internalization of OlyA by CHO-K1 cells and effects on intracel-
lular trafficking of lipoprotein-derived cholesterol. On day 0, CHO-K1 cells
were set up in medium B at a density of 1.5 � 104 cells per well of an 8-well
Lab-Tek II chambered #1.5 coverglass dish (A) or 6 � 104 cells per well of a
48-well plate (B). A, confocal fluorescence microscopy. On day 1, cells were
washed twice with PBS and treated with 200 �l of medium B containing 3 �M

ALOD4-488 and 3 �M OlyA-555. Fluorescent versions of ALOD4 and OlyA
were generated as described under “Experimental procedures.” After incuba-
tion for the indicated times at 37 °C, media were removed, and cells were
washed twice with PBS, fixed, and imaged within 24 h with a Zeiss Airyscan
880 as described under “Experimental procedures.” Shown are views of the
cell center, along with orthogonal views of the merged images. Scale bar, 10
�m. B, effects of internalized OlyA on intracellular cholesterol trafficking. On
day 1, media were removed, and cells were washed twice with PBS and then
subjected to the treatment protocol illustrated by the schematic in top panel.
Cells were first treated with 200 �l of medium B without or with 30 �M OlyA.
After incubation for 1 h at 37 °C, cells were either left undisturbed (lanes 1 and
2) or washed five times with PBS to remove all surface-bound OlyA (lanes 3
and 4). The washed cells were then treated with 200 �l of medium F supple-
mented with 10 �g/ml �-vLDL and the indicated concentrations of OlyA
(lanes 3 and 4). After incubation at 37 °C for 4 h, all cells were harvested, and
equal fractions of cell lysates (10% of total) were subjected to immunoblot
analysis as described under “Experimental procedures.” P, precursor form of
SREBP2; N, cleaved nuclear form of SREBP2.
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trated in Fig. 8, cholesterol in the PMs of LDL-treated cells is
divided into three distinct pools: (i) an accessible pool that is
mobile and transports to the ER to signal cholesterol sufficien-
cy; (ii) a SM-sequestered pool that does not transport to the ER
but can be liberated for transport by SMase; and (iii) an essential
pool bound to other PM factors that does not transport to the
ER and cannot be released by SMase. All of our previous studies
used PFO and ALOD4, sensors of the accessible pool of PM
cholesterol, to study in detail the role of that pool in maintain-
ing cholesterol homeostasis (9, 10). Here, we focused on the
SM-sequestered pool of cholesterol by using OlyA, a newly-
identified sensor for this pool of PM cholesterol (16).

When added to the extracellular medium of cells that were
replete with cholesterol, we found that OlyA was not just a
passive reporter of SM-sequestered cholesterol, but actively
reconfigured the distribution of PM cholesterol. Binding of
OlyA completely eliminated the pool of accessible PM choles-
terol, as judged by a decline in ALOD4 binding, even though
there was no change in total cholesterol levels (Fig. 3). Deple-
tion of the mobile pool from the PM triggered the activation of
SREBP transcription factors, stabilized HMGCR, and inacti-
vated ACAT, all of which are hallmarks of a fall in ER choles-
terol levels (Fig. 4). The effects of OlyA binding to PMs are
similar to those observed with binding of ALOD4, but the
underlying reasons are different. ALOD4 directly binds to
accessible cholesterol and traps it on PMs. In contrast, OlyA
directly binds to SM/cholesterol complexes and likely stabilizes
them, increasing the equilibrium distribution of cholesterol in
complexes with SM and indirectly depleting the uncomplexed
accessible cholesterol. After these distinct binding events, the
downstream effects converge as both treatments prevent
movement of accessible cholesterol to the ER. Thus, movement
of accessible PM cholesterol to ER can be blocked either by
trapping it on the PM with ALOD4 or by converting it from an
accessible form to a sequestered form by OlyA (Fig. 8).

We used OlyA’s ability to inhibit PM–to–ER cholesterol
transport to investigate the trafficking route of lipoprotein-de-

rived cholesterol after it exits lysosomes. In the presence of
OlyA, sterol-depleted cells maintained their ability to internal-
ize LDL and degrade it in lysosomes (Fig. 5A). The LDL-derived
cholesterol reached the PM where it was likely rapidly incorpo-
rated into SM/cholesterol complexes that were stabilized by
OlyA (Figs. 4D and 6B). As a result, the LDL-derived cholesterol
failed to reach the ER to stimulate activity of ACAT (Fig. 4C) or
suppress activation of SREBP2 (Figs. 4D and 6B). These results
are consistent with previous observations made with ALOD4,
which directly traps LDL-derived cholesterol on PMs (10). The
effects of both OlyA and ALOD4 provide further support for a
model where LDL-derived cholesterol moves first from lyso-
somes to the PM to meet the needs of this cholesterol-rich
membrane and subsequently from the PM to regulatory
domains of the ER to suppress cholesterol production.

The stabilization of SM/cholesterol complexes on PMs by
OlyA was inferred from the complete loss of accessible PM
cholesterol after OlyA binding (Fig. 3B). Such stabilization
would also predict a loss in free, uncomplexed SM; however, we
have so far been unable to test this prediction because none of
the SM sensors that we currently have at our disposal (OlyA,
lysenin, or equinatoxin II) bind specifically to free SM (16). Sim-
ilarly, detecting an increase in levels of SM/cholesterol com-
plexes on PMs after OlyA stabilization has been technically
challenging, given that we do not have any other sensor (aside
from OlyA) for detecting SM/cholesterol complexes, indepen-
dently of free SM. It is also possible that binding of OlyA leads
to sequestration of cholesterol by other PM lipids or proteins.
Nonetheless, the OlyA-mediated depletion of accessible cho-
lesterol from the PMs of both cultured CHO-K1 cells and red
blood cells (Figs. 3B and 7) indicates that the interconversion of
cholesterol between different pools on PMs can dramatically
alter intracellular cholesterol trafficking (Fig. 4). It is also note-
worthy that binding of ALOD4 to accessible cholesterol on PMs
does not lead to a decrease in the subsequent binding of OlyA to
SM/cholesterol complexes (Fig. 3A). This result is in line with
previous studies showing that SM-sequestered cholesterol lev-
els were constant in the face of significant cholesterol depletion
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(9, 16) and raises the possibility of an active mechanism medi-
ated by one or more PM proteins that maintains this constancy.

An interesting finding in this study relates to the different
fates of PM-bound ALOD4 and OlyA. When we incubated
CHO-K1 cells with fluorescently-labeled versions of ALOD4
and OlyA for short times (5 min), we observed punctate stain-
ing patterns for both sensors on the cell surface (Figs. 2E and
6A, top panel). However, a dramatic difference was observed
when the incubation time was extended to 25 min. At that time
point, some of the OlyA had been internalized into cells,
whereas ALOD4 remained on the cell surface (Fig. 6A, bottom
panel). A previous study showed that OlyA internalization can
occur through caveolin-mediated endocytosis (20). Our find-
ings raise the possibility that SM/cholesterol complexes may be
enriched in areas of the PM that undergo endocytosis (34) and
that accessible cholesterol is excluded from such areas.

The interplay between accessible and SM-sequestered pools
of cholesterol that is revealed here through the use of ALOD4
and OlyA points out the need for a sensor that can monitor and
modulate the essential pool of cholesterol. This fraction of PM
cholesterol is likely complexed to PM proteins or to phospho-
lipids other than SM (18, 35, 36). The discovery and character-
ization of additional proteins that can detect the essential cho-
lesterol pool will facilitate a more complete understanding of
organization of cholesterol in PMs.

Experimental procedures

Materials

We obtained Protein Ark Quick Coomassie stain from
Anatrace; Amicon Ultra centrifugal filters (10,000 MWCO)
from Millipore; anti-actin antibody, Dulbecco’s phosphate-
buffered saline (PBS), and sphingomyelinase (SMase) from Sig-
ma; 25HC from Steraloids, Inc.; and Alexa Fluor 488 C5-ma-
leimide, Alexa Fluor 555 C2-maleimide, Amplex red cholesterol
oxidase kit, and 8-well Lab-Tek II chambered #1.5 coverglass
dishes from Thermo Fisher Scientific. 4�,6-Diamidino-2-phe-
nylindole (DAPI) and 20% (v/v) paraformaldehyde solution
were kind gifts from Dr. Marcel Mettlen, University of Texas
Southwestern Medical Center (UTSW). mAb IgG–A9 against
hamster HMGCR has been described previously (37). Human
LDL, newborn calf LPDS, sodium compactin, sodium meval-
onate, and all other materials were prepared or obtained from
sources as described previously (10).

Buffers and culture media

Buffer A contains 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
and 1 mM tris(2-carboxyethyl)phosphine. Buffer B contains 10
mM Tris-HCl (pH 6.8), 100 mM NaCl, 1% (w/v) SDS, 1 mM

EDTA, 1 mM EGTA, 20 �g/ml phenylmethylsulfonyl fluoride,
and protease inhibitors (1 tablet/20 ml). Buffer C contains 62.5
mM Tris-HCl (pH 6.8), 100 mM DTT, 8 M urea, 10% (v/v) glyc-
erol, and 15% (w/v) SDS. Buffer D is PBS supplemented with 4%
(v/v) paraformaldehyde. Buffer E is PBS supplemented with 2%
(v/v) paraformaldehyde and 0.1% (v/v) Triton X-100. Buffer F is
PBS supplemented with 2% (v/v) LPDS and 1 mM EDTA. Buffer
G is PBS supplemented with 1% Triton X-100. Medium A is a
1:1 mixture of Ham’s F-12 and Dulbecco’s modified Eagle’s
medium supplemented with 100 units/ml penicillin and 100

�g/ml of streptomycin sulfate. Medium B is medium A supple-
mented with 5% (v/v) FCS. Medium C is medium B supple-
mented with 2% (w/v) HPCD. Medium D is medium A sup-
plemented with 5% (v/v) LPDS. Medium E is medium D
supplemented with 2% (w/v) HPCD. Medium F is medium D
supplemented with 50 �M compactin and 50 �M sodium meval-
onate. Medium G is medium F supplemented with 1% (w/v)
HPCD.

Cell culture

Stock cultures of hamster CHO-K1 cells and 10-3 cells
(mutant CHO-K1 cells that lack detectable mRNA for NPC1
and hereafter designated as NPC1�/�) (29) were maintained in
monolayer culture at 37 °C in 8.8% CO2.

Protein purification and labeling

Recombinant His6–ALOFL (38) and His6–ALOD4 (39),
hereafter designated as ALOFL and ALOD4, respectively, were
overexpressed in Escherichia coli and purified as described in
the indicated references. OlyA–His6 and OlyA–(W6A)–His6,
hereafter designated as OlyA and OlyA(Mut), respectively,
were overexpressed in E. coli and purified as described previ-
ously (16). His8–PlyB, hereafter designated as PlyB, was over-
expressed and purified as described previously (22). All purified
proteins were subjected to a final gel-filtration step in buffer A,
concentrated to 1–5 mg/ml using Amicon Ultracentrifugal fil-
ters, stored at 4 °C, and used within 2 weeks. The activity of each
batch of ALOD4 and OlyA proteins was tested for their ability
to trigger SREBP2 activation and used in experiments only if
they showed the dose dependence shown in Fig. 4A. Protein
concentrations were measured using a NanoDrop instrument
(Thermo Fisher Scientific). For some studies, the lone engi-
neered cysteine on ALOD4 (at amino acid 404 according to the
ALOFL sequence) and on OlyA (at amino acid 151) was labeled
with Alexa Fluor 488 and Alexa Fluor 555, respectively, as
described previously (38). The labeled proteins, designated as
ALOD4 – 488 and OlyA-555, were supplemented with 20%
(v/v) glycerol, flash-frozen in liquid nitrogen, stored at �80 °C,
and used within 3 months.

Quantification of cellular cholesterol and sphingomyelin

Mass spectrometry analysis of the cellular content of choles-
terol was performed as described previously (40), and the mea-
sured cholesterol mass was normalized to the protein content.
In some experiments, cellular cholesterol content was mea-
sured using the Amplex red cholesterol oxidase kit as described
previously (10). Mass spectrometry analysis of sphingomyelin
was performed as described previously (41) using a Nexera X2
UHPLC system coupled to a Shimadzu LCMS-8050 triple qua-
drupole mass spectrometer operating the dual ion source in
electrospray negative mode. Quantification was performed in
selected reaction monitoring mode to detect the common ion
fragment of m/z � 168. The relative concentration of each
metabolite was determined using the peak/area ratio of analyte
versus corresponding internal standard. Data were processed
using the LabSolutions (version 5.91) and LabSolutions Insight
(version 3.1) program packages (Shimadzu Scientific Instru-
ments). Data are reported as peak area of analyte/peak area of
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internal standard and normalized to the protein content. Pro-
tein content was measured using a bicinchoninic acid (BCA) kit
(Thermo Fisher Scientific).

Assays for cholesterol esterification

The rate of incorporation of [14C]oleate into [14C]cholesteryl
oleate and 14C-triglycerides in cultured CHO-K1 cells was mea-
sured as described previously (24).

Assays for uptake and degradation of 125I-labeled LDL

Human LDL was iodinated as described previously (10). The
uptake and proteolytic degradation of labeled LDL was mea-
sured as described previously (42).

Immunoblot analysis

After indicated treatments, media were removed, cells were
washed twice with PBS and then harvested by the addition of
either 200 �l of buffer B to each well of a 48-well plate or 400 �l
of a 1:1 mixture of buffers B and C to each 60-mm dish. For the
experiment described in Fig. 3C, cells were harvested by the
addition of 200 �l of buffer G to each well of a 48-well plate.
After incubation for 20 min at room temperature while shaking,
the lysed cells were collected, mixed with 5� loading buffer,
heated at 95 °C for 10 min, and subjected to either 10 or 15%
SDS-PAGE. In the experiment of Fig. 3C, half of the lysed cells
were used for lipid extraction followed by quantification of cho-
lesterol as described previously (10). The electrophoresed pro-
teins were transferred to nitrocellulose filters using the Bio-Rad
Trans Blot Turbo system and subjected to immunoblot staining
with the following primary antibodies: IgG-7D4 (10 �g/ml) to
detect SREBP2; IgG-A9 (7 �g/ml) to detect HMGCR; anti-His
(1:1,000 dilution) to detect His-tagged ALOD4 and OlyA pro-
teins; anti-actin (1:1,000 dilution); anti-E1 (1:1,000 dilution);
and anti-NPC1 (1:1,000 dilution). Bound antibodies were visu-
alized by chemiluminescence (Super Signal Substrate; Pierce)
by using a 1:5,000 dilution of donkey anti-mouse IgG (Jackson
ImmunoResearch) or a 1:5,000 dilution of anti-rabbit IgG
(Jackson ImmunoResearch) conjugated to horseradish peroxi-
dase. Filters were exposed to Phoenix Blue X-Ray Film
(F-BX810; Phoenix Research Products) at room temperature
for 1– 60 s for all cases, except for anti-NPC1 which required an
exposure time of 10 min.

Cell treatments for microscopy

After indicated treatments, media were removed, and cells
were washed twice with PBS. Some samples were fixed imme-
diately by incubation with 100 �l of buffer D for 15 min and
imaged within 24 h. Other samples were first permeabilized by
addition of 100 �l of buffer E that had been pre-warmed to
37 °C. After incubation for 2 min, buffer E was removed, and
samples were fixed by addition of buffer D for 15 min. Samples
were then incubated with PBS containing BSA (2% w/v) and
DAPI (1:6,000 dilution) for 1 h at room temperature, after
which samples were washed five times with 400 �l of PBS and
imaged within 24 h.

Microscopy imaging

Imaging was carried out using a Zeiss 880 Airyscan LSCM
(UTSW Live Cell Imaging Facility), which was calibrated before

each imaging session. Airyscan images were acquired using the
following parameters: zoom � 2.5; pinhole � 1.8 Airy units
(AU); line time and speed settings optimized for the zoom fac-
tor; and z-direction step size � 0.18 �m for z-stack acquisition.
Confocal images were acquired using the following parameters:
zoom �1 and pinhole size � 1 AU. The z-stacks of cell samples
were acquired with step size optimized for the zoom factor
(typical value for step size was 1 �m). For both Airyscan and
confocal microscopy, the 405, 488, and 561 lasers were used to
excite DAPI, Alexa Fluor 488 – conjugated proteins, and Alexa
Fluor 555– conjugated proteins, respectively. Laser power and
gain were adjusted to produce a signal that was 20 –30% of the
maximum possible signal. Images were analyzed with the
Airyscan processing toolbox in the Zen software package.

Hemolysis assay

Fresh rabbit blood was obtained from the Animal Resource
Center (UTSW), and RBCs were washed and diluted in buffer F
as described previously (38). Reaction mixtures (500 �l) con-
taining 450 �l of RBCs and 50 �l of buffer A with competitor
toxins (0 –10 �M) were set up in 1.7-ml centrifuge tubes and
placed on a rotator. After incubation for 15 min at room tem-
perature, 3 �l of buffer A containing ALOFL (0 –10 nM) was
added, and reactions were again placed on a rotator. After fur-
ther incubation for 15 min at room temperature, reactions were
subjected to 2,000 � g centrifugation for 15 min at room tem-
perature, after which an aliquot of the supernatant (100 �l) was
assayed for released hemoglobin (absorbance at 540 nm).

Reproducibility

All results were confirmed in at least three independent
experiments performed on different days with different batches
of cells and different batches of recombinant proteins. The only
exception was the assay for uptake and degradation of 125I-
labeled LDL, which was carried out on 2 different days with
different batches of cells.
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