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We have measured the transport of de novo synthesized fluorescent analogs of sphingomyelin and glucosylceramide from the trans-Golgi network

(TGN) to the apical membrane in basolaterally permeabilized Madin—Darby canine kidney (MDCK ) cells. Sphingolipid transport was iemperature,

ATP and cytosol dependent. Introduction of bovine serum albumin (BSA), which binds fluorescent sphingolipid monemer, into the permeabilized

cells, did not affect lipid transport to the apical membrane. Both fluorescent sphingomyelin and glucosylecramide analogs were localized to the

fumenal bilayer leaflet of isolated TGN-derived vesicles. These results strongly suggest that both sphingolipids are transported from the TGN to
the apical membrane via vesicular traffic.
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1. INTRODUCTION

The plasma membrane of enithelial cells is differ-
entiated into two domains, the apical membrane lining
the epithelial lumen and the basolateral domain which
faces the blood supply of the tissue [1,2]. Both the vec-
torial transport and barrier functions of epithelia are
dependent on the polarized distribution of proteins and
lipids between the apical and basolateral membrane
domains. In Madin-Darby canine kidney (MDCK)
cells, newly synthesized apicol and basolateral proteins
are sorted from each other in the trans-Golgi network
{TGN) [3,4]. The sorting of newly synthesized sphingo-
lipids en route to the epithelical cell surface also takes
place intracellularly in the Golgi complex, raising the
possibility that protein and lipid sorting are directly
connected events [5].

In this paper, we used permeabilized MDCK cells [6]
to study the transport of newly synthesized sphingo-
lipids from the TGN to the apical surface. The results
strongly suggest that vesicular carriers are responsible
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for sphingolipid transport as previously shown for
proteins [7].

2. EXPERIMENTAL

2.1. Iucubation of cells with N-{ 7-nitroben=-2-oxa-1,3-diazol-4-y1)-6-
aminocaproy! p-ervihro-sphingosine ( Ci-NBD-Cer ) /bovine serum
albumin { BSA)

Ceils grown on 24-mm diameter, 0.4 gm pore size, premounted
Transweli polycarbonate filters (a kind gift from Hank Lane, Costar,
Cambridge, MA) were washed twice with water bath medium (Eagle’s
minimal essential medium with Earle’s saits containing 10 mM
HEPES, pH 7.3, and 0.35 g/ sodium bicarbonate). The filters were
then placed in a six-well culturc dish, and 2.6 ml water bath medium
was added to the basal side and 1 mi 25 4M C,-NBD-Cer/BSA com-
plex [8.9] in water bath medium was added to the apical side of the
filter, The filters were incubated in a 20°C water bath for 60 min at
which time the apical and bas~1 mcdia were replaced with water bath
medium containing 1% defatted BSA (1 ml to the adical ane.  # ml
to the basal . .de). The filters were incubated fur 60 min at 20°C. The
medium was then replaced with fresh water bath medium containing
19 defatted BSA. and filters were incubated for an additional 60 min
at 20°C,

2.2. Cell-permeabilization procedure

Filter grown cells were washed twice with ice-cold KOAc bufler (25
mM HEPES, pH 7.4, 115 mM potassium acetate, 2.5 mM MgCl).
Then the basal side of the filler was placed on a 50 41 drop of incuba-
tion buffer (25 mM HEPES, pH 7.4, 115 mM potassium acetate, 2.5
mM MgCl,, 1| mM DTT. $ mM EGTA, 2.5 mM CaCO) containing
0.5 g streptolysin-0 (SLO) on parafilm, which was placed on a metal
plate on ice. 100 al ice-cold incubation bufier was added to the apical
surface and collz were incubated for 10 min. Cell filters were then
washed three times with ice-cold KOAc builer and transferred 10 a
sin-well culture dish. Incubation buffer, 1 ml and 2 ml, was added 1o
the apical and basal side, © pectively. and eells were incubated for 40
min in 020°C water bath.
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2.3, fecdation conditions

Following permeabilization. cxcess moisture was removed from the
fitter by blotting the basal side of the Transwell filter to a filter paper.
Then the hasal side of tie filter was placed on 100 pl ice-cold incuba-
tion buffer containing either an ATP-regencerating system (1 mM ATP,
$ mM creatine phosphate. S0 gg'ml creatine kinase) or an ATP-
depleting system (0.5 mg/m} hexokinase, 12.5 mM glucose) and 5-7
mg/ml MDCK cytosol. which was layered on parafilm in a humid
chamber. The chamber was incubated on ice for 30 min and then 500
£1 prewarmed tncubation buffer was added to the apical side and the
cells were incubated at 37°C.

2 4. Measurement of lipid transpore

After incubation. cell filters were incubated for 30 min at 7°C with
back-exchange buffer (25 mM HEPES. pH 7.4. 115 mM potassium
acetate, 0.9 mM CaCl. 2.5 mM MgCl., | mM DTT. 1% defasted BSA)
which was added to the apical (1 ml) and/or basal (! mD side of the
fiiter. The extraction was repeated by adding fresh back-exchange
buffer. After back-cxchange, the cells were scraped from the filter after
the addition of 1 mi back-cxchange medium without BSA. In order
10 examine the effect of BSA on lipid transport. 1 sl incubation buiier
containing 1% defatted 2SA was added apically during the 37°C
incubation. Lipids were extracted from both back-cxchange medium
and cells. Extracted lipids were separated by TLC and quantified
[s.10].

2.5, Measurement of proiein transport

Cells were infected with influenze virus strain N (A‘chick/Germany/
49, Hav 2 Nel). pulse-labeled and incubated as described [7.11]. After
basolateral permeabitization and 37°C incubation. the delivery of
hemagglutinin (HA) to the apical surface was measured by its acces-
aibility to exogenously added trypsin [11.12]. Following the trypsin
treatment, the cells were lysed and the proteins were analysed by
sodium dodecy] sulphate-polvacrylamide pul clectrophoresis. The pels
were fixed, dried and exposed 1o a Phosphorlmager sereen (Molecular
Dynamics, Sunnyvale, CA). The HA band intensities were calculated
and percent of HA transported was calculated as [(HA a1 4°C - HA
at 37°C){HA at 4°C)] x 100.

26. Cell perforation by filier siripping cnd incubation of released
vesicles with BS 4

Celils grown on 100-mm filters were labeled with C -NBD-Cer/BSA
and perforated [7.13]. After perforation, the filter culture was trans-
ferred to a 100 mm tissue culture dish containing 10 mt incubation
buffer without CaC'O, containing an ATP-regenerating system. After
mecubatica at 37°C for 1 h, the incubation medium was collected and
clarified by centrifupation for 10 min at 1.500 rpm. The supernatant
was divided into two parts and 1% defatted BSA (final concentration)
was added to one portion. The supernatamt was incubated for | b at
4*C and the membranes were pelieted by centrifugation for 1 h at
200,000 x g, and 4°C. The lipids were ostracted and separated by
TLC. -

2.7, Other procedures

Highly purificd SLO [14] was prepared as described previously [14].
MDCK I cells were prown as deseribed previousty [7.13). Protein
conoentration was determined asing micro bicinchormic acid protein
assay kit (Pierce. Rockford. 11i with BSA us a standard. Lactate
dehydrogenase (LDH) was measared by the method of Bergmeyer and
Bent {15). MDCK cytosol was prepared as desenbed [16] using incuba-
tion buffer imtead of Giosol buffer. Eleciron microscopy was por-
formed as deweribed |17

3 RESULTS AND DISCUSSION

SLO s s 69 kDa sotfhydnd-activaied evtolyvsin, which
appeats 16 bind speciticdly 10 cholesteral and ¢reate
pores 1in membrancs [18]. A low temperature, the toxin
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Fig. I. LDH is rclcased only into the basal medium in basolaterally
permeabilized MDCK cells. (A) MDCK cells were basolaterally per-
meabilized with 10 pg/mi SLO as dzscribed in Scction 2. At appropri-
aic intervals during 20°C incubation, LDH activity of apical (w) and
baszl (@) medium and of the cells on the filter were measured. Cell
filters were incubated in 0.1% Triton X-100 in KOAc buffer for 30 min
a1 4°C before measuring enzyme a-tivity. (B) Various concentrations
of SLO were added 1o the basal side of filter grown cells at 4°C for
10 min. Cells were then washed and incubated for 40 min at 20°C.
After incubation, LDH activity of apical (@), basal (@) medium and
fier-grown cells was measured.

binds to the surface without causing permeabilization.
When cells are warme | after washing away cxcess toxin,
pore information is induced [19]. Using this two-step
procedure, Gravotta ¢t al. [6] succeeded in permeabiliz-
ing the apical or basolateral domain of MDCK cells
selectively. We have modified their procedure in order
to deplete endogenous cytosol. Thus, the transport of
both protein and lipids from the TGN to the plasma
membrance required the addition of exogen..as cvtosol
¢{see below). When SLO was applied to the basal side of
filter-grown MDCK cells at 4°C for 10} min, time-de-
pendent release of LDH activity was observed ar 20°C
tbig. TA). LDH was released only to the basal side. The
relcase was dependent on the concentration of SLO and
S ug/mi SLO was reguired to release 30% LDH withm
440 maa (Fig. 1 B). Transmisstion ciectron micrographs of
permcabitized cells indicate intact apical membranes
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and apparently normal intercelllar junctions after SLO
treatment (Fig. 2).
Using  basolatevally  permeabiliced cells, we have
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Fig. 2. Electron microscopy of brsolateralis permeabilized celts. Cells
were permeabilized using SLO as deseribed in Section 2. The
arrowheads in (A) indicate sites of tight junctions. The Jjunction
indicated by double arrowheads in (A) is shown at higher magnificu.-
tion in (B). Note that the Golgi cisternae (G) urc well preserved. N,
nucleus; ap. apical plasma membranc; bl basolateral plasma
membrane. Bars = 1 gm.
‘_

measured the transpert of both protein and lipids from
the TGN to the plasma membrane. For protein trans-
port, we have measured the delivery of influenza virus
HA to the apical membrane. Filter-grown MDCK cells
were infected with influenza N virus, pulse-labeled and
incubated at 19.5°C for 90 min. During the 19.5°C
incubation, HA is accumulated in the TGN [11]. During
the 37°C incubation after basolateral permeabilization,
HA was transported to the apical membrane. HA trans-
port was dependent on temperature, ATP, and cytosol
(Fig. 3).

For lipid transport, the cells were iabeled with C,-
NBD-Cer and incubated for 2 h at 19.5°C before being
permeabilized basolaterally. During this incubation. C,-
NBD-Cer is metabolized to N-(7-nitrobenz-2-oxa-1.3-
diazol-4-yl)-6-aminocaproyl sphingosine--phospho-
choline (C,-NBD-SM) and N-(7-nitrobenz-2-cxa-1.3-
diazol-4-yl)-6-aminocaproyl sphingosine glucoside (C,-
NBD-GlcCer). which accumulate in the TGN [5].
Transport of fluorescent sphingolipids to the apical
membranc was assayed by extracting the plasma
membrane lipids into BSA. First we asked whether lipid
transport to the apical and basolateral membranes
could be measured separately in permeabilized cells. To
test this, BSA was selectively added to either the apical
or the basolateral surface after transport (Table 1). The

Table |

Co-NBD-GleCer and C-NBD-SM on one sutface are no. depleted by
BSA present in the medium on the opposite side in permeabitized ¢eft

Medium Co-NBD- C-NBD-GicCer -
% Transporied
Incubation | Incubation 2 Incubation | Incubation 2
f
Apical 8724032 1.5 005 2107+ 081 535+ 045

Basolateral 548
It

Apial 941 - 0ORS 1SR 2 005 22207 14K S93 = 0.K0

Basolaicral 062 + 0237 421« 06l 255« 0.09 1428 ¢ 0.3
i

Apical IEE Y S0 600 ¢ G223 49K - 15T ITYE 2 126

Basolitera! S42 0 061 283 2 036 1270 « 236 1136 2 [J4S

i+

0.69 260 £ 021 14495

i+

1.20 1242 < .23

Cells were incubated with C-NBID-Cer and permeamived {s¢ Saction
20 After transpoit, the cells were imcubated aacubation 1y selectnehy
At 700 i the presence of 198 onthe apicai (D or the basad ade (LD
Aler 0.5 B BSA was adde. 0 both sides tor 0.8 a7 O fimcubation
25 Control iMters were incubated twice with B5A on both sides fn 0.5
ol Values are the soean © S D0 of three idependent experiments

‘1‘1()
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Fig. 3. HA transport in permeabilized MDCK cells. Cells were in-

fected. pulse labeled, permeabilized and preincubated at 4°C as de-

scribed in section 2. The permeabilized cells were then incubated for

45 min at 4°C or 37°C under various conditions. After transport. the

apical surfzee was treated with trypsin and the amount of HA

transporied 1o the cell surface was calculated as described in Section
2. The bars indicate the variation of duplicale experiments.

transport of both C.-NBD-SM and C,-NBD-GlcCer to
the apical membrane was observed at 37°C in per-
meabilized cells. The efficiency of transport was 60—
70% of that of intact cells after 45 min. Basolaterally
applied BSA extracted only a small amount of apically
transported fluorescent sphingolipids and vice versa.
We then measured several parameters of lipid trans-
port from the TGN to the apical membrane. Low tem-
perature, ATP depletion and cytosol depletion inhibited
both fluorescent sphingomyelin and glucosylceramide
iransport (Table 11). Since NBD-sphingolipids are
trapped by BSA, BSA added during transport should
inhibit the wansport of fluorescent lipid if lipid mo-
nomers were transported from the TGN across the cy-

B Ce-NBD-SM
B C8HED-CicCer

0 0.2 1
BSA (%)

Fig. 4. BSA added to permeabilized basolateral membrane did not
inhibit bipad transpon to the apical membrane. MDUK oclls were
incehansd with C-NBD-Cor and pormcabiliced. Chiowsl and ATE-
SEECUCTAlAE $YHICIN conlaining various concentrations of BSA was
added 1o the buval wide. After 30 min a3 3°C. § mi ATP-scgenerating
wwaree oomtzaneng 1G BSA was 23008 10 the apvical wde and cclls were
mzulused a3 370 fog 45 mun, Al twubation, Buortwoost sptumgs-
the 503, lrom (e oo do = 3,

230

Fig. 5. Distribution of fluorescent sphingolipids in TGN-derived

vesicles. Vesicles were isolated from MDCK cells and incubated with

BSA as described in Section 2. Lipids were extracted and separated
by TLC. o, absence of BSA; e, presence of BSA.

tosol to the plasma membrane. Addition of BSA to the
basolateral medium did not significantly affect lipid
transport to the apical membrane (Fig. 4). This result
makes it unlikely that sphingolipids are transported to
the plasma membrane via monomer diffusion.

These results speak in favor of vesicular traffic of
fluorescent sphingolipids from the TGN to the apical
plasma membrane. Further support for this mechanism
was obtained by measuring the topology of fluorescent
sphingolipids in the transport vesicles derived from the
TGN. A vesicle-enriched fraction obtained from filter-
permeabilized cells [7] was incubated with or without
BSA. The vesicles were then pelleted and lipid extracted.
Neither C,-NBD-SM nor C,NBD-GleCer were
depleted by BSA treatment, whereas the content of Cg-
NBD-Cer decreased significantly (Fig. 5). This result
indicates that both C-NBD-SM and C,-NBD-GlcCer
are oriented towards the luminal leaflet of these vesicles.
These data support the involvement of vesicular carriers
in the transport of sphingolipid from the TGN to the
apical surface. Since sphingomyelin is synthesized on
the lumenal leaflet of the Golgi apparatus {20,21] and
glucosylceramide is synthesized at the cytoplasmic sur-
face [22-24], our results suggest that transbilayer move-
ment of glucosyleceramide from the cytoplasmic surface

Table 1t
ATP and cytosol dependence of Lipid transport to the plasma meme
branc
Treatmemt C,-NBD-SM C,-NBD-GicCer
Compiic ik fy
ATP-deplaiion 150 199 ¢ 3,
= Cyioan) M1 119 363+ 129

Dilfoicnce between wranspont at 37°C aad at 3°C ander comple .
cotdition was taken as 100, Values are the mean * S.D. of three
pudepondent cuporunctits.
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to the lumenal leaflet occurs before the vesicles bud
from the TGN.
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