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Summary. A method has been developed for the simultaneous
isolation of basolateral plasma membrane vesicles from surface
and crypt cells of rabbit distal colon epithelium by sequential use
of differential sedimentation, isopycnic centrifugation and Ficoll
400 barrier centrifugation. The protein yield was high (total 0.81
mg/g mucosa) and surface and crypt cell-derived basolateral
membrane fractions have been purified 34- and 9-fold with re-
spect to the homogenate. The pattern of marker enzyme enrich-
ments revealed only minor contamination by subcellular organ-
elles. Latency of ouabain-sensitive (Na*,K+)-ATPase activity
prior and after trypsin treatment of membranes indicated a vesi-
cle configuration of sealed right side-out:sealed inside-out:
leaky of approximately 2:1:1. The presence of sealed vesicles
was also evident from the osmotic sensitivity of the p-[1-“C]
mannitol equilibrium space determined with either fraction. Al-
though considerably different in protein profile, surface and
crypt basolateral membranes were similar in cholesterol to phos-
pholipid molar ratio and membrane fluidity as determined by
steady-state fluorescence polarization.

Stopped-flow light scattering experiments revealed a rather
low water permeability of the membranes with a permeability
coefficient of 6 wm/sec at 35°C, which is one order of magnitude
lower than reported for small intestinal plasma membranes. Both
membrane fractions have been shown to effectively generate
outward uphill potassium ion gradients, a process that is ener-
gized by ATP and inhibited by the membrane-permeant cardiac-
glycoside digitoxin. These characteristics are consistent with the
activity of a (Na*,K*) pump operating in inside-out vesicles.

Key Words rabbit distal colon - surface and crypt cells - baso-
lateral membrane - osmotic water permeability

Introduction

The mammalian colon displays structural [6, 36]
and functional [38] heterogeneity: the surface epi-
thelium is involved in electrolyte and fluid absorp-
tion, the crypts are thought to be responsible for

secretory processes [reviewed in 11, 32]. To define
the molecular pathways of the transepithelial ion
transport, flux studies with purified plasma mem-
brane vesicles has become an attractive methodol-
ogy [31].

However, the extraction of plasma membrane
vesicles from colon epithelium is an intrinsically dif-
ficult process, complicated by the structural hetero-
geneity of the tissue [6, 36] and the presence of
mucus, which tends to aggregate membranes,
thereby introducing the risk of low yield and arbi-
trary selection of subsets of vesicles, which may not
be representative of the cellular constituent as a
whole. Only a few reports are available on the iso-
lation of apical [4, 15, 18, 20, 37] and basolateral [3,
18] plasma membranes of mammalian colon epithe-
lium and only in two studies [20, 37] the vesicle
nature of the isolated apical membrane fraction was
assessed by transport experiments.

In the present work, rabbit distal colon epithe-
lium was used as a source of biological material
since transepithelial ion transport is well character-
ized by biophysical studies performed on intact epi-
thelia [cf. 32, 40]. This is the first report of the isola-
tion of highly purified basolateral membranes of
colon epithelial cells, which measures vesicle integ-
rity and membrane sidedness and uses such vesicles
for both ATP-dependent ‘‘primary active’ and ion
gradient-coupled ‘‘secondary active’’ ion transport.
Additionally, the presented isolation procedure al-
lows the simultaneous preparation of basolateral
membrane vesicles from surface and crypt epithe-
lial cells. Currently, ion transport studies using
plasma membrane vesicles seem to be a promising
experimental approach to get insight into molecular
aspects and regulatory parameters of basolateral
ion transport in colon epithelial cells since electro-
physiological studies are hampered by technical dif-
ficulties [42] inherent to this tissue.
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Materials and Methods

IsoLATION OF RABBIT COLON BASOLATERAL
MEMBRANE VESICLES

New Zealand white rabbits (either sex, =2.5 kg weight) main-
tained on standardized commercial diets were killed by cervical
dislocation and bled. The distal colon (=40 ¢m in length) was
rapidly dissected, cut into =8 cm pieces, which were flushed
immediately with ice-cold 0.9% NaCl to remove fecal contents,
and placed on ice. The segments were then opened along their
length, spread luminal surface uppermost on a 150-mm diameter
glass petri dish placed bottom-up on ice, and were cleaned thor-
oughly with gauze to remove mucus and adhering material. The
colon mucosa was harvested by gently scraping with glass slides.
Typically, the preparation began with 6-8 g (wet wt) of scrapings
obtained from two rabbits. The scrapings were minced with scis-
sors, suspended (=3% wet/vol) in ice-cold 250 mMm sucrose, 25
mM choline chloride, 1 mM dithiothreitol, 0.2 mm phenylmeth-
ylsulfonyl fluoride, S mm HEPES-Tris, pH 8.3, and homogenized
for 15 min at 40% of maximum speed (9500 rpm) in a Biihler
homogenizer. The homogenization was performed in 85-ml por-
tions using the 150-ml blending chamber cooled by a layer of ice
slush kept around the homogenization cylinder. May-Griinwald-
Giemsa stained smears of the homogenate showed that this pro-

Yellowish pellet

BLM fraction

Fig. 1. Flow scheme for the preparation of
basolateral plasma membrane vesicles from
rabbit distal colon epithelium

cedure breaks most {>>90% on the basis of recognizable particle
count) of the epithelial cells with only moderate damaging effects
on nuclei. Minor nonepithelial contaminants (connective tissue,
smooth muscle cells) of the scrapings remain intact.

High-speed centrifugation steps were performed at 3°C and
run parameters are given in terms of g,,, where g,, is the centrifu-
gal force (times gravity) at the average radial distance, i.e., the
mean between maximum (tube bottom) and minimum (meniscus)
distance from the axis of rotation. Deunsity gradients were con-
structed of sorbitol or sucrose buffered with 10 mm HEPES-Tris,
pH 7.4; concentrations of solutes are given as percent by weight
(Fig. 1).

Step 1. The homogenates were combined and subjected to
low-speed differential sedimentation (Sorvall, SS34 rotor) at 500
X g X 10 min. The supernatants containing soluble protein and
the crude membrane fraction were carefully decanted, pooled,
and further processed in step 2. The pellets containing =~10% of
total protein (gross cell debris, unbroken nonepithelial elements,
nuclei, and some aggregating particulate material as judged by
light microscopy and diagnostic marker enzymes) were dis-
carded (Table 1; Fig. 1).

Step 2. The low-speed supernatant obtained at step 1 was
then separated by centrifugation for 35 min at 70,000 X g into a
soluble (supernatant) fraction, which was discarded, and a sedi-
mentable (pellet) crude membrane fraction, which was further
subfractionated by isopycnic centrifugation in step 3 (Fig. 1).
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Fig. 2. Analytical subfractionation of epithelial cell membranes
of rabbit distal colon. Representative (out of three to six separate
fractionations) density distribution pattern of (Na*,K+)-ATPase
(solid line) and protein (dotted line) after fractionation of (A)
mucosal scrapings, (B) surface cells, and (C) mucosal scrapings
after removal of surface cells, on continuous linear sorbitol gra-
dients. For experimental details see Materials and Methods.
Marker recovery after centrifugation is plotted as a function of
equilibrium density. Total recoveries after centrifugation: pro-
tein, 87%; and (Na*™,K*)-ATPase, 84%, of the applied quantities

Step 3. The crude membranes were resuspended at 5-10 mg
protein/ml in 250 mM sucrose, S mM HEPES-Tris, pH 7.4, by 40
strokes with a loose fitting (pestle A) Dounce homogenizer
(Kontes Glass, Vineland, NJ). For analytical subfractionation
(Fig. 2), continuous linear density gradients were loaded with the
crude membrane suspension at a sample volume of 0.05 units of
gradient bed volume and centrifuged for 14 hr at 75,000 x g.
Fractions were removed from the top of the gradient with a
Buchler Auto Densi-Flow (Buchler Instruments, Fort Lee, NJ),
and the density of each fraction was determined gravimetrically.
Each fraction was then diluted with =4 volumes of gradient
buffer, and sedimented for 25 min at 170,000 X g. The pellets
were resuspended in minimal volumes (100-300 wl) of 250 mm
sucrose, 10 mm HEPES-Tris, pH 7.4, by repeated passage
through a No. 25 gauge needle.

Preparative subfractionations (Fig. 1) were usually per-
formed in runs at 40,000 rpm for 2 hr (190,000 X g) with tubes
each containing 3 ml 16% sucrose, 6 ml of the crude membrane
fraction, which was made 38% in sucrose (final protein =2.5 mg/
ml), and 2 ml 43% sucrose cushion. Similar results were obtained
with step gradients of 8 ml 16% sucrose, 25 ml 38% sucrose
containing the crude membrane fraction, 6 ml 43% sucrose cush-
fon spun 14 hr at 75,000 x g, BLMS (basolateral membranes
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referred to surface epithelial cells) and BLMC (basolateral mem-
branes referred to crypt epithelial cells) fractions collecting at the
16/38% and 38/43% sucrose interface, respectively, were har-
vested separately by quantitative aspiration of the individual
bands. The membrane fractions were then diluted ~ threefold in
gradient buffer, and recovered at 70,000 X g for 35 min. The
pellets were resuspended at 3—5 mg protein/ml in 250 mM su-
crose, 10 mm HEPES-Tris, pH 7.4, by 20 gentle strokes with
pestle A in a Dounce homogenizer (Fig. 1).

Step 4. The basolateral membranes were purified further by
Ficoll 400 barrier fractionation at 70,000 X g at the sample/bar-
rier interface for 20 min (Fig. 1). Each tube contained 3-ml sam-
ple layer, 2 ml 6% (wt/vol) Ficoll 400 in 250 mM sucrose, 5 mm
HEPES-Tris, pH 7.4, and a 5-ml cushion of 25% sucrose. After
centrifugation the 3-ml sample layer and a small band at the
sample/Ficoll interface containing subcellular membranes (endo-
plasmic reticulum, Golgi membranes as judged by marker en-
zyme analysis) were discarded. The highly purified BLMS and
BLMC fractions trapped within the Ficoll barrier were collected,
pooled separately, diluted five- to 10-fold with medium, which
varied according to the experimental design and sedimented at
70,000 X g for 35 min. The pellets were resuspended in the same
medium to 12-15 mg protein/ml by repeated passage through a
No. 25 gauge needle. Aliquots were frozen in liquid nitrogen and
stored at ~80°C.

ENZYME ASSAYS

Assays were corrected for nonenzymatic reaction rate, were lin-
zar functions of protein and time, and were carried out on sam-
ples, which were either freshly prepared or frozen and thawed
only once. (Na*,K*)-ATPase activity was measured at 37°C as
the rate of inorganic phosphate release in the slightly modified
medium of Mircheff et al. [25] containing 100 mM NaCl, 10 mm
KCl, 5 mm MgCl,, 2.9 mm EDTA, 2 mMm Na,ATP, 50 mm Tris-Cl,
pH 7.4, in the absence and presence of 1 mm ouabain; final
volume 0.5 ml. The reaction was initiated by the addition of
protein. Unless otherwise stated, membrane vesicles were pre-
treated with detergent to ensure full access of substrates to both
sides of membranes (see below). The addition of 0.5 ml ice-cold
5% (wt/vol) trichloroacetic acid terminated the reaction. Ali-
quots were used directly for phosphate determination except
when samples contained >5 ug of protein, which were first cen-
trifuged to remove precipitated protein. Ouabain-sensitive ATP
hydrolysis was in the range of 2.5 to 24% of the total ATP hydrol-
ysis. Other enzyme activities were assayed according to pub-
lished methods, modified as indicated: ouabain-insensitive (K+)
phosphatase [15]; acid phosphatase [23] in the presence of 4 mm
EDTA to inhibit alkaline phosphatase {17]; alkaline phosphatase
[25], except that ZnCl, was omitted from the assay mixture;
succinate dehydrogenase [26] as modified by [28]; NADH- and
NADPH-cytochrome ¢ reductase [35] using a molar absorption
coefficient of e = 19.6 X 10® M~! cm~! [44] for the reduced minus
the oxidized cytochrome. Thiamine pyrophosphatase [22] with
the modification that 2 mM theophylline was included to inhibit
alkaline phosphatase activity.

ANALYSIS OF MEMBRANE SIDEDNESS
AND INTEGRITY

Methodology used is based on latency [c¢f. 19] and site-specific
trypsin sensitivity [10] of plasma membrane (Na*,K*)-ATPase.
In order to expose latent enzyme activity in trypsin-treated and
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untreated membranes, samples were suspended at 1 mg protein/
ml in 250 mM sucrose, 10 mM HEPES-Tris, pH 7.4 and pre-
treated with varying concentrations of, (i) Triton X-100/digitonin
1:1 (wt/wt) for 20 min on ice, (ii)) SDS for 5 min on ice, (iii) the
channel-forming antibiotic alamethicin for 20 min at room tem-
perature, or (iv) by osmotic shock (=50-fold dilution of mem-
branes in distilled water), before diluting aliquots into the
(Na*,K*)-ATPase assay medium. Experimental details of tryp-
sin treatment of membranes are described in the legend to Fig. 7.
Complete sidedness information can be extracted from ouabain-
sensitive (Na*,K*)-ATPase activity in the absence (a) and pres-
ence (b) of detergent in trypsin-untreated membranes and from
activity in the presence (c) of detergent in trypsin-treated (10
min) membranes: (a/b), leaky vesicles; [(b — a)/b], sealed both
right side-out and inside-out vesicles. Percentage of sealed in-
side-out vesicles can be calculated by difference from the total
percentage of sealed vesicles.

CHEMICAL ANALYSIS

Inorganic phosphate released by phosphatase activity was quan-
tified colorimetrically [2]. To minimize interference by thiols [43]
and nonionic detergents [30], the concentrations of dithiothreitol
and Triton X-100 in the final assay mixture were limited to 0.02
mM and 0.025 mg/ml, respectively. At this concentration, the
effect on standard curves was negligible.

Membrane lipids were extracted by a modified procedure
[8] of the method of Folch, Lees and Stanley [9], except that
dichloromethan/methanol (2 : 1, vol/vol) was used as an extrac-
tion medium. Total phospholipid phosphate [5] and total choles-
terol [1] (using kit no. 351, Sigma, St. Louis) were determined by
the indicated published methods. The phospholipid/protein ratio
on a wt/wt basis was estimated assuming a mean phospholipid
mol wt of 770.

Protein was estimated by the Biorad assay based on
Coomassie blue G-250 dye binding using gamma-globulin as stan-
dard. Samples were prepared in the presence of Triton X-100
(0.1%, vol/vol) to promote rapid solubilization of membrane pro-
teins. In samples of BLMS and BLMC treated with Triton, the
amount of total protein was =40 and =10% higher than in un-
treated samples.

Protein analysis of membrane fractions was carried out by
SDS-polyacrylamide slab gel electrophoresis [21] as described
elsewhere [39].

LIGHT SCATTERING

Scattered light intensity was measured at a wavelength of 450 nm
90° to the incident beam using an Aminco Morrow stopped-flow
system mounted on an Aminco DW?2a spectrophotometer. Mem-
brane suspensions in 100 mM mannitol, 2 mM MgCl,, 5 mm
HEPES-Tris, pH 7.4, were rapidly mixed (4 atm pressure) with
equal volumes of hyper- or isosmotic solutions, and changes in
light scatter intensity were recorded and signal-averaged in an
Aminco Midan T microprocessor-data-analyzer. The osmotic
water permeability coefficient, P;, was calculated [16] from:

Pf=5;'7w'x<1—%> (N

where K is the rate constant of osmotic water permeation, C,, is
the osmolarity of the external solution, V,, is the molar water
volume, and V, (vesicular volume), A (vesicular surface area),
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and b (osmotically inactive vesicle volume) are dimensional pa-
rameters estimated stereologically from electron micrographs
(see Fig. 4). The rate constant K was obtained from first-order
plots of the time course data shown in Fig. 9.

ELECTRON MICROSCOPY

Transmission electron micrographs were kindly prepared by M.
Pavelka (Department of Micromorphology and Electronmicros-
copy, University of Vienna). Membrane pellets obtained after
the final purification step (see isolation procedure) were fixed in
ice-cold 250 mM sucrose, 2.5% glutaraldehyde, 100 mM cacodyl-
ate, pH 7.4, overnight in the cold, and, thereafter, washed to
remove the glutaraldehyde, postfixed in 1% veronal acetate-buf-
fered OsO,, dehydrated in graded ethanol solutions, and embed-
ded in Epon. Ultrathin sections were stained with uranyl acetate-
lead citrate and examined on a Philips EM400 electron
microscope. Randomly chosen vesicular structures from repre-
sentative fields of the thin section transmission electron micro-
graphs were stereologically analyzed on a desk computer
(Video-plan, Kontron Gmbh, FRG).

FLUORESCENCE POLARIZATION

Aliquots of final purified membrane suspensions were diluted
(final concentrations 25 to 50 ug protein/ml) into 150 mMm NaCl, 2
#M 1,6-diphenyl-1,3,5-hexatriene, 1% (vol/vol) ethanol, 20 mMm
HEPES-Tris, pH 7.4, and incubated in the dark for 30 min at
37°C. Fluorescence emission intensities (excitation wavelength
370 nm, emission wavelength 430 nm) were recorded parallel
(Z) and perpendicular (I,) to the exciting plane on an Aminco-
Bowman spectrofluorometer thermostated at 37°C. Steady-state
fluorescence anisotropy r = (I; — I,)/(I; + 21 ) was determined at
different protein concentrations and extrapolated to zero dilution
to correct for emission scattering. The anisotropy parameter (r,/r
— 1)~! was calculated assuming a maximal limiting anisotropy of
1,6-diphenyl-1,3,5-hexatriene of r, = 0.362 [34].

RADIONUCLIDE TRANSPORT STUDIES

8%Rb, which can substitute for potassium in activation of
{(Na*,K*)-ATPase [19] was used as a tracer to measure ATP-
dependent potassium uphill transport mediated by (Na*,K*)-
antiport. A protocol similar to that of Seiler and Fleischer [33]
was used.

After ion equilibration of membrane vesicles in 5 mm NaCl,
50 mm KCl, 5 mm MgCl,, 2.9 mm EDTA, 5 mm phosphoenolpy-
ruvate, 32 U/ml pyruvatekinase, 50 mm Tris-HCI, pH 7.4, 3.5 X
105 cpm/ml #Rb for 3 hr on ice and 30-min temperature equilibra-
tion at 25°C, active transport was initiated by the addition of 3
mM Tris-ATP. Controls were performed in the absence of ATP.
Transport was terminated at appropriate time intervals by rapid
filtration of 0.5 ml aliquots (containing 50 pg of protein) through
prewetted filters (0.45 wm ME 25 filter, Schleicher & Schiill,
Dassel, FRG). The filters were washed two times with 2.5 ml
washes of stop solution (ice-cold 0.5 M KCI, 10 mm Tris-NCl)
and placed in glass vials containing 8 ml of Ready-Solv HP scin-
tillation fluid (Beckman, Fullerton, CA). Radioactivity was mea-
sured by scintiilation spectrometry. All values were corrected
for blank, i.e., radioactivity retained on the filter in the absence
of protein.
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Table 1. Influence of homogenization medium on the yield of sealed plasma membrane vesicles®
Condition Homogenate Subfractions recovery®© (%)
—Detergent +Detergent® Latency (%) P S Total
[a] [6] [(b — a)/b]
pH 6.5 0.86 = 0.6 1.19 = 0.2 (6) 28 48 £ 5 61 = 8 109 = 7(3)
pH 7.3 0.87 £ 0.3 1.33 £ 0.3 (5) 35 24 =3 82 = 16 106 = 18 (3)
pH 8.3 0.82 £ 0.4 1.27 £ 0.3 (7) 35 6+ 0.4 93+ 9 9+ 9(3)
+ NaCl (25 mm) 0.64 = 0.2 1.26 = 0.2 (6) 49 22+ 4 77 = 5 99 + 2(5
+ Choline CI (25 mm) 0.56 = 0.1 1.25 £ 0.2 (6) 55 9+3 87 + 10 96 = 7(5)

@ Mucosal scrapings were homogenized in 250 mu sucrose, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfony] fluoride, 10 mM of either
Mes-Tris, pH 6.5, HEPES-Tris, pH 7.3, or Tris-HEPES, pH 8.3, and the indicated additions, stored on ice for 15 min, and subjected to
low-speed centrifugation (step 1, Fig. 3). The crude homogenate, the pellet (P) and the supernatant (S) fraction were analyzed for
(Na*,K*)-ATPase activity in the presence and absence of detergent. Other details as described under Materials and Methods. Values

are mean * sD of # different preparations shown in parentheses.

® Triton X-100/digitonin 1:1 (wt/wt), 0.4 mg detergent per 1 mg of protein.

¢ Relative to the amount in the homogenate.

Total trapped volume in a vesicle suspension was measured
by isotope equilibrium uptake. Final purified membranes were
prepared in 150 mm KCl, 10 mm MgCl,, 20 mm HEPES-Tris, pH
7.4, temperature equilibrated for 15 min at 25°C, and diluted to 1
mg protein/ml into an identical medium containing 1.6 x 10°
cpm/ml of D-[1-*C] mannitol. The external medjum osmolarity
was varied by addition of raffinose. After 90 min, incubation
aliquots of incubate were diluted 20-fold into ice-cold stop solu-
tion (uptake medium containing 1 mM unlabeled mannitol instead
of radioactive tracer), filtered, washed twice with 2 ml stop solu-
tion and processed for scintillation counting as described above.
Linear regression analysis of apparent equilibrium space vs. in-
verse medium osmolarity yield average trapped volumes at isos-
motic (0.35 osm) conditions corrected for trapping of the label in
an osmotically inactive space.

MATERIALS

All enzymatic substrates, ouabain, digitoxin, valinomycin,
phenylmethylsulfonyl fluoride, 1,6-diphenyl-1,3,5-hexatriene,
digitonin, Triton X-100, porcine trypsin (EC 3.4.21.4, Sigma T-
0134) and soybean trypsin inhibitor were obtained from Sigma
(St. Louis, MO). Alamethicin (stock solution, 30 mg/ml in etha-
nol) was kindly provided by Richard L.. Keene (Upjohn, Kalama-
zoo, MI). Theophylline was from ICN Pharmaceuticals (Plain-
view, NY), pyruvate kinase (EC 2.7.1.40) from Boehringer
(Mannheim, FRG) and Ficoll 400 from Pharmacia (Uppsala,
Sweden). Gel electrophoresis reagents were obtained from Bio
Rad (Richmond, CA), p-[1-¥C] mannitol (55 mCi/mmol) was
purchased from Amersham and *Rb from New England Nu-
clear. All other chemicals were reagent grade.

Results

IsOLATION OF BASOLATERAL PLASMA
MEMBRANE VESICLES

Initially, homogenization and low speed centrifuga-
tion (step 1) was troublesome. Aggregation of mem-

brane material resulted in high losses in pellet P.
The problem could be solved by increasing the pH
of the homogenization medium to 8.3 (Table 1). In
addition, the resealing of basolateral membrane ves-
icles could be substantially improved by adding 25
mM choline Cl to this medium. Surprisingly, NaCl
was less effective than choline CI and the pH was
not of influence on resealing (Table 1).

In other initial experiments, density profile of
subcellular membrane fractions of rabbit distal co-
lon epithelium was established by analytical sub-
fractionation on a continuous linear density gradi-
ent. Three sources of biological material were used:
(i) mucosal scrapings, (ii) isolated surface cells, and
(i1i) scrapings after removal of the surface cell layer,
i.e., predominantly colonic crypts. We applied the
established procedure of Gustin and Goodman [15]
for isolation of rabbit colon epithelial cells combin-
ing mechanical dissociation with chelation of diva-
lent cations. The protein content of the isolated
celis was roughly 1.9 x 10~7 mg of protein per single
cell. Under the conditions used, 2 hr harvesting
yielded about 0.5 x 108 dissociated cells per 10 cm
length of colon. However, the most notable feature
of the cumulative marker recovery profile shown in
Fig. 3 was that 75% of the mitochondrial marker
succinate dehydrogenase and approximately 60% of
total (Na*,K*)-ATPase activity are recovered in
dissociated cells equivalent to only 35% of the total
amount of protein. The remainder of constituents is
tightly associated with the mucosa and can be har-
vested by scraping. This enzyme pattern of dissoci-
ated cells indicates a high mitochondrial density and
a high (Na*,K*)-ATPase content as expected for
surface epithelial cells, which are known to be in-
volved predominantly in Na* absorption [32]. The
origin of isolated cells was further evaluated by his-
tological examination (not shown) of mucosal scrap-
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Fig. 3. Isolation of rabbit distal colon epithelial cells. Epithelial
cells were dissociated by shaking everted colon sacs in 200 ml
volumes of 5 mMm EDTA, 30 mm NaCl, 1 mm dithiothreitol, 8 mm
HEPES-Tris, pH 7.6, at 6°C as described previously [8]. Cells
were collected in 15-min intervals by centrifugation (330 X g X
10 min) homogenized, and analyzed for biochemical constitu-
ents. For details see Materials and Methods. Cummulative re-
covery of constituents is expressed as the percent of total
amount (cell suspensions plus, S., scrapings of the remaining
epithelium after harvesting cells for 2 hr) of constituent per 10 cm
of colon: protein, 28 mg; (Na*,K*)-ATPase, 36 umol P,/hr; suc-
cinate dehydrogenase, 8 umol/hr

ings before and after harvesting cells. Crypts were
left intact by the cell isolation procedure whereas
the surface area of the mucosa was largely denuded
of epithelial cells.

Crypt cells can thus be harvested by scraping
the mucosal layer after dissociating the majority of
surface cells according to Gustin and Goodman
[15].

In Fig. 2, we present the density distribution of
basolateral plasma membranes represented by
(Na*,K*)-ATPase activity after fractionation of
scrapings and compare it with that observed with
tsolated surface cells and scrapings after removal of
the surface cell layer. The pattern obtained with
mucosal scrapings (Fig. 2A) revealed that
(Na*,K*)-ATPase activity equilibrates in two peaks
with =2/3 of the total activity recovered at density
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<1.16, the peak fraction centered at 1.145 (range
1.135~1.15 with six preparations), and with =1/3 of
activity recovered at density >1.16 with a peak near
1.195 (range 1.17-1.22 in six preparations). The lat-
ter portion of activity, however, was not found
when membranes of surface cells were fractionated
(Fig. 2B). (Na*,K*)-ATPase activity with these
membranes showed a rather symmetrical peak with
a mode at density 1.15, a position corresponding to
the low density peak obtained by fractionation of
scrapings (see above). This coincidence in peak po-
sition indicates that the low density peak of
(Na*,K*)-ATPase activity in the distribution pat-
tern of scrapings apparently originates from baso-
lateral membranes of surface cells. On the other
hand, when colonic crypts, i.e., mucosal scrapings,
after removal of the surface cell layer, were frac-
tionated (Fig. 2C) again a bimodal (Na't,K*)-
ATPase distribution was found on the density gradi-
ent. Although the peak positions are comparable to
those obtained with scrapings of total epithelium,
the peak ratio is different due to a considerably
higher quantity of membranes equilibrating in the
high density (>1.16) region. This is suggestive evi-
dence that the high density peak of (Na',K*)-
ATPase activity apparently contributes to baso-
lateral plasma membranes of cells originating from
the crypt region. The smaller quantity being equili-
brated in the low density region may reflect contam-
ination by surface cells. However, this initial obser-
vation that basolateral plasma membranes of crypt
cells seem to be centered at distinctly higher density
than that of surface cells provided the rationale for
the preparative fractionation procedure presented
in Fig. 1. Mucosal scrapings were homogenized and
a crude membrane fraction was prepared by differ-
ential sedimentation. Basolateral membranes of
surface (BLMS) and crypt (BLMC) cells were sepa-
rated by isopycnic centrifugation using a sucrose
density step gradient and further purified by Ficoll
400 barrier centrifugation. In Table 2, the isolation
profile is shown with the yield and purification fac-
tors of both basolateral membrane preparations.
The degree of purification for the final mem-
brane fraction was assessed via the specific activi
ties of conventional marker enzymes [e.g., 15, 24
37] for basolateral plasma membranes (Na®,K*)
ATPase), apical plasma membranes (ouabain-insen
sitive (K*) phosphatase, alkaline phosphatase)
Golgi membranes (thiamine pyrophosphatase), mi-
tochondria (succinate dehydrogenase), lysosomes
(acid phosphatase) and endoplasmic reticulum
(NADPH- and NADH cytochrome ¢ reductase). Al-
though several of the markers used are associated
with more than one membrane population [24], the
pattern of marker activities presented in Table 3
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Table 2. Preparative isolation profile of basolateral membranes from rabbit descending colon

epithelium?
Isolation step Total protein® (Na*,K*)-ATPase® Yieldd Enrichment
(mg/7 g of scraping) (pmol P/mg - hr) (%) (fold)
Homogenate 686 1.27 (0.4) 1
Step 1 620 1.38 (0.4) 98 1.1
Step 2 203 3.45(0.4) 82
Step 3
16/38% interface 22 20 (0.8) 63 16
38/43% interface 63 1.5 (0.5) 13 I.1
Step 4
BLMS 3.4 43 (0.8) 33 34e
BLMC 2.0 11 (0.5) 23 9f

2 The isolation procedure was monitored with (Na*,K*)-ATPase as plasma membrane marker. Values
are the mean of multiple determinations from seven different batches of membranes.
b Normalized per 7 g (wet wt) of mucosal scrapings, which is the average mass obtained from two

rabbits.

© Measured after preincubation in Triton X-100/digitonin 1: 1 (wt/wt) (see Fig. 6); the optimum deter-
gent concentration used (mg detergent per 1 mg of protein) is given in parentheses.

9 With respect to the preceding step.
¢ 34 * 6-fold (mean * sp, range 25- to 44-fold).
f9 + 2-fold (mean = sp, range 5.6- to 12.2-fold).

gives an idea of the heterogeneity of the mem-
branes. Of the three plasma membrane marker en-
zymes used, (Nat,K*)-ATPase gave the highest pu-
rification indicating a substantial enrichment in
basolateral membranes. Highly purified apical
plasma membranes of rabbit distal colon epithelium
have a ouabain-insensitive (K*) phosphatase activ-
ity of 12.5 umol/mg - hr [15]. Using this value and a
specific activity of 0.5 and 0.3 wmol/mg - hr in the
BLMS and BLMC fraction, an upper limit of apical
membrane contamination can be estimated at 4 and
2.4%, respectively. An eight- and 4.5-fold (BL.LMS
vs. BLMC) purification was also observed with al-
kaline phosphatase as an apical plasma membrane
marker. However, the =threefold higher enrich-
ment compared to ouabain-insensitive (K*) phos-
phatase may be due to its presence in both apical
and nonapical membranes of rabbit distal colon epi-
thelial cells [37]. A nominal amount of contamina-
tion was present from endoplasmic reticulum, Golgi
membranes and lysosomes, as indicated by the low
(=3.3-fold) enrichment of the corresponding mark-
ers. The mitochondrial marker succinate dehydro-
genase was not significantly enriched in the mem-
brane fraction compared to the homogenate. Total
marker and protein recoveries during various purifi-
cation steps ranged from 66 to 110%.
Transmission electron micrographs representa-
tive of BLMS, Fig. 4, showed the membrane prepa-
rations consisted predominantly of irregular-shaped
vesicular structures with little visible internal fila-
mentous content (presumably remnants of the cyto-

skeleton). Statistical size analysis gave a roughly
bell-shaped size distribution histogram (inset in Fig.
4) with a mean diameter of the predominant vesicle
population of 0.2 um. Examination of micrographs
of several representative sections (covering a total
area of =550 um?) of this fraction revealed only
minor contamination with remnants of ribosomes,
mitochondria and lysosomes, and a background of
amorphous material and unidentifiable membranes
and debris. This background contamination with
subcellular organelles confirms the distribution pat-
tern of marker enzymes discussed above.

PLASMA MEMBRANE PARAMETERS

The total phospholipid content is =~fourfold greater
in the BLMS fraction (Table 4), in the same propor-
tion as other vesicle characteristics (see below).
However, the cholesterol/phospholipid molar ra-
tios, although slightly lower in the BLMC fraction
are comparable for both BLMS and BLMC (0.69 us.
0.56).

The fluidity of the membrane lipid matrix was
evaluated by steady-state fluorescence polarization
with 1,6-diphenyl-1,3,5-hexatriene as fluorophore.
Comparison of anisotropy data (Table 4) implied
that at 37°C the motion of the fluorophore in the
BLMS fraction showed slightly greater restriction (r
= 0.195), indicating that the overall membrane flu-
idity is somewhat lower than in the BLMC (r =
0.183) fraction. The lower fluidity of BLMS corre-
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Fig. 4. Transmission electron micrograph of basolateral membranes from rabbit distal colon epithelium. The final purified BLMS
fraction was processed for electron microscopy as described under Materials and Methods. The micrograph shows a uniform mem-
brane profile of irregular-shaped vesicles of various sizes (bar, 0.5 um; original magnification, 13,500x). Inset, size distribution
histogram of vesicles with Gaussian distribution (dotted line) around the mean value (£sp) of 0.195 + 0.062 um, n = 324

lates well with the higher cholesterol/phospholipid
ratio.

The protein profiles of the isolated membrane
fractions were compared by SDS-polyacrylamide
gel electrophoresis (Fig. 5). The gel pattern of
BLMS is distinctly different from those of BLMC in
a variety of polypeptides of different molecular
weights. However, some proteins found may repre-
sent soluble protein simply trapped inside the vesi-
cles during their preparation and may also be poly-
peptides originating from some filamentous material
co-purifying with the membrane vesicles. Indeed,
the intense 43-kDa band in the slab gels could arise
at least in part from actin [12]. The concentration of
soluble protein is =~2.3 mg/ml (supernatant in step 2
of the isolation procedure). Assuming the same con-
centration inside the vesicles and a vesicular vol-
ume of =0.91 ul/mg protein (see below) the soluble
protein trapped within vesicles should be <0.3% of
total protein.

Both membrane fractions show a significantly
different relative intensity of bands compared with
the crude membrane fraction. Most notably, in the
BLMS the enrichment of 95- and 38-kDa bands,
assumed to refer to the a- and B-subunit of
(Na*,K"*)-ATPase [19], seems to reflect the high pu-
rification factor observed for (Na*,K+*)-ATPase. In
BLMC, however, the same bands are not distinctly
darker than in crude membranes.

MEMBRANE SIDEDNESS AND INTEGRITY
OF VESICLES

Generally, the isolated plasma membranes can be
represented as (i) sealed right side-out vesicles, ori-
ented with their extracellular face exposed, (if)
sealed inside-out vesicles, oriented with their cyto-
plasmic face exposed, and (iii) leaky vesicles and
broken membranes with both faces exposed. Meth-
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Table 3. Enzyme marker activities of purified membrane fractions?
Enzyme marker Homogenate BLMS BLMC
Specific activity Yield Enrichment Yield Enrichment
(uwmol/mg - hr) (%) (fold) (%) (fold)
Na* ,K*-ATPase® 1.27 £ 0.2 16.7 34 2.5 9
Alkaline phosphatase 04 0.1 33 8 1.4 4.5
Quabain-insensitive (K*) phosphatase 0.2 =0.1 1.0 2.5 0.5 1.5
Acid phosphatase 24 =1 0.8 2.2 0.4 1.4
Thiamine pyrophosphatase 0.24 £ 0.2 1.1 33 0.8 2.8
NADPH-cytochrome ¢ reductase 0.04 = 0.01 0.5 1.5 0.7 23
NADH-cytochrome ¢ reductase 0.5 £0.1 0.6 1.6 0.6 2.0
Succinate dehydrogenase 0.3 =0.1 0.3 0.7 0.4 1.3

2 Values are the mean = sp of replicate determinations from three to 10 different batches of membranes.

b Measured after detergent pretreatment (see Fig. 6).

Table 4. Properties of isolated membrane vesicles?

Property BLMS BLMC
Total phospholipid (nmol/mg 213 £ 19(4) 52 = 10 (4)
protein)
Cholesterol (nmol/mg protein) 146 £ 8(4) 29 7(4)
Cholesterol/phospholipid (molar 0.69 0.56
ratio)
Membrane fluidity®, 37°C
Fluorescence anisotropy 0.195 (2) 0.185 (2)
Anisotropy parameter 1.17 1.05
Osmotic water permeation®, 35°C
Rate constant (sec™!) 2.39 2.69
Permeability coefficient (um/sec) 6.1 ND
Trapped volume? (ul/mg protein) 0.91 0.24
Dimensional parameters®
Mean vesicle diameter (um) 0.195 ND
Vesicle surface area (um?) 0.12 ND
Vesicular volume (um?) 0.0039 ND

@ The data represent the mean = sp with the numbers of prepara-
tions analyzed given in parentheses.

® Determined by steady-state fluorescence polarization of 1,6-
diphenyi-1,3,5-hexatriene.

¢ Measured by stopped-flow light scattering (see Fig. 9).

4 Determined from D-[1-"“C] mannitol equilibrium space (see
Fig. 8).

¢ Estimated stereologically from electron micrographs (see
Fig. 4).

odology using (Nat,K™)-ATPase activity to quan-
tify these different membrane configurations is
based on the following two assumptions. First, oua-
bain-sensitive (Na*,K*)-ATPase cannot be mea-
sured in sealed vesicles regardless of membrane ori-
entation since ATP and ouabain bind to opposite
membrane faces of this transmembrane pump [for
review see 19]. When latency is removed by leak
producing agents, any increase in ouabain-sensitive
(Na*,K*)-ATPase activity is referable to sealed

vesicles both right side-out and inside-out. The sec-
ond assumption is that (Na®,K*)-ATPase is sensi-
tive to trypsin from the cytoplasmic face, but not
from the extracellular face of the plasma membrane
{13]. Consequently, any increment of activity ex-
posed by leak-producing agents following trypsin
treatment of membranes is a measure of right side-
out vesicles [10].

Two further premises are implicit in that meth-
odology. The first is that ouabain [14] is excluded
from the interior of sealed vesicles, at the levels
used for the (Na*,K*)-ATPase assay. This assump-
tion seems to be valid for both BLMS and BLMC
since ATP hydrolysis in the presence of 1 mm oua-
bain was linear with time for at least 10 min (not
shown). Permeation of ouabain into the vesicles
during incubation would result in progressive de-
crease in ATP hydrolysis as a function of time. The
second premise is that increase of ouabain-sensitive
(Na*,K")-ATPase activity reflects lysis or rupture
of membrane vesicles making binding entities ac-
cessible to ligands. However, increment of activity
by detergents could be the net effect of both disrup-
ture of the membrane barrier and direct action on
the (Na',K*)-ATPase molecule, which can be ac-
tivatory and/or inhibitory in a concentration depen-
dent manner [19], thereby introducing inaccuracies
in quantification of sealed vesicles. Indeed, as seen
in Fig. 6, the enzyme activity decline when excess
detergent was used in the preincubation medium. It
should also be noted that the optimal detergent con-
centration giving maximal (Na*,K*)-ATPase activ-
ity depended on the purity of the sample being as-
sayed. It was =0.4 mg of Triton X-100/digitonin 1 : 1
(wt/wt) per mg of protein for the crude membrane
fractions and 0.8 and 0.5 mg detergent per mg of
protein for the final purified BLMS and BLMC frac-
tion, respectively. Apparently, the increased opti-
mal detergent concentration parallels the increased
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Fig. 5. SDS-polyacrylamide slab gel electrophoresis of purified
membrane fractions. Aliquots (20 ug of protein) of crude mem-
branes, CM, (step 2), semipurified basolateral membranes (step
3; 16/38% and 38/43% interface) and final (step 4) purified BLMS
and BLMC were subjected to electrophoresis on a SDS/12.5%
polyacrylamide gel and stained with coomassie blue G1-250. Ap-
parent molecular weight values were estimated by reference to a
curve of relative mobility vs. log (M,) using ferritin (220 kDa),
phosphorylase b (94 kDa), albumin (68 kDa), catalase (60 kDa),
ovalbumin (43 kDa), lactat dehydrogenase (36 kDa), carbonic
anhydrase (30 kDa), trypsin inhibitor (20.1 kDa), and a-lactalbu-
min (14.4 kDa) as standards; TD, tracking dye (bromophenol
blue). Arrowheads denote bands possibly attributed to the (95
kDa) and B(38 kDa) subunit of (Na+,K*)-ATPase [19]

lipid content of the membrane fractions in the
course of purification.

The large increase of ouabain-sensitive
(Na*,K*)-ATPase activity after preincubation with
various leak-producing agents (Table 5) revealed
that plasma membranes were largely sealed in both
fractions (Table 6). Osmotic shock was slightly less
effective in demasking latent (Na*,K*)-ATPase ac-
tivity than detergents suggesting some direct activa-
tion of (Na*,K*)-ATPase under the experimental
conditions used. However, overestimation of the
fraction of sealed vesicles introduced by this direct
activation is <4%.

Membrane sidedness of sealed vesicles was es-
timated by measuring latent (Na*,K+)-ATPase fol-
lowing trypsin treatment of membrane fractions.

H. Wiener et al.: Rabbit Distal Colon Epithelium
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Fig. 6. Expression of latent (Na*,K*)-ATPase activity after de-
tergent pretreatment of membranes at different isolation steps.
Membrane fractions were purified to the isolation steps indicated
(see Fig. 3), and preincubated at 1 mg of protein/ml in 10 mM
HEPES-Tris, pH 7.4, 250 mM sucrose, for 20 min on ice with
varying concentrations of Triton X-100/digitonin, 1:1 (wt/wt),
before diluting into the (Na*,K+*)-ATPase assay mixture. Spe-
cific activities were determined under standard assay conditions.
The data are averaged from three different batches of mem-
branes and normalized to maximal activity

Examples of such determinations are given for
BLMS and BLMC in Fig. 7 and are summarized in
Table 6. In this procedure, membrane fractions
were pretreated with trypsin for 10 min just prior to
the determination of (Na*,K*)-ATPase activity.
This incubation time was found to be sufficient (up-
per curve in Fig. 7) to inactivate that fraction of
(Na*,K*)-ATPase whose cytoplasmic portion is ac-
cessible to trypsin, i.e., inside-out vesicles, leaky
vesicles and membrane sheets. The trypsin-insensi-
tive fraction expressed by detergent treatment re-
fers to right side-out plasma membrane vesicles. By
these criteria, the vesicle configuration in the
BLMS and BLMC fraction approximates a sealed
right side-out:sealed inside-out:leaky ratio of
2:1:1.

OsMoTIC PROPERTIES

Isotope equilibrium space analysis and stopped-
flow light scattiering experiments indicate that the
isolated membrane vesicles are osmotically active.
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Table 5. Effect of several treatments on (Na*,K*)-ATPase activity of purified membrane fractions?

Treatment

BLMS BLMC
Range of (Na*,K")-ATPase Range of (Na*,K*)-ATPase
maximum (pmol Py/mg - hr) maximum (pmol Py/mg - hr)
activity® activity
None 6.5+ 3(8) 21+1(9)
Triton X-100/Digitonin® (mg/mg protein) 0.7 - (>1.0) 43 £ 7(9 0.4 —0.6 I =3
SDS (mg/mg protein) 0.35 - 0.45 4 4D 0.25 — 0.35 13 =34
Alamethicin (mg/mg protein) 04 — 0.6 41 £ 44) 04 —0.6 10 (1)
Osmotic shock (-fold dilution) =50 36 =99 =50 10 £3(5)

2 Final purified membrane fractions were pretreated as indicated and assayed for (Na*,K*)-ATPase activity under Materials and
Methods. Values are the mean (+sp) of triplicate determinations from different batches of membranes given in parentheses.
® Based on lower limit of =90% of the maximal (Na*,K+*)-ATPase activity.

¢ Triton X-100 mixed with digitonin on a 1:1 (wt/wt) basis.

The apparent D-[1-'“C] mannitol equilibrium space
with both BLMS and BLMC was inversely propor-
tional to the osmolarity of the extravesicular me-
dium to at least 50% decrease in entrapped radioac-
tivity (Fig. 8). This implies the presence of an
osmotically sensitive compartment in both mem-
brane fractions. However, extrapolation to infinite
osmolarity indicates also a small (<8%) binding
component of radioactivity as reflected by intercept
values slightly above the horizontal axis. The man-
nitol equilibrium space at isosmotic conditions cor-
rected for that binding component is a measure of
the total intravesicular trapped volume. Table 4
gives representative data and shows that, on a pro-
tein basis, the trapped volume in the BLMS fraction
(0.91 wl/mg) is =fourfold higher than in BLMC (0.24
wl/mg).

Additional evidence for the functional integrity
of the isolated membrane vesicles was obtained
from experiments following time-dependent
changes of scattered light intensity upon osmotic
perturbation of vesicles. As shown in Fig. 9, the
application of an inwardly directed osmotic gradient
produced osmotic water efflux, vesicle shrinkage
and increase in scattered light intensity. Within ex-
perimental error, this process obeyed first-order ki-
netic with both membrane fractions suggesting a
rather homogeneous water permeability and size
distribution of the isolated vesicles. The rate con-
stants at 35°C are 2.39 and 2.69 sec™! with BLMS
and BLMC, respectively, corresponding to osmotic
water permeability coefficients (Py) of 6 um/sec.

TRANSPORT CAPABILITY
AND PERMEABILITY BARRIER FOR IONS

Both plasma membrane fractions are capable of en-
ergized K™(®Rb™") transport, which is inhibited by

Table 6. Integrity and sidedness of basolateral membrane vesi-
cles from rabbit distal colon epithelium®

(Na*,K*)-ATPase

Latency Tryptic sensitivity
% vesicle in each orientation

BLMS
Sealed
Right side-out 58+ 5(4)
Inside-out [26]
Leaky 15 +7(9)
BLMC
Sealed
Right side-out 53 = 10 (5)
Inside-out [29]
Leaky 185

84 £ 8(9)

82 x5(

¢ The quantitation of leaky and sealed right side-out or inside-out
membrane vesicles was based on latency (see Fig. 6 and Table 5)
and tryptic sensitivity (see Fig. 7) of (Na*,K+*)-ATPase activity.
The values reported are the mean * sb, for the number of deter-
minations on different membrane preparations shown in paren-
theses. Values in brackets were calculated by the difference from
the total percentage of sealed vesicles.

cardiac glycosides. As shown in Fig. 10, ATP re-
duces the K* content of the vesicles to =75% of
equilibrium in the absence of ATP as expected for
an operating (Nat,K*) pump facing the phosphory-
lation site to the extravesicular medium, i.e., in in-
side-out vesicles. The amount of K* pumped out
reached a steady-state level within 3 min resulting
from outward K* transport and inward K* backdif-
fusion. BLMS exhibited a ~fourfold larger capacity
than BLMC (Table 7). Assuming =1/3 of sealed
vesicles being of the inside-out configuration (Table
6), a K™ concentration gradient was generated in
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Fig. 7. Trypsin sensitivity of (Na*,K*)-ATPase activity in the
final purified membrane fractions. Aliquots of final (step 4) puri-
fied basolateral membranes were incubated at 2 mg of protein/ml
in 250 mM sucrose, 1 mg/ml porcine trypsin (Sigma T-0134), 5
mMm HEPES-Tris, pH 7.4, at 25°C. At the indicated time points,
proteolysis was stopped by the addition of soybean trypsin inhib-
itor (final 2.5 mg/ml). In controls (¢ = 0), the order of addition of
trypsin and the inhibitor was reversed. (Na*,K*)-ATPase activ-
ity was determined in the absence (O) or presence (@) of opti-
mized detergent concentrations (see Table 5 and Materials and
Methods). In a separate experiment, membranes were permeabi-
lized by 5-min preincubation with detergent prior to trypsin treat-
ment and then assayed for (Na*,K*)-ATPase activity (A) with-
out further addition of detergent. The data are the average of
duplicate determinations for two different batches of membrane
fractions and are normalized to maximal (Na*,K*)-ATPase ac-
tivity, i.e., enzyme activity in the presence of detergent with
trypsin-untreated membranes (>40 and >10 umol P;/mg - br, for
BLMS and BLMC, respectively)

inside-out vesicles, which was four to fivefold
higher extravesicular, i.e., a K uphill transport is
realized. Digitoxin, a lipid-soluble cardiac-glyco-
side [14] completely inhibited the ATP-driven K*
exit (Table 7). On the other hand, ouabain, a mem-
brane-impermeant [14] cardiac-glycoside, had no
significant effect at concentrations sufficient to sup-
press the (Nat,K*)-ATPase activity of nonvesicu-
lar preparations. These observations are consistent
with the known characteristics of the (Na*,K*)
pump [19] and are a strong indication for the pres-
ence of sealed inside-out vesicles in both membrane
fractions.
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Fig. 8. Relationship of [“C] mannitol equilibrium space to me-
dium osmolarity. Equilibrium uptake (90 min) of b-[1-*C] manni-
tol in final purified membrane fractions was determined in the
presence of increasing amounts of raffinose added to the uptake
medium (see Materials and Methods). The isotopic content of
vesicles was taken as measure of the total apparent space, con-
verted into unit entrapped volume/mg of protein. Data are the
average of two different experiments and were fitted to a straight
line by linear regression analysis. The entrapped radioactivity at
infinite osmolarity, i.e., the extrapolated (dotted line) ordinate
intercept represents 0.9% (BLMS) and 8% (BL.MC) of the iso-
topic content at isosmotic (osM~! = 2.86) conditions and reflects
trapping of the label in an osmotically inactive space

Discussion

The analytical subfractionation of total mucosal
scrapings of rabbit distal colon epithelium shows a
bimodal distribution of basolateral plasma mem-
branes on a continuous density gradient (Fig. 2).
This may be due to either the existence of segre-
gated domains on a single cell type and/or multiple
membrane populations, each from different cell
types. In fact, mammalian colon is a heterogeneous
tissue [6, 36] comprised of a flat surface epithelium
containing primarily mature columnar (absorptive)
epithelial cells and numerous crypts lined by a sin-
gle layer of immature apically vacuolated epithelial
cells (proposed to function in secretion), goblet
(mucus-secréting cells), and few argentaffin (ente-
roendocrine) cells; the goblet cells comprise a
=25% [6, 38] component of colonic crypts.

It should be noted, however, that isopycnic
fractionation of basolateral membranes obtained
from isolated surface epithelial cells revealed only a
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Fig. 9. Osmotic water permeation of basolateral membranes
from rabbit distal colon epithelium monitored by light scattering.
Membrane vesicles were purified to the final stage and prepared
in 100 mm mannitol, 2 mM MgCl,, 5 mm HEPES-Tris, pH 7.4.
Aliquots of BLMS (top) and BLMC (bottom) were rapidly mixed
with equal volumes of sample buffer containing 200 mM manni-
tol; final protein, 0.4 mg/ml. Changes in light scatter intensity
upon shrinkage of vesicles was followed with time at 35°C by a
stopped-flow spectrophotometer system (see Materials and
Methods). Each curve represents the signal average of four
(BLMS) and 12 (BLMC) successive determinations under identi-
cal conditions. Inset: first-order replot of the signal change under
hyperosmotic conditions determined from, S, the scattered light
intensity at time 7 corrected for the isotonic response, and Sx,
the limiting scatter intensity extrapolated to ¢ = 0. The slopes of
the regression lines (» = 0.998) yield rate constants of osmotic
water permeation, k&, of 2.39 and 2.62 sec™! with BLMS and
BLMC, respectively

single-membrane population. Significantly, its dis-
tribution on the density gradient is superimposable
to the low density peak seen in the profile obtained
with total mucosal scrapings, a diagnostic feature
that these membranes derive predominantly from
the absorptive surface epithelial cells.

On the other hand, the origin of high density
basolateral membranes seems to be the crypt region
since, after fractionation of colonic crypts (i.e., mu-
cosal scrapings after removal of the surface cell
layer), a substantial increase in the amount of mem-
branes in the high density region of the gradient is
observed. However, it should be kept in mind that
two major cell types predominate in the secretory
crypt region, immature apically vacuolated epithe-
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Fig. 10. ATP-dependent potassium outward transport in everted
vesicles. Aliquots of the BLMS fraction were preincubated on
ice for 3 hr in 5 mm NaCl, 50 mM KCl, 5 mm MgCly, 2.9 mm
EDTA, 5 mM phosphoenolpyruvate, 32 U/ml pyruvat kinase, 50
mM Tris-HCl, pH 7.4, containing 3.5 X 105 cpm/m! of 8Rb. The
sample was then temperature equilibrated at 25°C for 30 min. Ion
transport was started at zero time by the addition of 3 mm Tris-
ATP (filled circles). Controls (open circles) were performed in
the absence of ATP. Time-dependent changes of the intravesicu-
lar #Rb content were measured using the Millipore filtration
technique. Values are the mean of two experiments normalized
to zero time equilibrium ion content of vesicles

Table 7. The effect of cardiac glycosides on ATP-dependent
potassium outward transport in everted vesicles?

Potassium content of vesicles

(nmol/mg protein}) % control
BLMS control 52 6 (85 100
+ ATP 39 =5 (5 75
+ ATP + 0.2 mM ouabain 35 ?) 67
+ ATP + 20 uM digitoxin = 49 =5 (3) 94
BLMC control 1342 (4) 100
+ ATP 10.2 £ 1.7°(4) 76
+ ATP + 20 uM digitoxin =~ 14.2 2) 106

2 Plasma membrane vesicles were equilibrated with %6Rb contain-
ing assay medium as described in Fig. 10, except that the indi-
cated cardiac glycosides were included during the last 5 min of
preincubation. The reaction was started with the addition of 3
mM Tris-ATP. Ion transport was terminated after 10 min using
the vacuum filtration procedure (as under Materials and Meth-
ods). Controls were performed in the absence of ATP.

® The data represent the mean =+ sp for the number of determina-
tions shown in parenthesis, significant (P < 0.05) by Student’s ¢
test.

lial cells and goblet cells in a ratio of approximately
3:1[6, 38]. Thus, on the basis of (Na*,K*)-ATPase
activity as a marker, we would expect the majority
of high density basolateral plasma membranes origi-
nating from the immature epithelial cells. The pri-
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mary function of these cells is electrolyte secretion
[38] expecting a rather high (Na*,K*)-ATPase con-
tent. By contrast, mucus-secreting cells contain rel-
atively low (Na*,K*)-ATPase activity [7]. Based on
these results, it was possible for the first time to
develop a preparative scale purification procedure
for isolating sealed basolateral plasma membrane
vesicles from both surface and crypt cells of the
distal colon mucosa. Judging from transmission
electron microscopy studies and marker enzyme
analysis, the final membrane fractions are highly
enriched in basolateral membranes. The relative
specific activity ratio of (Nat,K*)-ATPase, a
marker for the basolateral plasma membrane of rab-
bit distal colon epithelium [32], was 34- and ninefold
over the crude homogenate with membranes from
surface and crypt cells, respectively. However, it
should be noted that in the distal colon mucosa,
approximately 2/3 of the total (Na*,K*)-ATPase ac-
tivity is associated with surface epithelial cells and
only 1/3 with crypt cells (Fig. 1). Assuming similar
proportions in homogenates of total mucosal scrap-
ings and given the 34- and ninefold enrichment in
(Nat,KT)-ATPase activity, we estimate that sur-
face and crypt cell-derived basolateral membranes
have been purified 51- and 27-fold with respect to
the crude homogenate and that they represent at
most 2 and 3.7% of the total protein, respectively.
In general, the pattern of marker enrichments con-
firmed the qualitative conclusions reached from
transmission electron micrographs suggesting only
minor contamination of the isolated plasma mem-
brane fractions by subcellular organelles.

Methodology based on latency and tryptic sen-
sitivity of (Na*,K*)-ATPase activity indicates that
the plasma membrane preparation described in this
report contains vesicles in the sealed right-side out ;
sealed inside~out : leaky configuration in a propor-
tion of approximately 2:1: 1. In addition, the vesi-
cle hypothesis was further supported by studies on
their functional integrity including osmotic water
permeation and ion transport capability both pas-
sive- and ATP-energized or ion-gradient driven.

In terms of osmotic water permeation, the basic
mechanism observed with basolateral membrane
vesicles of rabbit distal colon epithelium seems to
be a nonfacilitated, lipid-mediated pathway as indi-
cated by the very low osmotic permeability coeffi-
cient of Pr= 6.1 um/sec at 35°C, which is within the
range of that obtained for gastric vesicles [29]. For
comparison, the corresponding values in small in-
testinal and renal cortex plasma membranes are,
respectively, one and two orders of magnitude
higher [16].

The plasma membrane preparations are capable
of ATP-energized K* transport via (Na®™,K*) pump
as reported here, as well as accumulation of Ca?*
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ions via the Ca?* pump present in either (BLMS and
BLMC) purified fraction (in preparation). Each
characteristic indicates both a permeability barrier
for ions allowing build-up of ion gradients and ac-
cessibility of the cytoplasmic membrane face for
ATP and, therefore, reflects the presence of sealed
inside-out vesicles.

Both vesicle fractions BLMS and BLMC have
been shown to effectively generate outward uphill
potassium ion gradients, a process that is energized
by ATP and inhibited by the membrane-permeant
cardiac-glycoside digitoxin. These characteristics
are consistent with the activity of a (Na*,K*) pump
operating in everted plasma membrane vesicles. It
should be stressed that the magnitude of potassium
ion gradients established at steady-state conditions
was estimated to be only four- to fivefold, which is
considerably lower than in intact epithelial cells,
perhaps reflecting suboptimal experimental condi-
tions, inaccuracies in estimating the proportion of
right side-out to inside-out vesicles, and for a rather
high rate of backdiffusion due to an intrinsic high
permeability of this membrane to potassium. In-
deed, electrophysiological studies obtained with in-
tact epithelia indicate a high potassium permeability
of the basolateral membrane of rabbit distal colon
epithelia cells [40]. Flux experiments performed
with vesicles revealed distinct types of potassium
channels being present in both fractions BLMS and
BLMC (in preparation). In mammalian colon, crypt
cells are progenitors of the surface cells [6] and, as
they move to the surface of the mucosa, their ability
of electrolyte and fluid secretion is seemingly lost
while absorption capability develops [38]. How-
ever, it is as yet unresolved whether the ion trans-
port systems in the basolateral domain of surface
and crypt epithelial cells are differently expressed
and how they are controlled and modulated to allow
rapid transcellular electrolyte transport without
perturbing cell-volume and cytosolic-ion activities.
Highly purified basolateral membrane vesicles are
now becoming available to address these questions.
As shown herein, and in the accompanying article,
they represent an excellent in vitro system for stud-
ies of ion permeation as it appears that they are
largely sealed and retain important function proper-
ties of the intact cell membrane. Together with api-
cal membrane vesicles [20], they provide a context
for interpreting molecular characteristics and regu-
latory aspects of both absorptive and secretory
transcellular ion permeation in the distal colon epi-
thelium.
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