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Subcellular fractionation studies were performed to delineate plasma membrane and intracellular membrane
populations which might be involved in intracellular Ca’*-homeostasis of rat small intestinal epithelial cells.
After a low-speed supernatant fraction had been suspended in 5% sorbitol and subjected to equilibrium
centrifugation in a zonal rotor, the Golgi and endoplasmic reticulum markers, galactosyltransferase and
NADPH-cytochrome -c¢ reductase, were concentrated in a density region designated Window II. The
basal-lateral membrane marker (Na*-K *)-ATPase was concentrated in a higher-density region designated
Window III. ATP-dependent Ca’* transport was equally distributed between the two windows. Several
membrane populations could be resolved from each window with good recovery of Ca’*-transport activity by
a second density gradient centrifugation step. Second density gradient fractions were subjected to counter-
current partitioning in an aqueous polymer two-phase system. Basal-lateral membranes, characterized by an
11-fold enrichment of (Na*-K *)-ATPase, contained ATP-dependent Ca®*-transport activity with V= 3.7
nmol /mg per min and K, = 0.5 pM. A major Golgi-derived population exhibited Ca?*-transport activity
with V. and K values similar to those of the basal-lateral membranes. One membrane population,
presumed to have been derived from the endoplasmic reticulum, contained Ca’*-transport activity with
Vo = 4 nmol /mg per min and K_ = 0.5 pM. In addition to demonstrating that ATP-dependent Ca’*-
transport activity has a complex distribution within enterocytes, this study raises the possibility that the
basolateral plasma membranes might account for a relatively minor portion of the cell’s Ca’*-pumping
ability.

Introduction
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The ability of the small intestinal epithelium to
actively absorb calcium ions has been appreciated
for many years. Several laboratories [1-3] have
demonstrated Ca’*-ATPase and ATP-dependent
Ca’*-transport activities in isolated basolateral

1-piperazineecthanesulphonic acid; PMSF, phenylmethanesul-
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membrane samples. These results have been incor-
porated into a model for active absorption of
Ca’* involving passive, facilitated entry across the
apical plasma membranes, diffusion through the
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cytoplasm, and ATP-driven efflux across the
basolateral plasma membranes.

More recently, it has become clear that intesti-
nal epithelial cells, like the cells of other tissues,
employ Ca’' as an intracellular messenger.
Donowitz et al. [4] have shown that dantrolene,
which blocks the release of Ca** from intracellular
pools, increases Na* and Cl~ absorption by rabbit
ileum. This result indicates that in intestinal epi-
thelial cells, as in exocrine acinar cells, uptake and
release of Ca’* by one or more intracellular pools
play key roles in cellular Ca’* metabolism. How-
ever, very little is known about the enterocyte’s
intracellular calcium storage sites.

We have employed techniques of analytical
fractionation to survey the subcellular distribution
of ATP-dependent Ca’*-transport activity in
duodenal villus cells. We find that this activity is
present in a wide variety of membrane popu-
lations. In addition to the basolateral membranes,
it can be detected in populations which can be
identified as having been derived from the endo-
plasmic reticulum and from the Golgi complex.

Materials and Methods

Isolation and homogenization of enterocytes

Four overnight-fasted male Sprague-Dawley
rats (180-200 g) were killed by cervical disloca-
tion. The duodena (15-cm pieces) were removed
and rinsed with ice-cold 150 mM NaCl, pH 7.4,
with 1 mM dithiothreitol. Everted pieces were tied
onto rods and vibrated at 4°C in 150 mM Na(l, 1
mM dithiothreitol with low amplitude (2 mm) and
high frequency (60 Hz). After the first minute,
shed debris was discarded. The villus cells were
collected after an additional hour of vibration in
150 mM NaCl, 2.5 mM EDTA, pH 7.4, with 1
mM dithiothreitol. Cells were pelleted at 200 X g
for 10 min, resuspended in 5% sorbitol, 0.5 mM
Na,-EDTA, 5 mM histidine / imidazole, pH 7.5
(plus 1 mM dithiothreitol, 0.2 mM PMSF and 8.6
pg/ml aprotinin). The cells were homogenized for
10 min at a low speed setting of a Tissumiser
(Tekmar Instruments) as described previously [5].
After centrifugation (1000 X g for 10 min) the
pellet was homogenized and centrifuged again.
The final low-speed pellet was designated P,, and
the pooled supernatant S,. S, was immediately

subjected to equilibrium density centrifugation in
a zonal rotor.

Equilibrium density centrifugation

The zonal rotor (Beckman Z-60) was loaded in
the following sequence: an overlay of 10 ml 5%
sorbitol buffer, 50 ml of S; in 5% sorbitol, a
hyperbolic gradient formed by delivering 250 ml
65% sorbitol through a constant-volume mixing
chamber initially loaded with 180 ml of 30%
sorbitol and a cushion of 25 ml 80% sorbitol.
After centrifugation at 240000 X g for 70 min, the
rotor contents were displaced with 80% sucrose
and collected in 24 fractions. The density gradient
fractions were diluted to 26 ml with 5% sorbitol
and centrifuged at 250000 X g for 60 min. The
resulting pellets collectively designated (ZP;) were
resuspended in 3 ml of 5% sorbitol buffer. All
sorbitol buffers contained 0.5 mM Na,-EDTA, 5
mM histidine / imidazole, pH 7.5, except the resus-
pension buffer. Added fresh were 0.2 mM PMSF
and 8.6 pg/ml aprotinin.

Second density gradient centrifugation

Pooled fractions from the first density gradient
centrifugation step were brought to 55% sorbitol
with an 87.4% sorbitol solution. A 40 ml centrifu-
gation tube was loaded in the following sequence:
a hyperbolic gradient formed by delivering 23 ml
of 55% sorbitol through a constant-volume mixing
chamber initially loaded with 16 ml of 30% sorbi-
tol; 9.42 g of sample (in 55% sorbitol); 3 mil of
55% sorbitol and a cushion of 3 ml 65% sorbitol.
For equilibrating the tubes, 5% sorbitol was added
on top of the gradient. After centrifugation
(55000 X g for 240 min) in a Beckman SW28
rotor, six fractions were collected, diluted with 5%
sorbitol without EDTA, pelleted (250000 X g for
60 min) and resuspended in 3 ml of 5% sorbitol
without EDTA.

Counter-current distribution

Counter-current distribution was performed at
4°C in a thin-layer apparatus as described previ-
ously [5-8]. The phase system contained 5% De-
xtran T-500, 3.6% poly(ethylene glycol)6000, 10
uM EDTA and 8.33 mM imidazole, pH 6.5 ad-
justed with HCl. The systems were allowed to



equilibrate overnight at 4°C before separation of
upper and lower phases.

Analytical methods

Marker enzyme and protein determinations
were performed with the same methods used in
previous studies [9]. Ouabain-sensitive K*-stimu-
lated p-nitrophenylphosphatase is measured in-
stead of (Na*-K*)-ATPase. Marker incremental
enrichment factors resulting from individual sep-
aration procedures were calculated as the ratios of
percentage of recovered marker to percentage of
recovered protein. Marker cumulative enrichments
were calculated as the products of the incremental
enrichment factors obtained in each of the se-
quence of separation steps [9].

Ca’*-uptake was measured at 37°C with a
rapid filtration technique as described before [10].
The mitochondrial inhibitors oligomycin (5 ug,/ml)
and NaN,; (1 mM) were routinely added to the
Ca’*-uptake media which contained 1 yM Ca
(free), 5 mM MgCl,, 150 mM KCl, the Ca?*
buffers EGTA (0.5 mM) and HEEDTA (0.5 mM).
The pH was maintained at 7.4 with 20 mM
Hepes /Tris.

Materials

Tris-ATP, oligomycin, EGTA, HEEDTA,
PMSF, aprotinin and dithiothreitol were from
Sigma (St. Louis). Dextran T500 was from Phar-
macia (Uppsala, Sweden) and poly(ethylene gly-
col)6000 was from Union Carbide (New York).
CaCl, (10 mCi/mg) was from New England
Nuclear. All other chemicals were at least analyti-
cal grade and were obtained from standard sup-
pliers.

Results

The distributions of enzymatic markers among
the differential sedimentation fractions are given
in Table I. Apart from maltase, the relevant en-
zymatic markers are present in the highest amounts
in ZP,. The relatively larger amounts of maltase in
the low-speed pellet, P, probably represent intact
brush border fragments [5].

Fig. 1 summarized the four marker enzymes of
interest and ATP-dependent Ca’*-uptake distribu-
tions observed after S, was subjected to equi-
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TABLE 1

DISTRIBUTION OF ENZYMATIC MARKERS AMONG
THE DIFFERENTIAL SEDIMENTATION FRACTIONS

Mean values+S.D. are given of percentage yields of total
activities recovered among the differential sedimentation frac-
tions. Yield in Py was calculated from (P, X 100)/(P, +S;).
Values of =S, and ZP; are expressed in terms of 100%
recovery from S;. Yield in 2P, was calculated from (ZP; X
percentage in S,)/(ZP; +8;). Actual recoveries of S, after
zonal centrifugation are also given (last row). Protein and
(Na*-K*)-ATPase values are the means of six experiments,
galactosyltransferase of three experiments and the rest of four
experiments.

P, ZS; =P, Recovery
Protein 285+ 69 4641144 263+12.1 81.2
(Na*-K™*)-

ATPase 304+ 69 64+ 50 632+150 615
Maltase 53.8+13.6 342+ 99 120+ 7.8 161.7
NADPH

cyt-c-red. 30.3+13.0 2044273 4931100 40.6
Galactosyl-

transf. 29.0+£19.0 3844295 440+169 76.1

librium centrifugation in the Z-60 zonal rotor. As
found in analytical fractionation of jejunal epi-
thelial cells, all of the markers but succinate dehy-
drogenase, a mitochondrial inner membrane
marker, have complex distributions which indicate
that each is associated with two or more distinct
membrane populations [5]. The peak of maltase
(not shown) centered in fraction 22 represents
brush border membranes [5]. This population
overlaps the mitochondria (not shown) and a
high-density, complex aggregate, which is indi-
cated by the coinciding peaks of all markers in
fraction 23. On the basis of the distribution of
(Na*-K*)-ATPase, a conventional basolateral
membrane marker, and galactosyltransferase, a
conventional Golgi marker, we designated gradi-
ent fractions 6-11 as Density Window II and
fractions 13-17 as Density Window III. Window
II contained 25% of the initial galactosyltransfer-
ase activity, while Density Window IIl contained
30% of the initial (Na*-K *)-ATPase activity.
ATP-dependent Ca®*-transport activity, like
NADPH-cytochrome-¢ reductase, was distributed
approximately evenly between the two density
windows. This activity cannot be the result of
mitochondrial contamination, since mitochondria
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Fig. 1. Density distributions of ATP-dependent Ca’* uptake,
protein and enzymatic markers. Density gradient centrifuga-
tion was performed in a Z-60 zonal rotor as described under
Methods.

were essentially absent from this region of the
density gradient, and since the transport measure-
ments were made in media containing the mito-
chondrial inhibitors NaN, and oligomycin. The
distribution of transport activity in Fig. 1 substan-
tiates the observation of Rubinoff and Nellans
[11] that ATP-dependent Ca’*-transport activity
was associated with other membranes in addition
to the basolateral membranes. Since Window II
contained peaks of both galactosyltransferase and
NADPH-cytochrome-c reductase, it seemed likely
that it contained both Golgi and endoplasmic
reticulum populations. However, it was not possi-
ble to delineate all the component populations in
Window II solely on the basis of marker distribu-
tions such as those presented in Fig. 1. A similar
problem was presented by the marker distribution
patterns in Density Window III. This window
contained peaks of galactosyltransferase and
NADPH-cytochrome-¢ reductase in addition to
(Na*-K")-ATPase, so it seemed likely that a mix-
ture of Golgi, endoplasmic reticulum, and baso-
lateral membranes was present in Window IIL
However, it was not possible to delineate these
populations or to determine how the ATP-depen-
dent Ca’*-transport activity might be distributed
among them.

In Fig. 2 a time course of Ca’*-uptake by
membranes from density Window II is shown.
Addition of the Ca’*-ionophore A23187 resulted
within 15 s in release of 90% of accumulated Ca**
indicating uptake against a concentration gradi-
ent. The same time course and A23187 effect were
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Fig. 2. Time course of Ca’" uptake in the presence and
absence of 10 mM ATP. Pooled membrane fraction from
Density Window 1I (fractions 6-11) and III (fractions of
13-17) were used. (Results of Window III not shown.)



observed for membranes from Density Window
I11.

Counter-current distribution analyses of mem-
branes from Window II and Window III (data not
shown) confirmed that each Window contained a
multiplicity of membrane populations. It would be
necessary to postulate at least four separate popu-
lations to account for the observed marker distri-
butions in Window II. Similarly, the marker distri-
butions after counter-current distribution of
Window I1I would suggest the presence of at least
three membrane populations. ATP-dependent
Ca’*-transport activity appeared to be associated
with each of the populations from both density
windows. Thus, only about half the ATP-depen-
dent Ca**-transport activity recovered after coun-
ter-current distribution of Density Window III
was associated with the peak of (Na*-K*)-ATP-
ase-rich membranes that would be identified as
basolateral membranes.

While the counter-current distribution analyses
of Windows II and III confirmed that ATP-de-
pendent Ca?’-transport activity had a complex
subcellular distribution, the recovery of transport
activity was so low (5 and 7%, respectively) that
we could not accurately characterize the activities
associated with the various populations. To obtain
such information, we devised a second density
gradient centrifugation procedure as an alterna-
tive, more rapid means of subfractionating Den-
sity Windows II and III.

Figure 3 summarizes the marker distribution
patterns which resulted when Density Window 11
was subjected to density gradient centrifugation
after its sorbitol concentration had been brought
to 55% as described under Methods. The recovery
of ATP-dependent Ca??t transport was now 26%,
much better than after counter-current distribu-
tion. Table II summarizes the corresponding
marker enrichment factors. To determine whether
fractions obtained in this way might represent
reasonably pure samples of particular subcellular
membrane populations, we subjected them to
counter-current distribution analysis. The analysis
of fractions 3, 4 and 5 from the second density
gradient centrifugation of Window II are pre-
sented as two-dimensional separation in Fig. 4.
Window Il was more complex than had been
anticipated on the basis of the counter-current
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Fig. 3. Density distribution of ATP-dependent Ca’* uptake,
protein and enzymatic markers after a second density gradient
centrifugation of Density Window II (fractions 611 in Fig. 1).

distribution analysis. As summarized in the lower-
right panel of Fig. 4, fractions 3, 4 and 5 from the
second density gradient subfractionation of
Window II contained a total of 10 distinct mem-
brane populations. However, fraction 3 was
dominated by a single major population, desig-
nated population h. Population h appeared to be
primarily endoplasmic reticulum in character, since
it has a relatively greater cumulative enrichment
factor for NADPH-cytochrome-¢ reductase than
for the other markers tested. Fraction 5 was also
dominated by one major population, designated
population e. Population e appeared to be prim-
arily Golgi in character, since it had a relatively
greater cumulative enrichment factor for galacto-
syltransferase; its galactosyltransferase enrichment
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TABLE 11

NET CUMULATIVE ENRICHMENT FACTORS OF EN-
ZYMATIC MARKERS AFTER SECOND DENSITY
GRADIENTS CENTRIFUGATION OF WINDOWS II AND
IIT AND AFTER COUNTER-CURRENT DISTRIBUTION
OF SECOND GRADIENT FRACTION

Cumulative enrichment factors relate observed marker specific
activities to specific activities in the initial homogenate. The
calculations, which include corrections for recovery, were per-
formed as outlined under Methods and described in detail by
Mircheff and Lu [16]. Coordinates in parenthesis give locations
(Density Window from first gradient, fraction from second
gradient, counter-current distribution fractions) of samples used
in these calculations.

(Na*-K*)- Maltase NADPH Gal.
ATPase cyt-¢ trans
Fraction
1.3 2.4 0.1 34 32
IL,5 0.8 0.2 2.0 3.2
I11.3 8.8 0.2 2.7 1.9
1.6 2.1 0.5 1.9 1.4
Population
e (I1,5,51-60) 1.1 n.d. 1.6 4.0
h (11,3,11-20) 23 n.d. 35 2.6
{7 (111,3,41-50) 10.5 n.d. 2.2 1.8
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factor of 4.0 was similar to the factor of 6.1
reported by Walters et al. [12], and its (Na*-K*)-
ATPase enrichment factor was nearly 5-fold lower.
Fraction 4 was more heterogeneous than fractions
3 and 5. It contained two populations, designated
i and f, which resembled each other biochemically
but which had slightly different partitioning char-
acteristics; population b, which was characterized
by a large cumulative enrichment factor for
galactosyltransferase; and elements of population
e spilling over from fraction 5.

Density Window III was subjected to the same
two-dimensional analysis as described for Window
II. The marker distribution patterns after the sec-
ond density gradient subfractionation are sum-
marized in Fig. 5, and marker distributions result-
ing from counter-current distribution analyses of
fractions 3, 4 and 5 are presented in Fig. 6. The
marker cumulative enrichment factors obtained in
these analyses are presented in Table II. The
populations designated !’ and /” appeared to
represent two slightly different subpopulations of
basolateral plasma membranes, since they con-

NADPH-cytochrome
¢ reductase

/ /
A
Ay
yd - 3
40 80 120

Partitioning »—-

Fig. 4. Summary of second density gradient centrifugation of Window II (z-axis) and counter-current distribution analysis of second
density centrifugation (x-axis) as a two-dimensional fractionation. Elevations above the density partitioning plane ( y-axis) are
proportional to percentages of total recovered activity divided by the number of fractions in the second density gradient.
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Fig. 5. Density distribution of ATP-dependent Ca** uptake,
protein and enzymatic markers after a second density gradient
centrifugation of Density Window III (fractions 13-17 in Fig.
1).

tained the most highly purified (Na*-K*)-ATPase
activity. Fraction 3 from the second density gradi-
ent centrifugation of Density Window III con-
tained a relatively pure sample of population /’,
while fraction 4 contained an admixture of popu-
lations » and !”’. Fraction 5, which was the major
locus of ATP-dependent Ca?*-transport activity
after the second density gradient centrifugation of
Density Window III, was dominated by a major
membrane population, designated m. The origins
of population m are not clear, since it exhibited
approximately equal net enrichment factors for
galactosyltransferase and NADPH-cytochrome-c
reductase. ATP-dependent Ca>*-transport activity
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was characterized in fraction 3 from the second
density gradient subfractionation of Window III
(III, 3), since this fraction represented a relatively
pure sample of basolateral membranes, i.e., popu-
lation /’. Fraction II1.6 was selected for further
analysis because it appeared to represent the sub-
fraction of Density Window III least subject to
contamination by the basolateral membrane.
Fractions I1,3 and II,5 were also selected for fur-
ther analysis, because they represented relatively
pure samples of populations 4 and e.

Since the rates of active Ca’* transport were
constant for at least 30 s, 30 s uptake values at
several Ca’* concentrations were used to estimate
the kinetic parameters. Values of K and ¥V,
obtained by Eadie-Hofstee transformation of the
imitial rate vs. concentration data are presented in
Table III. The apparent K, values for all four
samples were similar (Student’s z-test, P > 0.05).
The endoplasmic reticulum sample tested, popula-
tion A, had the highest apparent V,_, . The Golgi
sample tested, population ¢, and the basolateral
membrane sample, population /’, had inter-
mediate values of V., and fraction IIL,6 had the
lowest value. The transport activities of the four
samples analyzed could not be differentiated on
the basis of their apparent K values, and dif-
ferences in V,,, probably reflect differences in the
concentrations of pump sites rather than variabil-
ity in the intrinsic properties of the pumps. In
other preparations it has been possible to dis-
tinguish plasma membrane- and endoplasmic re-
ticulum-associated Ca’*-pump activities on the
basis of their sensitivities to oxalate [13,14] vana-
date and calmodulin [13]. The effects of these
agents are summarized in Table IV.

Addition of 1 pM calmodulin to the reaction
media had no effect on ATP-dependent Ca*
transport, probably due to the presence of tightly
bound endogenous calmodulin [10]. Preincubation
of the membrane fractions with the calmodulin
antagonist calmidazolium (0.1 pM) dramatically
decreased the ATP-dependent Ca’* transport in
all four samples. Therefore, the Ca’*-transport
activities of both the plasma membranes and the
various intracellular membranes appear to have
similar interactions with calmodulin. The ATP-de-
pendent Ca’*-transport activities of all four frac-
tions were also similarly stimulated by oxalate.
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Fig. 6. Summary of second density gradient centrifugation of window III (z-axis) and counter-current distribution analysis of second
density gradient fractions (x-axis) as a two-dimensional fractionation. Elevations above the density partitioning plane ( y-axis) are
proportional to percentages of total recovered activity divided by the number of fractions in the second density gradient.

Sufficiently high concentrations of vanadate (250
pM) could completely inhibit the ATP-dependent
Ca’*-transport activity of each of the four frac-

TABLE II1

THE KINETIC PARAMETERS KX, AND V,_ . OF ATP-
DEPENDENT Ca®* UPTAKE (INITIAL RATES, 0.5 min)
OF THE SECOND EQUILIBRIUM DENSITY GRADIENT

FRACTIONS 11,3, II, 5, I11,3 AND 1116

Means + S.D. are given from three experiments in duplicate.

Frac- Popu- K. Viax cc?
tion lation (gM) (nmol Ca®*/

mg protein

per min)
113 h (ER) 0.52+0.16 4.79+1.40 0.93+0.03
I1,5 e (G) 0.32+0.02 2241036 0.98+0.02
L3 /7 (BLM) 0.52+017 3.72+1.23 0.91+0.07
11,6 028+0.06 163+035 0.87+0.06

# Correlation coefficient of Eadie-Hofstee analysed data.

TABLE 1V

INFLUENCE OF OXALATE, VANADATE, CALMODU-
LIN AND CALMIDAZOLIUM ON ATP-DEPENDENT
Ca’* UPTAKE OF THE SECOND GRADIENT FRAC-
TIONS 11,3, 11,5, 11,3 AND III6

Membranes were preincubated for 1 h on ice with vanadate,
calmodulin and calmidazolium. ATP-dependent Ca2* uptakes
were done for 0.5 min, except for oxalate, which was tested
under steady-state conditions (12 min). Mean percentage in-
hibition or stimulation is expressed from two experiments in
duplicate.

Frac- Popu- Oxalate Vanadate Calmod- Calmida-
tion lation (10 mM) (1 uM) ulin zolium
1 pM) (01pM)
11,3 h (ER) 66.1 ~38.0 9.2 ~-724
IL5 e(G) 88.5 ~273 0.1 ~87.7
1,3 /7 (BLM) 68.7 —-7.8 -71 ~752
1L,6 79.2 ~528 10.2 -~-86.7




tions (data not shown). However, fraction IIL3,
the basolateral membrane sample, had a lower
affinity for vanadate, since it was reduced by only
7.8% at 1 uM vanadate, a concentration which
inhibited 27.3-52.8% of the activities of the in-
tracellular samples.

Discussion

The results of this study indicate that ATP-de-
pendent Ca’*-transport activity has a complex
subcellular distribution, being present in baso-
lateral membranes, several subpopulations of en-
doplasmic reticulum membranes, and several sub-
populations of Golgi membranes. This conclusion
was anticipated by previous studies of intestinal
epithelial cells [11,12], and the complexity of the
Ca®*-transport distribution is reminiscent of the
subcellular distributions of enzymatic markers
found in surveys of a variety of epithelial cells
[5,16-18].

The previous reports that epithelial cell plasma
membrane enzymes and transport functions are
present in endoplasmic reticulum and Golgi mem-
branes have been interpreted in terms of the con-
cepts of membrane biogenesis and recycling. Thus,
aminooligopeptidases detected in endoplasmic re-
ticulum and Golgi membranes were shown to
represent different stages in the biosynthesis and
assembly of the brush border enzyme {8]. The
ATP-dependent Ca’*-transport activities of four
different membrane samples (populations /’, h
and e and fraction I11,6) shared several character-
istics, i.e., they had similar K values, they were
stimulated to a similar extent by oxalate, and they
were inhibited to a similar extent by the calmodu-
lin antagonist, calmidazolium. However, the Ca-
ATPase mediating Ca’* transport in the baso-
lateral membranes (population /’) may differ
fundamentally from that in the endoplasmic re-
ticulum membranes, since it had a markedly lower
affinity for vanadate. The conclusion that the
plasma membrane Ca’>* pump ATPase differs from
that of the endoplasmic reticulum is, in principle,
consistent with results obtained with other cells
types, although the nature of the differences seems
to vary from one tissue to another [13,14,19,20].
The observation that Golgi-associated Ca?*-trans-
port activity had an intermediate affinity for

275

vanadate (Table 1V) suggests the possibility that
the activity in this sample reflected contributions
by both types of enzyme, and it leads us to
speculate that the Golgi complex is an important
site in the recycling of the plasma membrane
Ca?*-pump ATPase. Such a suggestion is certainly
consistent with the results of morphological stud-
ies of membrane recycling [21,22]. We should point
out, however, that within the limitations of our
methodology, the Golgi-associated ATP-depen-
dent Ca**-transport activity appeared to be con-
centrated in the less mature, or cis-most elements.
This conclusion is drawn from the data presented
in Fig. 4. Population b in Fig. 4 was the locus at
which galactosyltransferase was most highly en-
riched (i.e. 18.7-fold) and therefore the population
most likely to have been derived from the trans-
most elements of the Golgi complex.

The inherent limitations of the fractionation
approach prevent us from proposing a quantita-
tive map of the subcellular distribution of ATP-
dependent Ca®*-transport activity. That is, one
cannot know how faithfully the kinetic properties
of an enzyme measured in an isolated membrane
sample reflect the properties of that enzyme in
situ. This is an especially troublesome question for
a transport enzyme, since our ability to measure
catalytic activity depends on vesicle orientation
and sealing as well as on the integrity of the
enzyme itself. The V. value of 3.8 nmol Ca’*/
mg protein per min in population /” was roughly
2.5-fold lower than the values obtained in baso-
lateral membrane samples isolated by other proce-
dures [1,10]. This difference suggests that the iso-
lation scheme we have employed in our attempt to
resolve various membrane populations may have
resulted in a greater than usual degradation of the
basolateral membrane-associated Ca’*-transport
activity. In contrast, the V,,, values measured in
populations e and 4 exceed the values reported
for Golgi [12] and crude endoplasmic reticulum
[11] samples by factors of 3.1 and 3.4. Although
we have achieved relatively better preservation of
the intracellular transport activities than was pos-
sible in previous studies, we still cannot know
what our yields have actually been. With these
reservations in mind, it is of interest to point out
that the isolated basolateral membrane popula-
tions /” and /"’ together account for at most 25%
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of the recovered ATP-dependent Ca’”-transport
activity. Density window III, which contained the
basolateral membrane populations during the first
density gradient centrifugation step, accounted for
at most 50% of the recovered activity. When this
window was subfractionated, either by counter-
current distribution or by a second density gradi-
ent centrifugation procedure, the basolateral mem-
brane populations again accounted for at most
50% of the activity recovered from the separation
procedure. These are, in fact, generous estimates
of the fraction of the recovered activity that can
be attributed to the basolateral membranes, since
populations /’ and /" were overlapped by popula-
tion m and by population » in the second density
gradient centrifugation depicted in Fig. 6. Thus, in
addition to demonstrating that ATP-dependent
Ca**-transport activity has a complex distribution
within intestinal epithelial cells, our study raises
the possibility that the basolateral membranes
might account for a relatively minor portion of the
cell’s Ca®*-pumping ability.
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