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Summary. Antidiuretic hormone (ADH) increases the apical (ex- 
ternal facing) membrane water permeability of granular cells that 
line the toad urinary bladder. In response to ADH, cytoplasmic 
vesicles called aggrephores fuse with the apical plasma mem- 
brane and insert particle aggregates which are visualized by 
freeze-fracture electron microscopy. Aggrephores contain parti- 
cle aggregates within their limiting membranes. It is generally 
accepted that particle aggregates are or are related to water chan- 
nels. High rates of transepithelial water flow during ADH stimu- 
lation and subsequent hormone removal decrease water permea- 
bility and cause the endocytosis of apical membrane and 
aggrephores which retrieve particle aggregates. We loaded the 
particle aggregate-rich endocytic vesicles with horseradish 
peroxidase (HRP) during ADH stimulation and removal. Epithe- 
lial cells were isolated and homogenized, and a subcellular frac- 
tion was enriched for sequestered HRP obtained. The HRP-en- 
riched membrane fraction was subjected to a density shifting 
maneuver (Courtoy et al., J. Cell Biol. 98:870, 1984), which 
yielded a purified membrane fraction containing vesicles with 
entrapped HRP. The density shifted vesicles were composed of 
approximately 20 proteins including prominent species of 55, 17 
and 7 kD. Proteins of these molecular weights appear on the 
apical surface of ADH-stimulated bladders, but not the apical 
surface of control bladders. Therefore, we believe these density 
shifted vesicles contain proteins involved in the ADH-stimulated 
water permeability response, possibly components of particle 
aggregates and/or water channels. 
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Introduction 

In the absence of antidiuretic hormone (ADH), the 
apical (external-facing) surfaces of the mammalian 
collecting duct and anuran skin and urinary bladder 
are remarkably impermeable to water. Addition of 
ADH to the basolateral (blood-facing) side of these 
epithelia elicts a large increase in their apical mem- 
brane water permeability (Ps), allowing water to 
flow along an osmotic gradient from a dilute exter- 
nal solution to blood [10]. In all three tissues, the 

increase in Pf is highly correlated with the appear- 
ance of distinctive aggregates of intramembrane 
particles (particle aggregates) in the apical plasma 
membrane of ADH-responsive cells [2, 4, 11, 16, 
20]. A large body of evidence indicates that particle 
aggregates represent the site of water channels re- 
sponsible for the ADH-induced increase in Pf [18, 
341. 

In the toad bladder, particle aggregates are in- 
serted into the apical membrane of granular cells 
through fusion of cytoplasmic vesicles called ag- 
grephores. Aggrephores contain particle aggregates 
within their limiting membranes [15, 27, 32]. In the 
absence of ADH stimulation, granular cells inter- 
nalize electron-dense [5, 13, 21, 33] and fluorescent 
[12, 15] fluid-phase markers from their apical sur- 
face at an extremely low rate. Water flow along a 
large transepithelial osmotic gradient during an in- 
terval of ADH stimulation [13, 26] or subsequent 
hormone removal from the solution bathing the ba- 
solateral epithelial surface [25] causes a decrease in 
apical membrane particle aggregates and Pf and ac- 
tivates endocytosis of fluid-phase markers as apical 
membrane is internalized. The apical membrane 
vesicles retrieved during these intervals have been 
recently shown to contain particle aggregates [5]. 

To identify proteins involved in the ADH-medi- 
ated increase in Pf, the enzyme lactoperoxidase 
(LPO) was sequestered in particle aggregate-con- 
taining vesicles and the proteins were exposed on 
the inner surfaces of these vesicles labeled with 125I 
by the intracellular iodination technique of Mellman 
et al. [22]. The proteins 125I-labeled under internal- 
ization conditions were then compared to proteins 
which were 125I-labeled when the apical surfaces of 
unstimulated and hormone-treated toad bladders 
were iodinated with LPO in the absence of internal- 
ization [14]. Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and autoradiogra- 
phy of these samples revealed that: (i) 125I-labeled 
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bands of 55 kD, a cluster of proteins ranging from 17 
to 14 kD and a 7-kD species appeared only on the 
apical surface of ADH-stimulated not control blad- 
ders, and (ii) identical 125I-labeled proteins were also 
found to be present on the inner surfaces of vesicles 
containing particle aggregates. 

In this report, we describe the subcellular frac- 
tionation of toad bladder epithelial cell homoge- 
nates which contain particle aggregate-rich vesicles 
loaded with horseradish peroxidase (HRP). Using 
differential and density gradient centrifugation com- 
bined with a density shifting technique described by 
Courtoy et al. [6], we have obtained a highly en- 
riched HRP-containing vesicle fraction. SDS- 
PAGE analysis of these purified vesicles reveals ap- 
proximately 20 prominent protein bands that 
include species of 55, 17, 15 and 7 kD mol wt. 

MEMBRANE FRACTIONATION 

The resulting cell homogenate was centrifuged for 15 min at 700 
x g (see fractionation scheme Fig. 1). The pellet containing 
mostly unbroken cells and nuclei was termed the residual pellet. 
The supernatant was removed and centrifuged at 10,000 x g for 
10 min to yield a pellet (intermediate pellet) and supernatant 
(intermediate supernatant). In some instances, the intermediate 
supernatant was further fractionated by centrifugation at 100,000 
x g for 1 hr in a Beckman 65Ti rotor (Beckman Instruments, 
Palo Alto, Calif.). This centrifugation yielded a high speed pellet 
and a high speed supernatant. These pellet fractions were resus- 
pended by gentle agitation, layered on 10 ml 29-62% (wt/vol) 
linear sucrose gradients buffered by homogenization solution 
and centrifuged in SW-41Ti rotor (Beckman Instruments, Palo 
Alto, Calif.) at 22,500 rpm for 4 hr at 4~ The gradients were 
fractionated by flotation on 65% sucrose. 

DENSITY SHIFT PROTOCOL 

Materials and Methods 

HRP UPTAKE AND HOMOGENIZATION PROTOCOL 

HRP was internalized into granular cells as previously described 
[5, 13]. Briefly, hemibladders mounted as sacs were stimulated 
by addition of ADH to a final concentration of 50 mU/ml in the 
solution bathing their basolateral surfaces. After 15 min of incu- 
bation at 23~ when the Ps response is maximal, the isotonic so- 
lution bathing the bladder's apical surface was replaced with a 
solution made hypotonic (40 mOsm/kg) by reducing the NaC1 
content of an isotonic amphibian Ringer's solution (see [13] for 
composition) containing 10 mg/ml of HRP (Type II, Sigma 
Chemical Co., St. Louis, Mo.). The HRP-containing solution 
had been dialyzed overnight against a 100-fold excess of the 
same buffer. Five minutes after addition of the HRP, ADH 
stimulation was terminated by three exchanges of the basolateral 
solution. The incubation was continued for an additional 10 min, 
whereupon the HRP was removed and the bladders were rapidly 
chilled to 2~ by addition of cold Ringer's solution to both apical 
and basolateral surfaces. The apical surface was then succes- 
sively rinsed with five additions of cold isotonic Ringer's solution 
followed by five additional rinses with distilled water made iso- 
tonic (6% wt/vol) with sucrose. This was necessary to remove 
adherent HRP. The epithelial cells were then scraped from the 
bladder with a glass slide. The cells were suspended in homoge- 
nization buffer (5 mN Tris, 0.1 mM EDTA, 5.7% sucrose at pH 
8.0, 180 mOsm/Kg H20) and pelleted at 4,500 x g for 5 min. This 
swelled the cells and removed trace amounts of remaining adher- 
ent HRP. All further procedures were carried out using solutions 
cooled by ice. Five hundred microliters of packed cells were 
resuspended in 2.5 ml of homogenization buffer and ruptured in a 
Polytron (PCU-2, Brinkmann Instruments, Westbury, N.Y.) at a 
setting of 5 for a duration of 5 sec. In agreement with Rodriguez 
and Edelman [30], toad bladder granular cells required both 
swelling in a hypotonic homogenization solution and disruption 
in a polytron apparatus for efficient breakage of the cells (data 
not shown). 

The density shift maneuver was carried out as outlined by Cour- 
toy et al. [6] with the following modifications. Sucrose gradient 
fractions containing HRP activity were pooled and divided into 
several equal portions. Routinely, 0.8 ml of HRP-rich sucrose 
gradient fractions derived from intermediate pellet in approxi- 
mately 50% buffered sucrose was added to 3.2 ml of the 3,3'- 
diaminobenzidine (DAB) solution which contained 2.56 mg/ml of 
DAB in 25% sucrose buffered with 3 mM imidazole at pH 7.0. 
Twenty microliters of 6% H202 was then added to this solution 
and the reaction carried out in the dark at 23~ for 30 min with 
intermittent gentle agitation. Samples that contained sequestered 
HRP and the complete reaction mixture rapidly changed from a 
pale yellow to a light rusty color. After the incubation, the sam- 
ples were loaded on a second set of sucrose gradients identical to 
those from which they were originally harvested and recentri- 
fuged and fractionated as before. In tubes containing the samples 
reacted with the complete reaction mixture, there was a small 
brown pellet which was gently resuspended in 80/xl of 62% su- 
crose solution and processed for SDS-PAGE or electron micros- 
copy. 

PROTEIN QUANTITATION 

Protein was measured either by the method of Bradford [3] 
(Biorad Labs, Richmond, Calif.) or, where the samples con- 
tained detergent or high concentrations of sucrose, the BCA 
protein assay reagent (Pierce Chemical Co., Rockford, Ill.). In 
both cases, the micro protocols detailed in company literature 
were used for all assays. Both methods were standardized with 
bovine y-globulin in the appropriate sample buffer. 

S D S - P A G E  AND AUTORADIOGRAPHY 

Protein samples from membrane fractions were dissolved in 
Laemlli solubilizing buffer [17] and electrophoresed on 12% ac- 
rylamide gels with a 30/0.8 monomer/bis ratio in a Mighty Small 
apparatus (Hoeffer Sci., San Francisco, Calif.). The gels were 
fixed in 50% methanol, 10% acetic acid and 40% water solution 
for 30 min and stained using either: (i) 0.25% Coomassie blue R- 
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250 in fixation solution with destaining in 50% methanol, 1% 
acetic acid and 49% water solution; (ii) silver stain [23] using the 
Biorad silver stain kit (Biorad Labs, Richmond, Calif.); or (iii) a 
combination of these two stains as detailed by Dzandu et al. [7]. 
Gels were dried down onto filter paper and autoradiographed 
using Kodak XR-2 film (Kodak, Rochester, N.Y.) as described 
by Bonner [1]. 

ELECTRON MICROSCOPY 

Samples from membrane fractions were processed for electron 
microscopy by one of two protocols. The first monitored the 
composition of membrane fractions by morphology alone, while 
the second allowed identification of vesicles which contained 
HRP. Two protocols were necessary because of the poor pene- 
tration of DAB into a glutaraldehyde-fixed centrifuged mem- 
brane pellet [M.C. Willingham, unpublished observation]. In the 
first protocol, an equal volume of 2.5% glutaraldehyde, 0.1 M 
sodium cacacodylate at pH 7.4 was added to selected membrane 
fractions. After a fixation interval of 10 rain at 23~ the samples 
were centrifuged at 13,000 • g for 5 min, yielding a pellet which 
was stored in phosphate buffered saline (PBS), pH 7.4, at 4~ 
until further processing. The second protocol began by attaching 
the components of membrane fractions to polylysine-coated 35- 
mm plastic tissue culture dishes (Corning Glass, Coming, N.Y.) 
prior to fixation. The dishes were first incubated for 30 rain at 
23~ with a 10-mg/ml solution of polylysine hydrobromide 
(Sigma Chemical Co., St. Louis, Mo., average mole wt 175,000) 
dissolved in phosphate-buffered saline, pH 7.4. After decanting 
the polylysine solution, membrane fractions were added to the 
plate and the components allowed to settle and attach to its 
surface. This process was observed by phase-contrast micros- 
copy. The membrane fraction solution was then decanted, and 
the plate was immediately filled with fixation solution (see above) 
and incubated for 10 rain at 23~ The plate was then rinsed 
with five changes of PBS and stored for further processing in 
PBS at 4~ 

Glutaraldehyde-fixed pellets were fixed in 1% osmium te- 
troxide for 30 rain, washed in water and dehydrated thorough a 
series of ethanol solutions followed by incubation in propolyene 
oxide. The pellet was then embedded in Epon 812, and sections 
were cut with a diamond knife. These were counterstained with 
lead citrate and examined under 40 kV with a 400T Phillips elec- 
tron microscope. Dishes containing fixed membrane fragments 
were first incubated for 10 min with a solution of DAB (4 mg 
DAB in 10 ml of PBS) to which was added 3 tzl of 30% H202. 
After rinsing in PBS, the contents of the dish were treated in an 
identical manner as the fixed pellets, except the dish contents 
received no propolyene oxide dehydration. 

RADIOACTIVE LABELING TECHNIQUES 

(1) The apical surface of unstimulated toad bladders was ~25I- 
labeled using diazotized lzsI-iodosulfanilic acid synthesized from 
125I-sulfanilic acid (NEX-121, Dupont/New England Nuclear, 
Boston, Mass.) which was diazotized following the instructions 
provided by the manufacturer. Eighty microliters of 50 mM 
NaPO4, pH = 7.5, was added to neutralize solution containing 
the diazotized reagent, which was then further diluted to a final 
volume of 0.6 ml by addition of isotonic Ringer's solution. The 

apical surface was routinely iodinated as described in reference 
[8] using 2.5 mCi of diazotized ~25I-sulfanilic acid for 15 rain at 
2~ The reaction was terminated by removal of the reaction 
mixture and rinsing of the apical surface with cold isotonic Ring- 
er 's solution followed by homogenization buffer. The bladder 
epithelial cells were then removed by scraping and treated in the 
homogenation protocol as detailed above. (2) HRP was iodinated 
using a mixture of LPO, HzOz and Na125I, which were added to 
HRP in a 50 mM Na2HPO4, pH 7.5, solution and allowed to 
incubate for 30 min at 4~ The labeled protein mixture was 
separated from large amounts of Na~ZSI by gel filtration using 
Sephedex G-10 (Pharmacia, Uppsula, Sweden) and from ~-'~l- 
labeled LPO by chromatography on Sephadex G-100 in the same 
buffer. The purified lzSI-labeled HRP contained approximately 7 
• 104 cpm//zg of protein. 125I was routinely quantitated using a 
Beckman Gamma-9000 counter (Beckman Instruments, Irvine, 
Calif.). 

ENZYME ASSAYS 

/3-hexosaminidase was assayed according to Li et al. [19]. Cyto- 
chrome oxidase was determined by the method of Rodriguez and 
Edelman [30]. HRP activity was quantitated as previously de- 
tailed [13]. 

MISCELLANEOUS TECHNIQUES 

Sucrose density was determined using an Abbe-56 refractometer 
(Bausch and Lomb, Rochester, N.Y.). 

Results 

SUBCELLULAR ERACTIONATION OF H R P - L O A D E D  

TOAD BLADDER EPITHELIAL CELLS 

We have previously shown that a wave of granular 
cell apical membrane endocytosis is induced by wa- 
ter flow from a large transepithelial osmotic gradi- 
ent during ADH stimulation [13] or subsequent re- 
moval of hormone from the solution bathing the 
basolateral surface of the toad bladder [12]. Recent 
studies using a novel label-fracture approach have 
directly demonstrated that within the first 10 min of 
membrane retrieval, a large proportion of the vesi- 
cles filled with fluid phase markers acquired by con- 
tact with the solution bathing the apical surface con- 
tain particle aggregates within their limiting 
membranes [5]. However, 60 rain after initiation of 
membrane retrieval, fluid-phase markers are trans- 
ferred to multivesicular bodies (MVB) [5, 12]. 
Therefore, we loaded the vesicles with HRP, then 
after 10 rain of endocytosis rapidly (within 2 rain) 
cooled the tissue to 2~ to prevent further intracel- 
lular processing before the epithelial cells were har- 
vested and disrupted. 
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I ~-- HOMOGENATE 
(100% protein) 

700xg for 15 min. 

RESIDUAL PELLET / ' X ~  LOW.SPEED SUPERNATANT 
(18"4"1"5'9%) ~ 10,000xg for 10min 

/ \  
INTERMEDIATE PELLET INTERMEDIATE SUPERNATANT 

(5'6+2'0%) ,J~00,000xg for r 

7 \  HIGH SPEED PELLET HIGH SPEED SUPERNATANT 
(11.5+6.2%) (64.5 +12.2%) 

Fig. 1. Fractionation scheme using differential 
centrifugation of toad bladder epithelial cell 
homogenate. Isolated epithelial cells were 
homogenized in a Polytron apparatus for 5 sec 
on a setting of " 5 "  and subjected to 
centrifugation as detailed below. Numbers 
within the parentheses indicate the 
distribution of homogenate protein _+ SD 
(n = 4) 

Table 1. Distribution of peroxidase activity in subcellular fractions a 

Subcellular Fraction Enrichment b HRP distribution c 
fraction (sp act • 10 -3) (% total HRP) 

Homogenate 
Control 7.8 + 1.8 
Experimental 25.0 + 1.3 1.0 100 

Residual pellet 
Control 28.0 + 4.8 
Experimental 25.0 + 3.1 -0 .2  3 7  

Intermediate pellet 
Control 2.4 + 1.1 
Experimental 90.0 + 5.5 5.1 27 

High speed pellet 
Control 2.3 + 0.9 
Experimental 37.0 + 3.8 2.0 22 

High speed supernatant 
Control 10.0 + 0.3 
Experimental 14.0 + 0.3 0.2 14 

" P e r o x i d a s e  ac t i v i t y  was measured in subcellular fractions prepared from toad bladders that had either 
undergone ADH stimulation and removal in the absence (control) or presence (experimental) of 10 rag/ 
ml of horseradish peroxidase in the solution bathing the bladder's apical surface (see  Materials and 
Methods for details). Peroxidase activity is expressed as OD/min//zg protein x 10 -3 and represents the 
values obtained from four separate experiments. 
b E n r i c h m e n t  is defined as the following ratio of peroxidase activities: (experimental-control) fraction/ 
(experimental-control) homogenate. This number represents the increase or decrease in HRP within 
any given fraction compared to that present in the HRP-loaded experimental homogenate. 
c H R P  d i s t r ibu t ion  was calculated by subtracting the peroxidase activity of control from experimental 
bladders, then factoring the result by the distribution of total proteins given in Fig. 1. 

Bladders were either loaded with HRP by ADH 
stimulation and removal (experimental) or were ex- 
posed to the same HRP solution on their apical sur- 
face but in the absence of hormone (control). Under 
the latter conditions, there is essentially no endocy- 
tosis of HRP [12]. Epithelial ceils were collected, 

homogenized and initially fractionated by differen- 
tial centrifugation as shown in Fig. 1. An initial low 
speed centrifugation step produced a pellet (resid- 
ual pellet) that contained unbroken cells and nuclei 
as assayed by phase-contrast microscopy (approxi- 
mately 18% of total homogenate protein). The su- 
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pernatant was centrifuged for 100,000 x g �9 min to 
yield an intermediate pellet and intermediate super- 
natant. Further fractionation of the latter by a third 
centrifugation for 600,000 • g �9 min produced a high 
speed pellet and supernatant. Sixty four percent of 
total homogenate protein remained soluble, while 
approximately 17% was in the intermediate and 
high speed pellets. There were no differences be- 
tween control and experimental bladders in the 
yield for any of the above fractions. Total protein 
recovery averaged 84 -+ 17% (n = 4) for both con- 
trol and experimental bladders. 

Table 1 shows the distribution of peroxidase ac- 
tivity among the subcellular fractions of control and 
experimental bladders. As previously shown [12, 
13], scraped epithelial cells possess endogenous 
peroxidase activity. Peroxidase activity in control 
(HRP exposed but not internalized) bladders does 
not significantly differ from bladders without HRP 
exposure. Table 1 indicates that peroxidase activity 
varies among these various subcellular fractions 
from control and experimental bladders. Thus, the 
difference between experimental (HRP loaded) and 
control (HRP exposed but not internalized) perox- 
idase values from any given fraction divided by the 
difference between the peroxidase values of experi- 
mental and control whole homogenates should be a 
measure of the increase or decrease of exogenous 
HRP within that fraction as compared to that 
present in whole homogenate. The experimental ho- 
mogenate shows approximately 2.7 times more 
peroxidase activity than does control. Both inter- 
mediate and high speed pellets are enriched for ex- 
ogenous HRP. Together, they comprise approxi- 
mately 49% of the total internalized HRP of the 
homogenate. Overall recovery of peroxidase activ- 
ity averaged 92 -+ 16% (n = 4). 

The variable amounts of endogenous perox- 
idase distributed throughout these subcellular frac- 
tions complicate an estimate of exogenous HRP 
which has been released as a result of vesicle break- 
age due to the homogenation and centrifugation 
steps. Vesicle lysis probably does occur during the 
fractionation procedure since 14% of the internal- 
ized HRP is found in the high speed supernatant 
(Table 1). However,  HRP-loaded vesicles present 
in the intermediate pellet appear to be stable since 
the sucrose gradient shown in Fig. 3 (see below) 
contains only a small amount of HRP that does not 
migrate with the vesicle fraction. 

SDS-PAGE analysis of fractions obtained by 
differential centrifugation are displayed in Fig. 2. 
Because the pattern of protein bands visualized was 
dramatically different, depending on whether we 
stained with Coomassie blue or silver, we employed 
a double staining procedure [7] to simultaneously 
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Fig. 2. Comparison of the protein composition of subcellular 
fractions obtained from homogenized epithelial cells. The sub- 
cellular fractions prepared from experimental bladders as de- 
scribed in Fig. 1 were analyzed by SDS gel electrophoresis and 
stained with a double staining technique [7] using both silver 
stain and Coomassie blue. Each lane received 10/xg protein: lane 
A, total homogenate; lane B, residual pellet; lane C, intermediate 
pellet; and lane D, intermediate supernatant. The position of mol 
wt markers are indicated with arrows 

detect both groups of stained bands within a single 
gel. This demonstrates that, while the residual pel- 
let and intermediate supernatant fractions have sim- 
ilar proteins, the intermediate pellet fraction differs 
from these fractions in the distribution of a large 
number of protein bands. Thus, the intermediate 
pellet is a fraction that contains a selected portion 
(5%) of total homogenate protein where approxi- 
mately 27% of the HRP internalized by epithelial 
cells is sequestered. 

Both intermediate and high speed pellets from 
experimental bladders were resuspended, layered 
on sucrose gradients and centrifuged for approxi- 
mately 1 x 107 X g �9 min. The top panel of Fig. 3 
shows fractionation of the gradient containing inter- 
mediate pellet assayed for both peroxidase and total 
protein. The majority of protein and peroxidase are 
found within the lower half of the gradient. Similar 
gradient separation of intermediate pellet fractions 
from control bladders showed an identical distribu- 
tion of protein, but virtually all peroxidase activity 
was located within the first 10 fractions at the top of 
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Fig. 3. Fractionation of a sucrose gradient containing HRP- 
loaded intermediate pellet. 400/xg of the intermediate pellet frac- 
tion were layered on a continuous 29 to 62% sucrose gradient and 
centrifuged for 1 x 107 x g �9 rain. The resulting gradient was then 
fractionated and subjected to the following assays. Top panel: 
total peroxidase (OD/min/~g protein • 10s), total protein (~g/ 
fraction) and density (g/ml); Middle panel: cytochrome oxidase 
(OD/min/fraction • 102) and IzSI-labeled apical membrane pro- 
tein (cpm • 10-3); and Bottom panel: fl-hexosaminidase (OD/ 
min/fraction • 104) 

the gradient. In contrast to the intermediate pellet 
fractionation, all the peroxidase and protein of the 
high speed pellet of experimental and control blad- 
ders were located in the top 10 fractions of gradient 
(data not shown). The high speed pellet was not 
characterized further because of: (i) greater enrich- 
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Fig. 4. SDS gel analysis of selected fractions of sucrose gradient 
containing intermediate pellet. Samples from the sucrose gradi- 
ent detailed in Fig. 3 were fractionated by SDS gel electrophore- 
sis and stained with a combination of silver and Coomassie blue 
[7]. Refer to Fig. 3 for fraction numbers: lane A, fraction 3; lane 
B, fraction 15; lane C, fraction 20; and lane D, fraction 22. The 
position of mol wt markers are indicated with arrows 

ment of HRP in intermediate pellet (Table 1) and (ii) 
the likely presence of unsequestered HRP which 
would render it unsuitable for the density shifting 
maneuver (see Discussion). The contents of the in- 
termediate pellet fraction was further characterized 
as shown in the middle and lower panels of Fig. 3 
and Table 2. The distribution of mitochondrial (cy- 
tochrome oxidase), lysosomal (fl-hexosaminidase) 
and exposed apical membrane proteins from unsti- 
mulated bladders (125I-labeling of apical membrane 
with diazotized iodosulfanilic acid) [8] were assayed 
in fractions from differential and density gradient 
centrifugation. The intermediate pellet fraction is en- 
riched for 125I-labeled apical membrane, mitochon- 
dria and lysosomes as well as HRP (Table 2). All 
three markers band rather closely together at a den- 
sity of 1.15-1.175 and substantially overlap the 
broad peak of peroxidase activity centered at ap- 
proximately 1.I75 g/ml (Fig. 3). SDS-PAGE analy- 
sis of fractions across the gradient show only minor 
changes in the apparent protein composition (Fig. 
4). 

DENSITY SHIFTING OF H R P - L O A D E D  VESICLES 

FROM THE INTERMEDIATE PELLET FRACTION 

Both marker enzyme and electron microscopic 
analysis (see below) showed that, although the spe- 
cific activity of peroxidase had increased to approx- 
imately 132 times (fraction #18, Fig. 3) that of ho- 
mogenate, gradient fractions #18-24 were still 
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Table 2. Summary of radioactive and enzyme markers in subcellular fractions of ADH-stimulated toad bladder ~' 

181 

Cytochrome 
Subcellular ~251-counts oxidase b /3-hexosaminidase ~ Peroxidase J 
fraction cpm//zg E.F. OD/min//xg E.F. OD/min//xg E.F. OD/min//xg E.F. 

Homogenate 42.9 1.0 8.9 1.0 4.6 1.0 3.5 1.0 
R. Pellet 5.4 0.13 8.6 4.9 1.06 4.3 1.2 
I. Pellet 96.2 2.24 52.1 5.84 4.78 8.9 2.5 
I. Supernt. 38.5 0.90 ND 2.2 0.47 2.2 0.6 

Measurements were performed on subcellular fractions prepared from ADH-stimulated toad bladders that had 
internalized horseradish peroxidase (n = 2). ~251 counts represent proteins labeled on the apical surface of 
unstimulated bladders with diazotized t25I-iodosulfanilic acid. The following abbreviations are used: E.F. -en-  
richment factor normalized the specific activity of the homogenate to 1; R. Pellet - residual pellet; I. Pellet - 
intermediate pellet; I. Supernt. - intermediate supernatant. See Materials and Methods and text for details. 
Cytochrome oxidase activity expressed as OD/min//xg protein x 10 -5. 
b fi-hexosaminidase activity expressed as OD/min//~g protein x l0 5. 

Peroxidase activity expressed as OD/min/txg protein x l0 ~-. 

substantially contaminated with other intracellular 
organelles. HRP was used as a fluid phase marker 
for membrane particle aggregate-rich vesicles so 
that we could employ a density shifting technique 
[6] to further purify these organelles. Briefly, this 
method relies on the fact that oxidized and polymer- 
ized diaminobenzidine (DAB) has a density of 
>1.34 g/ml. Entrapped intravesicular HRP con- 
verts reduced membrane permeant DAB to intrave- 
sicular oxidized and polymerized DAB, which is 
trapped and shifts the equilibrium density of that 
vesicle fraction (see Materials and Methods for de- 
tails). Fraction #'s  18-24 were pooled and diluted 
with a sucrose solution containing DAB. H202 was 
then added to selected samples and the mixture in- 
cubated for 30 min. In those samples where the 
combination of HRP-loaded vesicles, DAB and 
H202 was present, there was a change in color of 
the mixture from a pale yellow to a lightly rusty 
brown. The samples were then layered on top of 
sucrose gradients of identical composition as in Fig. 
3 and recentrifuged as described above. In the bot- 
tom of the tubes from samples that underwent the 
color change there was routinely a small brown pel- 
let. 

After careful removal of sucrose from the cen- 
trifuge tubes, SDS-solubilizing buffer was added to 
the bottom of each tube and its solubilized contents 
analyzed by SDS-PAGE and stained with Coomas- 
sie blue (Fig. 5). Centrifuge tubes with samples from 
control bladders (lanes A and B) incubated with 
DAB in the presence (lane B) or absence (lane A) of 
H202, yielded gels with minimal protein bands. In 
contrast, when fractions from experimental blad- 
ders (lanes C and D) were incubated with DAB in 
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Fig. 5, SDS gel analysis of density-shifted sucrose gradient frac- 
tions. Pooled samples of control and experimental intermediate 
pellet (see text) from sucrose gradient fractions #18-24 (Fig. 3) 
were diluted into a buffer containing 2.56 mg/ml of DAB with or 
without H202 and incubated for 30 min. The samples were then 
layered on a second sucrose gradient identical to the first and 
centrifuged as before. A visible pellet appeared only in samples 
containing experimental intermediate pellet and the complete re- 
action mixture. SDS-solubilizing buffer was added to the bottom 
of each of the centrifuge tubes, and after incubation at 100~ for 
5 min the samples were electrophoresed SDS gels which were 
stained with Coomassie blue. The two left lanes were obtained 
from control intermediate pellet fractions incubated without 
(Lane A) and with (lane B) H/Oz. Samples from experimental 
intermediate pellet fractions incubated without (lane C) and with 
(lane D) H202 are shown on the right. Note the appearance of 
protein bands in 'lane D when HRP-loaded vesicles are incubated 
with the complete density shifting reaction mixture. The position 
of mol wt markers are indicated by arrows 
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Fig. 6, An SDS gel of density-shifted sucrose gradient fractions 
from HRP-loaded intermediate pellet. The pellet obtained after 
the density shift maneuver was performed on fractions contain- 
ing HRP-loaded vesicles (see Fig. 5) was subjected to SDS gel 
electrophoresis and stained with a combination of silver and 
Coomassie blue. Molecular weight markers are indicated by the 
arrows. Asterisks indicate bands at 55, 17 and 15 kD and 7 kD. 
DF is the dye front of the gel where the intense staini~ag is attrib- 
utable to DAB 

the presence (lane D) but not the absence (lane C) of 
HzO2, there was a dramatic appearance of 15 major 
protein bands within the gel. Both their appearance 
and distribution were highly reproducible in com- 
pletely separate experiments (n = 6). Analysis of 
SDS gels using the double staining method revealed 
approximately 20 bands (Fig. 6) in a distribution 
very different from the original gradient fractions 
(Fig. 4). Of note are protein bands of 55, 17, 15 and 
7 kD (co-migrates with the dye front) which com- 
prise a major portion of the protein present. We 
have iodinated proteins of identical molecular 
weights both on the apical surface of ADH-stimu- 
lated bladders but not on the apical surface of con- 
trols as well as during intracellular iodination of 
vesicles that contain particle aggregates [5, 14]. 
Thus, density shifted HRP-loaded vesicles contain 
proteins previously identified as likely participants 
in the ADH-induced water permeability response. 

As discussed by Courtoy et al. [6], the specific- 
ity of the density shifting method can be jeopard- 

ized if the preparation is contaminated with soluble 
or externally exposed HRP activity which may 
result from vesicle lysis or absorption of HRP to 
membrane fragments. This may result in the rapid 
agglutination of the preparation and nonspecific 
precipitation of its contents. This possibility was 
investigated by mixing 125I-labeled apical mem- 
branes from control bladders harvested from frac- 
tions # 18-20 with unlabeled fractions # 18-22 from 
experimental bladders as used in Fig.3. The density 
shifting maneuver was performed on the combined 
fractions, and the centrifuge tubes were monitored 
for the presence of a pellet and distribution of ~2~I 
counts (Table 3A). A visible pellet was produced 
only when H 2 0 2  and DAB were added to the com- 
bined fractions as compared to DAB addition in the 
absence of H 2 0 2  . In all cases less than 10% of the 
total 125I counts were found in the pellet with the 
bulk of the radioactivity sedimented to the same 
position as in the original gradient. Therefore, we 
conclude that these fractions do not contain free 
HRP that will agglutinate the preparation and pro- 
duce nonspecific precipitation of membrane frag- 
ments. 

It is also possible that the sequestered HRP 
contributes to the proteins visualized on the gels 
shown in Figs. 5 and 6. To test for this, we iodinated 
HRP with lactoperoxidase using standard tech- 
niques [24]. The ~2SI-labeled HRP was then seques- 
tered in toad bladder epithelial cells which were ho- 
mogenized and fractionated as in Fig. 3. Fractions 
#18-22 from the initial sucrose gradient were 
pooled and subjected to the density shifting maneu- 
ver with and without the addition of H202 (Table 
3B). In the peroxide-treated preparation where a 
visible pellet was observed, it contained 43% of the 
1251 counts. In contrast, when no H202 was added, 
no pellet appeared and 89% of the ~25I counts resedi- 
mented to an identical position in the second su- 
crose gradient. Autoradiography of the SDS gel 
from the density shifted pellet demonstrated that 
none of the radioactivity entered the running gel. It 
was all localized in a high molecular weight band at 
the top of the gel (data not shown). These experi- 
ments demonstrate that the density shift maneuver 
was specific and the proteins present in the SDS gel 
of the resulting pellet are not fragments of HRP. 

ELECTRON MICROSCOPY OF MEMBRANE 
FRACTIONS 

The intermediate pellet fraction was examined by 
thin-section electron microscopy for both morphol- 
ogy and the nature of membrane vesicles that se- 
questered HRP (Fig. 7). It contained a variety of 
membranous structures, including large sheets of 
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Table 3. Horseradish peroxidase (HRP) mediated densi ty shift of  ~251-1abeled membrane  fractions 
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Gradient fractions 
Visible pellet ~' # 10-20 b 

t2~l recovery 
Density shift t-~l counts  % total ~25I counts  % total (%) 

A) t251-1abeled apical membrane  
+ +616 7.6 8,091 99.4 106 
- - 171 2.1 7,579 92.5 94.6 

B) ~2q-labeled HRP 
+ +230 43.1 209 39.2 82.4 
- - 10 1.9 473 89.2 91.1 

a V i s i b l e  p e l l e t  - The presence (+)  or absence  ( - )  of  a visible pellet is indicated, and the number  of  
total ~25I counts  the bo t tom of  the centrifuge tube contained is shown to its immediate right. 
b G r a d i e n t  f r a c t i o n s  # 1 0 - 2 0  - Membrane  fractions (#10-20)  were isolated from an initial sucrose  
gradient,  pooled and subjected to the densi ty  shift maneuver .  These  were layered on a second sucrose  
gradient  of  identical composi t ion to the first. After  centrifugation, the second gradient was fractionated 
identically to the first and the ~25I counts  in fractions #10 -20  were determined.  

plasma membrane, mitochondria, dense granules 
and a collection of smaller vesicles. Vesicles which 
sequestered HRP were detected after attaching the 
contents of intermediate pellet to polylysine-coated 
tissue culture dishes where they were fixed and de- 
veloped using DAB and H 2 0 2 .  Here we observed 
both round and elongated vesicles, which were in- 
tensely stained with DAB reaction product (Fig. 
7a). Examination of HRP-rich fractions from the 
initial sucrose gradient showed the dominant organ- 
elle was mitochondria together with fragments of 
plasma membrane and small vesicles (Fig. 7b). Ves- 
icles that stained intensely for DAB reaction prod- 
uct were more numerous than in the unfractionated 
intermediate pellet. Both round and elongated vesi -  
cles were observed (Fig. 7c). Thin sections of the 
fixed density shifted pellet showed numerous round 
and elongated vesicles of various sizes filled with 
DAB reaction product (Fig. 7d) together with occa- 
sional membranes that did not contain peroxidase 
reaction product as indicated by the asterisk. 

Discussion 

The results reported here confirm the observations 
of Rodriguez and Edelman [30] with respect to both 
the homogenization conditions and behavior of toad 
bladder membrane fractions after disruption. A pe- 
riod of cell swelling followed by homogenization of 
cells in a polytron apparatus produced efficient dis- 
ruption of epithelial cells. 

The purification strategy detailed above relies 
on the specificity of apical membrane retrieval dur- 
ing a 10-rain interval after removal of hormone from 

ADH-stimulated bladders. During ADH stimulation 
in the absence of a transepithelial osmotic gradient, 
aggrephores fuse with the apical membrane [9, 25], 
increasing its surface area by as much as 25% [28, 
31], but there is no measurable apical endocytosis 
[13, 21]. In contrast, high rates of osmotic water 
flow induce retrieval of apical membrane via a pro- 
cess stimulated further by the removal of ADH [12, 
13, 21, 25, 27]. Electron microscopic examination of 
thin sections shows that vesicles initially retrieved 
from the apical membrane and thus containing HRP 
are both tubular vesicles whose morphology is iden- 
tical to aggrephores observed in freeze-fracture 
electron microscopy [5, 12, 13, 33] and spherical 
vesicles, a portion of which are in fact tubular vesi- 
cles cut in cross-section [12]. 

Recent work [5] using a novel label fracture ap- 
proach has allowed simultaneous visualization of 
internalized markers such as HRP or colloidal gold 
and structures within the lipid bilayer of the same 
vesicle. That study examined the nature of the vesi- 
cles retrieved from the toad bladder apical mem- 
brane during intervals of ADH stimulation and re- 
moval identical to those used in the present study. 
Coleman et al. [5] observed three types of vesicles 
retrieved during these intervals: (i) long tubular ves- 
icles morphologically identical to aggrephores 
which contained membrane particle aggregates, (ii) 
spherical vesicles which also possessed particle ag- 
gregates but whose limiting membrane appeared to 
be derived from apical membrane which was dis- 
tinct from that of aggrephores, and (iii) a less fre- 
quent type of spherical vesicle which had no detect- 
able particle aggregates and also appeared to be 
derived from the apical membrane. Thus, the epi- 
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Fig. 7. Morphology exhibited by HRP-containing membrane fractions. Samples from intermediate pellet (A), sucrose gradient (B and 
C) and the pellet of the density shift maneuver (D) were prepared for electron microscopy either as a fixed centrifuged pellet (B and D) 
or attached to the surface of a polylysine-coated dish, fixed and HRP localized before embedding and sectioning (A and C). All bars 
measure 0.2 /xm. Magnifications for each photo in panels A - D  in clockwise direction are: (A) 1, 2, 3-100,000x; 4-57,000x; (B) 
15,600x ; (C) 1,3-57,500x ; 2, 4-15,600x ; (D) 15,600x. m = mitochondrion. The four arrows in D indicate vesicles containing seques- 
tered HRP, while an asterisk shows a nonperoxidase-containing membrane contaminant. The inset shows an elongated vesicle that 
resembles the morphology of aggrephores, which has entrapped HRP. The dark granular material interspersed throughout the field is 
polymerized DAB 
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thelial cells harvested from bladders subjected to 
the protocol used in this study should contain HRP- 
loaded vesicles, the majority of which contain mem- 
brane particle aggregates within their limiting mem- 
branes. 

Electron micrographs of the intermediate pel- 
let, sucrose gradient and density-shifted fractions 
clearly show that HRP is sequestered in both elon- 
gated and apparently spherical vesicles (Fig. 7). 
Their specific relationship to those elongated and 
spherical vesicles visualized by label fracture analy- 
sis [5] remains to be determined. Since the vesicles 
shown in Fig. 7 derive from cells whose contents 
have been subjected to high shear forces during ho- 
mogenization, hyperosmotic conditions of density 
gradient centrifugation and the density shifting pro- 
tocol, it is not possible to directly relate their mor- 
phology to the HRP-rich vesicles present in intact 
granular cells. The forms that the different types of 
vesicles visualized by label fracture analysis of in- 
tact cells take after these multiple fractionation 
steps will be the subject of further study. 

It is difficult to estimate the final purity of the 
final vesicle fraction produced by density shifting 
pooled sucrose gradient fractions. Assays of marker 
enzymes for known organelles after density shifting 
is not reliable. As demonstrated by Quintart et al. 
[29], marker enzymes are variably affected by expo- 
sure to the reagents of the density shift maneuver. It 
is also not possible to determine HRP activity en- 
richment after the density shift maneuver. Electron 
microscopy demonstrates that vesicles containing 
entrapped HRP undergo substantial enrichment by 
both density gradient and density shifting steps in 
purificaiton. However, examination of the density 
shifted pellet also shows that despite this multiple 
step fractionation scheme there are still some mem- 
branes that do not contain sequestered HRP and 
contaminate this final fraction. Perhaps the best cri- 
terion for purification is the dramatic change in the 
protein composition of the density shifted fraction 
(Figs. 5 and 6). Although the SDS gel patterns of 
intermediate pellet (Fig. 2) and sucrose gradient 
fractions derived from it (Fig. 4) are considerably 
different than the homogenate (Fig. 2), the SDS gel 
pattern of the density shifted pellet is radically dif- 
ferent. Experiments detailed in Table 3 show the 
change in protein composition is not due to nonspe- 
cific agglutination of the reaction mixture or to frag- 
ments derived from HRP. Thus, we conclude that 
the density shifted pellet from ADH-stimulated toad 
bladders exposed to HRP represents a highly en- 
riched fraction of vesicles derived from specialized 
regions of apical membrane. 

SDS gel bands of molecular weights 55 kD, a 
group of bands clustered from 17 to 14 and 7 kD 
were ~25I-labeled in the absence of water flow only 

on the surface of ADH-stimulated but not control 
bladders [14]. An identical pattern of lzSI-labeled 
bands was also observed on the inner surface of 
vesicles internalized under conditions identical to 
those examined by the label fracture analysis [5] 
and used in this study. As shown in Figs. 5 and 6, 
protein bands of 55, 17, 15 and 7 kD are clearly 
visible among the approximately 20 major species 
which constitute the density shifted fraction. Since 
this group of proteins has repeatedly been associ- 
ated with membrane particle aggregate-containing 
vesicles and the ADH-induced Pf, we conclude that 
the density shifted pellet represents a purified vesi- 
cle fraction which is enriched for a selected set of 
proteins involved in the ADH-induced PI- 
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