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Summary. A secretory granule fraction has been isolated from 
rat parotid by discontinuous gradient centrifugation using hy- 
perosmotic sucrose-Ficoll solutions of low ionic strength. The 
secretion granule fraction comprises 25% of the total tissue c~- 
amylase activity and is judged to be of high purity, both morpho- 
logically and by its low level of contamination by enzyme activi- 
ties associated with other organelles. 

Secretion granules were lysed by capitalizing on their labil- 
ity in KCl-containing media, and the low density granule mem- 
branes were separated from residual organelle and soluble con- 
taminants by flotation in a sucrose gradient. Residual, poorly 
extractable secretory contaminants of the granule membrane 
subtraction were selectively removed by a saponin- (10 txg/ml) 
Na2SO4 (0.3 M) wash, apparently with negligible disruption of 
granule membrane structure. Based on detailed consideration of 
the extent of contamination by residual mitochondria and incom- 
pletely removed secretory p01ypeptides, it is possible to estimate 
that -95% of the protein associated with the purified secretion 
granule membrane is bona fide granule membrane protein. Fur- 
ther analyses indicate that 7-glutamyltransferase constitutes a 
marker enzymatic activity shared by granule membranes and the 
apical domain of the plasma membrane. 

Sodium dodecyl sulfate (SDS)-polyacrylamide gel elec- 
trophoretograms of radio-iodinated granule membrane polypep- 
tides are characterized by 20-25 radioactive bands of which 5-6 
are suggested to be glycoproteins by virtue of their binding of 
concanavalin A. The limited polypeptide composition of the se- 
cretion granule membrane (in comparison to membranes of other 
cellular compartments) and the high phospholipid-protein ratio 
(4.4 mg/mg) may reflect the functional specialization of this stor- 
age container for secretory proteins. 
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Introduction 

Within exocrine acinar cells secretion granules con- 
stitute repositories for macromolecules destined for 
export in response to external stimuli. Individual 
elements comprising this storage compartment are 
bounded by unit membranes and arise as a conse- 
quence of molecular sorting and packaging pro- 

cesses operating at the level of the Golgi complex. 
Mobilization from storage and discharge of secre- 
tory macromolecules is achieved by exocytosis, a 
process involving the selective recognition, interac- 
tion, and eventual coalescence of granule mem- 
brane with the apical domain of the plasma mem- 
brane. As in the case of other structurally distinct 
endomembrane compartments, the molecular com- 
position of the granule membrane is expected, in 
large part, to reflect specific intracellular functions. 

The dimensions of individual secretion granules 
and the size of the stored granule population vary 
greatly among cell types. Consequently, certain tis- 
sues may be especially favorable as sources for the 
preparation of secretion granules and their mem- 
branes for subsequent compositional and functional 
analyses. 

According to these considerations, the rat 
parotid salivary gland has been chosen as a tissue 
source for the preparation and characterization of 
secretion granules and their membranes. Acinar se- 
cretory cells comprise 85-90% of the glandular vol- 
ume, and the stored granule population occupies 
approximately one-third of the cytoplasmic volume 
[7]. Lipolytic and proteolytic activities, which po- 
tentially could interfere in analyses of granule mem- 
brane composition, have not been detected among 
the secretory products [28, 64]. The preparation of a 
highly purified granule fraction is described in this 
report. Further, the partial characterization of the 
membrane subfraction has established a compre- 
hensive catalog of tightly associated membrane 
polypeptides (resolved by one-dimensional SDS po- 
lyacrylamide gel electrophoresis) and has indicated 
that y-glutamyl transferase (EC-2.3.2.2) constitutes 
a granule membrane-associated enzyme activity. 
The considerable effort invested to validate the pu- 
rity of this fraction makes possible future detailed 
analysis of potential relationships of selected poly- 
peptides to granule-specific functions and has estab- 
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lished an unambiguous compositional probe for 
evaluating quantitatively both the level of polypep- 
tide overlap for plasma membrane isolated from the 
same tissue [2] and the dynamic behavior of granule 
membranes during secretory content storage, ex- 
ocytosis, and compensatory reinternalization 
events. 

Materials and Methods 

PREPARATION OF PAROTID SECRETION GRANULES 

The protocol and rationale for isolation of parotid secretion gran- 
ules and subsequent preparation of granule membranes and se- 
cretory content will be presented in the Results section. 

PREPARATION OF PAROTID MITOCHONDRIA 

sections were stained in both uranyl acetate and lead citrate. All 
micrographs were taken on a Siemens Elmiskop 101 or 102. 

POLYACRYLAMIDE GEL ELECTROPHORESIS 

SDS polyacrylamide gel electrophoresis was carried out accord- 
ing to Laemmli [42]. Resolving gels contained a 6-12 (or 14% 
(wt/vol)) linear gradient of acrylamide and were overlaid with a 
4.50 acrylamide stacking gel. 

All protein samples were reduced with 40 mM dithiothreitol 
(5 rain at 100~ and alkylated with 100 mM iodoacetamide (at 
37~ for 60 rain). After electrophoresis the gels were fixed and 
stained in 0.08% Coomassie brilliant blue (R-250), 25% (vol/vol) 
isopropanol + 10% (vol/vol) acetic acid, and then destained se- 
quentially in 10% (vol/vol) isopropanol + 10% (vol/vol) acetic 
acid, and 10% (vol/vol) acetic acid alone. 

For radio-iodinated secretion granule membrane samples, 
destained and dried gels were autoradiographed by exposure to 
Kodak X-Omat film at -70~ using an intensifying screen. Silver 
staining of polyacrylamide gels was performed using a modified 
procedure of Merril [53]. 

A mitochondrial fraction was prepared from parotid tissue using 
as starting material the 0.35 M/1.42 M + 4% Ficol1400 interface of 
granule gradient 1 (see Fig, 1). This interface suspension was 
adjusted to a final sucrose concentration of 0.80 M (by refractive 
index), resuspended by 5 strokes in a tight-fitting Dounce homog- 
enizer, and overlaid on a first sucrose step gradient having under- 
layers of 1.0 and 1.42 M sucrose, each containing 4% Ficoll 400, 
2.0 mM imidazole, 5.0 mM EDTA and 0.20 p,g/ml N, N'-diphe- 
nyl-p-phenylenediamine (DPPD) I at pH 6.7. Centrifugation (1.3 
x 104 gav• 10 rain in a Beckman SW27 rotor) yielded a crude 
mitochondrial fraction at the 1.0-1.42 M interface, The majority 
of microsomal and plasmalemmal elements banded at the load 
- 1.0 M sucrose interface. Subsequent purification of the crude 
mitochondrial fraction utilized the following steps: sedimenta- 
tion from 1.0 M sucrose onto an interface of 1.42 M sucrose + 4% 
Ficoll 400; adjustment of the mitochondrial fraction collected 
from this interface to 1.58 M sucrose (by refractive index) and 
flotation through 1.42 M + 4% Ficol1400 to an overlying interface 
of 0.80 M sucrose (centrifugation conditions for each step---1.5 x 
105 gav • 90 rain in a Beckman SW41 rotor). Sedimentation (1.5 
z 10 ~ gay X 45 rain) yielded a purified parotid mitochondrial 
fraction free of secretion granules, nuclear and plasma mem- 
branes. 

PROCESSING OF SUBCELLULAR FRACTIONS 

FOR ELECTRON MICROSCOPY 

Secretion granules, mitochondria, and secretion granule mem- 
branes were fixed in suspension by the slow addition of one 
volume of 6% glutaraldehyde, 2% formaldehyde (freshly pre- 
pared from paraformaldehyde) in 0.1 M Na phosphate, pH 7.4. 
Samples were then pelleted in a microcentrifuge and postfixed in 
1% OsO4 for 2 hr at 0~ Subsequently, pellets were stained in 
block with 0.5% uranyl acetate in maleate buffer, dehydrated in 
ethanol and propylene oxide, and embedded in Epon 812. Thin 

N,N'-diphenyl-p-phenylenediamine (DPPD) is an antioxi- 
dant agent [31] previously demonstrated to maintain secretion 
granule intactness during cell fractionation [74]. 

METHOD OF IODINATION 

Membrane samples were radioiodinated using either 1, 3, 4, 6- 
tetrachloro3a, 6a diphenyl glycoluril (Iodogen) [45] or the 
Bolten-Hunter reagent [9]. Iodogen (1 rag) was dissolved in chlo- 
roform (20 ml), and 200/xl of the resulting solution was evapo- 
rated to dryness under nitrogen in a borosilicate vial. After rins- 
ing in 50 mM Tris-HCl (pH 7.4), 50/xl of the same buffer was 
added to the iodination vial, followed by Na~25I (500/xCi, 5/xl) 
and 50/zl of membrane suspension. The iodination was allowed 
to procede for 10 rain at 4~ and terminated by removal of the 
membrane suspension. Gel filtration on a 5-ml column of Agarose 
A-0.5 M (in 50 mM Tris-HC1, pH 7.4) served to separate labeled 
membranes from unincorporated molecular iodine. Where the 
Bolton-Hunter reagent was used, granule membranes (sus- 
pended to a volume of 40/zl in 100 mM potassium phosphate at 
pH 8.3) were added to the reaction vial (500 tzCi), and the mix- 
ture was agitated for 60 min at 4~ Gel filtration on a 5-ml column 
of Agarose A 0.5 M (in 100 mM potassium phosphate, 200 mM 
glycine at pH 8.3) allowed separation of labeled membranes from 
unincorporated reagent quenched with glycine. 

Concanavalin A (1 mg dissolved in 200/zl of 50 mM Tris- 
HC1 containing 0.2 M dextrose and 0.5 mM each of MnC12, MgClz 
and CaC12 at pH 7.4) was radioiodinated using Chloramine-T (20 
/xl, 2.5 mg/ml) and 1.0 mCi Na-125I. The reaction was allowed to 
procede for 2.5 min at 4~ and terminated by the addition of 
sodium metabisulfite (20/xl, 2.5 mg/ml). Labeled Concanavalin A 
was separated from unincorporated molecular iodine by gel fil- 
tration on Biogel P-2. 

ENZYMATIC AND CHEMICAL ASSAYS 

a-Amylase was assayed according to Bernfeld [6]; 1 U of amy- 
lase activity is defined as the amount of enzyme which liberates 1 
txmol of maltose equivalents per min at 30~ Glutamyl trans- 
ferase (transpeptidase) was assayed after Tate [70] using y-gluta- 
myl-p-nitroanilide and glycylglycine as substrates at 25~ 1 U of 
activity corresponds to the release of 1/xmol ofp-nitroaniline per 
min. Amine oxidase (Type A) was assayed by the procedure 
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described by Castro Costa [18] using H3-tryptamine as the sub- 
strate. Enzyme activity is expressed as pmol/min unless indi- 
cated otherwise. Cytochrome c oxidase was assayed by the 
method of Peters [57] using the first-order rate constant as a 
measure of activity [47]. [H3]-UDP-galactosyl transferase was 
determined using a modification of the assay described by Flei- 
scher [23] in which 2 mM ATP and 2 mg/ml asialoagalacto-fetuin 
[38] were included; acid precipitable 3H-label was used as a mea- 
sure of activity expressed as nmol/min, fl-N-acetyl glucosamini- 
dase was assayed according to Findlay [22] by measuring the 
formation of p-nitrophenol (AOD410) from p-nitrophenyl-N-ace- 
tyl-fl-glucosaminide at 37~ 1 U of activity corresponds to the 
liberation of 1 /xmol of substrate per min. 

Total protein was assayed according to the modified Lowry 
protocol of Markell [46] using bovine serum albumin as a stan- 
dard. 

Phospholipids of subcellular fractions were extracted using 
the procedure of Folch [24] and were ashed in 70% perchloric 
acid and assayed for phosphate as described by Bartlett [4]. 

MATERIALS 

[3H]tryptamine and iodine-125 were obtained from Amersham 
(Arlington Heights, IL); BoRon-Hunter reagent and [3H]uridine 
diphosphogalactose from New England Nuclear (Boston, MA). 
Iodogen was obtained from Pierce Chemical Co. (Rockford, IL). 
Bio-Gel A-0.5 M and molecular weight standards were obtained 
from Bio-Rad Laboratories (Richmond, CA). Eagle's minimal 
essential medium or Ham's F-12 used for in vitro incubations and 
cleaning of tissue were obtained from GIBCO (Grand Island Bio- 
logical Co., Grand Island, NY). Acrylamide for gel electrophore- 
sis was obtained from Eastman Organic Chemicals (Rochester, 
NY) and recrystallized ( lx)  from acetone before use. Con- 
canavalin A was obtained from Calbiochem (La Jolla, CA). Fi- 
coll 400 was obtained from Pharmacia (Piscataway, N J). All 
other chemicals were of reagent grade. Nitex nylon mesh (20 
/zm 2) was obtained from Tetko, Inc. (Elmsford, NY). 

Results 

PREPARATION OF A PAROTID SECRETION 

GRANULE FRACTION 

In order to begin to assess the potential roles of 
granule membrane components in distal events 
along the secretory pathway we sought to isolate a 
secretion granule fraction of high purity and yield. 
We considered the levels of contamination obtained 
using previously published procedures for the isola- 
tion of rat parotid secretion granules [1, 39, 58] to be 
unsatisfactory. Our goal was met by devising a dif- 
ferent procedure shown schematically in Fig. 1. 

The extent to which we have succeeded in iso- 
lating a highly purified, homogeneous population of 
rat parotid secretion granules depends on the use of 
sucrose media having low ionic strength. Increases 
in imidazole or EDTA concentration increased or- 
ganelle aggregation and resulting in two- to three- 

fold higher mitochondrial enzymic activities in the 
purified secretion granule fraction. Although Mg 2+ 
ions are included in the homogenization medium in 
order to stabilize nuclei, further elevations in con- 
centration increased secretion granule-mitochon- 
drion aggregation and, consequently, significantly 
increased the mitochondrial contamination of the 
purified secretion granule fraction. 

MORPHOLOGY OF THE SECRETION 
GRANULE FRACTION 

A representative, low magnification electron micro- 
graph of the secretion granule fraction is shown in 
Fig. 2. The majority of components (>99%) are 
large (1 /xm diameter) electron opaque, spherical 
secretion granules that, at higher magnifications, 
are found to be bounded by a continuous unit mem- 
brane. Small membrane blebs, often continuous 
with the granule membrane, and small, smooth sur- 
faced vesicles are variably present in individual 
preparations. At present we feel that the generation 
of membrane blisters is an artifact arising as a con- 
sequence of aldehyde fixation. Occasional partially 
vesiculated and extracted mitochondria located 
throughout the granule pellet and even fewer nu- 
clear membranes found at the top of the pellet con- 
stitute the only visible organelle contaminants. 

ENZYMATIC ANALYSES FOR 
CONTAMINATING ORGANELLES 

Each of the sucrose layers and sucrose interfaces 
generated in the parotid secretion granule isolation 
protocol was assayed for the presence of enzymatic 
activities considered to mark contaminating organ- 
elles. For the sake of clarity, the data for individual 
fractions other than that containing the bulk of the 
granules have been combined and reported as a sin- 
gle value for each step (Table 1). Recoveries of en- 
zymatic activities are based on the values obtained 
for the preceding fraction and % distributions are 
relative to the total homogenate activity (H) which 
is the sum of (NS) and (NP) (defined in the legend of 
Fig. 1). 

Mitochondria constitute the only significant 
contaminant of the secretion granule fraction de- 
tectable biochemically; 0.8-0.9% of the cytochrome 
c oxidase and 0.2-0.3% of the amine oxidase activi- 
ties present in the homogenate are recovered in the 
final fraction. The discrepancy in the % contami- 
nant contribution for the two mitochondrial mem- 
brane activities reflects the susceptibility of the 
outer mitochondrial membrane to vesiculation and 
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FLOW SHEET FOR RAT PAROTID 
SECRETION GRANULE FRACTIONATION 

Homogenate 
15~ ( w / v )  

In 0,35M Sucrose, 2mM Tmidazole, 
O.ImM MgCI 2 ,0.2 /~g/m[ DPPD 

I 
12,0 x 103gOV X MIN 

I 

Supernate Pellet 

Second homogenate 
(as above) 

12.0 x I0 gOV x MIN 

I 

Pellet (NP) 

- -  Supernate 

Supernote (NS) 
I) Filter, 20urn Nylon 

2) EDTA, net 0,2 nM 
3) Dounce, 5x -- 

10o3 x 106gov x MIN 

G I; 1.55 + 4/2.0+ 4 ] 
I 

Interface ~ _~ Rest 
I )  Adjust by refractive index to 1.58M 

2) Dounce, 5x L ~ , . ' ~  0,80M 

i " :':i~ ~ 1.58MLoad 

l ~ _ ~ i  1'55M+ 4%~( I'C~ M) 
2'0 M ~" 40/~(2"12 M ) 

12.9 x 106gav x MIN 

G2 ; 1.55+4/2,0~4 [ 
Interface = - 

I) Adjust by refractive index to I,OM 

0.35 M Load 
1.42M + 4%*(1.54M) 
1.55M +4%*( 1.67M ) 
2.0M + 4%*12.12 M ) 

= Rest 

~ - - 1 . 6  xlO6gavxMIN . . . . . .___D[~ 

Purified Granule 
Fraction 

Fig. L Isolation protocol for purification of rat parotid secretion 
granules from 10-12 male Sprague-Dawley rats (100-125 g). For 
initial homogenization, cleaned tissue (4.0-4.5 g) was subjected 
in sequence to mincing with razor blades and disruption using a 
Tissuemizer | (Tekmar; Cincinnati, Ohio) for 10 sec at 1900 rpm 
followed by 5 passes at 1300 rpm in a Brendler cylindrical glass 
homogenizer with serrated Teflon pestle. The second homogeni- 
zation was performed with the Brendler homogenizer only. Low 
speed centrifugation (used to prepare the post-nuclear superuate 
(NS) and nuclear pellet (NP)) was performed in an IEC PR6000 
centrifuge. Subsequent ultracentrifugation, which yielded, first, 
a crude granule fraction freed of the majority of lower density 
mitochondria, plasma membranes, and smaller organelles and, 
second, a purified granule fraction was carried out in a Beckman 
SW 28 rotor. All high density sucrose solutions contained 4% 
Ficoll 400 in addition to 2.0 mM imidazole, 0,2 mM EDTA, and 
0.20/xg/ml DPPD (pH 6.7). *The concentrations shown in paren- 
theses are determined by refractive index where 4% Ficoll con- 
tributes an increment corresponding to 0.12 M sucrose 

breakage during density gradient centrifugation 2 [8]. 
The final cytochrome c oxidase specific activity is 
one-tenth that of the homogenate, while amine oxi- 
dase is 0.03 of the homogenate specific activity, 

Lysosomal contamination as estimated by the 
activity of/3-N-acetyl glucosaminidase is on the or- 
der of 1% of the homogenate activity with a specific 
activity one-tenth that of the homogenate. Contami- 
nation by UDP-galactosyl transferase, an enzyme 
associated predominantly with the Golgi complex, 
is approximately 0.10% of the homogenate activity 
with the specific activity in the granule fraction be- 
ing 1/100 that of the homogenate. Finally, although 
not shown in Table I, the purified granule fraction 
has been found to contain <0.7% of the total ro- 
tenone-insensitive NADH-cytochrome c reductase 
activity. Since in some cell types this activity marks 
rough endoplasmic reticulum [37], Golgi, outer 
mitochondrial membranes [11], and even plasma 
membranes [37], the negligible levels found in the 
granule fraction signify a generally low level of con- 
tamination by other cellular organelles. Thus, lim- 
ited marker enzyme analyses corroborate the mor- 
phological observations that mitochondria 
constitute the principal low-level contamination of 
the purified secretion granule fraction. 

MARKER ENZYMES OF THE SECRETION GRANULE 

Assuming a-amylase approximates an exclusive 
and homogeneous marker enzyme for rat parotid 

2 The alternative hypothesis that amine oxidase activity as- 
sociated with the purified secretion granule fraction is underesti- 
mated is considered less likely because the activity is quantita- 
tively recovered in subsequent steps during granule 
subfractionation. 
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Fig. 2. Representative electron micrograph of the purified secretion granule fraction. Bar, 1 ~m x 6,300 

secretion granules, we routinely recover 25-27% of 
the total homogenate activity in the purified secre- 
tion granule fraction (Table 2). The amylase specific 
activity of the granule fraction, normalized to pro- 
tein, averaged 2.85 times that of the homogenate 3, 
Analogous to results previously reported by Wal- 
lach [74], the inclusion of the antioxidant DPPD in 
all isolation media approximately doubled the re- 

3 Immunocytochemical studies indicate that all secretion 
granules present in rat parotid acinar cells contain much 
higher concentrations of c~-amylase than do other organelles 
comprising the biosynthetic pathway for secretory proteins 
[68]. Secretion granules occupy -35% of the parotid acinar 
cell volume in fasted animals [7], which in turn represents 
85-90% of the gland volume, tf amylase is taken to be 
an exclusive granule marker and if protein is considered 
to be distributed homogeneously in proportion to volume, 
then the expected purification for granule amylase is: 
% total amylase in granules / %  total amylase in homogenate 
% total protein in granules / % total protein in homogenate 

= 100/(0.9 • 35)/(100/100) = 3.2. Values less than 3.2 can be 
rationalized according to the observation that amylase is not an 
exclusive granule marker and that the concentration of protein 
within granules is higher than in other tissue compartments (and 
thus is disproportionately high with respect to volume occupied). 

coveries of c~-amylase in the purified granule frac- 
tion. 25-30% of the total amylase activity of the 
homogenate remains in the 0.35 M load following 
the first discontinuous gradient centrifugation and is 
presumed to represent amylase solubilized from 
granules broken during homogenization. The 25% 
amylase recovery in the purified granule fraction 
therefore represents 60% of the intact granules 
present in the parent fraction (NS); barring the pos- 
sible existence of a special granule subpopulation, 
which exhibits poor stability during homogeniza- 
tion, we consider our granule fraction to be repre- 
sentative of the total parotid secretion granule pop- 
ulation. 

y-glutamyl transferase (yGT), an enzyme char- 
acteristically associated with the mucosal surface 
membranes of a variety of polarized epithelia, is 
present in our parotid homogenates at a low level of 
0.015/xmol/min/mg protein, a value comparable to 
that reported in the literature--0.016/xmol/min/mg 
protein [29]. As shown in Table 2, we have found 
that the purified secretion granule fraction contains 
3-4% of the yGT activity of the homogenate. Ac- 
cording to the assumption that this enzyme is a 
bona fide granule membrane protein, we estimate, 
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Table 1. Marker enzyme analysis of contaminating organelles in secretion granule preparation 

Fraction Protein fl-N-acetyl Cytochrome c 
glucosaminidase oxidase 

mg % H 

Amine oxidase 
type A 

% H RSA a % H RSA % H RSA 

UDP-galactosyl 
transferase 

% H RSA 

Homogenate (H) b 397 100 100 1 100 1 100 1 100 
(4.62) c (100.23) (104.61) 

NS 265.5 66.9 64.3 0.93 80 1.10 74.9 1.09 79.3 
NP 131.7 33.1 35.7 1.14 20 0.73 25.1 0.80 20.7 
G1 46.6 12.0 2.4 0.18 2.4 0.21 2.8 0.20 0.26 

Gradient recovery % 99.8 97 90.6 97.4 90.8 
G2 31.5 8.2 1.1 0.12 0.89 0.10 0.30 0.03 0.12 

Gradient recovery % 104.5 92.4 90.1 64.1 97.9 

1 
(3.62) 
1.13 
0.65 
0.02 

0.01 

a RSA = sp act (per mg protein) relative to that of the homogenate (H). 
b Abbreviations for isolated fractions are as in Fig. 1. 
c Numbers in parentheses represent total homogenate activities. Enzyme activity units are: txmol/min, /3-N-acetylglucosaminidase; 
nmol/min, monoamine oxidase and UDP-galactosyl transferase. Cytoehrome c oxidase is expressed in units corresponding to the first 
rate constant [47]. Recoveries in each fraction represent the mean value from a minimum of 3 experiments. 

based on the -25% yield of secretion granules dis- 
cussed previously, that -14-15% of the total rat 
parotid yGT activity could be granule associated. 
As secretion granules comprise a minimum of 30- 
35% of the total parotid protein (since their frac- 
tional contribution to acinar cell volume is probably 
less than their contribution to total parotid protein), 
granule purification should lead to a depurification 
(decreased specific activity) of yGT. Table 2 shows 
that the specific activity of yGT in the purified gran- 
ule fraction is 0.43 times the homogenate value. 

In order to evaluate the alternative possibility 
that yGT activity associated with the purified secre- 
tion granule fraction reflects a low level of contami- 
nation by plasmalemmal elements (in which case ap- 
parent depurification would also be expected), we 
have compared the distribution of s-amylase and 
,/GT for NS fractions of parotid tissue that had been 
subjected to centrifugation on linear sucrose gradi- 
ents supplemented with Ficoll 400 (5% wt/vol). Fig- 
ure 3 shows that there are principally two peaks of 
both s-amylase and yGT activity. The lower den- 
sity amylase peak is found in the region of the origi- 
nal load (fractions 2 to 4) and is presumed to repre- 
sent soluble enzyme released from damaged 
organelles during homogenization. The lower den- 
sity yGT peak (fractions 3 to 9) contains most of the 
NS yGT activity and is located within the first half 
of the gradient. Both low density enzyme peaks are 
well separated from the high density coincident 
peaks of oe-amylase and yGT activity that character- 
ize the sedimented secretion granules. The constant 
activity ratio found for the two enzymes across this 
peak (see inset in Fig. 3) argues that both enzymes 

mark the same high density organelle. We view un- 
likely the possibility that plasmalemmal elements 
(which characteristically exhibit densities <1.20) 
cosediment in completely parallel fashion with the 
secretion granules. Since purified parotid mitochon- 
dria (Fig. 7) and rough microsomes [2] do not con- 
tain significant levels of yGT activity and as lyso- 
somes constitute a minor compartment (0.4% of cell 
volume) in parotid tissue [19] (and are thus not a 
significant source of membrane), suggest that yGT 
is a bona fide granule membrane activity. 

PREPARATION OF SECRETION 

GRANULE MEMBRANES 

The procedure developed for lysis takes advantage 
of the known lability of parotid secretion granules in 
KCl-containing media [63]. Soluble secretory pro- 
tein and granule membranes were obtained by the 
steps shown in Fig. 4. 

This protocol has several characteristics which 
should be clarified. First, isotonic conditions are 
used for lysis, whereas other published procedures 
rely on hypo-osmotic conditions [1, 16, 58]. Sec- 
ond, most loosely bound and soluble contaminants 
are removed by initial centrifugation. Then a more 
drastic treatment, the combined presence of sa- 
ponin and high salt, has been applied to partially 
perturb the membrane in order to facilitate the re- 
moval of residual, poorly extractable contaminants. 
As in the case of secretion granule membranes of 
the rabbit parotid [17], both agents must be present 
simultaneously to achieve effective decontamina- 
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Table 2. Distribution of secretion granule marker enzymes in 
cell fractionation of rat parotid 

Fraction ~-Amylase y-Glutamyl 
transferase 

% H RSA ~ 
% H RSA 

Homogenate 100 1 100 1 
(166,000) b (5.40) 

N S  69.3 0.94 53.7 0.76 
NP 30.7 1.19 46.3 1.55 
G1 28.0 2.70 4.7 0.44 

Gradient recovery % 96.8 93.6 
G2 25.3 2.85 3.7 0.43 

Gradient recovery % 97.7 93.9 

RSA = sp act (per mg protein) relative to that of the homoge- 
nate. 
b Numbers in parenthesis represent total homogenate activities. 
Enzyme activity units are (tzmol/min). 

tion. Third, a decontamination technique that 
causes subtle changes in membrane bilayer integrity 
can potentially displace peripheral membrane pro- 
teins. Therefore, the catalog of proteins established 
for secretion granule membranes isolated by use of 
this protocol should be regarded as a subset con- 
taining integral membrane polypeptides but possi- 
bly excluding more loosely associated species. Fi- 
nally, it seems unlikely that the use of saponin (at 
low concentrations) will affect the recovery of inte- 
gral membrane polypeptides in the final membrane 
fraction. Saponin apparently does not affect the dis- 
tribution of integral proteins of the erythrocyte 
membranes [65] or phospholipids and presumed 
membrane proteins of rabbit parotid granule mem- 
branes [17]. Further, although 0.1% saponin in- 
duces bilayer discontinuities in electroplax synapto- 
somal membranes, the polypeptide composition 
observed by SDS polyacrylamide gel electrophore- 
sis and the distribution of intramembranous parti- 
cles observed in freeze fractured preparations ap- 
pear to be unperturbed [66]. 

MORPHOLOGY OF THE SECRETION GRANULE 

MEMBRANE SUBFRACTION 

Electron microscopic observations of thin sections 
of secretion granule membrane pellets reveal a ho- 
mogeneous population of apparently sealed, 
smooth surfaced vesicles of ~0.6-0.9/~m in diame- 
ter (Fig. 5). Regardless of whether or not saponin 
and sulfate have been used, there is no evidence of 
fibrillar material (presumed residual granule con- 
tent) adhering to the inner membrane surface and 
leading to collapsed vesicular profiles. This appear- 
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Fig. 3. Enzymatic profiles for a rat parotid nuclear supernate 
during purification of a secretion granule fraction on linear su- 
crose-Ficoll (5% wt/vol) gradients 

ance should be contrasted with that shown for se- 
cretion granule membranes isolated from rabbit 
parotid [16] and rat parotid [58] following granule 
lysis in hypotonic media and possibly reflects the 
prolonged presence of electrolytes during granule 
lysis. Higher magnification shows that the trilami- 
nar organization of the membrane is preserved with 
no discernable discontinuities following saponin 
treatment (10 p~g/ml). However, the large size (1.5- 
2.0 txm) of some of the membrane vesicles (rat 
parotid secretion granules are 1 tam in diameter) 
argues that the treatment has included a limited 
structural rearrangement. Since membrane yields 
are presently higher than in previous studies of rab- 
bit parotid granules, the extent of structural preser- 
vation may reflect the relative amounts of saponin 
used and membranes treated. 

CONTAMINATION ANALYSIS OF SECRETION 

GRANULE MEMBRANE FRACTION 

Since secretion granule membranes are characteris- 
tically protein poor (reflected by their low bouyant 
density during centrifugation), we have paid special 
attention to the possible contribution to total pro- 
tein of the secretion granule membrane fraction by 
soluble and organelle contaminants. 

Residual Secretory Proteins 

Contamination of secretion granule membranes by 
residual, poorly extractable secretory proteins has 
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been estimated by two means: (1) distribution of a- 
amylase, the enzymatic marker for granule content 
used throughout this study; and (2) determination of 
the extent to which exogenous radioactively- 
labeled parotid secretory proteins added to isolated 
granules prior to lysis are removed during subse- 
quent membrane purification. 

The distribution of a-amylase activity during 
granule subfractionation is shown in Table 3. The 
final membrane fraction contains <0.01% of the ini- 
tial lysate activity; the sub-microgram quantities of 
residual enzyme constitute < 1% of the total protein 
associated with the membrane. 

Previous studies have indicated that secretory 
proteins other than a-amylase constitute problem- 
atic contaminants of both rabbit [16] and rat [58, 74] 
parotid secretion granule membranes. In order to 
examine the extent of residual secretory contamina- 
tion more comprehensively, we added rat parotid 

secretory proteins that had been biosynthetically ra- 
diolabeled to the isolated granules prior to lysis. 
Subsequently, we checked the purified membrane 
for the presence of radioactive protein that had relo- 
cated (by adsorption or entrapment) from this ex- 
ogeneously added physiological standard of secre- 
tory proteins. As determined by liquid scintillation 
counting, the membranes were found to be free of 
>99.99% of the initial radioactivity. A fluorogram 
[43] of this final membrane preparation shows a sin- 
gle radioactive band having a mobility correspond- 
ing to that for o~-amylase (Fig. 6); however, pro- 
longed exposure (>30 days) reveals two additional 
low molecular weight bands. Based on these find- 
ings, we can conclude that contamination of secre- 
tion granule membranes by residual amylase and by 
other secretory proteins relocated during granule 
lysis is minimal. Overall, we feel that the current 
evidence suggests compellingly that the final mere- 

FLOW SHEET FOR RAT PAROTID SECRETION GRANULE SUBFRACTIONATION 

Purified Granule Fraction 
I) Resuspend in 4Orals Lysis medium 
2) OeC , 12 hours 
3) Dilute to 2x volume with 1.80M Sucrose 

0 . 7 5 M  ; ~  _ 15.5 x 106govX MIN ____ P " 

0.90 M !0 mlsj ule content 

KCI Membranes = 
I)  Dilute to 2x volume with 

0 . 6 m  NozSO4,2Opg/ml Soponin 

2) OoC ,60minutes 

3) Adjust by refractive index to 
0.12M using Lysis medium 

I) Gel f i l t ra t ion  
(Biogel P 2 , 5 0  mM NH4HCO 3) 

2) Vo (0D280) ,Pool 

3) Lyophilize 
4) Resuspend in 5ram EDTA, 

50 mM Potassium phosphate 

- - 1 5 . 5  x 106govX MIN 

Purified Granule 
Membranes 

Fig. 4. The procedure for purification of membrane and content subfractions from secretion granule lysates. Lysis medium is 190 mM 
KC1, 2.0 mM imidazole, 5.0 mM EDTA, 1 ~g/ml DPPD (pH 6.7). Low density granule membranes are initially obtained by flotation (in a 
Beckman SW 28 rotor) away from both soluble secretory protein and contaminating membrane. Subsequently, membranes are treated 
to remove residual secretory proteins and sedimented by centrifugation, whereas content is freed of sucrose and electrolytes by gel 
filtration 
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brahe preparation is contaminated negligibly by re- 
sidual content species. 

Mitochondrial Contamination of the Secretion 
Granule Membrane Fraction 

the amine oxidase and 1% of the cytochrome c oxi- 
dase activities are recovered in the purified secre- 
tion granule membrane fraction. 

In order to transpose these levels of contamina- 

Traditionally mitochondria have been the most 
problematic organelle contaminants in attempts to 
purify membranes of exocrine secretory granules. 
Since one of our major goals is to establish a catalog 
of bona fide granule membrane proteins, we have 
examined in detail the extent to which mitochon- 
drial elements constitute significant contaminants of 
the granule membrane fraction. Of necessity, these 
considerations are qualitative because, on the one 
hand, granule membranes contain so little protein 
and, on the other, mitochondrial membranes are es- 
pecially protein rich. Our analysis, presented in de- 
tail in Table 4, has included markers for both the 
mitochondrial inner (cytochrome c oxidase) and 
outer (amine oxidase) membranes. With 90-95% re- 
covery of the total activity of each enzyme present 
in the secretion granule lysate suspension, 4% of 

Table 3. Marker enzyme analysis of contaminating content in 
secretion granule subfractions 

Fraction % Lysate a- mg % contribution to 
Amylase a-amylase b protein of fraction 

RSA a 

Lysate 100 1 8.84 46.0 

Buffer overlay . . . .  
Membrane interface 0.26 0.12 0.02 5.4 
0.75M layer 2.58 0.71 0.23 32.7 
0.75/0.90M interface 8,74 1.33 0,77 61.4 
0.90M--couterlI extract 87.02 1.10 7.70 50.6 
Pellet 0.75 0~33 0,07 15.0 

Gradient recovery % = 101 8 
Membranes 0,007 0.016 0,0907 0.73 

a RSA = sp act (per mg protein) relative to that of the lysate. 
b Calculation based on a sp act for purified rat parotid a-amylase, 2780 p.mol/min/mg 

protein [62]. 
Number in parenthesi~ represents total lysate activity (/xmol/min). 

Fig. 5. Electron micrograph of the granule membrane subfraction. The fraction consists of smooth-surfaced, predominantly sealed 
vesicles, which in some cases appear multivesicutar due to resealing of larger membrane pieces around smaller membrane fragments. 
Bar, 0.5 ~m x 21,000 
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Fig. 6. Fluorogram of a purified membrane subfraction from a 
secretion granule fraction that was lysed in the presence of bio- 
synthetically labeled (3H-amino acids) secretory polypeptides. 
Lane A is a fluorographic profile for total labeled secretory pro- 
teins and serves as a physiologic reference. Lane B represents 
the purified membrane subfraction profile while C and D are 
fluorographic profiles for purified a-amylase at 1 and 3 /zg, re- 
spectively. By comparison it is clear that only a-amylase remains 
as a significant adsorbed secretory contaminant to the secretion 
granule membrane subfraction. Prolonged fluorogram exposure 
indicates two additional low Mr contaminants of the membrane 
subfraction as indicated by the lower two asterisks in lane B. Mol 
wt, x 10 3 

tion into contributions of mitochondrial protein 
(and phospholipid) to total protein (and phospholi- 
pid) of the granule membrane fraction, we have pre- 
pared a highly purified parotid mitochondrial frac- 
tion and determined the appropriate specific 
activities for amine oxidase and cytochrome c oxi- 
dase. A low magnification electron micrograph of 
the fraction is shown in Fig. 7. Using the enzyme- 
specific activities determined, we estimate that 
mitochondrial membrane contaminants of the gran- 
ule membrane fraction contribute a maximum of 3- 
4% of the total protein and 0.3-0.5% of the total 

phospholipid 4. Thus, as in the case of soluble secre- 
tory contaminants, mitochondrial contamination of 
the purified granule membrane fraction, though de- 
tectable, can be viewed as practically negligible. 

COMPOSITION OF THE SECRETORY GRANULE 

MEMBRANE OF RAT PAROTID 

Biochemical Analyses 

We routinely recover in the purified secretion gran- 
ule membrane fraction approximately 0.4-0.5% of 
the protein of the original granule fraction or 0.02% 
of the starting homogenate protein (Table 5). The 
average protein yield for a 12-rat parotid prepara- 
tion is 80-90/xg. Additionally, we obtain for the rat 
parotid secretion granule membrane a phospholipid/ 
protein weight ratio of 4.4 (mg/mg), which is consid- 
erably higher than that of a previously reported 
value for the same type of membrane--0.58 (mg/ 
rag) [49] or for the secretion granules of bovine ad- 
renal medulla, 2.2 mg/mg [76], but comparable to 
the electroplax synaptic vesicle, 5.0 mg/mg [73] 5 
and to rat pancreatic zymogen granule mem- 
branes-2.56 (mg/mg) [13] versus that previously 
reported, 0.83 (mg/mg) [60]. Consequently, a high 
phospholipid-protein ratio appears to be a common 
feature among membranes constituting a storage 
compartment for secretory molecules that are dis- 
charged in response to cell stimulation. Evidently 
the absolute values obtained are variable even for 
the same tissue. In part this may reflect residual 
secretory or organelle contamination but also possi- 
bly the content of rapidly biosynthesized membrane 
proteins (e.g., GP-2 in rat pancreatic zymogen gran- 
ule membranes [13]), and possibly secretory com- 
ponent [67]. 

Enzyme Activities 

As discussed previously, preliminary evidence 
identified yGT as a putative marker enzyme for the 
rat parotid secretion granule membrane. Detailed 
biochemical analysis for yGT distribution during 

4 We consider these values to represent upper limits to the 
predicted contamination since the enzyme specific activities of the 
purified mitochondrial fraction have probably been underesti- 
mated. The fold purification observed for both mitochondrial 
enzymes is lower than that determined by others (as well as by 
us) for mitochondrial fractions of lower morphological purity 
than our own. This discrepancy is currently under investigation. 
However, if we use a theoretical fold purification, then the pro- 
tein contribution by mitochondrial membrane contamination is 
1-1.5% of the total secretion granule membrane protein. 

5 The value obtained for electroplax synaptic vesicles is not 
directly comparable because a different protein assay (Bio-rad) 
was used. 
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Table 4. Distribution of mitochondrial membrane marker 
enzymes in secretion granule subfractions 

Fraction Cytochrome c Amine oxidase 
oxidase 

% Lysate RSA a 
% Lysate RSA 

Lysate 100 1 100 
(.960) b 

Buffer overlay 1,4 1,09 1.4 
Membrane interface 5.6 2.54 4.9 
0.75M layer 4.5 1.23 3.7 
0.75/0.90M interface 3.1 0.47 0.2 
0.90M--content extract 18.3 0.23 1.2 
Pellet 58,2 25.23 82.4 

Gradient recovery % 91,0 93.9 
Membranes 1.3 3.04 3.9 

1 
(337) u 

1.13 
2.25 
1.03 
0.03 
0.02 

35.81 

9.18 
~ contribution to final membrane 
protein 

5.6 3.7 
CPercent contribution to final membrane 
phosphofipid 

0.46 0.23 

RSA = sp act (per mg protein) relative to that of homogenate. 
b Number in parenthesis represent total lysate activities. Cytochrome c 
oxidase is expressed in units corresponding to the first order rate con- 
stant. Amine oxidase enzyme activity units are pmol/min. 
c Calculations based on sp act (per mg protein and per/xmol phospholipid) 
for our purified rat parotid mitochondrial fraction. 

granule subfractionation is presented in Table 6. 
The recovery of yGT activity following granule ly- 
sis is 95-100% of the initial lysate yGT activity. 
Typically, 70-85% of the lysate yGT activity is re- 
covered in the granule membrane interface of the 
discontinuous gradient, and 90-100% of this activ- 
ity is recovered in the purified membrane fraction 
after saponin-sulfate treatment and subsequent cen- 
trifugation. The nearly quantitative recovery of 
yGT in the final membrane pellet suggests that sa- 
ponin-sulfate treatment apparently does not dislo- 
cate this membrane protein even though the treat- 
ment has a demonstrable effect on membrane 
structure. 

It can be seen in Table 6 that the specific activ- 
ity of yGT increases >125-fold in purifying granule 
membranes from the initial lysate supension. By 
contrast, if enzyme activity is normalized to lipid 
phosphorus, there is at most a minor increase in 
yGT specific activity as would be expected for a 
secretion granule membrane enzyme since an esti- 
mated 98-99% of the phospholipid present in the 
purified secretion granule fraction is granule mem- 
brane-associated. A reasonable parallelism between 
yGT activity with the copurification of the majority 
of membrane phospholipid further suggests, but 
does not conclusively demonstrate, the disposition 
of TGT within the secretion granule membrane. Fi- 
nally, as ,/GT specific activity, normalized to lipid 
phosphate, is quantitatively similar for the initial 

Fig. 7. Electron micrograph of a rat parotid mitochondria frac- 
tion. Rough microsomal elements constitute the principal organ- 
elle contaminant in a homogeneous appearing pellet 

secretion granule fraction and the KC1 lysate sus- 
pension, we suspect that the lysis and purification 
conditions used in this protocol do not alter yGT 
enzymatic activity. 

COMPREHENSIVE E X A M I N A T I O N  OF G R A N U L E  

MEMBRANE AND C O N T E N T  POLYPEPTIDE BY 

S D S - P O L Y A C R Y L A M I D E  G E L  ELECTROPHORESIS 

To enable our future examination of compositional, 
functional, and dynamic relationships between 
granule membranes and the membranes of other 
compartments forming the secretory pathway, we 
have sought to characterize the spectrum of granule 
membrane polypeptides resolved by SDS polyacry- 
lamide gel electrophoresis and simultaneously to 
evaluate to what extent this composition reflects the 
presence of residual secretory proteins not detected 
in our contamination analyses. 
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Table 5. Dis t r i bu t i on  of  m e m b r a n e  dur ing  g ranu le  

s u b f r a c t i o n a t i o n - - c h e m i c a l  a n a l y s i s  

Fraction Protein Phospholipid 

mg % Lysate txmoles % Lysate 

Lysate 20.0 100 1.40 100 
Buffer overlay 0.24 1.28 0.05 3.54 
Membrane interface 0.42 2.19 0.76 56.29 
0.75M layer 0.70 3.63 0.15 11.44 
0.5/0.90M interface 1.26 6.56 0.04 2.92 
0.90M--content extract 15.20 79.17 0.15 11.25 
Pellet 0.44 2.30 0.17 12.50 

Gradient recovery % 95.1 97.9 
Membranes .082 0.43 0.49 38.18 

Phosphodlipid-protein 
4.42 mg/mg a 

a Calculation according to the assumption that 750 represents an average 
tool wt for phospholipid. 

Representative silver nitrate-stained 6-14% po- 
lyacylamide gradient gel electrophoretograms of 
content polypeptides obtained from granule lysates 
and secretory proteins both as collected by cannula- 
tion of parotid ducts and as recovered from the in- 
cubation medium of isoproterenol-stimulated lo- 
bules [2] are shown in Fig. 8, lanes A-C, 
respectively. In each case, approximately 20 
stained bands can be resolved, identifying species 
which for the most part have mobilities correspond- 
ing to apparent tool wts in the range of 14K-65K. 
One rather diffuse, light-stained band having an ap- 
parent Mr > 100K is also consistently observed. 
The near identity of these patterns, especially those 
for granule content and parotid saliva collected by 
cannulation, indicates, on the one hand, that there 
is little or no selective loss of polypeptides during 
processing of content extracts for electrophoresis 
and on the other, that the composition of granule 
content nearly quantitatively reflects the polypep- 
tide composition of parotid secretion. Among the 
secretory polypeptides resolved by electrophoresis, 
only a-amylase has been identified. It coelec- 
trophoreses with a purified a-amylase standard, has 
an estimated tool wt of 55K-58K (equivalent to that 
previously reported [62]), and represents a promi- 
nent stained band in agreement with estimates that 
it represents 35-40% of the total secretory protein 
(e.g., Table 3). 

Visualization of granule membrane polypep- 
tides in gel electrophoretograms stained with either 
Coomassie Blue or silver nitrate required such large 
samples that membrane phospholipids generally 
caused distortion of the polypeptide patterns, espe- 
cially in the low mol wt range. Since extraction of 
phospholipids using organic solvents led to irrevers- 
ible protein aggregation, we resorted to the use of 
more sensitive radiolabeling procedures for detect- 

Table  6. D i s t r i bu t i on  of  s ec r e t i on  granule  m e m b r a n e  m a r k e r  
du r ing  g ranu le  sub f r ac t i ona t i on  

Fraction 7-Glutamyl RSA-L b ng 7GTase ~ 
transferase 

% Lysate RSA-P a 

Lysate 100 1 1 98 
(.072) d 

Buffer overlay . . . .  
Membrane interface 69.7 31.62 1.24 68 
0.75M layer 5.8 1.60 0.51 6 
0.75/0.90M interface 3.6 0.55 1.25 4 
0.90M--content extract 8.0 0.10 0.71 8 
Pellet 8.2 3.52 0.65 8 

Gradient recovery % = 95.3 
Membranes 61.8 133.33 1.60 60.6 

a RSA-P = sp act (per mg protein) relative to that of the lysate. 
b RSA-L = sp act (per/xmol phospholipid) relative to that of the lysate. 
~ Calculation based on a s p  act for 7-glutamyl transferase 700 txmol/min/ 
mg protein [71]. 
a Number in parenthesis represents total lysate activity; (/~moI/min). 

ing membrane polypeptides which would enable us 
to subject smaller samples to electrophoretic analy- 
sis. 

Autoradiograms of radioiodinated secretion 
granule membranes, resolved on 6-14% linear po- 
lyacrylamide gradients are shown in Fig. 8. The 
polypeptide profile observed using oxidative ra- 
dioiodination by Iodogen (lane D) contains -15 dis- 
tinguishable species with mobilities corresponding 
to apparent mol wts ranging between 20K-95K and 
three or four poorly visible species > 100K. This 
pattern is very reproducible, and comparative ex- 
amination with the pattern obtained for secretory 
polypeptides which were electrophoresed as a par- 
allel sample indicated that only a-amylase migrated 
with a mobility equivalent to that of one of the la- 
beled polypeptides (indicated by an asterisk in lane 
D). 

In an effort to improve the sharpness of individ- 
ual bands visualized in the autoradiogram, we have 
also carried out membrane radioiodination by a 
nonoxidative procedure using the Bolton-Hunter 
reagent. Since this reagent covalently modifies pri- 
mary amines, this approach simultaneously served 
as a way to detect polypeptides not previously iden- 
tified either because their tyrosyl residues were in- 
accessible to modification or because they lack 
tyrosine altogether. The latter consideration is es- 
pecially appropriate for parotid secretion granule 
membranes where proline-rich secretory proteins 
lacking tyrosyl residues [55] persist as membrane- 
associated species during granule subfractionation 
and membrane purification [59, 74]. Figure 8 (lane E) 
shows the autoradiogram obtained using this ap- 
proach. As expected, individual, labeled bands are 
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Fig. 8. SDS-polyacrylamide gel electrophoretograms: (1) silver nitrate-stained profiles of secretory polypeptides obtained from granule 
lysates (lane A), cannulation of parotid ducts (lane B) and from incubation medium of isoprenaline-stimulated lobules in vitro (lane C). 
(2) Autoradiograms of secretion granule membranes radioiodinated by Iodogen (lane D) and Bolton-Hunter reagent (lane E). Asterisk in 
lane D marks electrophoretic mobility expected for a-amylase, (3) Radioiodinated Concanavalin A overlay of secretion granule 
membranes (lane F) and secretory content obtained from granule lysates (lane G). Dots on lane E correspond to glycoprotein species as 
indicated in lane F. Numbers indicate Mr • 103 

generally more sharply focused. Although the spec- 
trum of membrane polypeptides is more complex 
(up to 25 species can be identified), the pattern 
agrees quite well with that obtained using Iodogen. 
Especially notable in Fig. 8E are several relatively 
prominent species having apparent tool wts in the 
range of I7-30K. Generally, such a profile contrasts 
with those characterizing the membranes of other 
cellular compartments where polypeptides having 
apparent tool wts >40K are prevalent [69]. Never- 
theless, for several reasons we currently feel that 
the profile we have obtained accurately character- 
izes parotid granule membrane polypeptides. First, 
all of the species appear to associate and sediment 
with micelles of Triton X-114 at the detergent's 
cloud point (data not shown), which suggests that 
they are integral membrane proteins having a phos- 
pholipid binding domain [10]. Second, the inclusion 
of a battery of protease inhibitors (phenymethyl- 
sulfonylfluoride, trasylol, antipain, pepstatin, and 

EDTA) at all stages of the fractionation yields a 
polypeptide profile identical to that observed in Fig. 
8D and E. Consequently, endoproteolytic cleavage 
does not appear to enrich the profile with lower mol 
wt degradation products. Third, although a number 
of secretory proteins exhibit similar electrophoretic 
mobilities to these low mot wt membrane-associ- 
ated polypeptides, in most cases their final positions 
in the gel do not exactly correspond. Thus, when 
considered together with our other contamination 
analyses and with the absence of detectable interac- 
tion between secretory polypeptides and micelles of 
Triton X-114 (not shown), the data strongly suggest 
that enrichment of the membrane profile does not 
reflect residual secretory protein. Finally, in an- 
other instance where a granule fraction of high pu- 
rity has been resolved adequately into membrane 
and content subfractions, the membranes exhibit a 
complex polypeptide pattern with several species of 
apparent low tool wt [13]. 
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An initial identification of membrane and con- 
tent polypeptides that are glycosylated was carried 
out by overlaying gel electrophoretograms with ra- 
dioactive concanavalin A [15]. The results are 
shown in Fig. 8, lanes F and G. Relatively few of 
the membrane polypeptides (5-6) are detected as 
being glycosylated using this technique, and nearly 
all exhibit mobilities corresponding to tool wts 
>70K. By contrast, granule content polypeptides 
contain one major glycosylated species of apparent 
mol wt 37,000 similar to that reported for one of the 
proline-rich proteins [74, 77]. As seen in Fig. 8F, 
this species may occur as a minor contaminant in 
the membrane profile where it is the sole labeled 
species of mol wt <45K. It should also be noted 
that one of the glycosylated membrane species has 
a mobility corresponding to that of rat parotid amy- 
lase which itself is not glycosylated (Fig. 8G). Thus, 
the asterisk placed on lane D may mark in large part 
a bona fide membrane polypeptide and not a resid- 
ual content contaminant. 

Discussion 

RATIONALE FOR THE COMPOSITIONAL 
CHARACTERIZATION OF SECRETION 
GRANULE MEMBRANES 

The intracellular transport pathway for secretory 
proteins comprises a series of structurally distinct 
membrane-bounded compartments that form a 
functional continuum for polypeptide processing 
[56]. Intermediary vesicular carriers that form from 
one compartment and subsequently coalesce with 
the membrane of the successive compartment oper- 
ate at a minimum of two levels to establish indirect 
continuity of the pathway: (1) between the transi- 
tional regions of the rough endoplasmic reticulum 
and cis elements of the Golgi complex; and (2) be- 
tween trans elements of the Golgi complex and the 
cell surface. In the latter case, the population of 
carriers may be amplified and to a large extent, de- 
pending on the cell type (e.g., those of exocrine and 
endocrine glands vs. immunoglobulin-secreting 
cells), retained as a storage organelle for eventual 
discharge of secretory content at the cell surface. 
Where it has been possible to comparatively exam- 
ine the membranes of functionally adjacent com- 
partments [32-35, 50-52, 72, 75] qualitative and 
quantitative differences in protein and lipid compo- 
sition and enzyme activities are apparent. There- 
fore, on the time scale under consideration for com- 
plete transit of the pathway by secretory 
polypeptides (-<3 hr), membranes bounding struc- 
turally distinct compartments are compositionally 
distinct. Thus, it may be inferred that intercompart- 

mental movement of secretory polypeptides is not 
accompanied by net transfer of carrier membrane 
but that a compensatory retrieval process probably 
operates in returning carrier membrane to the donor 
compartment, probably in a selective fashion. 

In many cell types, including polarized secre- 
tory epithelial cells, the retention of storage vesicles 
(secretion granules) is so pronounced that granules 
can be considered as distinct, quasi-permanent or- 
ganelles. Although in some cases the membranes of 
secretion granules have been shown to exhibit mor- 
phologic and enzymatic specific activities similar to 
Golgi membranes [12], the current conceptualiza- 
tion, especially where intracellular storage is pro- 
longed and release is stimulus dependent, suggests 
a compositional refinement to polypeptides related 
to granule-specific functions operating in the distal 
portion of the secretory pathway (e.g., terminal 
chemical modification [14, 44, 75] packaging, and 
eventual mobilization of macromolecules during 
exocytosis). In this case, it is expected that negligi- 
ble amounts of Golgi-associated activities, as dem- 
onstrated for galactosyl transferase, will be found in 
granule membranes ([60], J.D. Castle, unpub- 
lished). 

With the presence of a persisting granule popu- 
lation having limiting membranes of distinct compo- 
sition, it is reasonable to assume that membrane 
sorting (selective retrieval) processes operate both 
during granule formation and following content dis- 
charge. Regardless of whether granule formation 
occurs by progressive filling with net decrease in 
condensing vacuole volume [36] or by coalescence 
of small granules to form larger storage forms [21, 
27], removal of membrane is anticipated to occur in 
order to accommodate most efficiently the volume 
of packaged content and is postulated to be selec- 
tive in order to establish the specific composition of 
the granule membrane. This specific composition is 
apparently retained through multiple rounds of se- 
cretory discharge since the rates of synthesis and 
turnover of granule membrane polypeptides are one 
to two orders of magnitude lower than those for 
secretory polypeptides [17, 48, 74, 75]. Conse- 
quently, the compensatory reinternalization of 
membrane following exocytosis, which, at least in 
part, completes the shuttle process through return 
of membrane to the level of the Golgi complex [30], 
is expected to be selective. The apparent nonran- 
dora nature of the reinternalization of granule mem- 
brane in continuity with the apical plasma mem- 
brane of rat parotid acinar cells has been suggested 
by electron microscopic analysis of freeze fractured 
preparations [20]. However, in this and other polar- 
ized epithelial cell types the case for selective rein- 
ternalization may not be so strong since both func- 
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tional and compositional overlaps between the 
granule membrane and the apical surface may be 
significant. The transport functions customarily as- 
sociated with apical membranes of epithelial cells 
may be reduced in exocrine glands where the apical 
surface is rather attenuated. Under such circum- 
stances, components common to granule mem- 
branes, such as those participating in compound 
exocytosis, would be proportionately more preva- 
lent. 

In order to begin to evaluate the extent to which 
granule membrane composition reflects a refine- 
ment to constituents related to granule-specific 
functions and those that mediate interactions with 
functionally adjacent Golgi and plasma membrane 
compartments, the availability of a readily isolated, 
highly purified and well characterized granule mem- 
brane fraction is essential. 

COMPOSITIONAL PROPERTIES 
OF RAT PAROTID GRANULE MEMBRANES 

In the present work, we have reported the prepara- 
tion and partial compositional analysis of secretion 
granule membranes of the rat parotid gland. The 
fraction obtained consists of closed vesicles and is 
negligibly contaminated by residual secretory pro- 
tein and by membrane derived from other cellular 
organelles. We estimate that ---95% of the protein 
associated with the membrane subfraction consti- 
tutes bona fide granule membrane protein. Thus, 
the fraction compares favorably with other highly 
purified membrane preparations derived from simi- 
lar or different endomembrane compartments [13, 
33, 34, 40, 41, 54]. Further, characterization has 
shown the granule membrane to be unusually en- 
riched in phospholipid (compared to values for 
other endomembranes) as indicated by both its low 
buoyant density and its high lipid-to-protein weight 
ratio. Although the reduced protein concentration 
as well as the presumed limited functions of the 
secretion granule membrane suggest that the poly- 
peptide species may be limited in number as well as 
in individual quantity, we have observed a rather 
complex polypeptide profile when resolved by one- 
dimensional SDS-polyacrylamide gel electrophore- 
sis. This complexity, which to some extent reflects 
the high resolution and sensitivity obtainable by use 
of nonoxidative radiolabeling techniques, is compa- 
rable to, if not greater than, that obtained for elec- 
troplax synaptic vesicle membranes [54] but possi- 
bly less than that reported preliminarily for the 
membranes of adrenal chromaffin granules [3, 61]. 
In relation to the profiles obtained for other mem- 
brane compartments that are more functionally di- 

versified (RER, Golgi, plasma membrane), the pat- 
tern for granule membranes appears somewhat 
simplified [41, 69]. However, adequate evaluation 
of these differences must await a direct comparative 
analysis with the fractions in question for rat 
parotid tissue. 

We have previously reported that y-glutamyl 
transferase (y-glutamyl transpeptidase) is an enzy- 
matic activity associated with the apical plasma 
membrane of the parotid acinar cell [2]. Our bio- 
chemical data presented herein strongly suggest 
that 7GT is also a bona fide constituent of the secre- 
tion granule membrane. Interestingly, however, the 
specific activity, normalized to phospholipid, is pro- 
foundly different in the two cases: 0.08 U//xmol lipid 
phosphorus for the granule membrane fraction ver- 
sus 0.68 U//xmol lipid phosphorus for the plasma 
membrane fraction. 6 Consequently, exocytosis es- 
tablishes continuity between two membranes that 
possess a marked difference in activity and possibly 
quantity of a common constituent. 

Pertinent to the issue of compositional overlaps 
between biochemically and structurally distinct cel- 
lular membranes is the recent demonstration in a 
number of laboratories that biosynthesis and deliv- 
ery of plasma membrane constituents (shown pri- 
marily for viral glycoproteins) utilizes the secretory 
pathway at least as far as the Golgi complex (e.g. [5, 
25]). However, according to recent evidence, there 
may be a divergence of transit pathways for cells 
that secrete in response to external stimuli [26], 
such that nascent plasma membrane proteins 
enroute to the cell surface bypass the secretion 
granules. In view of these results, yGT constitutes a 
compositional probe that we anticipate will be use- 
ful for beginning to assess to what extent the gran- 
ule membrane does or does not constitute a path- 
way for membrane proteins destined to reside at 
the apical cell surface. This proposition makes nec- 
essary a series of studies in which we will evaluate: 
first, whether TGT is a membrane constituent of the 
entire granule population; second, whether the dif- 
ference in concentration of active enzyme associ- 
ated with the secretion granule relative to that of the 
plasma membrane reflects the differential content of 
active and inactive forms of the enzyme (the latter, 
possibly as a precursor); and third, what is the dy- 
namic behavior of y G T  during exocytosis and the 
ensuing compensatory membrane retrieval. In these 

6 yGT activity associated with the plasmalemmal fraction is 
likely to be restricted to (or highly enriched in) regions compris- 
ing the apical surface. Consequently, the specific activity for the 
plasma membrane fraction constitutes a lower limit since basola- 
teral membrane contribution of lipid phosphorus exceeds that of 
yGT activity. 
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respects, yGT can also be viewed as a prototype 
against which to compare the behavior of other 
polypeptides that are present in quantitatively or 
qualitatively different levels between interacting 
membrane partners within the secretory pathway. 

In summary, we anticipate that further bio- 
chemical and immunological examination of the se- 
cretion granule membranes will help to clarify the 
membrane interrelationships encountered within 
the secretory pathway since these membranes pro- 
vide not only a major function and reutilization link 
between the Golgi complex and the plasma mem- 
brane but also a possible transit pathway for mem- 
brane macromolecules destined to reside at the api- 
cal cell surface. 
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