
Proc. Nati. Acad. Sc. USA
Vol. 80, pp._7146-7150, December 1983
Biochemistry

(8-Adrenergic receptor regulation of N-linked protein glycosylation
in rat parotid acinar cells

(glycoprotein/secretion/neurotransmitter control)

ELENI E. KOUSVELARI*, STEPHEN R. GRANTt, AND BRUCE J. BAUM*
*Clinical Investigations and Patient Care Branch, National Institute of Dental Research, National Institutes of Health, Bethesda, MD 20205; and tDepartment of
Physiological Chemistry, The Johns Hopkins University, School of Medicine, Baltimore, MD 21205

Communicated by Stanley M. Garn, August 22, 1983

ABSTRACT We have investigated the relationship between
3-adrenergic receptor stimulation and protein glycosylation and
secretion in rat parotid gland cells in vitro. The potent j-adren-
ergic agonist (-)-isoproterenol increases [3H]mannose incorpo-
ration into newly synthesized glycoproteins. This effect is en-
hanced if cells are first preincubated with dolichyl phosphate and
is not observed after muscarinic-cholinergic or a-adrenergic stim-
ulation of cells. The increase in [3H]mannose incorporation is
abolished by incubation of cells with tunicamycin, suggesting that
the glycosylation events being studied involved asparagine-linked
oligosaccharides. The extent of increase in glycosylation is de-
pendent on the concentration of (-)-isoproterenol to which cells
are exposed. (±)-Propanolol totally abolishes the (-)-isoproter-
enol-induced increase in [3H]mannose incorporation, in a manner
similar to its effects on exocrine secretion. Our findings suggest
that (-adrenergic receptor activation has a profound influence on
N-linked protein glycosylation in rat parotid cells in addition to
eliciting exocrine protein release.

The mechanistic steps required for N-linked secretory protein
glycoslyation have received considerable attention in the last
few years (1). It has been established that oligosaccharide ad-
dition, in the form of a polymannosylchitobiosyl unit, occurs via
a dolichyl phosphate intermediate on the internal face of the
rough endoplasmic reticulum (2-4). Nascent glycoproteins are
then segregated in membranous vesicles and transported through
the Golgi apparatus en route to their final extracellular desti-
nation (5-8). During this period of intracellular translocation
prior to secretion, the polymannose oligosaccharide moieties
are modified (processed) by the action of several glycosidases
and glycosyltransferases, finally yielding "complex" oligosac-
charide structures (9, 10). In addition to these mechanistic
studies, many investigators have also examined the require-
ment for complete oligosaccharide addition and processing for
proper glycoprotein secretion (11, 12). However, there has been
very little study of events that may regulate the extent of N-
linked protein glycosylation.

Accordingly, we have chosen to investigate possible mech-
anisms controlling N-linked protein glycosylation of secretory
proteins. For this we have utilized dispersed rat parotid gland
acinar cells in vitro. These cells provide a well-studied and con-
venient model for evaluating exocrine secretion (13). The se-
cretion of saliva is regulated by several neurotransmitters. a-
Adrenergic, muscarinic-cholinergic, as well as peptidergic re-
ceptors primarily mediate water and electrolyte movement,
whereas the 3adrenergic receptor is responsible for most exo-
crine protein release (14, 15). Many of the proteins secreted
from the serous parotid gland are glycoproteins and are thought

to have important protective functions within the oral cavity
(16).

Several events associated with ,B-adrenergic agonist induced
protein exocytosis have been intensively studied with rat parot-
id cells in vitro (13, 15). Immediately after agonist stimulation
of the (-adrenergic receptor, adenylate cyclase activity is in-
creased, marked elevations of cyclic AMP are rapidly detected,
cyclic AMP-dependent protein kinase is activated, and recep-
tor-associated phosphorylation of specific parotid proteins oc-
curs. A dramatic increase of protein secretion follows (17, 18).
Two important salivary gland cellular activities, related to

protein exocytosis, are protein synthesis and protein process-
ing. Surprisingly little is known about the influence of agents
that regulate protein secretion on protein synthesis and protein
processing. It was the specific purpose of this study to inves-
tigate the relationship between /-adrenergic receptor stimu-
lation and protein glycosylation and secretion in rat parotid gland
cells in vitro. Our results suggest that ,B-adrenergic receptor
activation has a profound influence on N-linked protein gly-
cosylation in these cells in addition to eliciting exocrine protein
or glycoprotein release.

EXPERIMENTAL PROCEDURES
Materials. Male Wistar rats, 3 months of age, were pur-

chased from Harlan Sprague-Dawley. All animals were allowed
water and NIH-Purina laboratory chow ad lib. Collagenase
(CLSPA lot no. S2C481) was purchased from Worthington. Bo-
vine testicular hyalurondiase (type I-S), bovine serum albumin
(fraction V), (-)-isoproterenol, (+)-propranolol HC1, (-)-epi-
nephrine bitartrate, carbamoylcholine chloride, and dolichyl
phosphate were purchased from Sigma. D-[2-3H]Mannose (24.3
Ci/mmol; 1 Ci = 3.7 X 101 Bq) and L-[14C]leucine (350 mCi/
mmol) were obtained from Amersham. Ham's F12 medium was
purchased from the National Institutes of Health media unit.
Tunicamycin (lot no NCI-2) was a gift of the Natural Products
Branch, National Cancer Institute.

Tissue Preparation. Rats were sacrificed between 9:30 and
10:00 a.m. Parotid glands were removed quickly, trimmed of
connective tissue and fat, and minced finely. Enzymatically dis-
persed parotid cell aggregates were obtained in a fashion similar
to that described (18, 19). Briefly, tissue from two rats was sus-
pended in 10 ml of enzyme solution: collagenase (96 units/ml)
and hyaluronidase (0.2 mg/ml) in Ham's F12 medium contain-
ing 0.56 mM glucose (low-glucose medium). Tissue was incu-
bated in a metabolic shaker at 37°C for 60 min. Resulting cell
aggregates were dispersed gently by pipetting and were gassed
with 95% 02/5% CO2 at 20-min intervals during the incuba-
tion. The physiological and pharmacological responses of cell
aggregates prepared in this manner have been well character-
ized (18-20). After enzyme digestion, cell aggregates were

7146

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 80 (1983) 7147

Table 1. Effect of neurotransmitters on rat parotid acinar cell protein production and glycosylation
["4C]Leucine incorporation [3H]Mannose incorporation

%of %of
Treatment cpm/pg ofDNA control cpm/pg of DNA control 3H/14c

Control 38,142 + 8,471 100 2,442 + 512 100 0.064
Isoproterenol 50,367 ± 3,199 132 7,634 ± 3,311 337 0.152
Epinephrine 48,691 ± 8,232 128 5,960 ± 2,785 253 0.122
Carbamoylcholine 28,153 ± 6,725 74 2,674 + 524 105 0.095

Data are the average ± SEM of three separate experiments (two rats per experiment).

washed three times with 5 ml of Ham's F12 low-glucose me-
dium containing 0.022% bovine serum albumin and resus-
pended in fresh Ham's F12 medium, low-glucose or leucine-
free, when [3H]mannose or [14C]leucine, respectively, was used.

Incubation Procedures. Cell aggregates were preincubated
for 1 hr at 370C in the presence or absence of dolichyl phos-
phate. Dolichyl phosphate supplementation was accomplished
by dissolving the lipid in dimethyl sulfoxide prior to the in-
cubation. The final concentration of dimethyl sulfoxide in all
incubations was 0.01% (vol/vol). After the preincubation pe-
riod the neurotransmitter (-)-isoproterenol, (-)-epinephrine
bitartrate, or carbamoylcholine, in a final concentration of 10-5
M or varying concentrations for dose-response studies, was added
simultaneously with either [3H]mannose (25 juCi/ml) or ["'C]-
leucine (2 puCi/ml). When the effect of tunicamycin on N-linked
glycosylation was studied, the cell aggregates were preincu-
bated in the presence of tunicamycin (1 pkg/ml) for 15 min prior
to adding neurotransmitter and [3H]mannose. For ,3adrener-
gic blocking experiments, cells were preincubated with 5 X 10-5
M (±)-prsopranolol prior to adding agonist and either [3H]man-
nose or [MC]leucine as above. In all experiments incubation was
then continued for an additional 2 hr. At the end of each in-
cubation, cells were separated from the medium by centrifu-
gation (15 sec at 40 x g), medium was saved on ice, and the
cells were washed three times with phosphate-buffered saline.
Cells were homogenized with a Brinkman Polytron (setting 5,10
sec), and the incorporation of radiolabeled leucine or mannose
into protein was determined as 10% CC13COOH-insoluble ma-
terial in medium and cell homogenates separately. CCL3COOH-
insoluble material was collected on Millipore filters (HA, pore
size = 0.45 gm), washed three times with 10% CC13COOH,
and dissolved in 10 ml of Filtron X (National Diagnostics), and
radioactivity was determined by liquid scintillation spectrom-
etry.

Other Analytical Procedures. The DNA content of cellular
homogenates was determined by the diphenylamine method as
described by Richards (21).

RESULTS
Incubation of rat parotid cells with [3H]mannose resulted in
low levels of incorporation of the carbohydrate precursor into
newly synthesized glycoprotein. However, if cells were ex-
posed simultaneously to (-)-isoproterenol, a potent f3-adren-
ergic agonist, marked enhancement of [3H]mannose incorpo-
ration was observed (Table 1). When (-)-epinephrine, a mixed
a- and (3-adrenergic agonist, was present in the incubation me-
dium, protein glycosylation was also elevated but not to the ex-
tent of that seen with (-)-isoproterenol. In contrast, cells ex-
posed to carbamoylcholine, a muscarinic-cholinergic agonist,
showed no such increase in [3H]mannose incorporation.

In another experiment the affect of a-adrenergic receptor
stimulation [10- M (-)-epinephrine and 5 x 10- M (+)-pro-
pranolol] on protein glycosylation was evaluated. No difference
in the ratio of [3H]mannose to ["'C]leucine incorporation in

stimulated cells (0.083) compared to control cells (propranolol
alone, 0.086) was observed. Stimulation at the /3-adrenergic re-
ceptor also resulted in increased protein synthesis (as judged by
["C]ileucine incorporation into CCL3COOH-insoluble mate-
rial), but the effect was not as pronounced as that seen with
mannose (Table 1, [3H]mannose/["'C]leucine ratios). When cells
were supplemented with dolichyl phosphate, which previously
has been shown to elevate basal levels of N-linked protein gly-
cosylation without affecting glycoprotein secretion (22), a sim-
ilar response pattern by parotid cells, to neurotransmitter stim-
ulation, was observed (Fig. 1). However, the increase in [3H]-
mannose incorporation after (-)-isoproterenol stimulation was

co

40

x

z

CO
0~

a)
04

.. .

10-5 M Agonist

FIG. 1. Effect of neurotransmitter agonists on the incorporation of
[3H]mannose into newly synthesized glycoproteins ofrat parotid acinar
cells. Data are the average ± SEM of four experiments and represent
CClCOOH-insoluble radioactivity in the incubation medium (secreted
proteins) and cell homogenates. Con (control); Dol-P (dolichyl phos-
phate, 100 .g/ml); Iso (10-s M isoproterenol); Epi (10-5 M epineph-
rine); Carb (10-5 M carbamoylcholine).
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Table 2. Effect of isoproterenol on the extent of glycosylation of secreted and cellular proteins

[3H]Mannose/[A4C]leucine
Treatment Medium Cell Total

Dolichyl phosphate (100 pg/ml) 1.56 ± 0.46 0.085 ± 0.01 0.128 + 0.02
+ (-)-Isoproterenol (10-5 M) 0.25 ± 0.03 0.304 ± 0.04 0.254 ± 0.02

Data are the average ± SEM of nine separate experiments, in which the % secretion of [14C]leucine-
labeled protein was 4.1 ± 0.7% for controls and 50.8 ± 6.5% for (-)-isoproterenol.

significantly greater than that seen in cells incubated without
the polyprenyl phosphate. Therefore, for all subsequent studies
parotid cells were preincubated with dolichyl phosphate.
An alternative explanation to the conclusion that -adren-

ergic stimulation increases parotid protein glycosylation would
be that activation of the 13-adrenoreceptor stimulates glyco-
protein release, which is accompanied by increased synthesis
of secretory protein. If the secreted protein were more heavily
glycosylated, the [3H]mannose/['4C]leucine ratio could in-
crease indirectly. As is shown in Table 2, this is not the case.
Under control conditions, secreted proteins are more heavily
glycosylated than cellular proteins. However, with cells ex-
posed to (-)-isoproterenol, secreted and cellular proteins show
comparable levels of glycosylation and, importantly, the overall
level of protein glycosylation (total: medium and cellular) is twice
that of controls.

That the [IH]mannose incorporation stimulated by (-)-iso-
proterenol was indeed reflective of elevated N-linked glycosyl-
ation was tested by incubating cells in the presence or absence
of tunicamycin. As is shown in Fig. 2, tunicamycin at 1 ,ug/ml
substantially blocks [3H]mannose incorporation into parotid
proteins. This concentration of tunicamycin inhibits N-linked
protein glycosylation, [3H]mannose incorporation, by 90%
without any alteration in protein synthesis; ['4C]leucine incor-
poration is 100% of control levels (22).
The increase in [3H]mannose incorporation due to (-)-iso-

proterenol was totally dependent on the concentration of /-
adrenergic agonist present in the incubation medium (Fig. 3).
[3H]Mannose incorporation increased in a dose-dependent
fashion, reaching maximal levels of about 3-fold basal values at
10`5 M agonist, whereas half-maximal incorporation occurred

at about 10-7 M agonist. A further test that the (-)-isoproter-
enol effect was indeed mediated through the parotid ,B-adren-
ergic receptors was to evaluate the ability of a 3-adrenergic an-
tagonist to inhibit the (-)-isoproterenol-induced response. As
shown in Table 3, (+)-propranolol completely inhibited the ef-
fects of f-adrenergic agonist stimulation on [3H]mannose and
[14C]leucine incorporation. The incorporation of both isotopic
precursors into newly synthesized protein was reduced to basal
levels as was the [3H]mannose/[14C]leucine ratio. Also the ef-
fect of (+)-propranolol on protein glycosylation was similar to
the effect of the ,3adrenergic antagonist on protein secretion
(Fig. 4), decreasing (-)-isoproterenol induced exocytosis by about
80%.

DISCUSSION
The data presented in this communication strongly support the
hypothesis that ,B-adrenergic stimulation of rat parotid gland
protein secretion also has profound, direct effects on N-linked
protein glycosylation in these cells. (-)-Isoproterenol substan-
tially increased [3H]mannose incorporation into newly synthe-
sized glycoprotein. The effect appeared to be specific to the
pure ,B adrenergic agonist because studies on modulation of
[3H]mannose and [14C]leucine incorporation into parotid pro-
teins by an a-adrenergic stimulus (epinephrine with propran-
olol) and a muscarinic-cholinergic agonist (carbamoylcholine)
show a different pattern of response from that of (-)-isopro-
terenol. Indeed this is not surprising because distinct signal
transduction mechanisms would be involved. In the parotid
gland, stimulation of a1-adrenergic and muscarinic-cholinergic
receptors would elicit responses mediated by changes in Ca"+
mobilization (13, 23, 24), whereas binding to a2-receptors (which
are about equivalent in number to the a,-receptor in this tissue;
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FIG. 2. Effect of tunicamycin (Tm, 1 ug/ml) on dolichyl phosphate
(Dol-P, 100 ig/ml)- and dolichyl phosphate (100 ug/ml) with (-)-
isoproterenol (Iso, 10-5 M)-stimulated elevation of [3H]mannose incor-
poration into newly synthesized rat parotid glycoproteins. Data are the
average of two experiments and represent total (cell and medium)
CCl3COOH-insoluble radioactivity.
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FIG. 3. Effect of various concentrations of (-)-isoproterenol on
[3H]mannose incorporation, in the presence of 100 ,ug of dolichyl phos-
phate (Dol-P) per ml, into newly synthesized rat parotid glycoproteins.
Data are the average of two experiments and represent total (cell and
medium) CCl3COOH-insoluble radioactivity.
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Table 3. Effect of (+)-propranolol on isoproterenol-induced alterations in rat parotid cell protein
production and glycosylation

["4C]Leucine [3H]Mannose
incorporation, incorporation,

Treatment cpm/pg ofDNA cpm/ug ofDNA 3H/ 4c
Control 34,380 ± 2,058 2,084 + 79 0.061
Dolichyl phosphate (100 pg/ml) 32,890 ± 1,856 5,608 + 628 0.171
+ (-)-Isoproterenol (10-5 M) 48,862 ± 5,605 13,314 ± 1,449 0.273
+ (+)-Propranolol (5 x 1i-5 M) 33,540 ± 3,958 4,659 ± 2,336 0.139

Data are the average ± SEM of three separate experiments (two rats per experiment).

refs. 19 and 20) could inhibit -adrenergic increases in ade-
nylate cyclase (25). (-)-Epinephrine, a mixed a- and -adren-
ergic agonist, also increased protein glycosylation but to a lesser
extent than (-)-isoproterenol. This order of potency is com-
parable to the ability of these agonists to elicit cyclic AMP pro-
duction and amylase release in these cells (17).

This line of reasoning would suggest that the effects on pro-
tein glycosylation seen in this study are likely mediated by a
cyclic AMP-related mechanism. Consistent with this sugges-
tion is our observation that the enhanced glycosylation is de-
pendent on the concentration of (-)-isoproterenol to which the
cells were exposed and that half-maximal responses occurred at
an agonist concentration (10-7 M) in reasonable agreement with
the activation of parotid cyclic AMP-dependent protein kinase,
(-)-isoproterenol-induced protein phosphorylation, and exo-
crine protein secretion (18). Furthermore, the effect is totally
abolished by the (-adrenergic antagonist (±)-propranolol in a
fishion consistent with its inhibition of cyclic AMP-related events
in these cells (17, 18, 26).

Although (&adrenergic-induced enhancement of N-linked
protein glycosylation was observed in cells preincubated both
with or without dolichyl phosphate, the total amount of [3H]-
mannose incorporated was doubled when polyprenyl phos-
phate supplementation was performed. Such an observation
supports the possibility that dolichyl phosphate levels may be
an important limiting factor in N-linked protein glycosylation.
This notion has previously been suggested by Carson et al. (27).
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FIG. 4. Effect of (+)-propranolol (Prop, 5 x 10-5 M) on (-)-isopro-
terenol (Iso, 10- M)-induced secretion of [3H]mannose-labeled glyco-
proteins from rat parotid acinar cells. Data are the average of three ex-
periments. Secretion was calculated as 100x (CCl3COOH-insoluble
radioactivity in medium/CCl3COOH-insoluble radioactivity in cell and
medium). Control (Con) secretion for the 2-hr incubation period (37%)
was subtracted from data of experimental conditions. Maximal secre-
tion (100%) represents net secretion from (-)-isoproterenol stimulation
(74%) minus control levels. Dol-P (100 pg ofdolichyl phosphate per ml).

It is interesting that although dolichyl phosphate supplemen-
tation alone elevates [3H]mannose incorporation in parotid cells,
it does not appear to increase protein secretion (Figs. 1 and 4
and ref. 22), whereas, with (-)-isoproterenol, substantial ef-
fects are observed in both responses. This suggests that 3-ad-
renergic stimulation may act separately from, or in addition to,
polyprenyl phosphate availability.

Indeed the mechanism(s) by which rat parotid cells have in-
creased N-linked glycosylation in response to B-adrenergic
stimulation remains obscure. Studies of both [3H]mannose and
[I4C]leucine incorporation suggest that (-)-isoproterenol in-
creased protein synthesis but elevated glycosylation substan-
tially beyond that predicted based on merely increased protein
levels-i.e., the [3H]mannose/[14C]leucine ratio is increased
greatly over controls (Tables 1-3). Thus, although some in-
crease in [3H]mannose incorporation may reflect production of
new glycoproteins, much of the increase appears to represent
glycosylation of new asparagine sites or increased sugar addi-
tion to oligosaccharides at the same asparagine sites. An ad-
ditional explanation of our data would be that /-adrenergic
stimulation altered precursor pool sizes or turnover resulting in
increased [3H]mannose specific activity. Although we have no
data at present to directly address this possibility, we have dem-
onstrated that (-)-isoproterenol has no effect on sugar trans-
port in these cells (unpublished observations).

Although there has been considerable advancement over the
last several years in understanding the mechanism of N-linked
protein glycosylation (1), as noted earlier, little progress has been
made in understanding the regulatory aspects of these pro-
cesses. Our data clearly demonstrate that activation of the ,3-
adrenergic receptor can greatly influence N-linked protein gly-
cosylation. Because in the parotid gland this receptor is linked
to the adenylate cyclase system, it is tempting to suggest the
possibility of a generalized cyclic AMP-dependent regulatory
site in N-linked carbohydrate processing, which could be me-
diated through a variety of receptor types (e.g., parathyroid
hormone, prostaglandin E, dopamine), all coupled to adenylate
cyclase.

Some of the ideas for these studies were generated during a leave
spent by one of us (B.J.B.) in the laboratory of Dr. W J. Lennarz at
The Johns Hopkins University School of Medicine. We wish to thank
Dr. Lennarz for his encouragement in this work and many helpful com-
ments during this study and on this manuscript.
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