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SUMMARY 

N-Linked protein glycosylation was examined in vitro in dispersed rat parotid 
acinar ceils from young adult (3--6 months) and aged (22--24 months) rats. A small 
decrease in general protein production was observed with cells from aged animals 
(,x,20070 lower incorporation of p4C]leucine into 10070 CC13 COOH insoluble protein 
during continuous pulse labeling). Incorporation of [3H]mannose into N-linked 
glycoproteins by aged ceils was further reduced (•35070). Similarly microsomal 
membranes from parotid glands of aged animals showed 'x,50070 reduction in the 
synthesis of mannosylphosphoryl dolichol, a key intermediate in the dolichol 
pathway of protein N-glycosylation. Man-P-Dol synthase, the microsomal enzyme 
responsible for production of this saccharide-lipid, displayed no change in apparent 
K m for GDP-mannose when preparations from aged animals were utilized, but did 
show "~,50°70 reduction in Vm. Following/3-adrenoreceptor activation, cells from both 
young adult and aged glands showed increased N-linked protein glycosylation 
almost to the same extent (*2-fold). The data suggested that in aged rat parotid cells 
there is a basal reduction of activity in the pathway responsible for asparagine- 
linked protein glycosylation, but that following exocytotic stimuli this pathway 
responds in a manner comparable to cells from young adult glands. 

Key words: Asparagine-linked oligosaccharides; Man-P-Dol synthase; Dolichol 
pathway; Salivary gland;/3-Adrenoreceptor 

INTRODUCTION 

Glycoproteins have multiple and varied roles in biology and often it appears to be 
the oligosaccharide moieties which are particularly important for glycoprotein 
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function [1]. To that end considerable attention in recent years has been focused on 
understanding events central to the assembly and transfer of asparagine-linked (N- 
linked) oligosaccharides [2,3]. It is now well established that these types of 
oligosaccharides are preassembled on a polyisoprenoid anchor (dolichol 
pyrophosphate) in the lumen of the rough endoplasmic reticulum (RER) and are co- 
translationally transferred to appropriate asparagine residues on nascent 
polypeptides [2,3]. These oligosaccharides are modified during subsequent transit 
through the RER and golgi apparatus en route to a final destination (e.g. lysosome, 
plasma membrane, extracellular locale). Perturbations at specific sites on this 
assembly or modification pathway (e.g. via genetic, pharmacologic or pathologic 
manipulations) can lead to altered glycoprotein production and consequently altered 
giycoprotein, as well as cellular, function [4--7]. 

Aging frequently has been associated with alterations in protein production and 
processing [e.g. 8--10]. In particular, several reports have described disturbances 
related to giycoproteins in senescent cells [e.g. 11--14]. Most recently, Blondal et al. 

have reported specific alterations in plasma membrane N-linked glycoproteins in 
senescent human diploid fibroblasts in vitro [15]. These changes were associated 
with significant reductions of mannose incorporation into mannosylphosphoryl 
dolichol, a key saccharide-lipid intermediate of the dolichol-cascade pathway of 
protein N-giycosylation [15]. Our laboratory, for several years, has been interested 
in studying regulatory mechanisms controlling N-linked glycosylation of secretory 
giycoproteins [e.g. 16--19]. We have used acinar cells from the exocrine rat parotid 
gland as a model cell for these studies. In aggregate, these studies showed that 
subsequent to/l-adrenoreceptor activation there occurs a cyclic AMP-mediated, up- 
regulation of the dolichol linked pathway of protein glycosylation. Enhanced 
giycosylation (2--3-fold) is seen in four secretory giycoproteins and is accompanied 
by increased formation of saccharide-lipid intermediates (including 
mannosylphosphoryl dolichol) and increased activity of the dolichol-linked 
giycosyltransferases required for formation of these saccharide-lipids. Our 
laboratory also has had an interest in the status of exocrine secretory mechanisms 
during aging and we have characterized several aspects of stimulus-secretion 
coupling in the senescent rat parotid acinar cell [e.g. 20--23]. Accordingly, we were 
especially intrigued by the observations of Blondal et al. [15] and decided to 
determine if similar changes in N-linked protein glycosylation status during aging 
could be extended to a different cell type, one of epithelial origin. The present paper 
reports the results of this study. 

MATERIALS AND METHODS 

Animal s  
Male, Wistar-derived rats were used in these studies. All rats were obtained from 

the Gerontology Research Center (NIA) colony. These rats have a mean life span of 
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,~23 months. In the present study animals 3--6 months in age are termed young 
adult and animals 22--24 months in age are termed aged. Animals were maintained 
on NIH-Purina laboratory chow and water ad iibitum. 

Cell preparation and incubation procedures 
Animals were sacrificed between 0930 and 1100 h. after ether anesthesia and 

cardiac puncture. Parotid glands were removed, trimmed of fat and connective 
tissue and enzymaticaUy dispersed cells prepared essentially as described earlier 
[16,17,20]. After preparation, cells were incubated with Ham's F-12 medium (NIH 
Media Unit), either containing low glucose (0.55 mM) or leucine-free, when [2- 
3H]mannose (2--3 Ci/mmol, 25/~Ci/ml) or [UJ4C]leucine (302 mCi/mmol, 2/~Ci/ 
ml) were used, respectively. Radiolabeled compounds were obtained from 
Amersham, Arlington Heights, IL. Cells were incubated in the absence or presence 
of the ~-adenergic agonist isoproterenol (10/~M/Sigma, St. Louis, MO) for 1 h [17]. 
Thereafter, cells were separated from medium by centrifugation (15 s at 40 g), media 
saved on ice and cells washed three times with phosphate-buffered saline (pH 7.4, 
PBS). Cells were resuspended in PBS and homogenized with a Brinkman Polytron 
(setting 5 for 10 sec). The incorporation of radiolabeled mannose or leucine into 
media and cellular protein was determined as 10~0 (w/v) CC13COOH insoluble 
material collected on Milllpore f'flters (HA, pore size 0.45/~n). Filters were dissolved 
in 10 ml of Ready-Solv (Beckman, Palo Alto, CA) and radioactivity assayed by 
liquid scintillation spectrometry. Data are reported as cpm/~g DNA. DNA was 
measured according to Richards [24]. 

Preparation of  parotid gland microsomal membranes and measurement of  
mannosyiphosphoryl dolichol formation 

Parotid glands from six rats of each age group studied were homogenized in 0.1 
M Tris--HCl (pH 7.0), containing 0.25 M sucrose, 1 mM EDTA and microsomal 
membranes isolated by differential centrifugation following previously described 
procedures [18,25]. Membranes were frozen in multiple aliquots until used to 
measure mannosylphosphoryl dolichol formation. Enzymatic formation of 
mannosylphosphoryl dolichol by Man-P-Dol synthase was assayed by incubating 
microsomal membranes in 2 mM Tris--HCl (pH 7.0), containing 5 mM sucrose, 20 
wM EDTA, 5 ~M MnCI2, 26--27.6 ~g membrane protein (assayed as described by 
Bradford [26]) and 2.5/~M GDP-[U-14C]mannose (Amersham, 203 mCi/mmol) for 5 
min at 37°C [18]. Each assay was initiated by addition of GDP-mannose and data 
are expressed as pmol mannosylphosphoryl dolichol formed/mg protein • 5 min. In 
some experiments exogenous dolichol phosphate (50/~g; Sigma, St. Louis, MO) was 
added to incubation tubes. For kinetic experiments the concentration of GDP-[U- 
l+C]mannose was varied over a range of 0.025--0.5 /~M. Following incubation, 
newly formed mannosylphosphoryl dolichol was extracted into chloroform/ 
methanol (2:1, v/v) and identified by previously described procedures [18]. 
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RESULTS 

Parotid cells from aged rats show a small decrease in general protein production 
compared to cells obtained from young adult animals. The incorporation of 
[~4C]leucine into CC13 COOH insoluble material was ~20°/0 lower (Table I). These 
data are similar to results reported previously by Kim and colleagues [27,28]. 
The incorporation of [3H]mannose into parotid gland protein, which over a 1-h time 
period represents assembly of N-linked oligosaccharides [16,17], was also reduced in 
cells from aged animals but to a greater extent than seen with leucine incorporation 
(~35%). The ratio of [3H]mannose/[~4C]leucine incorporation, a useful index of 
parotid N-linked glycosylation status [16], was ~25% lower in cells from aged rats 
(Table I). These data suggest the possible reduction of basal N-linked protein 
glycosylation in the aged rat. 

Earlier studies in our laboratory have shown that /3-adrenergic receptor 
stimulation of rat parotid cells can considerably enhance N-linked glycosylation of 
parotid glycoproteins [16,17]. We also have reported that the fl-adrenergic receptor 
signal transduction coupling system is functionally intact in parotid cells from aged 
animals [20]. Accordingly, we next examined the ability of fl-adrenergic receptor 
stimulation to modulate N-linked glycosylation of parotid glycoproteins in aged 
cells. As can be seen in Table I, treatment of cells from both young adult and aged 
animals with the fl-adrenergic agonist isoproterenol resulted in a 2-fold enhancement 
of protein N-glycosylation (Table I, ratio of mannose/leucine incorporation). /3- 
Adrenergic receptor stimulation elicits a modest increase in protein production in 
these cells but a marked increase in N-linked glycosylation [16]. Although absolute 
levels of tracer incorporation are lower in aged cells, the proportional effects in the 
two groups are essentially identical. Thus the /3-adrenoreceptor stimulated 
response remains stable with age, much like /3-adrenoreceptor coupled protein 
exocytosis [20]. Only basal glycosylation was altered in aged rats. 

We next decided to more specifically evaluate basal N-linked protein 
glycosylation in parotid cells from aged rats. We chose to study the ability of 
microsomal membranes from these cells to synthesize mannosylphosphoryl 
dolichol, a key saccharide-lipid intermediate in the N-glycosylation pathway. 
Formation of this saccharide-lipid is catalyzed by the enzyme Man-P-Dol synthase 
and Blondal et al. [15] have reported reduced activity of this enzyme in aged 
fibroblasts. As can be seen in Table II, microsomal membranes from young adult 
parotid glands synthesize *2-fold more mannosylphosphoryl dolichol than 
comparable membranes from glands of aged rats. When incubations were 
performed in the presence of exogenous dolichol phosphate, a condition which will 
promote more saccharide-lipid formation [18], membranes from both age groups 
showed increased synthesis of mannosylphosphoryl dolichol (~2-fold). 
Importantly, the proportional difference between young adult and aged samples 
remained the same (~2-fold) as seen with incubations without exogenously added 
dolichol phosphate. This suggests that any differences in saccharide-lipid formation 
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TABLE II 

INCORPORATION OF GDP-[14C]MANNOSE INTO MANNOSYLPHOSPHORYL DOLICHOL IN 
RAT PAROTID MICROSOMAL MEMBRANES" 

Young adult Aged 

Basal 49.5 _+ 5.1(10) 27.2 ± 1.2(10)* 
+ Dolichol phosphate 108.9 ± 15.0 (8) 50.7 ± 2.2 (10)** 
(50 ~g) 

• All experiments were performed with microsomal membranes from young adult and aged rat parotid 
glands. Data are the mean ± S.E.M. from the number of experiments indicated in parentheses. Data 
are expressed as pmole/mg protein • 5 rain and were obtained as decribed in Material and Methods. 
• Different statistically from young adult results by unpaired "t" test, t = 4.19, P = 0.001. 
• *Different statistically from young adult results, t = 3.82, P = 0.003. 

seen with membranes  f rom aged rats are not  due to levels of  endogenous  dolichol 

phosphate,  but  are more likely related to the status of  the enzyme Ma n- P - D o l  

synthase. Therefore,  we directly examined kinetic characteristics of  the enzyme in 

membranes  from both  age groups of  animals .  These results are shown in Table  III. 

Enzyme activity in all m e m b r a n e  prepara t ions  followed Michael is-Menten kinetics. 

No differences were detected in the K m for G D P - m a n n o s e  of the enzyme between 

young adult  and aged prepara t ions .  Conversely,  a marked  difference in the Vna × of  

the enzyme was seen. Membranes  f rom young  adult  rats showed ~ 2 - f o l d  higher Vax 

for Man-P-Do l  synthase compared  to that  seen with membranes  from aged rats. 

DISCUSSION 

The results of  this study suppor t  the conclus ion  that parot id  cells f rom aged rats 

displayed an a l tera t ion in the basal  pe r fo rmance  of the N-l inked protein  

glycosylat ion pathway.  Exper iments  both  with intact  cells measur ing precursor  

incorpora t ion  into proteins  and  with microsomal  membranes  measur ing  

mannosy lphosphory l  dolichol synthesis are consis tent  with this conclusion.  The 

TABLE III 

KINETIC CHARACTERISTICS OF MAN-P-DOL SYNTHASE IN MICROSOMAL MEMBRANES 
PREPARED FROM YOUNG ADULT AND AGED RAT PAROTID GLANDS" 

K (IaM) V (pmol/mg protein " min) 

Young adult 0.11 42.7 

Aged 0.11 23.6 

• All experiments were performed with microsomal membranes from young adult and aged rat parotid 
glands incubated in parallel. Data are the mean of three determnations. Data were obtained following 
incubation of microsomal membranes, as described in Materials and Methods, with varying 
concentrations of GDP-p4Clmannose (0.025--0.5 ~M) and analysis by the Lineweaver-Burk method. 
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ability of aged parotid cells to respond to a stimulus capable of upregulating basal 
N-linked protein glycosylation in young adult cells was, however, unchanged. /3- 
Adrenoreceptor activation elicited the same proportional increase in response in 
both groups of cells. This finding is not surprising since we have preivously shown 
that /3-adrenoreceptor signal transduction coupling is unchanged with age, with 
respect to exocrine protein secretion, in the rat parotid gland [20]. 

Several previous investigations have suggested perturbed glycosylation is 
associated with increased age [e.g. 11--15]. Interestingly, our results are especially 
consonant with findings recently reported by Blondal et al. [15]. These workers 
showed that senescent human diploid fibroblasts had significant differences related 
to protein N-glycosylation compared to younger cells. Several characteristics of 
plasma glycoproteins were altered (concanavalin A binding; mannose, fucose and 
glucosamine radiolabeling) and these changes were accompanied by reduced 
mannosylphosphoryl dolichol formation in older cells. Thus in two quite different 
cell types (mesenchymal and epithelial), from two diverse mammalian species 
(human and rat), aging has been associated with general changes in N-linked protein 
glycosylation and, most importantly, with a specific diminution in activity of a key 
enzyme in the dolichol-cascade pathway, Man-P-Dol synthase. This enzyme is 
responsible for the formation of mannosylphosphoryl dolichol, the saccharide-lipid 
intermediate by which are added the four mannose residues to the growing 
oligosaccharide chain [2,3]. Full mannosylation is necessary to permit addition of 
three glucose residues to the oligosaccharide core, forming the complete 
oligosaccharide-lipid suitable for transfer to an appropriate asparagine residue on a 
nascent protein [2,3]. Without commplete saccharide addition to the core, 
oligosaccharide transfer is greatly impaired (,~10--100-fold) and altered protein 
glycosylation results [29,30]. 

Glycoproteins have many important functions in biology and often it is the 
oligosaccharide moieties which are of particular import to biologic activity [1]. 
Alterations in the extent or nature of the N-linked glycosylation process could lead 
to decremental changes in glycoprotein processing and routing, cell surface 
recognition phenomena, physical characteristics such as solubility and tertiary or 
quaternary structure, signal transduction events, etc. [1]; i.e. an alteration in the 
glycosylation pathway would be considerably amplified biologically. Blondal et al. 

[15] suggested that the changes they observed in the dolichol-linked pathway of 
protein N-glycosylation reflect a fundamental modification in cell biology during 
senescence. Our observations indeed support the possibility that alterations in 
protein glycosylation may underlie a number of the changes in protein function 
which have been associated with aging [13]. Although unequivocal proof for the 
existence of fundamental, senescence-associated perturbations in N-linked protein 
glycosylation remains to be established, the available data and the permissable 
speculation are intriguing. Clearly, more effort is needed to assess both the ubiquity 
of such changes in a broad spectrum of biological systems as well as to determine the 
mechanistic explanation(s) for the already observed phenomena. 



180 

REFERENCES 

1 K. Olden, B.A. Bernard, M.J. Humphries, T.-K. Yeo, K.-T. Yeo, S.L. White, S.A. Newton, H.C. 
Bauer and J.B. Parent, Function of glycoprotein giycans. Trends Biochem. Sci., 10 (1985) 78. 

2 J.A. Hanover and W.L Lennarz, Transmembrane assemby of membrane and secretory 
giycoproteins. Arch. Biochem. Biophys., 211 (1982) 1. 

3 R. Kornfeld and S. Kornfeld, Assembly of asparagine-linked oligosaccharides. Annu. Rev. 
Biochem., 54 (1986) 631. 

4 S.S. Krag and A.R. Robbins, A chinese hamster ovary cell mutant deficient in glycosylation of lipid- 
linked oligosaccharides synthesizes lysosomal enzymes of altered structure and function. I. Biol. 
Chem., 257(1982) 8424. 

5 R. Repp, T. Tamura, C.B. Boscheck, H. Wege, R.T. Schwarz and H. Niemann, The effects of 
processing inhibitors of N-linked oligosaccharides on the intracellular migration of glycoprotein EZ 
of mouse hepatitis virus and the maturation of coronavirus particles. J. Biol. Chem., 260 (1985) 
15873. 

6 C.J. Waechter, J.W. Schmidt and W.J. Catterall, Glycosylation is required for maintenance of 
functional sodium channels in neuroblastoma cells. J. Biol. Chem., 258 (1983) 5117. 

7 G.C. Rosso, C.J. Bendrick and G. Wolf, In vivo synthesis of lipid-linked oligosaccharides in the 
livers of normal and vitamin A-deficient rats. J. Biol. Chem., 256 (1981) 8341. 

8 J.J. Conigiio, D.S.H. Liu and A. Richardson, A Comparison of protein synthesis by liver 
parenchymal cells isolated from Fischer F344 rats of various ages. Mech. Ageing Dev., 11 (1979) 77. 

9 A. Richardson, The relationship between aging and protein synthesis. In J.R. FIorini (ed), CRC 
Handbook o f  Biochemistry in Aging, CRC Press, Boca Raton, FL, 1981, pp. 79--101. 

10 R.S. Bienkowski and B.J. Baum, Measurement of intracellular protein degradation. In R.C. 
Adelman and G.S. Roth (eds.) Altered Proteins andAging, CRC Press, Boca Raton, FL. 1983, pp. 
55--80. 

11 Y. Courtois and R.C. Hughes, Surface labelling of senescent chick fibrobalsts by lactoperoxidase- 
catalysed iodination. Gerontology, 22 (1976) 371. 

12 G.E. Milo and R.W. Hart, Age-related alterations in plasma membrane glycoprotein content and 
scheduled or unscheduled DNA synthesis. Arch. Biochem. Biophys., 176 (1976) 324 

13 S.H. Chiou, L.T. Chylack, W.H. Tung and H.F. Bunn, Non-enzymatic glycosylation of bovine lens 
crystallins. Effect of aging. J. Biol. Chem., 256 (1980) 5176. 

14 F.C.S. Ramaekers, M.W.A.C. Hukkelhoven, A. Groeneveld and A. Bloemendal, Changing protein 
patterns during lens aging in vitro. Biochim. Biophys. Acta, 799 (1984) 221. 

15 J.A. Blondal, J.E. Dick and J.A. Wright, Membrane glycoprotein changes during the senescence of 
normal human diploid fibroblasts in culture. Mech. Ageing Dev., 30 (1985) 273. 

16 E.E. Kousvelari, S.R. Grant and B.J. Baum,/3-Adrenergic receptor regulation of N-linked protein 
glycosylation in rat parotid acinar cells. Proc. Natl. Acad. Sci. U.S.A., 80 (1983) 7146. 

17 E.E. Kousvelari, S.R. Grant, D.K. Banerjee, M.J. Newby and B.J. Bantu, Cyclic AMP mediates/3- 
adrenergic-induced increases in N-linked protein glycosylation in rat parotid acinar cells. Biochem. 
J., 22 (1984) 18. 

18 D.K. Banerjee, E.E. Kousvelari and B.J. Baum,/~-Adrenergic activation of glycosyltransferases in 
the dolichylmonophosphate-linked pathway of protein N-glycosylation. Biochem. Biophys. Res. 
Commun., 126 (1985) 123. 

19 S.R. Grant, E.E. Kousvelari, D.K. Banerjee and B.J. Baum, /3-Adrenergic stimulation alters 
oligosaccharide pyrophosphoryl dolichol metabolism in rat parotid acinar cells. Biochem. J., 231 
(1985) 431. 

20 H. Ito, B.J. Baum and G.S. Roth,/3-Adrenergic regulation of rat parotid gland execrine protein 
secretion during aging. Mech. Ageing Dev., 15 (1981) 177. 

21 H. Ito, B.J. Baum, T. Uchida, M.T. Hoopes, L. Bodner and G.S. Roth, Modulation of rat parotid 
cell a-adrenergic responsiveness at a step subsequent to receptor activation. J. Biol. Chem., 257 

(1982) 9532. 
22 L. Bodner, M.T. Hoopes, M. Gee, H. lto, G.S. Roth and B.J. Baum, Multiple transduction 

mechanisms are likely involved in calcium-mediated exocrine secretory events in rat parotid cells. J. 
Biol. Chem., 258 (1983) 2774. 



181 

23 M.V. Gee, Y. lshikawa, B.J. Baum and G.S. Roth, Impaired adrenerglc stimulation of rat parotid 
cell glucose oxidation during aging. The role of calcium. J. Gerontol., 41 (1986) 331. 

24 G.M. Richards, Modifications of the diphenylamine reaction giving increased sensitivity and 
simplicity in the estimation of DNA. Anal. Biochem. 57 (1974) 369. 

25 C.J. Waechter, K.L. Kennedy and J.B. Harford, Lipid intermediates involved in the assembly of 
membrane-associated glycoproteins in calf brain white matter. Arch. Biochem. Biophys. 174 (1976) 
726. 

26 M. Bradford, A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem. 72 (1976) 248. 

27 S.K. Kim, P.A. Weinhold, S.S. Han and D.J. Wagner, Age-related decline in protein synthesis in 
the rat parotid gland. Exp. Gerontol. 15 (1980) 77. 

28 S.K. Kim, P.A.Weinhold, D.W. Calkins and V.W. Hartog, Comparative studies of the age-related 
changes in protein synthesis in the rat pancreas and parotid gland. Exp. Gerontol., 16 (1981) 91. 

29 S.J. Turco, B. Stetson and P.W. Robbins, Comparative rates of transfer of lipid-linked 
olignsaccharides to endogenous glycoprotein acceptors in vivo. Proc. Natl. Acad. Sci. U.S.A., 74 
(1977) 4411. 

30 M.J. Spiro, R,G. Spiro and V.D. Bhoyroo, Glycosylation of proteins by oligosaccharide-lipids. 
Studies on a thyroid enzyme involved in olignsaccharide transfer and the role of glucose in this 
reaction. J. Biol. Chem., 254 (1979) 7668. 

31 R.C. Adelman and G.S. Roth, AIteredProteins andAging, CRC Press, Boca Raton, FL, 1983. 


