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Abstract The regulation of adipose tissue lipoprotein lipase
(LPL) by feeding and fasting occurs through post-translational
changes in the LPL protein. In addition, LPL activity and secre-
tion are decreased when N-linked glycosylation is inhibited. To
better understand the role of oligisaccharide processing in the
development of LPL activity and in LPL secretion, primary cul-
tures of rat adipocytes were treated with inhibitors of oligosac-
charide processing. LPL catalytic activity from the heparin-
releasable fraction of adipocytes was inhibited by more than
70%, with similar decreases in LPL mass, when cells were cul-
tured for 24 h in the presence of either tunicamycin or
castanospermine. On the other hand, deoxymannojirimycin
(DMJ]) and swainsonine had no effect on LPL activity LPL
secretion was examined after pulse-labeling cells with
[33S]methionine. The appearance of 33S-labeled LPL in the
medium was blocked by treatment of cells with tunicamycin and
castanospermine, whereas secretion was not affected by DM]J or
swainsonine. To examine the effect of oligosaccharide processing
on LPL intracellular degradation, adipocytes were treated with
tunicamycin, castanospermine, and DM]J and then pulse-
labeled with [33S]methionine, followed by a chase with unlabeled
methionine for 120 min. The unglycosylated [3S]LPL that was
synthesized in the presence of tunicamycin demonstrated essen-
tially no intracellular degradation. In the presence of
castanospermine and DM], the half-life of newly synthesized
LPL was increased to 81 and 113 min, as compared to 65 min
in control cells. B Thus, castanospermine-treated adipocytes
demonstrated a decrease in LPL activity and secretion, suggest-
ing that the glucosidase-mediated cleavage of terminal glucose
residues from oligosaccharides is a critical step in LPL matura-
tion. In addition, the maturation of N-linked oligosaccharides
on LPL was associated with an increased intracellular tur-
nover.— Simsolo, R. B., J. M. Ong, and P. A. Kern. Charac-
terization of lipoprotein lipase activity, secretion, and degrada-
tion at different steps of post-translational processing in primary
cultures of rat adipocytes. J. Lipid Res. 1992. 33: 1777-1784.
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Lipoprotein lipase (LPL) is a central enzyme in lipid
metabolism. The enzyme is synthesized and secreted by

adipocytes, and then transported to the capillary en-
dothelium, where hydrolysis of the triglyceride core of cir-
culating VLDL and chylomicrons takes place (1, 2). Re-
cent studies of LPL gene expression have indicated that
there are multiple sites of transcriptional and post-
transcriptional regulation. Rat adipocytes demonstrate an
increase in LPL mRNA in response to insulin (3, 4), and
a decrease in response to dexamethasone (5). On the
other hand, both rats and humans demonstrate increases
in LPL activity after feeding due to post-transcriptional
changes, characterized by an increase in LPL specific ac-
tivity (6, 7).

The importance of LPL glycosylation in the develop-
ment of LPL activity has been demonstrated in several
studies. When adipocytes were treated with tunicamycin,
or cultured in glucose-free medium, a deglycosylated
form of LPL was synthesized that had low or absent LPL
activity and was not secreted from the cell (8-10). Several
studies have further examined LPL post-translational
processing using various inhibitors of oligosaccharide
processing. One study suggested that cells produced ac-
tive and secretable LPL after inhibiting cellular mannosi-
dases I and II, as well as after inhibition of glucosidases
I and II with methyldeoxynojirimycin (MDN) (11). These
data suggested that only core glycosylation was necessary
for fully developed LPL activity and secretion. On the
other hand, studies with hepatic lipase, which is structur-
ally similar to LPL and part of the same gene family,
demonstrated that hepatic lipase was active and secreted

Abbreviations: LPL, lipoprotein lipase; DM]J, deoxymannojirimycin;
MDN, methyldeoxynojirimycin; HL, hepatic lipase; VLDL, very low
density lipoprotein; FFA, free fatty acids; TCA, trichloroacetic acid;
HR, LPL activity in adipocyte fraction released by heparin; EXT, LPL
activity in fraction remaining after heparin release in cell extracts.
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after the action of glucosidase I and II on the core
oligosaccharide (12). A recent study examined LPL
processing in Chinese hamster ovary (CHO) cells (13),
which secrete large amounts of LPL (14), and also found
that the trimming of terminal glucose residues from the
oligosaccharide in the rough endoplasmic reticulum
(RER) was essential for further processing and secretion.
This study used primary cultures of rat adipocytes, and
was designed to determine what steps in LPL glycosyla-
tion are necessary for LPL activity and secretion, and also
to determine whether different forms of LPL differ in
their rate of degradation. As with hepatic lipase (12),
cleavage of the terminal glucoses from the core N-linked
oligosaccharide was a critical step in the development of
LPL activity and in LPL secretion from the adipocyte.

MATERIALS AND METHODS

Preparation of adipocytes

Adipocytes were prepared from epididymal fat pads of
male Sprague-Dawley rats, as described previously (3).
Cells were cultured for 24 h in Medium 199 (Irvine
Scientific, Santa Ana, CA) containing 10% fetal bovine
serum (Hyclone Laboratories, Logan, UT), and were
then washed in the same medium, followed by the addi-
tion of the indicated concentrations of either castanosper-
mine, 1-deoxymannojirimycin (DM]J), N-methyldeoxyno-
jirimycin (MDN), swainsonine, or tunicamycin (Sigma,
St. Louis, MO).

Measurement of LPL activity

LPL catalytic activity was measured in the adipocyte
fraction released by heparin (HR), as well as in the frac-
tion remaining after heparin release in cell extracts, which
is referred to as EXT, as described previousty (8). In
brief, adipocytes were incubated in phosphate-buffered
saline (PBS) containing 13 pg/ml heparin (Fisher
Scientific Co.) for 30 min at 37°C. An aliquot of this
buffer was then assayed as described below. The cells were
then washed and the EXT fraction was prepared by
homogenizing the cells in buffer containing deoxycholate
and heparin, as described previously (6). LPL activity
was then measured In the supernatant after centrifu-
gation.

LPL activity was determined as described previously
(15) using a [*H]triolein-containing substrate emulsified
with lecithin, and containing normal human serum as a
source of apoC-Il. Activity was expressed as nEq FFA
released/min per 10¢ cells.

LPL immunoreactive mass

Previous studies have described the measurement of
LPL immunoreactive mass by enzyme-linked im-
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munosorbent assay (ELISA) (16, 17). In brief, samples for
LPL immunoreactive mass were prepared as described
above for LPL activity, except protease inhibitors were
present in all the buffers. Affinity-purified chicken anti-
bovine LPL antibodies are used as a capture antibody,
and biotinylated affinity-purified anti-LPL antibody, fol-
lowed by streptavidin-peroxidase, is used as the indicator
antibody. The concentration of LPL was then calculated
using the standard curve for bovine LPL, and expressed
as ng/106 cells.

[35S]methionine labeling, immunoprecipitation, and
Western blotting

The pulse-labeling and immunoprecipitation proce-
dures have been described previously (3, 8). In brief,
adipocytes were cultured overnight in Medium 199 con-
taining 10% fetal bovine serum, and were then treated
with the indicated concentrations of castanospermine,
DM], or tunicamycin. Cells were pulse-labeled with 50
pCi of [35S}methionine for 30 min in methionine-free
Medium 199, and then chased with complete medium
(containing 30 mg/l methionine, as well as the same con-
centration of the processing inhibitory drug) for the times
indicated. Previous studies have shown that incorporation
of [#3S]methionine into LPL is linear for at least 45 min
(18). As heparin is necessary for LPL secretion from rat
adipocytes (3), some experiments were performed in the
presence of heparin and some were not, as described in
the text. Cells were then lysed as described previously (8),
and quantitative immunoprecipitation with affinity-
purified anti-LPL antibody was performed, followed by
analysis of the samples on a 10% polyacrylamide-SDS gel.
To account for any differences in [33S]methionine label-
ing, an aliquot of cell lysate was TCA-precipitated, and
the protein gels were loaded in proportion to the total
TCA-precipitable counts in the samples.

Western blotting was performed as described previ-
ously (17), except with some minor changes. After blotting
the membrane with primary antibody, biotinylated anti-
chicken antibody (Sigma) was used, followed by strep-
tavidin-peroxidase, and development with a chemolumi-
nescent peroxidase substrate.

Statistics

Quantitative data are expressed as a mean + SEM,
and statistical comparisons used the Mann-Whitney rank
sum test (19).

RESULTS

To determine the effects of oligosaccharide processing
on LPL activity, adipocytes were cultured for up to 24 h
in the presence and absence of tunicamycin, castanosper-
mine, DM], and swainsonine. The specificities of these
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drugs have been described previously (20), and are shown
in Fig. 1. Whereas tunicamycin inhibits all N-linked
glycosylation, castanospermine and MDN inhibit the
glucosidase-mediated cleavage of the terminal glucose
residues from the oligosaccharides, and DM]J inhibits fur-
ther processing by mannosidase I. After treatment of cells
with castanospermine, MDN, and DM]J, N-linked
oligosaccharides are in the high mannose form, and are
therefore susceptible to cleavage by endo H. Swainsonine
inhibits mannosidase II and results in the formation of
hybrid oligosaccharides that contain both high mannose
and complex features.

LPL activity and mass

To examine the effects of glycosylation inhibition on
LPL activity and mass, castanospermine, DM]J, and
tunicamycin were added to adipocyte cultures for up to 24
h. As shown in Fig. 2, the addition of castanospermine
and tunicamycin resulted in a gradual decrease in HR
LPL activity to 25% and 28% of control activity. EXT
activity was also inhibited equally by both castanosper-
mine and tunicamycin (Fig. 2B). However, the addition of
DM] to adipocyte cultures resulted in no change in LPL
activity, in either HR or EXT. When LPL immunoreac-
tive mass was measured by ELISA, HR LPL activity was

38% and 45% of control in response to castanospermine
and tunicamycin, and not changed in cells treated with
DM]. In the EXT fraction, LPL mass was unchanged in
response to DM], and significantly increased after 24 h
treatment with castanospermine. A small but statistically
insignificant decrease in EXT mass was noted in response
to tunicamycin. The addition of 1 mM swainsonine had
no effect on LPL activity or mass (data not shown).

LPL secretion

Additional studies were performed to determine
whether the above processing inhibitors affected LPL
secretion. Adipocytes were cultured in the presence of
tunicamycin, castanospermine, and DM]J for 2 h, after
which they were pulse-labeled with [?*S]methionine for 30
min, and then chased for an additional 60 min. Because
LPL in rat adipocytes is only secreted when heparin is
present (3), the pulse-chase was carried out in the
presence of 13 pg/ml heparin. As shown in Fig. 3, increas-
ing concentrations of castanospermine resulted in a
decrease in LPL secretion. The immunoprecipitated cel-
lular form of LPL in the presence of castanospermine
migrated perceptibly more slowly on the gel, which was
likely due to the presence of the terminal glucose residues
on the N-linked oligosaccharides. In contrast to the effects

(N-Methyldeoxynojirimycin (MDN)]

[1-Deoxymannoijirimycin (DMJ)] [Swansonine]

Glucosidase|

Glucosidase ll

(complex type)

Mannosidase | Mannosidasell

Fig. 1. Critical steps in LPL post-translational processing. The addition of the core oligosaccharide to LPL is blocked by tunicamycin, which results
in the synthesis of an unglycosylated protein. Castanospermine and N-methyldeoxynojirimycin (MDN) inhibit the removal of the terminal glucose
residues in the RER by glucosidase I and II (20). 1-Deoxymannojirimycin (DM]) inhibits the Golgi mannosidase I, such that the terminal glucose
residues are removed, but the glycoprotein is still in the high mannose form. Swainsonine inhibits mannosidase II, which results in an intermediate

or complex oligosaccharide.
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Fig. 2. Effect of oligosaccharide-processing inhibitors on LPL activity and LPL mass. Cells were cultured overnight in medium containing 10%
serum, and then placed into medium containing 1 mM castanospermine, 1 mM DM]J, or 4 pg/ml tunicamycin for the indicated times. LPL activity
was measured in the HR (A) and EXT (B) fractions, along with LPL immunoreactive mass (C) and (D) in the same fractions, respectively. Data
are from five experiments and expressed as a percent of control. Control LPL activity at time 0 was 0.51 + 0.15 and 2.83 + 0.60 nEq/min per 10°
cells (mean + SEM, n=8) for HR and EXT, respectively, and control LPL mass in the same fractions was 1.64 + 0.71 and 7.73 + 2.08 ng/10°¢ cells;

*P < 0.05 versus control cells.

of castanospermine, increasing concentrations of DM]J
did not affect LPL secretion (Fig. 3). Similar experiments
with swainsonine demonstrated no change in LPL secre-
tion (data not shown).

Effect of endo H

To verify that the treatment with DM]J was indeed in-
hibiting oligosaccharide processing, immunoprecipitated
cells and medium from DM]J-treated cells were treated
with endo H (Fig. 4). At the end of the 30-min pulse, the
cellular form of LPL was endo H-sensitive. Endo H treat-
ment of the immunoprecipitates yielded a 50 kDa LPL
form, which is the molecular mass of the unglycosylated
protein, and identical to the LPL form produced by
tunicamycin. After 90 min of chase, however, the LPL
synthesized in the presence of castanospermine and DM]J
were still endo H-sensitive, demonstrating that the LPL
was in the high mannose form, whereas control LPL was
partially endo H-resistant. Medium (secreted) LPL was
endo H-resistant in control cells, and endo H-sensitive in
DM]J-treated cells. Thus, the endo H sensitivity of the

1780 Journal of Lipid Research Volume 33, 1992

LPL secreted in the presence of DM] demonstrates that
the high mannose form of LPL can be secreted.

LPL degradation

Previous studies have provided evidence for the regula-
tion of LPL degradation (7, 21). To determine whether

5
§ —Cs (mMM)—  —DMJ(mM)— Tuni.
01 03 1 01 03 1 4ugml

<+=56 KDa

Cells “ ™ S=Ss s

Medium oaikhe

Fig. 3. Effect of glycosylation on LPL secretion. Cells were treated as
described in the legend to Fig. 2 for 2 h, then pulse-labeled with
[33S]methionine for 30 min, and then chased for 60 min with medium
containing unlabeled methionine. The pulse and chase were performed
in the presence of heparin, and inhibitors were present in the same con-
centrations during the pulse and chase. LPL was then immunoprecipi-
tated from the cells and medium. The concentrations of castanosper-
mine and DM]J that were used in these cultures were 0.1, 0.3, and 1
mM, which are shown in lanes 2-4, and 5-7 for castanospermine and
DM], respectively. The concentration of tunicamycin was 4 pg/ml.
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Fig. 4. Endo H sensitivity of LPL forms. To demonstrate that LPL
from DM]J- and castanospermine-treated cells were still in the high man-
nose form, immunoprecipitated cell extracts and medium were treated
with endo H, followed by analysis by SDS-PAGE. In the first two panels
are cell extracts from control, castanospermine- (Cs), and DM J-treated
cells. The first panel represents cells from the end of the pulse, or time
0 of the chase, and the second panel includes cells after 90 min of chase.
Endo H-treated medium samples are shown in the third panel.

different cellular forms of LPL were degraded at different
rates, rat adipocytes were labeled with [33S]methionine
and chased in the presence of castanospermine, DM]J, and
tunicamycin, and the disappearance of the im-
munoprecipitated cellular LPL was measured. The disap-
pearance of cellular LPL is dependent on both intracellu-
lar degradation as well as secretion, and LPL is only
secreted from rat adipocytes when heparin is present (3).
Because we wished to study only intracellular degradation
in the absence of secretion, a pulse-chase was carried out
in the absence of heparin. As shown in Fig. 5, the degra-
dation of intracellular LPL was greatly prolonged in the
cells treated with tunicamycin. In cells treated with
castanospermine and DM]J, LPL degradation was more
similar to that of control adipocytes. The ty/3 values of the
LPL from control, DM]J, and castanospermine-treated
cells were 65 min, 81 min, and 113 min, respectively.

Changes in LPL synthesis

Castanospermine inhibited LPL secretion and also in-
hibited degradation slightly. These changes in LPL
processing were therefore likely responsible for the ob-
served increase in EXT LPL mass in castanospermine-
treated cells (Fig. 2). On the other hand, cells treated with
tunicamycin demonstrated no secretion and a greatly
reduced rate of degradation, which would also be ex-
pected to yield an increase in EXT mass. However, as
shown in Fig. 2, there was no increase in EXT LPL mass
after treatment with tunicamycin. To examine these data
further, the EXT samples of adipocytes were analyzed by
Western blot to verify the results of the ELISA. As shown
in Fig. 6A, the Western-blotted image corresponded well
with the quantitative results of the ELISA. Even after 24
h of treatment with tunicamycin, adipocytes contained

some fully glycosylated (56 kDa) LPL, suggesting that
there may be a slow turnover of some component of the
cellular LPL that was present before the addition of
tunicamycin, or that the inhibition of glycosylation by
tunicamycin may become less complete after 24 h in cul-
ture. One possible explanation for the lack of accumula-
tion of LPL mass in tunicamycin-treated cells is a
decrease in LPL synthetic rate. In previous experiments
(8), the effects of tunicamycin were examined, and the
concentrations that were required to inhibit glycosylation
fully also had some inhibitory effects on protein synthesis.
To examine this more carefully, the effects of tunicamycin,
castanospermine, and DM]J on LPL synthetic rate were
examined. As shown in Fig. 6B, the addition of tunicamy-
cin to adipocytes in concentrations sufficient to inhibit
glycosylation also inhibited LPL synthetic rate. When the
gels were loaded with equal total TCA counts, tunicamy-
cin at 4 pg/ml inhibited LPL synthesis by 54%. In addi-
tion, tunicamycin inhibited total protein synthesis by an
additional 30%. On the other hand, castanospermine and
DM]J had no effect on LPL or total protein synthesis.
Therefore, the lack of change in EXT LPL mass in
response to tunicamycin was likely due to the simultaneous
inhibition of LPL synthesis, secretion, and degradation.
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Fig. 5. Post-translational processing and LPL turnover. Effects of
oligosaccharide-processing inhibitors on LPL degradation. Cells were
treated as described in the legend to Fig. 4. A pulse with [33S]methionine
was performed, followed by a chase with unlabeled methionine for the
indicated times. Heparin was not present, such that LPL was not
secreted (data not shown). A: Immunoprecipitated cell extracts during
the chase. B: Densitometric quantitation of the immunoprecipitated
LPL from A.
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Fig. 6. Effects of processing inhibitors on LPL synthesis. A: Western
blot of adipocyte extracts after 24 h of treatment with the indicated inhi-
bitor of LPL processing. Castanospermine (Cs) and DM] concentra-
tions were 1 mM, and tunicamycin was added at 4 pg/ml. B: Effect of
tunicamycin on LPL synthetic rate. The indicated concentrations of
tunicamycin were added to adipocyte cultures for 2 h, followed by pulse-
labeling for 30 min and immunoprecipitation. Each lane was loaded
with equal total TCA-precipitable counts. C: Same experiment as in B,
except the indicated concentrations of castanospermine (Cs) and DM]J
were used.

DISCUSSION

Previous studies have indicated that much important
regulation of adipose tissue LPL occurs post-
translationally. When either human or rat adipose tissue
was studied after feeding, there was an increase in LPL
activity that was not accompanied by an increase in LPL
protein or mRNA levels (6, 7). In other studies, guinea
pig LPL activity was about 10-fold higher in the fed
versus the fasted state (22). Although this difference in
LPL activity was accompanied by a 2-fold change in LPL
mRNA levels, the very large increase in LPL activity sug-
gested that post-translational mechanisms were also part
of the response to feeding. In adipocytes from fasted rats,
the predominant LPL species present was sensitive to
endo H, suggesting the presence of high mannose
oligosaccharides that rendered the LPL protein less active
(7).

To examine post-translational processing in rat adipo-
cytes, we cultured cells in the presence of tunicamycin,
castanospermine, DM]J, and swainsonine followed by the
measurement of LPL activity, mass, secretion, and degra-
dation. Both castanospermine and tunicamycin inhibited
LPL activity and mass to a similar degree and eliminated

1782 Journal of Lipid Research Volume 33, 1992

LPL secretion. In contrast, cells treated with DM]J and
swainsonine synthesized and secreted active LPL. After
removal of the terminal glucose residues, LPL was fully
active and secretable, although it is possible that there are
additional post-translational functional changes in the
protein that were not detected in these studies. For exam-
ple, it is possible that the LPL formed as a result of
castanospermine treatment was secreted, but then rapidly
degraded, and therefore not detected in the pulse-chase
experiments. As illustrated in Fig. 1, castanospermine in-
hibits cellular glucosidases I and II (20), which permits
core glycosylation, but inhibits cleavage of the terminal
glucose residues. Previous studies on hepatic alpha-1 an-
titrypsin and alpha-1 antichymotrypsin demonstrated that
these proteins were dependent on cleavage of terminal
glucose residues for transport from the RER to the Golgi
(23). Thus, it is possible that the inhibition of LPL secre-
tion by castanospermine is due to the retention of the li-
pase within the RER. The inhibition of LPL activity
could also be related to retention within the RER, leading
to lack of proper folding or dimerization.

Other studies have examined LPL post-translational
processing in cultured cells. When preadipocytes were
treated with tunicamycin, a deglycosylated form of LPL
was synthesized which had low or absent LPL activity and
was not secreted (8-10). However, Obl7 cells secreted
LPL even when glycosylation was blocked with tunicamy-
cin (24), suggesting that LPL post-translational process-
ing may be different in the Ob17 cell line. The amino acid
sequence of LPL is highly conserved between different
species, and contains two likely sites of N-linked glycosy-
lation, which are at positions 43 and 359 in human LPL
(2). When in vitro mutagenesis was used to study LPL ac-
tivity and secretion, substitution at Asn*’ (but not at
other asparagines) resulted in synthesis of an inactive
LPL protein that was not secreted (25), and thus demon-
strated the importance of this site in LPL processing. On
the other hand, hepatic lipase (HL) had different require-
ments for activity and secretion. When site-directed
mutagenesis was used to alter the N-linked glycosylation
sites of HL, followed by transfection into Xenopus oocytes,
glycosylation was found to be important for HL secretion,
but not for HL activity (26).

Additional studies have examined oligosaccharide
processing using glycosidases and drugs that inhibit
processing. Using guinea pig adipocytes, Semb and
Olivecrona (11) demonstrated that cells produced active
and secretable LPL even when the high-mannose form
predominated. LPL was catalytically active and secreted
after inhibition of cellular mannosidases I and II with
DM], as well as after inhibition of glucosidases I and II
with MDN (11), suggesting that only core glycosylation
was necessary for fully developed LPL activity and secre-
tion. On the other hand, hepatic lipase was inactive and
was not secreted after inhibition of glucosidases with
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castanospermine or MDN (12), suggesting that elimina-
tion of terminal glucose residues is essential for hepatic li-
pase activity or for transport from the RER to the Golgi.
A recent study has described similar results with LPL ex-
pression in Chinese hamster ovary (CHO) cells (13). The
development of LPL activity occurred when LPL was re-
tained within the RER, but not when the trimming of ter-
minal glucose residues was blocked with castanospermine
or MDN. Although the data of Ben-Zeev et al. (13) in
CHO cells were similar to those described herein in
adipocytes, there were several interesting differences. In
spite of treatment with castanospermine, CHO cells con-
tinued to secrete some LPL that was essentially endo H-
resistant, suggesting that the formation of complex
oligosaccharides could occur even without removal of the
terminal glucose residues in the RER by glucosidases.
Although rat adipocytes do not synthesize and secrete as
much LPL as do CHO cells, we could detect no LPL in
the media after pulse-labeling, suggesting that removal of
terminal glucose residues from oligosaccharides in adipo-
cytes may be essential for secretion.

In this study, the LPL formed as a result of tunicamycin
inhibition of glycosylation was very slowly degraded.
Other studies have also observed changes in LPL degra-
dation. Doolittle et al. (7) observed a difference in the
fractional catabolic rate of intermediate and complex
forms of LPL when comparing fed and fasted rat adipose
tissue. Another study observed a decreased rate of LPL
degradation after treatment of cells with epinephrine (21).
To study intracellular turnover, it was essential to account
for the effects of heparin. Previous studies have demon-
strated that rat adipocytes release LPL from cells only in
the presence of heparin (3). In addition, studies in avian
adipocytes by Cisar et al. (27) demonstrated that much
degradation of LPL occurs when LPL is bound to surface
glycosaminoglycans, and then taken back up by the cell.
According to this paradigm, heparin decreases degrada-
tion by releasing LPL from the surface glycosaminogly-
cans, and thus prevents reuptake. We wished to study in-
tracellular degradation of the various LPL forms. Because
castanospermine and tunicamycin prevent LPL from
reaching a heparin-releasable pool, we examined degra-
dation in the absence of heparin. The unglycosylated
form of LPL produced by tunicamycin treatment demon-
strated virtually no turnover, suggesting that the addition
of the initial core oligosaccharide is necessary for LPL
degradation. The LPL forms generated by castanosper-
mine and DM]J demonstrated turnover that was closer to
that of control cells, although still slightly delayed. Be-
cause the castanospermine-inhibited form of LPL demon-
strated some degradation, yet did not reach the mem-
brane glycosaminoglycans (as indicated by the decrease in
HR), these data demonstrate that some degradation of
LPL occurs intracellularly in rat adipocytes. It is interest-
ing to speculate that the apparent regulation of LPL

degradation demonstrated previously (7, 21) may be due
to hormonal regulation of the persistence of these incom-
pletely processed LPL forms.

Additional insight into LPL post-translational regula-
tion can be found in the cld/cld mouse, which is deficient
in both LPL and HL activity due to a recessive mutation
not involving the structural genes for LPL or HL (28).
Two recent studies (29, 30) examined LPL synthesis and
processing in brown adipocytes from cld/cld mice and
found that a large amount of inactive LPL protein was
synthesized by these cells, but not secreted. In addition,
the LPL synthesized by cld/cld cells contained mostly
high mannose forms of oligosaccharides. Pulse-chase
studies of cld/cld liver disclosed similar high mannose
oligosaccharides on HL, and there was little lipase activity
or LPL mass in postheparin plasma (30). These data sug-
gest that the defect in cld/cld mice permits core glycosyla-
tion, but prevents acquisition of activity and secretion.
Thus, the cld mutation appears to either interfere with
LPL and HL oligosaccharide processing or with transport
from the RER to the Golgi. As some other adipocyte
glycoproteins are not affected (30), it appears that the cld
mutation may operate with some degree of specificity and
may be of importance in understanding the physiologic
regulation of LPL. and HL.

In summary, the cleavage of the terminal glucose
residues from N-linked oligosaccharide(s) and transport
from the RER to the Golgi is an important step in LPL
maturation in adipocytes. After core glycosylation, failure
to remove the terminal glucose residues results in an LPL
form that is catalytically inactive, not secreted, and more
slowly degraded. The regulation at this step in LPL
processing may be of considerable importance in the
physiologic regulation of LPL. Bl
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and Mehrnoosh Ghiam for technical assistance.

Manuscript recetved 6 January 1992 and in revised form 26 June 1992.

REFERENCES

1. Olivecrona, T., and G. Bengtsson-Olivecrona. 1990. Lipo-
protein lipase and hepatic lipase. Curr. Opin. Lipidol 1:
222-230.

2. Kern P. A. 1991, Lipoprotein lipase and hepatic lipase. Curr.
Opin. Lipidel. 2: 162-169.

3. Ong, J. M., T. G. Kirchgessner, M. C. Schotz, and P. A.
Kern. 1988. Insulin increases the synthetic rate and mes-
senger RNA level of lipoprotein lipase in isolated rat adipo-
cytes. J. Biol. Chem. 263: 12933-12938.

4. Raynolds, M. V., P. D. Awald, D. F. Gordon, A. Gutierrez-
Hartmann, D. C. Rule, W. M. Wood, and R. H. Eckel.
1990. Lipoprotein lipase gene expression in rat adipocytes
is regulated by isoproterenol and insulin through different
mechanisms. Mol. Endocrinol. 4: 1416-1422.

5. Ong, ]J. M., R. B. Simsolo, B. Saffari, and P. A. Kern. 1992.

Simsolo, Ong, and Kern Characterization of LPL processing 1783

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

16.

17.

18.

The regulation of lipoprotein lipase gene expression by dex-
amethasone in isolated rat adipocytes. Endocrinology. 130:
2310-2316.

. Ong, J. M, and P. A, Kern. 1989. Effect of feeding and

obesity on lipoprotein lipase activity, immunoreactive pro-
tein, and messenger RNA levels in human adipose tissue.
J. Clin. Invest. 84: 305-311.

. Doolittle, M. H., O. Ben-Zeeyv, J. Elovson, D. Martin, and

T. G. Kirchgessner. 1990. The response of lipoprotein
lipase to feeding and fasting. Evidence for posttranslational
regulation. /. Biol Chem. 265: 4570-4577.

. Ong, J. M., and P. A. Kern. 1989. The role of glucose and

glycosylation in the regulation of lipoprotein lipase synthe-
sis and secretion in rat adipocytes. [ Biol Chem 264:
3177-3182.

. Olivecrona, T., S. 8. Chernick, G. Bengtsson-Olivecrona,

M. Garrison, and R. O. Scow. 1987. Synthesis and secre-
tion of lipoprotein lipase in 3T3-L1 preadipocytes. Demon-
stration of inactive forms of lipase in cells. [ Biol Chem.
262: 10748-10759.

Chajek-Shaul, T., G. Friedman, H. Knobler, O. Stein, ]J.
Etienne, and Y. Stein. 1985. Importance of the different
steps of glycosylation for the activity and secretion of
lipoprotein lipase in rat preadipocytes studied with monen-
sin and tunicamycin. Biochim. Biophys. Acta. 837: 120-134.
Semb, H., and T. Olivecrona. 1989. The relation between
glycosylation and activity of guinea pig lipoprotein lipase.
J. Biol Chem. 264: 4195-4200.

Verhoeven, A. J. M., and H. Jansen. 1990. Secretion of rat
hepatic lipase is blocked by inhibition of oligosaccharide
processing at the stage of glucosidase 1. J. Lipid Res. 31:
1883-1893.

Ben-Zeev, O., M. H. Doolittle, R. C. Davis, J. Elovson, and
M. C. Schotz. 1992. Maturation of lipoprotein lipase. Ex-
pression of full catalytic activity requires glucose trimming
but not translocation to the cis-Golgi compartment. J. Biol.
Chem. 267: 6219-6227.

Rojas, C., S. Enerbick, and G. Bengtsson-Olivecrona.
1990. Synthesis and secretion of active lipoprotein lipase in
Chinese-hamster ovary (CHO) cells. Biochem. J. 271: 11-15.
Nilsson-Ehle, P, and M. C. Schotz. 1976. A stable radioac-
tive substrate emulsion for assay of lipoprotein lipase. J.
Liptd Res. 17: 536-541.

Goers, J. F, M. E. Petersen, P. A. Kern, J. Ong, and
M. C. Schotz. 1987. Enzyme-linked immunoassay for
lipoprotein lipase. Anal. Biochem. 166: 27-35.

Kern, P. A, J. M. Ong, J. F. Goers, and M. E. Pedersen.
1988. Regulation of lipoprotein lipase immunoreactive
mass in isolated human adipocytes. J Clin. Invest. 81:
398-406.

Saffari, B., J. M. Ong, and P. A. Kern. 1992. Regulation
of adipose tissue lipoprotein lipase gene expression by

1784 Journal of Lipid Research Volume 33, 1992

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

thyroid hormone in rats. J. Lipid Res. 33: 241-249.
Glantz, S. A. 1987. Primer of Biostatistics. McGraw-Hill,
New York. 287-330.

Elbein, A. D. 1987. Inhibitors of the biosynthesis and
processing of N-linked oligosaccharide chains. Anau. Rev.
Biochem. 56: 497-534.

Ong, J. M., B. Saffari, R. B. Simsolo, and P. A. Kern. 1992.
Epinephrine inhibits lipoprotein lipase gene expression in
rat adipocytes through multiple steps in posttranscriptional
processing. Mol. Endocrinol. 6: 61-69.

Semb, H., and T. Olivecrona. 1989. Two different mechan-
isms are involved in nutritional regulation of lipoprotein li-
pase in guinea pig adipose tissue. Biochem. J. 262: 505-511.
Lodish, H. F,, and N. Kong. 1984. Glucose removal from
N-linked oligosaccharides is required for efficient matura-
tion of certain secretory glycoproteins from the rough en-
doplasmic reticulum to the Golgi complex. J. Cell Biol. 98:
1720-1729.

Amri, E.-Z., C. Vannier, J. Etienne, and G. Ailhaud. 1986.
Maturation and secretion of lipoprotein lipase in cultured
adipose cells. II. Effects of tunicamycin on activation and
secretion of the enzyme. Biochim. Biophys. Acta. 875:
334-343.

Semenkovich, C. F., C.-C. Luo, M. K. Nakanishi, S.-H.
Chen, L. C. Smith, and L. Chan. 1990. In vitro expression
and site-specific mutagenesis of the cloned human
lipoprotein lipase gene. Potential N-linked glycosylation site
asparagine 43 is important for both enzyme activity and
secretion. J. Biol Chem. 265: 5429-5433.

Stahnke, G., R. C. Davis, M. H. Doolittle, H. Wong, M. C.
Schotz, and H. Will. 1991. Effect of N-linked glycosylation
on hepatic lipase activity. J. Lipid Res. 32: 477-484.
Cisar, L. A, A. J. Hoogewerf, M. Cupp, C. A. Rapport,
and A. Bensadoun. 1989. Secretion and degradation of
lipoprotein lipase in cultured adipocytes. Binding of
lipoprotein lipase to membrane heparan sulfate proteogly-
cans is necessary for degradation. J Biol Chem. 264:
1767-1774.

Olivecrona, T., S. S. Chernick, G. Bengtsson-Olivecrona,
J. R. Paterniti, W. V. Brown, and R. O. Scow. 1985. Com-
bined lipase deficiency (cld/cld) in mice. Demonstration
that an inactive form of lipoprotein lipase is synthesized. /.
Biol. Chem. 260: 2552-2557.

Masuno, H,, E. J. Blanchette-Mackie, S. S. Chernick, and
R. O. Scow. 1990. Synthesis of inactive nonsecretable high
mannose-type lipoprotein lipase by cultured brown adipo-
cytes of combined lipase-deficient cld/cld mice. J Biol
Chem. 265: 1628-1638.

Davis, R. C,, O. Ben-Zeev, D. Martin, and M. H. Doolittle.
1990. Combined lipase deficiency in the mouse. Evidence of
impaired lipase processing and secretion. J. Biol. Chem.
265: 17960-17966.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

