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Abstract Lipoprotein lipase (LPL) is the enzyme responsible 
for the hydrolysis of plasma triglycerides from apolipoprotein 
C-11-containing lipoproteins at the capillary endothelium and it 
is synthesized in parenchymal cells of several tissues. Intracellu- 
lar LPL processing is a major aspect of LPL regulation. The 
present study aims to determine the intracellular accumulation 
site of the LPL that is not glycosylated at Asn43. Human LPL 
(hLPL) cDNA was mutated by site-directed mutagenesis. An 
Ala residue was substituted for Asn at position 43 of the protein 
generating N43A hLPL. Wild type hLPL and the mutant hLPL 
were expressed in COSl cells. Using immunofluorescence and 
immunoelectron microscopy we found that wild type hLPL in 
addition to being secreted into the medium was present in the 
rough endoplasmic reticulum (ER), Golgi compartments, and 
vesicles. Neither LPL activity nor protein was found in medium 
of cells expressing the mutant hLPL and all detectable protein 
was present exclusively in the ER identified with a specific anti- 
body against the protein disulfide isomerase (PDI), an ER 
marker. In addition, the intracellular distribution of the ER of 
the cells that expressed the mutant protein was grossly altered. 
Treatment of COSl cells with tunicamycin for 24 h had the same 
effect on wild type hLPL processing and endoplasmic reticulum 
distribution. Next, we investigated the influence of the accumu- 
lation of mutant hLPL on the intracellular transport of three 
other proteins that are N-glycosylated before reaching the 
plasma membrane: the related B"' amino acid transporter 
(rBAT), the insulin-regulated glucose transporter (GLUT4), 
and the placental alkaline phosphatase (PLAP) protein. Co- 
expression of the mutant hLPL (but not wild type) caused the 
accumulation of rBAT and GLUT4 in the ER while PLAP 
reached the plasma membrane. a Our  findings demonstrate 
that glycosylation of Am43 of human lipoprotein lipase in the 
endoplasmic reticulum is essential for its efflux from this com- 
partment and that the retention of the non-glycosylated LPL in- 
duces morphological changes in the ER that could also affect its 
ability to modify the transport of other proteins.-Bus&, R., 
M. A. Pujana, P. Pognonec, J. Auwerx, S. S. Deeb, M. Reina, 
and S. W a d .  Absence of N-glycosylation at asparagine 43 in 
human lipoprotein lipase induces its accumulation in the rough 

endoplasmic reticulum and alters this cellular compartment. 
J Lipid Res. 1995. 36: 939-951. 
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Lipoprotein lipase (LPL) is an N-linked glycoprotein 
that is synthesized in a variety of extrahepatic tissues 
(1-3), including adipose tissue, heart, skeletal muscle, 
brain, and ovary (4, 5). After its synthesis by parenchymal 
cells, LPL is secreted and bound to heparan sulfate pro- 
teoglycans on the lumenal surface of the capillary endo- 
thelium (1, 2). At this functional site, LPL hydrolyzes the 
triglyceride core of chylomicrons and very low density 
lipoproteins. The monoglycerides and fatty acids thus 
liberated are used by subjacent tissues for storage or oxi- 
dation (6).  The lipase can be released from the vascular 
endothelium and transported through the blood, bound 
to cholesterol-rich lipoproteins (7, 8), to the liver for 
degradation (9). 

The response of LPL to nutritional or hormonal 
changes is a tissue-specific event that is often regulated at 
a posttranslational level (10-12). This regulation may re- 
quire modifications to the LPL molecule that are essential 
for the expression of its catalytic activity. Among these, 

Abbreviations: ER, rough endoplasmic reticulum; GLUT4, glucose 
transporter 4; GPI, glycosyl phosphatidylinositol; LPL, lipoprotein 
lipase; hLPL, human lipoprotein lipase; rBAT, related B".' amino acid 
transporter; PDI, protein disulfide-isomerase; PLAP, placental alkaline 
phosphatase. 
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asparagine-linked glycosylation (13) and dimerization (14) 
have been suggested as interrelated processes that confer 
catalytic activity to the enzyme (15). The role of other 
modifications, like the sulfation of one of the LPL oligo- 
saccharide chains (16) is unknown at present. 

Glycosylation of LPL is critical to normal LPL activity 
(13, 17-20) and may also be crucial to its normal intracel- 
lular processing. It initially involves the co-translational 
transfer of a lipid-linked oligosaccharide (Glc3-Man9- 
(GlcNAc)2) to specific asparagine residues in the nascent 
polypeptide. This early modification occurs in the E R  
(21). Studies by Olivecrona et al. (22) have shown that in- 
active LPL accumulates within the cell in tunicamycin- 
treated 3T3-Ll adipocytes and is not secreted to the 
medium. Later, Masuno et al. (18), using immunofluores- 
cence assays, suggested that the unglycosylated lipase, in 
tunicamycin-treated brown adipocytes, might be retained 
in the ER. The  human LPL amino acid sequence has two 
N-glycosylation sites: Asn-His-Ser (residues 43-45) and 
Asn-Lys-Thr (residues 359-361). Substitution of Am43 by 
Ala completely abolishes LPL enzyme activity (13). 
Furthermore, using an ELISA assay for dimeric LPL, no 
significant amounts of mutant LPL were detected in the 
medium of transfected cells, suggesting that the loss of the 
N-linked glycosylation at Asn43 leads to the production of 
an inactive enzyme, which accumulates inside the cell 
(13). More detailed studies of the accumulation of non- 
glycosylated LPL are not available at present. 

In order to elucidate the involvement of glycosylation in 
LPL secretion, we used site-directed mutagenesis to alter 
Asn43, the residue that is believed to be critical for in- 
tracellular processing (13). We show, using immunofluo- 
rescence and immunoelectron microscopy, that the substi- 
tution of Am43 by Ala in human LPL results in z )  
retention of the mutant protein in the ER,  similar to the 
retention of the non-mutated LPL induced by tunicamy- 
cin treatment, ;I, altered intracellular distribution and 
structure of the ER,  and zzz) retention of some non-related 
proteins. 

METHODS 

Reagents 

Muta-gene phagemid 'in vitro' mutagenesis kit was 
from (Bio-Rad Laboratories, Richmond, CA). The 
pCAGGS expressing vector was obtained from Miyazaki 
(23). The eukaryotic cells used were COS1 cells (ATCC 
CRL 1650). T4 DNA ligase, HhaI restriction enzyme, 
and the dideoxynucleotide sequencing kit (24) were from 
Pharmacia (Brussels, Belgium), Sequenase v.2.0 was from 
United States Biochemicals (Cleveland, OH). The  syn- 
thetic oligonucleotide used in the mutagenesis was from 
Eurogentec (Seraing, Belgium). D M E M  media, FBS, 
and trypsin-EDTA were from Whittaker (Walkersville, 

MD). Penicillin, streptomycin sulfate, glutamine, chloru- 
quine, DEAE-Dextran, Tween 20, FITC-conjugated rab- 
bit anti-chicken IgG, Hoechst 33342, glycinc, bovine 
serum albumin (fraction V), polyvinylpyrrolidone (PVP), 
and methylcellulose were from Sigma (St. Louis, MO). 
Glycerol was from Panreac (Barcelona, Spain). Cellulo- 
senitrat(e) BA85 from Schleicher and Schuell (Dassel, 
Germany) was used for blotting; the ECL detection sys- 
tem was from Amersham (Bucks, United Kingdom). The 
monoclonal antibody against bovine LPL (5D2) was from 
Oncogene (Uniondale, NY). The peroxidase-conjugated 
swine anti-mouse antibody, the FITC-conjugated goat 
anti-rabbit Ig, and the TRITC-conjugated goat anti- 
rabbit Ig were from Dakopatts (Glostrup, Denmark). The 
chicken affinity-purified polyclonal antibody against bo- 
vine LPL was obtained from Dr. Gunilla Rengtsson- 
Olivecrona (University of Umea, Sweden); the rabbit 
polyclonal antibody against rBAT protein was obtained by 
Ms. Conxi Mora and Dr. Manuel Palacin (University of 
Barcelona, Spain); the rabbit polyclonal antibody against 
PDI protein was from Dr. Gustavo Egea (University of 
Barcelona, Spain) (25); the rabbit polyclonal antibody 
against GLUT4 was obtained by Ms. Conxi Mora and 
Dr. Antonio Zorzano (University of Barcelona, Spain) 
(26); the rabbit polyclonal antibody against PLAP was 
provided by Dr. Ricardo Makiya (University of Umea, 
Sweden) (27); the FITC-conjugated and TRITC-conju- 
gated sheep anti-mouse Ig were from Roehringer Mann- 
heim (Mannheim, Germany) and the immunofluores- 
cence mounting medium was from ICN Biomedicals Inc. 
(Costa Mesa, CA). Paraformaldehyde and glutaraldehyde 
fixatives and uranyl acetate were from Merck (Darmstadt, 
Germany); gelatin and sucrose were from Panreac; the 
polyclonal rabbit anti-chicken Ig was from Nordic (Til- 
burg, The Netherlands); and the protein A-gold 15 nm 
was purchased from Dr. Slot (University of Utrecht, The 
Netherlands). 

LPL mutagenesis 

The full-length human LPL (hLPL) clone was isolated 
by reverse transcription of RNA from THP-1 cells (ATCC 
TIB202) differentiated with phorbol esters and dexa- 
methasone (28), followed by PCR amplification. The se- 
quence was confirmed by the dideoxy chain termination 
method (24). Site-directed mutagenesis of the full-length 
human LPL cDNA cloned into the EcoRI site of PTZ18U 
vector was carried out according to the method of Kunkel, 
Roberts, and Zakour (29) using the site-directed muta- 
genesis kit from Bio-Rad. The oligonecleotide primer 
(5' CCTGTCATTTCGGCGCAC 3') used for mutagenesis 
contained the codon 43 substitution ATT (Asn)-tGCG 
(Ala). This substitution created an HhaI restriction site. 
The  mutant LPL clone was confirmed by digestion with 
HhaI and by sequencing. For expression, the wild type 
and mutant cDNAs were cloned into the EcoRI site of the 
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expression vector PCAGGS which contains the P-actin 
promoter and the SV40 replication origin. 

Cell culture and transfection 

COSl cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum, antibiotics, and glutamine (2 mM). For 
immunofluorescence experiments, cells were cultured in 
six multi-well dishes containing glass coverslips. For elec- 
tron microscopy experiments, cells were cultured in 10-cm 
plates containing 10 ml of medium. Cells at 80% of 
confluence, were transfected with 2.5 pg of DNA, by the 
DEAE-dextran method (30). All cells were examined 48 h 
after transfection. For cotransfection experiments, cells 
were incubated with DEAE-dextran solution containing 
2.5 pg of each DNA (the hLPL DNA or N43A hLPL DNA) 
together with the rBAT gene cloned in pCMV-2 express- 
ing vector or GLUT4 gene cloned in the pHPAPr-1 ex- 
pressing vector (31) and the PLAP protein gene cloned in 
the pSVT7 expressing vector (32). The rest of the proce- 
dure was identical to that for single DNA transfection. 
When expressing the GLUT4 cDNA, cells at 47 h after 
transfection were treated with 1 p M  insulin to induce 
GLUT4 translocation to the plasma membrane (26). 

Western blotting and activity assay 

The medium of transfected cells was removed from the 
plate and loaded onto an SDS-PAGE 10% acrylamide gel. 
The gel was blotted to nitrocellulose at 400 mA for 60 min 
using the Bio-Rad mini-protean apparatus. LPL was de- 
tected with a monoclonal antibody against bovine LPL 
(5D2) and a secondary peroxidase-conjugated anti-mouse 
antibody at a dilution of 1/2000. The blot was developed 
with the ECL system from Amersham. Lipoprotein lipase 
activity in medium was determined as described by Rami- 
rez et al. (33). One milliunit of lipolytic activity represents 
release of 1 nmol fatty acid/min (33). 

Immunofluorescence and immunoelecton microscopy 

For immunofluorescence labeling (34), cells grown on 
glass coverslips were rinsed briefly in PBS, fixed with 
methanol (-20°C) for 2 min, washed twice in PBS, and 
processed. As primary antibodies, we used a monoclonal 
antibody anti-bovine LPL (5D2) and a polyclonal chicken 
antibody anti-bovine LPL (poly 66). For immunodetection 
of rBAT protein, we used a polyclonal antibody (35). To 
visualize the primary antibody, we used the following 
labeled secondary antibodies: FIX-conjugated sheep 
anti-mouse immunoglobulins, FIE-conjugated goat anti- 
rabbit immunoglobulins, FIX-conjugated rabbit anti- 
chicken immunoglobulins, TRIX-conjugated goat anti- 
rabbit immunoglobulins, and TRITC-conjugated goat 
anti-mouse immunoglobulins. All antibodies were diluted 
in PBS containing 0.5% of bovine serum albumin. 

Double immunofluorescence assays were performed by 
applying a mixture of mouse and chicken primary anti- 
bodies and a mixture of non-cross-reacting secondary 
antibodies. Primary antibodies were applied for 45 min at 
37OC, followed by a 10-min wash in PBS, then 45-min in- 
cubation at 37OC with the secondary antibody followed by 
a final wash of 10 min in PBS. Finally, coverslips were 
labeled with the nuclear stain Hoechst 33342 diluted in 
PBS. The coverslips were mounted with immunofluores- 
cence medium and viewed through a 40 x or 100 x objec- 
tive using a Reichert Jung Polyvar I1 microscope 
equipped with epifluorescence illumination. Photo- 
graphic exposures were made using Kodak Ektachrome 
160 film and Kodak Tmax 400 film. 

For electron microscopy, cells were washed in PBS and 
fixed on 10-cm plates with 2% paraformaldehyde-0.1% 
glutaraldehyde. Cell pellets were embedded in gelatin 
blocks and post-fixed overnight with 2% paraformalde- 
hyde. Blocks were then cryoprotected for 10 h with PVP, 
mounted on sample carriers, and frozen in liquid nitro- 
gen. Cryoultrasections were obtained in a Reichert-Jung 
ultramicrotome equipped with FC4 system for cryosec- 
tioning. Sections were retrieved with a copper loop con- 
taining 2.3 M sucrose in PBS and were transferred to a 
100-mesh grid with carbon-coated Formvar film and 
placed on gelatin 2 %  until they were processed for im- 
munodetection. For immunolabeling on ultrathin cryo- 
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Fig. 1. Secretion of LPL by COSl cells transfected with wild type 
human LPL cDNA. Media (15 pl) from cells transfected (48 h) with the 
wild type human LPL cDNA or the expression vector (PACGGS) were 
separated by SDS-PAGE, and blotted to a nitrocellulose filter. LPL was 
detected with the 5D2 antibody. In the first lane 0.5 pg of bovine LPL 
(bLPL) was applied. The molecular weight of standards is indicated on 
the left. The arrow on the right points to a single band immunodetected 
in medium from wild type transfected cells. Results are representative of 
two separate transfection experiments. 
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sections, we followed the procedure described by Slot et 
al. (36) with slight modifications. Grids were  washed three 
times for 5 min with drops of 20 m M  glycine in PBS and 
blocked with PBS-gly 1% BSA for 20 min. Incubation (30 
min) with the primary chicken  polyclonal antibody 
diluted in the blocking solution was performed, followed 
by three 5 min washes in PBS-gly. Incubation with a rab- 
bit antibody against chicken immunoglobulins, used as a 
bridge, was then performed, followed  by three 5 min 

washes in PBS-gly. The grids were incubated for 20 min 
in a solution of A-protein labeled with 15 nm gold parti- 
cles. After three washes in PBS of 5 min each and s i x  
washes  in double-distilled water of  2.5 min each, the sec- 
tions were contrasted in 0.3% uranyl acetate in methyl 
cellulose for 10 min  on ice. The grids were retrieved using 
a copper loop and  the excess  fluid  was  removed on a  filter 
paper. Grids were examined at the  Hitachi 600 AB  elec- 
tron microscope. 

PCAGGS hLPL N43A hLPL 

Fig. 2. LPL expression in hLPL and N43A hLPL transfected COSl cells. COSl cells  were transfected only with the expression  vector (PCAGGS), 
wild type LPL, or the mutant (N43A) CDNAs. Cells were  fixed  48 h later  and processed  for immunofluorescence as indicated in Methods. Double 
immunofluorescence was performed using the mouse monoclonal (5D2) (row 1) and the &nity-purified  chicken  polyclonal anti-LPL (row 2) as 
primary antibodies, TRIX-conjugated sheep anti-mouse immunoglobulins and FIX-conjugated rabbit anti-chicken immunoglobulins as secondary 
antibodies. Nuclei  were stained with Hoechst (row 3). Vertical panels show immunofluorescence obtained for each primary antibody and nuclear stain- 
ing in the same field.  Results are representative of at least three separate transfection experiments. Bar: 60 pm. 
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RESULTS 

Intracellular distribution of hLPL and N43A hLPL 
Semenkovich et al. (13) showed that Asn 43 is essential 

for both activity and secretion of LPL. In order to deter- 
mine the intracellular location of mutant LPL, we trans- 
fected COSl cells with cDNA constructs containing wild 
type or mutant LPL using the DEAE-dextran/chloro- 
quine method. Cells transfected with wild type LPL 
produced 0.47 mU/ml of medium and 6.4 mU/mg protein 
in cell extracts 48 h after transfection. LPL activity was 
not detectable in cells transfected with the Asn 43 Ala 
mutant LPL cDNA clone. To confirm that the activity de- 
tected corresponded to human LPL and to check the spe- 
cificity of the monoclonal antibody 5D2, we performed 
Western blot analysis of culture media of transfected 
COSl cells (Fig. 1) 48 h after transfection. A single band 
with an apparent molecular mass of 58-60 kD (similar to 
bovine LPL) was detected in medium of cells transfected 
with wild type but not mutant LPL. 

To determine the intracellular distribution of the LPL 
expressed, we performed double immunofluorescence 
studies using the monoclonal antibody 5D2, known to 
recognize human LPL (37), and chicken polyclonal anti- 
bodies against bovine LPL. As expected, when cells 
were transfected with the vector PACGGS only, no intra- 
cellular immunofluoresence was observed above back- 
ground (Fig. 2). However, in cells transfected with either 
wild type or mutant LPL, intense intracellular staining 
was present 48 h after transfection, indicating that trans- 
fected cells efficiently expressed both the wild type and the 
mutated cDNAs (Fig. 2). The intracellular staining distri- 
bution obtained with each of the antibodies used was 
coincident, indicating that both antibodies could be used 
for immunostaining experiments. Approximately 20% of 
transfected cells showed intracellular staining. 

Differences in the intracellular distribution pattern of 
wild type or mutant LPL in transfected expressing cells 
were observed by immunofluorescence (Fig. 3). Cells ex- 
pressing the wild type enzyme showed intense fluorescent 
label surrounding the nucleus and from this perinuclear 
region a reticular network extended to the whole cyto- 
plasm (Fig. 3A), which probably corresponded to the ER. 
Using double immunofluorescence with 5D2 to detect 
LPL and the 15C8 that recognizes an integral constitutive 
protein of &Golgi stacks (38), we observed that part of 
the LPL perinuclear staining corresponded to the Golgi 
complex (not shown). However, cells expressing the mu- 
tant protein only showed intense fluorescent spots, mostly 
in the perinuclear region (Fig. 3B), suggesting that mu- 
tant LPL accumulated within the transfected cells. We 
next studied the time course of LPL accumulation after 
transfection (not shown). Expression of wild type and 
mutant LPL was detected in a few cells 12 h after transfec- 
tion. After 24 h the number of cells expressing the LPL 

Fig. 3. hLPL and N43A hLPL transfected COSl cells present differ- 
ent pattern of LPL distribution. High magnification photographs of cells 
expressing wild type (A) and mutant (N43A) LPL (€3). Immunofluores- 
cence was performed using the monoclonal 5D2 and FIX-conjugated 
sheep anti-mouse immunoglobulins. Cells expressing normal LPL (A) 
show intense fluorescence in a perinuclear area (arrow) and a reticular 
network extending over the cytoplasm. Cells expressing mutant LPL 
show fluorescent spots mostly surrounding the nucleus (n). Results are 
representative of at least ten separate experiments. Bar: 30 pm. 

increased substantially. At that time cells expressing wild 
type or mutant LPL showed the same pattern of im- 
munofluorescence, consisting of a reticular network 
covering the whole cytoplasm. However, at 48 h after 
transfection the immunofluorescence pattern of cells ex- 
pressing mutant LPL was very different from that of cells 
expressing the wild type enzyme, the first one character- 
ized by intense perinuclear spots only. At longer periods 
(72-96 h) after transfection, the distribution pattern of 
mutant LPL did not change (not shown). 

As immunofluorescence methods do not allow determi- 
nation of intracellular distribution in detail (39), we per- 
formed immunoelectron microscopy to localize the ac- 
cumulated mutant LPL. We used cryoelectron microscopy 
with the polyclonal chicken antibody against LPL which 
was stained by immunogold (Fig. 4). Using this ap- 
proach, we found that most of the labeling in cells express- 
ing wild type LPL was located in the ER, either sur- 
rounding the nucleus or widely distributed throughout 
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Fig. 4. Intracellular distribution of hLPL and N43A hLPL protein in transfected COSl cells. COSl cells were transfected with either wild type 
(A + B) or mutant (C + D) cDNAs. They were processed for immunoelectron microscopy (48 h post transfection) as indicated in Methods. Immuno- 
labeling was performed using affinity-purified chicken anti-LPL, rabbit anti-chicken immunoglobulins, and protein A-gold (15 nm). Inserts show the 
immunofluorescence staining of wild type (A) and mutant LPL (C) transfected cells. er: endoplasmic reticulum; n: nucleus; m: mitochondria. Results 
are representative of three separate experiments. Bar for A and C: 1 pm. Bar for B and D. 300 nm. 
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the cytoplasm (Fig. 4A and B). In addition, some label 
was also detected inside vesicles that probably cor- 
responded to Golgi or post-Golgi compartments. Most of 
the transfected cells appeared normal. However, a few ap- 
peared wrinkled, possibly as a consequence of the high ex- 
pression level of the recombinant LPL (40). Cells express- 
ing the mutant LPL showed a large number of gold 
particles distributed in membrane spaces around the 
nucleus and in cisternae, which correspond morphologi- 
cally to the ER (Fig. 4C and D). However, the intracellu- 
lar distribution of the ER in almost all of these transfected 
cells showed morphological alterations characterized by 
its bent appearance in perinuclear regions. Hence, the 
fluorescence spots that were detected by immunofluores- 
cence corresponded to twisted ER (compare inset in Fig. 
4C with the electron micrograph). To confirm that mu- 
tated LPL accumulated within the ER, we carried out 
double immunofluorescence using the anti-LPL mono- 

clonal antibody 5D2 and a polyclonal antibody against 
PDI, a protein that is known to be located exclusively in 
the ER (25). As expected, the dense fluorescent spots ob- 
served in N43A hLPL-expressing cells were also stained 
with the anti-PDI antibody (Fig. 5), indicating that the 
intracellular site of accumulation of the mutant LPL is 
the ER. 

Effects of tunicamycin on LPL distribution 

Tunicamycin acts as a general inhibitor of N-glycosyla- 
tion by blocking the synthesis of the dolichol-linked 
oligosaccharide (41) and it has been shown to inhibit both 
LPL activity and secretion (2). COS1 cells were trans- 
fected with wild type LPL cDNA and treated for a further 
24 h with tunicamycin. Then they were fixed and pro- 
cessed either for immunofluorescence or for immunoelec- 
tron microscopy (Fig. 6). Highly fluorescent perinuclear 

Fig. 5. Mutant N43A hLPL accumulates within the ER. COS1 cells were transfected with wild type hLPL (A and B) or N43A hLPL (C and D) 
and double immunofluorescence, using the monoclonal 5D2 antibody to detect LPL protein (A and C) and a rabbit polyclonal antibody to detect 
the PDI (€3 and D), was performed. Monoclonal antibodies were stained with FIX-conjugated sheet anti-mouse immunoglobulins and polyclonal 
antibodies with TRlTC-conjugated soat anti-rabbit immunoglobulins. Note that the N43A hLPL accumulation sites are also stained with the anti- 
PDI antibody (arrow). Bar: 30 pm. 
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Fig. 6. Effects of tunicamycin in LPL distribution of COSl transfected cells with wild type hLPL gene. A and B show the immunofluorescence 
pattern 48 h after transfection of COSl cells non-treated (A) or treated for 24 with 5 CM of tunicamycin (B). Immunofluorescence was performed 
as in Fig. 3. Note the presence of fluorescent spots in tunicamycin-treated cells. C, immunogold staining of cryoultrasection from tunicamycin-treated 
COSl cells expressing wild type LPL. Immunodetection was performed as in Fig. 4. er: endoplasmic reticulum; n: nucleus; m: mitochondria; pm: 
plasma membrane. Results are representative of two separate experiments. Bar for A and B: 30 Fm, Bar for C: 500 nm. 
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Fig. 7. Mutant N43A hLPL expression induces altered distribution of rBAT and GLUT4 but not PLAP protein. COS1 cells were cotransfected 
with wild type LPL and rBAT (A and B) or mutant N43A LPL and rBAT (C and D), with N43A hLPL and GLUT4 (E and F), and with N43A 
hLPL and PLAP (G and H). Double immunofluorescence was performed with mouse monoclonal 5D2 to detect LPL (A and C) and rabbit polyclonal 
anti-rBAT immunoglobulins (B and D), rabbit anti- GLUT4 immunoglobulins (F), and rabbit anti-PLAP immunoglobulins (H). As secondary anti- 
bodies FIX-conjugated sheep anti-mouse and TRITC-conjugated goat anti-rabbit were used. Arrows in A and B point to transfected cells expressing 
LPL but not rMT, revealing the specificity of the antibodies used. Arrows in E and F indicate colocalization points, and the arrow in H points to 
labeling on the cell membrane. Results are representative of two separate experiments. Bars 30 pm. 
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spots were prominent in all transfected cells treated with 
tunicamycin (Fig. 5B). Immunoelectron microscopy re- 
vealed that most of the label was located in the ER, with 
a twisted appearance at the perinuclear region (Fig. 4). 
The effect of tunicamycin was not restricted to LPL- 
expressing cells, as non-transfected COSl tunicamycin- 
treated cells also had the same ER alterations (not 
shown ) . 

Cotransfection assays 

We next investigated whether the structural modifica- 
tion of the ER induced by the expression of non- 
glycosylated LPL altered the processing of other cellular 
proteins. We cotransfected LPL together with the rBAT, 
GLUT4, and PLAP cDNAs. rBAT encodes a kidney 
transmembrane aminoacid transporter (42), GLUT4 en- 
codes an transmembrane insulin-regulated glucose trans- 
porter (43) and PLAP encodes a placental alkaline phos- 
phatase (a GPI-anchored plasma membrane protein) 
(44). The three proteins are N-glycosylated and trans- 
ported to the plasma membrane. COSl cells transfected 
with these three cDNAs, normally express the cor- 
responding protein. The expression and distribution of 
LPL together with each of the three proteins was deter- 
mined by double immunofluoresence (Fig. 7). When cells 
expressed the wild type LPL and rBAT, GLUT4 or 
PLAP, the label was broadly distributed (Fig. 7A and B 
show the distribution of rBAT and LPL in cells expressing 
the wild type LPL; for GLUT4 and PLAP this is not 
shown). However, coexpressed mutant LPL and rBAT or 
GLUT4 colocalized in a clear pattern of bright fluores- 
cent perinuclear spots (Fig. 7C, D, E and F>. Neverthe- 
less, PLAP protein expressed in mutant LPL-expressing 
cells was clearly found in the plasma membrane (Fig. 7G 
and H), indicating that its processing was not affected by 
the ER accumulation of LPL. These findings suggest that 
the expression of the non-glycosylated LPL induces an al- 
teration in the ER that may lead to accumulation of some 
proteins synthesized in this compartment while others are 
processed normally. 

DISCUSSION 

Previous studies have indicated that most LPL regula- 
tion occurs posttranslationally. The importance of N- 
linked glycosylation of LPL in the development of its ac- 
tivity has been demonstrated in several studies (for 
review, ref. 2). LPL glycosylation may be involved in the 
control of secretion of the protein because tunicamycin- 
treated 3T3-Ll adipocytes accumulate LPL within the 
cell (22). Tunicamycin-treated brown adipocytes were 
shown by immunofluorescence to retain LPL in the endo- 
plasmic reticulum (18). As tunicamycin inhibits N- 
glycosylation of all proteins, it could, therefore, alter the 

accessory proteins that are needed for the correct process- 
ing of hLPL. In addition, it induces the synthesis of 21 

number of proteins, such as BiP (45, 46), that bind mis- 
folded proteins. These drawbacks, inherent in the use of' 
a nonspecific inhibitor, do not occur using site-directed 
mutagenesis. 

Semenkovich et al. (13) reported that Am43 is essential 
for both enzymatic activity and secretion of the enzyme. 
In our study, both wild type human LPL and mutant 
(N43A) LPL cDNAs were expressed in COSl cells and 
their intracellular distribution was studied by im- 
munofluorescence and immunoelectron microscopy. Cells 
transfected with the wild type human LPL cDNA ex- 
pressed high levels of active protein secreted into the 
medium. The intracellular distribution of wild type LPL 
in COSl cells corresponded to what would be expected for 
a secretory protein, Le., most of the staining was as- 
sociated with the ER, and some was associated with Golgi 
or Golgi-derived vesicles. These findings indicate that 
transfected cells secrete the expressed LPL correctly. In 
contrast, the mutant LPL (Asn 43 Ala) protein accumu- 
lated within cells, indicating, as previously reported (13), 
that N-glycosylation is essential for proper intracellular 
transport and secretion. Immunofluorescence and im- 
munoelectron microscopy showed that all the mutant 
LPL staining was associated with the ER, providing clear 
evidence of its retention in this biosynthetic com- 
partment. 

The retention of non-glycosylated LPL within the ER 
could be a consequence of its defective folding or oligo- 
merization, or both. The intracellular site of LPL dimeri- 
zation is still unknown (47), but there is evidence that 
most proteins oligomerize in the ER (25) before transit to 
the Golgi complex. Mutant, incompletely assembled, or 
aberrant glycosylated proteins are retained within the ER 
by complexing with proteins such as BiP (heavy chain- 
binding protein) (48). Furthermore, without the addition 
of N-linked sugars, numerous proteins fail to fold cor- 
rectly (49). The bulky polar N-linked oligosaccharides 
added cotranslationally have three potential functions in 
the folding process: they may ensure the correct local 
positioning of the peptide segments to which they arc 
bound; they may prevent the binding of chaperones to 
specific sites; and, because of their hydrophilic nature, 
they may render the folding intermediates more soluble, 
thus preventing their irreversible aggregation. N-glyco- 
sylation at Am43 may thus be a critical step for LPL fold- 
ing or oligomerization, so that its absence leads to the 
retention of LPL within the ER by binding to BiP or 
other ER folding proteins. 

A relevant finding in the current study is the altered ar- 
rangement and structure of the ER observed in cells ex- 
pressing mutant LPL. In  addition, coexpression of the 
mutant LPL and rBAT or GLUT4, transmembrane N- 
glycosylated proteins (36, 44), results in the retention of 

948 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


these proteins in the ER, although intracellular transport 
of the PLAP protein (a GPI-linked plasma membrane 
protein) is not affected. This differential effect can be the 
consequence of distinct intracellular processing pathways 
that are followed by transmembrane and GPI-linked 
plasma membrane proteins before reaching their final 
destination (50). In  mice with the genetic defect of com- 
bined lipase deficiency (cldkld), neither LPL nor hepatic 
lipase is processed beyond the high mannose stage and 
they are retained within a normal ER (51). However, the 
processing and secretion of adipsin, an N-linked glyco- 
protein (52), is not affected. The  altered ER distribution 
found in this study could be the result of the blocked co- 
translational transfer of the dolichol-linked oligosaccha- 
ride to the nascent polypeptide, the first step in N- 
glycosylation (21). 

T h e  altered distribution and structure of the ER result- 
ing from either tunicamycin treatment o r  expression of 
mutant LPL is very similar to that observed after treat- 
ment with DTT (dithiothreitol) (49). When reducing 
agents like DTT or oxidizing agents like diamide are 
added to cells, the redox conditions of the ER change and 
the folding, maturation, and transport of proteins are 
affected (53, 54). DTT, for example, partially reduces and 
fully oxidizes monomers of viral membrane glycoproteins 
within the ER. DTT prevents protein folding in the ER 
by inhibiting the formation of disulfide bonds. This leads 
to transport-incompetent proteins and to swelling of the 
ER compartment in Chinese hamster ovary cells (49). 
Unfortunately, there is no evidence available to suggest 
that the absence of N-glycosylation in LPL could have any 
effect on the formation of disulfide bonds. Although 
several missense mutations have been reported in human 
LPL deficiency (55), until now, no patient with the Asn 
43 Ala substitution has been found. Although highly 
speculative, it is possible that a human mutation at this N- 
linked glycosylation site could lead to the blocking of the 
normal intracellular processing of other proteins in mu- 
tant LPL expressing cells. 

In  summary, our  findings demonstrate that core glyco- 
sylation of lipoprotein lipase in the ER is essential to its 
efflux from this compartment. In addition, we have pro- 
vided evidence that retention of non-glycosylated LPL in 
the ER induces a morphological change in the ER and the 
accumulation of other non-related proteins. I 
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