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SUMMARY

The role of N-glycosylation in the expression, stability, and
ligand recognition by the cocaine- and antidepressant-sensitive
human norepinephrine transporter (NNET) was assessed in sta-
bly and transiently transfected cell lines. The use of hNET-
specific antibodies and the membrane-impermeant biotinylat-
ing reagent sulfosuccinimidobiotin establishes that treatment of
stably transfected LLC-PK, cells with tunicamycin depletes
surface membranes of mature hNET glycoproteins, which is
consistent with a failure of less stable, nonglycosylated sub-
units to replenish surface compartments. To determine whether
N-glycosylation plays a direct role in hNET stability, surface
expression, and ligand recognition, we mutated the three
hNET canonical N-glycosylation sites (hnNETN184,192,198Q)
and transiently expressed the mutant cDNA in parallel with
the parental hNET construct in HeLa and COS cells.
hNETN184,192,198Q protein exhibited increased electro-

phoretic mobility (~46 kDa), similar to that of enzymatically
N-deglycosylated hNET protein, which confims the use of
canonical sites in the second extracellular loop of the trans-
porter. ANETN184,192,198Q protein in HeLa and COS extracts
was reduced ~50% relative to hNET protein in parallel trans-
fections, demonstrated to arise from a reduction in transporter
half-life, which is consistent with the proposed role of N-glyco-
sylation in hNET stability. Both HeLa and COS cells transfected
with hNETN184,192,198Q exhibit a significantly greater reduc-
tion in transport activity than can be accounted for by losses in
either total or surface NET protein. Furthermore, sensitivity of
catecholamine transport to unlabeled substrate and antago-
nists was unchanged in the mutant, suggesting that residual
nonglycosylated surface hNETs execute a key step in the trans-
port cycle after ligand recognition with reduced efficiency.

The extracellular concentration of NE bathing synaptic
and extrasynaptic adrenergic receptors is regulated by pre-
synaptic NET proteins (1, 2). NETs utilize transmembrane
Na* and Cl™ gradients to drive NE accumulation inside
presynaptic terminals and varicosities, an electrogenic pro-
cess (3) that is blocked by tricyclic antidepressants and co-
caine (4-6) but whose precise mechanisms remain largely
undefined. Expression cloning of the hNET cDNA (7) dem-
onstrated that a single cDNA is sufficient to confer antide-
pressant-sensitive, Na*-dependent NE transport onto non-
neuronal cells. The predicted hNET polypeptide possesses 12
potential TMDs, cytoplasmic NH, and COOH termini, and a
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large hydrophilic loop between TMDs 3 and 4 that contains
three consensus sites for N-glycosylation. Subsequent homol-
ogy cloning efforts based on the sequence similarity of NET
and a rat brain y-aminobutyric acid transporter isoform
(GAT1) revealed a family of transporter proteins whose pre-
dicted structures share multiple topological features (8, 9). In
particular, the conservation of multiple N-glycosylation sites
in the second extracellular loop implies an essential role for
N-glycosylation for biosynthesis and/or function of all GAT/
NET homologs. Heterogeneity in N-glycosylation is evident
for GAT/NET homologs after transfection into different cell
hosts (10-12). Native monoamine transporters also exhibit
heterogeneous N-glycosylation in vivo with regional and de-
velopmental variations evident (12-14). Reports of reduced
transport activity mediated by GAT/NET homologs after
treatment with N-glycosylation inhibitors (10, 15) are consis-
tent with an essential role of carbohydrate attachment in
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transporter function, although they fail to distinguish among
possible roles of N-glycosylation in protein biosynthesis, pro-
tein stability, surface trafficking, ligand recognition, and
substrate translocation. Synaptosomal DA transporters
treated with neuraminidase to remove terminal sialic acid
residues exhibit a reduced capacity for amine transport but
no apparent shift in substrate recognition (16), suggesting a
role for N-glycosylation in steps of transport after catechol-
amine binding. In other membrane proteins, N-glycosylation
can play an important (17, 18) or an inconsequential (19, 20)
role in ligand recognition and transport properties, limiting
the scope of generalizations from genetically unrelated trans-
porters.

We described the use of a peptide-directed ANET Ab (N430
Ab) for characterization of hNET protein biosynthesis and
N-glycosylation in transfected cells (10). Immunoreactive
hNET protein in stably transfected LLC-PK, cells [LLC-NET
(21)] was found to be composed of 80- and 54-kDa species,
whereas only a 54-kDa species was evident in transiently
transfected HeLa cells. Enzymatic deglycosylation and met-
abolic inhibition of N-glycosylation with TM verified that
nonglycosylated hNET protein in both cell types migrates at
~46 kDa. Thus, differential N-glycosylation accounts for the
variant sizes of hNET glycoproteins in LLC-NET cells as well
as the mobility difference observed in comparison with tran-
siently transfected HeLa cells. Pulse-chase metabolic label-
ing/immunoprecipitation analyses revealed that the 54-kDa
species in LLC-NET cells is most likely a metabolic precursor
of the 80-kDa form, although significant quantities of the
54-kDa form are measurable at steady state. TM-mediated
blockade of N-glycosylation in LLC-NET cells reduces both
Vmax Of substrate transport and B, of radioligand binding,
suggesting that N-glycosylation of hNET protein may play an
important role in functional expression. Pulse-chase analysis
of hNET synthesized in the presence or absence of TM in
LLC-NET cells demonstrated that nonglycosylated hNET
was markedly unstable and thereby unlikely to contribute to
the residual transport activity observed in TM-treated cells.
Therefore, we hypothesized that the partial retention of
transport activity after TM treatment was a reflection of
residual mature hNET at the cell surface, synthesized before
the addition of TM, rather than the surface expression of a
nonglycosylated transporter of compromised function. Be-
cause TM has pleotropic effects on all cellular glycoproteins,
even the reduced stability of hANET subunits observed might
not reflect a role of hNET glycosylation per se in maintaining
transporter stability.

In the current study, we used cell surface biotinylation (22,
23) of cells transfected with hNET and hNET that lacked
N-glycosylation sites and both biosynthetic and functional
assays to more definitively explore the role of N-glycosylation
in hNET trafficking, stability, and ligand recognition. We
demonstrated that in LLC-NET cells, the most heavily gly-
cosylated 80-kDa form is enriched in surface membranes
relative to cytosolic markers and the 54-kDa hNET interme-
diate. As predicted, TM treatment of LLC-NET cells signifi-
cantly depleted the surface pool of 80-kDa material rather
than populating these membranes with a nonfunctional non-
glycosylated hNET polypeptide, although this effect may
have less to do with trafficking efficiency and more to do with
compromised protein stability. Thus, although nonglycosy-
lated hNET was less abundant than N-glycosylated hNET in
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transfected cells, it seemed to reach the surface with equiv-
alent, if not enhanced, efficiency. The nonglycosylated hNET
that reached the surface seemed, however, to have a compro-
mised capacity to transport, suggesting contributions of the
TMD 3-4 loop in conformational changes that mediate trans-
location of substrates after they bind the carrier.

Experimental Procedures

Materials. Cell culture media (DMEM and MEM) were purchased
from Fisher Scientific (Pittsburgh, PA), and fetal bovine serum was
obtained from Hyclone Laboratories (Logan, UT). Trypsin, glu-
tamine, penicillin, streptomycin, OptiMEM media, and Lipofectin
were obtained from GIBCO BRL (Baltimore, MD). pBluescript SKII~
plasmid was obtained from Stratagene (La Jolla, CA), and pcDNA3
plasmid was from InVitrogen (San Diego, CA). Vaccinia virus-T7
RNA polymerase (vVITF7-3) was a gift from Dr. Bernard Moss (Na-
tional Institute of Allergy and Infectious Diseases, Bethesda, MD).
Sulfo-NHS-biotin and monomeric-avidin beads were purchased from
Pierce Chemical (Rockford, IL). Monoclonal actin Ab was obtained
from Boehringer-Mannheim Biochemicals (Indianapolis, IN). HRP-
conjugated goat anti-rabbit Ab, SDS-PAGE molecular weight stan-
dards, and SDS-PAGE reagents were from BioRad (Hercules, CA).
Tran®°S label (1131 Ci/mmol) and methionine/cysteine-deficient me-
dia were obtained from ICN Biochemicals (Lisle, IL). [*'HIDA (48.6
Ci/mmol), HRP-conjugated sheep anti-mouse Ab, HRP-conjugated
streptavidin, ECL reagents, Hybond ECL nitrocellulose membrane,
and Hyperfilm ECL were purchased from Amersham (Arlington
Heights, IL). Protein A-Sepharose was obtained from Pharmacia
(Piscataway, NJ). EcoScint H scintillation fluor was obtained from
National Diagnostics (Manville, NJ). Nomifensine was obtained from
Research Biochemicals (Natick, MA), and desipramine and TM were
purchased from Sigma Chemical (St. Louis, MO). All other materials
were obtained from standard commercial vendors and were of the
highest grade possible.

Site-directed mutagenesis. Oligonucleotide-directed mutagen-
esis of ANET ¢cDNA was performed on single-stranded DNA prepared
from hNET in pBluescript SKII™ in which the 6’ noncoding region
had been removed (pCGT110) and the hNET coding sequence was
downstream of the T7 RNA polymerase promoter in a sense orien-
tation. Mutant hNETN192,198Q, which leaves only the first canon-
ical N-glycosylation site in the second extracellular loop, was first
generated using the sense oligonucleotide 5'-CTTGGAGTACTTG-
GTGTGTTGGCCAAGCACGGAGCCTTGGA-GGAGCTTGGGGTC-
GGTACAGTT-3'. Mutant hNETN184,192,198Q, lacking all N-glyco-
sylation sites, was subsequently generated by mutagenesis of single-
stranded DNA from hNETN192,198Q using the sense oli-gonucle-
otide 5'-CTTGGGGTCGGTACATTGGGGGCTGTTCCAGGT-3'. Mu-
tants were screened by directly sequencing double-stranded DNA
using Sequenase (United States Biochemical Corp., Cleveland, OH)
and primers flanking the mutagenic region. The mutated regions
were removed using Xmal/Scal, ligated into Xmal/Scal-digested
pCGT110, and resequenced across the ligation region. To place pa-
rental and mutant hNETs under the control of a mammalian pro-
moter for expression in COS cells, cDNAs were removed from pBlue-
script SKII™ constructs via EcoRI/BamHI digestion and cloned into
EcoRU/BamHI-digested pcDNA3 downstream of the cytomegalovirus
promoter.

Cell lines and transfections. Cell lines were maintained at 37°
in 5% CO,. HeLa and COS-1 cells were grown in DMEM, and LLC-
NET cells were grown in MEM. All media were supplemented with
10% fetal bovine serum, 2 mM glutamine, and 100 units/ml penicillin/
streptomycin. HeLa cells were transfected for the times indicated
using the vaccinia T7 expression system (100,000 cells in 24-well
culture plates) essentially as described (10) but using a 2:1 lipofectin/
DNA ratio to increase functional expression levels of mutant hNET.
To determine whether reduced temperature during expression would
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alleviate reductions in activity observed with hNETN184,192,198Q,
transfected cells were maintained at 26° rather than at 37° for the
times indicated before assay (always at 37°). For pulse-chase/immu-
noprecipitation studies, 5 X 10° HeLa cells/well in six-well plates
(35-mm wells) were transfected with 5 ug of cDNA using a 3:1
lipofectin/DNA ratio. For surface biotinylation studies, COS cells
were transfected 24 hr after plating 2 X 10° cells in six-well dishes
using 2 ug of DNA and a 5:1 ratio of Lipofectin/DNA.

Pulse-chase determination of hNET half-life in transiently
transfected HeLa cells. HeLa cells were transfected with wild-type
hNET or mutant hANETN184,192,198Q. At 3.5 hr after transfection,
cells were washed three times in methionine/cysteine-free DMEM
and incubated with methionine/cysteine-free DMEM for 30 min at
37°. Deficient medium was removed and replaced with methionine/
cysteine-free medium supplemented with Tran®’S Label to a final
concentration of 500 uCi/ml. After pulse labeling for 10 min at 37°,
labeled medium was removed, and cells were washed and then
incubated with unlabeled, complete HeLa media. Cells were solubi-
lized at 0.5, 2, 4, 8, and 12 hr in RIPA buffer (10 mum Tris, pH 7.4, 150
mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% Na deoxy-
cholate) for 26 min at 4° and hNET-immunoprecipitated as described
previously (10). Quantification was performed by scanning densitom-
etry after establishment of linearity ranges for ECL protein quanti-
fication. Density values were plotted for each experiment (four sep-
arate experiments with five time points each) as a function of chase
time to permit a determination of hANET and hNETN184,192,198Q
half-life. Steady state hNET and hNETN184,192,198Q protein
(three experiments) were quantified by densitometry of N430 Ab
immunoblots (0.5 ug/ml affinity-purified Ab) of transfected cell ex-
tracts taken 6 hr after transfection as described previously (10). Data
were normalized for loading by subsequent scans of actin immuno-
reactivity on immunoblots stripped with 100 mM B-mercaptoethanol,
62.5 mM Tris, pH 6.7, and 2% SDS for 30 min at 50°, followed by two
10-min washes in PBS/0.5% Tween-20 at room temperature.

Cell surface biotinylation of hNET in LLC-NET and tran-
siently transfected COS cells. Cell surface biotinylation of LLC-
NET cells was performed according to a modification of the proce-
dures described by Sargiacomo et al. (22, 23). Stock solutions of
sulfo-NHS-biotin (200 mg/ml in DMSO) were stored at —20° before
use. Immediately before each experiment, 1 mg/ml sulfo-NHS-biotin
solutions were prepared by dilution into ice-cold calcium- and mag-
nesium-supplemented PBS Ca/Mg (138 mM NaCl, 2.7 mM KCl, 1.5
mM KH,PO,, 9.6 mM Na,HPO,, 1 mM MgCl,, 0.1 mMm CaCl,, pH 7.3).
Cells were washed four times with ice-cold PBS Ca/Mg, sulfo-NHS-
biotin solutions (1 ml) were applied, and cells were gently shaken for
25 min at 4°. Free sulfo-NHS-biotin was removed by washing four
times with ice-cold PBS Ca/Mg, and biotinylated cells were solubi-
lized in 1 ml of RIPA buffer. Samples were centrifuged at 20,000 X
& to pellet nonsolubilized material, and protein determinations were
performed on supernatants using the DC Protein Assay (BioRad)
with BSA as a standard. Biotinylated proteins were separated from
nonbiotinylated proteins by batch affinity chromatography using
monomeric avidin beads (250 ul beads/300 ug protein). Before use,
irreversible biotin binding sites on beads were blocked with 2 mm
biotin in PBS for 15 min at room temperature, and reversible biotin
sites were exposed by washing beads three times in 1 ml of 0.1 M
glycine, pH 3. Beads were reequilibrated in PBS by washing four
times in 1 ml of PBS and then resuspended in PBS to the origin
volume. Equivalent amounts of total cell protein were incubated with
beads for 1 hr at room temperature, the beads were centrifuged, and
samples of the supernatant were stored on ice for subsequent anal-
ysis. Beads were washed four times in 1 ml of RIPA buffer, and
samples of the final wash were kept on ice for subsequent analysis.
Biotinylated proteins were eluted from beads by incubation with
Laemmli SDS-PAGE sample buffer for 15 min at room temperature.
Samples were not eluted by boiling because of increased aggregation

of hNET proteins at elevated temperatures.! Duplicate samples were
analyzed for biotin and hNET content by immunoblotting on parallel
gels. Biotinylated proteins were detected using HRP-conjugated
streptavidin (1:5000). Blots were stripped as described above and
stored in blocking solution at 4° until they were reprobed. Control
actin bands were detected using monoclonal anti-actin Ab (0.5 ug/ml)
and HRP-conjugated sheep anti-mouse secondary Ab (1:10,000). Im-
munoreactive bands were visualized by ECL on Hyperfilm ECL.
Quantitative densitometry for assessment of steady state hNET
levels in total extracts and surface fractions was normalized for
loading using actin bands from total fractions obtained on stripped
and reprobed blots. Before quantification, exposures were calibrated
with HRP standards and exposure time to ensure that densities used
were within the linear range of the film. Results reflect average data
across multiple plasmid preparations for both mutant and parental
DNAs. In certain experiments, 10 ug/ml TM was added to LLC-NET
cells 24 hr before biotinylation to examine the effect of chemical
inhibition of N-glycosylation (10) on cell surface hNET. COS cell
biotinylation experiments were modified (23) to decrease labeling of
intracellular proteins and increase recovery of labeled proteins re-
sulting from lower signal/noise ratios (relative to stably transfected
LLC-NET cells). In particular, cells were washed twice in PBS
Ca/Mg and incubated in PBS Ca/Mg containing 50 mM NH,Cl on ice
for 15 min before solubilization with RIPA and incubation with
avidin beads as described above. Biotinylated proteins were eluted
with 0.1 M glycine, pH 2.8; neutralized with 1 M Tris, pH 9.5; and
diluted to 1X Laemmli sample buffer for SDS-PAGE.

Uptake assays. Transfected HeLa cells and COS cells were
washed once and preincubated in buffer (120 mM NaCl, 4.7 mMm KCl,
2.2 mM CaCl,, 1.2 mm MgSO,, 1.2 mm KH,PO,, 0.18% glucose, 10 mM
HEPES, pH 7.4) for 10 min at 37°. Functional studies in HeLa cells
were conducted after 6-hr transfections unless otherwise indicated,
whereas COS assays were performed 48 hr after transfection. For
inhibition studies, antagonists were included in the preincubation
step, whereas unlabeled DA was added simultaneously with tracer.
Assays were initiated by the addition of [*HIDA (dihydroxyphen-
yl{1,2-*Hlethylamine) to a final concentration of 100 nM for HeLa
cells and 50 nM for COS and incubated (30 min for HeLa, 10 min for
COS) at 37°. We used DA instead of NE as a transport substrate
because of the reduced cost and increased stability and because the
two amines are transported with similar kinetics (8). Uptake was
arrested by three 1-ml ice-cold buffer washes, cells were solubilized
in 1% SDS, and [®HIDA accumulation was determined by liquid
scintillation spectrometry. Specific uptake was determined by sub-
tracting the amount of accumulated [3H]DA in parallel pBluescript
SKII™-transfected HeLa cells or -transfected COS cells incubated
with 10 uM desipramine (equal to pcDNA3-transfected COS cells).
Resulting data were plotted, and ICg, values were obtained using
nonlinear least-squares curve fits to a four-parameter logistic inhi-
bition equation (Kaleidagraph, Synergy Software). K; values were
derived from ICg, values as described by Cheng and Prusoff (24).

Results

The 80-kDa hNET is the predominate surface form in
LLC-NET cells. Our first task in examining the impact of
N-glycosylation on hNET expression was to establish which
of two hNET isoforms expressed by LLC-NET cells (21) at
steady state reaches the plasma membrane. The membrane-
impermeant biotinylating reagent sulfo-NHS-biotin was
used to covalently biotinylate cell surface proteins and bioti-
nylated proteins were then isolated from nonbiotinylated
proteins by batch affinity chromatography using monomeric
avidin-agarose beads (Figs. 1 and 2). Using HRP-conjugated
streptavidin (Fig. 1A), biotinylated proteins could be detected

1 H. E. Melikian, unpublished observations.
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Fig. 1. Cell surface biotinylation of hNET in LLC-NET cells. LLC-NET
cells were biotinylated with sulfosuccinimidobiotin, fractionated over
monomeric avidin beads, separated by 10% SDS-PAGE, blotted, and
probed with (A) HRP-coupled streptavidin or (B) N430 Ab (0.5 ng/ml) as
described in Experimental Procedures. Loading in total and supemna-
tant lanes for biotinylated and nonbiotinylated extracts to assess the
impact of biotinylation on N430 immunoreactivity was balanced for
protein content (25 ug), whereas the entire surface fraction recovered
after avidin chromatography (e/uent) was split between the N430 and
streptavidin blots. C, Relative isoform distribution of hNET protein in
subcellular fractions. Bar graph, ratio of 80-kDa:54-kDa species ob-
served in the total extract (3.25 + 0.41), supemnatant (intracellular pool
and nonbiotinylated surface proteins) after batch absorption on avidin
agarose (1.45 * 0.35), and eluent (cell surface pool) after elution from
avidin agarose (23.7 * 7.5). Mean *+ standard error values used for ratio
determination were obtained by scanning densitometry and normalized
to actin immunoreactivity on stripped and reprobed immunoblots (three
experiments).
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Fig. 2. Effect of TM on cell surface abundance of hNET in LLC-NET
cells. After treatment with TM (10 ug/mi, 24 hr) or vehicle, LLC-NET
cells were biotinylated, subjected to 10% SDS-PAGE, blotted, and
probed with (A) HRP-conjugated streptavidin (1:5000), (B) N430 Ab 0.5
png/ml, or (C) actin Ab (0.5 ug/ml) as described in Experimental Proce-
dures. Loading in total and intraceliular (supermnatant) lanes for vehicle
and TM was balanced for protein content (33 ug), whereas half of the
entire surface fraction recovered after avidin chromatography was split
between the N430/actin blot and a parallel streptavidin blot. Actin
detection was performed on the N430 biot after stripping.

in whole-cell extracts and eluent (surface) lanes but not in
the supernatant (intracellular) fraction. On a parallel blot,
N430 Ab detected both 80- and 54-kDa hNET proteins in the
total cell extract as described previously (10). Biotinylation
had no effect on hNET detection by N430 Ab. The superna-
tant fraction contained both 80- and 54-kDa forms, although
compared with the 54-kDa form, the abundance of the 80-
kDa species was reduced relative to the whole-cell extract.
hNET in the surface fraction was largely composed of 80-kDa
forms. To control for possible permeation of sulfo-NHS-biotin
into cells, blots were stripped and reprobed with an Ab di-
rected against the intracellular protein actin. Actin segre-
gated exclusively with the nonbiotinylated proteins, consis-
tent with this material comprising an intracellular fraction
along with nonbiotinylated surface proteins (Fig. 2). When
levels of immunoreactivity for actin are used to normalize
hNET segregation across multiple experiments (three exper-
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iments) by densitometry, we could demonstrate an 8-fold
(p < 0.05, Student’s ¢ test) enrichment of the 80-kDa hNET
over the 54-kDa species in the cell surface fractions and a
depletion of 80-kDa hNET in the intracellular fractions rel-
ative to the whole-cell extract (Fig. 1B). Ratios of the 80-kDa
form to the 54-kDa form were 3.25 * 0.41 in the total cell
extract, 1.45 + 0.35 in the intracellular fraction, and 23.7 +
7.5 in the cell surface fraction.

TM treatment reduces cell surface abundance of 80-
kDa hNET in LLC-NET cells. Having established that the
80-kDa hNET form predominates at the cell surface of LLC-
NET cells, we next examined potential alterations in intra-
cellular and surface pools after 24-hr TM incubation (Fig. 2),
a treatment previously demonstrated to reduce LLC-NET
catecholamine transport and membrane radioligand binding
capacity. TM treatment results in an overall reduction in
80-kDa hNET, the disappearance of the 54-kDa form, and the
appearance of a shorter-lived 46-kDa species (10). Poten-
tially, a nonglycosylated and functionally compromised
hNET could replace the 80-kDa material in surface fractions,
contributing to reduced substrate transport. Inmunoblotting
of biotinylated material from control and TM-treated LLC-
NET cells revealed, however, that such treatments primarily
result in a marked reduction in 80-kDa hNET in the LLC-
NET surface fractions (Fig. 2B). The new 46-kDa hNET spe-
cies, presumed to represent nonglycosylated hNET polypep-
tide, was absent from surface fractions. No indication of actin
biotinylation was found after TM treatment, suggesting that
under our incubation conditions, TM does not appreciably
permeabilize a significant fraction of LLC-NET cells.

Construction and expression of hNET N-glycosyla-
tion mutant in HeLa cells. The potential for nonspecific
effects of TM, the mixture of residual N-glycosylated hNET
protein and nonglycosylated polypeptide in membranes from
TM-treated LLC-NET cells, and the lack of surface expres-
sion of nonglycosylated hNET in surface fractions preclude
conclusions as to whether N-glycosylation of hNET contrib-
utes to ligand recognition and substrate transport. To
achieve this goal, we altered the canonical N-glycosylation
sites in hNET by site-directed mutagenesis and tested the
consequences for protein expression, protein stability, sur-
face expression, and ligand recognition in transiently
transfected cells. Fig. 3A depicts the location of ca-
nonical N-glycosylation sites mutated in hNET, and Fig. 3B
depicts the electrophoretic mobility of hNET and
hNETN184,192,198Q mutant protein in HeLa cells. HeLa
cells transfected with hNET c¢cDNA synthesized a 54-kDa
polypeptide that can be enzymatically N-deglycosylated to
yield a 46-kDa polypeptide (10). Consistent with these find-
ings, hNETN184,192,198Q lacking the canonical N-glycosy-
lation sites in the TMD 34 loop migrates as a polypeptide of
46 kDa (see also Fig. 6). HeLa cells transfected for 6 hr with
hNETN184,192,198Q exhibited a substantial (96% loss of
function) reduction in [*H]DA accumulation (Table 1). Simi-
lar single-point assays conducted on hNETN184,192,198Q-
transfected COS cells revealed ~30% of the activity of hANET-
transfected cells (430.4 + 44.0 versus 1366.1 + 47.5 fmol/10®
cells/min, seven experiments). Saturation analyses of [CHIDA
transport in COS cells revealed monophasic kinetics for both
parental and mutant hNET and no significant alteration in
substrate K, (168.4 * 33.4 versus 183.7 * 93.2 nm). How-
ever, we did observe a significant reduction in V_,, (977.7 =
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Fig. 3. Site-directed mutagenesis of N-glycosylation sites in
hNETN184,192,198Q. A, Diagrammatic presentation of the location of
canonical N-glycosylation sites in topological model for hNET protein.
Barrels, putative TMDs; black boxes, relative location of N-glycosylation
sites between TMDs 3 and 4; underline, canonical N-glycosylation
motifs modified in hNETN184,192,198Q. B, Immunoblot of total cell
extracts (20 ug) of hNET and hNETN184,192,198Q-transfected HelLa
cells. Cells were solubilized 6 hr after transfection and underwent
SDS-PAGE (10%) and immunoblot with N430 Ab (0.5 ug/mi) as de-
scribed in Experimental Procedures. The particularimmunoblot chosen
is presented to emphasize migration differences between the two spe-
cies and does not accurately reflect relative abundance of
hNETN184,192,198Q protein as normalized by actin reprobing, which
on average was decreased to 45 + 13% of that observed in hNET-
transfected cells (four experiments).

65.4 versus 471.9 * 81.7 fmol/min/10° cell). Because mutant
transport activity in COS cells was not reduced to the degree
seen in HeLa cells and COS cells were always assayed 2 days
after transfections, we tested to determine whether longer
transfection times would elevate the relative activity of
hNETN184,192,198Q in HeLa cells. An increase in the trans-
fection time at 37° to 16 hr increased the activity of
hNETN184,192,198Q relative to hNET, but a 90% loss of
function was still evident (Table 1), suggesting that factors
other than expression time contribute to differential activity
losses in the two systems. Reduced efficiency of surface traf-
ficking of mutant membrane proteins arises, in some cases,
from a temperature-sensitive intracellular retention of oth-
erwise functional protein (25). We thus tested whether
hNETN184,192,198Q function in HeLa cells could be rescued
by a reduction in temperature during synthesis. Cells were
transfected according to our standard protocol and then
shifted for 6 hr to a reduced temperature (26°) before assay.
Transport was assayed at 37° in all cases. In this paradigm,
similar [*HIDA accumulation was observed for hNET- and
hNETN184,192,198Q-transfected cells (Table 1); however,
the overall expression level for both cDNAs was very low and
close to that seen with nontransfected cultures. Maintenance



TABLE 1
Desipramine-sensitive DA uptake in transfected Hela cells
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Transport activity measurements for hNET and N-glycosylation mutant hNET (hnNETN184,192,198Q) in transfected HelLa cells. Assays were performed as described
in Experimental Procedures either 6 or 16 hr after transfection. Assays were performed in triplicate at 37° after 26° or 37° transfection periods. All cells received

vaccinia-T7 virus for 2 hr at 37° before transfection. “Nonspecific” for all assays was defined by parallel incubations with 10 um desipramine and was equal to that
obtained with vector-transfected Hela cells. Values are mean * standard error based on the results of three experiments. hNET/hNET mutant represents ratio of

activities at the respective time and temperature.

Expression time temperature
6 hr 16 hr
26° 3r° 26° 37°
fmol/10° cells/min

cDNA
hNET 2.9 + 0.82 476.8 + 9.3 12.3 = 0.38 1164.6 = 41.7
hNET mutant 2.0 +0.27 19.7 + 0.6 22 +0.16 1133 +* 34
hNET/hNET mutant® 1.45 24.2 5.6 10.3

® Nonspecific accumulation was as follows: 6 hr, 26° = 7.9 fmol/10° cells/min; 6 hr, 37° = 13.8 fmol/10® cells/min; 16 hr, 26° = 4.8 fmol/10° celis/min; 16 hr,

37° = 21.8 fmol/10° cells/min.

of cultures at 26° for longer periods of time (16 hr) resulted
in an elevated level of activity for hNET-transfected cells
but failed to reveal a significant rescue of function for
hNETN184,192,198Q.

HeLa cells expressing hNET N-glycosylation mutant
exhibit reduced catecholamine uptake but normal li-
gand recognition. We next sought to determine whether
the reduced transport activity of hNETN184,192,198Q-
transfected HeLa cells arises from alterations in key aspects
of the substrate binding site. Thus, we determined whether
the substrate DA or two competitive, molecularly distinct
hNET antagonists exhibit altered potency for inhibition of
[®HIDA transport. As shown in Fig. 4, A-C, both parental and
mutant hNET activities were equivalently sensitive to inhi-
bition by DA (K; = 0.30 = 0.10 versus 0.28 *.10 uM), the
tricyclic desipramine (K; = 1.26 * 0.57 versus 1.45 + 0.86
nM), and the isoquinoline nomifensine (K; = 4.96 * 1.01
versus 4.88 * 1.41 nM). Similarly, transfected COS cells
exhibited a transport activity that was 32% of that of ANET-
transfected cells (430.4 + 44.0 versus 1364.1 * 47.5 fmol/
min/108 cells, seven experiments, 50 nM substrate), yet an-
tagonist sensitivity remained intact (data not shown). Thus,
the loss of functional activity seen with hANETN184,192,198Q
is unlikely to arise from improper ligand recognition.

Transfection of hNET N-glycosylation mutant yields
hNET protein with decreased protein stability. To de-
termine whether reduced catecholamine transport activity of
hNETN184,192,198Q-transfected cells could simply be
explained by decreased stability and lower polypeptide
levels, autoradiograms of immunoblots from hNET- and
hNETN184,192,198Q-transfected HeLa and COS cells were
scanned by densitometry and normalized for actin content on
stripped and reprobed blots. We found hNETN184,192,198Q
protein to be less abundant in whole-cell extracts of trans-
fected HeLa (45 = 13% of hNET, 6-hr transfection) and COS
cells (54.6 + 7.0% of hNET). The lowered steady state level of
hNET protein derived from the complete N-glycosylation mu-
tant could be accounted for by a problem with transporter
translation and/or stability. To examine this issue, we com-
pared the stabilities of hNET and hNETN184,192,198Q in
transiently transfected HeLa cells by pulse-chase metabolic
labeling followed by immunoprecipitation. HeLa cell hANET
bands from pulse-chase immunoprecipitations underwent
scanning densitometry, absolute and relative absorbances

were plotted versus chase time, and protein half-lives were
calculated from exponential decay curves fit to the data. Fig.
5, A and B, presents a representative autoradiogram and
exponential fit, respectively, used to evaluate hNET protein
turnover in transfected HeLa cells. Although absolute levels
of hNET protein recovered 30 min after the chase were re-
duced in the mutant (81.4 + 15.7 relative to hNET, four
experiments), this reduction could not account for the reduc-
tion in total hNET protein at 6 hr after transfection, assum-
ing that the subsequent degradation rates were equivalent.
Analysis of the full biosynthetic course of these proteins
reveals that hANETN184,192,198Q protein turnover is signif-
icantly accelerated, with a protein half-life reduced by 56 *
19% (p < 0.05, Student’s ¢ test) compared with hNET (2.8 +
0.9 versus 5.0 * 0.6 hr, four experiments).

Reduction in surface expression of glycosylation mu-
tant does not account for reduced transport. Although
diminished, the reduction in total ANETN184,192,198Q protein
in HeLa and COS cell extracts fails to account for the reduced
transport activity (96% loss in HeLa, 69% loss in COS). Because
the functional pool of hNET protein resides at the cell surface,
we wanted to determine how the relative abundances of ANET
and hNETN184,192,198Q in surface membranes compare with
the representation in total cell extracts and thus whether the
efficiency of trafficking hNETN184,192,198Q to the cell surface
was reduced relative to hNET, accounting for a greater loss of
transport than protein. Unfortunately, an unacceptable level of
background actin biotinylation of vaccinia-T7-infected HeLa
cells prohibited us from estimating the relative surface com-
partmentation of the two proteins in HeLa cells. We also exam-
ined other nonviral transient transfection techniques for
HeLa cells (data not shown) but found hNET expression to be
too low for surface analysis. Biotinylation of hNET and
hNETN184,192,198Q expressed in COS cells (Fig. 6A), how-
ever, could readily be achieved without significant biotinylation
of intracellular actin (Fig. 6B). Quantification of COS cell bioti-
nylation experiments is presented in Table 2. In unfractionated
extracts of hANET-transfected COS cells, 46- and 54-kDa forms
are detected by N430 Ab in roughly equivalent abundance. The
46-kDa species comigrates with the single species evident in
total extracts from hNETN184,192,198Q-transfected COS cells.
Surface fractions of hNET-transfected COS cells contain both
46- and 54-kDa forms, in essentially similar ratios as the total
cell extract, whereas hNETN184,192,198Q surface pools con-
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Fig. 4. hNET and hNETN184,192,198Q substrate and antagonist sen-
sitivity. Uptake studies were performed on Hela cells 6 hr after trans-
fection with either wild-type (@) or glycosylation mutant ((J) hNET. Data
for DA (A), desipramine (B), and nomifensine (C) incubations are plotted
as a percentage of specific [PH]DA uptake. Nonspecific accumulation
was determined from transfections with pBluescript SKII~, and the
values were subtracted from the total accumulation to determine spe-
cific transport. Representative experiments performed with hNET and
hNETN184,192,198Q transfected in parallel cultures are presented for
each compound.

tain only the 46-kDa form. N430 Ab immunoreactive protein in
surface fractions of ANETN184,192,198Q-transfected COS cells
was reduced to 71% of the level recovered in surface pools of
hNET transfected cells, whereas activity loss should predict a
drop to 48% of the surface hNET pool. Thus, reduction in sur-

A
05 2 4 8 n 05 2 4 8 12 Time(hre)
o gon) + " .
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" - LA
wiid type hNET Giycosylation mutant
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Time Post Chase (hrs)

Fig. 5. Pulse-chase estimation of hNET and hNET N184Q, N192Q,
N198Q stability in transfected HelLa cells. A, HelLa cells were trans-
fected with either wild-type hNET or hNETN184,192,198Q cDNA,
pulse-labeled, incubated with unlabeled media for the indicated times,
immunoprecipitated with N430 Ab, and autoradiographed as described
in Experimental Procedures. B, Plot of band intensities, expressed as a
percentage of initial time point, plotted as a function of time and fit by
exponential decay curve. Densities across the experiment were ex-
pressed as the fraction remaining after chase with unlabeled media.
Average half-life for ANET and hNETN184,192,198Q proteins was de-
termined to be 5.0 + 0.6 and 2.8 * 0.9 hr, respectively (mean value
from four experiments separate experiments with five time points each).

face trafficking of hNET protein alone cannot account for the
loss of transport activity. Indeed, comparison of the efficiency by
which nonglycosylated 46-kDa proteins derived from the two
cDNAs appear in surface pools (amount in surface/amount in
total extract) demonstrates that if anything, the presence of a
canonical N-glycosylation site reduces the efficiency by which
NET proteins populate surface fractions of transfected COS
cells.

Discussion

N-glycosylation of hNET is a feature of the biosynthesis of
the transporter in transfected HeLa and LLC-NET cells (10).
In LLC-NET cells, 80- and 54-kDa species were detected by
hNET-specific Abs, with pulse-chase studies indicating that
the 54-kDa species is a short-lived biosynthetic precursor of
the 80-kDa protein. We estimated the half-life of the 80-kDa
form to be ~24 hr, whereas the 54-kDa form is either further
processed or degraded 4 hr after translation. In HeLa cells,
we found only a 54-kDa form. This form shares a common
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Fig. 6. Cell surface labeling of ANET and hNETN184,192,198Q in tran-
siently transfected COS cells. COS cells were transfected with hNET
and hNETN184,192,198Q cDNAs in pcDNA3 or with pcDNA3, and cell
surface biotinylation was performed 48 hr after transfection as de-
scribed in Experimental Procedures. Total and intracellular fractions
were balanced for protein before loading loading (5 ng/lane), whereas
the entire sample eluted from the avidin beads was loaded as the
biotinylated, cell surface fraction. Blots were first probed with N430 Ab
(0.5 ng/mi) and then stripped and reprobed with actin Ab (0.5 ug/mi)
before autoradiography and scanning densitometry (Table 2).

core size with the LLC-NET hNET proteins of 46 kDa, indi-
cating that the two cell types N-glycosylate the transporter to
different extents. No pharmacological differences between
hNET expressed in these two environments were found, sug-
gesting that N-glycosylation might have contributed more to
biosynthetic rates, subcellular compartmentation, or sub-
strate translocation rates. Indeed, we noted that TM block of
N-glycosylation in LLC-NET cells rendered hNET unstable
and depleted membranes of hNET antagonist binding capac-
ity. We surmised that the TM reduction in catecholamine
transport arose from reduced surface expression of hNET
proteins rather than from an important role of N-glycosyla-
tion in ligand binding or substrate translocation. Although
these initial findings suggest a role of N-glycosylation in
maintaining protein stability, we were unable to directly
assess whether N-glycosylation per se plays a role in hNET
stability, surface trafficking, and/or ligand recognition. First,
TM treatment blocks N-glycosylation of all cellular glycopro-
teins, and therefore alterations in stability and transport
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activity might arise secondarily as a result of perturbations
in an unrecognized, but essential, protein. Even with this
concern discounted, transport activity in TM-treated LLC-
NET cells may be dominated by residual N-glycosylated ma-
terial synthesized before TM addition, still at the cell surface.
Radiolabeled antagonist binding to TM-treated cell mem-
branes presumably reflects a contribution of both N-glycosy-
lated (before TM) and non-N-glycosylated (after TM) hNET
proteins, which clouds the issue. In our study, direct enzy-
matic deglycosylation of LLC-NET membranes proved to be
of no use in this analysis because enzymatic treatments
sufficient to remove all N-linked sugars from hNET essen-
tially abolished hNET ligand recognition, which is consistent
either with a role of N-glycosylation in antagonist binding or,
more likely, a nonspecific disruption of membrane proteins
under the rather harsh enzymatic conditions that were used.
Finally, we lacked the ability to distinguish cell surface
hNET from intracellular hNET because available radioli-
gands are highly membrane permeant, and thus caution is
necessary when translating data from whole-cell binding to
surface density estimates.

In the current study, we implemented a cell surface biotin-
ylation paradigm (22) and established that the 80-kDa hNET
synthesized in LLC-NET cells is the predominate surface
form and thus largely accounts for the catecholamine trans-
port activity of these cells. Intracellular actin, blotted in
parallel, appeared only in nonfractionated or intracellular
fractions. The low, but detectable, level of 54-kDa hNET in
the surface fraction may indicate a limited accessibility of
this form to surface trafficking pathways in overexpression
systems or a minor degree of accessibility of sulfo-NHS-biotin
to the intracellular compartment of lysed or otherwise dam-
aged cells. With the ability to identify the surface hNET
responsible for activity in LLC-NET cells, we were able to
validate that TM treatment reduces activity primarily
through a depletion of the cell surface 80-kDa form and not
through the substitution of a nonfunctional subunit. The
46-kDa nonglycosylated protein synthesized after TM treat-
ment fails to reach the cell surface in significant quantities in
these cells, most likely due to its marked instability (10).
Thus, functional experiments that report changes in trans-
port capacity of hNET or homologs after chemical treatments
to block N-glycosylation (15, 26) probably report function of a
reduced population of N-glycosylated transporter still
present at the cell surface rather than the importance of
N-glycosylation in ligand recognition or transport kinetics
per se. Recently, investigators studying the effects of TM on
the homologous GLYT1 transporter expressed in COS cells
(27) also inferred that TM results in the formation of an
unstable, nonglycosylated polypeptide that is unlikely to pop-
ulate surface membranes efficiently.

To directly assess the role of N-glycosylation in hNET
expression, stability, surface localization, and ligand recog-
nition, we used site-directed mutagenesis to generate an
hNET mutant devoid of all canonical N-glycosylation sites
(hNETN184,192,198Q). Mutant hNET polypeptides ex-
pressed in HeLa and COS cells migrate on SDS-PAGE at 46
kDa, essentially the size previously observed in enzymatic
deglycosylation experiments (10) and after TM treatment
(data not shown). Confirmation that the N-glycosylation sites
in this domain are used supports that this domain is extra-
cellular in the present topological model for hNET (7) be-
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TABLE 2
Distribution of glycosylated and nonglycosylated hNET proteins in transfected COS celis

Estimation of total and surface representations of glycosylated and nonglycosylated hNET proteins in hNET-transfected COS cells and the distribution of N-

glycosylation mutant ("WNETN184,192,198Q) protein, quantified in parallel transfections. Cells were transfected, biotinylated, harvested, and immunoblotted as
described in Experimental Procedures. Pool fraction represents the relative representation + standard error based on three experiments) of each isoform
in the pool listed. Surface recovery represents the distribution of ANET proteins in surface fractions relative to abundance in the total extract. Mutant recovery reflects
the fraction of 46-kDa protein present in hANETN184,192,198Q-transfected COS cells relative to the amount of hNET protein (46 + 54 kDa) in hNET-transfected COS
cells. Mutant surface enrichment reflects the fraction of surface/total NET protein for hANETN184,192,198Q-transfected COS cells divided by the same ratio achieved

in hNET-transfected COS cells. Values are average * standard error based on three separate experiments with all experiments normalized by actin content.

cDNA Pool Isoform Pool fraction Surface recovery Mutant recovery Mutant surface enrichment
kDa %
hNET
Total 46 51116 N.A. N.A. N.A.
54 489 + 1.6 N.A. N.A. N.A.
Surface 46 499 +18 0.69 + 0.05 N.A. N.A.
54 511 =18 0.67 = 0.05 N.A. N.A.
hNETN184,192,198Q
Total 46 100 N.A. 54.6 + 7.0° N.A.
Surface 46 100 0.91 = 0.04* 709 = 3.0° 133.2 + 140

# Significantly increased surface recovery (p < 0.05, Student’s t test) of 46-kDa NET protein relative to protein in the total extract compared with hNET-transfected

cells.

® Significantly reduced immunoreactive NET protein (p < 0.05, Student’s t test) in hNETN184,192,198Q-transfected COS cells (46 kDa) compared with hNET-

transfected COS cells (46 + 54 kDa).

¢ Significantly greater level (p < 0.05, Student's t test) of NET protein in surface pool of h(NETN184,192,198Q-transfected COS cells than expected from change
in transport V,,,, (48 = 3.2%, three experiments), assuming that glycosylated and nonglycosylated NET isoforms are equivalently functional.

N.A. = not applicable.

cause, with few exceptions (28), luminal enzymes are respon-
sible for N-glycosylation (29, 30). When HeLa and COS cell
immunoblots were normalized for actin content, we found
hNETN184,192,198Q levels to be ~50% of those in hNET-
transfected cells, findings that were consistently observed
and that spanned multiple plasmid preparations. This reduc-
tion in steady state protein was largely accounted for by a
~50% reduced half-life of the mutant protein. Our previous
study (11) on the rat serotonin transporter expressed in Sf9
cells also indicated that failure to N-glycosylate this closely
related hNET homolog reduced protein levels, accounting for
losses in membrane antagonist (RTI-55) binding capacity.
Reductions in stability have been seen for other transporters
lacking N-glycosylation sites. For example, mutant GLUT1
glucose transporters exhibit a reduced protein half-life (31),
and mutant GLYT1 glycine transporters achieve markedly
reduced steady state levels in transfected cells, possibly be-
cause of increased turnover (27). N-glycosylation may be an
indication that hNET has folded correctly, restricting its
access to intracellular proteases responsible for ensuring fi-
delity in protein topology. The greater reduction in half-life of
hNET protein in TM-treated LLC-NET cells relative to that
found with hNETN184,192,198Q may reflect differences in
the cellular context of expression, the increased stability of
the 80-kDa form not produced in HeLa and COS cells, non-
specific effects of TM, or a combination. More importantly,
the reduced steady state level of hNET protein in HeLa and
COS cells does not explain the greater functional loss ob-
served in transport assays. Rather, it seemed that the mu-
tation must either reduce cell surface trafficking efficiency or
compromise specific aspects of the transport mechanism over
and above its effects on hNET stability.

We could find no evidence for reduced surface trafficking of
the nonglycosylated hNET protein beyond that expected from
loss of protein stability. Defects in function in HeLa cells
could not be overcome by maintenance of low temperatures
during expression, a strategy that does restore surface ex-
pression of some intracellularly retained, but otherwise func-
tional, mutant proteins such as the CFTR protein (25). More

directly, we found that ANETN184,192,198Q protein actually
is found in surface fractions to a greater extent than would be
expected from the reduction in protein in whole-cell extracts.
The increased recovery of 46-kDa protein in
hNETN184,192,198Q-transfected COS cell surface pools rel-
ative to either the 46-kDa or the 54-kDa form in hNET-
transfected cells could indicate that the surface trafficking
machinery is saturated to a greater degree for hANET because
total levels of protein exceed those achieved with the mutant.
Thus, more newly synthesized hNET may be trapped inside
the cell, reducing the fractional recovery of hANET proteins in
surface membranes. Alternatively, N-glycosylation may be
nonessential, but rate limiting, for surface trafficking. The
latter explanation requires that glycosylation of the 54-kDa
form can limit the appearance of the 46-kDa form because in
hNET-transfected cells, both forms exhibit reduced surface
recovery relative to hNETN184,192,198Q protein. This could
occur if ANET assembles as a multimer after N-glycosylation,
a possibility to explore in future studies. Saturation experi-
ments reveal similar monophasic kinetics in COS cells when
46- and 54-kDa forms are present (hNET) or when only the
46-kDa form is synthesized (hNETN184,192,198Q). The
presence of more hNET protein in surface pools than pre-
dicted from losses of activity suggests a role for N-glycosyla-
tion in specific steps in the transport of substrates across the
plasma membrane. It should also be noted that we recovered
only ~1% of total immunoreactive NET protein in surface
fractions. Although this finding cannot be taken as a quan-
titative statement of the absolute compartmentation of
hNET in surface fractions due to inefficiencies with the bi-
otinylation procedure (23), we (10) and others (31a) have
previously noted that significant quantities of hNET protein
remain intracellular in heterologous expression systems.
Current models (32, 33) for ion-coupled neurotransmitter
transport involve high affinity binding of substrate from the
extracellular medium, reorientation of domains in the carrier
to expose the binding site to the cytoplasm, release of trans-
mitter, and finally reorientation of the binding site to initiate
subsequent cycles of transport. In theory, N-glycosylation



could contribute to any or all of these steps, although the
likely presence of added sugars on extracellular domains
immediately raises the question of ligand recognition. Fortu-
nately, a degree of function suitable for inhibitor char-
acterization is retained by the mutant. We could detect no
reductions in sensitivity of transport derived from
hNETN184,192,198Q to the substrate DA or two structurally
dissimilar antagonists. Similarly, Tate and Blakely (11) dem-
onstrated that nonglycosylated serotonin transporter exhib-
its no alteration in K,, for serotonin uptake or K, for binding
of the cocaine analog [*2°I]RTI-55. Rather than an alteration
in ligand recognition, we suggest that the efficiency by which
bound substrates are transported across the membrane in
the mutant seems to be compromised. In support of our
conclusions, Zaleska and Erecifiska (16) also found evidence
in synaptosomes for compromised catecholamine transloca-
tion without perturbation of amine recognition by using
neuraminidase treatment to remove sialic acid from the DA
transporter. Preliminary studies involving chimeras in the
TMD 3-4 loop of the serotonin transporter also indicate
reduced transport activity with little or no loss in surface
pools (6), which is consistent with a role of this domain in
conformational changes required for an important step in the
translocation cycle subsequent to ligand binding. Additional
studies are required to determine whether the compromised
step is one of inward substrate transfer or reorientation of an
unloaded carrier for subsequent cycles, either of which could
reduce overall transport rates. Because we measure activity
from a population of surface carriers, it is also possible that
a fraction of the mutant carriers are completely inactive
rather than the total population exhibiting reduced substrate
translocation rates. Paradigms reporting the activity of sin-
gle hNET molecules (33a) may provide insight into this pos-
sibility.

The presence of nonglycosylated hNET protein with re-
duced translocation efficiency in surface fractions may also
explain the quantitative discrepancy between HeLa and COS
cell reductions in catecholamine transport. HeLa cells exhibit
a greater reduction in activity with hNETN184,192,198Q
despite the fact that COS and HeLa cells have essentially the
same percentage of reduction in immunoreactive NET pro-
tein at steady state. However, COS cells transfected with
hNET cDNA possess a significant pool of nonglycosylated
46-kDa protein, whereas HeLa cells do not, and in COS cells,
the 46-kDa protein can be shown to reside at the surface,
where it presumably contributes only fractional transport
activity. Were all of the COS surface protein the 54-kDa
form, as it is in hNET-transfected HeLa cells, COS cells
would exhibit significantly greater transport activity, and
the drop seen with the mutant would then appear larger as
well. Although we lack knowledge of the efficiency for surface
trafficking in HeLa cells due to limitations with vaccinia-T7
expression, our COS data indicate that at a minimum, a
~30% reduction in catalytic activity for the nonglycosylated
protein would explain our transport data. Differences be-
tween our results and those for the nonglycosylatable GLYT1
glycine transporter, for which surface trafficking rather than
catalytic efficiency may be perturbed (27), could reflect the
use of four instead of than three N-glycosylation sites in the
TMD 3-4 loop of GLYT1. Notably, a partially N-glycosylated
GLYT1 transporter (lacking two of four N-glycosylation sites)
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exhibits reduced glycine uptake after transfection despite
little if any reduction in surface protein that can be labeled.

hNET can be expressed in heterologous expression systems
from a single cDNA (7). The coding sequence predicted for
hNET, like that of other transporter members of the ANET/
GAT1 gene family, bears multiple sites for N-glycosylation on
a large hydrophilic loop between putative TMDs 3 and 4.
Although we have established that N-glycosylation occurs at
canonical sites in the TMD 3-4 intervening loop of hNET, we
have not attempted to subdefine the N-glycosylation status.
However, high mannose N-glycosylation, the precursor to
more complex glycolytic processing, typically adds ~2.5 kDa
of mass to polypeptides per N-glycosylation site used (34). We
estimate that there is ~8 kDa of N-glycosylation present on
54-kDa forms of hNET in LLC-NET, HeLa, and COS cells,
suggesting that each of the three canonical sites of hNET
may be processed by high mannose glycosylation. In support
of this idea, LLC-NET cells convert the 54-kDa form to a
more highly glycosylated 80-kDa form that is sensitive to
PNGase F digestion (10). Retention of the first N-glycosyla-
tion site of hNET in hNETN192,198Q leads to a less severe,
although significant (~60%), reduction in transport in HeLa
cells (data not shown). In contrast to our studies with COS
and HeLa cells, stably transfected LLC-PK1 (10) and human
embryonic kidney 293 cells (4), like the spontaneous neuro-
blastoma SK-N-SH (35), synthesize significant quantities of
80-kDa NET, suggesting that transient expression, rather
than heterologous expression per se, may limit more complex
N-glycolytic processing. Similarly, mutational analysis of in-
dividual N-glycosylation sites of the homologous glycine
transporter GLYT1 (27) and serotonin transporter (11) re-
veals a stepwise increase in both electrophoretic mobility and
functional expression, suggesting contributions to expression
from each of the N-glycosylated positions. Terminal N-glyco-
lytic processing is well known to vary by cell type and as a
function of development (29, 36). Different tissues seem to
N-glycosylate biogenic amine transporters to different ex-
tents (12, 37, 38), and although investigators have ques-
tioned the contributions of differential post-translational pro-
cessing to functional properties, the functional significance of
these distinctions has not been clarified. Blockade of cellular
N-glycosylation with TM reduces catecholamine transport
capacity for NET-expressing cell lines as well as transfected
cells, results we can now interpret as the result of loss of
surface carriers. Our data also suggest that changes in N-
glycosylation patterns seen for homologous carriers in vivo
may have an impact on substrate translocation rates per unit
of protein, with functional consequences for amine clearance
at sites of expression or during development.
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