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ABSTRACT The roles of glycosylation and protein synthesis
in the maintenance of insulin receptor levels and turnover rates
in 3T3-L1 adipocytes were investigated. The heavy isotope den-
sity-shift technique was employed to determine the effects of in-
hibitors of these processes on the rates of synthesis and degra-
dation of cellular insulin receptors. Inhibitors of protein synthesis-
i.e., cycloheximide and puromycin-markedly decreased the rate
of degradation of the insulin receptor, the half-life for receptor
decay increasing from 7.5 hr without to 25 hr with inhibitor. The
continued synthesis of a short-lived protein appears to be neces-
sary for normal insulin receptor turnover. Tunicamycin, a potent
inhibitor of core oligosaccharide addition in the formation of N-
glycosidically linked glycoproteins, caused the depletion of cell-
surface and total cellular detergent-extractable insulin receptors.
This inhibitor totally prevented the formation of functional newly
synthesized insulin receptor, yet receptor degradation was af-
fected minimally. Thus, glycosylation of the receptor appears to
be required for its activation after translation.

The level of insulin receptor on the surface of target cells ap-
pears to be an important factor governing the sensitivity of cells
to insulin. Several well-documented examples of this relation-
ship exist. In certain disease states, for example, the resistance
of tissues to insulin correlates inversely with the number of re-
ceptors per cell (1-3). During the differentiation of 3T3-Ll
mouse preadipocytes into adipocytes, cells acquire both an in-
creased level of insulin receptor and an increased sensitivity to
insulin (4-7). To understand the mechanism(s) by which the
level of functional insulin receptors is regulated, it will be nec-
essary to delineate the steps in the normal pathway of receptor
synthesis, processing, and turnover.
One of the crucial processing steps in the synthesis of the

insulin receptors appears to be glycosylation. Compelling evi-
dence (8) now indicates that this receptor is a membrane gly-
coprotein. The importance of the oligosaccharide moiety to in-
sulin receptor function became apparent when Cuatrecasas's
group (9) showed that the insulin binding capacity of the re-
ceptor was markedly decreased by sequential treatment with
neuraminidase and B-galactosidase. Thus, the presence of the
capping sugars-i. e., sialyl and 83-galactosyl residues-appears
to be essential for insulin binding. Nevertheless, a contradictory
report has appeared (10).

More recently, Rosen et al. (11) reported that treatment of
3T3-L1 adipocytes with tunicamycin, an inhibitor of protein N-
glycosylation (12-14), caused a rapid depletion of cell-surface
insulin receptors when compared with cells treated with cyclo-
heximide to block the synthesis ofnew receptor protein. Hence,
the half-life for the decay of surface receptor was reduced from
24 hr with cycloheximide present to -9 hr with tunicamycin

present. These findings were of particular interest, because we
subsequently observed (15, 16) that the half-life for the insulin
receptor of 3T3-L1 adipocytes, determined without inhibitors
by the heavy isotope density-shift technique, was only 7-8 hr.
The possibility was considered, therefore, that by inhibiting
glycosylation, tunicamycin might block formation of active. re-
ceptor rather than accelerate receptor turnover. In addition, the
long half-life of the surface receptor of cells treated with cyclo-
heximide suggested that protein synthesis may be required for
normal insulin receptor turnover. In the present investigation
the heavy isotope density-shift technique was employed to char-
acterize the effects of these inhibitors on the steady-state rates
of insulin receptor synthesis and degradation in 3T3-L1 adi-
pocytes. It is demonstrated that tunicamycin totally inhibits the
formation of functional receptor and that protein synthesis is
required for normal receptor degradation.

EXPERIMENTAL PROCEDURE
Culture Conditions. Undifferentiated 3T3-LI preadipocytes

were cultured in 6-cm dishes (Falcon) with Dulbecco's modified
Eagle's medium as described (17), but with fetal calf serum re-
placing calfserum. Differentiated 3T3-Ll adipocytes were gen-
erated from 2-day postconfluent preadipocytes by exposure for
3 days to medium (3.5 ml) supplemented with 0.5 mM isobu-
tylmethylxanthine, 1 tuM dexamethasone, and 10 ,ag of insulin
per ml. On day 3, isobutylmethylxanthine and dexamethasone
were removed and the cells were fed every 2 days with medium
containing 10 ug ofinsulin per ml. By day 6, 80-90% ofthe cells
expressed the adipocyte phenotype; the cell monolayers were
used for experiments between days 7 and 10.

Density-Shift Experiments. Cell monolayers were incubated
at 370C with 10% C0J90% air in Dulbecco's modified Eagle's
medium (minus amino acids) containing 1 mg of heavy amino
acids (>90% enriched in '3C, '5N, and 2H) per ml and supple-
mented with tryptophan, cystine, glutamine, 10% fetal calf
serum, and 10 jig of insulin per ml as described (15, 16).

Isopycnic Banding of Soluble Insulin Receptor in CsCl Gra-
dients. A detailed description ofthis method has been published
(15, 16). Briefly, bound unlabeled insulin was removed by suc-
cessive incubation of cell monolayers at 370C in insulin-free
medium. After homogenization of the cells and centrifugation
at 100,000 x g for 1 hr at 40C, the total cellular membrane pellet
was extracted with buffered 4% (vol/vol) Triton X-100. The su-
pernate after centrifugation at 100,000 X g for 1 hr at 40C, which
contained >90% ofthe "2I-labeled insulin ("2I-insulin) binding
activity of the total cellular membrane fraction, was stored at
-500C. The thawed extract was mixed with a CsCl solution and
the receptor was banded isopycnically by centrifugation for 18
hr at 50,000 rpm in a Beckman SW 56Ti rotor at 40C. The gra-
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dient was fractionated into 50-,ul fractions, which were used for
125I-insulin binding assays to locate and quantitate the receptor.
The cells from two 6-cm culture dishes yielded sufficient re-
ceptor for one gradient.

Total and nonspecific 1251-insulin binding were determined
on intact monolayers of3T3-L1 adipocytes as described (5). 125I-
Insulin binding to soluble receptor in the CsCl gradient was
measured by incubating each 50-,1 fraction with 125I-insulin
(2 nM) in Krebs-Ringer phosphate buffer at pH 7.4 (without
Ca2+ or Mg2') containing 0.1% Triton X-100 and 0.1% bovine
serum albumin in a total volume of 250 ,l. The amount of re-
ceptor-bound l"I-insulin was measured after precipitation of
the complex with polyethylene glycol (18) and centrifugation at
6000 rpm for 30 min at 40C in a Sorvall HS-4 rotor (19). Non-
specific binding was determined identically in the presence of
4.6 ,4M insulin. Light receptor banded at a position centered
at fraction 22 or 23 (refractive index ie = 1.3635) (15). The in-
tegrated areas ofpeaks of light and heavy insulin receptor were
quantitated as previously reported (15).

For Scatchard analysis ofinsulin binding to total soluble light
receptor isolated from CsCl gradients, six cell monolayers were
processed as above and fractions 16-34 from two identical gra-
dients were combined. Aliquots (50 ,l) of the combined frac-
tions were incubated with different concentrations of l25I-in-
sulin (with or without 4.6 A.M unlabeled insulin) and processed
as above to determine total and nonspecific "2I-insulin binding.
25I-insulin (106 cpm/pmol) was prepared as described (5) and

further purified by gel filtration on Sephadex G-50.
Measurement of [3H]Leucine and [3H]Glucosamine Incor-

poration into Total Cellular Protein. Duplicate cell monolayers
were incubated at 370C with 200 ,uCi of [4,5-3H]leucine or 35
1uCi of [6-3H]glucosamine (1 Ci = 3.7 x 10'° becquerels) in 3.5
ml of standard medium for 0, 4, 9, and 13 hr in the presence
or absence of tunicamycin (Merck), cycloheximide, or puro-
mycin. After washing, cells were homogenized and the incor-
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FIG. 1. Time course of tunicamycin-induced depletion of cell-sur-
face and total cellular detergent-extractable insulin receptor. 3T3-L1
adipocytes were maintained under normal culture conditions in the
absence (o, o) or presence (o, *) of tunicamycin at 1.0 Ag/ml. 1251-In-
sulin binding to cell-surface receptors (o, *) and total cellular Triton
X-100-extracted receptors after isopycnic banding on CsCl gradients
(o, *) were determined at 2 nM insulin and 4°C.

poration of3H into trichloroacetic acid-precipitable protein was
determined. To determine the fraction ofthe [3H]glucosamine-
derived 3H-labeled protein that was N-glycosidically linked, cell
homogenates were incubated for 18 hr at pH 13 and 37°C prior
to precipitation with trichloroacetic acid to remove O-linked
oligosaccharide chains.

RESULTS
Tunicamycin-Induced Depletion of Cell-Surface and Total

Cellular Detergent-Extractable Insulin Receptor. To compare

FIG. 2. Altered isopycnic banding pat-
terns of light and heavy insulin receptors
from 3T3-L1 adipocytes incubated with
heavy amino acids in the presence and ab-
sence of tunicamycin, cycloheximide, or
puromycin. 3T3-L1 adipocytes were incu-
bated in normal medium containing tuni-
camycin (1.3 ,ug/ml; E-H), cycloheximide
(5 ,ug/ml; I-L), puromycin (100 ,g/ml;
M-P), or no additions (A-D). After 1 hr the
cells were shifted to medium containing
heavy (>90% 15N, 13C, 2H) amino acids
and the same inhibitor concentration as
above. At 0, 4, 8.5, and 12 hr after the shift
to heavy amino acids, insulin receptor ex-
tracted from total cellular membranes was
isopycnically banded on CsCl density gra-
dients; 50-,ul fractions were, collected and
assayed for 1251-insulin binding activity
(at 2 nM insulin, 106 cpm/pmol). Total
(t) and nonspecific (o) binding were de-
termined on separate but identical gra-
dients. The vertical broken lines show the
normal banding positions of heavy (left)
and light (right) receptor.
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FIG. 3. Semilogarithmic plot of light receptor degradation in 3T3-
Li adipocytes cultured in the absence (0) and presence of cyclohexi-
mide (A) or puromycin ([i). The amount of light receptor remaining
after each interval of time was quantitated by using the data from the
CsCl gradients in Fig. 2. For those experiments performed in the pres-
ence of tunicamycin, cycloheximide, and puromycin, dense receptor
does not contribute to insulin binding in the gradient; thus, total spe-
cific insulin binding activity in the gradient represents the amount of
light receptor remaining. In the absence of inhibitors (Fig. 2 A-D), in-
complete resolution of the newly synthesized peak of heavy receptor
and the previously synthesized peak of light receptor requires a dif-
ferent quantitative analysis for light receptor. An empirically derived
linear relationship exists between the peak height of a single density
class of receptor and its peak area (15, 20). The constant ratio of peak
area to peak height derived from a large number of experiments was
used to compute the peak area of the heavy receptor peak from the
measured value for the peak height of the partially resolved dense re-
ceptor peak; the leading edge of the light receptor peak does not con-
tribute to the binding in the peak fractions-i.e., fractions 16 and 17,
of the dense receptor peak. The value for insulin binding to light re-
ceptor was then obtained by subtracting the calculated binding con-
tribution of dense receptor from the total insulin binding on the
gradient.

the effect of tunicamycin on the rates of loss of cell-surface and
total cellular Triton X-100-extractable insulin receptor, cell
monolayers of differentiated 3T3-L1 adipocytes were exposed
to medium with or without tunicamycin (l tkg/ml). At intervals
after the addition of tunicamycin, the 125I-insulin binding ca-
pacity (at 2 nM insulin) of both cell surface and isopycnically-
banded soluble receptor extracted from total cellular mem-
branes was determined. The 125I-insulin binding capacity of iso-
pycnically-banded Triton X-100-extracted receptor has been
shown to be a reliable measure of total cellular receptor (15, 16).

In the presence of tunicamycin, 1251-insulin binding to cell-
surface and detergent-extractable receptor decreased with ap-
parent first-order kinetics and a half-life of 15-16 hr (Fig. 1).
Under the same conditions, tunicamycin caused an 80% inhi-
bition of [3H]glucosamine incorporation into cellular protein in
N-glycosidically linked formt and a 10% inhibition of [3H]leucine
incorporation into protein. In the absence of tunicamycin the
levels of both cell-surface and detergent-extractable receptor
remained relatively constant (Fig. 1). These results are similar

t Approximately 60% of total [3H]glucosamine incorporated into tri-
chloroacetic acid-precipitable protein is in N-glycosidically linked
form as judged by its stability in alkali.

to those ofRosen et al. (11) but show.in addition that the tunica-
mycin-induced loss of surface receptor is not merely due to its
translocation to an intracellular compartment. This possibility
is ruled out by the fact that both surface and total cellular de-
tergent-extractable receptor levels decrease in parallel.

Analysis of Inhibitor Effects on Insulin Receptor Turnover
by the Heavy Isotope Density-Shift Technique. The heavy
isotope density-shift technique was employed to determine
whether changes in the level offunctional insulin receptor, such
as the tunicamycin-induced loss of receptors, result from a
decreased rate of receptor synthesis or an increased rate of re-
ceptor degradation. This method permits the quantitation of
newly synthesized insulin receptor after cells have been ex-
posed to medium containing amino acids enriched in nitrogen-
15, carbon-13, and deuterium (>90% 15N, '3C, 2H). Because
the incorporation of heavy amino acids into receptor protein
increases the density of newly synthesized receptor, "new
heavy" and "old light" receptor, solubilized in detergent, can
be resolved by isopycnic banding on CsCl density gradient and
then quantitated (15, 16). Validation of this procedure for mea-
suring simultaneously the rates ofinsulin receptor synthesis and
degradation has been documented (15, 16, 20, 21). Typical iso-
pycnic CsCl density gradients of insulin receptor, extracted
from 3T3-LI adipocytes cultured in the absence of inhibitor,
are shown in Fig. 2A-D. A rise in the level ofnewly synthesized
dense receptor occurs with a concomitant fall in the level of
previously synthesized light receptor.
A semilogarithmic plot of the amount of light receptor re-

maining, calculated from the integrated areas of light receptor
peaks (15) in Fig. 2, versus time after the shift to heavy medium
is shown in Fig. 3. Light receptor was degraded in.an apparent
first-order decay process with a half-life of approximately 7.5
hr. In several experiments the half-lives observed ranged be-
tween 6.7 and 9.4 hr.

This degradation rate for total cellular insulin receptors, de-
termined by the density-shift method, is considerably faster
than that (tl/2 = 24-40 hr) for surface receptor determined by
methods (7, 11, f) requiring the use of inhibitors, such as cy-
cloheximide, to prevent receptor synthesis. Because these in-
hibitors are not required in density-shift experiments and,
therefore, were not used, the possibility was considered that
inhibition of protein synthesis interferes with normal receptor
turnover. To test this hypothesis, density-shift experiments
were conducted in the presence ofcycloheximide or puromycin.
Under conditions in which protein synthesis (results not shown)
and the appearance of newly synthesized dense receptor (Fig.
2) were inhibited >90% by these agents, degradation rates of
previously synthesized light receptor were drastically reduced
(Fig. 2), the half-life for receptor decay increasing from 7.5 hr
without to 25 hr with inhibitor (Fig. 3). Thus, it is evident that
protein synthesis is required to maintain a normal rate of deg-
radation of the insulin receptor, suggesting that the continued
synthesis of a protein of very short half-life is required for main-
tenance of normal receptor turnover rate.

Effect of Tunicamycin on the Rate of New Receptor For-
mation and Old Receptor Degradation. The density-shift tech-
nique was employed to determine whether the tunicamycin-
induced depletion of surface and total cellular insulin receptor
level was due to an altered rate of receptor formation or to
a change in the rate of receptor degradation. Treatment of 3T3-
L1 adipocytes with tunicamycin at a level (1.3 jig/ml) that in-

t Kosamakos, F. C. & Roth, J. (1976) 58th Annual Meeting of the En-
docrine Society, San Francisco, CA, June 23-25, abstr. 26.
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FIG. 4. Semilogarithmic plot of light receptor degradation in 3T3-
Li adipocytes cultured in the presence oftunicamycin (e). The broken
line represents the degradation rate in the presence of cycloheximide
and was taken from Fig. 3. The level of light receptor binding activity
was determined by analyzing the gradient results in Fig. 2 as described
for Fig. 3.

hibited [3H]glucosamine incorporation into alkali-stable formt
in cellular protein by >95% totally inhibited the formation of
active newly synthesized dense receptor (fractions 16 and 17,
Fig. 2 E-H). Nevertheless, degradation of previously synthe-
sized light receptor continued, as evidenced by the decrease
in size of the light receptor peak with time (Fig. 2 E-H), albeit
at a somewhat reduced rate. Tunicamycin increased the half-life
for receptor decay from 7.5 hr (Fig. 3) to 9-10 hr (Fig. 4). Under
these conditions the rate of [3H]leucine incorporation into cel-
lular protein was maintained at 70-90% of control values.

Because the experiments above, showing that tunicamycin
inhibits the appearance of newly synthesized dense insulin
binding activity (Fig. 2 E-H), employed only a single subsatu-
rating insulin concentration (2 nM), it was important to ascertain
whether this effect was due to a reduced affinity of the receptor
for insulin or to a reduced number of functional receptors. Dif-
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ferentiated 3T3-L1 cells were exposed to tunicamycin or cyclo-
heximide for approximately one receptor half-life. Insulin re-
ceptor was then extracted from total cellular membranes and
banded isopycnically, and the pooled receptor-containing frac-
tions were used for '25I-insulin binding analysis. Fig. 5 com-
pares the insulin binding properties of receptor isolated from
tunicamycin- and cycloheximide-treated and untreated cells.
Receptor from control cells bound approximately 2-fold more
insulin at all insulin concentrations than did receptor from cells
treated with tunicamycin or cycloheximide for one half-life. The
ratio of insulin bound to receptor from treated versus untreated
cells ranged between 0.40 and 0.63, averaging 0.52 ± 0.09 (Fig.
5B). The binding isotherms in Scatchard plots (Fig. 5A) had
similar slopes and when extrapolated to infinite insulin concen-
tration gave values of 0. 13 and 0.24 pmol ofinsulin binding sites
per 106 for tunicamycin- or cycloheximide-treated and un-
treated cells, respectively. Thus, tunicamycin and cyclohexi-
mide reduced the total number of functional insulin receptors
and had no detectable effect on the affinity of the receptor for
insulin. On the basis of these findings, it is concluded that by
blocking N-glycosylation with tunicamycin, activation of newly
synthesized insulin receptor polypeptide(s) is prevented.

DISCUSSION
The use of the heavy isotope density-shift approach has made
it possible to determine the rate of turnover of the insulin re-
ceptor without interrupting normal protein synthetic processes
with inhibitors such as cycloheximide. That such inhibitors can
give rise to erroneous receptor turnover rates is indicated by
the fact that cycloheximide lengthened the half-life for degra-
dation of the receptor of 3T3-L1 adipocytes from 7.5 hr to 25
hr (Fig. 3). Other investigators have reported half-lives of24-40
hr for the insulin receptor in this (7, 11) and anothert cell
system that had been exposed to cycloheximide. As shown in
this communication, the effect of cycloheximide is due to an
inhibition of protein synthesis per se and not to a specific effect
of the inhibitor on insulin receptor synthesis, because puro-
mycin also increased the half-life of the receptor to 25 hr (Fig.
3).

These results suggest that the continued synthesis ofa short-
lived protein is required for a rate-limiting step in the degra-
dation of the receptor. The pathway for receptor degradation
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FIG. 5. Insulin binding isotherms for Triton X-100-extracted, isopycnically banded insulin receptor from untreated(s) and tunicamycin-treated
(o) or cycloheximide treated (x) 3T3-L1 adipocytes. Treated cells were incubated with medium containing tunicamycin (1.3 ,tg/ml) or cycloheximide
(5 ,ug/ml) for approximately one receptor half-life-i.e., 13 or 23 hr, respectively. The numbers in parentheses represent fractional values for insulin
binding by receptor from cycloheximide-treated cells divided by insulin binding by receptor from untreated cells at identical insulin concentration.
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is complex, apparently involving several steps, including re-
ceptor clustering on the plasma membrane, endocytosis, fusion
ofthe endocytotic vesicles with lysosomes, and final breakdown
in the lysosome (22-25). Hence, there are numerous sites at
which such a short-lived protein could function. The fact that
insulin receptors on the cell surface per se also exhibit a long
half-life (11) in the presence of cycloheximide suggests that the
site of action of this putative short-lived protein precedes in-
ternalization ofthe receptor into the intracellular compartment.
This is supported by the observation that insulin-induced re-
ceptor down-regulation, which appears to involve the translo-
cation of receptors into the cell (26), is inhibited by cyclohexi-
mide (27).
A recent report (11) indicated that the rate of loss of the in-

sulin binding capacity of 3T3-L1 adipocytes was considerably
faster (t1/2 = 9 hr) in the presence of tunicamycin than in the
presence ofan inhibitor ofprotein synthesis (tl/2 24 hr). While
these results suggested that tunicamycin accelerated the de-
pletion of cell-surface receptors, the approach employed could
not distinguish between an effect on rate of receptor formation
and an effect on rate of receptor degradation. The use of the
density-shift technique in the present investigation permits the
distinction between synthesis and degradation. The possibility
that tunicamycin causes receptor depletion by accelerating the
rate of old light receptor degradation was ruled out by the find-
ing that the half-life for light receptor degradation was, in fact,
not decreased by the inhibitor; rather, the half-life for receptor
degradation was somewhat increased by tunicamycin (Fig. 4).
Actually, tunicamycin totally blocked the formation of active
dense insulin receptors in cells shifted to medium containing
heavy amino acids (Fig. 2). This suggests that N-glycosylation
of the receptor (or a receptor-associated) polypeptide(s) is re-
quired to produce functional receptor. It is possible that tuni-
camycin inhibits the glycosylation and activation ofanother pro-
tein which is required for the processing, activation, or both of
the insulin receptor.
The loss of biochemical function of glycoproteins, either by

cleavage of the oligosaccharide chain or by preventing its ad-
dition to the apoprotein, has been demonstrated for only a few
glycoproteins (28, 29), including the insulin receptor. Because
the insulin receptor mediates its biochemical effects from the
cell surface, further study ofthe role ofthe oligosaccharide chain
of this receptor system in signal transductions is warranted.
Tunicamycin should prove useful in such studies because it
could provide a means by which the aglyco-receptor can be
generated and investigated.
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