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Abstract--Receptor-mediated endocytosis in suspended hepatocytes was studied in conjunction with 
ATP levels of the cells, which were decreased by the use of metabolic inhibitors. The receptor system 
studied was the asialo-glycoprotein receptor, and multiple aspects of the endocytic pathway were 
examined: binding of ligand, internalization, intracellular transport and proteolysis. 

(1) Moderate concentrations of the inhibitors (e.g. 30/~M rotenone or 200/~M iodoacetamide) pro- 
duced only a transient decline in the ATP levels of the cells. Two to four times higher concentrations 
reduced the ATP levels to about 1/10 of control cells. 

(2) At low levels of ATP (less than 30% of controls) the uptake ceased completely after 10-20 rain. 
Moderate reductions brought about by rotenone reduced the uptake roughly in proportion to the ATP 
levels; iodoacetamide and sodium fluoride had little influence on the energy production by the cells, but 
the rate of asialo-glycoprotein uptake was reduced to a small fraction of controls. 

(3) The effect of rotenone on the rate of uptake was mainly due to a lower rate of internalization 
of occupied receptors; the half-time for internalization of surface-bound ligand was increased from 2.9 
to 6.2 min in the presence of 42 #M rotenone. The binding capacity of the cell surface was also somewhat 
lower. 

(4) There was no degradation of the asialo-glycoproteins which were taken up by cells treated with 
high concentrations of rotenone or iodoacetamide. This was shown to be due to a low rate of transport 
of the endocytosed protein into those endosomes (at density 1.15 g/ml in a sucrose gradient) which were 
delivering their contents to the lysosomes; coincidentally, there was an accumulation of ligand in light 
endosomes (density 1.11 g/ml), in which the ligand appears immediately after endocytosis. 

Metabolic inhibitors which reduce ATP  levels inhibit  
various types of endocytosis: fluid endocytosis [1], 
phagocytosis [2-5], and adsorbtive endocytosis [6]. 
Endocytosis plays an important  role in the func- 
t ioning of vital organs such as the liver and the 
kidneys. Reduced ATP  levels inhibit  renal re- 
absorbtion of proteins [7], probably by interfering 
with intracellular t ransport  [8]. 

As regards receptor-mediated endocytosis, which 
is a multi-step process, it is likely that the inter- 
nalization step is energy-requiring,  because it 
involves fusion between cellular membranes.  The 
transport  of the internalized ligand molecules is also 
likely to be energy-dependent ;  the vectorial trans- 
port  of vesicles probably requires the cooperation 
between contractile proteins and the cytoskeleton 
[9]. The processing of the endocytic vesicle [10] may 
require ion gradients, particularly pH gradients if 
dissociation of the ligand from its receptor is to occur 
[11, 12]. Receptor  recycling, the path of which may 
lead through the Golgi region, is disrupted by the 
ionophore monens in  [13, 14], indicating that ion 
gradients may be necessary. Finally, it is also likely 
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that the intralysosomal degradation of the ligand 
requires a supply of energy, as in vitro studies have 
shown that ATP  is necessary for the maintenance of 
low intralysosomal pH [15, 16]. 

In the present  study, we have endeavoured to 
determine the effect of reduced ATP  production on 
some of the steps involved in receptor-mediated 
endocytosis: internalization,  intracellular transport,  
endosome-lysosome fusion, lysosomal degradation. 
We used total cellular ATP  as a measure of the 
energy level of the cell; cytosolic and mitochondrial  
ATP  concentrat ions are tightly coupled [17]. 

Endocytosis of asialo-glycoproteins in liver cells 
has been thoroughly studied [18]. The kinetics of the 
uptake [19] as well as the degradation [20] are simple. 
An  important  advantage of the system is that surface- 
bound ligand may be removed nearly instantaneously 
by the addition of a calcium chelator to the medium 
[19]. This t reatment  inactivates the cell-surface 
receptors, so that surface-bound and internalized 
ligands may be determined separately, and estimates 
of the rate of internalizat ion may be made. 

After  homogenizat ion of the hepatocytes, the dis- 
tr ibution of labeled ligand between various types of 
membrane -bound  vesicles may be determined by 
fractionation in a sucrose gradient [10, 21, 22]. The 
bulk of the labeled ligand molecules is recovered at 
a density of 1.15 g/ml. The ligand molecules in this 
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peak are contained in endosomes, and they are 
slowly being delivered to the lysosomes [10, 22], 
which are recovered at a density of 1.20g/ml in 
sucrose gradients. Thus, studying the uptake into 
suspended cells in conjunction with subcellular frac- 
tionation enabled us to trace the path of the ligand 
from the cell surface to the lysosomes. 

Initially, we measured uptake and degradation of 
~251-asialofetuin along with ATP levels in hepatocytes 
incubated with several metabolic inhibitors. These 
studies revealed that rotenone in low concentrations 
had marked effects on ATP levels as well as endo- 
cytosis. This inhibitor was selected for a more de- 
tailed study, using subcellular fractionation in a 
sucrose gradient to determine the affected steps. 
The data indicated that reduced ATP production 
inhibited the processing of endocytic vesicles as well 
as recycling of the receptor. 

METHODS AND MATERIALS 

Protein ligands. Orosomucoid was obtained from 
Calbiochem-Behring Corp., Loewengraben 14, CH- 
6000 Lucerne, Switzerland, and fetuin ("Type III") 
from Sigma Chemical Co. (St. Louis, MO). The 
glycoproteins were desialylated by treatment with 
neuraminidase [19] and labelled with 125I by a modi- 
fication [19] of the sodium oxychloride method of 
Redshaw and Lynch [23]. 

Cells'. Liver cells were prepared by perfusing the 
liver successively with calcium-free buffer and col- 
lagenase solution [24, 25]. Nonparenchymal cells 
were removed by differential centrifugation [26]. 
The cells were incubated in a minimal salt medium 
containing 1% bovine serum albumin on a shaking 
water bath at 37 ° [26]. No low molecular weight 
substrate was added as an energy source. The 
viability at the beginning of the incubation was 95% 
or better, as determined by the trypan blue exclusion 
method. If the viability fell below 70%, the results 
of the experiment were discarded. 

Determination of cell-associated and acid-soluble 
radioactivity. Hepatocytes were separated from the 
medium by placing 250/d of cell suspension on top 
of 200 ul of dibutyl phthalate in a narrow test tube 
and centrifuging in a table centrifuge for 30 sec at 
3500g. Only hepatocytes that are impermeable to 
trypan blue pass through the oil, so that only ligand 
associated with intact cells was included in the 
uptake measurements. The amount of radioactivity 
found after centrifuging through oil is referred to 
as cell-associated radioactivity. It includes surface- 
bound and internalized ligand (but no degradation 
products, see below). 

Asialo-glycoproteins which are bound by receptors 
on the cell surface may be removed within 15 min at 
4 ° by adding the calcium chelator EGTA [ethylene 
glycol bis-(2-aminoethyl ether)-N,N'-tetraacetic 
acid] to the cell suspension [19, 27]. The amount of 
internalized ligand was determined by adding the cell 
suspension to an ice-cooled test-tube containing 10 ktl 
of 0.2M EGTA. The tubes were left on ice and 
shaken occasionally before 200/A of dibutyl phthal- 
ate was added. The tubes were centrifuged in as 
described above. The difference between the radio- 

activity in ordinary and EGTA-treated samples gives 
the amount of surface-bound radioactivity. 

Internalization of surface-bound ligand is very fast 
(half-time of 3 rain [19]). There is a measurable 
amount of surface-bound ligand only if there is extra- 
cellular ligand present to continuously replenish the 
pool of surface-bound ligand. 

The amount of acid-soluble degradation products 
was determined by mixing 250 ,ul of cell suspension 
with an equal volume of 10% (w/v) of trichloroacetic 
acid or a 4% (w/v) solution of phosphotungstic acid in 
2 N HCI according to whether the ligand was asialo- 
fetuin or asialo-orosomucoid, respectively. There is 
negligible degradation in medium from which the 
cells have been removed [26]. As the degradation 
products leave the cells very quickly [10], a measure 
of the total uptake o~ asialo-glycoproteins up to a 
certain time point is obtained by adding the amounts 
of cell-associated and acid-soluble radioactivity at 
that time point. 

In control cells (20 rain after the addition of tzs1- 
asialofetuin) typical values would be 12% surface- 
bound, 66% internalized, and 11% degraded of the 
total amount of ligand added. These values would 
add up to 78% cell-associated (surface-bound plus 
internalized) or 89% total uptake (cell-associated 
plus degraded). 

Fractionation by isopycnic centrtl/izging. Briefly, 
the hepatocytes were homogenized in a Dounce 
homogenizer, the nuclear fraction was removed by 
centrifuging, and an aliquot of the cytoplasmic 
extract was placed on top of a sucrose gradient which 
was centrifuged until density equilibrium was 
attained [10, 21, 22]. 

Measurement of A TP concentrations. The amounts 
of ATP in the cells were determined by the use of a 
purified preparation of firefly luciferase [28] which 
was obtained from LKB-WalIac (Bromma, Sweden). 
The levels of the emitted light, which remained stable 
for several minutes, were determined in a LKB- 
Wallac Luminometer 1250. Standards solutions with 
ATP concentrations between 0.1 and 10 gM ATP 
were used; the standard curve was a straight line. 
The sensivitity of the assay was more than adequate 
for the present purpose. 

Fifty microlitres of cell suspension was squirted 
into 1 ml of ice-cold 0.2 M perchloric acid. The pre- 
cipitate was removed by centrifuging for 10 min at 
2500 g. Two hundred microlitres of the supernatant 
was diluted with 800/,1 of 0.1 M Tris-acetate buffer. 
pi t  7.75, containing 5 mM EDTA. Fifty microlitres 
of this dilution was added to a mixture of 200 ul of 
the reconstituted luciferase reagent and 8(10/~1 of 
dilution buffer in a clear plastic test-tube. The 
emitted light was determined in the luminometer. 

RESULTS 

A TiP levels in suspended hepatocytes 
Preliminary experiments revealed that the ATP 

level was close to zero in cells which had been left 
on ice for 15 rain or more. Evidently, the production 
of ATP declines faster than its utilization as the 
cells are cooled. It was further found that the ATP 
concentration in the hepatocytes was re-established 
at a stable level after about 15 min of incubation at 
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Table 1. Uptake of asialo-glycoproteins and ATP levels in suspended hepatocytes---effects 
of metabolic inhibitors 
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Concentration Pre-incubation Uptake* ATP level+ 
Compound (raM) (rain) (% of controls) 

Deoxyglucose 50 60 87 81 

Iodoacetamide 0.1 10 100 114 
0.2 10 87 103 
0.4 10 17 I00 

Na-fluoride 3 60 10l 105 
5 60 65 105 

10 602 58 108 

Dinitrophenol 0.2 20 90 N.D.§ 
0.2 60 79 60 
0.5 60 7 5 

Na-azide 1 60 94 62 
3 60 53 19 

10 60 19 N.D. 
10 20 20 N.D. 

Rotenone 0.01 15 7l 73 
0.03 15 41 50 
0.1 15 16 37 

Fructose 10 15 59 37 

After the pre-incubation (column 3) at 37 °, the cell suspensions were made 10 nM with 
respect to ~2:I-asialo-fetuin. 

* Uptake after 5 and after 10min were expressed as percentage of the uptake m 
control cells; these percentages were averaged. The standard deviation between different 
experiments (N = 3-5) was about 20% of the stated values. 

t Determined at the end of the pre-incubation. 
:~ After the pre-incubation, the cells were oblong, with numerous blebs. 
§ N.D., not determined. 

37 °. This ATP level, which remained stable for at 
least 2 hr in untreated cells, was about 15 nmoles per 
106 cells. In comparison, the ATP concentration in 
rat liver is about 2.5/amoles/g liver [29]. One gram 
of liver contains about 125 x 106 hepatocytes and 
65 x 106 nonparenchymal cells [30]. If one assumes 
that the fraction of total ATP in the nonparenchymal 
cells is proportional to their volume, then the ATP 
concentration in hepatocytes in situ is about 
18 nmoles/106 cells. 

Effects of different metabolic inhibitors on A TP levels 
and uptake of 125I-asialo-fetuin in suspended 
hepatocytes 

The fact that cooling of the cells led to reduced 
ATP levels required us to pre-incubate the cells at 
37 ° before the addition of the inhibitor. The duration 
of the pre-incubation was routinely 15-30 min. 

Table 1 gives a survey of a series of experiments 
in which uptake of asialofetuin together with ATP 
levels were determined in hepatocytes which had 
been incubated with the inhibitors before the 

125 addition of ligand (10nM I-asialo-fetuin). 
Untreated cells took up nearly all of the labeled 
ligand after 20 rain at 37 °. Therefore, in order to 
make valid comparisons of uptake values, it was 
necessary to measure the uptake after 5 and 10 min, 
when typical uptake levels were 40-60% and 70- 
80%, respectively. The ATP levels presented in 

Table 1 were determined immediately following the 
pre-incubation with the inhibitor, and are rep- 
resentative for the period during which the uptake 
was measured (lower panel in Fig. 1). 

The data in Table 1 show that rotenone, sodium 
azide, fructose, and dinitrophenol all affected both 
ATP levels and asialo-fetuin uptake. For instance, 
incubation of cells for 15 min with 0.1 mM rotenone 
reduced the uptake of asialo-fetuin to 16% and the 
ATP concentration to 37% of control values. 
Rotenone, sodium azide, and dinitrophenol are 
inhibitors of mitochondrial ATP production. Neg- 
ligible effects on ATP levels were observed with 
low concentrations of three inhibitors of glycolysis, 
namely deoxyglucose, iodoacetamide, and sodium 
fluoride. Nevertheless, both iodoacetamide 
(0.4 mM) and fluoride (10 mM) had large effects on 
the uptake of asialo-fetuin. Possibly, iodoacetamide 
and fluoride are inhibitors of other enzymes involved 
in endocytosis. In the case of iodoacetamide, inac- 
tivation of an essential non-enzyme protein is a third 
possibility [31, 32]. 

Conceivably, a high-energy intermediate of gly- 
colysis may be the energy source for a step in the 
internalization process. However, this is unlikely, 
because fructose stimulates glycolysis [33, 34], while 
it reduces the rate of uptake of asialo-fetuin. This 
reduction is likely to be a direct consequence of the 
reduced ATP level which is observed on the addition 
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Table 2. Effect of metabolic inhibitors selectively on 
degradation 

Concentration Degradation 
Compound (mM) (% of control) 

Rotenone 0.025 71.2 
0.113 46.5 
0.252 43.4 

Iodoacetamide 0.15 71.9 
0.25 42.7 
0.4 41.5 

Sodium azide 5 39.7 

Fructose 10 54.2 

Sodium iodoacetate 0.2 83.5 
O.4 34.5 

The cells (8 x 106 per ml) were incubated for 20 min with 
25 nM asialo-orosomucoid at 37 °, then the suspension was 
chilled, and the medium was changed. The suspension was 
divided into several equal portions, one of which served as 
the control (no addition): the others received inhibitors to 
the concentrations stated. 

Duplicate samples for the determination of acid-soluble 
radioactivity were taken at least three times (at intervals of 
10 rain or more) over a 40-rain period, and a straight line 
was placed through the points by the method of least 
squares. Finally, the slopes of the lines were compared. 

of fructose to the  cells. In  h igh concen t ra t ions ,  fruc- 
tose depresses  A T P  levels because  A T P  is requ i red  
for its phospho ry l a t i on  [34]. 

Effects of  metabolic inhibitors on the degradation of  
as ial o~f etuin 

In o rde r  to s tudy effects of me tabo l i c  inhib i tors  on  
the cellular deg rada t ion  of as ia lo-fetuin ( inde-  
p e n d e n t  of the i r  effects on  up take ) ,  the  cells were  
first a l lowed to b ind  and  in terna l ize  the  labe led  l igand 
at 37 °, T h e n  the  cells were  washed  in o rde r  to r emove  
free l igand, and  deg rada t ion  (p roduc t ion  of acid- 
soluble radioact iv i ty)  was m e a s u r e d  dur ing  a second 
incuba t ion  at 37 ° in the  p resence  or absence  of 
inhibi tors .  D e g r a d a t i o n  was fol lowed for 6 0 m i n ,  
al lowing agents  which do not  act ins tan taneous ly  to 
exert  the i r  full effect. 

A t  c o m p a r a b l e  concen t r a t ions  of the  inhibi tors ,  
the  effects specifically on  degrada t ion  (Table  2) were 
equal  to or smal ler  t han  the  effects on  up take  (Table  
1). R o t e n o n e  in concen t r a t ions  of abou t  0 . 1 r a M  
inhib i ted  up take  to 16% and degrada t ion  to 43% of 
cont ro l  values.  Very  similar effects were  seen with 
iodoace tamide  (at  h igher  concent ra t ions) .  

Time course of  the effects of  rotenone, iodoacetarnide, 
and fructose on the heterophagy of  125I-asialo-fetuin 

R o t e n o n e  (Fig. 1), i odoace tamide ,  and fructose 
had m a r k e d  effects on  A T P  levels as well as up take  
and  degrada t ion  of asialo-fetuin.  T he  changes  with 
t ime in these  p a r a m e t e r s  af ter  the  addi t ion of each 
of the th ree  inhib i tors  were  s tudied in g rea te r  detail .  
The  zero t ime levels in Fig. 1 co r re spond  to the  
A T P  levels p re sen ted  in Table  1. It depicts  the effects 
of th ree  concen t r a t ions  of r o t e n o n e  on A T P  levels 
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Fig. 1. Effects of rotenone on the uptake (panel A), degra- 
dation (B), and ATP levels (C) of suspended hepatocytes, 
The cells (8 x 10 6 per ml) were first pre-incubated with no 
additions for 15 min at 37 °. Fifteen minutes before zero- 
time, 10 gM (E3), 30 gM (O), or 100 tim (Q) rotenone were 
added; no addition to controls (m). As the cells were pre- 
incubated with the inhibitors, the ATP levels were different 
at time zero. At zero-time, all of the flasks were made i0 nM 
with respect to 125I-asialo-orosomucoid, and the amounts ot 
cell-associated and acid-soluble radioactivity were deter- 
mined at intervals. "Uptake" denotes the sum of acid- 
soluble and cell-associated radioactivity. Degradation in 

the medium is negligible [26]. 

(panel  C),  as well as up take  (A)  and degrada t ion  (B) 
of asialo-fetuin.  The  presence  of small concen-  
t ra t ions  of r o t e n o n e  (below 30 I~M) caused A T P  
levels to decl ine for several  minutes ,  but  then the 
levels increased,  reaching  a value tha t  was somewha t  
h igher  than  in the  cont ro l  cells. This  " r e b o u n d "  
effect was reproduc ib le  in a qual i ta t ive sense. Figure 
I shows tha t  A T P  levels kep t  decl ining in the pres- 
ence of 0.1 m M  ro t enone ;  af ter  60 min,  the cells were 
virtually dep le ted  of ATP .  

A similar pa t t e rn  was obse rved  for high con- 
cen t ra t ions  of iodoace tamide  (not  shown) ,  but  not  
for f ructose:  1 0 r a m  fructose caused a stable 
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Fig. 2. Effect of rotenone on the rate of internalization 
of surface-bound asialo-glycoprotein. One cell suspension 
(8 x 106 cells per ml) was made 42#M with respect to 
retenone 2 min before 125I-asialo-fetuin (20 nM) was added. 
Only ~25I-asialo-fetuin (20 nM) was added to the control 
suspension. In addition to the usual uptake samples, which 
give the sum of internalized and surface-bound ligand, 
600 #1 aliquots were removed simultaneously. These ali- 
quots were poured into chilled tubes containing 15 #1 of 
{).2 M EGTA (final concentration, 3 mM). The EGTA- 
treated cells were briefly warmed to 37 ° before uptake 
samples were taken in the usual manner. These samples 
measure only internalized ligand [19, 27]. U3, Total cell- 
associated radioactivity in control cells; I ,  total cell-associ- 
ated radioactivity in the rotenone-treated cells; ©, inter- 
nalized ligand in control cells; and O, internalized ligand 

in rotenone-treated cells. 

reduction in ATP levels to about 40% of control 
levels. The data for uptake (Panel A in Fig. 1) show, 
as pointed out above, that virtually all of the labeled 
ligand was removed from the medium after 20 min 
by the control cells. In the presence of high con- 
centrations of rotenone (0.1 mM) or iodoacetamide 
(0.4 raM) the uptake ceased after 20 min, although 
much intact ligand was still present in the medium. 
The reason was probably that decreased ATP levels 
reduced the rate of internalization of ligand (see Fig. 
2 below). 

The degradation curves in Fig. 1 indicate much 
lower degradation in the presence of rotenone than 
the data in Table 2. The reason for this discrepancy 
is that the values for degradation in Fig. 1 were 
obtained on cells which were treated with inhibitor 
before the addition of asialo-fetuin, so that the effect 
is on the uptake as well as on degradation of the 
ligand. A reduced uptake leads to reduced degra- 
dation, because only internalized ligand is degraded. 
On the other hand, in the experiments of Table 2, 
the cells were allowed to take up the same amount 
of ligand before the inhibitor was added, so that 
the rate of degradation could be compared without 
regard to variations in the amount of ligand available 
for degradation. 

In uptake experiments, the curves for internalized 

and total cell-associated ligand were indistinguish- 
able in the control cells (not shown). Even at the 
highest concentrations tested of iodoacetamide or 
fructose, the major part of the cell-associated ligand 
was internalized. In conjunction with the fact that 
high concentrations of these inhibitors nearly 
abolished degradation, this means that they act 
strongly on intracellular transport. This was 
confirmed by cell fractionation (see below). It is. 
however, interesting to note that in specifically 
designed experiments, a moderate concentration of 
rotenone may be shown to inhibit the internalization 
process (see below). 

Effects o f  rotenone on the internalization o f  asialo- 
orosomucoid 

Surface-bound and internalized asialo-orosomu- 
coid were estimated by a method which is based on 
the observation that binding of asialo-glycoproteins 
to the hepatic receptor is calcium-dependent (see 
Materials and Methods). Figure 2 shows the results 
of an experiment in which binding as well as inter- 
nalization of lZSI-asialo-orosomucoid were deter- 
mined in cells incubated with or without rotenone. 
The half-life for internalization of surface-bound 
asialo-glycoprotein was estimated from measure- 
ments during that period when the uptake was close 
to a "steady state", i.e. when the amount of surface- 
bound ligand was approximately constant and the 
amount of internalized asialo-orosomucoid was 
increasing steadily. The rate of internalization was 
computed by dividing the rate of increase in the 
amount of internalized (EGTA-resistant) ligand by 
the amount of surface-bound (EGTA-releasable) 
ligand [19]. This method does not require assump- 
tions about the total number of receptors on the cell 
surface, the percentage of occupied receptors etc. In 
the control cells, the half-life for internalization was 
2.9min, in good agreement with previous values 
[19, 35]. 

The maximum amount of surface-bound asialo- 
orosomucoid in the presence of 42 ~tM rotenone was 
about 70% of that in the control cells, a moderate 
reduction. Computation of the half-life for inter- 
nalization in the treated cells yielded a value of 
6.2 rain. This values shows that the main cause of 
the low rate of uptake in the rotenone-treated cells 
is a reduced rate of internalization of surface-bound 
asialo-glycoprotein. The fact that the binding 
capacity of the cell surface is also reduced, suggests 
that the recirculation of receptors is less efficient. 

Changes in the intracellular distribution 

Even though both binding and internalization were 
somewhat reduced in the presence of rotenone, the 
marked inhibition in degradation could only be par- 
tially explained by these changes. The major reason 
for the reduced degradation might be that intra- 
cellular transport proceeds more slowly in the 
rotenone-treated cells. The affected step might be 
incorporation of the ligand into the "mature endo- 
somes" which are recovered at a density of 1.15 g/ 
ml in a sucrose gradient; it might be processing of 
these endosomes [10], or it might be endosome-- 
lysosome fusion [21,22, 36]. In order to test these 
possibilities, the cells were preincubated with 
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Fig. 3. Effect of rotenone on the intracellular distribution 
of 1251-asialo-orosomucoid. Two flasks containing cell sus- 
pensions (10 x 106 cells per ml) were incubated for 15 min 
at 37 °, then 100 #M rotenone was added to one of them, 
and the incubation was continued for another 15 min at 37 °. 
Both flasks were made 0.5 nM with respect to ~25I-asialo- 
orosomucoid. The cells were incubated in the presence of 
ligand for 10 min, then the flasks were placed on ice. 
The cells were washed, homogenized and fractionated (see 
Methods). Distribution of 125I in panel A, ~N-ace- 
tylglucosaminidase in panel B (marker enzyme for lyso- 
somes) for control cells ( - - - )  and rotenone-treated cells 

( ), respectively. 

0.1 mM rotenone, then labeled asialo-orosomucoid 
was added, and the incubation was continued for 
15 min before fractionation of the cells. 

In the distribution profiles from the treated cells 
as well as from the control cells, a distinct peak of 
"mature endosomes" appears at d = 1,14 g/ml (Fig. 
3A). In the rotenone-treated cells only, there is an 
additional peak at d = 1.11 g/ml. About one-half of 
the label in the gradient is recovered in the latter 
peak. 

The distributions of the lysosomal marker enzyme 
fl-N-acetylglucosaminidase were very similar in the 
two gradients, nearly all of the activity being 
recovered between 1.19 and 1.20g/ml (Fig. 3B). 
The distribution curves of 5'-nucleotidase activity 
(marker enzyme for the plasma membrane) showed 
a single peak at 1.16g/ml (not shown) in control 
cells and in treated cells. No labelled protein in the 
gradient is bound to receptors on fragments of the 
plasma membrane, because the sucrose solutions 
contain EDTA in sufficient concentrations to inac- 
tivate the receptors by chelating calcium ions; this 

means that all of the radioactivity in the gradient is 
contained within membrane-bound vesicles. 

DISCUSSION 

The effects of metabolic mhibitors which have 
been observed, are: first, a decreased rate of inter- 
nalization of surface-bound ligand; and second, a 
decreased number of receptors on the cell surface. 
In conjunction, these two effects suggest that the 
pathway of receptors recycling through the interior 
of the cell is impeded at some point. If the rate of 
internalization was decreased, while receptor recyc- 
ling occurred normally, an accumulation of receptors 
on the cell surface would be expected. 

An effect of rotenone on a step which follows 
immediately after internalization, was suggested bv 
the observation that the inhibitor had only a 
moderate effect on degradat,on if it was added after 
internalization was complete (Table 2), but it 
reduced degradation dramatically if it was added 
before the ligand (Fig. 1B). In the latter case, the 
effect was not secondary to lower uptake, because 
the amount of cell-associated radioactivity remained 
at one-half of the control cells. 

The interpretation that rotenone affects a step 
which follows immediately after internalization, was 
supported by cell fractionation studies. Treatment 
of the cells with rotenone caused an additional peak 
of "light endosomes" at d = 1.1 1 g/ml to appear in 
the distribution profile of radioactive ligand after 
fractionation on a sucrose gradient. There is some 
evidence that the "light endosomes'" are the ones 
which are formed immediately after internalization 
[11, 14, 37]. The contents of these endosomes are 
not transferred directly to the lysosomes 127]. 

An intriguing finding was that the effects of 
rotenone and iodoacetamide on endocytosis were 
qualitatively similar, even though moderate con- 
centrations of iodoacetamide did not reduce the 
cellular ATP levels; its effect on degradation may' 
be due to irreversible inhibition of thiol enzymes. 
including lysosomal proteases. On the other hand, a 
specific inhibitor of thiol proteases, leupeptin, selec- 
tively inhibits degradation. It has no effect on the 
uptake of asialo-glycoproteins [221, 

Metabolic inhibitors might exert their effects on 
internalization by decreasing the membrane poten- 
tial. However, the uptake of asialo-glycoproteins in 
suspended hepatocytes is not affected on incubation 
of the cells in a medium in which all of the sodium 
ions have been replaced by potassium ions [38], a 
treatment which causes a marked reduction tn the 
membrane potential [39[. Thus, a low membrane 
potential does not affect the uptake of ligand by the 
asialo-glycoprotein receptor. 

The processing of endocytic vesicles probably 
involves transport of protons into these organelles 
[40, 41], and the resulting decrease in pit  is a pre- 
requisite for the dissociation of ligand from the recep- 
tor [11, 12,41]. Rotenone and other metabolic 
inhibitors slow down the processing by reducing the 
supply of ATP needed for the active transport of 
protons. Interestingly, the inophore monensin has 
an effect on the equilibrium density of endocvtic 
vesicles [14] which is identical to that of rotenone. 
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The  m e c h a n i s m  of act ion of the  two inhibi tors  could 
be similar,  in tha t  monens in ,  which catalyzes the 
exchange  of sod ium ions for  p ro tons  across mem-  
branes ,  is likely to d is rupt  the  p r o t o n  gradient  tha t  
main ta ins  the  acid p H  inside the  endocyt ic  vesicle. 
In fact,  Ha r fo rd  et al. found  tha t  the metabo l ic  
inhib i tors  azide and  deoxyglucose  (used in com- 
b ina t ion)  inh ib i t ed  the  acidification of endocyt ic  
vesicles [ 11 ]. 
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