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ABSTRACT: Receptor-mediated endocytosis of 1251-insulin and ‘251-prolactin into liver parenchymal cells 
has been studied by quantitative subcellular fractionation. Differential centrifugation yielded three particulate 
fractions, N (nuclear), M L  (large granule), and P (microsomes), and a final supernatant (S). Quantitative 
differences in the extent and rates of accumulation of ‘251-insulin and 1251-prolactin into the fractions were 
observed. The  acidotropic agent chloroquine and the microtubule disrupting agent colchicine were ad- 
ministered separately to rats. The  agents increased significantly the of hormone clearance from the 
liver and augmented the accumulation of both ligands in the low-speed M L  fraction. However, differences 
in the rates of accumulation of insulin and prolactin into all cell fractions were still maintained. Analytical 
centrifugation of each of the particulate fractions was carried out in order to determine if different endocytic 
components were specific to insulin or prolactin internalization. This was not the case. An “early” endosomal 
component of density 1.1 1 was identified in microsomes. A “late” endosome of density 1.10 was identified 
in the large granule (ML) fraction. Both endosomal components appeared to accumulate insulin and prolactin 
but a t  different rates. Marker enzyme analysis identified the presumed plasma membrane component in 
microsomes (density - 1.155). This component showed a significant difference in the rate of loss of 1251-insulin 
(T,,* - 4.1 min) as compared to that of Iz5I-prolactin ( T I l 2  - 12.7 min). A further difference in the handling 
of the ligands was observed in early endosomes. Chloroquine treatment of rats led to an increased retention 
of insulin but not prolactin in the early endosomes while the uptake of both hormones into late endosomes 
was augmented. On  the basis of these observations, we conclude that insulin and prolactin are handled 
differently by the hepatocyte. First, the rate of uptake of insulin into endosomes from plasma membrane 
is faster. Second, early endosomes are the probable site of initiation of insulin but not of prolactin degradation. 

T h e  in vivo uptake of i251-insulin and ‘251-prolactin into 
lipoprotein-containing structures of rat liver has been docu- 
mented by the techniques of in vivo radioautography and 
subcellular fractionation (Bergeron et al., 1979, 1983; Jo- 
sefsberg et al., 1979; Khan et a]., 1982, 1985a,b; Posner et al., 
1980, 1982). Thus, Golgi fractions especially enriched in 
lipoprotein-filled components concentrated intact ligand in 
structures similar to those that had been shown previously to 
be highly enriched i n  specific receptors for these ligands 
(Bergeron et al., 1973, 1978; Posner et al., 1978, 1979). At 
least two distinct receptor-enriched lipoprotein-containing 
components of low and high density, respectively, could be 
delineated by Percoll gradient centrifugation of Golgi fractions 
(Khan et al., 1982) and by metrizamide or Percoll gradient 
analyses of light mitochondrial fractions (Khan et al., 1981). 
These endosomal components were shown conclusively to be 
distinct from bona fide Golgi components by Percoll gradient 
centrifugation (high-density component; Khan et ai., 1981, 
1982) and by the diaminobenzidine-shift protocol (low-density 
component; Kay et al., 1984). In addition to low- and high- 
density lipoprotein-containing structures, we have observed a 
small, empty, smooth-surfaced vesicular component that ac- 
cumulated ligand at very early times (Josefsberg et al., 1979: 
Posner et al., 1980, 1982a,b). From kinetic studies, we sug- 
gested that a sequential transport of ligand from the small 
empty vesicles to the larger low-density then higher density 
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lipoprotein-filled structures occurred (Khan et al., 1982; Posner 
et al., 1982a). 

However, the time courses of labeled insulin and labeled 
prolactin accumulation in these components were different 
(Posner et a]., 1982a). Furthermore, the acidotropic agent 
chloroquine (de Duve, 1983) greatly augmented the accu- 
mulation of 1251-insulin in endosomes in Golgi fractions (Posner 
et al., 1982b) with a far less pronounced effect noted for 
prolactin uptake into the same fractions (Khan et al., 1985b). 
As well, a differential effect of the microtubule disrupting 
agent colchicine was observed on the accumulation of 1251- 
insulin compared to 1251-prolactin in Golgi fraction endosomes 
(Posner et al., 1982~) .  

Past studies have focused on selected subcellular compo- 
nents. In the present study, liver has been fractionated after 
the injection of radiolabeled insulin or prolactin. Crude nuclear 
(N)  fractions, large granule (ML) fractions, and microsomal 
(P) fractions were isolated by following a well-established 
protocol for differential centrifugation (Amar-Costesec et al., 
1974; de Duve et al., 1955). In this way, we have examined 
quantitatively the total distribution of internalized insulin and 
prolactin in the hepatocyte. In addition, the effect of the agents 
chloroquine and colchicine on the total cellular distribution 
of the internalized hormones has been evaluated. Finally, we 
have studied the biochemical characteristics of the endosomal 
components. This has been carried out by a modified ana- 
lytical centrifugation approach (de Duve, 1975) in order to 
evaluate the distribution of marker enzymes and internalized 
ligand in endosomal components resolved from the parent 
particulate fractions (N, ML, P) generated by differential 
centrifugation. With this approach, we have addressed the 
question as to why  insulin and prolactin appear to behave 
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FIGURE 1 : Fractionation seheme employed for preparing nuclear (N), 
large granule (ML), microsomal (P), and cell-soluble (S) fractions 
from liver homogenates following the protocol of Amar-Costesec et 
al. (1974). As described by de Duve et al. (1955) for the purposes 
of balance sheets of enzymic activities and the distribution of ra- 
dioactivity, the homogenate is considered the sum of the cytoplasmic 
extract (E) and nuclear (N) fractions. The rotors and centrifuge tubes 
used are described under Experimental Procedures. 

differently during receptor-mediated endocytosis into liver 
parenchymal cells. 

EXPERIMENTAL PROCEDURES 
Hormones, Inhibitors, Enzyme Assays, and Protein De- 

terminations. Insulin (24 units/mg) was generously provided 
by Connaught Laboratories (Willowdale, Ontario). Ovine 
prolactin (oPRL, NIH-P-S1 0, 26.4 IU/mg) was kindly pro- 
vided by the Pituitary Hormone Distribution Program of 
NIAMKDD (Bethesda, MD). The hormones were iodinated 
and purified by Sephadex chromatography as described pre- 
viously (Posner et al., 1982b,c) to specific activities of 150-180 
pCi/pg ( 1251-insulin) and 120-1 80 pCi/pg ( 1251-prolactin). 
Radioiodinated hormones were prepared 1 day prior to ex- 
perimentation. Chloroquine was obtained from Sigma 
Chemical Co. (St. Louis, MO), dissolved in 0.9% NaCl to a 
final concentration of 10 mg/mL, and adjusted to pH 7.4 with 
1 .O N NaOH (Posner et al., 1982b). Colchicine was purchased 
from Sigma, dissolved in 0.9% NaCl to a final concentration 
of 10 mg/mL, and adjusted to pH 7.4 (Posner et al., 1982~) .  

Acid phosphatase (EC 3.1.32), galactosyltransferase (EC 
2.4.1.38), glucose-6-phosphatase (EC 3.1.3.9), and 5'-nu- 
cleotidase (EC 3.1.3.5) were assayed as described previously 
(Bergeron et al., 1982; Khan et al., 1982). Protein content 
was determined with the Bio-Rad kit as recommended by the 
manufacturers (Bio-Rad, Mississauga, Ontario). 

Animals and Injections. Female Sprague-Dawley rats 8-1 0 
weeks of age and ca. 160-190 g of body weight were obtained 
from Canadian Breeding Laboratories (St. Constant, Quebec) 
and fasted overnight prior to sacrifice. Control rats were 
injected with saline (ip) 1 h before use. Chloroquine-treated 
rats received 10 mg/200 g of body weight (ip) at 2 h and again 
at 1 h before sacrifice and received O2 to assure a high survival 
rate. Colchicine-treated animals received 10 mg/ 100 g of body 
weight by a single ip injection 3 h before sacrifice. 1251-Insulin 
or 1251-prolactin was injected into the external jugular vein of 
each rat [0.15-0.2 mL; (30-33) X lo6 dpm] under ether 
anaesthesia. Subcellular fractionation experiments were 
carried out on rats sacrificed usually at 2, 5, 10, and 20 min 
after 1251-insulin injection and a t  5, 15, 30, and 60 min after 
the injection of *251-prolactin. 

Subcellular Fractionation. Differential centrifugation was 
carried out as described by Amar-Costesec et al. (1974) in 
buffered (4 mM imidazole, pH 7.4) 0.25 M sucrose. Briefly 
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FIGURE 2: Analytical fractionation scheme employed for the floatation 
of endocytic components from the parent N, ML, and P particulate 
fractions as described under Experimental Procedures. 

(Figure l ) ,  after being minced with scissors, liver was hom- 
ogenized with one up-and-down stroke of a motor-driven 
Teflon pestle (3 mL/g wet weight of liver). The homogenate 
was centrifuged at 3100 rpm for 10 min in a Beckman SW28 
rotor and the supernatant saved. The pellet was returned to 
the homogenizer and rehomogenized with one up-and-down 
stroke in the original sucrose volume. The homogenate was 
then recentrifuged at 2800 rpm in the SW28 rotor for 10 min. 
The procedure was repeated once more. The pellet fraction 
was resuspended in buffered sucrose and referred to as the N 
fraction. 

The resultant supernatants were combined and referred to 
as the cytoplasmic extract E. As described by Amar-Costesec 
et al. (1974) and de Duve (1971, 1975), the starting homo- 
genate was considered the sum of the E + N fractions. 

The cytoplasmic extract (E) was further centrifuged in an 
angle Ti-60 Beckman rotor at 25 000 rpm for 6 min 40 s. The 
pellet was washed twice in buffered sucrose and centrifuged 
at the same speed. After resuspension in buffered sucrose, the 
fraction was referred to as the ML (large granule) fraction. 

The supernatants from the preparation of the ML fraction 
were combined and centrifuged for 40 min at 45 000 rpm in 
the angle Ti-60 rotor. After resuspension of the pellet in 
buffered sucrose, this fraction was referred to as the P fraction. 
The final supernatant was designated the S (cell soluble) 
fraction. 

Relative specific activities were calculated as the percent 
of homogenate (E + N)  enzyme activity or percent radioac- 
tivity per percent of homogenate (E + N)  protein in that 
fraction (de Duve, 1971, 1975). The differential centrifugation 
studies on the distribution of 1251-insulin in normal, colchi- 
cine-treated and chloroquine-treated rats were carried out on 
six occasions with one rat used for each time point (2, 5, 10, 
and 20 min after iv injection), Le., a total of 72 rats. The 
differential centrifugation studies on 1251-prolactin distribution 
were carried out on five occasions, Le., a total of 60 rats. 

A modified analytical subfractionation (Figure 2) of the N,  
ML, and P fractions was carried out by resuspending the 
individual fractions in 1.16 M sucrose over which a continuous 
sucrose gradient (0.25-1.15 M sucrose) was formed (volume 
gradient:volume load 1: 1). Following centrifugation for 1.5 
h in an SW40 Beckman rotor (285000gm,,), four subfractions 
and the pellet were recovered from the N gradient, on the basis 
of the visibility of bands in the gradient. From the top to the 
bottom of the gradient, these were subfraction 1 consisting of 
a 0.75-mL volume at a density of 1.04, subfraction 2 (3.75 
mL, p = 1.08), subfraction 3 (2.6 mL, p = 1.13), and sub- 
fraction 4 (5.4 mL, p = 1.15). The pellet was resuspended 
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in 0.25 M sucrose-imidazole, pH 7.4. For the gradient gen- 
erated from the parent ML fractions, six fractions and the 
pellet were recovered again as based on the visibility of bands 
generated in the gradient. These were subfractions 1 (0.8 mL, 
p = 1.04), 2 (2.25 mL, p = 1.05), 3 (2  mL, p = l . l l ) ,  4 (1.8 
mL, p = l.12), 5 (0.75 mL, p = 1.125), and 6 (5.2 mL, p = 
1.15). The pellet was resuspended as above. The fractions 
recovered from the gradient of the parent P fraction consisted 
of subfractions 1 (0.7 mL, p = 1-04), 2 (1.73 mL, p = 1.055), 
3 (1.6 mL, p = 1.08), 4 (1.9 mL, p = l . l l ) ,  5 (1.4 mL, p = 
1.125), and 6 (6 mL, p = 1.155). The pellet was resuspended 
as above. Sucrose densities were determined on a calibrated 
Abbe refractometer (Mark 11, American Optical, Buffalo, 
NY). The results are based on a total of ten fractionations. 

For some experiments, a light mitochondrial fraction (L) 
and the microsomal (P) fraction were generated by a method 
to be described in detail elsewhere,' and discontinuous gradient 
centrifugation was employed to float endocytic components 
from the parent particulate L and P fractions.] 

Subcellular Cytochemistry and Electron Microscope (EM) 
Radioautography. Three female rats were each injected with 
375 X IO6 dpm of '251-prolactin (182 pCi/pg), and fractions 
were prepared that were highly enriched in internalized ligand. 
These were fraction 3 ( p  = 1.10) floated from the ML fraction 
by sucrose gradient centrifugation and fraction 4 ( p  = 1.11) 
floated from the P fraction (see Figure 2). After a 20-min 
fixation in 1% glutaraldehyde, p H  7.4 a t  4 OC, samples were 
filtered and then processed for electron microscope radioau- 
tography as previously described (Khan et al., 1982). Ad- 
ditional samples were also fixed and filtered, but then the filters 
were washed in 100 m M  sodium acetate (pH 5.0) followed 
by a 30-min incubation in a modified acid phosphatase cyto- 
chemical reaction medium (Barka & Andersen, 1962), which 
consisted of 8.7 m M  8-glycerophosphate in 20 mM sodium 
acetate, p H  5, and 2.1 m M  lead nitrate. After 30 min a t  37 
O C ,  filters were rinsed in buffer and processed for electron 
microscope radioautography as described by Khan et al. 
(1982). 

RESULTS 
Rate of Loss of Radioactivity from Liver Homogenates. 

The majority of 12sI-insulin was lost from the circulation with 
a Tljz of ca. 1.5 min while that of 1Z51-prolactin was measured 
as 2 min (datanot shown). Both radiolabeled hormones were 
retained by the liver but then lost a t  different rates (Figure 
3). Thus, after an initial lag of ca. 5 min, radiolabeled insulin 
was cleared from the liver with a Tlj2 of -6 min. By contrast, 
prolactin showed a greater lag of 15 min before radioactivity 
was lost, with a T l j z  then noted of ca. 17 min. Colchicine- 
and chloroquine-treated rats revealed retarded rates of 
clearance for both hormones from the liver with a significant 
retention of radiolabel noted a t  20 min for 1251-insulin and 60 
min for lZ5I prolactin. 

Differential Centrifugation. Differential centrifugation of 
liver homogenates into the standard homogenate (fractions E 
+ N), the N fraction (crude nuclear), the M L  fraction (large 
granule), the P fraction (microsomes), and the S fraction (cell 
soluble) revealed the P fraction as the locus of the highest 
concentration and quantity of radioactivity a t  2 min for 
12s1-insulin and 5 min for '251-prolactin (Figure 4). For 
1251-insulin (Figure 4A, control), a temporal increase in the 
proportion of radioactivity in S was observed while the pro- 
portion of radiolabel in P decreased with time. Little radiolabel 
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FIGURE 3: Rate of loss of radioactivity from liver homogenates (E 
+ N) from control [(0) n = 61, colchicine-treated [(e) n = 61, or 
chloroquine-treated [(A) n = 6 )  rats f SD after the injection of 
'251-insulin (A) or '2SI-prolactin (B) as described under Experimental 
Procedures. Statistical analysis indicated a si nificant inhibitory effect 

or 'Z51-prolactin (*, p < 0.05) at the indicated times. 

was observed in the M L  fraction. For 1251-prolactin, however 
(Figure 4B, control), an increase in the proportion of radio- 
activity in the M L  fraction was observed coincident with the 
loss of radioactivity in P from 5 to 15 min and before an 
increase in the proportion of radioactivity in S (at 30 and 60 
min). Previous studies have shown that radioactivity in par- 
ticulate fractions represented largely undergraded ligand while 
radiolabeled insulin or prolactin in S (cell-soluble fraction) 
represented exclusively degraded material (Josefsberg et al. 
1979; Khan et al., 1982; Posner et al., 1982a,b). 

Chloroquine and colchicine effected significant retention of 
the proportion of lZSI-insulin in both P and ML fractions with 
a corresponding decrease in the proportion of radioactivity in 
S. Interestingly, colchicine caused a greater proportion of 
'251-insulin to accumulate in the ML fraction than did chlo- 
roquine (Figure 4A). Similar observations were made of the 

of colchicine and chloroquine on the loss of ' f SI-insulin (**, p < 0.01) 
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FIGURE 4: Modified de Duve plots of the distkibution of radioactivity 
in N, ML, P, and S subcellular fractions (derived from the liver 
homogenate of Figure 1)  at defined times after the injection of 
'2sI-insulin (A)  or 1251-prolactin (B) into female rats. Liver homo- 
genates subfractionationed from chloroquine- or colchicine-pretreated 
rats are also indicated. Significant differences in the radioactive 
content of fractions in chloroquine- or colchicine-treated animals as 
compared to control rats are indicated (*, p < 0.05; **, p < 0.01). 

effects of these inhibitors on the accumulation of '251-prolactin 
except for an even greater effect of colchicine on 1Z51-prolactin 
accumulation in the M L  fraction (Figure 4B). 

Enzymic analyses of the standard fractions revealed the 
majority (74%) of the Golgi apparatus marker galactosyl- 
transferase and of the ER marker glucose-6-phosphatase (63%) 
in microsomes with 47% of the plasmalemma marker (5'-nu- 
cleotidase) also observed in microsomes. The highest pro- 
portion of acid phosphatase, the marker for lysosomes, was 
in the M L  fraction (44%) with only small amounts of the 
homogenate galactosyltransferase (1.2%), glucose-6-phos- 
phatase (7.1%), and 5'-nucleotidase (7.1%) activities recovered 
in the fraction. The distributions of these enzyme activities 
were comparable to those described by De Duve et al. (1955) 
and more recently and extensively by Amar-Costesec et al. 
(1974). 

Endosome Floatation. Appropriate sucrose gradients were 
reconstructed in order to fractionate the majority of the ra- 
dioactivity away from the bulk of the protein. Trial and error 
resulted in the final choice of the sucrose gradient described 
in Figure 2. At early times after the injection of 1251-insulin 
(Figure 5), radioactivity in the P fraction was distributed 
between two peaks of p = 1.11 (PI.'') and p = 1.155 
the proportion of radioactivity in both peaks decreased tem- 
porally (Figure 5). Although two similar fractions ( p  = 1.10, 
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FIGURE 5 :  Distribution of radioactivity in  fractions floated in  a 
continuous sucrose gradient as described under Experimental Pro- 
cedures. The results are taken from animals injected with '251-insulin. 
At noted times, the percent of homogenate (E + N) radioactivity was 
determined for each recovered fraction whose density is noted on the 
abscissa. P refers to the pellet, which was resuspended in 0.25 M 
sucrose-4 mM imidazole, pH 7.4. 

ML,,lo; p = 1.15, MLI,,J  were floated from the ML fraction, 
the proportion of radioactivity in these fractions increased with 
time (Figure 5). Only one major peak of radioactivity was 
observed in the N fraction at ca. 1.15 in density. 

The results were generally similar for '251-prolactin uptake 
(Figure 6) except that from 5 to 15 min the proportion of 
radioactivity in the P1.155 fraction decreased while that in P, , ,  I 

increased. Furthermore, the proportion of radiolabel in MLl,lo 
increased markedly over the same time interval (Figure 6) but 
decreased thereafter concurrent with an increase in the pro- 
portion of radiolabel in the S fraction at 30 and 60 min (Figure 
6). There was negligible radioactive content in the subfractions 
floated from the N fraction. 

For both ligands, therefore, earliest labeling was found in 
the P1.155 fraction followed closely by labeling of the 
fraction and finally the ML,,,o fraction. Estimates of the rates 
of change in 1251-insulin and 1251-prolactin contents in the P,,,,,, 
P,,,,, and ML,,lo components at different times after injection 
were calculated as described in Figure 7. This was carried 
out by first calculating the radiolabel in each component as 
a percent of the maximum homogenate radioactivity and then 
normalizing to the maximum radioactive content for each 
component. These rates of change in ligand content 
were first order and therefore stochastic. They were signifi- 
cantly (P < 0.01) faster for '251-insulin in - 4.1 
min) and PI, , ,  ( T I l 2  - 4.2 min) components as compared to 
that for the '2sI-prolactin content in the same fractions ( - 12.7 and 8.3 min for the and P,,,, fractions, respec- 
tively). No significant difference was noted for the rates of 
change of 1251-insulin ( T I l 2  - 11.3 min) or 1251-prolactin 
content - 10 min) in the ML, , lo  fraction (Figure 7). 

Enzymic analyses of the subfractions revealed (Figure 8) 
that the majority of protein, galactosyltransferase, acid 
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FIGURE 6: Distribution of radioactivity in fractions isolated after 
1251-prolactin injection. Conditions otherwise similar to those of Figure 
5 .  

phosphatase, glucose-6-phosphatase, and 5'-nucleotidase ac- 
tivities was clearly displaced from the major endocytic fractions 
containing radioactivity (Le., p = 1.10 from M L  and p = 1.11 
from P), The ML,,,,  and P,,, ,  components therefore did not 
fractionate with the bulk of any of the marker enzymes that 
were evaluated. Furthermore, the T,,* of ligand in these 
endocytic components (Figure 7) indicated that the P, , l l  
fraction contained early endosomes while the ML,,,,  fraction 
was enriched in later endosomes. 

Attempts at determining the locus of the ligands internalized 
in chloroquine- and colchicine-treated animals were carried 
out by a modification of the above method for endosome 
fractionation. First, a light mitochondrial (L) fraction was 
prepared rather than a large granule (ML) fraction. Control 
experiments revealed that the majority of ligand uptake into 
M L  was recovered in the L fraction a t  considerably higher 
enrichment. Second, step gradients were constructed above 
the resuspended L (light mitochondrial) and P fractions. This 
served to distinguish endocytic components ( p  < 1.13) from 
heavier lysosomes and plasma membranes, Le., p > 1.13 
(unpublished results). The results (Figure 9) indicated that 
chloroquine treatment of rats led to a 1.5-fold increase of 
insulin uptake into light endocytic components floated from 
the P fraction (Figure 9b) and a 2-fold increase in the IZsI- 
insulin content of later endocytic components floated from the 
L fraction (Figure 9a). Colchicine treatment resulted in a 
lower radioactive content in light endocytic components derived 
from microsomes but in an increased proportion of homogenate 
1251-insulin in the later endocytic components floated from L 
(Figure 9a,b). Significant effects of chloroquine and colchicine 
were observed in components found in the L fraction at den- 
sities > 1.13 (Figure Sc), where the majority of lysosomal 
enzyme activity was found (not shown). Label was rapidly 
lost from the heavy components (Figure 9d) of the P fraction 
where the plasma membrane marker 5'-nucleotidase was found 
(not shown). 

By contrast, similar experiments on '251-prolactin uptake 
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FIGURE 7 :  Rates of 1251-insulin (upper) and '251-prolactin (lower) loss 
from subcellular components. The proportion of '251-insulin (Figure 
5 )  or 1251-prolactin (Figure 6) radioactivity in selected subcellular 
components (P1.155, P1,,], ML,,lo) for each time interval was multiplied 
by the proportion of maximal homogenate radioactivity for that time 
interval (Figure 3). The data were then normalized by expressing 
each point as a percent of the maximum radioactive content of each 
fraction. Regression analysis indicated a coefficient of correlation 
r > 0.99 for each compartment. The rates of 1251-insulin loss from 
the and compartments were significantly (P < 0.01) more 
rapid than that of 1251-prolactin from the same compartments as 
evaluated by Student's t test with no significant difference observed 
for hormone loss from the ML,,lo compartment. These studies further 
show the later labeling of the ML,,,o endosomal fraction as compared 
to the P, 1 5 5  compartment (presumed plasma membrane). 

showed only a minor effect of chloroquine on ligand accu- 
mulation in light endocytic components derived from the P 
fraction (compare panel b with panel f of Figure 9). The effect 
of chloroquine or prolactin accumulation in later endocytic 
components floated from L (1 .6-fold, Figure 9e) was, however, 
comparable to that observed for the chloroquine enhancement 
of insulin retention in the same fraction (1 .Sfold, Figure 9a). 
The effect of colchicine in diminishing prolactin uptake in early 
endocytic components (Figure 9f) while increasing ligand 
uptake in later endocytic components (Figure 9e) was similar 
to that shown for 12SI-insulin in the same fractions (Figure 
9a,b). The effects of chloroquine on '251-prolactin uptake into 
heavier components ( p  > 1.13, Figure 9g,h), although slightly 
displaced in time, were generally similar to the observations 
for 'Z51-insulin uptake into the same fractions (Figure 9c,d). 

Characterization of Endosomes. Eyaluation of the enzymic 
and radioactivity contents of fractions from the analytical 
gradients (Figures 5, 6, and 8) revealed considerable enrich- 
ment of internalized hormone relative to the marker enzyme 
activities that were evaluated (Table I). The ML,,,, fraction 
was especially enriched in ligand with the major enzymic 
activity found to be acid phosphatase. For the PI,,, endosomal 
fraction, the enrichment of internalized hormone was less 
(relative specific activity ca. 50-70-fold) with the most 
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FIGURE 8: Distribution of marker enzymes in sucrose gradients 
processed identically with those of Figures 4 and 5 .  Assays for protein 
( n  = 5 ) ,  galactosyltransferase (GT, n = 3), acid phosphatase (AP, 
n = 3), glucose-6-phosphatase (G6Pase, n = I ) ,  and 5"Icleotidase 
(SNT, n = 1 )  were carried out on each fraction recovered at the noted 
density as described under Experimental Procedures. 

Table I: Proportion and Enrichment of Homogenate Marker 
Enzymes and Internalized Hormone in Endosome Fractions" 

endosome fraction 

MLI,lO PI I I  

constituent activityb (%) RSA' activity (7%) RSA 
protein 0.03 f 0.01 0.33 4= 0.1 
galactosyltransferase 0.26 f 0.10 8.7 13.00 f 2.0 39.4 
acid phosphatase 0.51 f 0.30 17.0 1.00 4= 0.1 3.0 
5'-nucleotidase 0.14 4.7 5.60 17.0 
glucose-6-phosphatase 0.1 1 3.7 0.8 2.4 
1251-insulin 3.10 (20 min) 103.0 16.4 (2 min) 49.6 
1251-prolactin 6.10 (15 min) 203.0 23.1 (15 min) 70.0 

"The data are summarized for the major endosomal fractions de- 
scribed in Figures 5 ,  6, and 8. The proportions of radiolabeled hor- 
mone in  each fraction at the times of peak uptake into these fractions 
are indicated. bPercent of homogenate activity. 'RSA (relative spe- 
cific activity) or enrichment of marker enzymes or internalized hor- 
mone calculated as described under Experimental Procedures. 

prominent enzyme activity found to be galactosyltransferase 
(relative specific activity ca. 40-fold). 

Morphological analysis of the endosome fractions (Figure 
10) revealed ca. 300 nm diameter components, which were 
filled with lipoprotein in the ML,,,, subfraction (Figure loa). 
These components were overlaid by silver grains when assessed 
by radioautography. The significant enrichment of acid 
phosphatase in the MLl,,o fraction prompted a combined acid 
phosphatase and radioautographic study (Figure lob), which 
indicated that at least a portion of the radiolabeled components 
were reactive for acid phosphatase. Electron microscope ra- 
dioautography of the p,,,, endosomal fraction was also carried 

out. This fraction consisted of vesicular and small tubular 
components. As for the MLl , lo  fraction, however, label was 
found predominantly over the lipoprotein-filled structures 
(Figure 1 Oc). 

DISCUSSION 
Receptor-Mediated Endocytosis of Insulin and Prolactin. 

During the process of receptor-mediated endocytosis, we and 
others [reviewed in Bergeron et al. (19891 have proposed that 
many ligands including insulin and prolactin are internalized 
through components of the endosomal apparatus with a final 
destination usually in a degradative compartment, probably 
the lysosome. In the present study, we have compared the 
kinetics of 1251-insulin and 1251-prolactin transport through 
endocytic components of liver parenchymal cells by carrying 
out differential and analytical fractionation for the internalized 
hormones in parallel. Since past studies have shown that the 
uptake of insulin and prolactin is into liver parenchymal cells 
by a receptor-mediated piocess with minimal contribution from 
endothelial and Kupffer cells (Bergeron et al., 1979), the 
conclusions we have derived here are specific to the endocytic 
components of hepatocytes. 

We have observed differences in the handling of '251-insulin 
and 1251-prolactin by the hepatocyte. These differences could 
be explained as follows: 1251-insulin and 1251-prolactin may 
be internalized through different endocytic components with 
endosomes specific to each ligand transforming into lysosomes 
a t  different rates. Alternatively, the two ligands could be 
transported a t  different rates through the same endosomes. 
Selective ligand degradation might occur a t  an endosomal 
locus. As discussed below, the data favor the latter view. 

The differential centrifugation studies showed that partic- 
ulate '2SI-insulin was enriched in the microsomal (P) fraction 
a t  all time intervals while 1251-prolactin was evident in both 
M L  and P fractions a t  15- and 30-min postinjection. A dif- 
ferential sensitivity of the ligands to the acidotropic agent 
chloroquine (Bergeron et al., 1985; de Duve, 1983; Khan et 
al., 1985a,b; Posner et al., 1982b) was also observed. In 
chloroquine-treated rats, the rate of loss of 1251-insulin was 
more markedly retarded than that of '251-prolactin. As well, 
both the microtubule inhibitor colchicine and the acidotropic 
agent chloroquine led to a greater proportional accumulation 
of either ligand in the M L  (large granule) fraction. Thus, the 
possibility of alternate pathways for insulin and prolactin 
transport required consideration. Attempts were carried out 
to resolve this by determining if an analytical approach (de 
Duve, 1971, 1975) to monitor the distribution of internalized 
ligand would identify components unique to either insulin or 
prolactin uptake. Within the resolution of the approach, this 
did not appear to be the case. Thus, from parent microsomal 
(P) fractions, early endocytic components of p = 1.1 1 were 
resolved away from the plasmalemma marker enzyme 5'-nu- 
cleotidase ( p  = 1.155). From parent M L  fractions, a later 
endocytic component of p = 1.10 was resolved from lysosomes 
( p  > 1.15). Both ligands were enriched in the PI , , and ML, 
endosomes although the apparent time course of transit for 
each labeled hormone through these components was different. 
The analytical approach therefore not only defined the same 
endocytic components for both insulin and prolactin but also 
provided new information on the distribution of endocytic 
components during subcellular fractionation [see as well De- 
banne et al. (1984)l. 

A major difference in the handling of 1251-insulin and 
'251-prolactin was localized surprisingly to the compartment 
enriched in 5'-nucleotidase activity, i.e., the presumed plasma 
membrane (PI 155; Figure 7). Whereas insulin was internalized 
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FIGURE 9: Effect of chloroquine or colchicine treatment of rats in  accumulation of 12SI-insulin or IZSI-prolactin in endocytic components ( p  
< 1.13) floated up in discontinuous sucrose gradients from parent L or P fractions. The radioactive content of endocytic fractions ( p  < 1.1 3, 
upper panels) is compared to that of heavier components ( p  > 1.13, including the bulk of lysosomes and plasma membranes). Enzymic analyses 
confirmed that the majority of the lysosomal and plasma membrane marker enzymes were at densities > 1.13 (data not shown). 

from this fraction with a TI,* of ca. 4 min, prolactin 
internalization was approximately 3 times slower (cf. Figure 
11). A difference in the rate of uptake at the presumed cell 
surface accounted for some but not all of the differences in 
the rates of processing of insulin and prolactin. Since only 
a 5-min lag was observed before the loss of 1251-insulin was 
observed (Figure 3), then a significant portion of 1251-insulin 
loss must have occurred within the same (early) endosome in 
which prolactin loss was minimal. The possibility that this 
was effected via degradation was supported by studies with 
chloroquine-treated rats. The more marked retention of insulin 
but not prolactin in crude microsomal endosomes (Figure 9) 
is consistent with the commencement of insulin but not pro- 
lactin degradation in the early , endosome. Acidotropic 
agents such as chloroquine, monensin, etc. are known to ac- 
cumulate in acidic components with the consequent preser- 
vation of ligand-receptor complexing (Bergeron et al., 1985; 
Posner et al., 1982b; Khan et al., 1985a; de Duve, 1983; 
Harford et ai., 1983; Wolkoff et al., 1984) and the inhibition 
of the activity of acid proteases (de Duve et al., 1974). We 
have previously documented that insulin binding to its receptor 
was more markedly inhibited a t  low pH (Le., pH 6) than that 
of prolactin binding to its receptor [cf. Khan et al. (1985b)I. 
A scenario in which insulin but not prolactin was dissociated 
and degraded in the PI , , ,  endosome is consistent with our data 
and the known actions of acidotropic agents. 

The effects of the microtubule inhibitor colchicine provided 
valuable information on the subcellular distribution of endo- 

somes following colchicine treatment but did not shed light 
on the reasons for the different handling of insulin and pro- 
lactin by hepatic parenchymal cells. Morphologic studies have 
shown that colchicine treatment of rats leads to the accumu- 
lation of large lipoprotein-filled endocytic structures near the 
periphery of the hepatocyte (Bergeron et al., 1983; Redman 
et al., 1975). These very large structures (often exceeding 450 
nm in diameter) would be expected to sediment in the ML 
fraction instead of normal sedimentation into the P fraction. 
The colchicine-induced redistribution of ligand as evaluated 
by differential and analytical centrifugation is therefore most 
probably due to a size change in the endosomes themselves. 

Characterization of Endosomal Components. The ana- 
lytical gradients were not designed to prepare endosomes but 
rather to identify the sedimentation properties of endocytic 
components as compared to established marker enzymes. 
Nevertheless, the enrichment of ligand within the endocytic 
components was considerable (Table I) .  The PI , , ,  endosome 
fraction was enriched ca. 50-70-fold in ligand. The only 
marker enzyme of comparable enrichment was the Golgi ap- 
paratus marker, galactosyltransferase. In other studies we have 
clearly shown that galactosyltransferase is not a bona fide 
constituent of endosomes (Kay et al., 1984); therefore, the P I , I I  
fraction is contaminated with Golgi elements. The later MLI 
component was considerably enriched (1 00-200-fold) in ligand 
with no marker enzyme activity comparably enriched in the 
fraction. However, by combined acid phosphatase cytochem- 
istry and E M  radioautography, it was concluded that a mi- 
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FIGURE 10: Electron microscope radioautography and acid phos- 
phatase cytochemistry of major endosome fractions processed 15 min 
after the injection of '251-prolactin as described under Experimental 
Procedures. Radioautography of the MLl,lo fraction (a) reveals silver 
grains (arrows) associated with lipoprotein-filled (Ip) vesicular 
structures. Magnification 12400X; exposure 64 days. In b, silver 
grains (arrows) are associated with weakly acid phosphatase staining 
components. Magnification 12400X; exposure 64 days. The I 
endosomal fraction reveals silver grains (arrows) associated with 
smaller lipoprotein-containing (Ip) structures. Magnification 2 1 OOOX; 
exposure 64 days. All micrographs have been oriented with the top 
of the filtered pellicle to the right (T). 

nority of the acid phosphatase activity of the ML,.lo endosome 
was indigenous to ligand-containing endosomes. These may 
represent a subpopulation of late endosomes in transition to 
lysosomes, and it may be within such structures tht dissociation 
of prolactin from its receptor and consequent degradation of 
prolactin begin. Such an interpretation is favored by the 
studies with chloroquine-treated rats showing a marked 
chloroquine effect on prolactin retention in the crude endo- 
somes floated from the "L" (light mitochondrial) fractions 
(Figure 9). 

and the late 
MLl.lo endosomes contained lipoproteins. Similar structures 
have been observed to accumulate in vivo insulin (Bergeron 
et al., 1979), prolactin (Bergeron et al., 1983), asialoglyco- 
protein (Courtoy et al., 1984; Deschuytenees et al., 1983; 
Stockert et al., 1980), and lipoprotein (Chao et al., 1981; 

By EM radioautography, both the early 

Fraction Compartment I251 - insulin lPsI - prolactin 

PI Plosmolemmo 

T If2 1 4 J I  12.7min 

., 150 - 200nm diameter 4 . 2  min 8.3min P I.I, polymorphic lipoprotein- 
filled endosomes 

I I .  3 min 10.0min 1 -300nm diometer 

vesicles 
ML lipoprotein- filled 

FIGURE 1 1 : Receptor-mediated endocytosis of '2SI-insulin and 1251- 
prolactin in vivo. Following binding to the plasmalemma ( p  - 1.159, 
ligand is internalized into early lipoprotein-filled endosomes of p - 
1 . 1  1 found in the P fraction and then into similar looking but larger 
endosomes of p - 1 . I  0 found in ML and L fractions. The major 
difference in the handling of insulin and prolactin is attributed to the 
plasmalemma. The rapid kinetics of insulin degradation suggest that 
insulin degradation must already begin in early ( PI.' I )  endosomes. 

Handley et al., 1981; Hornick et al., 1984). Indeed, the li- 
poprotein-filled content of liver endosomes probably represents 
internalized lipoprotein (Hornick et al., 1985). 

These studies therefore considerably extend our previous 
observations on the structures internalizing insulin and pro- 
lactin. The analytical approach has defined clearly the distinct 
handling of insulin and prolactin at the presumed cell mem- 
brane of the hepatocyte fraction). This approach has 
also identified two distinct endosomal components found in 
microsomal ,) and ML (MLl. lo)  fractions, respectively, 
both of which participate in the receptor-mediated endocytosis 
of insulin and prolactin (Figure 1 1). The MLl. lo  component 
is identified as the unique vesicle previously found in the light 
mitochondria (L) fraction (Khan et al., 1981) as well as the 
high-density structure containing low levels of acid phosphatase 
activity previously found in the Golgi intermediate fraction 
(Khan et al., 1982). The fraction probably corresponds 
to the early low-density endosome found in the Golgi light and 
intermediate fractions (Khan et al., 1982), which has been 
subsequently resolved from Golgi elements (Kay et al., 1984). 
Differential handling of insulin and prolactin by heptic par- 
enchymal cells is probably due to selective degradation of 
insulin within early components of the endosomal apparatus. 
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Phosphorylation Reduces the Affinity of Protein 4.1 for Spectrin' 
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ABSTRACT: The  phosphorylation of protein 4.1 by the membrane kinase and casein kinase A has been 
investigated. Each of these kinases catalyzed the incorporation of 2 mol of phosphate per mole of protein 
4.1. The  presence of both kinases in the reaction mixture did not lead to an  increase in the incorporation 
of phosphates into the protein. An analysis of the acid hydrolysis products of the 32P-labeled protein 4.1 
indicated that the radioactivities were distributed between phosphothreonine and phosphoserine in a ratio 
of about 2 to 1 .  The  effects of phosphorylation on the binding of protein 4.1 to spectrin were investigated 
by using sucrose density gradient centrifugation. The  affinity of protein 4.1 for spectrin was reduced about 
5-fold, from a K D  of 2 X M, by phosphorylation. The  phosphorylation of 
spectrin, on the other hand, appeared to increase slightly its affinity for protein 4.1. The  results suggest 
that phosphorylation may lead to a relaxation of the cytoskeletal network and the formation of a more flexible 
membrane structure that is important to red cell function. 

M to a KD of 9.4 X 

T h e  human erythrocyte membrane contains an extensive 
cytoskeletal network that has been suggested to play an im- 
portant role in the control of cell shape and deformability and 
the distribution of intramembrane particles and surface re- 
ceptors (Marchesi, 1979, 1983; Branton et al., 1981; Tao & 
Conway, 1982). Detailed investigations of the composition, 
structure, and assembly of this membrane cytoskeletal network 
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have shown that the network is formed by the interactions of 
three membrane proteins, spectrin, actin, and band 4.1 
(Branton et al., 1981; Marchesi, 1983). Spectrin, the major 
protein of the erythrocyte membrane skeleton, is composed 
of two nonidentical subunits, a ( M ,  240000) and /3 ( M ,  
220 000), which associate to form double-stranded, fiberlike 
flexible heterodimers (Branton et al., 198 1 ) .  These spectrin 
dimers can further assemble in a head to head arrangement 
into tetramers and higher oligomers (Morrow et al., 1981; 
Marchesi, 1983). The tetrameric form has been suggested to 
represent the major species of spectrin and the physiological 
functional unit in normal red cell ghosts (Liu & Palek, 1980; 
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