






Table L Yields of Mature ssS-labeled Proteins and 
Other Markers in the Hepatocyte Plasma Membrane 
Sheet Preparation 
Marker Yield 

% 

NADH-cytochrome c reductase 0.5 
Endosomes 0.5 
Sialyltransferase 0.7 
Galactosyltransferase 1.0 
Alkaline phosphodiesterase I 16 
Immunoblot 

CE 9 8.5 
ASGP-R 1.3 
HA 4 11 
DPP IV 11 
AP 6.8 

35S (mature) 
CE 9 5.2 
ASGP-R 2.0 
HA 4 6.8 
DPP IV 5.7 
AP 8,0 

Hepatocyte plasma membrane sheets were prepared from rat liver that had been 
pulse-labeled with L-[3~S]methionine for 10 rain and then chased for 45 rain. 
The filtered homogenate and plasma membrane sheet fractions were assayed 
for the following: sialyltransferase and the plasma membrane proteins by im- 
munoblotting; NADH-eytochrome c reduetase, galactosyltransferase, and al- 
kaline phosphodiesterase I by enzyme assay; and mature 35S-labeled proteins 
by immunopreeipitation as described in Materials and Methods. To estimate 
the yield of endosomes in a plasma membrane sheet fraction, a second liver 
was exposed to ~zSI-asialo-orosomueoid for 14 rain at 37~ in isolated perfu- 
sion, and the amounts of sedimentable (150,000 g, 60 rain) nSl radioactivity 
in the filtered homogenate and plasma membrane sheet fractions were deter- 
mined. The yield of alkaline phosphodiesterase I is typical of that of other plas- 
ma membrane marker enzymes; all are obtained with a 10-20% yield and show 
a 40-60-fold enrichment (3, 18). 

Domain Gradient Analysis at Different I~mes of Chase 
We next addressed the question of domain localization for 
the newly synthesized plasma membrane proteins. At select- 
ed times of chase the hepatocyte plasma membrane sheets 
were first resolved into apical and basolateral plasma mem- 
brane vesicles in sucrose density gradients, and the proteins 
were immunoprecipitated from detergent extracts of the gra- 
dient fractions. Much to our surprise, the distribution of the 
mature radiolabeled apical proteins in these gradients was 
found to change as a function of the chase time. This phe- 
nomenon is illustrated for AP in Fig. 2. At the early times 
of chase (30 and 45 rain), mature radiolabeled AP did not 
distribute with the apical domain marker (HA 4), but instead 
exhibited a distribution that was almost identical to that of 
the basolateral domain marker CE 9. With increasing time 
of chase, the distribution of the mature radiolabeled AP was 
shifted progressively toward the lighter (apical) region of the 
gradients, so that only after 150 min did it become coincident 
with that of the apical domain marker HA 4. At intermediate 
chase times (60 and 90 min), the observed distribution ap- 
peared to represent some weighted average of apical- and 
basolateral-like distributions. Thus, at the time when mature 
AP first reached its maximum specific radioactivity in the 
plasma membrane fraction (45 min), it was not present in 
apical plasma membrane vesicles, but in vesicles that frac- 
tionated more like those derived from the basolateral do- 
main. The mature forms of the other two apical proteins ex- 

Figure 2. Domain localization of the newly synthesized mature AE 
Hepatocyte plasma membrane sheets were isolated from rats after 
a 10-min pulse-labeling with L-[3~S]methionine and the designated 
period of chase. They were vesiculated by sonication and resolved 
into apical and basolateral populations in sucrose density gradients. 
The apical protein AP was immunoprecipitated from the gradient 
fractions, and the distribution of the mature radiolabeled AP was 
determined by blot autoradiography. (A) Autoradiogram of the blots 
of the AP immunoprecipitates. Little, if any, of AP's lower molecu- 
lar mass precursor can be seen. The brackets define the positions 
of apical and basolateral domain markers (see C). (B) Graph of the 
data obtained from the densitometric analysis of the autoradiograms 
shown in A, with the distribution of the mature radiolabeled AP 
plotted as a percentage of that recovered in the gradient for each 
time of chase. ', rain. (C) Distributions of the apical protein HA 
4 and the basolateral protein CE 9 in these gradients were deter- 
mined by immunoblotting and plotted as a percentage of the recov- 
ered antigen. 

amined, DPP IV and HA 4, were also found to distribute in 
the basolateral region of the density gradients at the early 
times of chase (Fig. 3, A and B). We used relative peak 
heights for the three radiolabeled apical proteins in gradient 
fractions 5 and 9 to quantify the percentages of the newly 
synthesized proteins in the apical and basolateral regions of 
the gradients, respectively, after different times of chase (see 
Materials and Methods). Fig. 4 reveals that the proteins 
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Figure 3. Domain localization for the other newly synthesized pro- 
teins. The distributions of the mature forms of the radiolabeled DPP 
IV (A), HA 4 (B), and CE 9 (C) in the domain gradients after the 
different times of chase were determined and plotted as described 
for AP in Fig. 2. 

moved into the apical region of the gradients at different 
rates. AP was the fastest, with 50% of the mature radiola- 
beled form distributed apically after •90 min and 100% af- 
ter ,x,150 min of chase. The percentage of the mature radiola- 
beled DPP IV that was apical increased roughly in parallel 
with AP but appeared to lag 15-30 min behind AP over the 
whole time course. We have not yet examined enough 
animals to know if this difference between AP and DPP IV 
is statistically significant. Perhaps the strangest behavior was 
exhibited by HA 4, which appeared to reach a plateau with 
only 15-20% of the mature radiolabeled protein in the apical 
region, even after 150 min of chase. In comparison, the 
basolateral protein CE 9 was observed in the basolateral re- 
gion of the gradients at all times of chase (Fig. 3 C). 

Possible Involvement of OrganeUar Contaminants 

The next group of experiments was undertaken to determine 
whether the membrane containing the mature radiolabeled 
apical proteins at 45 min of chase represented bona fide 
basolateral plasma membrane or some organellar contami- 
nant(s) in the plasma membrane sheet preparation, which, 
coincidently, fractionated like basolateral plasma membrane 
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Figure 4. Kinetics of reaching the apical domain. The percentages 
of the radiolabeled mature forms of AE DPE and HA 4 that were 
distributed apically in the domain gradients at different times of 
chase were calculated as described in Materials and Methods from 
the data shown in Figs. 2 B and 3, A and B, respectively. 

in the domain gradients. Since we were monitoring the ma- 
ture molecular mass (terminally glycosylated) forms of the 
newly synthesized proteins, contamination by the endoplas- 
mic reticulum was not a concern. The most likely con- 
taminants were thought to derive from the late Golgi cister- 
nae and beyond in the pathway. As a result, we focused our 
attention on the fractionation behavior of markers of the late 
Golgi cisternae (galactosyl- and sialyltransferases; refer- 
ences 37, 38, 41), the transtubular network (sialyltransferase, 
reference 38), and the endosomes (labeled by 125I-asialo- 
orosomucoid; references 32 and 45), the latter because they 
are thought to be involved in the shuttling of hepatocyte 
plasma membrane proteins both between organelles (e.g., 
between the plasma membrane and lysosomes; references 8 
and 9) and between different plasma membrane domains 
(e.g., between basolateral and apical domains in the transcy- 
tosis of the polymeric immunoglobulin A receptor complex; 
references 16, 31, 33, 40, 43). Table I lists the recoveries of 
these various organellar markers in the hepatocyte plasma 
membrane sheet fraction and compares them with those of 
a representative hepatocyte plasma membrane marker en- 
zyme (alkaline phosphodiesterase I, see references 3 and 18), 
the individual domain-specific proteins themselves (HA 4, 
CE 9, etc.; see references l, 3, 18, 19, 36) and the mature 
forms of the radiolabeled plasma membrane proteins at 
45 min of chase. The recoveries of the mature radiolabeled 
CE 9, HA 4, DPP IV, and AP (5.2-8.0%) were considerably 
greater than those of the organellar contaminants (0.5-1%) 
and more similar to those of the unlabeled plasma membrane 
proteins as determined by immunoblotting (6.8-11%). The 
lower recovery of the ASGP-R (whether radiolabeled or un- 
labeled), compared with those of the other plasma mem- 
brane proteins examined, was consistent with the fact that as 
much as 80% of this receptor is believed to be located in- 
tracellularly in endosomes (18, 19). A similar explanation 
could account for why the recoveries of some of the other 
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plasma membrane proteins as determined by immunoblot- 
ting were less than that of the representative marker enzyme 
alkaline phosphodiesterase I (3, 18). All three of the apical 
proteins were found in low density membrane vesicles when 
microsomal density gradients were analyzed by immuno- 
blotting (see below and Fig. 7). In principle, these vesicles 
could be derived from intracellular organelles or perhaps 
from other cell types (see below). 

The glycosyltransferases, but not the endosomes, recov- 
ered in the hepatocyte plasma membrane sheet preparation 
(Table I) were found to distribute with the basolateral domain 
marker CE 9, and hence with the mature radiolabeled apical 
proteins, in the domain gradients (Fig. 5). However, we were 
able to achieve a partial separation of these glycosyltrans- 
ferase-positive vesicles from the basolateral plasma mem- 
brane vesicles using the technique of free-flow electrophore- 
sis (Fig. 6 B), which fractionates vesicles according to their 
surface charge density. With this method, the apical plasma 
membrane vesicles (marked by HA 4 in Fig. 6 B) exhibited 
the most dramatic anodic migration, with the sialyltrans- 
ferase-containing vesicles (ST in Fig. 6 B) migrating the 
least. In fact, the latter were found to be concentrated in a 
relatively sharp peak, which also contained the bulk of the 
galactosyltransferase activity recovered in the sheet prepara- 
tion (not shown). The migration of the basolateral plasma 
membrane vesicles (marked by CE 9 in Fig. 6 B) was inter- 
mediate, thus allowing their partial resolution from both the 
apical vesicles and the glycosyltransferase-positive vesicles. 
The distributions of the mature form of one representative 
newly synthesized apical protein, DPP IV, and of the newly 
synthesized basolateral protein CE 9 at 45 min of chase are 
shown in Fig. 6 A. Note that the distributions of the mature 
radiolabeled DPP IV and CE 9 were very similar and were 
virtually indistinguishable from that of the steady-state baso- 
lateral marker CE 9 (broken line in Fig. 6 A). Thus, at 45 
min of chase, the mature forms of the radiolabeled api- 
cal proteins were present in vesicles that fractionated like 
basolateral plasma membrane using two quite independent 
separation techniques, density gradient centrifugation and 
free-flow electrophoresis. Furthermore, they could be distin- 
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Figure 5. Distributions of contaminating organelles in the domain 
gradients. The distributions of t25I-asialo-orosomucoid-labeled 
endosomes (EN), galactosyltransferase (GT), and sialyltransferase 
(ST) in the domain gradients are plotted as a percentage of the re- 
covered marker. 

guished from the bulk of the likely organellar contaminants, 
including those derived from endosomes, the late Golgi 
cisternae, and the transtubular network. 

We also examined the distributions of the various markers 
in a different sucrose density gradient system using a much 
cruder rat liver microsomal fraction (Fig. 7). Although api- 
cal and basolateral vesicles were not resolved in this gra- 
dient, the hepatocyte plasma membrane vesicles (marked by 
the immunoblot profile for CE 9 in Fig. 7 A, open circles) 
were separated from the majority of the glycosyltransferase- 
positive vesicles (Fig. 7 A: sialyltransferase, solid squares; 
galactosyltransferase, solid triangles), and endosomes (see 
also references 9 and 45). The latter fractionate like galac- 
tosyltransferase in this gradient (9, 45). Note that the immu- 
noblot profiles for the apical proteins (Fig. 7, B-D, open cir- 
cles) showed that considerable amounts of the proteins were 
also present in the lower density Golgi/endosome region of 
the gradient (between fraction pools 3 and 4 and 9 and 10). 
This trend, which was most noticeable for DPP IV (Fig. 7 
B) and AP (Fig. 7 C), might indicate that these apical pro- 
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Figure 6. Free-flow electrophoretic analysis of the hepatocyte 
plasma membrane sheet fraction after 45 min of chase. Hepatocyte 
plasma membrane sheets were isolated from pulse-labeled rats at 
45 min of chase, vesiculated by Polytron homogenization, and 
resolved by free-flow electrophoresis. (Fraction 1 is nearest the an- 
ode.) The apical protein DPP IV and the basolateral protein CE 9 
were immunoprecipitated from the fractions. (A) The distributions 
of the mature radiolabeled DPP IV and CE 9 were determined by 
blot autoradiography and plotted as a percentage of that recovered 
in the experiment. The broken line shows the steady-state distribu- 
tion of CE 9 as determined by immunoblotting (replotted from B). 
(B) The distributions of the apical protein HA 4, the basolateral 
protein CE 9, and sialyltransferase were determined by immuno- 
blotting and plotted as a percentage of the recovered antigen. 
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Figure 7. Microsomal gradient analysis of the mature radiolabeled 
apical proteins at 45 min of chase. Liver microsomal fractions were 
isolated from pulse-labeled rats at 45 min of chase and were 
resolved in sucrose density gradients. The apical proteins HA 4 
(B), DPP IV (C), and AP (D) were immunoprecipitated from the 
gradient fractions, and the distributions of the radiolabeled mature 
forms of the proteins (solid circles) were determined by blot autora- 
diography and plotted as a percentage of that recovered in the gra- 
dient. The steady-state distributions of these proteins in this gra- 
dient, as determined by immunoblotting, are also given (open 
circles in B, C, and D). The distributions of galactosyltransferase 
(GT), sialyltransferase (ST), and the plasma membrane marker 
CE 9 in this gradient are shown in A. The bar in A designates the 
fraction pool that was used in the vesicle immunoadsorption experi- 
ments (see Table II). 

teins have intracellular pools in the steady state. However, we 
have never detected intracellular pools of these proteins in 
any of our light or electron microscopic immunolocalization 
experiments (references 1, 19, 36; and unpublished data). An 
alternative explanation is that the low density vesicles con- 
raining the apical proteins are derived from the plasma mem- 
brane of the other cell types in the liver. We have preliminary 
evidence that DPP IV may be present at the surface of the 
endothelial cells (unpublished data). Plasma membrane de- 
rived from the nonhepatocyte cell types does not significant- 
ly contaminate the hepatocyte plasma sheets (3). 

As expected from the results shown in Fig. 1, the distribu- 
tions of the mature forms of the radiolabeled apical proteins 
at 45 min of chase were found to be similar to their steady- 
state distributions in the microsomal gradient as determined 
by immunoblotting (cf. open and solid symbols in Fig. 7, 

B-D).  Most importantly, a significant fraction of each 
(45-65 %) was present in the plasma membrane region of this 
gradient (between fraction pools 9 and 10 and 19 and 20). 
This range of percentages was similar to that which could be 
calculated from the 35S-protein recovery data in Table I af- 
ter correction by a multiplicative factor of about six to nor- 
malize the recovery of the plasma membrane marker enzyme 
alkaline phosphodiesterase I in the sheet preparation to 
100 %. Thus, by either estimation, a substantial percentage 
of the mature radiolabeled proteins at 45 min of chase was 
detected in the hepatocyte plasma membrane. Furthermore, 
Fig. 7 illustrates that, even when analyzing the crude rat liver 
microsomal fractions, a large proportion of the vesicles con- 
raining the mature radiolabeled proteins at 45 min of chase 
(Fig. 7, B-D) could be separated from the cellular glycosyl- 
transferase-positive vesicles and endosomes. 

Vesicle Immunoadsorption 

We next used vesicle immunoadsorption with antibodies 
directed against a basolateral protein, the ASGP-R, to ask 
questions regarding the molecular composition and disposi- 
tion of those vesicles containing the radiolabeled plasma 
membrane proteins at 45 min of chase. This procedure has 
been worked out in detail in our laboratory (20, 32) for the 
isolation of ASGP-R-positive endosomes from rat liver 
microsomal fractions. With this procedure, the membrane 
vesicles are incubated sequentially with affinity-purified 
rabbit anti-receptor antibodies followed by fixed S. aureus 
cells, the mixture is diluted, and the bacteria with bound an- 
tibody-vesicle complexes are collected by low speed cen- 
trifugation. For our experiments we used the plasma mem- 
brane peak (fraction pool 13-16, bar in Fig. 7 A) derived 
from liver microsomal gradients after 45 min of chase and 
two anti-ASGP-R antibodies. One antibody, called anti- 
total, was directed against the entire receptor molecule (both 
cytoplasmic and ectoplasmic domains). The other, called 
anti-head, was directed exclusively against the ectoplasmic 
domain of the protein (see Materials and Methods). When 
compared in the standard immunoadsorption assay using 
3 Ixg of affinity-purified antibody and 100 Ixg of microsomal 
protein from a liver that had been allowed to endocytose 
125I-asialo-orosomucoid for 14 min during isolated perfusion 
at 37~ (32), the anti-total antibody immunoadsorbed eight 
times more of the 125I-asialo-orosomucoid-containing endo- 
somes than the anti-head antibody (57% vs. 7%). Despite 
this difference, these two antibodies could immunoadsorb 
similar amounts of the basolateral plasma membrane vesi- 
cles when tested against the vesicles in the plasma membrane 
region (pool of fractions 13-16) of the microsomal gradients 
(see Table II). The vesicles derived from the hepatocyte 
plasma membrane sheets could not be used in the im- 
munoadsorption experiments because they consistently gave 
unacceptably high levels of nonspecific immunoadsorption. 
Two criteria by which we could justify the use of this alter- 
nate plasma membrane preparation were: (a) at 45 min of 
chase, the recoveries of the mature radiolabeled proteins in 
the two preparations were quite similar (see paragraph 
above); and (b) both preparations showed a similar extent of 
contamination by sialyltransferase. The sialyltransferase/CE 
9 ratio in fraction pool 13-16 of the microsomal gradient was 
found to be only one to two times greater than that in the he- 
patocyte plasma membrane sheets. 
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Table II. Immunoadsorption of 35S-labeled Plasma Membrane Vesicles with Anti-total and Anti-head ASGP-R Antibodies 

Immuneadsorbed 

3sS (mature) lmmnnoblot Ratio of  ssS/immunoblot 
Domain 
localization Protein Anti-total Anti-head Anti-total Anti-head Anti-total Anti-head 

% of added % of added % of added % of~'ded 
Basolateral ASGP-R ND* ND 66 65 - - 

CE 9 59 63 76 67 0.78 0.94 

Apical DPP IV 61 65 11 10 5.5 6.5 
HA 4 46 52 10 13 4.6 4.0 
AP 35 37 9 9 3.9 4.1 

Mierosomal gradients were prepared from a rat that had been paise-labeled with L-[SSS]rnethionine for t0 rain and then chased for 45 rain. The vesicles from the 
plasma membrane region (fraction pool 13-16; see bar in Fig. 7 A) were subjezted to immunoadsorption using anti-total or anti-head ASGP-R antibodies and 
S. aureus cells as described in Materials and Methods. " I~  percentages of the added 3SS-labeled protons (matin'e) and unlabeled proteins that were immunoed- 
s o d ~  were determined by imnmnoproeipitation and immunoblotting, respectiveby, and have been corrected for the level of  nonspecific immunoadsorption (,x, 10% ) 
observed using In'e- or nonimmune antibodies. 
* ND, not determined because of poor detergent soluWfiization from the anti-ASGP-R immunoadsoxbent in preparation for immunoprecipitation. 

For analysis of the ssS-labeled plasma membrane pro- 
teins, it was necessary to perform the immunoadsorption ex- 
periment on a much larger scale; the bacterial pellets from 
20 individual irnmunoadsorption tubes were pooled, ex- 
tracted with detergent, and the individual radiolabeled pro- 
teins were isolated by immunoprecipitation. Table II lists the 
immunoadsorption efliciencies for the mature forms of the 
different radiolabeled plasma membrane proteins at 45 min 
of chase and compares them with the values for the chemical 
amounts of these proteins immunoadsorbed as determined 
by immunoblotting. Each entry represents the percentage of 
the added protein that was immunoadsorbed. Whether using 
anti-total or anti-head antibodies: (a) the chemical amounts 
of the basolateral proteins that were immunoadsorbed were 
six to seven times greater than the chemical amounts of the 
apical proteins that were immunoadsorbed (66-76% vs. 
9-11%), indicating that the immunoadsorption was indeed 
domain-specific; and (b) the percentages of the mature radio- 
labeled apical proteins that were immunoadsorbed were four 
to six times greater than the chemical amounts of the apical 
proteins that were imznunoadsorbed (35-61% vs. 9-11% ). In 
fact, the immunoadsorption efficiency for one radiolabeled 
apical protein, DPP IV, even approached that observed for 
the unlabeled and ssS-labeled basolateral proteins. These 
results indicated that, at 45 min of chase, the newly synthe- 
sized apical proteins were substantially enriched (four- to 
sixfold) over their unlabeled counterparts in vesicles contain- 
ing a basolateral protein, the ASGP-R. That the immunoad- 
sorption results were virtually identical using the anti-head 
and anti-total antibodies suggested that these vesicles ob- 
tained from the plasma membrane region of the microsomal 
gradient were predominantly oriented with their ectoplasmic 
domains facing outward. Based upon the results of ligand 
binding studies performed in the presence and absence of 
permeabilizing detergents (8, 9, 45), the plasma membrane 
vesicles obtained from the microsomal gradients are known 
to be preferentially oriented ectoplasmic-side-out, whereas 
those vesicles derived from intraceltular organelles, such as 
endosomes, have the opposite orientation. 

Discussion 

We have examined hepatocyte plasma membrane biogenesis 
in vivo using pulse-chase metabolic radiolabeling in con- 

junction with subeellular fractionation and immunoprecipi- 
tation t~hniques. The posttranslational transport pathways 
taken by endogenous apical and basolateral proteins were 
compared in an attempt to reveal the site where these proteins 
are sorted in this polarized epithelial cell. 

Apical and Basolateral Proteins Reach the 
Hepatocyte Plasma Membrane Rapidly and with 
Similar Kinetics 

Our results suggest that both the apical and basolateral pro- 
teins reach the hepatocyte plasma membrane rapidly and 
with similar kinetics. The three apical and two basolateral 
proteins examined each reach their maximum specific radio- 
activity in a highly purified hepatocyte plasma membrane 
sheet fraction after only 45 rain of chase (Fig. 1). An earlier 
study on the biosynthesis of two rat hepatocyte plasma mem- 
brane proteins, DPP IV and nucleotide pyrophosphatase, 
reported that almost 2 h were required for these two proteins 
to reach their maximum specific radioactivities in a plasma 
membrane fraction (10). The apparent discrepancy between 
these two results is most likely due to the different membrane 
fractions analyzed. Elovson (10) isolated a "lighf" plasma 
membrane fraction in density gradients after vigorous me- 
chanical disruption of what appeared to be a more sheetlike 
plasma membrane preparation (4). Therefore, the fraction 
analyzed probably consisted of vesicles derived largely from 
the apical domain (3). Others (10, U, 44) have observed that 
<1 h of chase in vivo was required to achieve maximum 
specific radioactivities of protein-associated L-[3H]fucose, 
L-[35S]methionine, or L-[3H]leucine in their respective rat 
liver plasma membrane fractions. 

Newly Synthesized Apical Proteins Are Present 
in Basolateral Plasma Membrane Vesicles at 45 min 
of Chase 
Our sucrose gradient and free-flow electrophoretic analyses 
of the domain localization of the newly synthesized plasma 
membrane proteins indicate that, at the time when the 
plasma membrane proteins first reach their maximum spe- 
cific radioactivities in the plasma membrane fraction (at 45 
min of chase), the radiolabeled, mature molecular mass 
forms of the apical proteins are not associated with the apical 
domain, but are present in different membrane vesicles. 
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These vesicles: (a) fractionate like basolateral plasma mem- 
brane using the two independent separation techniques em- 
ployed (Figs. 2, 3, and 6); (b) can be separated from the bulk 
of the organellar contaminants that would be most likely to 
contain the mature molecular mass forms of the newly syn- 
thesized proteins, including late Golgi cisternae, the trans- 
tubular network, and endosomes (Table I and Figs. 5-7); (c) 
contain the proven basolateral constituents, the ASGP-R and 
CE 9 (Table II); and (d) are oriented with their ectoplasmic 
surfaces facing outward (Table II), characteristic of vesicles 
derived from the plasma membrane but not of those derived 
from intracellular organelles. Taken together, our data indi- 
cate that the vesicles containing the newly synthesized apical 
(and basolateral) proteins at 45 min of chase are bona fide 
basolateral plasma membrane. 

Existing experimental evidence permits us to exclude the 
possibility that the radiolabeled apical proteins simply dif- 
fuse into the basolateral domain during the isolation of the 
plasma membrane sheets. In a previous study we used an im- 
munogold labeling procedure to show that CE 9 and HA 4 
retained their domain-specific distributions even on unfixed 
preparations of the isolated sheets (3). Furthermore, if there 
had been any such redistribution, then all of the proteins, ra- 
diolabeled or unlabeled, would have been expected to exhibit 
a bimodal distribution in the domain gradients. Although un- 
likely, given our evidence, we cannot presently rule out the 
formal possibility that we have significantly enriched vesi- 
cles for a population of intracellular transport that vesiculate 
with their ectoplasmic surfaces facing outward, coincidently 
fractionate like basolateral plasma membrane in sucrose 
density gradients and in free-flow electrophoresis, and con- 
tain the ASGP-R. Kinetic experiments involving exogenous 
vectorial labeling of the newly synthesized apical proteins af- 
ter their appearance at the basolateral surface followed by 
their detection in the apical domain would resolve this issue. 

Apical Proteins Move to the Apical Domain 
at Different Rates 
As judged by their distributions in the domain gradients 
(Figs. 2-4), significant amounts of the mature radiolabeled 
apical proteins, but not the radiolabeled basolateral proteins, 
begin to appear in the apical domain at chase times greater 
than 45 min. Interestingly, the newly synthesized apical pro- 
teins reach their apical destinations at different rates (Fig. 4). 
Approximate half-times of arrival are in the range of 90-120 
min for AP and DPP IV, whereas HA 4 moves substantially 
slower than this, with 80-85 % remaining basolateral even 
after 150 min of chase. It should be reiterated that all of the 
proteins maintain a nearly constant specific radioactivity in 
the plasma membrane fraction during this period of redistri- 
bution (Fig. 1). Recent studies of membrane biogenesis in 
cultured Caco-2 cells (derived from a human adenocarci- 
noma cell line [34]) suggest that disaccharidases and pepti- 
dases also appear at the apical surface at vastly different rates 
(reference 12; and Stieger, B., B. Baur, K. Bucher, M. 
Hochli, and H.-P. Hauri, manuscript submitted for publi- 
cation). 

Mechanism of Sorting of Hepatocyte Plasma 
Membrane Proteins 
Our results suggest a mechanism for hepatocyte plasma 
membrane biogenesis in vivo in which every integral plasma 

membrane protein, basolateral or apical, is shipped first to 
the basolateral domain, and then the apical proteins are de- 
livered from the basolateral domain to the apical domain at 
different rates. At present, the resolution of apical and 
basolateral vesicles in the domain gradients and in free-flow 
electrophoresis is not sufficient to rule out a possible mecha- 
nism involving random protein appearance in both plasma 
membrane domains. However, the ratio of relative surface 
areas of basolateral and apical domains in the isolated hepa- 
tocyte plasma membrane sheets is approximately 7:3 (18), 
meaning that at least 70% of the newly synthesized apical 
proteins w o r d  arrive first at the basolateral domain and then 
need to be sorted to their proper final destination. One im- 
portant implication of such a mechanism is that the sorting 
event(s) would need to occur after the initial insertion into 
the basolateral plasma membrane. Since the available evi- 
dence supports the notion that tight junctions restrict lateral 
protein diffusion between basolateral and apical domains 
(reviewed in reference 39), it is likely that the postulated 
basolateral-to-apical movement of hepatocyte plasma mem- 
brane proteins occurs by some form of vesicle-mediated trans- 
cytosis. Thus, the sorting of apical from basolateral proteins 
could be the result of selective endocytosis and transport. 
The actual sorting step might occur either with the selective 
endocytosis of newly synthesized apical proteins at the 
basolateral surface or at some intracellular site after the en- 
docytosis of the newly synthesized apical proteins along with 
the basolateral constituents. Clearly, to explain our data, this 
vesicular transport between domains would need to be fast 
enough to account for the fact that there is no observable 
reduction in the specific radioactivity of these proteins in the 
plasma membrane sheet fraction during the relevant time 
period (Fig. 1). The transport would also have to occur at dis- 
tinct rates for different apical proteins (Fig. 4). In this regard, 
the apical protein HA 4 presents us with a particularly intrig- 
uing case. A large percentage of the mature radiolabeled HA 
4 (80-85 %) remains basolateral after an extended period of 
chase (150 min), even though HA 4 is clearly localized api- 
cally in the steady state by both biochemical and morpholog- 
ical means (3, 18). These two observations are not incompat- 
ible given that preliminary estimates of HA 4's half-life (>30 
h) are considerably longer than the chase times thus far ex- 
amined (our unpublished data). However, the data do suggest 
that HA 4's basolateral-to-apical movement might either be 
more tightly regulated than those of the other apical proteins 
examined or that its movement might somehow be impaired 
by the experimental conditions, e.g., the fasting of the rats 
or the administration of relatively large quantities of unla- 
beled methionine. Further experimentation will be required 
to resolve this issue. 

Other Examples of Plasma Membrane Protein 
Sorting in Epithelial Cells 
There is precedent for the selective basolateral-to-apical 
movement of integral plasma membrane proteins in vivo in 
hepatocytes. One of the best examples is the receptor for 
polymeric immunoglobulin A, which during its normal life 
cycle binds circulating ligand at the basolateral surface, is en- 
docytosed along with ligand and transported in vesicles to the 
apical pole of the cell, is inserted into the apical domain as 
these vesicles fuse with the apical plasma membrane, and 
then is proteolytically released into the apical lumen while 
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still complexed with polymeric immunoglobulin A (16, 31, 
33, 40, 43). Trancytotic receptors for other ligands, such as 
the hemoglobin-haptoglobin complex (33), are believed to 
traverse a similar pathway. Based upon the observation that 
[3H]fucoproteins appeared in a sinusoidal plasma mem- 
brane subfraction before a canalicular subfraction, Evans et 
al. (11) were perhaps the first to postulate the existence of "a 
route involving direct transfer of glycoproteins via a mem- 
brane-mediated path from the blood-sinusoidal to the bile 
canalicular plasma membranes". However, this sinusoidal 
subfraction showed extensive contamination by Golgi, and 
mature forms of specific hepatocyte plasma membrane pro- 
teins were not considered. 

Studies of plasma membrane biogenesis in the intestinal 
epithelial cell have yielded contradictory results regarding 
the pathway taken by apical proteins. Moktari et al. (30) used 
a novel flow-cytometric technique to suggest a basolateral- 
to-apical pathway for newly synthesized AP in rabbit en- 
terocytes, an observation reinforced by in vivo metabolic 
labeling (27). However, Danielsen and Cowell reported an 
opposite result for AP and several other brush border en- 
zymes using immunoelectrophoretic separation of mem- 
branes (6). In addition, Lorenzsonn et al. (25) recently found 
no evidence for the presence of significant amounts of a 
different brush border enzyme, sucrase-isomaltase, at the 
basolateral surface of rat intestinal epithelial cells using im- 
munocytochemical techniques that were sensitive enough to 
permit detection of the enzyme in the endoplasmic reticu- 
lum, the Golgi complex, and smooth vesicles in the apical 
cytoplasm. 

Our findings would appear to be at odds with the dogma 
that has arisen from studies of RNA viral envelope glycopro- 
tein sorting in cultured epithelial cell lines, such as Madin- 
Darby Canine Kidney (MDCK). It has been convincingly 
demonstrated in these cells, both morphologically and bio- 
chemically, that the newly synthesized envelope glycopro- 
teins of apically budding viruses (e.g., HA of influenza) are 
inserted directly into the apical domain, with no detectable 
residence in the basolateral domain (for reviews, see refer- 
ences 28, 35, 39). Thus, in these cells, sorting of basolateral 
from apical proteins has been thought to occur in the late 
Golgi, after sialylation of the molecules (12). The results of 
our study clearly indicate that in rat hepatocytes sorting oc- 
curs at or after proteins reach the basolateral surface, which 
means that the biosynthetic pathways taken by apical mole- 
cules in the two cell types are different. Assuming that en- 
dogenous domain-specific proteins in MDCK cells behave 
like the viral molecules (as yet untested for an apical mole- 
cule), how can these results be reconciled? Examination of 
the secretory pathways for soluble molecules in the two cell 
types offers a clue. 

Discrete sets of endogenous soluble proteins are constitu- 
tively secreted by MDCK cells into either the apical or 
basolateral media (5, 13, 23). Furthermore, a variety of exog- 
enous secretory proteins synthesized in MDCK cells trans- 
fected with the corresponding genes are secreted into both 
the apical and basolateral media (13, 23). This even applies 
to the serum form of ~x2u-globulin, a liver protein that is 
normally secreted in a constitutive fashion from only the 
basolateral surface of rat hepatocytes. In these latter cells 
there is no evidence for the secretion of any newly synthe- 
sized proteins directly into bile, the apical environment of the 

hepatocyte. The majority, if not all, of the proteins present 
in bile arrive there secondarily from residual lysosomes, the 
blood, or the sinusoidal (basal) surface (22, 24). Thus, in 
MDCK cells, two secretory pathways exist, while hepato- 
cytes have only one. 

The difference in the biosynthetic routes taken by secretory 
molecules parallels the difference in the biosynthetic path- 
ways taken by integral plasma membrane proteins in these 
two cells. A number of interesting questions and predictions 
arise from this observation. (a) Are the constitutive routes 
of protein secretion and membrane protein expression the 
same in a particular epithelial cell? That is, do the same post- 
Golgi vesicles carry both newly synthesized secretory and 
membrane proteins to one surface domain? An immunoelec- 
tron microscopy study of nonpolarized hepatoma cells has 
colocalized representatives of these two protein classes in the 
same vesicles; however, the outward direction of the vesicles 
was not established (42). Kinetic experiments in vivo, to- 
gether with subcellular fractionation, could answer this 
question for the hepatocyte. (b) How does the machinery for 
the sorting of membrane proteins destined for apical and 
basolateral domains differ in different epithelial cells? There 
has been considerable focus recently on the trans-Golgi as 
a sorting site and acidification as a mechanism for segregat- 
ing molecules into different pathways (14, 21, 29). In the rat 
hepatocyte it would appear that at least the location and pos- 
sibly the mechanism for sorting apical membrane proteins 
differ from those in epithelial cells where direct pathways to 
both surfaces exist. (c) Finally, are there different sorting sig- 
nals on analogous apical plasma membrane proteins found 
in different epithelia? In this regard, it would be extremely 
interesting to compare the polypeptide sequences of such 
molecules as well as their biogenetic routes when introduced 
into the reciprocal cells (e,g., hepatocyte protein into MDCK 
cells). A likely candidate for such studies would be the apical 
protein AP, since it is present in several epithelia (e.g., see 
reference 26). It may turn out that cells that have no constitu- 
tive apical secretory pathway, such as the hepatocyte (22), 
will use the basolateral-to-apical transcytotic route for the 
delivery of all apical plasma membrane proteins to their api- 
cal domains. 
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