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1 Studies were directed at determining whether hepatocytes, isolated from female Sprague-Dawley rats,
facilitate the uptake of protein-bound long-chain fatty acids. We postulated one form of facilitated
uptake may occur through an ionic interaction between the protein-ligand complex and the cell surface.
These interactions are expected to supply additional ligand to the cell for uptake.

2 The clearance rate of [3H]-palmitate in the presence of a1-acid-glycoprotein (pI=2.7), albumin
(pI=4.9) and lysozyme (pI=11.0) was investigated. Palmitate uptake was determined in the presence of
protein concentrations that resulted in similar unbound ligand fractions (=0.03). The experimental
clearance rates were compared to the theoretical predictions based upon the di�usion-reaction model.

3 By use of our experimentally determined equilibrium binding and dissociation rate constants for the
various protein-palmitate complexes, the di�usion-reaction model predicted clearance rates were
4.9 ml s71/106 cells, 4.8 ml s71/106 cells and 5.5 ml s71/106 cells for a1-acid-glycoprotein, albumin and
lysozyme, respectively; whereas the measured hepatocyte palmitate clearance rates were 1.2+0.1 ml s71/
106 cells, 2.3+0.3 ml s71/106 cells and 7.1+0.7 ml s71/106, respectively.

4 Hepatocyte palmitate clearance was signi®cantly faster (P50.01) in the presence of lysozyme than
albumin which was signi®cantly faster than a1-acid-glycoprotein (P50.01). The marked di�erence in
clearance rates could not be explained by considering di�erences in solution viscosity.

5 Our results are consistent with the notion that ionic interactions between protein-ligand complexes
and the cell surface facilitate the ligand uptake by decreasing the di�usional distance of the unbound
ligand and/or by facilitating the protein-ligand dissociation rate.
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Introduction

The role of binding proteins in the mechanism(s) of cellular
uptake of protein-bound ligands is a contentious issue. Cir-
cumstantial evidence favours the view that hepatocytes
(Burczynski et al., 1989; Pond et al., 1992; Burczynski & Cai,
1994) but not myocytes (Burczynski et al., 1995) facilitate the
uptake of protein-bound ligands (see Burczynski & Luxon,
1995 for a review). Facilitated uptake in this context could
occur by any of several mechanisms. One theory maintains
that some type of surface-induced conformational change in
the protein-ligand complex is responsible (Horie et al., 1988;
Reed & Burrington, 1989). Such interactions are thought to
increase the protein-ligand dissociation rate, thus, supplying
more unbound ligand to the cell for uptake. Another plausible
mechanism is the notion that protein-bound ligands are di-
rectly unloaded at the plasma membrane, perhaps due to site
speci®c collisional exchanges. Direct transfer has been shown
to occur in the transfer of metabolites via enzyme-enzyme
complex formation (Srivastava & Bernhard, 1986). Alterna-
tively, facilitated uptake may be due to ionic interactions be-
tween surface charged groups on the hepatocyte plasma
membrane and those of the protein-ligand complex. This in-
teraction is expected to result in a decrease in the di�usional
distance that the unbound ligand must traverse in order to
reach the cell surface.

Most studies aimed at elucidating facilitated uptake have
focused on albumin as the binding protein. Proteins such as b-
lactoglobulin (Nunes et al., 1988; Burczynski et al., 1990) also
have been used but a common feature is that the isoelectric
point (pI) of the protein of interest is often similar to that of
albumin. Studies investigating the uptake of organic anions in

the presence of binding proteins having pI values appreciably
di�erent from albumin have not been published.

Given the number of publications describing ionic interac-
tions between cellular substrates and cell membranes, protein
surface charge (pI) may be an important factor to consider
when studying uptake processes. For example, cell membrane
surface charge is known to a�ect the activity of membrane-
bound enzymes, protein-membrane adsorption properties,
transmembrane ¯ux and capillary permeability properties of
proteins (Norde & Lyklema, 1978; Park & Maack, 1984; Mi-
chel et al., 1985; Wojtczak et al., 1988; Smith & Borchardt,
1989; Ghitescu et al., 1992; Nishida et al., 1992; Wadhwani et
al., 1992). Similarly, the surface charge of proteins a�ects their
membrane adsorptive properties (Norde & Lyklema, 1978;
Nishida et al., 1992). Thus, it is possible that ionic interactions
between protein-bound ligands and cellular membranes pro-
vide additional unbound ligand to the cell surface for uptake.

If the uptake rate of ligands in the presence of their binding
proteins is observed to be dependent upon the pI, this would
provide compelling evidence that facilitated uptake is occur-
ring. Thus, we examined the e�ect of protein surface charge on
the uptake of a long-chain fatty acid (i.e. palmitic acid) by
hepatocytes isolated from female rats. The hepatocyte ligand
clearance rate in the presence of di�erent binding proteins was
compared with the predicted clearance rate based on the dif-
fusion-reaction model of Bass & Pond (1988).

Methods

Puri®cation of palmitate

Palmitate was puri®ed by a modi®cation of the ethanol ex-
traction procedure of Borgstrom (1952) as previously descri-
bed (Burczynski et al., 1993). Brie¯y, radiolabelled impurities
were removed by twice extracting aqueous palmitate with
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heptane. Following acidi®cation of the palmitate solution with
5 M HCl, the solution was extracted once with heptane, the
organic phase containing the palmitate harvested, evaporated,
redissolved in ethanol and stored at 7208C.

Determination of unbound palmitate fraction and the
protein-palmitate equilibrium binding constant

The puri®ed palmitate (*1 nM) was added to solutions of
phosphate bu�ered saline (PBS; mM: KCl 2.68, KH2PO4 1.65,
NaCl 136.9, Na2HPO4 8.92, pH 7.4) containing a1acid glyco-
protein (20 mM), albumin (5 mM) or lysozyme (50 mM). The
unbound palmitate concentration was measured by equili-
brium dialysis with thin polyethylene membranes following
48 h equilibrium according to Moran et al. (1987). The equi-
librium association constant (Ka) for the di�erent protein-
palmitate complexes was calculated from equation 1

Ka �

1ÿ �

�Ca

�1�

where a is the unbound palmitate fraction and Ca is the
binding protein concentration.

Determination of protein-palmitate dissociation rate

The dissociation rate constant for the various protein-palmi-
tate complexes was determined by the albumin-agarose meth-
od previously described by Weisiger &Ma (1987). This method
involved determining the transfer rate between protein-bound
palmitate and albumin-agarose acceptor beads at 378C. At
t=0 s, a1-acid glycoprotein-palmitate, albumin-palmitate or
lysozyme-palmitate was added to the albumin-agarose sus-
pension. At speci®ed time intervals, the resulting mixture was
sampled and vacuum ®ltered with GF/C glass ®bre ®lters and
the ®ltrate collected. Aliquots of ®ltrate and incubation mix-
ture were sampled to determine radioactive content. The ratio
of ®ltrate radioactivity to that of total radioactivity was plot-
ted and data analysed according to the general exponential
equation:

y � Ae
�ÿkofft�

�2�

where ko� represents the protein-palmitate dissociation rate
constant. Control experiments conducted with 125I radio-la-
belled proteins produced no measurable protein binding to the
albumin-agarose acceptor beads, in line with previous ®ndings
(Weisiger & Ma, 1987).

Preparation of hepatocyte suspensions

This study was approved by the University of Manitoba
Animal Care Committee. Hepatocyte suspensions were pre-
pared from female (250 ± 300 g) Sprague-Dawley rats (Uni-
versity of Manitoba breeding stock) by the collagenase
perfusion technique described previously (Burczynski & Cai
1994). Rats were housed in a temperature-light-controlled
room (228C; lights set on a 12 h on and 12 h o� cycle
starting at 06 h 00 min). Rats were allowed Agway Prolab
Animal Diet (Agway County Foods, Inc. Syracuse NY) and
water ad libitum. Cells were stored at room temperature and
used within 2 h of isolation. Immediately before use, cells
were equilibrated to 378C. Cell viability, as assessed by try-
pan blue exclusion, was greater than 90% and not di�erent
before and after uptake experiments.

Uptake procedure

Hepatocytes were added to solutions of PBS (378C) containing
palmitate (10 nM) to which either 322 mM a1-acid glycoprotein,
0.23 mM albumin or 2.1 mM lysozyme or the combinations
0.23 mM albumin plus 2.1 mM lysozyme was added. These
protein concentrations resulted in an unbound palmitate
fraction of a=0.03 (calculated from equation 1). Thus, all

uptake experiments were performed with the same unbound
palmitate fractions and at a hepatocyte density of *2.86105

hepatocytes ml71. Cells were prevented from sedimenting by
gently agitating the incubating solution. At 30 s intervals,
0.4 ml aliquots of the cell suspension were immediately va-
cuum ®ltered through GF/C (Whatman GF/C membranes,
1.2 mm pore size, Fisher Scienti®c) and washed with 7 ml of
ice-cold PBS. Previous work has shown this to be e�ective in
preventing the transmembrane ¯ux of palmitate (Pond et al.,
1992). In some cases, experiments were conducted with
0.23 mM albumin in the presence and absence of dextran to
alter the viscosity of the incubation medium. Viscosity mea-
surements were made by a Cannon-Fenslee Viscometer. All
uptake experiments were performed in duplicate.

Predicted palmitate clearance rates

Predicted palmitate clearance rates were calculated by use of
the di�usion-reaction model (Bass & Pond, 1988) and com-
pared with the experimental observations. Details of this
model have been discussed previously (Burczynski et al., 1989;
Weisiger et al., 1989; Cai et al., 1992; Pond et al., 1992). The
model has been shown to re¯ect palmitate and oleate ¯ux rates
into polyethylene sheeting and decane, respectively (Burc-
zynski et al., 1989; Weisiger et al., 1989). However, in the
presence of hepatocytes the model underestimated the experi-
mentally determined clearance rates (Burczynski et al., 1989;
Pond et al., 1992). In essence the model predicts total clearance
rate as:

where D̂=Db/D1, D1 and Db are the di�usion coe�cients of
free and bound ligand respectively, �̂=(17a)/a, l=[ko�
(1+�̂D̂)/Db]

71/2, Pf is the e�ective membrane permeability to
unbound ligand, R is the hepatocyte radius, d is the dimension
of the unstirred ¯uid layer and N is the number of hepatocytes
(106 cells). if we make the assumption that Pf?? and d??
equation 3 is reduced to

Parameter estimates used for calculating the predicted total
palmitate clearance rates included the di�usion coe�cient
(temperature corrected) for palmitate (D1=6.461076 cm2 s71;
Patil et al., 1973), a1-acid glycoprotein (Db=8.161077 cm2 s

71

;
CRC, 1976), albumin (Db=9.461077 cm2 s71; CRC, 1976),
and lysozyme (Db=1.761076 cm2 s71; Sophianopoulos et al.,
1962), and R was taken as 0.0012 cm (Pond et al., 1992).
Parameter estimates for the unbound palmitate fraction and
the dissociation rate constants for the di�erent protein-pal-
mitate complexes were determined in the present study.

Materials

Reagents and their sources were as follows: lysozyme, a1-acid
glycoprotein, fatty acid-free albumin (Sigma A-3803), col-
lagenase, Swim's S-77 and Hams F-12 culture media were
purchased from Sigma Chemical Co. [3H]-palmitate (palmi-
tate; radiopurity498.5%, 40 Ci mmol71) was purchased from
New England Nuclear. All other chemicals were analytical
grade and purchased from either Fisher Scienti®c or Sigma
Chemical Co.

Data analysis

Cell associated radioactivity was determined by scintillation
counting and the total palmitate space was calculated as the
ratio of recovered cell-associated radioactivity to the concen-
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tration of radioactivity in the bathing medium. Total palmitate
clearance rates were obtained from the slope of the plot of
palmitate space versus uptake interval. The predicted total
palmitate clearance rates calculated from the di�usion-reaction
model were compared to the total palmitate hepatocyte
clearance rates. The data are presented as mean+s.e.mean and
the n value refers to the number of animals used for each study.
Data were analysed according to Student's t test.

Results

Determination of unbound palmitate fraction and Ka

The unbound palmitate fraction in the presence of 20 mM a1-
acid glycoprotein, 5 mM albumin, and 50 mM lysozyme was
determined to be 0.33+0.03 (n=6), 0.0014+0.0001 (n=6),
and 0.58+0.12 (n=6), respectively, resulting in calculated Ka

values (from equation 1) of: (1.0+0.14)6105 M
71, (1.4+0.1)

6108 M
71, and (1.5+0.5)6104 M

71, respectively.

Determination of ko�

Regression analysis revealed that the transfer (corresponding
to ko�) of palmitate from a1-acid glycoprotein, albumin and
lysozyme to albumin-agarose was 0.081+0.024 s71 (n=7),
0.078+0.012 s71 (n=7), and 0.129+0.022 s71 (n=10) for a1-
acid glycoprotein, albumin, lysozyme, respectively. There was
no statistical di�erence between ko� values for a1-acid glyco-
protein-palmitate and albumin-palmitate complexes. However,
the lysozyme-palmitate dissociation rate was signi®cantly
greater than for the other proteins (P50.01).

Palmitate clearance rate

Uptake of palmitate by hepatocytes isolated from female rats
in the presence of the three binding proteins is shown in
Figure 1 and the calculated hepatocyte palmitate clearance
rates summarized in Table 1. The slopes of palmitate space
versus time di�ered signi®cantly (P50.01) for the di�erent
proteins.

Predicted palmitate clearance rate

The di�usion-reaction model predicted palmitate clearance
rates in the presence of a1-acid glycoprotein, albumin and ly-
sozyme were calculated to be 4.9, 4.8 and 5.5 ml s71/106 cells,
respectively (Table 1). The predicted clearance rates with a1-
acid glycoprotein and albumin as the binding proteins were

signi®cantly greater than the experimentally determined
clearance rates (P50.01). However, the predicted clearance
rate with lysozyme as the binding protein was not di�erent
from the experimental clearance rate (P40.05).

If protein surface charge is an important consideration in
the mechanism of palmitate uptake, then the clearance rate in
the presence of a combination of 0.23 mM albumin plus 2.1 mM

lysozyme ought to be higher than in the presence of 0.23 mM
albumin alone, since the unbound palmitate fraction in the
former case is expected to be lower than in the latter. Uptake
experiments were conducted with the above protein combina-
tion and results were compared to those obtained with 0.23 mM
albumin. Uptake of palmitate in the presence of the protein
combination was signi®cantly greater (P50.02) than in the
presence of 0.23 mM albumin alone (3.0+0.4 (n=6) vs 2.2+1.0
(n=7) ml s71/106 cells, respectively).

E�ect of viscosity

The addition of dextran to 0.23 mM albumin (viscosity=1.5
centistokes) did not a�ect the unbound palmitate fraction but
signi®cantly reduced the hepatocyte palmitate clearance rate
(1.8+0.5 (n=6) versus 2.2+1.0 (n=6)) in the presence and
absence of 0.5 mM dextran, respectively (P50.05; paired t
test). Higher concentrations of dextran (*1 mM; viscos-
ity=2.8 centistokes) could not be used due to aggregation of
the hepatocytes (observed microscopically). Use of lower
dextran concentrations (0.25 mM; viscosity=1.0 centistokes)
did not a�ect the palmitate clearance rate.

Discussion

Previous work done in an attempt to resolve the issue of
whether cells facilitate the uptake of protein-bound ligands
have focused on albumin as the binding protein. The decision
as to whether facilitation occurs has traditionally relied upon a
comparison of the ligand clearance rates obtained with hepa-
tocyte suspensions or monolayers, with those predicted from
various models (Sorrentino et al., 1989; Burczynski et al., 1989;
Cai et al., 1992; Goresky et al., 1992; Pond et al., 1992;
Burczynski & Cai, 1994), or with uptake media that are pre-
sumed to be lacking in facilitation mechanisms (e.g. polye-
thylene sheeting; Burczynski et al., 1989). In this study, we
attempted to resolve this issue by examining the palmitate
clearance rates in the presence of binding proteins that di�ered
markedly in surface charge, i.e. a1-acid glycoprotein (pI=2.7;
CRC, 1976), albumin (pI=4.9; CRC, 1976) and lysozyme
(pI=11.0; Merck Index, 1983).

For proper inferences to be made regarding facilitated up-
take, it was necessary to perform uptake experiments with
protein concentrations that resulted in similar unbound ligand
fractions, ensuring that the driving force for uptake was the
same for all proteins studied. We calculated the unbound li-
gand fraction based on the Ka values obtained with low protein
concentrations, an approach validated in previous studies
(Sorrentino et al., 1989; Pedersen et al., 1990; Pond et al., 1992;
Burczynski & Cai 1994). Accordingly, we showed that the
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Figure 1 Plot of hepatocyte palmitate space: (&) 322 mM a1-acid
glycoprotein (n=7); (*) 0.23 mM albumin (n=13); (*) 2.1 mM

lysozyme (n=8). The total palmitate clearance rate was calculated
as the slope of each plot by use of linear regression analysis. Data are
mean and vertical lines show s.e.mean.

Table 1 Hepatocyte palmitate clearance rate in the presence
of a1-acid glycoprotein, albumin, lysozyme

Clearance rate (ml s71/106 cells)
Protein 1 Hepatocytes Predicted 2

a1-Acid glycoprotein
Albumin
Lysozyme

1.2+0.1 (n=7)**
2.3+0.3 (n=13)**
7.1+0.7 (n=8)**

4.9
4.8
5.5

1 In each case the free fraction (a)=0.03. 2 Predicted
clearance rate by use of the di�usion-reaction model
(equation 4). **P50.01 lysozyme versus albumin; albumin
versus a1-acid glycoprotein; lysozyme versus a1-acid glyco-
protein. Values represent mean+s.e.mean.
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hepatocyte palmitate clearance rate in the presence of the basic
protein lysozyme was 6.3 times greater than in the presence of
the acidic protein a1-acid glycoprotein and 3.2 times greater
than albumin (P50.01). Similarly, the palmitate clearance rate
in the presence of albumin was 2.0 times greater than in the
presence of a1-acid glycoprotein (P50.01). The relationship
between palmitate uptake and pI suggested that an ionic in-
teraction may exist between protein-ligand complexes and the
hepatocyte surface. Although this might constitute an example
of facilitated uptake, alternative explanations must be con-
sidered.

The concentrations of binding proteins in this study di�ered
appreciably, consequently, so did their viscosity. Since visc-
osity may alter the di�usion coe�cient for protein-bound and
unbound ligands, it could a�ect the measured clearance rate.
To determine the e�ect of di�usion on the uptake process we
studied the clearance rate by use of the di�usion-reaction
model (Bass & Pond, 1988). This model is particularly well
suited to our analysis because it accounts for the possibility of
rate-limiting codi�usion of protein-bound and unbound li-
gands, and the associated perturbation of the binding equili-
brium in the unstirred ¯uid layer.

The di�usion-reaction model predicts that the palmitate
clearance rate in the presence of a1-acid glycoprotein or albu-
min will be similar, and that only a modest rate increase should
be observed when lysozyme is used as the binding protein. The
increased clearance rate re¯ects the lower di�usion coe�cient
and the faster ligand dissociation rate for the lysozyme-pal-
mitate complex. Although the di�usion-reaction model pre-
dictions exceeded the values we observed experimentally for a1-
acid glycoprotein (4.4 fold) and albumin (2.2 fold) in a sta-
tistically signi®cant fashion, they were not di�erent from the
experimental results obtained with lysozyme. Thus, when all
three proteins are considered, we ®nd a relationship between
surface charge and palmitate uptake that is not predicted by
current models.

In applying equation 4 we make the assumption that
Pf??, i.e. the rate-limiting step in the overall uptake of pal-
mitate is conductance through the unstirred ¯uid layer and not
membrane conductance. Previous work with hepatocyte
monolayers has shown this to be a reasonable assumption
(Burczynski et al., 1989). Modelling of palmitate uptake by
hepatocyte suspensions also assumes that Pf?? (Pond et al.,
1992; Burczynski & Cai, 1994), although this has not been
experimentally determined. We attempted to validate this as-
sumption by altering the viscosity of the uptake medium,
thereby altering the di�usion coe�cient for both protein and
ligand. The di�usion-reaction model predicts that decreasing
the di�usion coe�cient will decrease the total ligand clearance
rate if membrane permeability is not rate-limiting. However, if
membrane permeability is the rate-limiting step in the overall
uptake process than viscosity should have no in¯uence on the
rate of palmitate clearance.

The addition of 0.5 mM dextran to 0.23 mM albumin pro-
duced no detectable e�ect on the unbound fraction. However,
it did decrease the total palmitate clearance rate by 19%.
Trypan blue exclusion measurements, following incubation in
the dextran solution for 2 min, indicated that hepatocyte via-
bility was unchanged. Attempts to increase the viscosity fur-
ther by raising the dextran concentration to 1 mM or by the
addition of methycellulose were not successful due to signi®-
cant hepatocyte aggregation. Conversely, decreasing the dex-
tran concentration to 0.25 mM had no detectable a�ect on the
hepatocyte palmitate uptake rate, although this concentration
may have been too low to cause any signi®cant e�ect on dif-
fusion. Thus, we conclude that the overall uptake of palmitate
by hepatocyte suspensions is rate limited by di�usion through
the unstirred ¯uid layer, and that the assumption Pf?? in
equation 4 is valid.

Since the di�usion coe�cient is inversely related to viscos-
ity, it is possible that the decreased palmitate clearance rate in
the presence of a1-acid glycoprotein (322 mM), as compared
with albumin (0.23 mM), may be the result of the protein

concentration a�ecting viscosity. The Stokes-Einstein ap-
proximation to the di�usion coe�cient predicts:

DW=DS � �S=�W �5�

where D and Z denote the di�usion coe�cient and intrinsic
viscosity of the protein, respectively; and the subscripts w and s
stand for water and protein solution, respectively. The visc-
osity of protein solutions may be predicted from

�s=�w � 1� �iC � K�
2

i
C� : : : �6�

where Zi is the intrinsic viscosity of a1-acid glycoprotein, which
equals 0.069 (CRC, 1976), K is the electrostatic and nonelec-
trostatic interaction for dissolved protein (which equals 1.9;
Tanford & Buzzell, 1956) and C is the concentration of a1-acid
glycoprotein in g dl71. The higher concentration of a1-acid
glycoprotein was estimated to increase the extracellular ¯uid
viscosity by 10%. Assuming that the increased viscosity pro-
duces a 10% reduction in the a1-acid glycoprotein and pal-
mitate di�usion rates, the predicted clearance rate was
expected to decrease by 6%. This value was too small to ac-
count for the much larger decrease (51%) in palmitate clear-
ance rate with albumin and a1-acid glycoprotein. Changes in
extracellular ¯uid viscosity also cannot account for the in-
creased palmitate clearance rate obtained with lysozyme since
the change is in the wrong direction. A change in extracellular
¯uid viscosity, therefore, does not invalidate our conclusion of
a facilitated uptake process.

Our conclusion for facilitated uptake was further supported
by the experiments in which palmitate clearance rate in the
presence of 0.23 mM albumin was compared with that in the
combination of 2.1 mM lysozyme plus 0.23 mM albumin. The
unbound palmitate fraction is expected to be lower in the
presence of the protein combination than with albumin alone.
However, the palmitate clearance rate was statistically greater
in the presence of lysozyme plus albumin. The additional
palmitate presented to the cell surface for uptake may have
come from the lysozyme-palmitate complexes.

A curious ®nding in this study was that the Ka values for the
protein-palmitate complexes di�ered considerably, yet the
dissociation rate constants were similar. It is thought that the
association process (i.e., kon) for the protein-ligand reaction is
di�usion limited, thus, large changes in Ka are expected to
result from large changes in ko�. However, if the rate-limiting
step for protein-palmitate association is not ligand di�usion
through the unstirred ¯uid layer surrounding the protein but,
rather, palmitate di�usion through the protein matrix to the
binding site as occurs with carbon monoxide binding to
myoglobin and haemoglobin (Hasino�, 1981; Berg, 1985), kon
may di�er considerably. Thus, since the three proteins di�er
markedly in their composition and structure, it is possible that
they also di�er in their kon values.

The di�usion-reaction model rests on the assumption that a
facilitation mechanism is absent. While it is true that the
model-predicted clearance rate exceeded that observed, the
predicted clearance rate is expected to be independent of the
protein surface charge. However, experimentally the palmitate
clearance rate di�ered by *6 fold between a1-acid glycopro-
tein-palmitate and the lysozyme-palmitate complexes, by *3
fold between albumin-palmitate and lysozyme-palmitate
complexes, and by *2 fold between a1-acid glycoprotein-pal-
mitate and albumin-palmitate complexes. We interpret these
results to mean that ionic interactions between protein-bound
ligands and the hepatocyte surface facilitate uptake by pro-
viding more unbound ligand than would otherwise be avail-
able. At physiological pH the negatively charged groups on the
membrane surface attract positively charged species from the
surrounding ¯uid to maintain electroneutrality. Proteins car-
rying a net positive charge (e.g. lysozyme) may thus be at-
tracted to the cell surface thereby decreasing the di�usional
distance of the protein-ligand complex and, hence, contribute
more ligand to the uptake process. Moreover, since acidic
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microenvironments are known to be associated with decreased
binding of anthracyclines and long-chain fatty acids to albu-
min, protein-ligand complexes that enter the hepatocyte mi-
croenvironment will have a decreased Ka resulting in more
ligand available for uptake (Shiau et al., 1990; Rivory et al.,
1992). Variations in pH are also known to modulate albumin
conformation through Neutral-Base, Neutral-Fast transitions
(Bos et al.,1989; Carter & Ho, 1994) by which ligands may be
released from the protein and made available to the cell sur-
face.

Many examples of protein-membrane interactions have
been described in the literature (Norde & Lyklema, 1978;
Nishida et al., 1992). Of particular interest are the studies by
Galis et al. (1988) and Raicu et al. (1991) showing that albu-
min-fatty acid complexes are preferentially extracted by ca-
pillary endothelial cells compared with the delipidated form of
albumin. Presumably the binding of fatty acids to albumin
promotes ionic interaction(s) between the albumin-fatty acid
complex and the cell surface. The e�ect of protein surface
charge on the transcellular protein ¯ux rate across endothelial
cells (Smith & Borchardt, 1989), hepatocytes (Wall & Maack,
1985) and proximal tubular cells (Park & Maack, 1984) is well
documented, as is its role in capillary permeability (Michel et
al., 1985). Ghitescu et al. (1992) and Wadhwani et al. (1992)

showed that protein surface charge is an important factor
determining the membrane protein permeability properties.
Charged groups at the membrane surface also have been
shown to a�ect the activity of membrane-bound enzymes by
altering the local substrate and/or product concentration
(Wojtczak et al., 1988). Moreover, the nature of the charged
groups (anionic and cationic), net charge, and charge density
are important considerations in elucidating the uptake kinetics
of, and cell membrane permeability properties to, macromo-
lecules (Wall & Maack, 1985).

Numerous studies describing ionic interactions between
proteins and membrane surfaces, together with the data in this
study, lead us to conclude that such interactions facilitate the
uptake of protein-bound ligands, either by decreasing the
di�usional distance of protein-bound ligands and/or by facil-
itating the protein-ligand dissociation rate. In any event more
unbound ligand is delivered to the cell surface for uptake than
would otherwise be expected.

This work was supported by the Canadian Liver Foundation,
Manitoba Health Research Council and Medical Research Council
of Canada.
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