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The transfer of retinol from its complex with the retinol-binding protein to cell surfaces was studied using 
unilamellar liposomes as a cell surface model. The transfer of retinol to liposomes at 37 °C was rapid and 
reached an apparent equilibrium within 60 min. The amount of retinoi transferred to the iiposomes at 
equilibrium was directly proportional to the starting concentration of retinol:retinol-binding protein over a 
wide range of retinoi: retinol-binding protein concentrations and also directly proportional to the concentra- 
tion of liposomal phospholipid in the system, when the concentration of retinoi:retlnoi-binding protein was 
held constant. The transfer increased slightly with temperature. Transfer was increased by a factor of 1.8 at 
pH 4.5 compared to pH around 7. Prealbumiu in amounts sufficient to complex all retinol:retinoi-binding 
protein, decreased retinol transfer to iiposomes indicating that prealbumin increases the affinity of 
retinoi-binding prbtein for retinol. Addition of aim retinol-binding protein to the system decreased the 
transfer of retinoi to liposomes considerably probably through competition with the liposomes for retinol. In 
similarly designed experiments delipidated bovine serum albumin competed much less with liposomes for 
retinol. The results show that spontaneous transfer of retinol from the retinol:retinol-binding protein 
complex to liposomal membranes occurs in vitro and suggests that a similar transfer may occur in vivo from 
retinoi: retinol-binding protein to cell surface membranes. 

Introduction 

Retinol (vitamin A alcohol) is a slightly water- 
soluble, light- and oxidation-sensitive and poten- 
tially toxic substance. It is transported in plasma 
tightly bound to a specific transport protein, the 
retinol-binding protein. The retinol: retinol-bind- 
ing complex, is, in turn, bound to another plasma 
protein, prealbumin [1]. The stoichiometry in the 
retinol:retinol-binding protein: prealbumin com- 
plex is 1 : 1 : 1 (molar ratio). The uptake of retinol 
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from the retinol: retinol-binding protein complex 
into the cell is assumed to occur at a cell surface 
receptor for retinol-binding protein. A cell surface 
receptor for retinol-binding protein has been dem- 
onstrated in bovine pigment epithelium [2] in rat 
testis [3] and in monkey small intestine [4]. 
Whether there are retinol-binding protein recep- 
tors in other tissues as well, is unknown. The 
receptor has so far not been characterised. 

There are, however, also reports which indicate 
that retinol might be taken up by cells by mecha- 
nisms not involving a receptor for retinol-binding 
protein [5-7]. The mechanism for this uptake has 
not been clarified. 

In the present paper we have used unilamellar 

0005-2736/87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 



256 

liposomes as a model to study the transfer of 
retinol from the retinol:retinol-binding complex 
to the cell surface. Using this model we have 
investigated the time course of the transfer and 
how this transfer is affected by variation in the 
concentration of the retinol:retinol-binding pro- 
tein complex and the liposome concentration, by 
variations in temperature and pH and by preal- 
bumin, apo retinol-binding protein and delipi- 
dated bovine serum albumin. 

Materials and Methods 

Egg yolk phosphatidylcholine (PC) di- 
myristoylphosphatidylcholine (DMPC), cholester- 
ol, a-tocopherol, octyl-fl-glucoside and bovine 
serum albumin were from Sigma Chemicals (St 
Louis, Mo, U.S.A.). Sephadex G-100, Sepharose 
CL-4B, CNBr-Sepharose 4B, DEAE-Sepharose 
CL-4B and prepacked Sephadex G-25 columns 
(PD-10 columns) were from Pharmacia Fine 
Chemicals (Uppsala, Sweden), Spectrapor 3 dialy- 
sis tubing was from Spectrum Industries Inc. (Los 
Angeles, CA, USA), Bio-Beads SM-2 from Bio- 
Rad (Richmond, CA, U.S.A.) and Lumagel ® from 
Lumac/3M bv (Schaesberg, The Netherlands). 
[14C]Triolein (specific radioactivity 111.8 mCi /  
mmol) and [3H]retinol (specific radioactivity 29.0 
Ci/mmol)  were from New England Nuclear 
(Dreieich, F.R.G.). All other reagents were of ana- 
lytical grade unless otherwise specified. 

Proteins. Human retinol-binding was purified 
from serum and urine by affinity chromatography 
on human prealbumin linked to Sepharose 4B as 
previously described [8]. The purified retinol-bind- 
ing protein was about 95 percent pure as judged 
from polyacrylamide gradient gel electrophoresis 
in the presence of dodecylsulphate. Retinol-free 
retinol-binding protein was prepared according to 
Goodman and Raz [9] and purified on preal- 
bumin-Sepharose use [8]. The resulting apo reti- 
nol-binding protein preparation contained 1.63 mg 
retinol-binding protein/ml of which less then 4 
mole percent contained retinol. Retinol-binding 
protein with high retinol content was prepared by 
first incubating purified retinol-binding protein 
with an excess retinol (in ethanol) for 60 rain in 
the dark under N 2 at  20 ° C and then purifying the 
resulting retinol:retinol-binding protein complex 

on prealbumin-Sepharose 4B. This preparation 
contained 2.21 mg retinol-binding protein/ml of 
which 82 mole percent was holo retinol-binding 
protein. Purified serum retinol-binding protein 
contained 0.47 mg/ml  and contained 87 mole 
percent 'endogenous' retinol. 

The concentrations of holo and apo retinol-bi- 
nding protein in the preparations was determined 
using ~330=46000 M -1-cm -1 [10] and ~2s0 = 
46 760 M -1. cm -1 for holo retinol-binding pro- 
tein and c280 = 40400 M - l .  cm -1 for apo 
retinol-binding protein [11]. 

Prealbumin was isolated from plasma by thiol- 
disulphide interchange chromatography followed 
by affinity chromatography on retinol-binding 
protein linked to Sepharose CL-4B [12]. The prod- 
uct was better than 95 percent pure according to 
polyacrylamide gradient gel electrophoresis in the 
presence of dodecylsulphate. The concentration of 
prealbumin in solutions was determined using c 280 
=76140 M -1 .cm -1 [131. 

Bovine serum albumin was delipidated as de- 
scribed [14]. The bovine serum albumin concentra- 
tion was determined using the figure 6.7 for the 
absorbance of a 10 g/1 bovine serum albumin 
solution at 280 nm [14]. 

[ 3H] Retinol-labelled retinol : retinol-binding pro- 
tein complex. Retinol-binding protein (10-20 nmol 
in 200/~1 0.02 mol/1 Tris-HC1 (pH 7.4) containing 
0.2 mmol/ l  sodium EDTA) was incubated with 5 
/zl [3H]retinol in absolute ethanol for 1 h at 20 °C 
in the dark under nitrogen. The [3H]retinol: reti- 
nol-binding protein complex was then purified by 
ion exchange chromatography on a 0.7 × 1 cm 
DEAE-Sepharose CL-4B equilibrated in the same 
Tris buffer (start buffer). The column was washed 
with 8-10 volumes of start buffer and then eluted 
with 0.3 mol/1 NaC1 in start buffer [15]. The 
resulting [3 H]retinol-labelled retinol : retinol-bind- 
ing protein complex was diluted with start buffer 
to give a final concentration of 0.05 mol/1 NaCI 
before used in the incubations (see below). The 
characteristics of a typical preparation is shown in 
Fig. 1. 

[3H]Retinol-labelled retinol : albumin complex. 
[3H]Retinol and unlabelled retinol were com- 
plexed to delipidated bovine serum albumin by 
mixing 100 ~1 delipidated bovine serum albumin 
(100 /~mol/1 in 0.02 mol/1 Tris-HC1 buffer (pH 



E 

400000 

300000 

200000 

100000 

0 

0 

A 

2 4 

Elution volume (ml) 

3 

' 2  

, 0 

6 8 

"E" 
._o 
"6 

S 
n 

150000 

a. 100000 
cr  

-5 

E 50000 

le, 

<7" 

J l i 0 

2 4 6 8 

Elution volume (ml) 

- 50 

rn 
rr 

• 4O 
t~ 

"30 

20 "~ 

E 
1o 

Fig. 1. Characteristics of the [3H]retinol-labelled retinol:reti- 
nol-binding protein complex used in the transfer experiments. 
[3H]Retinol was incubated with retinol-binding protein under 
N 2 in the dark at room temperature. The [3H]retinol-labelled 
retinol:retinol-binding protein complex was then purified on 
small DEAE-Sepharose CL-4B columns from which it was 
eluted with 0.3 mol/1 NaC1 in start buffer. Retinol-binding 
protein was determined by radial immunodiffusion (recovery 
of retinol-binding protein 2 95 percent and of 3H >__ 70 per- 
cent and more than 91 percent of the 3H-radioactivity coeluted 
with the retinol-binding protein peak). Retinol was isolated by 
HPLC and the specific radioactivity of retinol was expressed as 
cpm 3H/unit  surface area under the retinol peak in the HPLC 
chromatogram. (A) Retinol-binding protein concentration in 
nrnoles (D) and 3H-radioactivity in cpm per fraction (I). (B) 
Specific radioactivity of the retinol :retinol-binding protein 
complex expressed as cpm/nmol  retinol-binding protein (z~) 

and cpm/uni t  retinol area (A). 

7.4) containing 0.2 mmol/1 sodium EDTA) with 
[3H]retinol and 10.7 nmoles unlabelled retinol (in 
a total volume of 15 #1 absolute ethanol). The 
retinol concentration in ethanol was determined 
using c33 o = 46000 M -1.  cm -1 [11]. The mixture 
was incubated for 30 min in the dark under N 2 at 
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20°C and then applied on a 0.7 × 1 cm DEAE- 
Sepharose CL-4B column equilibrated in the above 
buffer. The column was washed with start buffer 
and the retinol-BSA complex eluted with 0.3 mol/1 
NaCI in start buffer. The recovery of 3H was > 80 
percent. Of the recovered radioactivity > 83 per- 
cent was eluted with 0.3 tool/1 NaC1. Assuming 
100 percent recovery of bovine serum albumin it 
was calculated that the bovine serum albumin 
contained > 0.71 mole of ret inol/mole bovine 
serum albumin (BSA). 

125I-labelling of retinol-binding protein. 125I-la- 
belling of retinol-binding protein was done with 
the chloramine T method [16]. Free 125I was re- 
moved by gel filtration on small prepacked Sep- 
hadex G-25 columns. 

Preparation of liposomes. Liposomes were pre- 
pared essentially according to Mimms et al. [17]. 
[]4C]Triolein was used as a non-exchangeable 
marker and a-tocopherol was included as an anti- 
oxidant. In short, 5.3 #mol (4 rag) PC in chloro- 
form/methanol  (9:1, v/v) ,  4.7 #tool (1.8 rag) 
cholesterol, 0.053/tmol (23/~g) a-tocopherol and 
10 /xl (about 20 /~Ci) [14C]triolein were taken to 
dryness with nitrogen in a glass tube. Octyl-fl-glu- 
coside, 0.15 mmol (44 mg) and 240 ml 0.02 mol/1 
Tris-HC1 buffer (pH 7.4) containing 0.2 retool/1 
sodium EDTA and 0.05 mol/1 NaC1 was then 
added and the tube gently shaken to dissolve the 
detergent and the lipids. The mixture was then 
dialyzed overnight against 2 litre of the above 
Tris-HC1 buffer with 2 g/1 Bio-Beads SM2 added 
to the dialysis fluid to trap the octyl-/3-glucoside 
[18]. After dialysis the liposomes were in some 
cases gel filtered on a Sepharose CL-4B column 
(not shown) to check that they had the ap- 
propriafe size. On this column more than 80 per- 
cent of the []4C]triolein radioactivity eluted with 
or close to the void volume together with 70 
percent of the phospholipid phosphorus. The 
phospholipid: cholesterol molar ratio of the lipo- 
somes in the peak was 1.126 : 1 which was close to 
the theoretical value (1.128:1). In some experi- 
ments liposomes were prepared using the above 
protocol but in buffers with pH ranging from 4.6 
to 7.7. There was no gross difference in size be- 
tween the liposomes prepared at pH 7 and pH 5 
as judged from gel filtration experiments on Sep- 
hacryl S-1000. Liposomes made from di- 
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myristoylphosphatidylcholine with 1 mole percent 
a-tocopherol and [a4C]triolein as a non-ex- 
changeable marker were also prepared according 
to the above protocol. 

Electron microscopy. Suspensions of the egg 
lecithin:cholesterol liposomes prepared as de- 
scribed above were applied on carbon-coated 
copper grids and stained with a 2 percent (w/v) 
aqueous solution of uranyl acetate. The grids were 
viewed in a Philips EM 301 electron microscope. 
The resulting liposomes (not shown) looked 
spherical and had a diameter of 40 + 4 nm (mean 
+ S.D.). 

Determination of retinol transfer. Various con- 
centrations of the [ 3 H]retinol-labeUed retinol : reti- 
nol-binding protein complex or [3H]retinol- 
labelled retinol:bovine serum albumin complex 
and liposomes were incubated in 0.02 mol/1 Tris- 
HCI buffer (pH 7.4) containing 0.2 retool/1 
sodium EDTA and 0.05 mol/1 NaC1 (or other 
buffers, see legend to the respective figures) for 
various times and at various temperatures in a 
total volume of 1 ml. Zero-time incubations were 
performed by mixing [3H]retinol-labelled retinol 
: retinol-binding protein or bovine serum albumin 
complexes with liposomes on ice and immediately 
separating them again. The other time points were 
obtained by taking samples from the incubation 
mixture at the indicated times. Separation of lipo- 
somes and retinol:retinol-binding protein com- 
plex was achieved essentially as described by Mc- 
Lean and Phillips [19] by chromatography of 50/~1 
of the incubation mixtures on 0.7 × 0.5 cm col- 
umns (column volume 0.2 ml) of DEAE-Sep- 
harose CL-4B equilibrated in 0.02 mol/1 Tris-HC1 
buffer (pH 7.4) containing 0.2 mmol/1 sodium 
EDTA and 0.05 mol/1 NaC1. The columns were 
eluted (at 20 °C) with 1.5 ml of ice-cold equilibra- 
tion buffer directly into scintillation vials. Under 
these conditions the liposomes do not bind to the 
column and 70-90 percent of the 14C radioactivity 
is recovered within 1 ml of eluting buffer. 
Retinol-binding protein is retained on the column. 
The whole separation procedure took 2-3 minutes. 
Scintillator fluid, 10 ml, was added to the eluate 
and the 3H and 14C radioactivity of the mixture 
determined using standard settings for simulta- 
neous determination of 3H and 14C in a Packard 
model 3255 Liquid Scintillation Spectrometer. The 

transfer of retinol from the retinol : retinol-binding 
protein complex to the liposomes was then calcu- 
lated as 

A - ~. B. C = retinol transferred to liposomes (nmol) 

where A =3H//14C ratio of the whole un- 
fractionated incubation mixture; B = 3 H/X4C 
ratio in the eluate from the DEAE-Sepharose 4B 
(i.e. the liposomes, which do not bind to DEAE 
under the conditions used) and C = the retinol 
concentration of the mixture expressed in nmol /  
ml. From this result was subtracted the calculated 
amount of retinol eluted in blank experiments 
without hposomes (see below). 

To ensure that the radioactivity transferred to 
the liposomes was in the form of retinol and not 
some degradation product and that the retinol 
radioactivity and retinol mass were transferred in 
parallel, liposomes were incubated with [3H]reti- 
nol-labelled retinol:retinol-binding protein com- 
plex for 1 h, isolated by DEAE-Sepharose chro- 
matography as described above and the lipids 
extracted. The extract was then subjected to 
HPLC, the retinol concentration determined using 
retinyl acetate as internal standard and the 3H 
radioactivity of the collected eluate determined. 
Both serum retinol-binding protein with 0.87 mol 
'endogenous' retinol/mol retinol-binding protein 
and retinol-binding protein isolated from urine 
and loaded in vitro with retinol (see above) was 
used for these experiments. The recovery of 3H in 
the HPLC fractions was > 80 percent of which 
> 90 percent coeluted with unlabelled retinol (not 
shown). The specific radioactivity of retinol in the 
incubated tiposomes was very similar to that of 
the [3H]retinol-labelled retinol : retinol-binding 
protein complex indicating parallel transfer of 
[3 H]retinol and unlabelled retinol regardless if the 
retinol-binding protein used had been loaded with 
retinol in vivo or in vitro. 

Two kinds of blanks were run in parallel with 
most incubations: one in which liposomes were 
omitted, which measures how much 3H radioactiv- 
ity is eluted with starting buffer and one where 
lasI-labelled retinol-binding protein was added to 
the complete system (liposomes and [3H]retinol- 
labelled retinol:retinol-binding protein complex) 
to measure the amount of retinol : retinol-binding 
protein complex with elutes together with the lipo- 



somes. The former blank was used to 'correct' the 
retinol transfer to liposomes (see above). Other 
methods. Retinol-binding protein and prealbumin 
in incubation mixtures were quantitated by radial 
immunodiffusion [20] or electroimmunoassay [21] 
using the purified proteins as calibration stan- 
dards, Polyacrylamide gradient gel electrophoresis 
in the presence of dodecylsulphate was performed 
as described by Blobel and Dobberstein [22] using 
the buffer system of Maizel [23]. Retinol was 
determined by HPLC [24], cholesterol according 
to Webster [25] and lipid phosphorus according to 
Chen et al. [26]. Lipids were extracted according 
to Folch et al. [27]. 

Results 

The transfer of retinol from the retinol : retinol- 
binding protein complex to liposomes as a func- 
tion of time is shown in Fig. 2. To ensure that it 
was not the whole retinol : retinol-binding protein 
complex or that free retinol was eluted with start 
buffer, control experiments with tzSI-labelled reti- 
nol-binding protein and liposomes and with 
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Fig. 2. Transfer of retinol from the retinol:retinol-binding 
protein complex to liposomes as a function of time. [3H]Reti- 
noMabelled retinol:retinol-binding protein (3 nmol retinol-bi- 
nding protein/ml containing 0.82 mol retinol/mol retinol-bi- 
nding protein) was incubated with (111) or without (A) liposomes 
(0.65/~mol phospholipid/ml) at 37 ° C for the indicated times. 
In some experiments (zx), nSI-labelled retinol-binding protein 
was added to the retinol :retinol-binding protein :liposome 
mixture. Retinol transfer corrected for blank transfer (incuba- 
tion without fiposomes) is shown also (12). Each point repre- 
sents the mean of duplicate incubations with the range indi- 

cated. 
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[3H]retinol : retinol-binding protein complex 
without liposomes were performed. It is evident 
from Fig. 2 that the abovementioned mechanisms 
could not account for the observed transfer of 
retinol to liposomes. Transfer was rapid and an 
apparent equilibrium was reached within 60 rain. 
For the sake of comparison a similar experiment 
was performed using retinol complexed with 
bovine serum albumin instead of retinol-binding 
protein (experiment not shown). Transfer of reti- 
nol from this complex to liposomes was more 
rapid than from its complex with retinol-binding 
protein and the process seemed to have reached an 
equilibrium already in the zero time incubation i.e. 
during the separation step. The point of equi- 
librium with bovine serum albumin as retinol 
donor was at about 50 percent retinol transferred 
to liposomes compared to 20-30 percent transfer 
with retinol-binding protein as retinol donor at 
comparable concentration of retinol and lipo- 
somes. 

In Fig. 3 are shown the results obtained when a 
constant concentration of liposomes was exposed 
to an increasing concentration of retinol, in the 
form of the retinol: retinol-binding protein com- 
plex, for 60 rain. The retinol concentrations used 
covered the physiological range of retinol con- 
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Fig. 3. Effect of the concentration of retinol:retinol-hinding 
protein complex on the transfer of retinol to liposomes. Lipo- 
somes (0.65 #mol phospholipid/ml) were incubated for 1 h at 
37°C with varying concentration of the [3H]retinoMabelled 
retinol:retinol-binding protein complex (retinol concentration 
of the complex was 0.82 mol/mol  retinol-binding protein). 
Each time point is the mean of duplicate incubations with the 
range indicated• Results are corrected for blank transfer (in- 

cubation without liposomes). 
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Fig. 4. Effect of different concentrations of liposomes on the 
transfer of retinol from the retinol:retinol-binding protein 
complex to liposomes. Different concentrations of liposomes 
were incubated for 1 h at 37 o C with 1 nmol [ 3 H]retinol-labelled 
retinol:retinol-binding protein complex (containing 0,82 mol 
retinol/mol retinol-binding protein). Each point is the mean of 
duplicate incubations with the range indicated. Results are 

corrected for blank transfer (incubation without liposomes). 

centration in plasma, The transfer of retinol to 
hposomes looked almost linear over the range of 
concentrations tested (Fig. 3). Doubling of the 
retinol : retinol-binding protein concentration dou- 
bled the amount of retinol transferred to lipo- 
somes. At the highest concentration of retinol 
tested the molar ratio of liposomal lipid (phos- 
pholipid + cholesterol) to liposomal retinol after 
60 min incubation was < 1000 : 0.5. 

Variation of the concentration of liposomes 
keeping the concentration of retinol : retinol-bind- 
ing protein complex, time and temperature con- 
stant (Fig. 4), showed that the transfer was di- 
rectly proportional to liposome concentration. The 
transfer of retinol to liposomes/h increased with 
a factor of about three when liposome concentra- 
tion was increased with a factor of factor of 6.8. 

The transfer process showed some slight tem- 
perature-dependency in the 6 -37°C range (not 
shown). Transfer/h was lower with liposomes 
made from DMPC than with liposomes made 
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Fig. 5. Effect of pH on the transfer of retinol from the 
retinol:retinol-binding protein complex to liposomes. Lipo- 
somes (0.65 ~tmol pliospholipid/ml) were incubated at 37 °C  
at pH 4.5-7.7 for 1 h with 1 nmol /ml  [3H]retinol-labeUed 
retinol : retinol-binding protein complex (containing 0.82 nmol 
retinol/mol retinol-binding protein). Results are corrected for 
blank transfer (incubation without liposomes) and are given as 
the mean+S.E, of three determinations for each pH. Two 
experiments using differeat buffers are displayod. In one ex- 
periment (r-l) 10 mmol/ l  sodium phosphate buffers with 0.05 
mol / l  NaC1 were used for all pH values. In the other (M) 10 
mmol/ l  citrate/phosphate buffers with 0.05 mol/1 NaC! were 
used for the two lower pH values and 10 mmol/1 sodium 
phosphate with 0.05 mol/1 NaC1 for the two higher pH values. 
Results were corrected for blank transfer (incubation without 

liposomes). 
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Fig. 6. Effect of prealbumin, delipidated retinol-binding pro- 
tein and delipidated bovine serum albumin on the transfer of 
retinol from the retinol:retinol-binding protein complex to 
liposomes. Liposomes (0.65 /~mol phospholipid/ml) and 1 
nmol /ml  [3H]retinol-labelled retinol:retinol-binding protein 
complex (containing 0.82 mol retinol/mol retinol-binding pro- 
tein) were incubated at 37 o C for I h in the absence/presence 
concentrations of prealbumin 0l), delipidated retinol-binding 
protein ([:3) or delipidated bovine serum albumin (zx). The 
fraction of retinol transferred from retinol: retinol-binding pro- 
tein in the basal system (without any added prealbumin, apo 
retinol-binding protein or bovine serum albumin) was assigned 
the value of 100 percent. Each point is the mean+S.E, of 
triplicate (duplicate and range for bovine serum albumin) 
incubations. Results are corrected for blank transfer (incuba- 

tion without liposomes). 



from egg PC at all temperatures, pH also seemed 
to influence transfer (Fig. 5). Transfer was en- 
hanced at pH 4.5 relative to neutral pH by a 
factor of about 1.8. The effect of prealbumin, apo 
retinol-binding protein and delipidated bovine 
serum albumin on the transfer process is shown in 
fig. 6. When prealbumin was added in amounts 
sufficient to complex most of the retinol :retinol- 
binding protein comlex in a 1:1 (molar ratio) 
complex, transfer/h decreased with about 30 per- 
cent. Little further decrease in retinol transfer 
occurred when additional prealbumin was added. 
Addition of apo retinol-binding protein to the 
system strongly and progressively decreased the 
transfer while addition of the same molar amounts 
of delipidated bovine serum albumin had much 
less effect. The effect of prealbumin on the trans- 
fer was further investigated (Fig. 7) and the main 
effect of prealbumin seemed to be to decrease the 
equilibrium level of the system. The test system 
was not sensitive enough to detect also a probable 
decrease in retinol transfer rate. 
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Fig. 7. Time course for the transfer of retinol from the 
retinol:retinol-binding protein complex to liposomes in the 
presence/absence of a two times molar excess of prealbumin. 
Liposomes (0.65 #mol phospholipid/ml) were incubated for 
various times with 1 nmol/ml  [3H]retinol-labeUed retinol- 
binding protein (containing 0.82 nmol retinol/mol retinol- 
binding protein) in the presence (n) or absence (11) of 2 
nmol /ml  prealbumin. Each point is the mean and range of 
duplicate incubations. Results are corrected for blank transfer 

(incubation Without liposomes). 
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Discussion 

The cellular uptake of retinol from the 
retinol:retinol-binding protein complex has for 
long been assumed to occur in conjunction with 
the binding of the complex to a cell surface recep- 
tor for retinol-binding protein [2-4]. It is not 
known if endocytosis of the complex is involved 
similar to what has been described for transferrin 
[28] but it known that after delivery of retinol to 
the cell, retinol-binding protein is relased back 
into the blood and subsequently catabolized in the 
tubular cells of the kidney [1]. Precisely how reti- 
nol is detached from retinol-binding protein and 
transferred into the cell's interior is unknown. 
There are reports of retinol-binding membrane 
proteins [29] which might suggest that retinol up- 
take is similar to what has been suggested for fatty 
acids by Stremmel et al. [30,31]. These authors 
recently isolated a 40 kDa cell surface membrane 
protein from hepatocytes and enterocytes which 
specifically bound fatty acids and participated in 
their translocation into the cell. However, there is 
also the possibility that retinol can transfer non- 
specifically from the retinol:retinol-binding pro- 
tein complex via the aqueous phase to the cell 
surface in a manner similar to fatty acids [32,33,35], 
cholesterol [19,36] and phospholipids [19]. 

The results obtained in this study show that 
retinol can transfer from its complex with retinol- 
binding protein to phospholipid bilayers with a 
halflife of probably less than 30 rnin. This is 
similar to the 40 rain halflife for a-tocopherol 
transfer between liposomes and lipoproteins [34]. 
For fatty acid transfer from albumin to liposomes 
the halflife is less than 5 s [36] and cholesterol and 
phospholipid transfer between liposomes with 
halflives of 2-7 h [19,36] and 48 h, respectively 
[19]. The magnitude of the halflife for the transfer 
of retinol from retinol: retinol-binding protein to 
liposomes was similar to the in vivo halflife of 
30-50 min for retinol in complex with retinol-bi- 
nding protein in rats [38]. 

The time course of the transfer (Fig. 2) was 
similar to the retinol uptake curve which Rask et 
al. [39] obtained with isolated keratinocytes from 
cornea incubated with retinol complexed to reti- 
nol-binding protein. These authors interpreted the 
uptake of retinol into the cells as mediated by a 
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retinol-binding protein receptor. However, from a 
purely kinetic point of view it might as well have 
been the result of a non-specific transfer from the 
retinol : retinol-binding protein complex to the cell 
surface membrane of the keratinocytes. 

The amount of retinol transferred to liposomes 
per h was directly proportional to the amount of 
retinol in the system over a broad range of retinol 
concentrations other factors held constant. There 
was also a direct proportionality between transfer 
per h and the concentration of liposomal phos- 
pholipid at constant retinol:retinol-binding pro- 
tein concentration. The system did not show any 
signs of saturation within the concentration ranges 
tested indicating that the equilibrium of the sys- 
tem was reached within 1 h at all tested concentra- 
tions. Using the data in Fig. 5, the equilibrium 
constant for the distribution of retinol between 
retinol-binding protein and liposomes was calcu- 
lated according to Noy et al. [32] and was found 
to be (2.88 +__ 0.28 • 10 -4 (mean + S.E., n = 8) in 
favour of the retinol : retinol-binding protein com- 
plex. The corresponding figure for fatty acids in 
the albumin:fatty acid-liposome system [32] was 
2.6 • 10-3. The binding constants for retinol-bind- 
ing protein and retinol and albumin and long-chain 
fatty acids are in the order of 107 M-1 [40,41] and 
l0 s M -~ [42], respectively, i.e. the difference in 
equilibrium constants in the liposome system does 
not reflect the affinities of albumin and retinol- 
binding protein for their respective ligands. How- 
ever, the affinity of liposomes for fatty acids de- 
pends on fatty acid structure [43] and it may be 
that the observed difference in equilibrium con- 
stants instead reflects differences in the affinity of 
the liposomes for retinol and fatty acids respec- 
tively. 

Compared to neutral pH transfer was almost 
doubled at pH 4.5 but only slightly increased at 
pH 5.5 to which a hypothetical retinol:retinol- 
binding protein receptor complex would be ex- 
posed if it were endocytosed in a manner similar 
to the transferrin-transferrin receptor complex [28]. 
One might argue that the observed pH effect was 
due to differences in the properties of the acceptor 
liposomes which were prepared at different pH. 
However, the rate-limiting step in the process 
seems to be the desorption of ligand from the 
donor (i.e. in this case retinol-binding protein) 

While the properties of the acceptor seems to be 
less important [36]. Transfer was decreased but 
not abolished by the presence of a molar excess of 
prealbumin over retinol-binding protein (Fig. 6). 
Addition of more prealbumin did not seem to 
further reduce transfer. Prealbumin does not pre- 
vent the release of retinol from the retinol:reti- 
nol-binding protein complex by blocking the bind- 
ing site for retinol on retinol-binding protein 
[44,45] but the complexing with prealbumin prob- 
ably increases the affinity of retinol-binding pro- 
tein for retinol. This would be in accord with the 
early findings of Peterson and Rask [46], and 
Goodman and Raz [8]. This is also demonstrated 
in Fig. 7, where it can be seen that the point of 
equilibrium of the system is changed by preal- 
bumin. Retinol transfer rate is probably also af- 
fected but this could not be demonstrated with the 
present experimental model. 

This effect of prealbumin may have physiologi- 
cal importance. In the blood the retinol:retinol- 
binding protein complex is exposed to the phos- 
pholipids of the surface membranes of blood cells 
and the phospholipid surface of lipoproteins which 
together amount to approx. 3 #tool phospholipid/ 
ml blood. In addition there is the large endothelial 
cell surface. Since phospholipid surfaces can ex- 
tract retinol from retinol-binding protein (Fig. 4) a 
considerable fraction of the retinol could be trans- 
ferred to the abovementioned membranes in the 
circulation. In the circulation, however, most of 
the retinol:retinol-binding protein is complexed 
with prealbumin which would decrease this non- 
specific transfer to membranes. Prealbumin may 
thus have a role in the keeping of retinol bound to 
the retinol-binding protein in the circulation. Due 
to its small size, it is reasonable to believe, that 
retinol-binding protein would penetrate the tissues 
more efficiently than its three times larger com- 
plex with prealbumin. The concentration of free 
retinol:retinol-binding protein complex would, 
therefore, be relatively higher in the interstitium 
than in plasma which would favor retinol release 
in the interstitium. Apt  retinol-binding protein 
had profound effect on the transfer (Fig. 6) prob- 
ably due to competition with the liposomal surface 
for retinol. Apt  retinol-binding protein can also 
extract retinol from liposomal surfaces (Fex, G., 
unpublished) demonstrating that retinol can trans- 



fer reversibly between retinol-binding protein and 
membranes. In uremia, the plasma concentration 
of retinol is higher than normal. The concentra- 
tion of retinol-binding protein is still higher and 
its molar concentrations outnumbers that of preal- 
bumin [47-49]. Because of the increased retinol 
concentration it has been argued that uremic pa- 
tients might be at risk for retinol intoxication [47]. 
However, in uremia only the skin seemed to con- 
tain higher levels than normal of vitamin A [48] 
while the vitamin A content was decreased in the 
liver and unchanged in a number of other tissues 
[49]. The fact that retinol transfer from the 
retinol:retinol-binding protein complex to lipo- 
somes is decreased in the presence of high con- 
centration of apo retinol-binding protein (Fig. 6) 
suggest that a high total concentration of retinol 
in the blood may be necessary in order to ensure 
sufficient retinol uptake into the tissues if the 
concentration of apo retinol-binding protein in the 
blood is high. 

The present results thus show that retinol can 
be transferred from the retinol :retinol-binding 
protein complex to phospholipid membranes in 
vitro and we propose that a similar process may 
be operative also in vivo, i.e. that cells can take up 
retinol from the retinol:retinol-binding protein 
complex by a non-specific transfer process. The 
postulated receptor for retinol-binding protein 
[2-4] may, thus, not be necessary for cellular 
uptake of retinol from the retinol : retinol-binding 
protein complex. The role of the receptor may, 
instead, be related to targeting of the retinol flux 
to specific cells in order to ensure these cells 
access to retinol in excess over what is sponta- 
neously delivered the non-specific way. 
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