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At 0 ° C ,  pH 7.3, palmilate (PA) binds to human erythrocyte ghosts suspended in 0.2% bovine serum albumin (BSA) 
solution with molar ratios of PA to BSA, v, between 0.2 and 1.3. The binding depends on the water phase PA 
concentration, measured in equilibrium experiments, using BSA-iiHed ghosts as semipermeable bags. The saturable 
binding has a capacity of 19 .4+7 .5  nmol g - i  packed ghosts (7 .2-10 '~ ceils) and K ~ =  1 3 . 5 ± 5  nM. PA exchange 
efflux kinetics to 0.2% BSA is recorded from ghosts without and with 0.2% BSA with a resolution time of abou~ I s~ 
Data are ar.~yzed in terms of compartmental models. Using BSA-free ghosts the kinetics is essentially monoexpo- 
nential. The rate constant is 0.0287 4-0.0022 s - t .  Using ghosts with BSA, the kinetics is biexponential with widely 
different rate ccmstants. Extrapolated zero-tlme values reflect, according to additional investigations, 'instantaneous* 
release of PA from the outer surface of the ghosts. Analyses of the biexponential curve up to about 55% tracer efflux 
assign um)quivocally values to three model parameters. (1) k t ,  the dissociation rate constant of the PA-BSA complex is 
(1.47 + 0 . 0 3 )  • 1 0  - ~ s - t and (2.56 :l: 0.08) - 10 -3 s - i and (4.08 :l: 0.13) • 10 - 3 ~ - i at i, ~ 0,2, 0.6 and IA. respectively, 
(2) k~ ,  the overall rate constant of PA transport from the inside of the ghost membrane to the meditwn is 
0.0269:[:0.0020 s - t  independent of u. (3) Qkin, the ratio of PA on the inside of the membrane m PA on BSA within 
the ghosts is n dependent and smaller than a corresponding ratio Qeq measured in equilibrium by a value co¢l~ponding 
to PA on the outer sudaee. This  fraction is released with a rate constant, ks,  which is of the order of 1 s - I .  The data 
suggest a maximum PA transport capacity, J =~ ,  of 2 pmol rain -1 cm -2, 0 ° C ,  pH 73 .  

Introduction 

Our  interest in the transport of long-chain fatty acids 
across cell membranes comes from investigations of the 
control of prostaglanding production in the renal inner 
medulla [1]. A complete account of the subject is impos- 
sible, because we do not  know whether membrane 
transfer partielpates in the control of the intracellular 
level of the prostaglandin precursor, araehidonle acid. 
F rom the prostaglandin research we have also hints of  
the permeation mechanism of long-chain fatty acids. 
Rabbit  erythrocytes are completely impcrmeabt¢ to 
prostaglandlns E 1 and F2o, which are only slightly more 
hydrophilic than unsaturated long chain fatty acids [2]. 
This  speaks against a trivial water-llpld bilayer partition 
as the basis mechanism for the extremely fast uptake ;n 
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many cells of long-chain fatty acids. Recent works on 
the uptake of fatty acid in adipoeytes [3,4], cardiomyo- 
cytes [5,6] and hepatocytes [7] corroborate this point of 
• Aew by indicating a carrier-mediated membrane trans- 
fer. 

We have turned our attention to the human erythro- 
cyte ghosts in order to obtain information on some 
basic features of the long.chain fatty acid permeation 
through cell membranes. The fatty acids are not 
metabolized by erythrocytes except in acylation cycles. 
Thus it is not very likely that the cells are well equipped 
with any specific transfer mechanism. The permeation 
may therefore be slow. On the other hand, the anion 
transporter is an important  fraction of the ghost pro- 
teins and a specific inhibitor of anion transport has 
been reported m inhibit the fatty acid uptake in adipo- 
cytes [3]. Fatty acid transport through the ghost mem- 
brane is readily investigated because ghosts can be filled 
with an albumin solution and a reliable technique is 
available to record rapid efflux kinetics. In addition, the 
protein-filled ghosts may be an ideal tool to measure 
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equilibrium constants of fatty acid-protein bindings 
since the large number of small semipermeable bags 
ascertain fast equilibrium with external buffers. 

A preliminary report on our studies has been pub- 
lished [8] and a related work with oleic acid has ap- 
peared [9]. This will be discussed later. 

We show that the ghost membrane binds palmitate 
almost as well as albumin and that the binder par- 
ticipates in the transfer of palmitate across the mem- 
brane. In equilibrium, the major fraction of bound 
palmitate is on the inside of the membrane and thus 
there is also asymmetry with regard to rate constants of 
the unidirectional fluxes. The rate constant of transfer 
from the inside to the medium is the same whether the 
ghost contain albumin or not and the flux is the product 
of a v-independent rate constant and a v-dependent 
occupancy of the 'binder' at the inside of the mem- 
brane. 

Materials 

[(9.10)-3H]Palmitie acid (specific activity 54 C i /  
mmol) was obtained from Amersham Int. plc, 
Amersham, U.K. Unlabelled palmitic acid was obtained 
from Sigma. Tracer palmitic acid was purified every 
half a year by chromatography on a silicic column using 
2% ethyl acetate in benzene as eluant. Within this 
period no impurities could be detected. 

Bovine serum albumin (BSA) (Behring Institute, 
Germany) was defatted according to the method of 
Chen [10]. t2~I-laballed albumin was prepared by the 
radioiodination method using lodogen as described by 

125 Markwell and Fox [11]. Purification of obtained I- 
BSA was carried out by gel-filtration chromatography 
on a small Sephadex G-25 :ohirma (9.1 ml, 5 era). 95% 
was trlchloroaeetic acid ~-,recipitable (specific activity 
0.135 #Ci/#g).  Defatted BSA was added to a working 
solution of ~25I-BSA in 165 mM KCI to a specific 
activity 4.4 nCi/mg. 

Methods 

The model accounting for tracer palrnitate efflux from 
albumin-free ghost in non-isotopic equilibrium with the 
medium, containing 0.2% BSA 

In exchange flux the net flux of tracer between two 
subsequent compartments of palmitate is the product of 
the unidirectional flux of palmitate and the difference 
in specific activities. Therefore the system kinetics is 
described by the following first-order linear differential 
equations, expressed in first-order rate constants k 3 and 
k~ (see Fig. 1A for notations) 

-db/d! = kjB( h/B - e/E) (l) 

dy/dt=ksEte/E y /Y )  (2) 

membrane 

u 

N 

in racellular ~ ~traeellular 
compartment ~ compartment 

Fig. 1. The models, used to account for the emux of [3H]palmitate 
frnm ghosts in non-i~tople equilibrium ~qtl" the medium. (Panel A) 
Ghost without se~m albumin. (Panel B) Ghost with serum albumin. 
Arrows indicate unidirectional palmitate fluxes. El, k3, and k 5 are 
first-order rate constants of flux¢~ between adjacent compartments 
and h~' is the rate constant of the unidir~tlonal flux from the 
membrane inner surface to the medium through the palmitate pool at 
the memhr~e outer surface, a and A: The amount of [JHlpalmitat0 
~d  palmitate hound to intraceaular albumin, c and C: The amount 
of [~H]palmitate and palmitate in the intraeellular water-phese, b and 
B: The amount of [3Hlpalmitate and palndtate bound to the inner 
surface of tile ghost membrane Ithe transport p~]). e ~ d  E: The 
amount of [3Hlpalmitate ~d  palmitate hound to the outer surface of 
ghost membrane, y and Y: The amount of [3Hlpalmitate and palnd- 

tate in the extracellular medium. 

The system is conservative, i.e., the total amount of 
tracer T, ~s the sum of the three variables y, b and e. 

T=y+b+e (3) 

The volume of the medium is 300-400-fold grea,'er than 
the ghost volume, therefore (Fig. 1A) 

Y> (B + E).IO 3 

Since B and E are of the same order of magnitude, we 
have 

B/Y ~land E/Y  ~ I  



By rearrangement of Eqn. 2 we get 

e = (I/ks) dy /d t  +( g / Y ) y  (21) 

From Eqn. 3 and E / Y < <  1, it follows that 

b T - y - ( l / k s ) d y / d r  [3.1) 

and by differentiation 

db/dr = d y /d t  + ( l/k~ ) d2y/dt ~ (3,2) 

By substituting Eqns. 2.1, 3.l and 3.2 into Eqn. 1 and 
using B / Y  << l we get 

dZy/dt 2 + (k  5 + k3(l + B / E  )) d y /d t  + k~k~y = Tksk 3 

with the solution 

(1- y / ~ )  -Cl .e  -~r-C2.e ~' (4) 

where in isotopic equilibrium (t  = ~ )  T = y ~  and Y>> 
(B + El .  The constants C1, C2, a and fl are related to 
the theoretical constants k3, k~ and B / E  by: 

CI+C2=- I  (4.1) 

a + f l  - -  k~  + k 3 ( l  + B / E )  ( 4 . 2 )  

a' f l=ks 'k~ (4,3) 

and 

( B / E  + I )  - - k s / (  aCt + tiC2) (4.4) 

The latter equation is obtained as follows: Using the 
differentiated Eqn. 4 we can write 

d( y / y ~ ) / d t  ~ - (ac1  + tic2) tor t ~ O 

where y~ = (b 0 + e0) at time zero. Therefore 

d y / d t  ~ - (  aCl + [JC2)( bo + eo ) for t ~ O  

Furthermore 

d y / d t ~ k s ' e  O for t ~ 0  

according to Eqn. 2. Since % / E  = b u / B ,  we get Eqn. 
4.4. 

Simpli f ication o f  the model  according to observations ob- 
ta ined  in the present  s tudy (Fig. 4A)  

The theoretical biexponential time course of ( 1 -  

Y / Y ~ )  

[ - l n ( I  - y / y ~ )  = a t  - I n ( - C 1 )  + g t  - I n (  - C2) I 

is not observed within our time of resolution, 1 s. The 
tracer efflux follows a monoexponential time course. 
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Therefore ~ must be much greater than fl and  dak'/dt ~ 
= O, which means after 1 s, d y / d t -  - d b / d t  and that 
e << b according to Eqns. 3.2 and 3. Subtraction of Eqn. 
3.1 from Eqn. 3 gives 

e - ( l / k s ) d y / d t  ( l / k s ) ( - d b / d t )  

Substitution of thi~ equation in Eqn, 1 yields 

- d b / d t  [ k s k 3 / ( k s + k 3 { B / E ) ) l b - k ~ . b  

which defines a new rate constant k~ for the overall 
transfer of tracer from B to Y through the E compart- 
ment, after I s. With t~ = k5 + k~(l + B / E L  fl is ex- 
pressed as fl ~ k s k 3 / ( k  5 + k3(l + B / E ) )  according to 
Eqns. 4.2 and 4.3 and the constant kj* is almost identi- 
cal with ,8 when k >> k~ and B / E  ~ 1. Two important 
modifications are applicable on the monoexponential 
tracer efflux after 1 s: 

(1) e ~ b  

(2) d y / d t . . - d b / d t  k~ 'b  

The model  accou.~ting for  tracer pa lmi ta te  efflux f rom 
ghosts containing buffer with 0 .2% B S A  in non-isotopic 
equil ibrium with a med ium containing 0.2% B S A  (Fig. 

Some features of the model, accounting for the tracer 
of flux from ghosls without BSA is directly applicable 
here since the two systems differ only with regard to the 
intracellular compartments. Thus we can use, within our 
time of resolution, 1 s, the modifications (l)  e << b and 
(2) d y / d t  - k S . b. 

By analogy with the system above, the kinetic equa- 
tions to describe the intracellular compartments are 
expressed in first-order rate constants k~, k s and k~': 

do /dr  = klA ( a / A  - c / C )  (5) 

db /d t  ~ k~*b - k~B(c/C - b / B )  (6) 

By eliminating c / C  from Eqns. 5 and 6 we obtain 

(tv'c) - (1/(klA)) d a / d t  + a / A  

(1/( k~B))( k~b + db /d l  ) + b / 8  (7) 

The conservation of the total amount of tracer, T, 
means that 

T = y + a + b + c + e  

Now c / C < a / A  and C <  10 3 A and therefore c<<<a 
thus 

T = y + a + b + e  
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The initial tracer of the E compartment, e o, is trans- 
ferred to the Y compartment within our resolution time. 
Therefore. after 1 s efflux 

T = v + a + b  

This enables us to express the variables of Eqn. 7 in 
terms of y by using 

h = ( l / k ~ )  dy/dt 

db/dt ~ ( I /k  S ) d~ l'/dt 2 

a = T  3' ( l /k .~)a.v/at  

da /d t  ~ - d )'/dr - (1/k ~ ) d2y/dl ~ 

With Q B / A  then Eqn. 7 becomes 

• ~ k*+ks( l+Q)+k~g'sQ/kl  k~ksQ 
d') /dt" + I + Q'k~/ k I d y/d t + l + Q" ,~'s/'k i y 

k~ksQT 
- l + Q . k s / k  a 

since k5 is of the order of 1 s -1 (see results) and k I is 
at least 300-fold smaller [12]. we can neglect 1 com- 
pared with Q k s / k  I, when Q is in the range of 0.1 to 0.5. 
Therefore the second order differential equation is re- 
duced to 

d2L/dj .~ + d )~'dt ( k ~* + kt(l + l /Q)) + yklk ~ = Tkxk ~ (8) 

with the solution 

(I-) / rM} - C l e  w-C2e S ~ . T = y ~ f o r t = ~  (9) 

where CI and C2 are integration constants of the homo- 
geneous equation and - ( C 1  + C2) + Y o / Y  = 1, With 
the boundary condition Q = B / A  ~ b(  t = O) /a (  t = O) 

for t ~ 0, the following three equations define the model 
parameters: 

k~ = vS/k~ (10) 

k~* = 7 + ~ + yS/('yCl + SC2) (I1) 

Q B A ~(3,Ct+8C2) = / = ~  02l  

Eqn. 12 is obtained by analogy with obtaining Eqn. 4.4. 
To  distinguish B / A  from a related ratio measured in 
equilibrium experiments, Qeq = ( B  + E ) / A ,  we use the 
notation Qkin = B / A .  Thus in theory Qeq = Qki~(1 + 
E / B ) .  

Data analyses and statistics 

The time series of effhix aliquot counting rates are 
collected directly as data files, using a Hewlett Packard 

85B microcomputer. The data of experiments with al- 
bumin-filled ghosts are analyzed with this machine 
according to Eqn. 9, using the 'exponential stripping' 
method [13], The experimental uncertainties of com- 
puted parameters of single experiments are computed 
according to the previously described principle [141 in- 
volving independent contributions to the error and 
numerical differentiation. The presented mean values of 
parameters are calculated from single experimental val- 
lies for which the uncertainties are at the same level. 

For  the Gauss-Newton least-squares curve fitting [15] 
is used an Olivetti M-28 computer. 

Student's t-test for unpaired values is used to esti- 
mate the significance of differences of two means. 

Preparation of  resealed ghosts 

The technique for preparing a uniform population of 
resealed 'p ink '  ghosts was based on the directions given 
by Sehwoch and Passow [16] carried out  as described by 
Funder  and Wieth [17]. Heparinized human blood from 
six donors form the basis of the experiments. The 
erythrocytes were washed with KC1 solution (165 raM) 
and cooled to 0 ° C ,  1 volume suspension (haematocrit 
40%) was added to 10 volumes haemolysing solution: 
3.8 m M  acetic acid, 4 m M  MgSO 4, 0.5 mM EGTA: 
E D T A  l : 1 ,  0 ° C  and p H  3.4-3.6. The pH hereby 
increases to 6.0. 5 rain later 1 volume 2 M KCI contain- 
ing 25 mM Trizma base (Sigma) was added, changing 
the p H  to 7.3. After further 10 rnin at 0 ° C  the lysate 
was transferred to 3 8 ° C  for 45 rain and the ghosts 
reseal. The rescaled ghosts were isolated by centrifuga- 
tion 20000 x g for 5 rain at 0 ° C  in an Ultracentrifuge 
model L5-65 (Beckman) Rotor  TY 65 and washed in 
165 m M  KCI, 2 raM phosphate buffer (pH = 7.3, 0 o C) 
containing 0.02 m M  E G T A  : EDTA 1 : 1. 

The preparation of resealed ghost with intraeelinlar 
BSA was in all cases carried out  by adding 0.2% BSA to 
the haemolysing solution. Addit ion of 12SI-BSA to the 
lysate was found to have reached 93.8 4- 1,7% (n = 9) 
equilibration with the intracellular phase of resealed 
ghosts. The haemolysing solution containing 0.2% BSA 
has a pH of 4.3 and p H  was increased to 6.0-6.2 with 
the erythrocyte suspension. 

For storage, the ghosts were resuspended in the 
washing buffer containing 0.2% BSA to a cytocrit of 
0.36. Such ghosts are well suited for experiments at least 
two days when kept at 0 ° C .  

Haemoglobin in ghosts was analyzed according to 
Van Kampen and Zijlstra [18]. 3.4% of the initial 
haemoglobin remains in the ghosts. Counting of cells 
for experiments was carried out  in 165 mM KCI solu- 
tion containing 0.2% BSA on a Coulter Multisizer with 
a sampling stand with 70 # m  orifice. Mean ghost area 
was 144 vm2/cel l  calculated by the Multisizer on basis 
of mean volume of cells. 



Preparation of charge buffers and labelling of resealed 
ghosts 

Media for labelling of ghosts, charge buffers, were 
prepared as described by Bojesen [19]. Labelled and 
unlabelled palmitate was deposited on small glass 
spheres and adsorbed to defatted albumin by gentle 
shaking 15 rain at 37°C.  Such media with pH 7.3 
contain 165 mM KCI, 2 mM phosphate, 0.2% BSA and 
0.6-1 / tCi /ml  of palmitate. Ghosts were gently packed 
5 min by centrifugation at 22200 rpm (36500 × g)  at 
0 ° C  in a Cryofuge 6-4 (Heraeus Christ). 

Equilibration of fatty acid between charge buffer and 
packed ghosts (1.5 : 1, v /v )  was completed by incuba- 
tion 50 min at 0 ° C .  The labelled ghosts were separated 
from the charge buffer by centrifugation in a Cryofuge 
6-4 (Heraeus Christ) 5 nfiu, 0 ° C  at 22 200 rpm (36 500 
x g)  and washed four times with 5 ml 165 mM KCL 2 
mM phosphate buffer at 0 ° C .  

Uptake of palmitate by ghosts 
The extracelhilar volume trapped by the packed cells 

was 20% + 2% as evaluated by the lZSl-BSA space [20]. 
750 #1 charge buffer  was added 500 mg (#1) packed 
BSA-free ghosts and the uptake ( M )  of paimitate by 
the ghosts is calculated from the counting rate/~tl of the 
charge buffer before (Rt )  and after (R2)  equilibration 
with the ghosts and the specific activity (S ,  counting 
ra te /nmol)  of palmitate as 

M -- ( R t • 750- R 2(750 + 0.2 • 500) )/(0.8" 500. S )( nmul/m s ) 

The final p of the charge buffer is R 2 ( 7 5 0 + 0 . 2 .  
5 0 0 ) / (S .  P )  where P is the amount of albumin of th2 
charge buffer. 

Water phase palmitate concentrations F in equilibriu~n 
with albumin bound palmitate 

BSA-filled ghosts were labelled to various v values 
with charge buffer (1 : 1.5, v/v) .  After removal of charge 
buffer, the ghosts were washed 4-5- t imes with ten 
volumes 165 mM KC1, 2 mM phosphate buffer (pH 7.3) 
containing 0.02 mM E G T A : E D T A  1 : 1  at 0 ° C  and 
400 .al cell free supernatant was taken for counting after 
centrifugation. This  procedure removes virtually no 
palmitate from the ghosts in agraemeut with the low 
equilibrium constant of BSA binding, about 10 s M. F 
was calculated from counting rate of the supernatant 
and the specific activity of palmitate. The correspond- 
ing int:aeelhilar ~, was calculated as above, with correc- 
tion for M or directly from R 2 as s ,=  ( R 2 .  
1000/S)/29.85 where 29.85 n m o l / m l  is the concentra- 
tion of 0.2% BSA. 

Effiux experiments 
Washed labelled ghosts packed by cenrrifugation at 

0 ° C  for 15 rain at 5 0 O 0 0 × g  in plastic tubes (i.d. 3 
ram) were used for efflux experiments. The s ,penaatant  
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was removed by cutting the tube just  below the inter- 
face. 100-140 ~1 packed (about (7.5-10.5). 10 K cells) 
ghosts were injected into 30 40 ml stirred isotope-free 
165 mM KCI. 2 mM phosphate medium, 0 °C ,  (pH 7.3), 
containing 0.2% BSA with unlabelled palmitate. Serial 
sampling of ceil-free e×tracelhilar medium was done 
with the Mil[ipore-Swinnex filtration technique [21]. 
10 15 samples (including an equilibrium sample) were 
taken at appropriate intervals for determination of the 
extracelhilar accumulation of radioactivity as a function 
of time. The activity of filtrates was measured by count- 
ing 400 ~1 in 3.9 ml OPTI -FLUOR scintillation fluid. 

The effect of  D I D S  (4,4"-diisothiocyano-2,2'- 
stilbencdisulphoinc acid) was studied by treating the 
ghosts with 50 u M D ID S  solution for 45 rain at 3 g ° C  
as described by Funder and Wieth [17]. After cemrif- 
ugation and removal of the D1DS solution, the ghosts 
were labelled and the efflux was determined in a 
DiDS-free as well as in a 80 ixM D I D S  medium, which 
is 2.7-times the concentration of BSA (30 ttM). 

Results 

Binding of palmitate m the ghost membrane 
In order to express the binding to the membrane as a 

function of the water phase palmitate concentration 

v 
~nMi 

I 

~0- 

3O ~ 

20- 

Fig. 2. '[he relationship between wa¢cr-phase concentration of palmi- 
tale at 0°C (F) and moI~ ratio of pahnilat¢ to albumin (v) in ghosts 
for v < 1.3. Each point is the n~an±S.E, of 6-9 estimator. The curve 

is drawn by hand. 
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0 .1"  , . . . . . . . .  
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Fi~. S. A plot of I / F  versus the recipfoeul value of pulmitale bound to rigA-free erythrocyte ghosts Inmol /g  packed ghosts per 7.2.m g cells) at 
0°C.  Palmilate bound to the ghosts is ~lculated from the uptake on ghoets added to a 0.2% liSA medium with [SH]palmitate. The water-phase 
concentrations (F )  are obtained from Fig. 2 using the calculated final ~ values. The regression line is; Y-1 .44 ( :E0. l )X-0.074 (±0.027l, 

r - -  0.96. t -- 13.7, n =19. Each point repr~ents daplieate deracinations, 

(F), values of F were measured at different v values 
(0.2-1.3) at 0 ° C  (pH 7.3). The results, obtained with 
BSA-fflled ghosts are presented in Fig. 2. The relation- 
ship is not analyzed in terms of 'b ind ing  sites' but  the 
curve obviously corroborates the presence of multiple 
fatty acid-binding sited of BSA [22,23]. 

The palmitate uptake by BSA-free ghosts, equi- 
librated with charge buffers at various v values, can 
now he expressed in terms of F. The experimental 
procedure and the way of calculation is presented in 
Methods. If the binding is saturable with only one 
equilibrium constant, then the plot of 1 /F  versus the 
reciprocal value of bound palmitate will be linear. The 
data of Fig. 3 show that the plot is linear and the slope 
gives the ratio of binding capacity to K a and the 
intercept with the ordinate gives -1/Ke,.  In terms of 
the model (Fig. 1) the binding capacity is the maximum 
value of (B  + E )  and amounts to 19A ± 7.3 nine1 g - I  
packed ghosts and g a is 13.5 + 5 nM according to 
linear regression. According to a Wilkinson plot  [24] the 
capacity is 21.2 + 2.1 nmol g ~ packed ghosts and 
K d ~ 16.0 + 1.4 aM. 

The uptake data can also be used to calculate an 
equilibrium ratio Q e q = ( B +  E l l A  (see Fig. 1). ' rbe 
calculation requires knowledge of the dry matter of 
packed ghosts (about 4%) and die intracellular BSA 
concentration, estimated to 93.8% of 0.2%, Q=q is then 
the ratio of tracer bound to the ghosts to tracer bound 
to 93.8% of 0.2% BSA in a volume of the medium 
equivalent to 96% of ghost volume. 

Efflux kinetics of pabaitate from ghosts without and with 
0.2% BSA 

Ghost without BSA. Two to four effluxes are run with 
the same ghost preparation and the pooled data from 
such a series are shown in Fig. 4A. The tracer release is 
fast and results in a fractional efflux of about 50% after 
less than 20 s. The fractional efflux fit a rnonoexpo- 
nential time course up to 8070. The same has been found 
in two more series. The theoretical biexponential time 
course (Eqn. 4) has therefore not been detected. The 
rate cons~tnt ( a )  of the rapid phase of  tracer release is 
high, since this release is almost completed within 1 s. 
In contrast, the rate constant (.8) of the slow phase of 
tracer release is much smaller. In three series the .8 
values (S.D.) are: 0.0251 (0.0003), 0.0301 (0.0006) and 
0.0310 (0.0003) s - k  

The intercept of the regression line (Fig. 4.4,) reflects 
the effect of a rapidly released fraction E l ( E +  B) 
from the membrane outer surface. It  varies considerably 
between the three series, the values (S.E.) are 0.068 
(0.005), 0.165 (0.006) and 0.093 (0.00b). 

In terms of Eqn. 4 the intercept values are - I n ( -  C2) 
which is insignificantly different from ( -  C1) according 
to Eqn. 4.1 when - C 2  > 0,85. Combining Eqns. 4.2 
and 4.4 and knowing that a :~ .8, we get 

E/( E + B) = ( -CI)(I  + (k3(1 " B/E))/ks)+ ( - C2)fl 

which means that 

E / ¢  E ÷ 8 ) > t - CI ) ~ - in( - C2) = 031 (in average) 
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TABLE 1 

Model parameters Dissociation rate cnn~tant~ (k r) of pab~ffzate-BSA complexes, overall rate c on,tartly (k.* of palmitafe tranrport from inner ~urface of 
ghost membrane to the madrum and the ratin~ (Q~,,,f of palmitate a.~st~'iuted with membrane inner vurfute to palmltate on intracellular BSA 

The parameters are determined from etflux experiments data and calculaled according to Eqns I0. I I and 12 (see text}. Experiments are carried 
out in 165 mM KCI, 2 mM phosphate buffer (pH 7.3 at 0°C). The corresponding "transformed Q~" values are calculated from Q~ values 
determined in equilibrium e×p~iments Isee te~t) and presented for comparison with Qk,n value~ 

1. Exponential slripping curve-fitting is used to obtain the coefficients C). C2. ~ and/3 (~f Eqn. 2. 

k I (I0 -~ s -1) k~ (10 > s ~) Qk,:, "Transfo~ed Qm" 
mean (S.E) mean (S E)  mean (S E ) 

~ 0.2 (n = 9) 1.47 (0.03) 240 (1 8) 0 213 (o.01) 0.20 
v = 0.6 (n = 9) 2.56 (0.08) ~ 26.8 f 1.91 ~ 0.37 (0.01 ~ " 0.32 ~ 
v = 1A (n = 4) 4.08 (0.13) ~ 30.0 (1.4) ~ 0.63 (003} ~ 0.56 ~ 

I1. Comparison of the resul:s of two methods of curve-fitting in some representative experiment~ 

kl (10 -~s-~)  k~ (tO ~s ~) Q~,~ 
mean (S.E) m ~ n  IS E ) mean (S E ) 

A. Exponential stripping method 
v = 0.02 (n 31 f.54 (0At) 24.3 (2.0) 0A9 (0.02) 
w = 0.6 (n = 3) 2.48 (0.22) 29.0 (2.0) 0.38 (004) 

B. Gauss-Newton least-squares method 
p -  0.2 ( n -  3) 1.59 (0.32) 203 (3.5) 021 (0051 
v - 0.6 (n 3) 2.5810.58) 24.514.4) 0.44 10 13) 

Differs from u = 0.2 data, P < 0.00l. 
b Differs from p - 0.6 data, P < 0.00I. 

None of the kj" value~ arc si~,niticantly dlffc~ent (P  > 0.05). 

W i t h o u t  m e a s u r e m e n t s  o f  a a quan t i t a t i ve  es t imat ion  of  
E / ( E  + B )  is impossible .  H o w e v e r ,  w i t h  a 4% bias  of  
( 1 - y l s / y ~ ) w e h a v e ( - C l ) e  " = 0 , 0 4 (  C2)  e B, a n d  
w i t h  ( -  C l l  = 0.11, ( - C 2 )  = 0.89 a n d  ~8 = 0.029 s - i we 
get  a m i n i m u m  value  of  a o f  1.16 s - I .  U s i n g  Eqns .  4.2, 
4.3 a n d  4 .4  a n d  the  de f in i t i on  fo r  k~' ,  we o b t a i n  the  
values  0.8 s - I ,  0.038 s - l ,  5.3 a n d  0.030 s -1 fo r  ks,  k3, 
B / E  a n d  k~',  respectively.  T h u s  E / ( E  + B ) =  0.16 for  
th i s  m i n i m u m  value  of  a .  S ince  to a m i n i m u m  of  a 
co r r e s ponds  a m a x i m u m  of  k 3 / k  5 a n d  a m i n i m u m  of  
B / E  these values give the  grea tes t  d i f ference  b e t w e e n / 3  
a n d  kJ '  vim. the  m o d e l  p red ic t s  n o  s ign i f ican t  d i f fe rence  
be tween  /~ a n d  k~'. Not iceab le  is the  a g r e e m e n t  o f  kJ '  
ca lcula ted  f r o m  the  expe r imen t a l  d a t a  w i t h / ~  o b t a i n e d  
direct ly  as the  s lope  o f  the  m o n o e x p o n e n t i a l  e f f lux  f r o m  
a lbumin - f r ee  ghos t s  (Tab le  I). T h e  m e a n  values  a re  no t  
s ignif icant ly  d i f f e ren t  ( P  > 0.5). 

Ghosts with 0.2% BSA.  O n  the  basis of  the  resul ts  
w i t h  a lbumin - f r ee  ghos ts ,  we  expec t  t h a t  the  ef f iux 
kinet ics  fit the  b i exponen t i a l  Eqn .  9 a f te r  1 s -~.  As  
s h o w n  by  Figs. 4B a n d  4C  this  is indeed  the  case. W e  
h a v e  l imited o u r  analysis  to  a b o u t  55% f rac t iona l  ef f lux 
to  m i n i m i z e  any  po ten t i a l  effect  of  k l  he te rogenei ty .  
T h e  values of  the  three  m o d e l  p a r a m e t e r s  k * ,  k 1 a n d  
Qk~. o b t a i n e d  by  analyses  of  the  e x c h a n g e  eff lux d a t a  a t  
d i f f e ren t  p values a re  p r e sen t ed  in  Tab le  I. 

T h e  m e t h o d  of  "exponent ia l  s t r ipping" has  been  used  
in  m o s t  cases bu t  Tab le  I shows  tha t  the  resuits  o h -  

t a ined  w i t h  the  G a u s s - N e w t o n  least-squares  m e t h o d  are 
no t  d i f ferent .  

T h e  ex t r apo l a t ed  ze ro - t ime  f rac t iona l  t racer  release is 
in genera l  a b o u t  6% b u t  varies be tween  3% a n d  10%. 
A c c o r d i n g  to  the  mode l  o n  w h i c h  the  analysis  is based ,  
this f rac t ion  is the  t racer  f r a c d o n  o n  the  ou ts ide  o f  the  
g h o s t  m e m b r a n e  a t  zero  t ime  p rov ided  o the r  sources 
have  been  exc luded .  T h e  c h a r g e  buf fe r  was  r emoved  
f r o m  the  ex t race l lu la r  space by  w a s h i n g  w i t h  buf fe r  a n d  
rup tu re  o f  the  ghos t s  w h e n  in jec ted  in to  the  m e d i u m  is 
no t  a gene ra l  p h e n o m e n o n .  W h e n  ghos t s  were  loaded  
w i t h  1251-BSA less t h a n  1%, o u r  de tec t ion  l imit ,  ap -  
pea red  in  the  effhix .  

I t  is poss ib le  t o  calculate  E / B  rat ios f r o m  Qkin 
values of  Tab le  I since a t  z e r o  t ime co~fad + bo + co)  = 
E l l A  + B + E )  = Ytt/'Y~ = 0 .06and  Qkln = B / A .  

F o r  ~, 0.2 and  0.6 we get  E / B  0.38 a n d  0.23, respec- 
tively. F o r  a l b u m i n - f r e e  ghos t s  o u r  es t imate  o f  E / B  is 
0.19, The re fo re  the re  is n o  reason  to believe tha t  E / B  
d e p e n d s  o n  t he  presence  of  BSA w i t h i n  the  ghosts .  

W i t h  6% loca ted  a t  the  ou t s ide  we are  able  to  calcu-  
late f r o m  Qeq a " t r a n s f o r m e d  Q ~ '  va lue  equ iva len t  to  a 
Q~,n value. The  resul ts  are  p r e sen t ed  in Fig.  5 a n d  
values c o r r e s p o n d i n g  to ~ , -  0 . ?  C.b a n d  1.4 are  pre-  
sen ted  in  Tab le  I. 

W i t h i n  the  inves t iga ted  r a n g e  of  p, the  k~' values are  
no t  s tat is t ical ly d i f f e ren t  in  con t ras t  to var ia t ions  of  
Qkln a n d  k t. 
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Inhibition xtudies 
Treatment  of ghosts with D I D S  was without any 

effect on fates of palmitale  efflux from BSA-fil!ed 
ghosts, whether the medium contained D I D S  or not  

~z 

' r i s l  

O~ 

90O 

8 

0 

000 1 4 ~  IIsl  

c. / , j  

0.09 O,3rl 0.C,01 y l ' , ' #m 

b'i~ 4, (A) Exchange efflux kinetics of []Hlpalnfitate from BSA-free 
ghosts at O~C (pH 7.3), ~ 0.2 into the extrscellolar medium. The 
ghosts were prepared in 16S rum KCI/see Methuds) and th¢ medium 
is 165 mM KCI, 2 mM phosphate buffer containing 0.2% BSA and 
0.02 mM ~DTA/EGTA (1 : 1). y is the amount of [~Hlpalnfitale in 
tae rr~dium at ,2a~ time ~f  ~ptit t l~ atul y~ is the amount after 
isotopic equilibrium has been attMned. The regression llne is - In(1 - 
(v/y~)) 0,0310 (2E0.0003)t+0.093 (±0.006L r~0.999, t=9l,  n 
= 22 (some of the points coincide), (B) Exchonge elllux kinetics of 
I~Hlpalmitat~ from ghosts loaded with 0.2% BSA at 0°C (pH 7.3). v 
0.2 into the same medium ~ described in Fig. 4A. "l'ae bar represents 
five iiolnt~, y and ~,~ as in Fig. 4A. The inset shows the ve~ early 
portion of the efflux curve. (C) Test of the analysis using exponential 
stripping according to Et/n. 9. Tile a~m l~r~mnted iD FJ~J. 4B are I~sed 
to give the parameturs C1, C2, Yo/)'~. Y and & The figure shows the 
recalculated (), lye),  and measured (Y/y®)~ dala relationship. The 
equation of the line is with S.D. values: ly/y~)~],O0~ {~0.004), 

(y/y~)n,+O,OOlOf~O.OA)lS). r = 0.999. t _ ~D,4. n- - l l .  

o.3e, 

(1~ 0~/, 0-6 0-9 1.0 1.2 

Fig. 5. The p dependency of the ratio of palmitate bound to the inside 
of the ghosls to palmhate on intracellular BSA. calculated from 
equilibrium experiments ( '  transfused Q~q', ~ee text). T he reg~ssion 
line is y ~ 0,29 ( ~ 0.022)X + 0.146 ( "~ 0.014), • = 0.96. t = ] 3. n ~ 19. 

(da ta  not  shown). The  uptake of pa lmi ta te  after  treat- 
men t  of BSA-filled ghosts 45 rain a t  3 8 ° C  with 50 ~ M  
D I D S  was also unaffected since complete  equil ibration 
was achieved at O ° C  after  15 rain. 

Discussion 

The  t ranspor t  of  the  sparsely water  soluble long-chain 
fat ty acids through the ghost  membrane  can  only be 
investigated by means  of  a device which ascertains well 
defined water-phase  concentrat ions on both  sides of  the 
membrane.  Since ghosts are  readily supplied wi th  a 
protein solution when the cells are  lyzed, the obvious 
way of solving the problem is to use an  a lbumin solu- 
t ion of sui table concentrat ion,  Prel iminary experiments  
with such a system using 0.2% BSA revealed to our  
surprise that  the exchange efflux kinetics of  pa lmi ta te  
after  I s is clearly biexponential  with an initial  phase 
vchiclt is too rap id  and  large to be assigned to dissocia- 
t ion from BSA a n d / o r  to the  negligeable pool of water  
phase palmitate .  The  observation suggested that  the 
rapid phase reflects the  effhix o f  palmitate ,  hound to 
the membrane ,  in agreement  with G o o d m a n  [25]. A 
biphasic efflux of  oleic acid from ghosts with BSA is 
published most recently [9] without  any a t t empt  
explain the phenomenon al though a rapid oleic acid 
uptake  by albumin-free ghosts was observed f rom a 
med ium with  a lbumin  at  very low i,. 

The pa imi ta te  b inding depends of  course on the 
water  phase concentrat ion at various v values and  the 



v-water phase concentration relationship is in this work 
determined, for the first time. by using the ghosts as 
dialysis bags. 

The double-reciprocal plot, Fig. 3, strongly suggests 
that below v = 1.3 one type of binding sites in the 
membrane is dominating the uptake. The binding 
capacity is about 19 nmol per g packed ghosts (about 
10 I(t cells), This is similar to the amount of the anion 
transporter 5-29 nmol per 10 n° erythrocytes [26] and 
corresponding to about 150 mol phospholipids per reel 
palmitate calculated from [27]. Above v = 2 the uptake 
is continuously increasing with v [251 in the same way 
as described for nhospholipid bilayers [28]. Thus the 
membrane bilayer itself plays probably a small part in 
the binding when v is below 2. The preferential binding 
to the inside of the ghost membrane points in the same 
direction. The reason for this asymmetry is not known 
at present. 

The membrane binder competes well with BSA as 
indicated by the 0 ° C  equilibrium constant, K0=13 .5  
nM (Ka~7 .4"107  M t) to compare with K,, 2.9-107 
M - t  for palmitate binding to BSA at 23°(2 [22] esti- 
mated for low u values and calculated for three binding 
sites per mot BSA. 

Both observations are consistent with the observation 
of Spector et al. [29] that the erythrocyte membrane 
contains a relatively small number of sites that bind 
fatty acids tightly with K a equal to albumin, 

On the other hand there is a large difference between 
the involved dissociation rate constants. According to 
our data the dissociation rate constant of the 
palmitate-membrane binding (k~) is almost three orders 
of magnitude greater than the dissociation rate constant 
of palmitate-albumiu binding determined in this study 
(kt) and reported values [12,30], However, the associa- 
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lion- and the dissociation rate constants of palmitate 
albumin interaction are both exceptionally low and the 
process of association occurs probably in two steps [12]. 
The peculiar channel type of the albumin binding sites 
[31] may account for the very slow on and off type of 
binding. The two rate constants of the membrane bind- 
ing may therefore in fact be expected to be much faster. 

The model implies that the rate of palmitate dissocia- 
tion from BSA can be accounted for by a single rate 
constant. With two or three binding sites per BSA 
molecule and increasing heterogeneity of the binding 
with increasing v [23], we anticipate that a single rate 
constant describes the process only to a limited extend, 
even at the investigated low ~, values of 0.2 and 0.6. 

As shown by the analytical results of Table L we 
have chosen a range for which the parameter values are 
well defined and the same whether they are determined 
by "exponential stripping' or by Gauss-Newton least- 
squares curve-fitting. Furthermore the k~' values ob- 
tained at 0.2, 0.6 and 1.4 (Table I) are not significantly 
different from the corresponding R values measured in 
experinmnts with BSA-free ghosts and Qkt.  ~ ( B / A )  is 
largely in agreement with the equivalent 'transformed 
Q~q" calculated from Q~ obtained in independent equi- 
librium experiments (Fig. 5 and Table I). 

Table 1 shows that kn increases significantly with v. 
Thus we have for the first time demonstrated an effect 
of v in the range below 1. The present values are not 
readily compared with previously published values be- 
cause different types of alb,atv,.in, fatty acids, v values 
and temperatures have been used. The values reported 
by Scheider [12] (2.6-3.7). 10 ~3 s 1 obtained for oleate 
and human serum albumin at 0 ° C  with v = l  are 
comparable to our k t = (2.56 + 0.08 (S.E.)). 10 3 s- i 
(Table 1) at v =0.6. Svenson et al. [28] working with 

TABLE It 

Long chain fatty acid permeation in mammalian cells 

Cell type Temp. Fatty Number Vma x Cell a~a Vmx nefe re~  
(°C) acid of cells (nmolmln ~) (~m2l (p~lmin Icm-2 / 

Erythrocyt¢ ~, 
ghats O 16:O a 10 t° 30 144 2 this paper 

Adipoeytes 23 16:0 a 5.5.104 2.5 1.5.104~ 300 3 
23 18:10 5.S.104 t.0 1.5,104~ 120 3 
37 18:1 d 5.0.104 2.5 15"104~ 3~ 4 

Hepatocytes 37 18 : 1 '] 5,0-104 0.2 1.3" 103 ~ 300 7 

Cardiac 37 18 : 1 d 5.0, !04 0.48 0.59 1.4-104 r 68-84 5 
myoeytes 37 IB : 1 d 10' 1.91 1.4' 10 ~ r 137 6 

Falmitic acid. 
h The value is the product of the rate constant, k~, and the binding capacity of the membrane ( J i n g O .  
c The adip~ytes a~ assumed to be 7O pm in diameter [37 I. 
d Oleic acid. 

The hepatocyte is assumed to be 20 gm in diameter [38]. 
r The average dimension o1 cardiac my~yt~ is a~umed to be 138 btm-30 5 ~m [39] 
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human serum albumin and palmitate, v ~ 0.95 has ob- 
tained a rate eonstav, t at 9 ° C  of 1 0 .1 0  3 s t to 
compare with (10.2 4- 1A (S.E.)), 10 -3 s -I (n = 7 )  ob- 
tained with the present technique at 1 0 ° C  [8]. Extrapo- 
lation of their data to 0 ° C  gives 3 .98.10 -3 s t which 
is quite similar to the value obtained in the present 
study at O°C, 

in the low range of ~, our results suggest that the 
unidirectional flux of palmitate is the product of a ~, 
independent rate constant and the occupancy of the 
membrane binder. Extrapolation to saturation of the 
binder gives a calculated maximum flux ( J ~ )  of about 
2 pmol rain - t  cm -2, using mean area 144 /tm2/ghost 
(see Methods). This J~.~ is about 250-fold smaller than 
for glucose [32]. To get an idea of whether it is large or 
small for Iong-chain fatty acids we have compared it 
with the fatty acid membrane transport into ceils which 
metabolize the fatty acids vigorously (Table 1I). Al- 
though the location of the cell-bound fatty acid has not  
been identified in any of the uptake studies it is prob- 
ably membrane translocated acid bound to intracelhilar 
adsorbents, since we have experienced that release from 
membrane binding is very rapid, 

For palmitate the about 150-fold difference between 
our calculated J,~,~ in ghost and V ~  in adipocytes may 
largely be explained by the temperature effect. Assays 
also at 5°C,  1 0 ° C  and 15°C  show that the activation 
energy of k~' is 103 4- 4.5 kJ tool -~ [8], little different 
from 125 kJ tool t of chloride exchange [33]. On this 
basis, we expect in the ghosts a Jm~ 24-fold ltigher at 
2 3 °C  and 135-fold higher at 3 7 ° C  provided the capac- 
ity is temperature independent. Thus it appears that the 
membrane of the ghost and of the three other cell types 
are not greatly differently equipped with a transport 
system. This result is intriguing since the erythrocytes 
process fatty acids only in acylation.deaeylation cycles 
[34,35]. It  brings up the queslion whether the transport 
is secondary to another more important  transport. 

The work of Abumrad et el. [3] shows a dose depen- 
dent block of the transport by the anion transport 
blocker DIDS. This is interesting since 1 g human 
'ghosts" (about 1019 ceils) has about 5-29 nmoles of the 
anion transporter [26], which almost coincides with the 
palmitate binding capacity (19 nmoles). However, we 
are unable to observe arty effect of DIDS  neither on the 
efflux of palmitate from the ghosts, nor on the uptake. 
Without identification of the palmitate binder it can not  
be excluded that the same transporter is responsible for 
both the transfer of palmitate and the 104-fold greater 
exchange flux of chloride [17] since the translocation 
mechanisms of chloride and palmitate must be entirely 
different. The obvious objection to this speculation is 
that D1DS blocks both functions in adipocytes. How- 
ever, this and related problems underscore the need of 
investigations of the transporters of  different cells. They 
may well be different proteins which have the binding 

and the translocation of long chain fatty acids in com- 
mon. A considerable diversity is known for anion- as 
well as for the glucose-transporter 136]. 
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