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At 0°C, pH 7.3, palmitate (PA) binds to human erythrocyte ghosts suspended in 0.2% bovine seram 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-filled ghosts as permeable bags. The

binding has a capacity of 19.4 + 7.5 nmol g~ packed ghosts (7.2 10” cells) and K,=13.5+5 nM. PA exchange
efflux kinetics to 0.2% BSA is recorded from ghosts without and with 0.2% BSA wnl- a resolution hme of about 1s.

Data are analyzed in terms of compartmental models Using BSA-free ghosts the k ics is
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to PA on the outer surface. This fraction ls released with a a rate constant, ks, which is of the order of 1 5™'. The data

suggest a maximum PA transport capacity, J,,, of 2 pmol min~' cm

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 complets account of the subject is impos-
sible, because we do not know whether membrane
transfer participates in the control of the intracellular
level of the prostaglandin precursor, arachidonic acid.
From the prostaglandin research we have also hints of
the permeation mechanism of long-chain fatty acids.
Rabbit erythrocytes are completely impermeable to
prostaglandins E, and F,,, which are only slightly more
hydrophilic than unsaturated long chain fatty acids {2].
This speaks against a trivial water-lipid bilayer partition
as the basis mechanism for the extremely fast uptake in
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-2,.0°C, pH 73.

many cells of long-chain fatty acids. Recent works on
the uptake of fatty acid in adipocytes [3,4], cardiomyo~
cytes [5,6] and hepatocyiss [7] corroborate this point of
view by indicating a carrice-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 ervthrocytes 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 to 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 ghosis may be an ideal tool to measure
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equilibrium constants of falty acid-protcin 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 constint 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 »-independent rate constant and a v-dependent
occupancy of the ‘binder’ at the inside of the mem-
brane.

Materials

[(9.10)-*H]Palmitic acid (specific activity 54 Ci/
mmol) was obtained from Amersham Int. ple,
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
peried no impurities could be detected.

Bovine serum albumin (BSA) (Behring Institute,
Germany) was defatted according to the method of
Chen [10]. '*I-labelled albumin was prepared by the
radioiodination method using lodogen as described by
Markwell and Fox [11]. Purification of obtained '**1-
BSA was carried out by gel-filtration chromatography
on a small Sephadex G-25 ‘olumn (9.1 ml, 5 cm). 95%
was trichloroacetic acid srecipitable (specific activity
0.135 nuCi /p.%), Defatted BSA was added to a working
solution of "’I-BSA in 165 mM KCl to a specific
activity 4.4 nCi/mg.

Methods

The model

ing for tracer pal
in-free ghost in isotopi
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 pal 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 &, and
ks (see Fig. 1A for notations)

efflux from

equilibrium with the

—db/dt=k,B(b/B—e/E) )

dy/di=ksE(e/E—y/¥) 2)

M
e ——n
s
- -—
intracetlylar extracellular
compartment compartment

Fig. 1. The models, used to account for the efflux of [*Hjpalmitate
from ghosts in non-isotopic equilibrium witk: the medium. (Panel A)
Ghost without serum albumin. (Panel B) Ghost with serum albumin.
Arrows indicale unidirectional palmitate fluxes. &, k3, and kg are
first-order rate constants of fluxes between adjacent compartments
and k¥ is the rate constant of the unidirectional flux from the
membrane inner surface to the medivm through the palmitate pool at
the membrane outer surface. @ and 4: The amount of [*H]palmitate
and palmitate hound to intracellular albumin. ¢ and C: The amount
of [* itate and itate in the i phase. & and
B: The amount of [*H]palmitate and palmitate bound to the inner
surface of the ghost membrane (the transport pool). e and E: The
amount of [*H]palmitate and palmitate bound to the outer surface of
ghost membrane. y and Y: The amount of [*Hpalmitate and paimi-
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 greater than
the ghost volume, therefrre (Fig. 1A)

Y> (B+ E)10°

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

B/Y «<land E/Y %1



By rearrangement of Eqn. 2 we get
e=(1/ks)dy/dt+(E/Y)y i2.1)
From Eqn. 3 and E/Y < 1, it follows that
b=T=y-(1/ks)dy/dr 3.1y
and by differentiation

—dbydr=dy/dt +(1/ks) Fy/de? 3.

By substituting Egns. 2.1, 3.1 and 3.2 into Eqn. 1 and
using B/Y <« 1 we get

d?y/de? +(ks+ky(1+ B/EY) dy/dt+ kekay = Thoks

with the solution

(= y/rg) = —Clie™ ¥ —C2.e7# )
where in isotopic equilibrium (¢ = «0) T=y., and ¥ >

(B + E). The constants Cl1, C2, a and 8 are related to
the theoretical constants &;, k, and B/E by:

Cl+C2=~1 4.1
a+f=ky+ky(1+ B/E) 42)
aB=kyky 4.3)
and

(B/E +1y= —ky /(aCl+ BCY) 44)

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

A(3/9e)/d = = (aCl+ BC2) for 1 = O

where y,, = (b, + ¢;) al time zero. Therefore
dy/de = = (aCl+ BC2)( by +eg) for 1 =D
Furthermore

dy/dt —kg-eg fort—0

according to Eqn. 2. Since ey/E = by/B, we get Eqn.
44.

Simplification of the model according to observations ob-
tained in the present study (Fig. 44)

The theoretical biexponential time course of (1 —
Y/ V)

[—I(l— y/35) = at ~ In(=C1}+ ft =In{ - C2)]

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 8 and dzy/dl2
=0, which means after 1 s, dy/dr = —db/ds and that
e << b according to Eqns. 3.2 and 3. Subtraction of Eqn.
3.1 from Eyn. 3 gives

e=(1/k)dy/dr=(1/ks)(—dhysdr)
Substitution of this equation in Eqn. 1 yields
—dh/de = [koky/ (ks + ks { B/ENb=kT-b

which defines a new rate constant k3§ for the overall
transfer of tracer from B to Y through the E compart-
ment, after 1 s. With a = k5 + k3(1 + B/E), B is ex-
pressed as f = ksk,/(ks+ ky(1 + B/E)) according o
Eqns. 4.2 and 4.3 and the constant k7§ is almost idenii-
cal with 8 when k> k, and B/E > 1. Two important
modifications are applicable on the monoexponential
tracer efflux after 1 s:

() exb

(2) dy/de=—db/di=k3b

The model accounting for tracer palmitate efftux from
ghosts containing buffer with 0.2% BSA in non-isotopic
equilibrium with a medium containing 0.2% BSA (Fig.
18)

Some features of the model, accounting for the tracer
offlux from ghosts without BSA is direcily 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 (1) e < b and
)dysde=k3-b.

By analogy with the system above, the kinetic equa-
tions to describe the intracellular compartments are
expressed in first-order rate constants &,. ks and k3:

—da/dt=kA(a/A-¢c/C) )
—db/dt = kib~ksB(c/C—b/B) ®
By eliminating ¢/C from Eqns. 5 and 6 we obtain
(¢/Cy=(1/{ky AN dasdr +a/A

= (1/(ksBY) kb +dbsdt)+b/B )

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

T=y+a+b+c+e

Now ¢/C<a/A and C <10 > 4 and therefore ¢ <xa
thus

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

T=y+ath

This cnables us Lo express the variables of Eqn. 7 in
terms of » by using

b={1/k$}dysdt
dbsde = (1/k$) dyyde?
a=T—y—(1/k}}ydy/dr

dasdi = ~dysde=(1/k$) d2yyde

With O = B/4 then Eqn. 7 becomes

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 [14] in-
volving independent contributions to the error and
numericai differentiation. The presented mean values of
par are calculated from single experi 1 val-
ues 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 -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

s kDR 0) 4 RERO/Ky Kk ’
da/de 70 & /ky G e 2777 led
 kfRsQrT
T1+ 0k 7k

since ks is of the order of 157" (sec results) and %, is
at least 300-fold smaller (12}, we can neglect 1 com-
pared with Qk,/k;, when @ is in the range of 0.1 10 0.5.
Therefore the second order differential equation is re-
duced to

Erydy? +dp/dikd + k(1 +1/0)+ yhik$ =Thik3 ®
with the solution

= y/r)==Cle ™ =C2e ¥ Ty fori=c0 )
where C1 and C2 are integration constants of the homo-
geneous equation and —(C1 + C2) + y/y, = 1. With
the boundary condition Q= B/A4 - b(t=0)/a(t1=0)

for r — 0, ihe following three equations define the model
parameters;

ky=v8/k (10)
$=y+8+y8/(yCl+6C2) (i1)
_ _ —(¥C1+8C2)

Q= B/4% g rivecs a2)

Egn. 12 is obtained by analogy with obtaining Eqn, 4.4,
To distinguish B/4 from a related ratio measured in
equilibrium experiments, Q.. = (B + E)/A, we use the
notation Q= B/A. Thus in theory Q,, = Q,.(1+
E/B).

Data analyses and statistics
The time series of efflux aliquot counting rates are
collected directly as data files, using a Hewlett Packard

pink’ ghosts was based on the directions given
by Schwach 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 KCI solution (165 mM)
and cooled to 0°C, 1 volume suspension (haematocrit
40%) was added to 10 volumes haemolysing solution:
3.8 mM acetic acid, 4 mM MgSQ,, 0.5 mM EGTA:
EDTA 1:1, 0°C and pH 34-3.6. The pH hereby
increases to 6.0. 5 min later 1 volume 2 M KCl contain-
ing 25 mM Trizma base (Sigma) was added, changing
the pH to 7.3. After further 10 min at 0°C the lysate
was transferred to 38°C for 45 min and the ghosts
1eseal. The resealed ghosts were isolated by centrifuga-
tion 20000 X g for 5 min at 0°C in an Ultracentrifuge
model L5-65 (Beckman) Rotor TY 65 and washed in
165 mM KCl, 2 mM phosphate buffer (pH = 7.3, 0°C)
containing 0.02 mM EGTA :EDTA 1:1.

The preparation of resealed ghost with intracellular
BSA was in all cases carried out by adding, 0.2% BSA to
the haemolysing solution. Addition of 'I-BSA to the
lysate was found to have reached 93.8 £ 1.7% (n=19)
equilibration with the intracellular phase of resealed
ghosts. The haemolysing solution containing 0.2% BSA
has a pH of 4.3 and pH 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 cvtocrit 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 KCl solu-
tion containing 0.2% BSA on a Coulter Multisizer with
a sampling stan¢ with 70 pm orifice. Mean ghost area
was 144 pm?/cell 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 min at 37°C. Such media with pH 7.3
contain 165 mM KCL 2 mM phosphate, 0.2% BSA and
0.6-1 wCi/ml of palmiiate. Ghosts were gently packed
5 min by centrifugation at 22200 rpm (36500 X 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 min, 0°C at 22200 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 extracellular volume trapped by the packed cells
was 20% + 2% as evaluated by the 'I-BSA space [20].
750 pl charge buffer was added 500 mg (pl) packed
BSA-free ghosts and the uptake (M) of palmitate by
the ghosts is calculated from the counting rate/pl of the
charge buffer before (R;) and after (R;) equilibration
with the ghosts and the specific activity (8, counting
rate/nmol) of palmitate as

M = { R-750- Ry(750+0.2 -500)) /(0.8-500-§ ){ nmol / mg }

The final » of the charge buffer is R,(750+02.
500)/(S - Py where P is the amount of albumin of th:
charge buffer.

Water phase palmitate concentrations F in equilibrium
with albumin bound palmitate

BSA-filled ghosts were labelled to various » values
with charge buffer (1: 1.5, v/v). After removal of charge
buffer, the ghosts were washed 4-5-times with ten
volumes 165 mM KCl, 2 mM phosphate buffer (pH 7.3)
containing 0.02 mM EGTA:EDTA 1:1 at 0°C and
400 g1 cell free supernatant was taken for counting after
centrifugation. This procedure removes virtually no
palmitate from the ghosts in agreemeut with the low
equilibrium constant of BSA binding, about 107" M. F
was calculated from counting rate of the supernatant
and the specific activity of palmitate. The correspond-
ing int;acellular » was calculated as above, with correc-
tion for M or directly from R, as »v=(R,:
1000/5)/29.85 where 29.85 nmoi/ml is the concentra-
tion of 0.2% BSA.

Efftux experiments

Washed labelled ghosts packed by centrifugation at
0°C for 15 min at 50000 X g in plasiic tubes (i.d. 3
mm) were used for efflux experiments. The supernatant
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was removed by cutting the tube just below the inter-
face. 100-140 ui packed (about (7.5-10.5)-10* 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 uniabelled palmitate. Serial
sampling of ceii-free extracellular medium was done
with the Millipore-Swinnex filtration technique [21].
10-15 samples (including an equilibrium sample) were
taken at appropriate intervals for determination of the
extracellular accumulation of radivactivity as a function
of time. The activity of filtrates was measured by count-
ing 400 xl in 3.9 ml OPTI-FLUOR scintillation fluid.

The effect of DIDS (4,4-diisothiocyano-2,2"-
stilbenedisulphonic acid} was studied by treating the
ghosts with 50 uM DIDS solution for 45 min at 33°C
as described by Funder and Wieth [17]. After centrif-
ugation and removal of the DIDS solution, the ghosts
were labelled and the efflux was determined in a
DEDS-free as well as in a 80 pM DIDS medium, which
is 2.7-times the concentration of BSA (30 pM).

Results

Binding of palmitate to the ghost membrane
In order to express the binding to the membrane as a
function of the water phase palmitate conceniration

—
F
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Fig. 2. The hip between water-ph of palmi-

tate at 0°C ( F) and molar ratio of palmilate to albumin (v} in ghosts
for » <1.3. Each point is the mean +8.E, of 69 estimates. The curve
is drawn by hand.
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Fig. 3. A plot of 1/F versus the reciprocal value of palmitate bound to BSA-free erythrocyle ghosts (nmel/g packed ghosts per 7.2-10° ells) at
0°C. Palmitate bound to the ghosls is calculated from the uptake on ghosts added 10 a 0.2% BSA medium with [*Hlpalmitate. The water-phase
concentrations (F) are obtained from Fig. 2 using the calculated final » valugs. The regression line is; ¥=1.44 (£0.1)X ~0.074 (10.027),

r=0.96, r =13.7, n =19. Each point

(F), values of F were measured at different » values
(0.2-1.3) at 0°C (pH 7.3). The results, obtained with
BSA-filled ghosts are presented in Fig. 2. The relation-
ship is not analyzed in terms of ‘binding sites’ but the
curve obviously corroborates the presence of muliiple
fatty acid-binding sited of BSA {22,23].

The palmitate uptake by BSA-free ghosts, equi-
librated with charge buffers at various » values, can
now be 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, and the
intercept with the ordinate gives —1/K,. In terms of
the model (Fig. 1) the binding capacity is the maximum
value of (B+ E) and amounts to 19.4 + 7.3 nmol g~!
packed ghosts and K4 is 13.5+ 5 nM according to
linear regression. According to a Wilkinson plot [24] the
capacity is 21.2+ 21 nmol g~' packed ghosts and
Kg=16.0+ 1.4 nM.

The uptake data can also be used 1o calculate an
cquilibrivm ratio Qeq=(B+E)/A (see Fig, 1). The
calculation requires knowledge of the dry matter of
packed ghosts (about 4%) and the intracellular BSA
concentration, estimated to 93.8% of 0.2%. Q. is then
the ratio of tracer bound to the ghosts to tracer bound
1o 93.8% of 02% BSA in a volume of the medium
equivalent 10 96% of ghost volume.

Efflux kinetics of palmitate 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 monoexpo-
nential time course up 10 80%. The same has been found
in two more series. The theoretical biexponential time
course (Eqn. 4) has therefore not been detected. The
rate constant («) 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), 0.03¢1 (0.0006) and
0.0310 (0.0003) s~*.

The intercept of the regression line (Fig. 4A) reflects
the effect of a rapidly released fraction E/(E+ B)
from the membrane outer surface. It varies considerably
between the three series, the values (S.E.) are 0.068
(0.005), 0,163 (0.006) and 0.093 (0.075).

In terms of Eqn. 4 the intercept values are - In(—C2)
which is insignificantly different from (- C1) according
10 Eqn. 4.1 when —C2> 0.85. Combining Eqns. 4.2
and 4.4 and knowing that a > 8, we get

E/(E+B)=(-Cl)(1+(k3(1+ B/E))/ks)+(-CDR
which means that

E/E + By> (—Cl) = —In(~C2) = 0.1 (in average)



TABLE 1

Model parameters. Dissociation rate constanss (k) of paimitate-BSA complexes, overall rate constants (k) of palmitate transport from inner surface of
ghost membrane ta the medium and the ratios (Q,,) of palmitate associaied with membrane inner surfuce to palmitote on intracetlulur BSA

The parameters are determined from efflux data and

to Fgns. 100 11 and 12 (see text). Experiments are carried

out in 165 mM KCl, 2 mM phosphate buffer (pH 7.3 at 9°C). The corresponding “transformed Q" values are calculated from Qg values
determined in equilibrium experiments (see text) and presented for comparison with Q. values,

1. Exponential stripping curve-fitting is used to obtain the coefficients C1. C2. o and B of Egn. 2,

ky (107%s7h) k31074 s™h Qe “Transformed Q.
mean {S.E.) mean (S.E.) mean (S.E.)
p=02(n="9) 1.47 (0.03) 240 (1.8) 020¢0.01) 0.20
v=06(n=9) 2.56 (0.08) * 268(1.%¢ 0.37 (000 ¢ 032*
v=14(n=4) 408(0.13)"° 00049 ° 0.63(0.03) " 056"
11. Comparison of the resulis of two methods of curve-fitting in some representative experiments,
& (107257 k30 TsTh i
mean (S.E) mean {S.T.) mean (S.E)

‘A. Exponential stripping method

r=002(n=3) 1.54(0.16) 24320
r=06(n=3) 248(0.22) 2902.0)
B. Gauss-Newton least-squares method
1.59(0.32) 0.3(3.5)
2.58 {D.58) 24.5 (4.4)

0.19{0.02)
0.38 (0.04)

0.21(0.05)
0.44(0.13)

* Differs from v =0.2 data, P <0.001.
® Differs from »=0.6 data, P <0.00L.
¢ None of the k# values are significantly different (P > 0.05).

‘Without measurements of « a quantitative estimation of
E/(E + B) is impossible. However, with a 4% bias of
(1 = y15/¥s) we have (—Cl) e ° = 0.04 (— C2) e %, and
with (—C1)=0.11, (~C2)=0.89 and 8=0.029 5" we
get a minimum value of « of 1.16 s~ Using Eqns. 42,
4.3 and 4.4 and the definition for k¥, we obtain the
values 0.8 5™, 0.038 s™*, 5.3 and 0.030 s™! for ks, k;.
B/E and k7, respectively. Thus £/(E + B)=0.16 for
this minimum value of a. Since to a minimum of a
corresponds a maximum of k,/ks and a minimum of
B/E these valugs give the greatest difference between g
and k¥ viz. the model predicts no significant difference
between B and kF. Noticeable is the agreement of k3

Jculated from the experi 1 data with 8 obtained
directly as the slope of the moncexponential efflux from
albumin-free ghosts (Table I). The mean values are not
significantly different (P > 0.5).

Ghosts with 0.2% BSA. On the basis of the results
with albumin-free ghosts, we expect that the efflux
kinetics fit the biexponential Eqn. 9 after 1 s™'. As
shown by Figs. 4B and 4C this is indeed the case. We
have limited our analysis to about 55% fractional efflux
10 minimize any potential effect of &, heterogeneity.
The values of the three model parameters k¥, k, and
Q. Obtained by analyses of the exchange efflux data at
different v values are presented in Table I.

The method of ‘exponential stripping’ has been used
in most cases but Table I shows that the resuits ob-

tained with the Gauss-Newton least-squares method are
not different.

The extrapolated zero-time fractional tracer release is
in general about 6% but varies between 3% and 10%.
According to the model on which the analysis is based,
this fraction is the tracer fraciion on the outside of the
ghost membrane at zero time provided other sources
have been excluded. The charge buffer was removed
from the extracellular space by washing with buffer and
rupture of the ghosts when injected into the medium is
not a g,encral phenomenon. When ghosts were loaded
with '"PL.BSA less than 1%, our detection limit, ap-
peared in the efflux.

It is possible to calculate E/B ratios from Q,
values of Table I since at zero time e,/(a, + by + €0} =
E/(A+ B+ E)=yy/y,=006and Q,,, = B/A.

For # 0.2 and 0.6 we get E/B 0.38 and 0.23, respec-
tively. For albumin-free ghosts our estimate of E/B is
0.19. Therefore there is no reason to believe that £/8
depends on the presence of BSA within the ghosts.

With 6% located at the outside we are able to calcu-
late from Q. a ‘transformed Q. value equivalent 1o a
Oy value. The results are presented in Fig. 5 and
values corresponding to r—0.2, Cb and 1.4 are pre-
sented in Table I.

Within the investigated range of », the k3 values are
not statistically different in contrast to variations of
Quin and &y
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Inhibition studies

Treatment of ghosts with DIDS was without any
effect on rales of palmitate efflux from BSA-filled
ghosts, whether the medium contained DiDS or not

B 2% W ts)

RULE ZPN)

053

009 036 0563 (yl¥eom

Fig. 4. (A) Exchange efflux kinetics of [*Hpalmitate from BSA-free
ghosts at 0°C (pH 7.3), » 0.2 into the exiracellylar medium. The
ghosts were prepared in 165 mM KCl (see Methads) and the medium
is 165 mM KCl. 2 mM phosphale buffer containing 0.2% BSA and
0.02 mM EDTA/EGTA (1:1). y is the amount of [*H]palmitate in
he medivm 2t the tme of sampling aad y,, is the amount after
isotopic equilibrium has been attained. The regression line is —In(1—
(07 y.0)) = 00310 (£0.0003)f +0093 (£0.006), r=0.999, 1=01, n
=22 (some of the points coincide). (B) Exchange efflux kinetics of
|*Hipalmitate from ghosts loaded with 0.2% BSA at 0°C (pH 7.3}, v
0.2 into the same medium as described in Fig, 4A. The bar represents
five points. y and y,, as in Fig 4A. The inset shows the very early
portion of the efflux curve, (C) Test of the analysis using exponential
stripping according to Eqn. 9. The data prescated in Fig. 4B are used
to give the parameters C1, €2, g /¥, ¥ and 8. The figure shows the

leutated (3/1,,). and d (¥/ ) data relationship. The
equation of the lin is with S.D. values: (J/y,0), =1.001 {£0004)-

3/ Vg Yo +0.0010 (£ 0.0018), r = 0999, r =224, n =11.
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Fig, 5. The » dependency of the ratio of palmitate beund to the inside
of the ghosts to i on i BSA. from
equilibrium experiments (‘transformed Q5" see (ext). The regression
line is y = 0,29 (+0.022) X +0.146 (£0.014). r = 0.96. 1=13. n=19.
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(data not shown). The uptake of palmitate after treat-
ment of BSA-filled ghosts 45 min at 38°C with 50 pM
DIDS was also unaffected since complete equilibration
was achieved at 0°C after 15 min.

Discussion

The transport of the sparsely water soluble long-chain
fatty acids through the ghost membrane can only be
investigated by means of a device which ascertains well
defined water-phase concentrations on both sides of the
membrane. Since ghosts are readily supplied with a
protein solution when the cells are lyzed, the obvious
way of solving the problem is to use an albumin solu-
tion of suitable concentration. Preliminary experiments
with such a system using 0.2% BSA revealed to our
surprise that the exchange efflux kinetics of palmitate
after 1 s is clearly biexponential with an initial phase
which is oo rapid and large 1o be assigned to dissocia-
tion from BSA and/or to the negligeable pool of water
phase palmitate. The observation suggested that the
rapid phase reflects the efflux of palmitate, bound to
the membrane, in agreement with Goodman [25]. A
biphasic efflux of oleic acid from ghosts with BSA is
published most recently {9] without any attempt io
explain the phenomenon although a rapid oleic acid
uptake by albumin-frec ghosts was observed from a
medium with albumin at very low ».

The palmitate binding depends of course on the
water phase concentration at various » 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 »=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" cells). This is similar to the amount of the anion
transporter 5-29 nmol per 10" erythrocytes [26] and
corresponding to about 150 mol phospholipids per mot
palmitate calculated from [27]. Above v =2 the uptake
is continuously increasing with » [25] in the same way
as described for nhospholipid bilayers [28). Thus the
membrane bilayer itself plays probably a small part in
the binding when » is below 2. The preferential binding
1o 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 cquilibrium constant, Ky=13.5
nM (K, =7.4-10" M) to compare with K, 2.9-107
M-! for palmitate binding to BSA at 23°C [22] esti-
mated for low » values and calculated for three binding
sites per mol 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 tighily with K4 equal to albumin,

On the other hand 1here is a large difference between
the involved dissociation rate constants. According to
our data the dissociation rate constant of the
palmitate-membrane binding (k5) is almost three orders
of magnitude greater than the dissociation rate constant
of palmitate-albumin binding determined in this study
(k) and reported values [12,30]. However, the associa-

TABLE [I
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tion- 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 [aster.

The mode! implies that the rate of palmitate dissocia-
tion from BSA can be accounted for by a single rate
constanl. 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 (1.2 and 0.6.

As shown by the analytical results of Table [. we
have chosen a range for which the parameter values are
well defined and the same whethier they are determined
by ‘exponential stripping’ or by Gauss-Newion least-
squares curve-fitting, Furthermore the k7 values ob-
tained at 0.2, 0.6 and 1.4 (Table 1) are not significantly
different from the corresponding 8 values measured in
experiments with BSA-free ghosts and Q,,, =(B/A) is
largely in agreement with the equivalent ‘transformed
Q. caleulated from 0, obtained in independent equi-
librium experiments (Fig. 5 and Table I).

Table ! shows that k, increases significantly with ».
Thus we have for the first time demonstrated an effect
of » in the range below 1. The present values are not
readily compared with previously published values be-
cause different types of albumin, fatty acids, » values
and temperatures have been used. The values reported
by Scheider {12] (2.6-3.7) - 107> s~ ! obtained for oleate
and humar serum albumin at 0°C with »=1 are
comparable to our &, =(2.56 £ 0.08 (S.E))-107* 57!
(Table 1) at »=06. Svenson et al. [28] working with

Celi type Temp. Fawty Number Vonax Cell area Frnax References
(°Cy acid of cells (amol min~') (pm?) (pmol min ' em ™)
Erythrocyte N
ghosts 0 16:02 (VRS 30 144 2 this paper
Adipoeytes 23 16:0* 5.5-10% 25 15-10%¢ 300 3
23 18:1¢ 5.5-10* 10 15:10%¢ 120 3
3 18:1° 5.0-10% 25 15-10%¢ 330 4
Hepatocytes 37 18:1¢ 5.0-10° 0z 13:10°¢ 300 7
Cardiac 37 18:1¢ 5010% 0.48-0.59 1.4-10*" 68-84 s
myocytes 37 18:1¢ 108 191 1410 137 6

 Palmitic acid.

® The value is the product of the rate constant, &3, and the binding capacity of the membrane (J,,,,).

© The adipocytes are assumed to be 70 pm in diameter [37).
4 Oleic acid.
° The hepatocyte is assumed to be 20 xm in diameter [38].

* The average dimension of cardiac myocytes is assumed to be 138 pm-30.5 am [39].
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human serum albumin and palmitate, » = 0.95 has ob-
tained a rale constant at 9°C of 10-107% s7! to
compare with (10.2+14 (SEN-107% 57! (n=7) ob-
tained with the present technique at 10°C [8]. Extrapo-
lation of their data 10 0°C gives 3.98- 10> s~' which
is quite similar to the value obtained in the present
study at 0°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 min~! cm™?, using mean area 144 pm’/ghost
(see Methods). This /. is about 250-fold smaller than
for glucose [32]. To get an idea of whether it is large or
smail for long-chain fatty acids we have compared it
with the fatty acid membrane transport into cells which
metabolize the fatiy acids vigorously (Table II). 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 intracellular
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 ¥, in adipocytes may
largely be explained by the temp effect. Assays
also at 5°C, 10°C and 15°C show that the activation
energy of k¥ is 103 4 4.5 kJ mol™* {8], little different
from 125 kJ mol~" of chloride exchange [33). On this
basis, we expect in the ghosts a J,,, 24-fold higher at
23°C and 135-fold higher at 37° C provided the capac-
ity is p independ Thaus jt that the
membrane of the ghost and of the three other cefl types
are not greatly differently equipped with a transport
system. This result is intriguing since the erythrocytes
process fatty acids only in acylation-deacylation cycles
[34,35]. It brings up the question whether the transpost
is secondary to another more important transport.

The work of Abumrad et al. [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 10 cells) 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 any 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 10*-fold greater
exchange flux of chloride {17] since the transiocation
mechanisms of chloride and palmitate must be entirely
different. The obvious objection to this speculation is
that DIDS 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 [36].
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