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Exchange efflux of [*H]palmitate from human red cell ghosts
to bovine serum albumin in buffer. Effects of medium volume
and concentration of bovine serum albumin.
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[*H]Palmitute, PA. exchange efflux kinetics is recorded from human erythrocyte ghosts to buffer with bovine serum albumin,
BSA, at 0°C. The cffects have been investigated of three medium /ghost volume ratios: 36, 80 and 500, of six BSA concentrations.
[BSA]: 0.01, 0.02, 0.05, 0.2, 1 and 2% (1.5, 3.0, 7.5, 30, 150 and 300 wM) and of various v, molar ratios of palmitate 10 BSA.
between (L15 and 0.94. Data are analyzed in terms of a virtually closed three-compartment model. In theory, the tracer efflux is
biexponential and the rate coefficients differ at least 20 fold {1). The efflux ratc at 2% BSA is monocxponential beyond our
resolution time of about 1 s, but ncarly bicxponential at or below 0.2% BSA with a well-defined smallest-rate coefficient 8. 8
depends strongly on {BSA] but is remarkably » independent. The medium /ghost volume ratio has no cffect on 8 when [BSA]
> (.2%, although B mcasurcd at 2% BSA is almost 2-fold higher than at (0.2%. This suggests the presence of an unstirred layer,
USL. According to our model, the observations are understood quantitatively on basis of our previcusly published dissociation
rate constants of the PA-BSA complcx, as well as PA cquilibrium bindings to ghost membrancs (Bojesen, 1.N. and Bojesen, E.
(1991) Biochim. Biophys. Acta 1069, 297-307). Essentially, 8 is theoretically a function of two terms, onc comprising the
membranc transport parameters and the other the medium-dependent variables. Most important is the clearance with respect to
monomer concentration adjacent to the membrane. The clearance is calculated on basis of quasistationary diffusion in USL. The

data arc compatible with a planar USL of 6 um depth and with the same arca as a ghost but not with a spherical USL..

Introduction

Conventionally, the transfer between serum and cells
of long-chain fatty acids (FA) such as palmitate (PA) is
mediatcd by the very low water-phase concentrations
of monomers. This concept has been challenged by two
quite recent obscrvations [2-4). Firstly, it was impossi-
ble to demonstrate any monomer PA in the dialysate of
PA-albumin complexes by using FA permeable artifi-
cial membranes [2,3). Secondly, cellular uptake of FA
incrcases with the concentration of FA-albumin com-
plex, approaching a maximum with the physiological
albumin concentration in serum, although v, the molar
ratio of FA to albumin and, therefore, the equilibrium
water-phase concentration remains constant {4). In both
studies [2.4], the transfer of FA between serum and
cells is explainced by direct contact between albumin
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and cell membranes, suggesting ‘albumin receptors' on
the cell surface.

The many strong arguments speaking against the
‘albumin receptor’ notion have been reviewed recently
in a report on the albumin effect on the PA efflux from
an organic phase [5]. We may add the facts that PA is
readily transferred betwcen resealed red cell mem-
branes, ghosts, and buffer with albumin [1], although
direct albumin contact with the bilayer is blocked by a
10 nm glycocalyx space [6].

With a new method, not using artificial membrancs
or organic phases, we have recently reported [7] on the
presence of a v-dependent water-phase concentration
oi PA in equilibrium with PA bound to cell membranes
and/or BSA. Our concentrations with v (.5 and 1.0
are about 3-fold lower than those measured by Spector
et al. [8,9], using the phase partition method of Good-
man [10] and it is interesting that our values were
predicted by Spector {11] to be the true monomer
concentrations when the most probably theoretical er-
rors «f the phase-partition method are taken into con-
sideration.
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The aim of most work on FA transfer between
albumin and cell membranes is to identify the mecha-
nism of the membrane transport because a simple
diffusion through the lipid bilayer is unlikely. Com-
pared with FA transport through artificial bilayers [12],
the much faster cellular uptake suggests some sort of
facilitated diffusion [13-17). Saturation kinetics of a
transport strongly suggests that the transport is medi-
ated by a carrier and such a Kkinetics has been claimed
for FA uptake by some cells [13-17] when the water-
phase cquilibrium concentration of FA is assumed to
represent the cffective concentration of the substrate,
i.c., the water-phase concentration adjacent to the
membrane. However, the dissociation rate of FA from
its albumin binding and the transport through an un-
stirred layer (USL) are necessarily determinants of the
mentioned cficctive substrate concentration, because
the initial amount of monomer FA is too small to
support any mcasurable cellular uptake.

The aim of the present work is to obtain informa-
tion on the determinants of the cffective substrate
concentration presented to suspended cells. Ghost sus-
pensions are most suitable for studying the transport
between the membrane and medium albumin because
FA arc not metabolized and tracer cxchange transport
is, therefore, feasible. This technique greatly facilitates
unequivocal data analysis.

Previous work [1] confirmed another obscrvation
[18] that crythrocyte membranes have a considerable
FA binding capacity. We showed that bound PA is
mainly located at the inner surface of the membrane
and the kinctic model of the transport to the medium
was confirmed in cxchange cfflux experiments with
ghosts containing BSA. The latter experiments re-
vealed for the first time that PA transport is mediated
by a binding capacity and that the dissociation rate
constant of PA-BSA complex increases with ». These
obscervations arc all used in the present work. The
[BSA] was in our previous work always 0.2% and the
work of Weisiger et al. [5] suggested to us that ghost
suspensions could be an ideal tool to get information
of the albumin cffect on FA transport into and out of
cells in suspensions, in terms of USL.

The physical basis of USL around suspended cells is
different from that above a superflushed planar large
surface as described by Weisiger et al. [5), in which
case the value is about 50 xm. For suspended cells, the
depth of USL depends not only on the stirring effi-
cicncy, the cell density and the density ratio of cells to
medium but also on the diffusion coefficient of the
solute {19]. Furthermore, the geometry of USL around
suspended cells is unknown, but it is mostly assumed to
be planar which means that we are dealing with diffu-
sion in one dimension [20,21]. It is not yet possible to
predict the depth of USL but we can find the charac-
teristics of USL, which fit a variety of data. This

requires a considerable theoretical section because only
the basic idea of the related previous work [5] is
applicable to our experiments. The reason is that thc
theory does not account for the contribution of tracer
uptake in the stirred volume fraction, which in some
situations may be just as important as that in the USL
of suspended cells when the depth of USL is only a few
um [20]). The problem is solved by applyirg the princi-
ple of independent diffusion streams [22]. Further-
more, a narrow USL implies that it is possible to apply
the compartmental model because the diffusion of
bound tracer is then an unimportant rate determinant
as demonstrated in the Appendix.

An important implementation is that, in order to
investigate the transport kinctics, cellular uptake is to
be related to the effective monomer concentration,
whereas the monomer cquilibrium concentration is ir-
relevant.

Materials and Methods

Materials

[9.10-*H]Palmitic acid (spec. act. 1.91 TBq/mmol)
was obtained from Amersham, Amersham, UK. Unla-
belled palmitic acid was obtained from Sigma. Tracer
palmitic acid was purified every six months by chro-
matography on a Daltosil 75 (Serva) column using
0.05% acetic acid and 0.05% cthyl acctate in benzene
as cluant,

Bovine scrum albumin (BSA) (Behring Institute,
Germany) was defatted according to the method of
Chen [23].

Experiments with the medium/ghost volume ratio,
V. 500 and 80 (scc methods) were carried out in a
thermostatic controlled vessel (44 mm X 37 mm i.d.)
with a 25 mm TRIKA stirring bar (Janke and Kunkel,
Germany) and the V;-36 cxperiments in a smaller
conical vessel (44 mm X bottom to edge 15-30 mm i.d.)
with an egg-shaped stirring bar (19 X 9.5 mm).

Methods

The technique for preparing a uniform population
of resealed ‘pink’ ghosts from human crythrocytes is
described in detail previously [1]. The ghosts arc all
prepared without intraccllular BSA and stored in 0.01%
BSA in 165 mM KCl, 2 mM phosphate buffer (pH 7.3)
at 4°C until efflux experiments were performed. The
preparation of media (charge buffers) for labelling of
the ghosts with [*Hlpalmitic acid was done with the
glass bead technique [24). The radioactive ghosts were
separated from the charge buffer by centrifugation 5
min at 0°C at 22200 rpm (36 500 X g) and washed twice
with 10 volume of 165 mM KCI, 2 mM phosphate
buffer at 0°C. These washed suspended ghosts were
distributed onto 80 mm plastic tubes (i.d. 3 mm) and
packed by centrifugation 15 min at 50000 X g and 0°C.



300 w! packed ghosts containing 20% extracellular
buffer were injected into 9 ml or 20 ml stirred isotopc-
free 165 mM KCl, 2 mM phosphate medium 0°C (pH
7.3), containing different percentages of BSA and unia-
belled palmitate (called V,,-36 or V,-80 experiments,
respectively). In 1/,-500 experiments, 80 ul packed
ghosts was injected into 33 ml efflux buffer. Serial
sampling of ghost-free efflux medium was done with
the Millipore-Swinnex filtration techniquc as described
previously [1]. Radioactivity of filtrates was measured
by counting duplicates of 400 ul in 3.9 ml Opti-fluor
scintillation fluid to a probable error smaller than 1.5%
and less than 5% for the initial samples. We have not
estimated directly the precision by which time periods
of incubations arc recorded, but our data on the initial
cfflux indicate about 0.5 s.

Statistics and data analyses

We have used the methods described by Armitage
[25] to calculate the statistics. weighted means and
probabilitics of significance of differences.

The Hevlett Packard 85 B PC is uscd cxtensively: as
a sampling timer, to tapc the timing and counting
rates, to calculate and plot the efflux data and to
estimate regression lines of —In(1 —y/y,) vs. time
including the errors on the estimates of slope and
ordinatc intercept. At high [BSA), our resolution time
(about 1 s) does not allow sufficient data to be pro-
vided on the initial tracer release. Therefore, fits with
the expected biexponential time-course cannot be as-
sessed.

At 0.2% qr lower [BSA], the plots show a decreasing
slope (sec Fig. 2) and the regression is calculated for
the linear final part from which we usually exclude
points with ordinate values above 2.5, because the
uncertainty of ordinate valucs is rapidly incrcasing as
y/y. approaches 1.

Theory

Notations

A, the concentration of bound PA

P, the water-phase concentration of PA cqual to
v/(K, (3=v).

v, the molar ratio of PA to BSA =4 /[BSA]

k,: the v-dependent dissociation rate constant of
PA-BSA complex at 0°C [1]

K,: the apparent equilibrium constant (2.3 - 10*

M) of PA binding to BSA at 0°C, calculated
for three binding sites and » < 1.5[7]

ks, ks, rate constants defined in Fig. 1

k,, the first-order rate constant of birnding the
monomer palmitate to BSA, equal to K, 'k,
[BSA](3—v)=k, A/P

Vs volume of the medium (ml or 10> um?) re-
ferred to 1 ml ghosts (approx. 9 - 19? ghosts)
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Fig. 1. In ghosts membranes, PA is bound in a large inner pool, spec.
acl. h/B and in a smaller outer poel. spec. act. ¢/FE. k, is the
dissociation rate constant of PA-BSA complex. &, is the rate con-
stant of unidirectional flow in direction B to E. k¢ is the rate
constant of unidirectional flow from E 1o the monomer pool of a 10
nm deep giycocalyx space. The specific activity is in this space ¢, / P.
¢/ P is the specific activity of monomer in the unstirred volume V,,
depth 8 pm. ¢ /P is a function of r. between r, and 6. The
integrated mean value is @ /P, The uptake of monomer on BSA in
V, and V_is determined by a first-order rate constant (A, which is a
function of [BSA] and of ») and geacrates the monomer diffusion
streams in ¥V, represented by ===0, The specific activity of PA on
BSA (a/ A) is independent of r. The specific activity of monomer in
the stirred volume V, is everywhere ¢; /P. V, communicates with the
glycocalyx space only by diffusion in V.

v, volume of unstirred medium (unit as V,,)

V., (Vy — V,) volume of stirred medium (unit as
above)

S. surface arca of ghosts (um?). (Mecan ghost
arca 144 um? (1))

. depth of V,, § in um is obtain~d as V-
102/(9-10%-144) =V, /1.3

D, diffusion cocfficient of PA in water at (0°C
(360 wm?s~"26)

y, tracer efflux at any time ¢ (dpm)

Veer tracer efflux at infinite time (dpm)

y/¥., the fractional tracer ciflux

Cl, ‘clearance’ (ml/s), a water-phase volume nor-

malized to 1 ml ghost, which in steady-states
contains the amount of tracer monomer bound
to BSA per s in any compartment

cl, the corresponding ‘clearance’ (um?/s} nor-
malized to one ghost
Ry, diffusion resistance in the unstirred volume

surrounding 1 ghost (s/xm?)

. Quasistationary diffusion of the dissolved monomer
tracer in V,, with BSA

The uptakec on BSA of PA generates a diffusion
gradient of monomer tracer concentration, ¢, in V,, so
that diffusion is anywhere matched by net uptake on
BSA. Our results arc incompatible with a diffusion in
three dimensions (spherical geometry of unstirred layer,
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see Discussion) whereas they fit diffusion in one di-
mension. The net uptake at any distance from the
ghost surface (r) is the product of the unidirectional
PA release rate (k, A) and the difference in specific
activities (c /P -- a /A). The differential equation which
expresses that the supply by diffusion is equal to this
net uptake is:

D(dc/dr?)=k,A(c/P~a/A)

where a is the concentration of bound tracer assumed
to be independent of r and uniform in the whele
medium. Qur arguments for this assumption, essen-
tially bascd upon the small depth of the diffusion layer,
are presented in the Appendix.

The transform

Be/dri = acm —kia/D. A=\(kiA/PY/D
has the general solution
cmaP/A+asinh(Ar)+ 8 cosh(Ar) 1))

where « and B are the two integration constants.
General boundary conditions for ghosts in a large

unstirred volume:

(1) at r - x, then ¢, = aP/A and sinh(Ar) -

cosh(Ar), thus, 8 = -«

(2) at r=0, ¢, =aP/A - a, therefore,

aP
c-;-@(q,—aP/A)c Ar )

We now want to calculate the mean valuc of ¢, .
within the limited volume of diffusion, $3, this is

. S
(-gfucdr
or

-

aP+aP/A-¢‘,.(e‘““-I
()

Introducing u - ¢, = S8 gives

aPss aP \fl-g A
u-—-—+S‘(l )( )

Ac,  \' 4G, A
or
u u(Ha/A(SS I)
' /P\ u ) 3

where u; =S((1-e"*)/A) um* per ghost when
(aP)/(Ac,) is approx. 0 for low values of V/¥so U iS
equal to u;. u; is defined by A, & and S. When we want
to express # and u; in terms of ml per ml ghosts, we

divide by the conversion factor 111 (10'2/(9 - 10°) pm?
per ghost) and use upper-case letters.

II. Definition of Cl,,, Cl and Cl,

w
The theory on the combined effects on ¢, of tracer
uptake by BSA in V,, and V,

The net uptake of tracer (F1) in ¢, can be expressed
as:

Fl=v kA& /P-a/A)=1v k(E—aP/A)

using ¢ given by Eqn. 2.1 and «; given by the expres-
sion

;= S((I=¢ **)/A) (see above)
we get
Fl= ek (¢, =al /A, /(85)
and, since 68 =,
Fl=kuic,=aP/A)=cl (c,-aP/A)
F2, the net uptake of tracer in +, is analogous to Fl:
Fl=rk(cs—aP/A)=cl(c, - al / A)

Thus, clearance is analogous to conductivity.

We can further apply the concepts of Ohm's law by
analogy with formally similar problems in heat conduc-
tion.

The current (F2) in ¢, is the potential difference
(¢, = ¢;) divided by the resistance Ry, whereby we get
F2=(c, - ¢;)/R),. climinating ¢, from the two cx-
pressions of F2 gives

F2= (¢, aP/AV/(Ryy +1/¢l,)

The quasistationary cfflux of tracer (F = F1 + F2) is
based upon the principle of independent diffusion
streams advocated by Jacobs [22].

The total flow from c,, to the two binding capacitics
(BSA in ', and ¢,) arc then simply

F=F1+F2=(c,~aP/AXc, +cl, /(1 +c) Rpy)) = (c,—aP/Axl,y

when cly = cl, + ¢l /(1 + ¢l R},) or normalized to 1 ml
ghost Cly =Cl, + Cl /(1 + ¢l R,), when Ry, is calcu-
lated for one ghost.

Ry,. The diffusion resistance of V,

The diffusion resistance of a plane sheet with the
area S =47xr> and thickness § is according to Crank
(Eqn. 4.4 [27) Rp=6/(4mwr’> D). In contrast, the
diffusion resistance of a shell, depth &', surrounding a
sphere with radius r is Ry, =8'/(4wr(r +8')D) ac-
cording to Crank (Eqn. 6.7 [27)).



111. The rate constant of |*H|palmitate exchange efflux
Using the signature of Fig. 1, we can write

~db/dt =k B(b/B-¢/E)=kb - kyeB/E (4)

and, when y is the tracer of the medium volume per
ml ghosts

dy/dt =ksE(¢/E-c,/P) .1
Moreover, the net flux dy/d¢ expressed in terms of
clearance is dy/dt = Cly(c, —aP/A), sincc a=y/Vy
we can write

dy/dt =Clye,=ClyPy /(Vy A) (5)
climinating ¢, trom Eqns. 4.1 and 5 gives

e=dy/di((1/k)+ (1 /CLOE/PY+ Ey /(Vig A) 4.2)

With 7 as the tracer dose we have T=b +e¢ +y and,
therefore

b=T=y=dy/dt((1/k)+(1/CLOE/PY= Ey /(Vg A)
Diffcrentiation gives
—db/dt=dy /dt +d7y /de* (1 / k) + (1 /Cl ) E/P)

+ E/(Vy,Aldy /dt

Using Eqn. 4, we get after rearrangements

dey . (l 'B) ksCly | E dy
k1 =)+ ——— 1 —
TR B S5 ﬁ«_l';( V,,A) dr

k3ksCly (|+ £ B pKaksCls

+ ————— ———— B } == O ———————————
KEN'"V,a7 W, ) ) T

Cly+ — wd = Vod Qs+ 5

with the solution y=C'l-e ™ +C'2c™# +T/(1+
E/(V,A)+B/(V4,A)) when C'1 and C'2 arc integra-
tion constants and a and B are rate cocfficients.

Now, T/y, = (VyA + E + B) /(V3 A) and, therefore,
y=C'lre ™ +C'2-¢ ¥ +y, which is correct for ¢
- o, It is convenient to use it in the form

(I=-y/y)=Cle “+C2:e™# )
where Cl= = C'l/y, and C2==C'2/y,.

The differential equation and its solution Eqn. 6 is
similar to the differential equation (and its solution
Eqn. 4) used previously [1], but the important differ-
ence is that ks in the previous paper signifies the rate
constant of unidirectional flow from the E compart-
ment to BSA, whereas k, now signifies the unidirec-
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tional flow from the E compartment to the adjacent
water phasec.

The rate coefficients @ and B8 are related to the
parameters of the system by a + 8 =k,(1 + B/E) + (1
+E/(VyADkCl/(Cly +k; E/P) and af =(1+
E/WyA)+B/(Vy ANk kCly/(Cly + ksE/P)

From these equations we get

N T/yL1+ B /)
B= | I B (7
E+B ' “v,a g

+
PO T ks ke

B/« in this equation can be evaluated from experi-
ments in which T/y, and 1 + E/(V,A) is approx. 1,
that is when Vg A > > E + B. In this casc a + 8 = k(1
+ B/E) + kCly/(Cly + ksE/P) and af =
kikCly/(Cly + ks E/P) or a+B=af/k;+kyl+
B/E). If we introduce R =/a, this cquation is cx-
pressed as a quadratic equation in k.

R+ B/EY =B+ Rk + B2 =0 (8)

which means that B2(1 +R)?-4B°R(1 + B/E) >0,
which again implies that (R - 0.05XR - 17.95) >0,
since B/E is approx. 4 [1].

Defining B as the smallest rate coefficient of Eqn. 6,
it means that B/a <0.05. We have found that the
small variations of (1 + B/a) with B8 has only neglige-
able effects when one of the measured B values (2%
BSA and V,=500) is uscd to estimatc a x valuc
defined as 1/k, + (1 + B/E)/ks. The equation used to
calculate B is, therefore,

_ T,y

B=FTH T/5.%4 a.n
pCl, T s "

when AV, > >E + B then T=y, and

1

P=TT 72)
pol, ¥

Results

The efflux rate coefficient (B) from ghosts to BSA

The data presented in Fig. 2 pancl A and B arc
obtained in efflux experiments with »=0.7 and V,, =
80. For cach of the three [BSA) 0.02%, 0.2% and 2%,
we have done three or four efflux experiments. Firstly,
the figure shows the reproducibility ot cffiux record-
ings; secondly, that the slope beyond 1.5 s (B) increases
with the [BSA] and thirdly, that the slope is constant
until the recorded 95% of the equilibrium value at 2%
[BSA], whereas in the case of 0.2%, the slope becomes
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Fig. 2. Exchange efflux kinetics of [*H]palmitate from ghosts at 0°C
(pH 7.3) v 0.7 into the extracellular medium. The ghosts were
prepared in 165 mM KCl and the extracellular medium is 165 mM
KCl, 2 mM phosphate buffer containing BSA and 0.02 mM
EDTA/EGTA (1:1). 0, [BSA] 2%; a;[BSA)0.2%: e, [BSA] 0.02%.
y is the amount of [*Hlpaimitate in the medium at the time of
sampling and Y, is the isotopic equilibrium valuc. (A) Data on the
early part of the efflux from t to 30 s. (B) Data on the late part of
the efflux from 10 to 200 s. The full-drawn lines are the lincar
regressions lines through the final data points defining the rate
coefficient B.

constant only after 12 s (40% of equilibrium). This
effect is even more pronounced for 0.02% [BSA] where
the constancy is obtained after 50 s (53% of cquilib-
rium) until the recorded 86% of the equilibrium value.
Recording before 1.5 s is impossible, thercfore, the
2%-curve appears to be monoexponential. However,
the two other curves are compatible with the expected
biphasic time-course in agreement with Eqn. 6. The
ordinate intercepts of the threc final slopes arc about
the same corresponding to a y/y, of 0.2. Thus, we are
able to evaluate the smallest rate coefficient signified
by B in Eqn. 6.

When ¥, is 500 and 80, y, is virtually equal to T
and the B value then is the rate coefficient of the
slowly released PA, only a little smaller than the unidi-
rectional PA rclcascd from the major fraction of ghost
PA (80%), situated on the membrane inner surface [1).

v is withou! significant effects on B

The amcunt of PA bound to ghost strongly depends
on » (7], therefore, we have investigated whether v has
any effect on B. Table 1 shows thai B is virtually

TABLE 1

The relationship between [BSA] and rate coefficient B at two different
molar ratios (v values) of PA to BSA at three different efflux volumes
(Vg values)

Efflux experiments are carried out in 165 mM KCl, 2 mM phosphate
buffer (pH 7.3) at 0°C. B values are estimated by linear regression
(full-drawn lines in Fig. 2). The number of determinations is given in
parenthescs

lBSA) vy BI + S.D- Va BZ + S.D.

(%) (% 1000) (X 1000)
s™" ™"

Vi = 500 (ml /mi ghosts)

2 0.67 4931235 0.15 498+2.0(4)

1 0.72 440+ 1.04) 015 440+ 1.3(4)

02 0.67 255+13()° 0.17 290+20@8)°

0.05 0.72 144+ 1.14) 017 1554148

o 0.72 80+ 124 018 R7+1.2(9)

Ve = 80 (ml/ml ghosts)

2 0.67 503+350) 0.21 S0+ L3
0.2 0.67 8.1+ 0.21 26,6 +0.8(7)
0.08 0.70 16.0+3.84) 0.2t 159+ 1.0Q)
0.01 0.70 7.310.6(3) 0.21 7.6+ 1.1(4)

Ve = 36 (ml/ml ghosts)

2 0.94 497+15G)" 0.24 460+04 ()"
0.2 0.94 298+ 1.7(4) 0.23 27.3+25(3)
0. 0.94 6.0+2.6(4) 0.23 88+0.6(3)

The differences (8, — B.) are not significant, except in the cases
marked * and ®, where 2 < 0,05 and 0.02, respectively.

independent of » although » is varied from 0.15 to
094, corresponding to an about 10-fold increase in
membrane bound PA [7]. Only in .wo cases arc the
differences statistically significant between the g val-
ucs corresponding to two diffcrent ¢ values. However,
the effects of v are in opposite directions and may
arise by chance in cases when the number of data in
one of the groups are small.

Thus, the rate of efflux is proportional to the mem-
brane binding no matter whether the [BSA] is high or
low and independent of a more than 10-fold variation
of the ghost concentration,

The effect of [BSA] on the rate coefficient B with
various V. Since B is independent of v we have
pooled all B values measured with different » values.
Table 11 presents mean B values measured at three Vy
(500, 80 and 36) and six [BSA] (ranging from 0.01% to

%0). Statistical analyses reveal significant V,, effects
only with [BSA] below 0.2%. This is demonstrated
clearly in a double-log plot of the mean values of 8 vs.
[BSA] (Fig. 3). Thus, we have bcen able to demonstrate
that although a 10-fold increase of [BSA] from 0.2 to
2% results in a nearly 2-fold higher B, a 14-fold in-
crease of medium volume (i.e., increasing the total
amount of BSA) has no effect on B.
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Fig. 3. A double-logarithmic plot of the efflux rate coefficient 8 (see

Eqn. 6, Theory) vs. [BSA] of the efflux medium at various volumes of

the medium (V) in mi/ml ghosts. @, V=500 (ml/ml ghosts); e,
Va-80 (ml/ml ghosts) and @, V;-36 (ml/ml ghosts),

However, when the [BSA] is 0.05% or below, there
are small significant cffects of an increased V. An
explanation is presented below.

Our data presented as in reports on cellular uptake of
fatty acids. The equilibrium membrane binding of PA
increases strongly with v in the range 0.2 to 1.4 [7] and
the rate of unidirectional PA release and binding is,
therefore, proportional to the amount of PA bound in
ghosts at any particular . We have measured this rate
of release in exchange efflux experiments. In such
experiments, the uptake and efflux are identical, there-
fore, we are able to present our data as ‘uptake’
rate,which is the amount of PA of the membrane inner
surface (0.8 X B nmol, see Fig. 1 in Ref. 7) multiplied
by the rate coefficient g8 s~'.

Fig. 4A shows such ‘uptake’ vs. P, the equilibrium
concentration of unbound PA and Fig. 4B shows ‘up-

TABLE 11
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Fig. 4. Rate of unidirectional cfflux from the inner surface binding

capacity of the ghost membrane (A) vs. P, the unbound equilibrium

palmitate concentration calculated as v /(K, (3- v) (see notations)
at three different [BSA) (B) vs. [BSA) at two different v values.

take’ as a function of [BSA] at two different v values.
However, the question on the net uptake-dependency
of P and [BSA] by non-equilibrated cells is beyond the
scope of the present paper.

The effects of BSA concentrations and medium to ghost ratios (Vy values) on the minor rate coefficient of palmitate exchange efflux, signified by 8 of

Eqn. 6

S.E. signifies standard error of the mean and C.V. is the coefficient of variation (S.D./X). The number of determinations is given in parentheses

{BSA] Ve = 500 (ml/ml ghosts) Ve = 80 (mi/ml ghost) Ve = 36 (mi/ml ghosts)

@) B £S.E. (x 1000) CV. B £SE. (x1000) CV. B £SE.(x1000) CV.
2 495+0.7 (9) 0.042 50.2+1.2 (5) 0.05 48.5+ 0.9 (7) 0.05
1 440104 (8) 0.026 46.0+1.0 (2) 0.03 400+1.2(3) 0.06
0.2 28.1+08011) 0.094 270104 (11) 0.05 28.74+09(7) 0.08
0.05 15.2+0.4(12) 0.082 155+1.0 (D* 0.14 9.7+1.4(3) 0.25
0.02 11.0+0.5 (3) 0.076 10.1£0.2 (9" (.04 7.140.7(7) ().?5
0.01 83+04 (8)Y 0.120 74402 (D"~ 0.07 55+0.7(4) 0.24

2 Differs from the corresponding B at V, = 36, P <0.001.
® Differs from the corresponding B at V, = 36, P <0.01.
¢ Differs from the corresponding B at Vg = 36, P <0.01.
d Differs from the corresponding g at Vg =80, P <0.05.
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Interpretation of the experimental data

The v independency of B

The v-dependent variables in the simplified Eqn. 7.1
are all comprised in the term: (E + B)/(P Cl). Cl,, is
by far the major variable part of Cl, since there is no
cffect of medium to ghost volume ratio (V) on B
when [BSA] >0.2% and only a small effect when
[BSA] is below 0.2% (Table 1, Fig. 3). The v-depend-
ency of P is described by the equilibrium constant
(K,) of the PA-BSA binding (= v /(K (3 = »)).

Cl, = k,8((1 = ¢~ **)/A) = (k, A/P)S((1 -
¢ **)/A)where A = ;(k,A/P) /D This cxpression can
be simplificd because (1 ~ ¢ ~**) is nearly 1 when [BSA]
is 1% and 2% and depends otherwise very little on v,
at most about 10%.

Thus,_we can reduce the expression of Cl, to
SVD yk,A/P, which gives (E + B)/PCly, which is ap-
prox, (E + B)/PCl,, which is approx. C(E +
B),(3-v) /(v,k,) where C contains only v-indepen-
dent factors, This shows that B is v-independent if
(E+B)y(3-v) /(vyf,-) is v-independent. In a previ-
ous work [1}, we have published the v-dependency of
k, and (E + B), the latter expressed as Q, the ratio of
membrane bonnd PA to PA on BSA (0.2%) in a
volume corresponding to the ghost volume.

Using our mean values of the two paramcters &,
and Q for v 0.2, 0.6 und 1.4 {1}, we get the values 8.6,
9.7 and 11.0 for (E + B),(3 - v) /(v\k,). The values
9.7 and 11.0 arc hardly significantly higher than 8.7
with P < 0.1 and 0.05, respectively, whercas
(3 =») /v decrcases 9-fold from v 0.2 to » 1.4, We
conclude that the observed v-independency of 8 cor-
roborates with our previous measurements.

The observed variations of B with | BSA] and medium to
ghost volume ratio (V)

In order to use Eqn. 7.1, we must again usc our
previously determined &, and Q values [1}. We have
recently developed a new method [7) for the determi-
nation of the cquilibiium constant (K,) of PA binding
to BSA and obtained the vatuc 2.3-10% M~! calcu-
lated with three hypothetical equivalent binding sites in
the relevant range of ». It is however, important to
note that we use K, in this work only to cvaluate the
ratio of aibumin bound PA to the water phase monomer
PA concentration at any v value.

The diffusion cocfficicot D of monomer PA, which
is the state in water of PA in cquilibrium with BSA
bound PA [7), is taken from the work of Patil et al. [26].
The value 7.2-107% cm?s~! determined at 25°C is
transformed into 360 ums~' at 0°C on basis of the
{cmperature-dependency of water viscosity. The value
corresponds to that of monomer laurate. since the
directly measured diffusion coefficient of PA is claimed

1.1 9
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Fig. 5. The effect of provisional values of unstirred volume V, (in
ml/ml ghosts) on the weighted ratio of measured rate coetficient g
to 8 caleulated (Eqn. 7.1 (see Theory) with a fixed x evaluated from
8 =0.0495 (Tables 1 and 1D, To caleulate B values, we use the
parameters D =360 pm’s L K, =23X108 M Y p=06, k=
0.0027 5 ' and membrane bound PA (8 + £) = 7.74 nmol /ml ghosts,
/. calculations according w spherical geometry of the unstirred
volume (V) for all three medium/ghost volumes V,, (500, 80 and
36). ©). calculations according 1o planar geometry of the unstirred
volume (V) for all ¥, (500, 80 and 36); . for V,, 80 and SO0 only.
Each point represents 17 and 11 determinations, respectively.

to be too low because of dimerization. A variation of
$10% in D has no cffect on the fitting value of V.

We have no possibility to assign definite values to
the two rate constants of « in Eqn. 7.1. We know,
however, that k; must be much smaller than & and,
thereforc, we can replace (1 + E/(Vy AN/k o+ (1 +
B/E)/ks by (1 + E/(VaAX1/k, + (1 + B/E)/ks)
particularly since E/(V,,A) usually is neglegible com-
parcd to 1, never exceeding 0.05.

In order to evaluate « for any presumed value of
V.. we use the 5 value measured with 2% BSA and V,
500 (Table ). On basis of this value of x we get
caicuiated B values corresponding to the remaining 17
measured B valucs. We neglect the difference between
1 and (1 + B/a), since B/a never exceeds 0.055 (see
above).

Fig. 5 shows the relation between provisional values
of V¥, and the mean cf the 17 ratios of measured to
calculated B weighted by the S.E. of the measured
values. The mean ratio becomes | for V, equal to 8
ml/ml ghost, which means that an USL of depth 6.2
um may account for all the data. The S.E. of this mean
ratio is 0.040, only a little higher than the minimum
S.E. 0.037 obtained for V, equal to 10 ml/ml ghost
corresponding to a depth of 7.7 um. Fig. 5 shows also
that we get the same result by using only the data of
Ve =80 and V,, =500. The special stirring technique
used with V,, = 36 has, therefore, not been important.
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Fig. 6. The relationship between measured B values and calculated
B values for unstirred volume V,, = 8 ml/ml ghost and planar geome-
try. The measured B corresponding to [BSA]= 2% and Vi, = 500 is
used to get the parameter x. Other parameters are listed in the
legend to Fig. 5. @, Vi =500 ml/ml ghost and increasing [BSA]
0.01. 0.02, 0,05, 0.2 and 1%; . ¥, = 80 ml/ml ghost and [BSA] 0.01,
002, 005, 0.2, 1 and 2%: |, V,y = 36 ml/ml ghost and [BSA} 0.061,
002, 0.05, 0.2, 1 and 2%: o, B is calculated on basis of spherical
geometry, V=500 ml/ml ghost and [BSA) 0.01, 0,02, 0.05, 0.2
and 1%.

Fig. 6 is a plot of measured B vs. calculated B8 for
V, 8 ml/ml ghost. It shows that the distribution around
the line of identity is not random, but that the B values
for small [BSA] (below 0.2%) are calculated somewhat
too high, whereas the values corresponding to 0.2%
and 1% are calculated too low. However, the main
pattern of the data are obviously reproduced by the
calculated B values. The calculated B is independent
of the medium to ghost volume ratio, V, when [i#SA]
>0.2%, but decreases with V, <80 when [BSA] <
0.05%, corresponding to low B values.

Discussion

The etflux kinetics (Fig. 2) are compatible with the
predicted time course expressed by Eqn. 6 and the
smallest rate coefficient B is experimentally well-dc-
fined under a variety of conditions (Table I and 1I).
Noteworthy is also that the B values obtained in the
present experiments with 0.2% BSA agree very well
with the mean B value of 0.0287 reported previously
[1). We, therefore, believe that our interpretation of
the B variations in terms of the theoretical determi-
nants (Eqn. 7.1) provide reliable information on the
interactions of the determinants.

The result that B is independent of v is unexpected
because all the components of the variable term of
Eqn. 7.2 (E + B)/(PCly)) are v-dependent. However,
close analysis shows that the variations of the compo-
nents with v balance fairly well. This means that the
present data validate the previous results which are
obtained by different kinds of experiments. Particularly
interesting is the v effect on the dissociation rate
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constant of PA-BSA complex (k,) within the low range
of v from 0.2 to 1.4. It can only be understood as a
kinetic cooperativity of occupied binding sites which
may be hard to accept in this low v range. However, it
is readily calculated in the way used by Spector and
Fletcher [28] that at » 0.2 and 0.6 and three equivalent
binding sites 12 and 32%, respectively, of the ligand
molecule is bound with two binding sites occupicd on
the same albumin molecule.

The B-independence of v has also direct implications of
interest

Considering the two diagrams of Fig. 4 as diagrams
of unidirectional uptake (binding of PA by ghosts),
they remind of the diagrams made on basis of data
obtained in shortlasting incubations of cells in buffer
with albumin bound fatty acids [13-17].

On basis of such diagranis it has been claimed that
fatty-acid uptake cxhibits ‘saturation kinetics’ and that
albumin binding may be a rate-dctermining process
[13-17]. Both interpretations are, however, invalid. Ac-
cording to the present analyses neither of the two
independent variables are directly rate-determining pa-
rameters. The ‘saturation Kinetics’ reflects the proper-
ties of USL and tells nothing about the¢ membrane
transport.

Why an USL must be invoked

Provided the volume surrounding the ghosts is ho-
mogeneous with regard to tracer water-phase concen-
tration, i.e., perfectly stirred, increased binding capac-
ity mi::t have the same effect whether it is produced by
an increascd [BSA] in a constant volume or by an
increased volume with constant [BSAl Therefore, in-
creasing the medium to ghost volume ratio (V) from
36 to 360 is expected to be equivalent to an augmenta-
tion of [BSA] from say 0.2 to 2%. However, Fig. 4A
demonstrates unequivocally that this is not the case
and that BSA of a limited volume is of major impor-
tance. In other words, that an USL exists, in which the
transport occurs solely by diffusion. Furthermore, if we
use Eqn. 7.1 under the assumption that the whole
medium is stirred efficiently, the calculated B values
are grossly inconsistent with the measured B values. In
the case of no USL we have Cly =k, V,,A/P. If we,
for instance, consider V,, 36 and use the highest B 0.05
to estimate k, then the five remaining calculated B
values are all much higher, in average 2-fold higher
than the measured B values although they decrcase
with [BSA]. A somewhat better fit is obtained by using
a k, value four fold smaller than the known value [1].
A similar poor fit of calculated 8 with V,, 500 requircs
a further 6-fold reduction of k,. Thus, we are unable
to account for the data if we assume that the medium
is homogeneous, as regards reactant concentrations,
whereas we understand the patiern by assuming that 8
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ml medium per ml ghost is unstirred, independently of
the actual Vg, which varied from 36 to 500.

It is, furthermore, important to note the difference
between the two interpretations (1) of Fig. 4, diagram
B according to Eqn. 7.1 and (2) by assuming no USL.
In the latter case, we only need a little more than 2%
BSA to get the maximum transport rate at any » value,
whereas there is no limit of the effect of increasing
[BSA) according to Eqn. 7.1. Since « is about 9 with ¥
8 ml, the maximum of B is not about 0.05 but 0.11
reached with ‘infinitely high’ [BSA).

The origin and size of USL of suspended cells

Investigations of the membranc transport of solites,
such as oxygen and chloride with high membranc-per-
meability require experiments with suspended cells and
evaluation of the significance of USL and/or tech-
niques to minimize the sizc of USL to insignificant
values. The question has, therefore, been dicussed for
many years [29] and it has been possible to reduce the
depth of USL surrounding red cells and probably also
ghosts to 1-2 um by using a fast continuous-flow
system with a high degrec of turbulence [19). With a
stop-flow arrangement, the depth is, however, cx-
tended considerably to 5-6 um, probably because the
turbulence decays rapidly [20). Unfortunately, we have
not found any experimental incubation system directly
relevant to ours, but the theoretical work of Rice [19]
on USL of cells in systems with quasilaminar flow is
rclevant and instructive. Accordingly, the most impor-
tant determinant is the velocity gradients in the medium
when the cells and the medium do not have very
differcnt densities. Important is also the diffusion cocf-
ficient of the solute in question, since the depth of
USL is inverscly proportional to the cubic root of the
diffusion coefficicnt [19). USL has no precise depth but
it is defined by the distance from the surface where the
solute transport changes from the diffusion dominated
to a convectional dominated process. This aspect of
USL has in fact been suggested many years ago [29)].
Although it is known that the geometry of the un-
stirred volume around suspended cells must be impor-
tant for the effect on transports, the question has not
been solved [19).

The depth of USL of a suspended cell is always
calculated from the cffects of a plane sheet with arca
of the cell, even in the work of Shaafi et al. [20). The
depth of a shell (8') surrounding a sphere with radius r
is related to the depth of a sheet (8) covering the same
area and with the same volume as the shell by

8/r=("33s/r)-1

Thus, our & value of 6 um covering a plane area as
large as the surface area of a ghost with r 3 um
corresponds to a &' of 2.45 um. However, the diffusion

resistance of the plane sheet 6 um thick is 4.5-fold
greater. This is readily calculated from the expressions
of the two resistances 6/(4wr2D) and &'/(Bwr(r+
§')D) for the sheet and the shell, respectively. The
depth of a sheet with the same resistance as a shell
with §" 245 um is 1.3 xm and not 6 um.

Also, the equation accounting for the supply of
monomer from the membrane surface by diffusion to
BSA in a shell is very different from that of plane
sheets. It has been developed as outlined by Bass and
Pond [30}. Using this equation together with the equa-
tion of the diffusion resistance of a shell, we are able to
calculatc the B values for various values of ¥V, as
described before. As shown from the results presented
in Fig. 5, no value of V;, makes in average the calcu-
lated B values fit the measured B values. The calcu-
lated B valucs corrcsponding to [BSA] 0.2% and
smaller arc much too high particularly with high V,,.
The failure of the shell cquations to account for the
observations arises from the low diffusion resistance of
a shell which has the sufficient depth. We conclude
that thc USL is not a shell but functions much like a
plane sheet for reasons not known so far. The possibil-
ity remains to be investigated that the diffusion in USL
occurs essentially in two dimensions, i.e., an oblate
geometry surrounding ghosts.

The agreement of calculated with measured B val-
ucs makes it interesting to analyze the changes in the
tracer uptake by BSA in V, and ¥V, in relation to
changes in BSA concentrations and V,, according to
the theory. Table 111 shows the contributions of the
two terms, Cl, and 1/(1/Cl, + R,) to the total clear-
ance Cl,.

It can be seen that Cl, decrcases greatly with [BSA)
in contrast to the almost constancy of 1/(1/Cl, + R;y).
This result can be understood by the model. According
to the theory Cl, = Syk, VD (1 - e™*%), since A
=\(k,A4/P)/D =k ,/D. k, depends on the [BSA],
as it is equal to K k, [BSA] (3 - »), therefore, when

TABLE 11l

Theorctical analysis of the tracer uptake by bovine serum albumin
(BSA) in unstirred volume (V,,) and stirred volume (V,)

[BSA] (. +1) cl,e 1/(1/Cl + Rp)®
(¢?) (ml/ml ghosts) (mls™") (mls™')
2 36 516 77
500 516 77
0.2 36 142 74
500 142 7
0.02 36 20 52
500 21 75

* Cl, and 1/(1/Cl + Rp,) are calculated using D =360 um?s~!,
k,=00027 5™, =6 um, v=0.6 and for the calculation of k,
and P, K,=23-10 M~".



[BSA] decreases, Cl, decreases with the square root of
[BSA] as long as e ~*® < 1, but else much more, since
A8 decreases with the square root of [BSA].

In the term 1/(1/Cl + Rp), Cl =V k,, Cl, must
decrease with [BSA] along with k,. However, at [BSA]
2%, it can be seen that an increase of V, (an increase
of V) has apparently no consequence for the term
1/(1/Cl + Rp). The reason is that 1/Cl, is negligible
compared to Ry, and the term 1/(1/CI, + Rp) is equal
to 1/Rp = 7.5, which sets the limit of the contribution
of V.. In other words, above a certain lower limit an
increasing conductivity in series with a resistance has
no effect on the current. In our case this limit is set by
a k, corresponding to [BSA] 0.2% and V,, 36 (V, = 28)
and/or a k, corresponding to [BSA] 0.02% and V,,
500 (V, = 492).

Our result with regard to USL is in many ways
comparable to the results of Sha'afi et al. [20], cxcept
for the usc of ghosts instcad of rcd cells. The systems
are similar in that there is no turbulence of the suspen-
sions under the measurements. Furthermore, both in-
vestigations deal with low molecular weight solutes, so
that differences in diffusion coefticients plays no signif-
icant role, including the effect of different tempera-
tures (20°C and 0°C). Also the ranges of cell concentra-
tions are similar. Finally, both calculations of the depth
of USL are based upon the geometry of a plane sheet
with the same area as that of the cell. It is, therefore,
gratifying that the results are almost identical, although
they are obtained with so very different ‘detection
methods’.

In conclusion: The ghosts are in well stirred suspen-
stons surrounded by an USL,, which has the effects of a
plane sheet, 6 pm deep and with the same arca as a
ghost. It causes a dependency on » and [BSA] of the
unidirectional efflux rates of PA bound at the inside of
the membrane, which is similar to the FA uptake by a
variety of cells investigated by others. Our findings
question the validity of any inference about membrane
transport kinetics which neglect the USL effects. Satu-
ration Kinetics may elude any unequivocal demonstra-
tion, but a membranc binding capacity has in fact
already been shown by other means to mediate the
translocation of PA across the ghost membrane [1].

The diffusion resistance of even a narrow, 6 um,
USL is critical for the PA transport rate along such a
distance because of low monomer concentration levels.
Albumin within USL reduces the resistance and this
makes the albumin concentration a critical determi-
nant of the transport.

Appendix
The distribution of BSA-bound tracer

In the Theory section, this is assumed to be virtually
uniform in the entire medium. The assumption makes
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it possible to describe the processes in terms of a
compartmental model, which fits the data fairly well
(Figs. 2 and 6). The major binding occurs within the
unstirred volume V,, particularly when [BSA] > 0.2%
(Table 111) and it is important to understand why the
bound PA is not accumulated within V, to such extent
that the specific activity of bound tracer has a larger
effect than expected of a uniform distribution. The
USL of BSA and, thus, of bound tracer, is smaller than
USL of PA by the cubic root of the diffusicn coeffi-
cient ratio (*/Dgga/Dpa , [19)), and therefore, about 3
pm, since the diffusion coefficient of BSA at 0°C is
about 32 pm?s~'. This value has becn obtained by
transformation on basis of the tewuperature-depend-
ency of water viscosity of the v:.ue 5.9 X 10~7 ¢cm?s ™!
determined by Wagner and Scneraga [31] at 20°C. The
unstirred volume of BSA (V,) is correspondingly
about 4 ml/ml ghost. The binding rate is exponential
decreasing through V,, and a major fraction of the
binding in ¥, occurs within V), if [BSA] is 2%. If we
can account for a virtual uniform distribution of bound
tracer exclusively formed within Vy,, the same must
be true also within V.
The argument uses two basic equations:

Lidy/dt=B(y. - y)
II: =(dQ/Q)/dt = (7°D /(48%)), Q = (Vysalu, ~ a,))

Eqn. 1 is obtained simply from the definition of B
within the slow-efflux phase (B = d(-In(1 -
y/v.N/dt). Eqn. 11 is a differential expression of the
equation derived by Jacobs (Eqn. 40 in Ref. 22) to
describe the Kind of processes in question. The equa-
tion is simplificd by using only the first exponential
term. It describes the rate by which an amount Q of a
solute with the diffusion coefficient D decreases by
diffusion from the mean concentration a, in a layer
with the thickness 8, volume Vgg,, through one open
boundary to a stirred larger volume with the concentra-
tion a.. The rate constant of Eqn. II (72D /(46?)) is in
our case very large (9 s~ '). The rate constant of Eqn. I
is B(y,/y — 1) at most 0.2 s~', since the highest values
of B and y./y of the slow phase are 0.05 and 5,
respectively. The much higher rate constant of escape
from Vg, than of formation is in harmony with the
basic assumption of quasistationary states within V.
We can then express the ratio of mean concentration
within Vg, to mean concentration within the entirc
medium at any y, /y state by

M:a,/a=(1/20)(19+ y,Cly /y)

This equation is obtained as follows: Since y =a, -
Vgsa + @, V., the concentration a, in Eqn. II can be
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substituted by (y — a,Vgsa)/ V. and by using the values
for D and & given above we get Eqn. 1l as

~dQ/dt =Wy /Via, - Vy—y) or —dQ/dt =
(a, -V —y), since Vigga/V, is about 1/9.

A quasistationary state (input = output) is then ex-
pressed by

B(y.=¥)=a,Vy-vy

with 8 =0.05 and y/}, =a, we get Eqn. 111

Calculation of a,/a values according to Eqn. 111 for
different y/y, values gives: a,/a: 1.45, 1.2, 1.05 and 1
for y/y. .1, 0.2, 0.5 and 1, respectively. The deviation
from uniform distribution of bound tracer when the
rate of binding is great is, however, as shown below
unimportant, because of the very low specific activity of
bound tracer compared with that of the monomer.

The level of y/y. at which the specific activity of
bound tracer begins to have an effect on the efflux can
be estimated as tollows.

By using the assumption that Cl, is approx. Cl,,
Eqn. 5 tells us that if Cl,Py,/(VyA4) <dy/d¢, then
the bound tracer plays no role for the rate of efflux. As
shown above, dy/dt = B(y,. —y) and the bound tracer
plays no role at the levels of y,/y of which the inequal-
ity holds true: {Cl,P/(AV ) /(B(y,./y — 1)) < 1.

Using B8 = .05, ¥, =36, » =0.6 and the other pa-
rameters given in legend to Fig. 5, we get 0,002 and
0.02 for the left-hand side of the inequality when y, /v
is 2 and 1.1, respectively.

In conclusion: the cffcct of the bound tracer on the
efflux is negligeable for y,/y > 2 (y/v. <0.5) and the
slight accumulation of bound tracer within V, calcu-
lated above as maximum values are entircly insignifi-
cant.
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