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SUMMARY

A central question which must be resolved before acceptable molecular des-
criptions of facilitated diffusion systems can be provided 1s the nature of the spatial
and functional relationships between the transport proteins and the membrane lipids
In the work reported here, this question was addressed by investigating the depen-
dence of the rates of glucose and uridine facilitated diffusion 1n human erythrocytes
on membrane ipid flmdity Two approaches were used to alter the lipid fluidity
treatment with ether, an anesthetic, and the exchange of a synthetic 3-ketosteroid,
cholest-4-en-3-one, for membrane chloesterol Both of these treatments result in a
significant increase 1n membrane lipid flmdity, as judged by the increase in the rates of
passive diffusion of uridine through cell membranes and of glucose through membrane
lipid bilayer vesicles Ether produces no change in the K, of etther transport process,
a slight decrease 1n the V for glucose transport, and no significant change in the V for
uridine transport Replacement of membrane cholesterol by cholest-4-en-3-one re-
duces the V for glucose transport shghtly, without altering the X, and reduces both
the K, and V for uridine transport

The absence of the expected increase in the ¥ of facilitated diffusion with
increasing membrane hipid fluidity observed here with human erythrocytes i1s not
consistent with models for the transport process which feature movement of transport
proteins which are 1n direct contact with the bulk lipids of the membrane

INTRODUCTION

A dependence of the rate of active transport of f-galactosides and of B-
glucosides on the physical state of the membrane lipids has been demonstrated in
unsaturated fatty acid auxotrophs of Escherichia coli [1-3] This dependence was
shown by the presence of as many as three discontinuities 1n the slopes of Arrhenius

Abbreviation HTG, 6-[(2[hydroxy-5-nitrobenzyl)thio]guanosine
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plots of transport, whose positions were determined by the fatty actd composition of
the membrane lipids The lower and upper discontinuities could be correlated with the
onset and completion, respectively, of the melting of the fatty acid chains of the mem-
brane hpids

The influence of lipid physical properties on transport 1s compatible with some
typs of dynamic interaction between the transport protein and the lipid bilayer
Another consequence that might be expected of such an interaction 1s a dependence
of the rate of transport on membrane liptd fluidity above the phase transitton bound-
aries Such a dependence has been shown in artificial mediated transport systems
consisting of 1on-transporting antibiotics added to lipid bilayer model membranes
[4, 5] or tointact calls [6] Nonactin and valimomycin partition into liptd bilayers and
stimulate cation fluxes by bidding the cation to form a complex which then diffuses
through the lipid bilayer [4, 7. 8] The K* conductance induced in planar bilayer
membranes by these antibtotics exhibits an increase with increasing temperature above
T_(thz gel to hquid-crystalline lipid phase transition temperature ) and a discontinuous
decrease to essentially zero at the phase transition [5] Adding cholesterol to bilayer
lipid membranes [5] or decreasing the fluidity of Acholeplasma laidlaw i membrane
lipids by adding cholesterol or by altering the fatty acid composition [6] also decreases
the nonactin- and vahinomycin-mediated monovalent cation fluxes Gramicidin, on the
other hand, 1s a hollow, cylindrical molecule which acts by embedding itself within the
membrane hpid to form a channel through the bilayer In contrast to the behaviour of
“mobile carrier’-type antibtotics, gramicidin-mediated K* flux through o planar
bilayer membrane decreases with decreasing temperature below 7, but shows no
temperature depsndence (and therefore no dependence on lipid fluidity ) above 7, [5]
We have also recently shown that the maximum rate of mediated glucose transport by
A lardlawit 1s dependent on the fluidity and physical state of the membrane lipids [9]

The effect of membrane hpid fluidity on a natural facihtated diffusion system
has not previously been examined We have investigated this relationship in the human
erythrocyte, which has well characterized facilitated diffuston systems for glucose
[10-13] and for urtdine [14-16] The fluidity of the membrane lipids was mamipulated
by adding ether or by exchanging the 3-ketosteroid cholest-4-en-3-one for membrane
cholesterol The rates of passive parmeation of liposomes (closed, spherical, multi-
lamellar lipid bilayer vesicles) by glucose or of cells by uridine were determined to
monitor alterations in membrane lipid flurdity

Several lines of evidence demonstrate that many of the lipid-soluble anesthetics
have a fluidizing effect on membrane lipids They cause an increase in the area both of
liptd films at the air-water interface and of biomembranes, which 15 10-fold greater
than could be explained by the volume occupied by the anesthetic molecules [17]
A fluidization of the membrane by anesthetics. which can be reversed by increased
atmospheric pressure, was seen in studies using fluorescent or spin-labeled probes
[18, 19]

Cholesterol comprises about 40 mol °, of the membrane lipid of human eryth-
rocytes [20] and 1> a major component of many other biological membranes The
presence of cholesterol has been shown to decrease the nonelectrolyte permeabulity
of egg yolk lecithin iposomes [21], and of 4 laidlawn cells [22, 23] It was demon-
strated, by determining the effects of several cholesterol analogs, that this reduction in
parmeability requires the presence of a planar sterol nucleus, a 3-hydioxy group and
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an mtact side chain Sterols having these molecular structural features also cause a
condensation of lecithin monolayers at the air-water interface [24] Fluorescence
polarization measurements have revealed that cholesterol increases the apparent
microviscosity and molecular order above the crystalline — liqmd-crystalline phase
transition temperature of phospholipid/water dispersions [25] These observations
suggest that the substitution of another sterol for membrane cholesterol could alter the
membrane lipid fluidity, and that this fluidity change should be detectable as a change
1 the passive nonelectrolyte permeability of the hpid region of the membrane Indeed,
1t has been shown that significant amounts of the 3-ketosteroid cholest-4-en-3-one,
as well as other cholesterol analogs, could be exchanged for erythrocyte membrane
cholesterol by incubating the cells with sonicated dispersions of the synthetic steroids
with egg yolk lecithin [26] This replacement causes an increase in the sweiling rate of
erythrocytes 1n 1sotonic glycerol at 37 °C In the work presented here, we have ex-
changed cholest-4-en-3-one for erythrocyte membrane cholesterol, or have added
ether to the cells, to fluidize the membrane lipids The rates of facilitated diffusion of
glucose and uridine were determined to assess the effects of the changes in membrane
lipid flurdity on these transport processes

METHODS

Lecithin (phosphatidylcholine) was purified from a lipid extract of egg yolks
by column chromatography on silicic acid [27, 28] The yolks from three eggs were
blended thoroughly with 110 ml of acetone, then filtered through Whatman No 1
paper and the filtrate discarded After blending the residue with 110 ml of chloroform/
methanol (2 1, v/v) and filtering again, this second filtrate was taken to dryness and
the deposited material redissolved under nitrogen in 125 ml of 59 methanol 1n
chloroform (v/v) with slight warming, cooled to room temperature, and filtered again.
The filtrate was applied to a 6 cm-diameter column of 400 g of Umisit plus 50 g of
celite, after packing the column as a slurry in methanol and washing with 11 of
chloroform The column was eluted stepwise with 11each of 7 5, 10, 125, 15, 17 5,
20, 22 5 and 35 9 methanol/chloroform (v/v) and all these fractions were discarded
Lecithin was then eluted with 35 1 of 35 % methanol/chioroform, and the solvent from
thus fraction was evaporated The lipid was taken up 1n 10 % methanol/chloroform
and a second column purification was carried out on a 3 cm-diameter, 15 cm column
of Umisil After eluting with 1 51 of 10 % methanol/chloroform and discarding this
fraction, the lecithin was eluted with 13 51 of 30 % methanol/chloroform The total
yield was 2 96 g and the resulting lipid gave a single spot having the Ry of authentic
egg yolk lecithin when analyzed by thin-layer chromatography

The buffer used for washing and suspending the erythrocytes contained 140
mM NaCl, 2 mM MgCl,, 5 mM KH,PO,, 10 mM sodium pyruvate, 0 5 mM adenine
and 20 mM Tris, adjusted with HCl to pH 74 D-Glucose was added for uridine
transport experiments, and inosine for glucose transport or uridine passive flux experi-
ments, to a level of 10 mM to serve as an energy source for the cells After washing the
erythrocytes, they were routinely incubated at 37 °C for 1 h in buffer to produce high
levels of ATP, then rewashed not more than 1 day before being used

The replacement of membrane cholesterol by exogenously supplied steroids
was accomplished by incubating erythrocytes with sonicated dispersions of lecithin
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plus the steroids 1n buffer [26] Steroids and egg yolk lecithin were combined at 4 ratio
of 06 g cholesterol/g lecithin, or (03 g cholesterol--0 5 g cholest-4-en-3-one)/g
lecithin, 1n 40 ml stamnless steel Sorvall centrifuge tubes, and 0 5 ml buffer, mg of
lecithin was added to the mixture A total volume of 10-20 ml (20-40 mg lecithin) was
used per tube These mixtures were sonicated on ice under nitrogen for 20 min each in
four 5-mun bursts using a Biosonik IT1 probetype sonicator at 180 W After sonication,
the dispersions were centrifuged for 1 h at 48 000 x g to remove titanium powder and
undispersed lipid The supernatants were then diluted 1-fold with buffer, and eryth-
rocytes were added to a level of about 0 12 ml of packed cells/mg lecithin These
mixtures were incubated for 2-8 h at 37 "C, mixing by continuous 1nversion at 50
rev /min, then cells were washed twice in buffer by centrigfuation before equilibration
with permeant

The preloading of cells with labelled permeants and measurement of equilib-
rium exchange efflux of ['*C]glucose or uridine, and the determination ot intra-
cellular and nterstitial volumes of cell pellets, were carried out exactly as recently
described [29] The intracellular and interstitial spaces in the cell pellets were calcu-
lated from the extent of dilution of ['*Clsucrose and 3 0 methylglucose by cell sus-
pensions 1 ml of packed cells corresponds to 059 mi of intracellular water The
quench solution used to terminate glucose flux contained 1 25 mM K1 1 uM HgCl,
and 0 I mM phioretin in buffer [30], and that used tor uridine flux measurements
contained 0 05 mM 6-[(2-hydroxy-5-nitrobenzyl )thio Jguanosine (HTG) in buffer [15]
In order to test the effectiveness of these quench solutions, cells were preloaded with
labelled permeant and the intracellular radioactivity present at various times dafter
diluting cells with quench solution compared to that present in undiluted cells In all
cases less than 3 ¢, of the intracellular labelled glucose or uridine was lost withm
5 min, the maximum time which elapsed 1n the assay procedure before sepatation of
cells from the quench solution by centrifugation

Erythrocyte ghosts were prepared by hypotonic lysis of washed erythrocytes
from fresh (less than 1 week old) human blood [31], and lipids were extracted from
the washed ghosts by the method of Bligh and Dyer [32] The membranes were
extracted twice with 190 ml of chloroform/methanol/water (1 2 08, v v v) cen-
trifuging each time for 15 min at 13 000 % g and retaining the supernatants To the
pooled supernatants were added 100 ml of chloroform, 100 ml of water, then 200 ml
more of chloroform, shaking after each additton This mixture was centrifuged for
15 min at 13000~g, producing two liquid phases with denatured protemn at the
interface The upper phase and the protein material was aspirated and discarded, and
the lower chloroform layer was evaporated to a small volume This was applied to a
column of 5-10 g of Biosil-HA silicic actd in chloroform, and the column eluted with
100 m! of methanol This elution recovered all the hipid material, while non-hpid
contammants were retained on the column To avoid oxidation of the lipid, all op-
erations were carried out under an atmosphere of N, or CO,, and solvents were
deoxygenated before use by vigorously bubbling N, through them

The fatty acid composition of the membrane liptds was analyzed by gas-liquid
chromatography of the methyl esters on 10 °, diethyleneglycol succinate on Anakrom
60/70 AS mesh To form the methyl esters, ipids were dissolved 1n a screw-cap tube 1n
10 ml of methanol with 5 drops of sulfuric acid and heated at 70 C for 2h After
cooling and adding 20 ml of water, the methyl esters were extracted twice with 10 ml
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of hexane, and the extracts dried by passage through anhydrous sodium sulfate The
steroid composition of the membrane lipids was determined by gas-hquid chromatog-
raphy on 3% QF-1 packed on Gas-Chrom Q (100-200 mesh) m a 210 cm X3 mm
glass column Prior to gas-hiquid chromatographic analysis, the steroids were puri-
fied by column chromatography on Mallinckrodt No 2847 silicic acid and by thin-
layer chromatography on Woelm Neutral Alumina [33]

The rate of passive diffusion of D-glucose from liposomes was measured by an
enzyme-catalyzed assay system which couples oxidation of glucose 6-phosphate to
NADP reduction [34] Liposomes were formed by vortexing extracted lipid in a glass
tube under mitrogen with a 1 cm diameter glass bead in the presence of 50 ul of
300 mM p-glucose per mg of liptd The resulting suspensions were stored at 4 °C
overnight, then most of the extravesicular glucose was removed by dialysis at 4 °C
against 75 ml of 1sotonic salt solution (75 mM KCl, 62 mM NaCl, 2 mM magnesium
acetate) for 5 consecutive 45 min periods, stirring by bubbling N, through the salt
solution The reaction mixture used for glucose determination contamed 8 8 umts/mi
of hexokinase (Sigma type F-300 sulfate-free), 09 unuts/ml of glucose-6-phosphate
dehydrogenase (Sigma type XV), 1 mM ATP, 0 5 mM NADP, 75 mM KCl, 72 mM
NaCl, 2 mM magnesium acetate and 28 mM Tris HCI, pH 8 0 All of these compo-
nents except for NADP were present in the reference solution To carry out the assay,
the double-beam spectrophotometer (Beckman model DB-GT) was zeroed at a
wavelength of 340 nm with 2 0 ml of reaction mixture 1n the sample cell and reference
solution 1n the reference cell The zero-time reading was taken 5 min after adding
10 pl of the hposome suspension to each cell The liposome suspension was then
mcubated at 50 °C and the absorbance of 10 ul aliquots, added to 2 mi of fresh
reaction mixture, read 5 min after sampling at 20-mun intervals After reading the
80-mun sample, 0 2 ml of Triton X-100 was added to both cuvettes to release all the
glucose remaining in the liposomes for the infinite time reading After correcting the
final reading for dilution, the fraction of the total intravesicular glucose released was
plotted vs time

To test for saturability of uridine flux in erythrocytes in the presence of 50 uM
HTG, a potent inhibitor of facilitated diffusion of uridine [15], the effect of 4 5 mM
unlabelled uridine on the efflux of 20 M [1*CJuridine was determined Erythrocytes
in buffer, with or without added 4 5 mM uridine present, were preloaded by mncuba-
tion for 30 min at room temperature with 20 uM ['*Cluridine, then 025 vols of
250 uM HTG 1n buffer were added to a final concentration of 50 uM Efflux was
mitiated by adding 2 ml of 50 yM HTG or 50 yM HTG plus 4 5 mM unlabelled
uridine to 03 ml of cells, and the mixture was incubated at 37 °C with stirring
Aliquots of 0 2 mi of the reaction mixture were taken at various times and added to
3 ml of'ice-cold quench solution layered over 6 ml of dibutyl phthalate and centrifuged
immediately This resulted 1n a layer of cell-free aqueous supernatant above the
dibutyl phthalate [29], which was counted for radioactivity

The uptake of uridine by passive diffusion was measured by imcubating 0 7 mi
of a thick suspension of erythrocytes 1n buffer contamming 50 uM HTG (quench
solution) at 37 °C with an equal volume of ['*C]Juridine 1n the same solution 02 ml
samples were taken at 10-min 1ntervals into 3 ml of 1ce-cold quench solution 1n 15 ml
comcal centrifuge tubes and immediately centrifuged for 1 min 1n the cold on the
chinical centrifuge After aspirating the supernatants, the cells were washed three times
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with 1ce-cold quench solution by resuspending and 1ecentrifuging To extract radio-
activity from the washed cells, they were lysed by adding 0 75 ml of distilled water,
followed by vortexing Then 0 75 ml of trichloroacetic acid was added to each sample
to precipitate the protemns and the tubes were spun for 10 min at top speed n the
chinical centrifuge Aliquots of 1 ml of the supernatants were counted for radio-
activity

RESULTS

In the presence of 50 uM HTG, the rate of efflux of 20 uM ['*CJuridine from
erythrocytes 1s 1dentical in the presence and absence of added unlabelled 4 5 mM
unidine Since the K|, for the equilibrium exchange flux of uridine in the absence of
HTG 1s about | mM [35], this lack of saturability seen in the presence of the inhibitor
indicates that uridine flux occurs by passive diffusion under these conditions

The presence of 100 mM ether caused a significant increase in the passtve fluxes
of glucose through liposomes or uridine through cell membranes At 50 C. the efflux
of glucose from liposomes in the presence of ether was about 2 5 times the rate in 1ts
absence Simularly, the presence of this concentration of ether caused an acceleration
of the rate of passive uptake of ['*CJuridine by erythrocytes to about 2 4 times the
control level It can, therefore, be concluded that ether, present at 100 mM causes a
significant increase in the fluidity of erythrocyte membrane lipids

Fig | 1s a Lineweaver-Burk plot showing the effect of 100 mM ether on the
facilitated equilibrium exchange efflux of ['*C]glucose from erythrocytes at 15 'C
In these cells, glucose efflux exhibited a K, of 56 mM, which was not affected by the
presence of ether This 1s evidence for the lack of any direct effect of this anesthetic on
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the transport protein In contrast to the marked enhancement by ether of the rates of
passive diffusion, ¥ for the facilitated flux of glucose 1s shghtly reduced, from 75 to
95 umol min~' ml packed cells™?, in the presence of 100 mM ether Although the
data obtained for uridine facihtated diffusion are rather scattered, no difference in rate
caused by ether 1s apparent In the presence or absence of ether, a K, of about 1 0 mM
and a V of about 15 umol min~!-ml packed cells™' are obtamed for uridine
equilibrium exchange efflux

The effects of incubating erythrocytes with lecithin/steroid mixtures on their
passive [**Cluridine uptake 1s seen in Fig 2 This shows the undine uptake 1n cells
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Fig 4 Effect of steroid exchange on uridine facilitated diffusion The equilibrium exchange efflux
of ['*CJuridine from human erythrocytes at 15° C 1s shown as & Lineweaver-Burk plot O, control
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TABLE 1

EFFECTS OF INCUBATION WITH STEROIDS ON Ky AND V OF URIDINE EQUILIBRIUM
EXCHANGE EFFLUX

Exogenous sterords Kn(mM) V (ppmol min~' ml™")
Control 12 17
Cholesterol I8 12
Cholesterol 10 08

cholest-4-en-3-one

incubated for 4 h at 37 ' C with either cholesterol or a mixture of 12 mg of cholesterol
plus 20 mg of cholest-4-en-3-one bound to lecithin, as well as a control, using cells
which were not incubated with steroids Tn the cells that were incubated 1n the presence
of cholest-4-en-3-one, 13 °, of the total membrane steroids consisted of this 3-keto-
steroid Incubation with cholesterol decreased the rate of uridine uptake from that of
the control, and incubation with cholesterol plus cholest-4-en-3-one increased it
As determmed from the slopes of tangents to the curves at ¢+ 0, the rate of uptake in
cells incubated with both steroids 1s 1 6 times that 1n cells incubated with cholesterol
only, mdicating a significant difference 1n membrane Iipid fluidity between them

Fig 3 1s a Lineweaver-Burk plot of the facilitated efflux of glucose from
erythrocytes incubated with cholesterol or with cholesterol plus cholest-4-en-3-one
The value obtained for K,, was 34 mM 1n both cases, so 1t 1s not mnfluenced by the
nature of the exogenously supplied steroid Neither does the value of ¥ seem to be
directly related to the membrane hipid fluidity Cells incubated with cholesterol plus
cholest-4-en-3-one, which would have a higher membrane lipid fluidity, has a V for
glucose flux of 76 umol mun~! ml packed cells™', while those incubated with
cholesterol alone has a shghtly higher ¥ of 89 umol min~' ml packed cells™"
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As shown 1n Fig 4 and n Table 1, the effects of these steroids on uridine
facihtated transport were somewhat more complex Incubation of erythrocytes with
cholesterol caused a marked increase in the K, compared to the control, while
mcubation with the mixture of both steroids resulted in a much smaller decrease 1n the
K, Incubation with either lecithin/steroid muxture reduced the value of V, with
cholesterol alone resulting in a higher V than cholesterol plus cholest-4-en-3-one
No direct dependence of V of uridine flux on membrane lipid fliudity 1s apparent when
the flmdity 1s mamipulated by steroid exchange, but such a dependence could be
obscured by the decrease in V caused by the incubation, whose physical basis was not

determined
DISCUSSION

These results do not demonstrate any direct dependence of rates of facilitated
diffusion on membrane lipid fludity Ether, present at 100 mM, significantly increases
the rate of passive diffusion of uridine through erythrocyte membranes and of glucose
through membrane liptd bilayers, indicating that it fludizes the membrane lipids
However, this concentration of ether does not affect the K, for facihitated diffusion of
either glucose or uridine, and fails to increase the value of V for either permeant
The slight decrease in V of glucose facilitated diffusion which 1s observed 1n the
presence of ether may not be significant The failure of this anesthetic to affect the
K., values argues against an inhibition of these faciitated diffusion systems by ether,
which 1s obscuring an increase 1n rate due to the fluidization of the membrane lipid

The results from the steroid exchange are more equivocal Although incubation
with cholest-4-en-3-one plus cholesterol flmidizes the membrane lipid and cholesterol
alone reduces the fluidity at 37 °C, as shown by the effects on passtve uridine flux,
this may not occur at 15 °C, the temperature at which facihitated transport was
measured Cholesterol reduces lipid fludity at temperatures above T, but increases
flwidity below T, [36], so the expectation of a rigidifying effect of cholesterol on the
erythrocyte membrane lipids 1s contingent on the temperature being above the T, of
the lipids A flmdization caused by the replacement of cholesterol by cholest-4-en-3-
one may also require this assumption A non-linearity occurring at 18-19 °C has been
reported 1n plots of the viscosity of human erythrocyte membrane suspensions vs
reciprocal temperature, which was attributed to a membrane lipid phase transition
[37] However, this may be due to ipid cluster formation, which has been demon-
strated 1n sarcoplasmic reticulum membranes and lipid extracts from them [38],
rather than the main endothermic transition which consists of the melting of the
hydrocarbon chains of the fatty acids

The fact that the incubation with either cholesterol alone or cholesterol plus
cholest-4-en-3-one reduced V relative to the control for uridine facilitated diffusion
raises the possibility that an inactivation of transport due to treatment with steroids
obscured the superimposed effect of hipid flmdity Nevertheless, glucose facilitated
diffusion demonstrated the same K, and a very similar V after treatment with either
steroid mixture

The absence of the expected correlation of the ¥ values for uridine and glucose
fluxes with membrane lipid fluidity observed here places some restrictions on the types
of model which may be proposed for these transport systems The data imply either
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that the portion of the transport systems undergoing movement during the permedtion
process 1s not 1n direct contact with the bulk lipid region, or else that no such move-
ment occurs Several types of model having these characteristics can be envisioned

A fixed aqueous channel at the transport site, lined on the inside surface with
permeant binding sites, such as had been proposed for glucose Tacihitated diffusion
{39]. would be compatible with this behavior This model, however, seems unlikely on
the basis of other kinetic characteristics of this system [40] A carrier protein which
translocates the permeant by a conformational change could show the characteristics
demonstrated here if 1t had a rnigid outer shell whose dimensions did not change
significantly during transport, or if it was shielded from the bulk lipid phase by a
surrounding aggregate of other protens or of a specialized class of bound hpids The
concept of a mobile carrier-type transport protein which shuttles from one side of the
membrane to the other seems difficult to reconcile with the results reported here
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