
J. Membrane Biol. 84, 259-267 (1985) The Journal of 

Membrane Biology 
�9 Springer-Verlag 1985 

Effec t  o f  D i f f e r e n t  P h o s p h o l i p i d s  on  the R e c o n s t i t u t i o n  o f  T w o  Funct ions  

o f  the L ac tose  Carrier o f  Escherichia coli 

Donna Seto-Young,  Chia-Chen Chen, and T. Hastings Wilson 
Department of Physiology, Harvard Medical School, Boston, Massachusetts 02115 

Summary. The lactose carrier was extracted from membranes of 
Esr coli and transport activity reconstituted in proteo- 
liposomes containing differen! phospholipids. Two different as- 
says for carrier activity were utilized: counterflow and mem- 
brane potential-driven uptake. Proteoliposomes composed of E. 
coli lipid or of 50% phosphatidylethanolamine--50% phosphati- 
dylcholine showed very high transport activity with both assays. 
On the other hand, proteoliposomes containing asolectin, phos- 
phatidylcholine or 25% cholesterol/75% phosphatidylcholine 
showed good counterflow activity but poor membrane potential- 
driven uptake. The discrepancy between the two types of trans- 
port activity in the latter group of three lipids is not due to 
leakiness to protons, size of proteoliposomes, or carrier protein 
content per proteoliposome. Apparently one function of the car- 
rier molecule shows a broad tolerance for various phospholipids, 
while a second facet of the membrane protein activity requires 
very restricted lipid environment. 
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Introduction 

The lactose t ransport  sys tem o fE .  co l i  is capable of  
the t ransfer  of  galactosides across the p lasma mem- 
brane under  the influence of two different types of  
driving forces.  The first is the movemen t  of  sub- 
strate f rom a high external concentrat ion to low in- 
ternal concentrat ion,  commonly  designated facili- 
tated diffusion (Danielli, 1954). For  this process no 
external  source of  energy is needed. A special case 
of  facilitated diffusion is illustrated by the counter- 
flow phenomenon  in which the entry of  substrate A 
into the cell (preloaded with a high concentrat ion of 
substrate  B) results in intracellular accumulat ion of 
substrate A (Widdas, 1952; Park et al., 1956; Rosen- 
berg & Wilbrandt,  1957; Winkler & Wilson, 1966; 
Wong & Wilson, 1970; Wiibrandt, 1972; Kac- 
zorowski  & Kaback,  1979). Substrate B competi-  
tively blocks the exit of  A leading to high intra- 
cellular concentrat ions of  A. With time the 

concentrat ion of B progressively declines due to its 
exit on the carrier  and its inhibiting effect on A falls 
correspondingly,  leading to the ultimate equilibra- 
tion of both substrates across the membrane.  Coun- 
terftow on the lactose carrier does not require the 
presence of ion gradients as it occurs in the pres- 
ence of metabolic  inhibitors such as azide (Winkler 
& Wilson, 1966; Kaczorowsk i  & Kaback,  1979) and 
the facilitated entry of  o-nitrophenylgalactoside is 
insensitive to proton ionophores such as dinitrophe- 
nol (Cohen & Monod,  1957). 

The second form of  membrane  translocation is 
the ion gradient-driven accumulat ion of galacto- 
sides. Since the mechanism of lactose t ransport  in- 
volves the obligatory coupling between H + move-  
ment  and lactose t ransport  on the carrier (Mitchell, 
1963), a pro tonmot ive  force (membrane potential 
plus p H  gradient of  the appropriate  orientation) will 
drive galactosides across the membrane  against 
considerable concentrat ion gradients. 

When these two types of  carrier activity, coun- 
terflow and ion gradient-driven accumulation,  were 
first tested in reconst i tuted systems both types of  
phenomena  were  observed  (Newman & Wilson, 
1980; Foster  et al., 1982; Viitanen et al., 1983; Gar- 
cia, Viitanen, Fos te r  & Kaback ,  1983; Wright & 
Overath,  1984). However ,  during a study of the ef- 
fect of  different phospholipids on lactose t ransport  
a very unexpected  dissociation between the two 
types of  t ransport  was observed in the case of  cer- 
tain phospholipids.  Reconsti tut ion of the lactose 
carrier with asolectin, phosphatidylcholine,  or 
phosphatidylcholine (75%) plus cholesterol (25%) 
showed counterflow but ex t remely  weak ion-gradi- 
ent-driven uptake.  Evidence  is presented that the 
failure to accumulate  in response to protonmot ive  
force with these phospholipids is not due to "leaki-  
ness"  of  the membranes  for protons but to some 
other phenomenon.  
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Materials and Methods 

BACTERIAL STRAINS AND G R O W T H  

E, colt strains used in this study were X71/F'W3747 (lac I Z+Y + 
pro C- str R trp- BI /F' lac I+Z+Y + pro C*) and T206 (Teather et 
al., 1980) which carries the lac Ygene on a plasmid (/ac I+Z Y / 
F' lac IQZ-Y /pl lac Y+). Strain X71/F'W3747 was grown to 
midlog-phase in minimal Medium 63 (Cohen & Rickenberg, 19561 
with 0.4% glycerol as the carbon source and supplemented with 
20/zg/ml tryptophan, 0.5/xg/ml thiamine and 200 p~g/ml strepto- 
mycin. Stock cells in midlog-phase were diluted into minimal 
Medium 63 containing glycerol supplement and I mM isopropyl- 
fi-D-thiogalactopyranoaide (IPTG). T206 was grown in Medium 
63 with 1% tryptone (Difco) as the carbon source. IPTG (0. I mM) 
was added two doublings before harvest. The cells were grown 
to late logarithmic phase. 

PREPARATION OF M E M B R A N E  VESICLES 

The cells were harvested, washed once with Medium 63, and 
resuspended at a concentration of 5 ml/g wet weight of  cells in a 
buffer containing 50 mM potassium phosphate,  pH 7.5, I mM 
dithiothreitol (DTT), 20 mM lactose, 5 mM magnesium sul- 
phate, and I mM phenylmethylsulfonylfluoride (PMSF). DNAase 
(10/xg/ml) was added to the suspension, and the cells were dis- 
rupted by passing through an Aminco French pressure cell at 
20,000 psi. The unbroken cells were removed by centrifugation 
at 11,700 • g for 10 min. The supernatant was centrifuged at 
145,000 • g for 1 hr. The pelleted membrane vesicles were 
washed once with a buffer consisting of  50 mM potassium phos- 
phate, pH 7.5, 1 mM DTT, 20 mM lactose and I mM phenyl- 
methylsulfonylfluoride and then centrifuged at 145~000 x g for I 
hr. The washed membrane vesicles were resuspended in 50 m g  
potassium phosphate,  pH 7.5, 0.5 m g  DTT and 10 mM lactose. 
For storage, the membrane vesicles were divided into small ali- 
quots, frozen in liquid N2 and stored at -80~ 

RECONSTITUTION OF LACTOSE TRANSPORT 

The reconstitution method was that of Newman and Wilson 
(19801 with the modifications indicated. The membrane vesicles 
were extracted at 0~ with a buffer containing 100 mM potassium 
phosphate,  25 mM 4-morpholine-ethanesulfonic acid (MES), pH 
6, 1.3 mM DTT, 3.9 mg E. colt lipid/ml and 1.3% octylglucoside. 
The protein concentration of  the suspension was approximately 1 
mg/ml. The suspension was incubated on ice for 10 min and then 
centrifuged at 180,000 x g for I hr at 4~ Reconstitution was 
carried out by adding 650/~1 of the supernatant to 165 ~1 of bath 
sonicated E. colt liposomes plus 15/xl of  15% octylglucoside. The 
final concentration of octylglucoside was 1.29%. The suspension 
was diluted into 25 ml of buffer (at 22~ to form proteolipo- 
somes. In most experiments the buffer consisted of 100 mM po- 
tassium phosphate,  25 mM MES (for the pH see figure legends) 
and I mM DTT with or without 20 mM lactose. In one experiment 
(Table 3) proteoliposomes were preloaded with 50 mM K2SO4 
plus 50 mM MOPS pH 7.2. The proteoliposomes were collected 
by centrifugation at 145,000 x g for I hr at 4~ 

In experiments with phospholipids other than E. colt lipids 
the procedure was similar to that described above except that the 
octylglucoside concentration was 1.5% in both the extraction 
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and reconstitution steps. In the case of asolectin the amount of 
lipid used in the reconstitution step was two times higher than for 
the E. colt lipid experiments.  

C O U N T E R F L O W  ASSAY 

The proteoliposomes were resuspended in 75/xl of  a bufl'er con- 
taining 100 mM potassium phosphate,  25 mM MES, pH 6, 20 mM 
lactose and I m g  DTT. Proteoliposomes were diluted 50-fold 
into an assay buffer at 22~ The assay medium contained 100 
mM potassium phosphate,  25 mM MES, pH 6, and 11.5 /xCi/ml 
[~4Cl-lactose (0.01 mM). The final concentration of  lactose in the 
reaction mixture was 0.41 mM. Samples ( 100/xl) were removed at 
various time intervals and placed onto the center of  a 0.22/~m 
Millipore filter (type GSTF) without a chimney. After filtration 
the proteoliposomes were washed with 5 ml cold buffer contain- 
ing 100 mM potassium phosphate and 25 mM MES, pH 6. In one 
experiment (Fig. 6) the buffer in the assay medium was 100 mM 
potassium phosphate (pH 7.5) and in another (Table 2) the buffer 
was 50 mM K2SO4/50 mM MOPS. 

]ON G R A D I E N T - D R I V E N  TRANSPORT ASSAY 

In most experiments the proteoliposomes were resuspended in 
100 mM potassium phosphate,  25 mM MES, pH 7.5, and I mM 
DTT. Valinomycin was added to the resuspended proteolipo- 
somes to give a concentration of  19/.tM. In two experiments (Fig. 
6 and Table 2) the valinomycin concentration was raised to 411 
/zM in the stock proteoliposomes. Proteoliposomes (12/~1) were 
added to 1.2 ml of assay buffer (at 22~ containing 100 mM 
potassium or sodium phosphate,  25 mM MES (for pH see figure 
legends) and I ~Ci/ml [~4C]-lactose (0.2 raM). Samples 12211 t~l) 
were removed al the various lime intervals, filtered, and washed 
as described above. The composition of the wash buffer was the 
same as the incubation medium without lactose. 

M E A S U R E M E N T  OF INTERNAL W A T E R  SPACE 

OF PROTEOLIPOSOMES AND LIPOSOMES 

S u g a r  T r a p p i n g  M e t h o d  

Liposomes (without added protein) were prepared in a manner 
designed to trap radioactive sugars in the internal water space. E. 
colt lipid or asolectin was added to octyglucoside (in the absence 
of  membrane vesicles) and centrifuged at 4~ The supernatant 
was mixed with sonicated lipid plus octylglucoside as described 
in the "Reconsti tut ion of  Lactose Transport"  section. This lipid- 
detergent suspension (50/~1 for E. colt lipid and 61 tzl for asolec- 
tin) was added to 1.65 ml buffer at 22~ consisting of 100 mM 
potassium phosphate,  25 mM MES, pH 6, 1 mM DTT and radio- 
active sugars. The radioactive sugars were: 3.6 ~Ci/ml [3H]-raf- 
finose (0.9 raM) and 0.9/zCi/ml [t4C]-lactose (0.9 mM), The lipo- 
somes were collected by centrifugation at 180,000 • g for 1 hr at 
4~ The liposomes were resuspended with 1.5 ml buffer contain- 
ing 100 mM potassium phosphate,  25 mM MES, pH 6 and 1 mM 
DTT. The resuspended liposomes (1 ml) were filtered onto a 0.22 
p,M Millipore filter (type GSTF) without a chimney. The lipo- 
somes were washed with 10 ml cold buffer containing 100 mM 
potassium phosphate plus 25 mM MES, pH 6. As a control non- 
preloaded liposomes were exposed to the radioactive sugars and 
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then centrifuged. Samples were filtered and washed as above. 
This "blank" was subtracted from the experimental wdues. 
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drazine (CCCP) was added as a control to show that protons 
entered liposomes when a proton ionophore was present. 

Phosphate Trapping Method 

The internal water space of the proteoliposomes was also mea- 
sured by determining the inorganic phosphate trapped inside dur- 
ing the process of formation. This method was found suitable 
since the passive leakage of phosphate across the membrane was 
extremely slow and washing of the liposomes with phosphate- 
free solution was possible without loss from the internal com- 
partment. All the proteoliposomes were prepared with 100 mM 
phosphate. Proteoliposomes (2/AI) were added to 1 ml of 250 mM 
NaCI solution at 0~ After vortexing, the suspension was imme- 
diately filtered through the 0.22/AM GSTF Millipore filter paper, 
washed with 5 ml of the ice-cold NaCI solution twice. The paper 
with the proteoliposome sample was transferred to a phosphate- 
free disposable glass tube. Sodium dodecylsulfate (2 ml of a 10% 
solution) was added and the tube vortexed to release the phos- 
phate from the proteoliposome. The phosphate was estimated by 
the method of Dryer Tammes and Routh (1957). 

MEASUREMENT OF MEMBRANE POTENTIAL (A0) 
BY ACCUMULATION OF S6Rb 

Proteoliposomes or liposomes were preloaded in 100 mM potas- 
sium phosphate, 25 mM MES, pH 7.5, and I mM DTT. Valino- 
mycin (an ionophore for Rb + as well as K +) was added to the 
resuspended proteoliposomes or liposomes to give a concentra- 
tion of 19/AN. Proteoliposomes or liposomes (12/AI) were added 
to 1.2 ml of assay buffer (at 22~ containing 100 mM potassium or 
sodium phosphate, 25 mM MES, pH 7.5, and 1 /ACi/m[ ~6Rb sul- 
fate (0.2 raM). Samples (220/Al) were removed at various time 
intervals, filtered, and washed with 5 ml cold buffer. The Milli- 
pore filters were soaked with 0.2 mM RbSO4 and washed with 2 
ml buffer before the samples were filtered. The wash buffer was 
the same as the incubation medium without Rb. All the values 
were corrected for a blank which was obtained by filtering 0.22 
ml of [S6Rb]-containing buffer without liposomes and washed as 
above. The filter "blank" when washed with Na § buffer was 
somewhat higher than the "'blank" washed with K + buffer. 

The membrane potential was calculated from the rubidium 
concentration ratio using the Nernst Equation. The ~6Rb uptake 
by liposomes exposed to sodium phosphate (A~b present) divided 
by the uptake by liposomes exposed to potassium phosphate (no 
Ark present) was used for this calculation. 

DIRECT MEASUREMENT OF H + ENTRY 

INTO PROTEOLIPOSOMES OR LIPOSOMES 

E. coli and asolectin proteoliposomes or liposomes were pre- 
loaded with 100 mM potassium phosphate, 25 mM MES, pH 7.5, 
and 1 mM DTT. Proteoliposomes or liposomes (25 /AI) were di- 
luted into a 2.5 ml medium containing 100 mM sodium sulfate 
plus 25 MES, pH 7.5. The external potassium phosphate concen- 
tration was l mM. The extracellular pH change was monitored 
with a combination glass electrode and a pH meter was con- 
nected to a recorder. The change of extracellular pH was initi- 
ated by addition of valinomycin (final concentration was 0.5/xM). 
At the end of the experiment p-chlorocarbonylcyanide phenyl- 

PROTEIN DETERMINATION 

Protein was determined by a modification of the methods of 
Schaffner and Weissmann, (1973) and Newman, Foster, Wilson 
and Kaback (1981). The final concentrations of sodium dode- 
cylsulfate and trichloroacetic acid were increased to I and 20%, 
respectively. 

PHOSPHOLIPID DETERMINATION 

Phospholipid was determined by the method of Hallen (1980). 
Bath sonicated lipid of the appropriate type was used as a stan- 
dard to determine the phospholipid content (e.g., a DOPC stan- 
dard was used in determining DOPC). 

PREPARATION OF STOCK LIP1DS 

Lipids dissolved in organic solvent (usually chloroform) were 
mixed together in appropriate proportions and dried under a 
stream of N2 gas. Traces of solvent were then removed under 
vacuum for 3 hr. The dried lipid was suspended in 2 mM mer- 
captoethanol at a concentration of 50 mg lipid/ml and vortex- 
dispersed. It was stored under N2 gas at -80~ Chloroform/ 
methanol extracted E. coli lipid (from Avanti) and asolectin were 
each acetone/ether washed by a modification (Newman & 
Wilson, 1980) of the method of Kagawa and Racker (1971). 

CHEMICALS 

[x4C]-Lactose was obtained from Amersham (Arlington Heights, 
IL) and was purified by descending paper chromatography in l- 
propanol/HzO (3: 1) before use. [3H]-Raffinose was from New 
England Nuclear (Boston, MA). S6Rb was from Amersham. 
Octylglucoside and valinomycin were obtained from Calbiochem 
(San Diego, CA). Lactose and isopropylthiogalactoside were 
from Sigma (Saint Louis, MO). Dioleoylphosphatidylcholine 
(DOPC), dioleoylphosphatidylethanolamine (DOPE) and crude 
E. coli lipid were purchased from Avanti Polar-Lipids (Birming- 
ham, AL). Asolectin was purchased from Associated Concen- 
trates (Woodside, NY). Cholesterol was from Eastman (Roches- 
ter, NY). [3H]NPG-labeled membranes were kindly provided by 
Dr. Ronald Kaback (Roche Institute, Nutley, N J). 

Results 

In the first experiment a comparison was made be- 
tween the counterflow activities of the lactose car- 
rier in proteoliposomes whose phospholipids were 
derived from E. coli compared with carrier activity 
of proteoliposomes from soybean (asolectin). In 
this transport assay accumulation of a low concen- 
tration of [~4C]-lactose (0.4 mM) results from the 
inhibition of exit of the radioactive molecules by the 
high concentration (20 mM) of preloaded nonradio- 



262 D. Seto-Young et al.: Effect of Phospholipids on Lactose Transport 

active lactose. The lactose accumulation in pro- 
teoliposomes composed of E. colt lipid reached 20- 
fold in 5 min and fell to 15-fold in 20 rain (Fig. 1). 
The pattern of accumulation with asolectin was 
somewhat different. The initial rate of uptake was 
slower than that of E. colt, but the level of accumu- 
lation at 20 rain was about the same. The trans- 
port inhibitor o~-p-nitropbenylgalactoside (apNPG) 
blocked uptake in the two lipids. 

The same proteoliposomes were assayed for 
transport activity with a membrane potential (inside 
negative) as the source of energy (Fig. 2). In each 
experiment proteoliposomes were prepared in the 
same potassium phosphate buffer but in the absence 
of 20 mM lactose. Valinomycin was added to the 
concentrated proteoliposomes and the mixture di- 
luted 100-fold into sodium phosphate plus [14C]-lac- 
rose. The final K + in the medium was 1 mM. The 
exit of K + on the ionophore gave rise to a mem- 
brane potential inside negative. This electrical po- 
tential difference provided the driving force for the 
inward movement of protons with lactose on the 
lactose carrier. The mean value for the [14C]-lactose 
accumulation in four experiments was sevenfold at 
5 min and sixfold at 15 rain (Fig. 2). In contrast, the 
accumulation in asolectin proteoliposomes was 
only twofold at 5 rain and 1.5-fold at 15 rain. 

An even more striking difference between the 
accumulation in proteoliposomes of the two lipids 
was observed when both a membrane potential and 
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Fig. 1. Lactose counterflow in proteoliposomes prepared with E. 
colt lipid or asolectin. Proteoliposomes prepared with an extract 
of X71/F'W3747 membranes were preloaded with 20 m s  lactose 
and diluted 50-fold into an assay medium containing 100 mM 
potassium phosphate, 25 mM MES, pH 6, 0.5/~Ci/ml [14C]-lac- 
tose with or without 10 mM apNPG. The final external concen- 
tration of [uC]-lactose was 0.41 raM. The protein concentrations 
in all the experiments were approximately 20 #g/ml. Open sym- 
bols represent the E. colt proteoliposomes and closed symbols 
represent the asolectin proteoliposomes. The mean values of 
four experiments are given 

a pH gradient (inside alkaline) were imposed (Fig. 
3). At 5 rain lactose accumulated within the E. colt 
proteoliposomes to a concentration 24 times higher 
than the external medium, while the concentration 
in the asolectin proteoliposomes was only twice as 
high as the external medium. 

One possible explanation for the failure of aso- 
lectin-containing proteoliposomes to support Aqj- 
driven uptake was a high permeability of these 
membranes to protons. Such a leak of protons 
would cause an inward diffusion of H + and fall in 
the &t0. Evidence against this possibility was pro- 
vided by several types of experiments. One such 
experiment was to measure the membrane potential 
by following the accumulation of a low concentra- 
tion of added 86Rb+ in the presence of valinomycin. 
Since this ionophore transfers Rb + (as well as K +) 
across the membrane the final equilibrium concen- 
tration ratio of the ion may be used to calculate the 
membrane potential with the use of the Nernst 
equation. Table 1 shows that the calculated mem- 
brane potential in the asolectin liposomes or pro- 
teoliposomes was very similar to that for E. colt. 
These data indicate that membranes prepared from 
these two types of lipid are relatively impermeable 
to H +. 

In a second type of experiment, designed to test 
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Fig. 2, Ar lactose uptake in E. colt and asolectin pro- 
teoliposomes. Proteoliposomes prepared with an extract of X71/ 
F'W3747 membranes were preloaded with 100 mM potassium 
phosphate, 25 mM MES, pH 7.5, and 1 mM DTT. Valinomycin 
was added to the concentrated proteoliposomes to give a concen- 
tration of 19/~M. The proteoliposomes were diluted 100-fold into 
an assay medium containing 100 mM sodium phosphate, 25 mM 
MES, pH 7.5, and 1/zCi/ml [~4C]-lactose (0.2 raM). The protein 
concentrations in all the experiments were approximately 10 ~g/ 
ml. The open symbols represent the E. cog proteoliposomes, and 
the closed symbols represent the asolectin proteoliposomes. The 
mean values of six experiments are given. The counts obtained 
with E. colt liposomes and asolectin liposomes were subtracted 
from the values obtained with E. coli and asotectin proteolipo- 
somes, respectively 
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proton permeability, pH measurements were made 
with liposomes with a A~ (inside negative). Valino- 
mycin was added to liposomes preloaded with high 
K + and suspended in low K +. This K + diffusion 
potential provided a strong driving force for the in- 
ward movement of H +. Such liposomes were sus- 
pended in an unbuffered solution, and the pH of the 
medium was monitored continuously. A relatively 
small pH change was observed in 2 rain for either 
liposome, although there was a slightly greater H + 
entry with asolectin (Fig. 4A and B). The proton 
ionophore CCCP allowed rapid H + entry in both 
liposomes. 

The same experiment was carried out with pro- 
teoliposomes composed of the two different lipids 
(Fig. 5A and B). The proton movement resulting 
from valinomycin addition to E. coli or asolectin 
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Fig. 3. ApH and At0-driven lactose uptake in E. coli and asolec- 
tin proteoUposomes. The preparation of proteoliposomes and the 
assay conditions were the same as in Fig. 2 except that the pH of 
the assay buffer was 6 instead of 7.5. The mean values of four 
experiments are given 

proteoliposomes was similar in the two cases. Thus 
it appeared that membranes composed of either E. 
coli lipid or asolectin showed an equally low perme- 
ability to protons. 

In additional experiments liposomes composed 
of E. coli lipid or asolectin were found to show an 
equal ability to maintain a 2-pH unit difference 
across the membrane as assayed by the 9-amino- 
acridine technique (data not shown). This indicates 
that a pH gradient (as well as A@) can be effectively 
maintained by membranes containing these two 
phospholipids. 

Lactose transport in proteoliposomes consist- 
ing of 75% DOPC/25% cholesterol was next investi- 
gated. Counterflow with this mixture of lipids was 
similar to that seen with E. coli lipid; asolectin gave 
a slower rate of uptake (Fig. 6A). When A@ was the 
driving force proteoliposomes with DOPC/choles- 
terol or with asolectin failed to show significant ac- 
cumulation (Fig. 6B). Proton leakage was not a fac- 
tor in this experiment as the membrane potentials 
were similar for all these lipids (Fig. 6B, insert). 

In the final experiment three artificial phospho- 
tipids were tested in comparison with E. coli lipid for 

Table 1. Effect oflipid composition on membrane potential 

Lipids Liposomes Proteoliposomes 
(mV) (mV) 

E. coli 103 • 4.3 106 • 1.3 
Asolectin 95 • 10.7 101 • 1.2 

The [86Rb] uptake was measured in liposomes and proteoliposo- 
rues as described in Materials and Methods. The calculated 
membrane potential (A@) at 3 min is given. The A~ at either I0 or 
15 min was similar (data not shown). The mean values from three 
experiments with liposomes and four experiments with proteo- 
liposomes are given. 
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Fig. 4. Direct measurement of H + 
entry into liposomes. E. coli (A) and 
asolectin (B) liposomes were preloaded 
with 100 mM potassium phosphate, 25 
mM MES, pH 7.5, and 1 mM DTT. 
Liposomes (25 pA) were diluted into 2.5 
ml medium containing 100 mM sodium 
sulfate plus 25 mM MES, pH 7.5. The 
final external concentration of 
potassium phosphate was 1 raM. The 
change of the medium pH was initiated 
by addition of valinomycin. At the 
termination of the experiment the pro- 
ton ionophore CCCP was added. The 
final concentration of valinomycin or 
CCCP was 0.5 p~M and ethanol was 2% 
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p ro tonmot ive  force-dr iven  lactose accumula t ion  
(Table 2). P ro teo l iposomes  containing E. coli lipid 
or  D O P C / D O P E  showed  good  lactose carrier  activ- 
ity with ei ther  type  o f  t ranspor t  assay.  On the o ther  
hand  p ro teo l iposomes  c o m p o s e d  of  DOPC/choles -  
terol or  D O P C  alone showed  counter f low but very  
weak  p ro tonmot ive  force-dr iven  uptake.  The pro- 
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Fig. 5. H + entry into proteoliposomes. Lactose carrier (X71/ 
F'W3747) was reconstituted into proteoliposomes of E. coil lipid 
(A) and asolectin (B) preloaded with 100 mM potassium phos- 
phate (see Fig. 4). The pH of the suspension was measured as in 
Fig. 4 

ton- impermeabi l i ty  o f  D O P C  and D O P C / D O P E  
have previous ly  been  repor ted  for  exper iments  of  
this type  (Chen & Wilson,  1984). 

The  possibi l i ty that  membranes  with different 
lipid compos i t ions  incorpora ted  variable amounts  
o f  lactose carr ier  prote in  was considered.  The quan- 
tity o f  lactose carr ier  present  in the proteolipo- 
somes  was es t imated by mixing photoaffini ty-labeled 
carr ier  with normal  T206 membranes  and subse- 
quent ly  determining the amoun t  o f  label in the final 
p ro teo l iposomes .  The  data  in Table 3 show that 
there is no direct  relat ionship be tween  the carrier  
content  and the ability to car ry  out Aj.LHe-driven 
uptake.  Al though the E. coil lipid proteol ipo-  
somes  took up the max imum amount  o f  carrier,  
D O P C / D O P E  (which shows excellent  A/ZH +-driven 
uptake)  shows about  the same carr ier  incorporat ion 
as asolect in,  D O P C  or DOPC/choles te ro l .  

The final variable cons idered  as a possible con- 
tr ibuting fac tor  to some o f  the variat ions in behavior  
o f  different lipids was  the vo lume o f  l iposomes or  
p ro teo l iposomes .  The internal water  space of  pro- 
teo l iposomes  prepared  f rom different lipids was 
measured  by  determining the sugar or  inorganic 
phospha te  t rapped  inside the vesicles  during the 
process  o f  format ion.  The vo lume of  each of  the 
four  different types  o f  p ro teo l iposomes  was o f  the 
same order  o f  magni tude  a l though asolectin vesicles 
were  slightly smaller  than the o ther  three (Table 4). 

Discuss ion  

This paper  descr ibed  the unexpec t ed  finding that 
two types  o f  lac tose  carr ier  act ivi ty can be dissoci- 
ated by  reconst i tu t ing the carr ier  in different types  
o f  lipid. In  previous  studies these two types  of  ac- 

Table 2. Counterflow and AfiH+-driven lactose uptake by proteoliposomes composed of different 
phospholipids 

Counterflow AfiH+-driven uptake 
(In/Out ratio) (In/Out ratio) 

I min 5 min 10 min 1 min 5 min Ifi min 

E. coli lipid 16 15 10 7 11 12 
DOPC (50%) + (DOPE (50%) 10 14 12 7 9 10 
DOPC (75%) + cholesterol (25%) 16 14 9 1.5 2 1.5 
DOPC 3 6 8 1.5 2 1.5 

Proteoliposomes were reconstituted with an extract of T206 membranes in the presence of 50 mM 
KzSO4 plus 50 mM MOPS, pH 7.2, and treated with 40 mM valinomycin. Prior to the counterflow 
assay, proteoliposomes were incubated in 20 mM lactose for 30 rain at 22~ Such lactose-loaded 
proteoliposomes were then diluted 50-fold into 50 mM K2SO4/50 mM MOPS, pH 7.2, plus 
p4C]-Iactose (final concentration = 0.4 raM). Protonmotive force-driven uptake was carried out by 
diluting concentrated proteoliposomes (preloaded with buffer at pH 7.2 but no sugar) 100-fold into 50 
mM Na2SO4 plus 50 mM MES, pH 6, with ll4C]-Iactose (final concentration 0.2 mM; I /LCi/ml). 
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Table 3. Incorporation of  the lactose carrier in different proteoti- 
posomes 

Proteoliposome Protein/phospholipid Carrier 
(/xg/mg) number/protein 

(pmol//zg) 

100% E, coli lipid 12.0 2.3 
50% DOPC + 50% 9.9 1.6 

DOPE 
75% DOPC + 25% 10.0 1.2 

cholesterol 
100% DOPC 11.0 1.7 
Asolectin 11.0 1.4 

T206 membrane vesicles were mixed in 90 : 10 (protein/protein) 
ratio with T206 vesicles labeled with [3H]NPG (4-nitrophenyl-a- 
D-galactopyranoside) (10 Ci/mmol). The specific activity of  the 
mixture was 270/xCi/mg of membrane protein. This mixture was 
used to reconstitute the proteoliposomes of  different phospho- 
lipid composit ions in the presence of  1011 mM potassium phos- 
phate, pH 7. The number  of  the lactose carriers incorporated was 
estimated from the radioactivity of  the labeled carrier and dilu- 
tion factor. Protein and phospholipid measurements were carried 
out on each group of proteoliposomes.  

tivity, (i) counterflow and (ii) A~H+-driven accumu- 
lation, have always been found together in studies 
of intact cells, isolated cell membranes, and recon- 
stituted systems. 

Both activities increase in parallel during the 
process of induction (Kepes, 1960; Koch, 19641. 
Both are blocked by lactose analog (Kepes, 1960; 
Koch, 1964) and by SH-reagents (Kepes, 1960; Fox 
& Kennedy, 1965). Proton ionophores block accu- 
mulation because of their effects in reducing pro- 
tonmotive force but have much less effect on facili- 
tated diffusion, presumably because the sugar 
gradient is sufficient to permit entry even with an 
unfavorable 2~fiH+ (Cohen & Monod, 1957; Koch, 
1964). One interesting inhibitor is diethylpyrocarbo- 
hate, which inhibits accumulation but not facilitated 
diffusion without affecting the protonmotive force 
(Padan, Patel & Kaback, 1979; Garcia, Patel, Padan 
& Kaback, 1982; Patel, Garcia & Kaback, 1982). 

While most mutants of the lac Y gene result in 
concomitant changes in both types of activity there 
is one class of mutants in which the carrier shows 
normal facilitated diffusion but severely defective 
A/2H+-driven uptake (Wilson, Kush & Kashket, 
1970; Wong, Kashket & Wilson, 1970; Fried, 1977). 

In the present experiments there is a marked 
"discrepancy" between the two types of activity in 
proteoliposomes composed of asolectin, DOPC or 
DOPC-cholesterol. When an artificial protonmotive 
force (At o plus ApH) is imposed across the mem- 
brane of proteoliposomes with these two phospho- 
lipids, little or no accumulation is observed although 
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Table 4. Internal water space of proteoliposomes and lipo- 
somes 

Water space 
(txl water/mg lipid) 

Proteoliposomes" Liposomes b 

E. coil 1.12 -+ 0.18 (n = 5) 
Asolectin 0.86 + 0.23 (n = 3) 
DOPC 50% + 1.02 (n - 2) 

DOPE 50% 
DOPC 75% + 1.27 -+ 0.29 (n 4) 

cholesterol 25% 

t.25 -+ 0,04 (n - 8) 
0.77 -+ 0,05 117 = 8) 

~' Phosphate trapping technique (see Materials and Methods). 
b Sugar trapping technique (see Materials and Methods). 

counterflow is present. The most striking example 
is DOPC/cholesterol, which shows counterflow ac- 
tivity equal to that ofE. coli lipid (more than 10-fold 
accumulation) but 2xfiH+-driven uptake is virtually 
absent. The "discrepancy" is apparently not due to 
leakiness of protons (Table I, Figs. 4-6), nor is it 
correlated with size (Table 4) or carrier content (Ta- 
ble 3) of proteoliposomes. Perhaps one may con- 
sider the two activities of the carrier to represent 
sugar recognition and translocation (counterflow), 
on the one hand, and cation-coupling (AfiH,-driven 
uptake), on the other. According to this view, the 
sugar recognition and translocation aspect of the 
carrier is supported by a lipid environment with 
many different types of phospholipids while the 
proton-coupling aspect of the carrier can function 
only with a high concentration of phosphatidyl- 
ethanolamine. 

The dissociation between two different activi- 
ties of other membrane transport systems has been 
studied by the reconstitution technique. The 
ATPase hydrolysis activity of the Ca2+-ATPase of 
sarcoplasmic reticulum can be supported by recon- 
stitution in many lipid mixtures (Hidalgo, Ikimoto 
& Gergely, 1976; Navarro, Toivio-Kunnucan & 
Racker, 1984), while the ATP-driven Ca 2+ transloca- 
tion requires PE (Navarro et al., 1984). When the 
Na+-channel of rat brain was reconstituted in pro- 
teoliposomes, Na + translocation and tetrodotoxin 
binding show good activity when the phospholipid 
was phosphatidylchilone or a mixture of phos- 
phatidylcholine and rat brain lipids (Tamkun, 
Talvenheimo & Catterall, 1984). However, the 
binding of scorpion toxin was found only with a 
mixture containing brain lipids; no such binding ac- 
tivity was found with reconstitution in PC. 

These examples emphasize the complexity of the 
protein-lipid interactions in biological membranes. 
One portion of the transport molecule (or at least 
one biological function) shows a broad tolerance for 
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Fig. 6. Counterflow and At0-driven lactose uptake in proteoliposomes of different composition. Proteoliposomes prepared with 
extracts of T206 membranes were preloaded with 100 mM potassium phosphate, pH 7.5, centrifuged and resuspended in 75/~1 of 100 
mM potassium phosphate, pH 7.5. Valinomycin was added to this concentrated suspension to give a final concentration of 4(I/zM. (A) 
For counterflow experiments valinomycin-treated proteoliposomes were equilibrated with 20 mM lactose solution at 22~ for 1 hr. 
Twelve/zl of the proteoliposomes containing 20 mM lactose were diluted into 600 tzl potassium phosphate buffer pH 7.5 containing 
0.018 mM [~4C]-lactose (1 /xCi/ml). The final concentration of lactose in the external medium was 0.42 raM. Samples were removed at 
various times, filtered, washed, and counted. (B) For membrane potential-driven lactose uptake experiments, 12/xl of the valinomycin 
treated proteoliposomes (not incubated with lactose) were diluted into 1.2 ml of 100 mM sodium phosphate buffer at pH 7.5 containing 
0.018 mM [~4C]-lactose. Samples (0.2 ml) were removed at various times, filtered, washed, and counted. The equilibrium level of lactose 
was determined by diluting the proteoliposomes into 100 mM potassium phosphate buffer containing 0.018 mM [~4Cl-lactose and 
incubated at 22~ for 2 hr. Nonspecific binding (and/or inadequate washing) was measured by diluting the proteoliposomes into ice-cold 
100 mM potassium phosphate buffer containing 2 mM PCMB and sampled immediately after mixing. This value was subtracted from all 
experimental points. The membrane potential was measured with 86Rb as described in Materials and Methods 

various phospholipids, while another facet of the 
membrane protein activity requires very restricted 
lipid environment. It is difficult to speculate on the 
molecular significance of these observations 
without more detailed knowledge of the three- 
dimensional structure of membrane proteins and 
interactions of various domains with the lipid 
environment. 

We wish to thank Dr. Peter Overath for providing strain T206 
and Dr. Ronald Kaback for providing the [3H]-NPG labeled 
membranes. 
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