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ABSTRACT. The efficiency of reconstitution of the lactose transport protein (LacSytoéptococcus
thermophilusis markedly higher with Triton X-100 than with other detergents commonly employed to
mediate the membrane insertion. To rationalize these differences, the lipid/detergent structures that are
formed in the reconstitution process were studied by cryotransmission electron microscopy. Surprisingly,
the two nonionic detergents Triton X-100 anedodecyl5-p-maltoside (DDM) affected the liposome
structures in a completely different manner. Preformed liposomes titrated with Triton X-100 maintained
their bilayer structure far beyond the onset of solubilization, and transport activity was maximal when
LacS was inserted into these structures. With DDM the vesicular structures were already disrupted at the
onset of solubilization and these membrane sheets were converted into long threadlike micelles at higher
DDM to lipid ratios. Triton X-100 allowed the protein to be reconstituted with the hydrophilic surface
exposed to the outside, whereas LacS was incorporated randomly when DDM was used. These differences
in orientation are readily explained by the different lipidetergent structures formed by Triton X-100

and DDM. The orientation of the reconstituted LacS protein is a critical factor for the activity of the
protein as the kinetics of translocation is very different for opposite directions of transport.

Although many integral membrane proteins have been zation curve can be divided into three stag&sl(). During
reconstituted into liposomes, the molecular mechanisms of stage |, detergent molecules partition between the aqueous
membrane reconstitution are largely unknown and, generally, buffer and the bilayer. Stage Il starts when liposomes are
the efficacy of reconstitution is only qualitatively assessed. saturated with detergent (onset of solubilizatierRs,) and
Structural data on the complexes formed by membrane pro-continues upon a further increase of the detergent concentra-
teins and detergents as well as the process of protein insertionion, thereby inducing liposome solubilization and the for-
into lipid bilayers is limited. Such information is crucial mation of micelles. At stage lll, when the OD has reached
not only for the optimization of functional assays but also its minimal value Rs), the mixture consists of micelles at
for the formation of ordered protein assemblies (2-D crystals) varying detergent/lipid ratios. Although the optical density
for structure analysis of the proteins by electron crystal- offers a convenient tool to follow the solubilization, the actual
lography (). We have used the purified lactose transport effects of the detergents on the liposomes are not revealed.
protein (LacS) ofStreptococcus thermophilas an example  Here, we describe the macromolecular structures that are
to follow the process of membrane reconstitution with dif- formed by the lipid/detergent mixtures in the process of
ferent detergents, but the methodology appears to be ap-membrane reconstitution mediated by the nonionic detergents
plicable to other proteins as weR{4). The LacS protein  Triton X-100 and DDM. Based on these findings, a model
is a polytopic membrane protein that belongs to a large s proposed for the unidirectional incorporation of LacS into

family of secondary transport proteins)( It differs from liposomes mediated by Triton X-100 and for the random
most other secondary transport proteins by the presence ofncorporation mediated by DDM.

a hydrophilic carboxyl-terminal regulatory domai).(

To optimize the reconstitution process for the purified MATERIALS AND METHODS
LacS protein, the strategy of Rigaud et &, {7, § was
followed, which involves the stepwise solubilization of pre- Bacterial Strains and Growth ConditionsS. thermophilus
formed liposomes and protein incorporation at the different ST11AlacS carrying plasmid pGKHis was grown semi-
stages of liposome solubilization. The physical state of the anaerobically at 42C in Elliker broth supplemented with
liposomes during the titration with detergent was followed 0.5% beef extract and 20 mM lactose plusug/mL
by measuring the optical density at 540 nm. The solubili- erythromycin 8).
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were diluted to 4 mg of PUmL and titrated by stepwise
addition of~0.5 mM Triton X-100 or DDM. The effect of
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Membrane vesicles (4 mg of protein/mL) were incubated
with 65 uM TID and the probe was cross-linked by

the detergents on the liposomes was followed by measuringincubating the samples under UV light (254 nm) for 2 min

the optical density at 540 nm with a SLM-Aminco spectro-
photometer 9).

Cryotransmission Electron MicroscopyA small droplet
(ca. 5uL) of (detergent-treated) liposome suspension was
applied on one side of a Formvar film-coated (300 or 500

at 0°C. Subsequently, the membrane vesicles were solu-
bilized and LacS was purified and reconstituted as described.
The proteoliposomes were separated from nonincorporated
protein by sucrose gradient centrifugatidi2y, To visualize

the proteoliposomes in the gradient, octadecylrhodamine

mesh) copper grid or to a holey carbon film on a 500 mesh S-chloride (Rg) was incorporated at 50 nmol/mL of lipo-

copper grid; both sample preparations yielded identical
results. The grid was mounted in a homemade plunging
device, carefully blotted with filter paper, and immediately
plunged into liquid propane cooled by liquid nitrogen.

Specimen were subsequently stored under liquid nitrogen.

somes (20 mg of PL/mL) prior to the freeze/thaw/extrusion
cycles. Nonincorporated;Rwas removed by washing with
50 mM potassium phosphate, pH 7.0. Fractions from the
sucrose gradient containing lipid were pooled and the amount
of protein associated with the lipid was compared to the total

The prepared frozen-hydrated specimens were analyzed inramount of protein used for the reconstitution.

a Phillips CM10 transmission electron microscope equipped
with a model 626 Gatan cryostage at a temperatureldf0

to —170°C. Images were recorded on a Kodak FGP film
at 100 kV.

Purification and Reconstitution of LacS.he protein was
purified essentially as describe)( For the reconstitution,
preformed liposomes (4 mg of PL/mL) were equilibrated for
60 min with the appropriate amounts of DDM or Triton
X-100, mixed with the purified protein in 200 mM imidazole,
pH 7.0, 100 mM NacCl, and 10% (v/v) glycerol, plus 0.05%

Orientation of LacS in Proteoliposomedhe orientation
was determined with antibodies raised against the C-terminal
part of the protein, i.e., the cytoplasmically located Il1A do-
main. (Proteo)liposomes were washed twice with 0.5% BSA
in PBS and resuspended ati&fof LacS/mL. Subsequently,
they were incubated fa2 h with antibodies raised against
the purified IIA domain of LacS (Gunnewijk and Poolman,
unpublished results) or preimmune serum at a 1000-fold
dilution. After the proteoliposomes were washed 4 times
with 0.5% BSA in PBS, the proteins were separated by

detergent, and subsequently, the mixture was incubated forSDS-PAGE. The proteins were blotted onto poly(vinyli-

30 min at 20°C under gentle agitation. The final protein-
to-lipid ratio was always 1:1060150 (w/w), and the final

dene difluoride) membranes and the amount of bound anti-
body was determined by densitometry, following detection

glycerol concentration never exceeded 1% (v/v). Polystyrene with a secondary antibodyalkaline phosphatase conjugate
beads (Bio-Beads SM2, Bio-Rad) were added at a wet weightusing CSPD as a substrate.

of 80 mg/mL and the samples were incubated for another 2
h at room temperature to remove the detergent. Fresh Bio-

RESULTS

Beads were added twice and the samples were incubated at Lactose Transport Actity. To optimize the detergent/

4 °C for 3 h and overnight, respectively. The proteolipo-

lipid ratio for reconstitution, liposomes were titrated stepwise

somes were washed with 50 mM potassium phosphate, pHwith DDM. The solubilization of the liposomes was

7.0, harvested by centrifugation, resuspended in 50 mM
potassium phosphate, pH 7.0, and 2 mM Mg$s varying

followed by measuring the Ql, and after equilibration with
the appropriate amount of detergent, LacS was added at a

concentrations of lactose (see figure legends), and stored inl:100 protein-to-lipid ratio and reconstituted as described.

liquid nitrogen.
Lactose Counterflow in Proteoliposome&fter the samples

The dependence of the transport activity on the DDM
concentration, i.e., the physical state of the liposomes, is

were thawed at room temperature, the liposomes wereshown in Figure 1. In case of DDM, transport activity was

extruded through 400 nm polycarbonate filters. In a number

only obtained when liposomes were destabilized with a

of experiments, the proteoliposomes were used directly aftercertain minimal concentration of detergert3(5 mM). This

the removal of detergent by Bio-Beads, thereby avoiding the
freeze/thawing step; we never observed significant differ-
ences in activity or orientation of the protein with or without

the freeze/thawing step (not shown). After centrifugation,

coincides with the maximum optical density in the titration
curve, which is indicative for the onset of solubilizatidR
detergent-to-lipid ratio~ 1). The transport activity was
highest atRss, and when the detergent/lipid ratios were

aliquots of concentrated proteoliposome suspension wereincreased further the transport activity declined. At the

diluted into 200uL of potassium phosphate, pH 7.0, and 2
mM MgSQ, (KPM) plus [*“C]lactose at concentrations
indicated. The transport reactions were performed &C30
and processed as described previou8)y (

Efficiency of Protein ReconstitutionTo determine the
efficiency of protein reconstitution, LacS was labeled with
the photoactivatable reagen?J]TID (370 GBg/mmol).

! Abbreviations: BSA, bovine serum albumin; TEM, transmission
electron microscopy; CSPD, disodium 3-(4-methoxydira,-diox-
etane-3,2(5'-chloro)tricyclo[3.3.1.1]decgn4-yl)phenyl phosphate; DDM,
n-dodecyl-p-maltoside; PAGE, polyacrylamide gel electrophoresis;
PBS, phosphate-buffered saline; PL, phospholipids; SDS, sodium
dodecyl sulfate; TID, 3-(trifluoromethyl)-3atiodophenyl)diazirine;
Triton X-100; poly(ethylene glycolp-isooctylphenyl ether.

highest DDM concentrations usels; detergent/lipic~~ 3),
the activity had dropped more than 5-fold.

Also in the case of Triton X-100, the liposomes used for
the reconstitution required a minimal detergent concentration
for activity (Figure 1, inset). Importantly, the Triton X-100-
mediated reconstitutions yielded transport activities that were
relatively constant over a broad detergent concentration
range, and these activities were always higher than those of
DDM-mediated reconstitution. An explanation for the
observed differences might be found in the way these
detergents interact with the liposomes and affect the mac-
romolecular lipid/detergent structures.

Cryotransmission Electron Microscopy of Liposomes Ti-
trated with Triton X-100 or DDM Cryo-TEM pictures were
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Ficure 1: Lactose counterflow activity in proteoliposomes made
via DDM- or Triton X-100-mediated reconstitution. Purified LacS
protein was added to preformed liposomes (4 mg of PL/mL)
equilibrated with different concentrations of DDM or Triton X-100.
The physical state of the liposomes was followed by measuring
the ODs4 (®). After removal of detergent, the proteoliposomes were
washed and resuspended into potassium phosphate, pH 7.0, and
mM MgSO, (KPM) plus 10 mM lactose. The counterflow reaction
was started by diluting concentrated proteoliposome suspension
200-fold into KPM containing 54M [1“C]lactose, final concentra-
tion.

S
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IGURE 2: Cryotransmission electron micrographs of liposomes
itrated with DDM or Triton X-100. Liposomes were diluted to 4
mg/mL and titrated with DDM or Triton X-100. Shown are

e H = =Y e

preformed liposomes without detergent (A) and liposomes treated
with 3.8 mM DDM (Rsy) (B), 5.7 mM DDM (C), 1.8 mM Triton
X-100 (Rsa) (D), or 2.7 mM Triton X-100 (E). Bar represents 100

nm
taken of intact liposomes after extrusion through 400 nm

filters. In general, the liposomes were unilamellar and
regularly shaped, ang90% had a diameter of 16800
nm (Figure 2A). Equilibration of the liposomes with Triton
X-100 atRs4 did not result in observable differences in the

still intact at this point. Aberrantly shaped structures of lipid
sheets and open liposomes predominated under these condi-
tions (Figure 2B). Higher concentrations of DDM led to a
further rearrangement of the lipids, and long threael200

macromolecular structures as assessed by cryo-TEM, whereagm) mimicking stretched micelles of lipid and detergent (see

the ODyyodid increase (Figure 2D). At these detergent/lipid
ratios, the initial increase in OD probably reflects a swelling
of the liposomes due to partitioning of detergent molecules
into the lipid bilayers and/or fusion of the liposomes.
Surprisingly, a significant fraction of the liposomes remained
intact at stage Il of the solubilization, even at Triton X-100
concentrations that are far beyoRd, (Figure 2E). The
decrease in ORy, corresponds with a decrease in the size
of the liposomes. It seems that, during the solubilization,
lipids are extracted by the detergent without disruption of
the macromolecular structure of the liposomes. Only at
concentrations abové&s, (7 mM) were liposomes not

Discussion), were formed during stage Il. Intact liposomes
or even sheets of lipids were barely detectable under these
conditions (Figure 2C). The rearrangement of liposomes into
these unique structures is probably slow and explains the,
initially, slow equilibration of DDM and lipid. In stage Il
the ODs4o decreased further and equilibration became more
rapid (reached within a few minutes), and the electron
microscopic pictures showed that the threads became smaller.
Ultimately, at concentrations abow, all the lipid and
DDM was present in micelles.

Efficiency of Protein ReconstitutionTo assess the ef-
ficiency of reconstitution into the different structures formed

observed any longer, and all the lipid seemed to be presentqyring the solubilization of the liposomes with Triton X-100

in mixed micelles of lipid and detergent. However, even at
relatively high detergent/lipid ratios, the lipids still tended
to form liposomal structures despite the relatively high
concentration of Triton X-100 in the bilayers.

and DDM, the amount of radiolabeled LacS associated with
liposomes was determined after fractionation of the protein
and (proteo)liposomes on sucrose gradients. The reconstitu-

tion with Triton X-100 was very efficient and at least 95%

These observations are in sharp contrast to the resultsof the protein was incorporated when different concentrations

obtained with liposomes titrated with DDM. Starting with
the same liposome suspension, fagwas reached at higher
detergent concentrations (4 mM) and the equilibration of
DDM with the lipids was slow (23 h). Cryotransmission
electron microscopy showed that only a few liposomes were

of Triton X-100 were used to mediate the reconstitution. For
DDM the efficiency of reconstitution aRsy and Ry were
85% and 80%, respectively, but this does not explain the
lower transport activities observed. At concentrations of
DDM above Ry, the reconstitution was less reproducible
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Ficure 3: Orientation of LacS in proteoliposomes. Proteoliposomes g re 4: Kinetics of lactose counterflow. Proteoliposomes made

were resuspendcled at 5@ of LaChS’m# in PBS plus 0.5% BSA  py Triton X-100 (2 mM) mediated reconstitution, were equilibrated
and, subsequently, incubated @h with antibodies raised against it different concentrations of lactose and subsequently diluted

thedIIA dorr]nain of Lacs (lanes-16) or pre(ijmmune serum (Iar:)es |7 200-fold to start the transport reaction at tH€]lactose concentra-
and 8). Shown are Immune-precipitated LacS, set at 100% (laneyions indicated. Initial uptake rates were determined in triplicate,

1); liposomes (lane 2); proteoliposomes made with 4 mM DDM ; ;
(lane 3): 8 MM DDM (iane 4); 1.8 mM Triton X-100 (5): 4 mM 2ggattirc1)en-averaged data were fitted to the Michadlienten

Triton X-100 (lane 6); 4 mM DDM (lane 7); and 1.8 mM Triton
X-100 (lane 8).

centration of 10 mM. To study the kinetic parameters of
and the fraction of protein inserted into the proteoliposomes LacS-mediated counterflow transport, the internal and ex-
diminished in some cases t650%. ternal lactose concentrations were varied over a wide range.
Orientation of LacS in Proteoliposomehe orientation The data cl_early show that upon increa;ing the outs[de lactose
of the incorporated LacS protein was determined for concentration the uptake saturated wii*" values in the
reconstitutions at DDM and Triton X-100 concentrations that Submillimolar range, whereas the uptake rate increased
gave the typical macromolecular lipidietergent structures almost_ linearly with internal Iacto_se concentrations up to 10
as shown in Figure 2 (B,C and D,E, respectively). The mM _(Flggre 4). The latter value is consistent with t_he Iow_-
binding of antibodies specifically recognizing the hydrophilic &ffinity site at the outer surface that was reported in the in
IIA domain of LacS was compared Rtx and Rey of DDM vivo studies. Th_é(mappln the submillimolar range, i.e., 01
and Triton X-100 (Figure 3). In case of Triton X-100- Q.3 mM, deter_mlned for the outer surface of the membrane
mediated reconstitution, the antibody binding was maximal In the proteoliposomes must therefore reflect the internal
and equivalent to total immune-precipitated protein used for Surface in vivo.
the reconstitution at both detergent concentrations. Since
all the 1IA domain was available for the antibodies, the LacS DISCUSSION
protein must be reconstituted in an inside-out orientation. In this paper, the interactions of DDM and Triton X-100
About 35% of the maximal amount of antibody bound, when with liposomes made oE. coli lipids and egg PC were
the reconstitution was performed at DDM concentrations studied by cryotransmission electron microscopy, and the
equivalent toRsy: and Rsoi (Figure 3, lanes 3 and 4). The possible mechanisms of reconstitution of a membrane protein
low amount of antibody binding cannot only be explained in the formed macromolecular structures are described. From
by a lower amount of LacS in the proteoliposomes as the turbidity measurements, it was already clear that three stages
reconstitution efficiency was only $015% lower for DDM. can be distinguished during the process of membrane
We conclude that LacS incorporates randomly into liposomes solubilization @, 9). First, the detergent incorporates into
when DDM is used to mediate the reconstitution, whereas the lipid bilayers (stage 1), which results in a peak of the
the incorporation is unidirectional (inside-out) when Triton turbidity at the onset of solubilizatiorRf,). Subsequently,
X-100 is used. the liposomes disintegrate (stage Il) and a transition takes
Kinetic Parameters of Lactose TransportAlthough place from bilayer structures to mixed micelles. Finally, at
secondary transport proteins generally operate reversibly inRs, the liposomes are completely solubilized (stage Ill) and
the two opposing directions of transport, i.e., the direction further changes only involve the ratio of detergent and lipids
of transport is determined by the directionality of the inthe micelles. Although the turbidity measurements offer
driving force and not by the orientation of the protelr), a good method to follow the solubilization process, they do
the kinetic parameters can be different for outside to inside not give any information on the exact mechanism and the
and inside to outside translocation. The apparent affinity structures formed during the solubilization. By employing
constant K2 for lactose self-exchange at the outer surface cryo-TEM on the lipid-detergent mixtures, we now dem-
of the membrane in vivo is about 10 mNI4). Since Triton onstrate that the second stage in the solubilization is
X-100-mediated reconstitution results in an inside-out ori- completely different for Triton X-100 and DDM. The
entation of the LacS protein, the counterflow (exchange) implications for protein reconstitution are schematically
activity should not saturate up to an internal lactose con- depicted in Figure 5 and are explained below.
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obtained when LacS was mixed with these structures. It
seems likely that membrane proteins insert into these
structures from both surfaces, without the need of the
hydrophilic 1IA domain to cross the bilayer, leading to a
random orientation. DDM is characterized by an hydro-
phobic tail of intermediate length and a bulky hydrophilic
headgroup 17). The alignment of these molecules at
saturating concentrations will cause curvature of the mem-
brane and disruption of the bilayer structure. Unlike Triton
X-100, the physical properties of DDM support the formation
of long micellar threads at intermediate detergent/lipid ratios
(stage 1l). While this work was in progress, threadlike
structures were also reported for liposomes composed of egg
phosphatidylcholine and egg phosphatidic acid that were
treated with DDM (8). Similar threads, with about the
thickness of a phospholipid bilayer, have also been described
for mixtures of octyl glucoside and phospholipidi9). It

is hard to imagine that a membrane protein will incorporate
into such threads since they do not seem to represent bilayer
structures but rather form micellar structures (Figure 5). We

propose that, with DDM to mediate the reconstitution,
membrane proteins are only incorporated into the membrane
Ficure 5: Model for membrane protein reconstitution mediated sheets that are presgang;,, €., Whe_n the s_tretched micelles
by DDM or Triton X-100. A-E correspond to the structures &re c_onyerted into Ilposomes. It is obvious that the char-
observed by cryo-TEM (Figure 2). Pentagons represent LacS acteristics of DDM and Triton X-100 are also relevant for
protein. 2-D crystallization of membrane proteins. For stable arrays
of protein and lipids, Triton X-100 may be a much more
In case of Triton X-100, intact liposomes were observed suitable detergent than DDM as it permits protein insertion
even near the end of stage Il. An equilibrium exists between over a much broader range of detergent-to-lipid ratios and,
Triton X-100-saturated liposomes and mixed micelles that consequently, exposes the protein for shorter periods to
diffuse in and out of the bilayer (Figure 5). When more conditions that may lead to inactivation and/or aggregation.
Triton X-100 is added, the equilibrium shifts from the The more or less random orientation of LacS in proteo-
liposomal toward the micellar state, and the opposite occursliposomes obtained with DDM also explains in part the lower
when Bio-Beads are used to lower the detergent concentratransport activity measured in the counterflow assay. For
tion. The decrease in QI with increasing Triton X-100  proteoliposomes obtained via Triton X-100-mediated recon-
concentrations parallels a decrease in the diameter of thestitution, the affinity constant for lactose at the outer surface
liposomes, but the bilayer structure remains intact. We of the membrane was0.2 mM, whereas it was at least 10
speculate that Triton X-100 has a molecular shape thatmM at the inner surface. In the case of the DDM-mediated
stabilizes membranes, in particular those that are largely reconstitution about 50% of the molecules have the low-
composed of nonbilayer lipids such as PE and cardiolipin affinity side exposed to the outside of the proteoliposomes.
(see also ret5). Notice that theE. colilipid/egg PC mixture Thus, at a substrate concentration of /8, about half of
used consists of about 50% PE and 10% cardiolipin. Patcheshe molecules will not contribute significantly to the overall
of Triton X-100 molecules enable protein molecules, sur- transport activity. The difference in transport activity at
rounded by detergent, to diffuse from the solution into the “low” and “high” concentrations of DDM reflects, in our
membrane. By removal of Triton X-100 with the hydro- opinion, loss of lipid, which is more pronounced for higher
phobic beads, the equilibrium is shifted toward protein concentrations of DDM. The activity of LacS appears to
insertion. At the highest concentrations of detergent, when depend strongly on the final lipid/protein ratio (unpublished
only mixed micelles are present, the addition of the poly- results) and will thus be lower when more lipid is lost.
styrene beads will (quickly) drive the formation of bilayers
into which the protein will insert. Membrane proteins such ACKNOWLEDGMENT

as LacS, of which the inner and outer surface differ \ve thank Alain Brisson, Robert Friesen, Wil Konings,

significantly in hydrophobicity, will insert unidirectionally  and Marc Stuart for valuable comments during the prepara-
as it is unfavorable for the hydrophilic (IIA-) domain to  tjon of the manuscript.
penetrate the lipid bilayer once a closed vesicular structure
is formed. Moreover, the liposomes initially formed from REFERENCES
the mixed micelles are small in diameter, which induces a ;| winibrandt. W. (199200. Rev. Biophys. 251-49.
strong curvature of the membrane and a lipid asymmetry 3. Rigaud, J.-L., Paternoste M.-T., and Pitard, B. (1&6Fhim.
that might favor the unidirectional insertion even maté)( Biophys. Acta 1231223-246.
i i i i 3. Gaillard, 1., Slotboom, D.-J., Knol, J., Lolkema, J. S., and

With DDM, I|po§_omal structures are pnly sustalned'untll Konings: WoN. (1996)'3iochémistry’ 356150-6156.
the onset of solubilizatiorRe). At this point a large fraction 4. Hagting, A., Knol, J., Hasemeier, B., Streutker, M. R., Fang,
of the liposomes have lost their integrity and are present as G., Poolman, B., and Konings, W.N. (19%r. J. Biochem
membrane sheets. The highest transport activities were 247, 581-587.

Detergent Concentration



Reconstitution of Integral Membrane Proteins Biochemistry, Vol. 37, No. 46, 19986415

5. Poolman, B., Knol, J., Does van der, C., Henderson, P. J. F., 13. Poolman, B., and Konings, W. N. (199jochim. Biophys.

Liang, W. J., Leblanc, G., Pourcher, T., and Mus-Veteau, |. Acta 1183 5—39.
(1996) Mol. Microbiol. 19, 911-922. 14. Poolman, B., Knol, J., and Lolkema, J. (1995Biol. Chem.
6. Poolman, B., Knol, J., Mollet, B:, Nieuwenhuis, B., and Sulter, 270, 12995-13003.
G. (1995)Proc. Natl. Acad. Sci. U.S.A. 9278-782. 15. Madden, T. D., and Cullis, P. R. (198B)ochim. Biophys.
7. Pgternos_tre, M. T., Roux, M., and Rigaud, J. L. (1988) Acta 684 149-153.
Biochemistry 272668-2677. 16. Huang, C., and Mason, J. T. (1978)oc. Natl. Acad. Sci.
8. Knol, J., Veenhoff, L., Liang, W.-J., Henderson, P. J. F., U.S.A. 75308-310.
Leblanc, G., and Poolman, B. (1996) Biol. Chem. 271 17. Cullis, P. R., de Kruijff, B., Hope, M. J., Verkleij, A. J., Nayar,
15358-15366. o _ R., Farren, S. B., Tilcock, C., Madden, T. D., and Bally, M.
9. Lichtenberg, D. (1985Biochim. Biophys. Acta 82470~ B. (1983) inMembrane fluidity in biologyAloia, R. C., Ed.)
478. Vol. 1, pp 39-81, Academic Press, New York.
10. 1D6e7léa Maza, A., and Parra, J. L. (19%ipphys. J72, 1668~ 18. Lambert, O., Levy, D., Ranck, J.-L., Leblanc, G., and Rigaud,
. ) . J.-L. (1998)Biophys. J. 74918-930.
11. Mayer, L. D., Hope, M. J., and Cullis, P. R. (19&pchim. 19. Vinson, P. K., Talmon, Y., and Walter, A. (198Bjophys. J.

12. In't-Veld, G., Elferink, M. G. L., Driessen, A. J. M., and
Konings, W. N. (1992Biochemistry 3112493-12499. BI1981596U



