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Abstract

An understanding of the action of many drugs requires a knowledge of how the drug reaches the site of action in
a cell. A detailed knowledge of the structure and function of cell membranes is often required to understand the
transport of drugs across the plasma membrane To obtain this information proteins must be isolated. The isolation
and characterisation of cell membrane proteins usually requires the solubilisation of the membrane and a method of
separation of the various membrane proteins and glycoproteins. The starting point for such an investigation is the
choice of a suitable surfactant (detergent) to solubilise the membrane. This review considers the range of surfactants
that are available for membrane solubilisation, how surfactants interact with membranes, the part they play in the
separation of integral membrane proteins and in the reconstitution of membrane proteins for functional studies. The
solubilisation of specific membrane proteins and glycoproteins including the human erythrocyte anion transporter,
mitochondrial porin, sarcoplasmic reticulum Ca2+-ATPase, the ATPase-active multidrug transporter P-glycoprotein,
bacteriorhodopsin and rhodopsin are also discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

To reach the site of action many drugs must be
transported across the plasma membranes of cells
either through the lipid bilayer or by interaction
with membrane transporters or receptors. A de-

tailed knowledge of the function of membrane
proteins and their ability to facilitate membrane
processes is essential to an understanding of drug
delivery mechanisms. The preparation of biologi-
cal membranes and their disruption and solubili-
sation are the first steps in the isolation and
characterisation of the structural and functional
components of membranes. Membrane solubilisa-* Tel.: +44-161-275-9093; fax: +44-161-275-5082.
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tion is, in most cases, achieved by the use of
surfactants and the choice of surfactant for the
isolation of a particular membrane component
such as a transporter protein or membrane recep-
tor can be critical in its effective isolation, espe-
cially if the protein is to be isolated in a pure and
functional form.

The most commonly used surfactant in bio-
chemical applications is sodium n-dodecyl sul-
phate (SDS) which effectively solubilises most
membranes down to protein or glycoprotein–SDS
complexes and mixed membrane lipid–SDS mi-
celles. It is for this reason that SDS finds wide-
spread uses as the surfactant of choice in
polyacrylamide gel electrophoresis (PAGE) for
the analysis and molecular mass determination of
membrane proteins and glycoprotein subunits
(Weber and Osborn, 1975). SDS-PAGE is one of
the most widely used biochemical techniques and
depends on the formation of protein/glycoprotein
SDS saturated complexes being separated by a
sieving action through cross-linked polyacry-
lamide in an electric field. Generally, this is done
under reducing conditions by treatment of the
samples with b-mercaptoethanol, so that the com-
plexes are formed from protein/glycoprotein sub-
units. SDS denatures most proteins so it is of little
value in the isolation of functional proteins/
glycoproteins.

There are now available a very large number of
surfactants of various types—anionic, cationic,
zwitterionic and non-ionic—which in principle
could find application in membrane studies. In
practice the number that have been used is rela-
tively small. In this review the principle aspects of
the solubilisation of biological membranes, the
use of surfactants and the factors to be considered
in the reconstitution of some functional proteins,
will be discussed. Particular aspects of the area of
membrane solubilization by surfactants and re-
lated work have been the subject of a number of
previous reviews to which attention is drawn for
the earlier studies in the field (Helenius and Si-
mons, 1975 Lichtenberg et al., 1983 Lichtenberg,
1985 Levitzki, 1985 Jones et al., 1987a Jones, 1992
Jones and Chapman, 1995a Jones and Chapman,
1995b; Jones, 1996). Practical aspects of the isola-
tion and reconstitution of membrane proteins

have been described by Jones et al. (1987a). The
theoretical aspects of protein–surfactant interac-
tions have also been reviewed (Jones, 1992 Jones
and Chapman, 1995a Jones and Chapman, 1995b;
Jones, 1996).

1.1. General considerations

The structure of biological membranes consists
of a bilayer of lipids in which are embedded
proteins and glycoproteins, the so called intrinsic
or integral proteins/glycoproteins, and to which
are adsorbed, largely on the cytoplasmic side of
the membrane, other proteins, the so-called ex-
trinsic or peripheral proteins. The essential fea-
tures of biological membranes were layed down
by Singer and Nicholson (1972) in their now
classical ‘fluid mosaic’ model of cell membranes.

The detailed structure of particular membranes
differ; for example, the ratio of protein to lipid by
weight varies from around 0.3 in myelin mem-
branes, which function only as a pathway for
nerve impulse transmission, to 3.0 in the inner
mitochondrial membrane, the location of the nu-
merous enzymes involved in oxidative phosphory-
lation. Some general points to be noted about
membrane structure are as follows:
� The bilayers consist of a wide range of lipid

types—e.g. phospholipids, sphingolipids, gly-
colipids and, except for bacterial membranes,
sterols (cholesterol).

� The lipids are asymmetrically distributed, some
lipids being found predominantly on the extra-
cellular surface of the bilayer—e.g. phos-
phatidylcholine and sphingomyelin—while
others with smaller head groups are generally
on the cytoplasmic side—phosphatidylserine
and phosphatidylethanolamine (Roelofsen and
Denkamp, 1994).

� The integral membrane proteins/glycoproteins
are generally anchored to the bilayer by hydro-
phobic domains often in the a-helical confor-
mation. Many transporters and receptors have
several trans-membrane a-helical sequences of
approximately 20 amino acids (the number re-
quired to cross the hydrophobic core of the
bilayers, :3 nm thick). Numerous integral
membrane proteins have seven a-helix span-
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Table 1
Surfactants used in membrane solubilisationa

DenaturantCMCMolecular massName Aggregation
(monomer) number(mM)b

8 60 YesSodium n-dodecyl sulphate (SDS) 288.4
13 10430.6 NoSodium cholate

Sodium deoxycholate 5432.6 10 No
614.9 1.4 103-[(3-Cholamidopropyl)-dimethylammonia]-1-propane sul- No

phate (CHAPS)
n-Octyl-b-D-glucopyranoside (OBG) 292.4 23 30 No

9n-Octyl-b-D-thioglucopyranosidec –308.4 No
0.3 140650 NoPolyethylglycol p-t-octylphenol n=9–10, Triton X-100

656Triton X-100, reduced – – No
0.1 110 NoPolyethylene glycol n-dodecanol n=9–10, Lubrol PX 582
0.012 601310 NoPolyethylene glycol sorbitan monooleate n=20, Tween-80
0.087 120 NoOctaethylene glycol dodecyl ether (C12E8) 538.8

a Data from Jones et al. (1987a) and Jones and Chapman (1995c), except where indicated.
b The CMCs for ionic surfactants decrease with increasing ionic strength; the values quoted are those for water at 25°C.
c Thomas (1986).

ning domains—e.g. bacteriorhodopsin and the
b-adrenergic receptor (Jones and Chapman,
1995c).

� The glycoproteins generally have their glycosy-
lated regions orientated on the extracellular
bilayer surface which forms the so-called ‘gly-
cocalyx’ of the cell. They often carry negatively
charged groups—e.g.such as sialic acids—
which give the cell surface a negative charge.

� Extrinsic membrane proteins are adsorbed to
the bilayer surface by ionic and/or hydrophilic
interactions or in some cases by hydrophobic
covalently linked anchors. These may be acyl
residues of myristic or palmitic acid or complex
lipids (Sefton and Buss, 1987).

� The structure is dynamic; the lipids can later-
ally diffuse (Tocanne et al., 1994) and exchange
from one bilayer surface to the other (flip–
flop). Lateral diffusion is generally faster than
flip–flop although for some lipids flippase
proteins aid flip–flop. The proteins/glyco-
proteins can laterally diffuse and rotate but
cannot flip–flop (Kapitza and Jacobson, 1986
Thomas, 1986). It should be noted that al-
though the lipids can laterally diffuse the bi-
layer is not homogeneous but can undergo
lateral phase separation; also some membrane
proteins have an affinity for specific lipids. It is

with reference to the above general features of
cell membranes that the interaction of surfac-
tants with the various membrane components
must be considered. In summary, membranes
are heterogeneous which means that there are
numerous possible surfactant–protein/glyco-
protein and surfactant–lipid interactions to
consider in the solubilisation process. The na-
ture of these interactions will be determined by
the surfactant properties, such as hydrophobic/
hydrophilic balance (HLB) and critical micelle
concentration (CMC) and the properties of the
membrane components. In general terms solu-
bilisation involves hydrophobic interactions be-
tween the surfactant chains and the
lipid/protein in the case of non-ionic surfac-
tants, when ionic surfactants are used the inter-
action is modified by the ionic interactions.

2. Surfactant used in membrane solubilization

The properties of some of the most commonly
used surfactants for membrane solubilisation are
summarised in Table 1. As mentioned above, SDS
will solubilise most cell membranes but is a strong
denaturant at millimolar concentrations. There
are, however, some proteins which resist denatu-
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ration such as the proteolytic enzymes papain and
pepsin (Nelson, 1971), glucose oxidase at pH 6
(Jones et al., 1982a) and bacterial catalase (Jones
et al., 1982b). In contrast, the fungal (Aspergillus
niger) catalase is activated by SDS at pH 6.4 but
not in acid or alkaline solution (Jones et al.,
1987b). It is interesting that some proteins can
undergo changes in secondary structure when in-
corporated into protein–SDS complexes (Parker
and Song, 1992). This takes the form of an in-
crease in a-helical content at the expense of loss of
antiparallel b-sheet. Thus pepsin, alcohol dehy-
drogenase, carbonic anhydrase and immunoglob-
ulin increase their a-helical content by 9, 9, 15 and
25%, respectively, when complexed by SDS. The
natural anionic surfactants cholate and deoxy-
cholate are generally non-denaturing. The confor-
mation of the ring structures leads to molecules
which have a hydrophobic and a hydrophilic side
bearing the hydroxyl groups. A consequence of
this ‘sidedness’ is that they form small micelles
with low aggregation numbers; also they form
mixed micelles with membrane phospholipids in
which the cholates probably locate peripherally
around small bilayer fragments as has been found
in the case of their derivatives, the bile salts
(Mazer et al., 1980). Unlike most membrane
proteins/glycoproteins the multidrug transporter
P-glycoprotein is deactivated by 1 mM deoxy-
cholate (Doige et al., 1993), while the phospholi-
pases are activated by deoxycholate (El-Sayert
and Roberts, 1985).

Non-ionic surfactants such as OBG and
octylthioglucoside are favoured for membrane
solubilisation because of their high CMC’s which
makes their removal from solubilised membrane
extracts by dialysis easier than from surfactants
with low CMCs. In dialysis it is the diffusion of
the monomeric surfactant through the dialysis
membrane which is the rate determining step so
that surfactants with low CMCs diffuse very
slowly. The octylthioglucoside is considerably
cheaper than OBG although its CMC is lower at
9 mM (Saito and Tsuchiya, 1984) but still high
enough for rapid dialysis.

The synthetic non-ionics, the Tritons, Lubrols
and Tweens, offer a wide range of HLB. They are
cheap but have low CMCs; they are non-denatur-

ing and there are examples of activation by Triton
X-100 in the case of the multidrug transporter
P-glycoprotein (Doige et al., 1993) and glucose-6-
phosphatase (Beyhl, 1986). It has also been found
that it is possible to refold the sulphur transferase
enzyme, rhodanese, at high concentration in
mixed Triton X-100–phospholipid mixed micelles
after its denaturation in urea or guanidinium
chloride (Zardeneta and Horowitz, 1994).

A potential disadvantage of the Triton class of
non-ionics is the presence of the aromatic ring
which absorbs in the UV at 280 nm where the
aromatic side-chains of proteins/glycoproteins
also absorb. This prevents UV detection of mem-
brane proteins/glycoproteins in the presence of
Tritons. To avoid this problem reduced Tritons
have been produced (Tiller et al., 1984). The
interference by surfactants in protein assays is a
problem which must often be addressed (Thorne,
1978 Pande and Murthy, 1994).

Some novel surfactants have been described for
the reconstitution of membrane proteins. One
such compound is ammonium perfluorooctanoate
which forms vesicle-like structures called ‘surfac-
tosomes’ (Reviakine et al., 1996). The surfacto-
somes have been used for the solubilisation,
reconstitution and 2-D crystallisation of the
16 000 molecular mass membrane sector of the
V-type H+-ATPase. Another class of solubilising
agents based on sulphoxide derivatives of THAM
(Tris(hydroxymethyl)-acrylamidomethane) has
been synthesised (Barthélémy et al., 1998). The
structure of these materials is as follows:

R−SO−CH2CH2CO−NH−CH(CH2OH)3

where R is octyl, decyl, dodecyl, palmitoyl or
C6F13 (CH2). The CMCs of the alkyl derivatives
of chain length Cn obey the relationship:

log(CMC/mM)= −0.71Cn+6.87

so that for the decyl compound the CMC is
0.59 mM. This compound shows the best efficacy
as a solubiliser of protein from the nuclear (:
57%), mitochondrial (:71%) and microsomal
(:69%) membranes of rat liver.

A series of polymeric surfactants has also been
synthesised by the esterification of dextran with
fatty acids (Bauer et al., 1997). These promise to
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replace the block copolymers based on poly-
oxyethylene–polyoxypropylene (Polyoxamers,
Pluronics and Pluroils) which have poor solubil-
ity. The dextran fatty acid esters prepared from
dextran and lauric acid at mole ratios of 10:1 and
15:1, of molecular mass approximately 30 000,
have a haemolytic activity of approximately 10−3

of that of SDS towards erythrocytes, but com-
pared to block copolymers improved solubilisa-
tion capacities.

2.1. Surfactant interactions with lipid bilayers

The mechanism of solubilization of a lipid bi-
layer by a surfactant is directly relevant to mem-
brane solubilisation. Considering the process as
the surfactant concentration is increased, the ini-
tial interaction is between the surfactant monomer
and the bilayer. The monomer penetrates into the
bilayer until saturation occurs after which mixed
micelles of surfactant and lipid can form. Lichten-
berg et al. (1983) and Lichtenberg (1985) consid-
ered the process in terms of the effective molar
ratio (Re) of surfactant (S) to bilayer lipid (L),
defined by the equation:

Re=
[S]− [S]monomer

[L]
(1)

where [S], [S]monomer and [L] are the molar concen-
tration of total surfactant, monomeric surfactant
and lipid, respectively. The solubilisation process
can be described by the following sequence of
processes:

Lipid bilayer (L)

8+S

Surfactant saturated bilayer (LSn)−R e
sat

8+S

LSn+mixed micelles (LSm)

8+S

Mixed micelles (LSp)+surfactant

Micelles (Sx) R e
sol

The surfactant saturated bilayer, mixed micelles
and surfactant micelles will always be in equi-

librium with ‘free’ monomeric surfactant at the
CMC. Above R e

sat some of the bilayer will disrupt
with the formation of mixed micelles (LSm); fur-
ther addition of surfactant will result in progres-
sive bilayer disruption until only mixed micelles
enriched in surfactant (LSp, where p\m) and
surfactant micelles (Sx) are present at R e

sol.
The process of bilayer solubilisation has been

followed in liposomal systems by loading the lipo-
somes with 6-carboxyfluorescein at a concentra-
tion where its fluorescence is quenched and
following the increase in fluorescence on addition
of surfactant (Alonso et al., 1987 Urbaneja et al.
1987 Ruiz et al., 1988). The decrease in quenching
(increase in fluorescence) when the liposomes be-
come leaky and the extent of solubilisation, by
separating intact liposomes from disrupted ones,
can be followed as a function of surfactant con-
centration. Leakage occurs before solubilization
and follows a steeper curve as a function of
surfactant concentration. The concentration of
surfactant required to 50% solubilise the lipo-
somes (R e

50%) increases with the CMC of the
surfactant. Generally, the more hydrophobic the
surfactant and the lower its CMC, the greater will
be its tendency to penetrate into lipid bilayers at
low concentrations. Thus for Triton X-100 (CMC
0.3 mM) R e

50% is 1.7 mM while for OBG (CMC
23 mM) R e

50% is 20 mM.
The fine details of surfactant interaction with

bilayers will vary considerably with the lipid com-
position of the bilayer and its physical state—e.g.
mesophase structure and temperature. A further
consideration is the effect that a surfactant bind-
ing protein can have on the state of aggregation
and phase transformations of the phospholipid. If
the protein binds surfactant strongly then the
value of Re will be reduced which might in turn
effect the surfactant concentrations at R e

sat and
R e

sol. An example of such behaviour is the effect of
albumin on phosphatidylcholine (PC)–sodium
cholate mixtures (Meyuhas and Lichtenberg,
1995). Albumin binds very strongly seven cholate
molecules regardless of the PC concentration. In
the PC–cholate system the concentration of albu-
min alters the size of the PC vesicles formed such
that at low albumin concentrations the vesicles
are smaller whereas at high albumin concentra-
tions the vesicle size increases appreciably.
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Albumin can also induce changes in phase in
dioleoylphosphatidylcholine–oleic acid (DOPE–
OA) vesicles by binding OA, resulting in the
transformation from the lamellar phase to the
hexagonal II phase (inverted micellar phase)
(Straubinger et al., 1985). PEs commonly form
hexagonal II phases, but the bilayer phase is
found in the presence of OA so the removal of the
OA by binding to albumin triggers the phase
transformation back to the hexagonal II phase.

2.2. Surfactant interactions with membranes

The interaction of surfactants with cell mem-
branes resembles that with lipid bilayers, with the
additional implications of the interaction of sur-
factant monomers with the membrane proteins
and glycoproteins. The sequence of solubilisation
can be described as follows:

Membrane

9+S

Membrane Sn Saturation

9+S

Membrane Sn Lysis

9+S

Lipid−protein−Sm complexes

+Lipid−Sp mixed micelles

Disruption and solubilisation

9+S

Protein−Sp complexes

+Lipid−Sr mixed micelles

+Ss surfactant micelles

As with lipid bilayers the first step involves
saturation of the membrane with monomeric sur-
factant, the membrane may then lyse with release
of the cytoplasmic contents. Membrane break-
down occurs initially into lipid–protein–surfac-
tant complexes and mixed lipid–surfactant
micelles. Further addition of surfactant generally
causes the lipid–protein–surfactant complexes to
become richer in surfactant as more mixed mi-

celles are formed. The final state may ideally be a
mixture of protein (and glycoprotein)–surfactant
complexes, mixed micelles and surfactant micelles,
which will be in equilibrium with free surfactant
at the CMC of the system. In practice complete
delipidation of the protein complexes may not
occur, particularly if the protein has a strong
affinity for a particular lipid. As for lipid bilayers,
the total amount of surfactant required to solu-
bilise the membrane will increase with the CMC
of the surfactant.

Choice of surfactant can influence the mode of
solubilisation in other ways apart from the value
of the CMC. For example, sodium cholate which
forms mixed micelles with a high lipid to cholate
molar ratio, due to the unusual stereochemistry of
the cholate molecule, will remove lipid from cell
membranes preferentially at low cholate concen-
trations, while still leaving the membrane unlysed.
The ratio of solubilised protein to solubilised lipid
initially falls below unity as lipid is removed. Such
an effect has been observed on interaction of
cholates with the human erythrocyte membrane
(Kirkpatrick et al., 1974) human platelets (Shiao
et al., 1989) and trout gill epithelial cells (Partear-
royo et al., 1991).

2.3. Separation of integral membrane proteins

The separation of integral (intrinsic) membrane
proteins from peripheral (extrinsic) membrane
proteins has been achieved by several general
methods. Early studies depended on the use of
salts or chaotropic agents which weakened the
ionic interactions between the bilayer surface and
peripheral proteins, or disrupted the hydrophobic
interactions between transmembrane domains of
integral proteins or glycoproteins. For example,
the strength of attachment by erythrocyte mem-
brane proteins to the bilayer was demonstrated by
membrane extraction with increasing concentra-
tions of sodium iodide (Steck, 1974) which re-
sulted in removal of the peripheral proteins
leaving only Band 3, the anion transporter, at the
highest concentration of sodium iodide. The
chaotropic agent lithium diiodosalicylate was used
by Marchesi and Andrews (1971) to release gly-
cophorin A, the major sialoglycoprotein of the
human erythrocyte membrane, prior to isolation
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by partitioning in the aqueous phase of a phenol–
water two-phase system.

The partitioning of membrane proteins between
two phases, one of which is hydrophobic and the
other hydrophilic, was brought about by Bodier
(1981) using the Triton non-ionic surfactants. The
Tritons form a homogeneous micellar solution
which on heating passes through a cloud point
and separates into two phase, one rich in micellar
surfactant and an aqueous phase depleted in sur-
factant. The micellar phases, contain large mi-
celles which are possibly formed by association of
smaller micelles at the cloud point and it is hence
capable of solubilizing hydrophobic membrane
proteins. The temperature of the cloud point de-
pends on the number of oxyethylene units (n) in
the surfactant. Thus for Triton X-100 (n=9 or
10) the cloud point is 64oC which is generally too
high for membrane protein partitioning if the
possibility of thermal denaturation is to be
avoided. Triton X-114 (n=1 or 8) has a cloud
point of 20oC and is thus ideal for partitioning.
Bodier (1981) demonstrated that hydrophilic
globular proteins such as serum albumin, catalase,
ovalbumin, concanavalin A, myoglobin and cy-
tochrome c partition predominantly into the Tri-
ton-depleted (upper) aqueous phase whereas
hydrophobic membrane proteins such as acetyl-
cholinesterase, bacteriohodopsin and cytochrome
c oxidases from several sources partitioned pre-
dominantly into the Triton-rich (lower) micellar
phase. In the case of bacteriorhodopsin the parti-
tioning between the phases reflected the partition-
ing of the Triton X-114 itself. Specifically,
approximately 95% of the Triton was in the micel-
lar phase which held 80% of the bacteri-
orhodopsin. In contrast, for a globular protein
such as haemoglobin over 95% partitioned into
the aqueous Triton-depleted phase. This is a valu-
able general method for the separation of intrinsic
and extrinsic membrane proteins and it has been
used to isolate and purify integral membrane pro-
tiens of the mammalian visual transduction cas-
cade (Justice et al., 1995). Care must, however, be
taken if other surfactants are present in the sys-
tem, other surfactants, particularly those more
hydrophilic than Triton X 114 will raise the cloud
temperature and can prevent phase separation
altogether.

3. Surfactants in reconstitution of membrane
proteins

A common aim in the study of membrane
proteins/glycoproteins is to reconstitute the
molecule of interest into a bilayer system, fre-
quently a phospholipid vesicle or a bilayer lipid
membrane (BLM) formed across an orifice in a
hydrophobic support such as a Teflon partition.
The attraction of such a reconstituted system is
that the function of the protein can be studied in
isolation without complications from other mem-
brane components. The function of transport
proteins in phospholipid vesicles is very conve-
niently followed by monitoring the uptake of
substrate by the vesicles, for example. There are
several possible mechanisms suggested for the re-
constitution of membrane proteins which have
been discussed in detail by Helenius et al. (1981);
all depend on the initial solubilisation of the
membrane protein by surfactant followed by re-
moval of the surfactant.

The simplest is the progressive removal of sur-
factant from a solubilized mixture of lipid–surfac-
tant–protein and lipid–surfactant mixed micelles
by dialysis. This results in the reformation of a
bilayer phase which on further surfactant removal
can result in the formation of sealed vesicles with
the protein incorporated in the bilayer more or
less symmetrically, if the protein has a recognis-
able asymmetry with an outward and inward fac-
ing orientation in the natural membrane. Another
method of reconstitution is to mix surfactant–
protein complexes with preformed lipid vesicles,
whereupon the gradual removal of the surfactant
by dialysis will result in the insertion of the
protein into the bilayer. In this case, because the
vesicles are preformed and the protein can only be
inserted from the outside of the vesicles the
protein orientation will be predominantly asym-
metric. Finally, lipid–surfactant mixed micelles
can form lipid–surfactant vesicles in the presence
of protein–surfactant complexes, when the surfac-
tant to lipid ratio is reduced, resulting in lipid
vesicles plus lipoprotein complexes. The reconsti-
tution process in vesicles can often be improved
by the introduction of a freeze–thaw step.
Freeze–thawing results in the formation of larger
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vesicles by fusion of smaller ones. While the
mechanism of the fusion processes is not fully
understood, it has been suggested that on freez-
ing, water molecules crystallise on the charged
phospholipid interfaces and form planes between
bilayers of adjacent vesicles. The bilayers are then
easily fractured and the exposed hydrophobic
cores fuse to give rise to larger vesicles during
slow thawing (Pick, 1981).

The choice of surfactant for reconstitution
studies has been discussed by Jones and Chapman
(1995d) with reference to the reconstituion of
membrane transporters and receptors in a variety
of phospholipid systems. The choice of surfactant
for a particular reconstitution study depends on
the following factors.
� The surfactant must readily solubilise the

protein/glycoprotein from the cell membrane
without initiating denaturation. Non-ionic sur-
factants such as Tritons, and octylglucoside
and the anionic surfactants sodium cholate and
deoxycholate are very frequently chosen.

� Since once solubilized the surfactant must be
progressively removed by dialysis, surfactants
with high CMCs are preferable, other factors
being equal, since the higher the CMC the
more easily the surfactant monomer can be
dialysed out of the system. Octylglucoside
CMC (23 mM) is thus a favourite choice al-
though its cost is high. Octylthioglucoside is
cheaper and also has a relatively high CMC (9
mM) (Saito and Tsuchiya, 1984).

� During a reconstitution study it is useful to
follow the solubilization and reconstitution by
assaying for the amount of protein/glyco-
protein in the system. The ratio of protein/gly-
coprotein to lipid is a convenient measure of
the level of reconstitution that has been at-
tained in vesicles in relation to the functional
activity of the reconstituted system. It is thus
important that the surfactant used does not
interfere with the protein/glycoprotein assay or
the assay of functional activity. In this respect
the Tritons which absorb strongly at 280 nm,
the wavelength frequently used to monitor
protein concentration, are far from ideal. How-
ever, some reduced Tritons in which the phenol
group has been replaced by the cyclohexyl

group are now available and have the added
advantage of a 12% higher CMC (Tiller et al.,
1984).

� The stability of the surfactant is also of impor-
tance, especially as a reconstitution may take
several days to complete. Unsaturated surfac-
tants and those prone to hydrolysis and/or
autooxidation are best avoided.
Other factors which might need to be consid-

ered, such as surfactant purity, toxicity, ease of
radiolabelling or availability in radiolabelled
form, have been discussed by Jones et al., (1987a).

4. Solubilisation of specific membrane proteins
and glycoproteins

Table 2 shows some examples of specific mem-
brane proteins and glycoproteins which have been
solubilised and the surfactants which have been
used in their isolation. As most of these studies
have as their objective the isolation of the mem-
brane constituents in an active form, the surfac-
tants used are predominantly non-denaturing. In
many of these studies the objective has been to
isolate a particular membrane protein or glyco-
protein and then to incorporate it into a bilayer
system such as phospholipid vesicles, in order to
assess functional characteristics of the material in
the absence of other complicating cellular pro-
cesses. Such reconstitution studies are of individ-
ual membrane processes involving transporters
and receptors and as well as identifying which
particular membrane component can be associ-
ated with a particular function, can also be used
to assess the role of the lipid environment and in
some cases specific lipid involvement on function.

As can be seen from Table 2 the range of
materials which can be solubilised by surfactants
is very wide. Perhaps one of the most studied
systems is the human erythrocyte plasma mem-
brane from which the anion, and glucose trans-
porters have been extensively studied. The
sialoglycoproteins particularly the glycophorins
which are responsible for most of the negative
charge on the membrane surface have also been
frequently isolated and reconstituted in phospho-
lipid vesicles. As shown in Table 2 several differ-
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Table 2
Surfactants used in the isolation of functional membrane proteins/glycoproteins

Membrane ReferenceSurfactants usedTissue source
protein/glycoprotein

Segrest et al., 1979Sodium deoxycholateGlycophorin AHuman erythrocyte plasma
membrane

Wong, 1993 Schuck et al.,Band 3 (anion transporter) C12E9, Triton X-100, Brij 58Human erythrocyte plasma
membrane 1995

Baldwin et al., 1982 EnglundOBG, Triton X-100Glucose transporter (GLUTHuman erythrocyte plasma
and Lundahl, 1993membrane 1)

Kell protein and glycophorin C12E9, C13E15, C12E23Human erythrocyte plasma Khamlichi et al., 1994
Cmembrane
All integral Lundahl et al., 1992Human erythrocyte plasma SDS
proteins/glycoproteinsmembrane

C12,E9 Zimmerman and Daleke, 1993Human erythrocyte plasma Mg2+-ATPase
membrane

Bovine heart muscle Wheeler and Hauck, 1985Sodium cholateGlucose transporter (GLUT
4)

Scotto and Zakin, 1986Cytochrome oxidase Triton X-100Bovine heart mitochondria
membrane

OBGVisual pigment (rhodopsin)Bovine retina Jackson and Litman, 1982
Vachon et al., 1995Sodium phosphate symporterBovine kidney brush border CHAPS

membrane
C12E8, CHAPSNa+-dependent a-amino acidRabbit small intestine brush Nakanishi et al., 1993

border vesicles transporter
Triton X-100, sodium cholate Brunner et al., 1978Sucrose isomaltaseRabbit small intestine brush

border
Lubrol PX Pederson and Ross, 1982Rabbit liver b-Adrenergic receptor

Lévy et al., 1992C12E8Ca2+-ATPaseRabbit skeletal muscle
sarcoplasmic reticulum

Insulin receptor Sodium cholateRat adipocyte More and Jones, 1983
Immunoglobulin E receptor Triton X-100, CHAPS OBG,Rat ascitic fluid Klausner et al., 1980

sodium cholate
Triton X-100Plasma membrane fatty acidRat liver mitochondrial Stump et al., 1993

membrane binding protein, aspartate
amino transferase

Koetters et al., 1995Triton X-100Rat liver liposomal membranes Sulphate transporter
Cash et al., 1996Triton X-100Rat brain g-Hydroxybutyrate receptor
VanVeldhoven et al., 1996Triton X-100Rat liver Trihydroxycoprostanoyl-CoA

synthase
Sodium cholate Gorga and Lienhard, 1984Rat adipocyte plasma Glucose transporter (GLUT

4)membrane
Ciruela et al., 1994Nitrobenzylthioinosine CHAPSPig-kidney brush border

membrane binding site
Lopez Corcuera et al., 1993CHAPS, sodium cholatePig brain stem Na+–Cl− coupled glycine

transporter
UDP glucuronosyltransferase Triton X-100Pig liver microsomes Lopez Corcuera et al., 1993

OBG Hammond, 1994Nucleoside transportersEhrlich ascites tumour cell
plasma membrane

Pouliot and Beliveau, 1994Triton X-114Brain capillaries Transporters
Sayid et al., 1997Triton X-100Ascaris suum muscle Membrane aminopeptidase

OBG Garcia et al., 1983Escherichia coli Lactose transporter
Triton X-100 Panagiotidis et al., 1993Escherichia coli Maltose-binding protein

dependent maltose transporter
system
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Table 2 (Continued)

Surfactants usedMembrane ReferenceTissue source
protein/glycoprotein

Purple membrane Halobacterium Bacteriorhodopsin Triton X-100 Lévy et al., 1990 Rigaud et al.,
1988halobium

Bacillus lichenformis OBGPenicillinase Helenius et al., 1981
Trypanosoma brucei D-Glucose transporter OBG, octylthioglucoside Seyfang and Duszenko, 1993
Torpedo californica Sodium cholateAcetylcholine receptor Jones et al., 1987a

OBGSpike glycoprotein Helenius et al., 1981Semliki forest virus
OBGVesicular stomatitus viruses Paternostre et al., 1997G and M envelope protein
Sodium cholateCoat protein Florine and Feigenson, 1987M13 bacteriophage

Spinach chloroplasts Triton X-100H+-ATPase Lévy et al., 1990 Richard et al.,
1990

OBG, n-dodecyl-b-D-maltosideSpinach chloroplasts Hankamer et al., 1997Photosystem II
Chlorophyll a/b lightPea photosynthetic system Triton X-100 McDonnel and Donner, 1981
harvesting complex
Auxin-binding protein Triton X-114Zucchini (zea) plasma Hicks et al., 1993

membrane
CHAPSCastor oil seeds endosperm Fuchs et al., 1996 Altaf et al.,Acid lipase

1997
OBG Sankaran et al., 1997Vero cell plasma membrane Kunjin virus receptor
n-Dodecyl-b-D-maltosideH+-ATPase, H+-PPase Long et al., 1997Ricinus cotyledons

ent none denaturing surfactants have been used to
isolated erthrocyte membrane proteins. For a
number of membrane proteins systematic studies
have been carried out to determine what influence
choice of surfactant has on the nature of the
extract—e.g. its oligomeric state and/or func-
tional characteristics. It is appropriate to consider
a few selected examples where comprehensive
studies have been made.

4.1. Erythrocyte plasma membrane anion
transporter (Band 3)

The anion transporter is an integral membrane
protein of molecular mass approximately 95 000.
It is responsible for Cl−/HCO3

− exchange and
comprises approximately 50% by weight of the
total integral membrane protein. The amino acid
sequence has been deduced from cDNA sequenc-
ing (Tanner et al., 1988) and hydropathy analysis
predicts that it spans the membrane bilayer 14
times (Anstee, 1990). A carboxyl-terminal 52 000
molecular mass domain produced by mild trypsin
treatment mediates anion transport independently
of the remaining 43 000 molecular mass amino-
terminal cytoplasmic domain. The transporter is
oligmeric both in the membrane and in surfactant

solutions and exists as a mixture of dimers and
tetramers (Jennings, 1984); the tetramers are be-
lieved to interact with the cell cytoskelton through
ankyrin (Low, 1986). A systematic study of the
oligomeric state of the transporter in various sur-
factant has been reported by Casey and Reith-
meier (1993). The transporter was isolated in
octaethylene glycol dodecyl ether (C12E8) tagged
with [14C]C12E8 and size exclusion high-perfor-
mance liquid chromatography (HPLC) was used
to study the exchange of C12E8 by other surfac-
tants and the oligomeric state of the protein. The
C12E8 surfactant could be displaced from the
transporter provided that the displacing surfac-
tant concentration was in excess of the CMC;
however, for all the non-ionic surfactants studied,
the transporter was found to be dimeric, only
SDS disperses it in the monomeric state. Table 3
shows some of the data for the CxEy non-ionics,
Triton X-100 and SDS. The minimum surfactant
concentration required to maintain dispersion of
the transporter is always in excess of the CMC
and for the C14E8 and C16E8 surfactant 100 times
the CMC. The model proposed for the transfer of
the C12E8-complexed transporter to complexes in
other surfactants involves the progressive ex-
change of the C12E8 from a micellar array around
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Table 3
Oligomeric state of the human erythrocyte anion transporter in surfactantsa

Aggregation number [S]min (mM)bSurfactant(s) [S]min/CMCCMC (mM) State

32 30C8E5 56.0 D
76 0.920.46 2C10E6 D
– 2.8C10E8 100.28 D

105 0.330.065 5C12E6 D
120 0.112 2C12E8 D0.056

– 0.520.0052 100C14E8 D
– 0.047C16E8 1000.00047 D

140 1.40.21 7Triton X-100red D
100 5.8 10SDS M0.58

a From Casey and Reithmeier (1993).
b Minimum concentration of surfactant required to maintain the transporter in the dispersed dimeric state (D).

the transmembrane domain of the protein by the
second exchanging surfactant until the micellar
array consists entirely of the second surfactant.
The transporter binds micellar amounts of surfac-
tant, however it is impossible to distinguish be-
tween highly cooperative binding of monomeric
surfactant from the binding of micelles. Binding
of micellar surfactant implies a minimal 1:1 stoi-
chiometry of surfactant micelles to protein so
that:

[S]min=CMC+ [protein]

× (surfactant aggregate number) (2)

Thus at a protein concentration of 1 g/l for
C12E6 the minimum concentration of bound sur-
factant would be [1/(2×95 000)]×105=0.53
mM, which is approximately 10 times the CMC
(see Table 3), and which is larger than the mini-
mum surfactant concentration required for dis-
persion of the dimer and suggests that a
cooperative monomer binding mechanism of dis-
persion is perhaps more likely.

Although in most of the non-ionic surfactants
the transporter retains its native structure, it is
found to denature in C8E5 and in octylglucoside
at high concentrations and hence these surfac-
tants are not suitable for Band 3 isolation.

4.2. Mitochondrial porins

The outer membrane of Gram negative bacte-
ria, mitochondria and chloroplasts are permeable

to low molecular mass molecules (:600) due to
the presence of a class of integral membrane
proteins called porins. Porins have a molecular
mass of the order of 36 000 and in, for example,
the outer membrane of Escherichia coli, are ar-
ranged in a hexagonal array of trimers. Struc-
turally, unlike many transmembrane proteins,
porins consist almost entirely of b-sheet and b-

Table 4
Surfactants used in mitochondrial membrane and porin
solubilisationa

HLBbSurfactant CMCc(mM)

7.8 –1. Triton X-35 n=3 or 4d

0.110.42. Triton X-45 n=4 or 5
3. Triton X-114 n=7 or 8 12.4 0.21
4. Triton X-100 n=9 or 10 13.5 0.24–0.3

0.3314.65. Triton X-102 n=12 or 13
6. Triton X-165 n=16 15.8 0.43

0.8117.97. Triton X-405 n=40
9.7 –8. Brij 30

16.9 –9. Brij 35
10. Brij 52 5.3 –

0.077–0.003911. Brij 58 15.7
15.3 –12. Brij 78

13. Triton N-57 10.0 –
13.4 0.08514. Triton N-101
13.1 0.02915. Nonidet NP 40

0.02–0.0614.916. Lubrol WX
17. Tween-20 16.7 –

a From De Pinto et al. (1989).
b HLB, hydrophilic/lipophilic balance number.
c CMC, critical micelle concentration.
d n, number of oxyethylene units.
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barrel structures. The pores formed by the
porins are non-specific and allow the small hy-
drophilic molecules to cross the bilayer. A very
comprehensive study of the solubilisation of the
porin of bovine heart mitochondria has been
carried out by De Pinto et al. (1989). These
authors studied the solubilisation of the porin
and the total membrane protein by almost 50
surfactants covering several different classes of
compounds with a wide range of hydrophilic/
lipophilic balance (HLB) and CMC (Table 4).
Fig. 1 shows the extent of solubilization of total
mitochondrial membrane protein and porin as a
function of HLB. The data were obtained by
radiolabelling the membrane with [14C]dicyclo-
hexylcarbodiimide which, as well as labelling
membrane H+-ATPase, also labels porin. Solu-
bilisation is seen to pass through a maximum
and maximum porin solubilisation occurs using
a surfactant with an HLB of around 12.5. This
result is consistent with previous work which
suggests that surfactants most effective in mem-

brane protein solubilisation have HLB values in
the range 12–15 (Helenius and Simons, 1975).

The effects of systematic structural changes on
solubilisation within a given surfactant class are
shown in Fig. 2. For the Tritons, maximum
porin solubilisation occurs for Triton X-114.
For the alkyldimethylamino N-oxide series, total
mitochondrial membrane proteins are solubilized
with chain lengths of 10–12 carbon atoms.
Porin was completely solubilized by dode-
cyl(dimethyl)-amine oxide (DDAO). Studies on
the DDAO extract showed that, if it was ex-
tracted with chloroform–methanol, only choles-
terol was found in the extract, corresponding to
5 moles of cholesterol per mole of porin (35 000
molecular mass) which were essential for the
pore function of porin. The results with the
zwittergent series of surfactants were similar to
those of the amine oxides in that an optimum
alkyl chain length of 12–16 carbon atoms was
found for solubilisation in the case of the total
membrane protein, while 100% solubilisation of

Fig. 1. Solubilisation of total mitochondrial membrane protein and porin with surfactants covering a range of HLB. The surfactant
concentrations were 2% (w/v). The numbers refer to the surfactants listed in Table 4. Reproduced from De Pinto et al. (1989), with
permission.



M.N. Jones / International Journal of Pharmaceutics 177 (1999) 137–159 149

Fig. 2. Solubilisation of total mitochondrial membrane protein and porin with structural changes in three classes of surfactant
(concentrations 1%, w/v). (A) Triton X series where n is the number of oxyethylene units (see Table 4). (B) Alkyldimethylamino
N-oxide series where n is the number of carbon aroms in the alkyl chain. (C) Zwittergent series (n as in B). Reproduced from De
Pinto et al. (1989), with permission.

porin was achieved with the C16 zwittergent
(Z316).

These results demonstrate that porin solubilisa-
tion, compared to total mitochondrial protein,
was more efficient with the more hydrophobic
members of each series. With most of the surfac-
tants studied the protein eluted as protein–surfac-
tant micelles in the void volume of
hydroxyapatite/celite columns.

4.3. Sarcoplasmic reticulum Ca2+-ATPase

Sarcoplasmic reticulum Ca2+-ATPase is a
membrane protein which is vulnerable to deacti-

vation when removed by surfactant extraction
from the membrane bilayer. It has however been
possible to prepare active preparations by use of
C12E8, myristoylphosphoglycerocholine, Tween
80, dodecyl-b-D-maltoside (Lund et al., 1989
Kraghhansen et al., 1993) and N,N-dimethylalky-
lamine N-oxides (Andriamainty, et al., 1997). The
enzyme in the presence of Ca2+ions (the so-called
E1 state) is more stable than in the presence of
EGTA [ethylene-bis(oxyethylenenitrilo)tetraacetic
acid] (the so-called E2 state). The inactivation rate
constants in a wide range of surfactants have been
measured in the E1 state (Lund et al., 1989) and
some of the data are shown in Table 5. Also
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Table 5
Inactivation of lipid-depleted Ca2+-ATPase (pH 7.5, 20°C) by surfactants in the E1 state and during turnover (addition of 5 mM
Mg ATP)a

kTO (mm−1) Vo (mmol/mg/min)Surfactant kE1 (min−1)

4.2C8E4 0.250.41
0.08C12E8 5.60.0020
0.110.0023 4.1C12EB10\

0.125C18EB10\(Brij 76) 1.4 0.9
1.10.16 0.27Octylglucoside
0.12Decylmaltoside 0.700.0015
0.070.0016 1.6Dodecylmaltoside

0.155Deoxycholate – –
0.020.0055 0.1CHAPS

1.3Dodecyldimethylamine oxide 3.5 0.3
– –C12EB4\ (Brij 52) 0.0021
–0.0019 B0.1C12SEB20\ (Tween-80)

0.21Diocytphosphatidylcholine (di C8 PC) 98 –

a Data from Lund et al. (1989. kE1, inactivation rate constant measured in the E1 state; kTO, inactivation rate constant; Vo, the
initial velocity during turnover.

shown are the inactivation rate constants and
initial reaction velocity during turnover in the
presence of Mg-ATP. Although the inactivation
rate constants vary widely amongst the different
types of surfactants they are considerably higher
during turnover (kTO) than in the E1 state (kE1).
Excluding steroid-based surfactants there is an
inverse correlation between kTO and Vo. It is
suggested that the higher degree of lability during
turnover is related to the different stabilities of the
various intermediates in the catalytic cycle.

The effects of hydrophobic chain length on the
inactivation constant kE1 is very considerable,
short-chain surfactants such as C8E4, octylglu-
coside (OBG) and dioctylphosphatidylcholine
have inactivation rate constants 80–200 times
greater than found for C12E8. Deoxycholate also
inactivates with a rate constant 78 times that of
C12E8. In general, polyoxyethylene glycol and glu-
coside detergents are the head groups of choice
for extraction with retention of activity. It should
be noted that some surfactants, particularly the
long-chain members of the Tween family, show a
rapid and a slow phase due to the formation of
monomeric and oligomeric Ca2+-ATPase–surfac-
tant complexes respectively.

Several different modes of surfactant binding to
Ca2+-ATPase can be envisaged as illustrated in

Fig. 3. The hydrophobic domain of the enzyme
can be envisaged to insert into a lamellar surfac-
tant phase or surfactant binding can be of the
micellar or monolayer type. The binding of the
series of non-ionics, dodecyldimethylamineoxide,
dodecylmaltoside, C12E8 and Triton X-100 de-
creases in the order given and is inversely related
to the cross-sectional areas of the surfactants in
monolayers at an air–water interface and in mi-
celles (Møller and Lemaire, 1993). From the size
of the hydrophobic domain of the enzyme and the
area per molecule of the surfactants it is con-
cluded that monolayer binding to the hydropho-
bic domain is the most appropriate model.

4.4. ATPase-acti6e P-glycoprotein

The multidrug transporter P-glycoprotein is a
member of the class of traffic ATPases of mem-
brane-associated proteins. It can be isolated from
the plasma membranes of a multidrug-resistant
cell line of Chinese hamster ovary cells using
CHAPS as the surfactant (Doige et al., 1993
Sharom et al., 1995) and has a molecular mass of
the order of 175 000. In 0.4 mM CHAPS it has an
ATPase activity of the order of 0.3–0.4 mmol/
min/mg. Studies have been made on the effects of
a range of surfactants on the ATPase activity of
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Fig. 3. Schematic representation of different modes of binding
of surfactants to delipidated Ca2+-ATPase: (A) insertion into
lamellar surfactant phase; (B, left-hand side) micellar type
binding; (C, right-hand side) monolayer type binding. The
hatched areas of the Ca2+-ATPase represent the hydrophobic
domains. Reproduced from Lund et al. (1989), with permis-
sion.

mately 25% of its initial value after 1 h at 23°C.
The results in Fig. 5 clearly show that certain
lipids, notably asolectin [30% phosphatidyl-
choline–30% phosphatidylethanolamine (PE)–
31% phosphatidylinositol], DPPE and phospha-
tidylserine (PS) protect P-glycoprotein against
thermal denaturation and DPPE restores activity
after thermal denaturation. There is a strong
correlation between lipid fluidity and the ability
to restore activity. Lipids with low chain melting
temperatures (Tm) were more effective than
those with high Tm. Complete delipidation inacti-
vates ATPase activity but it can be restored by
fluid lipid mixtures (Sharom, 1995).

Fig. 4. Effect of various surfactants on P-glycoprotein ATPase
activity. The P-glycoprotein (1–2 mg per 100 ml) was solu-
bilised in 0.4 mM CHAPS and had an initial activity of
0.3–0.4 mmol/min/mg. Reproduced from Doige et al. (1993)
with permission from Elsevier Science BV.

partially purified P-glycoprotein solubilised in 0.4
mM CHAPS which have demonstrated some in-
teresting activation effects and also phospholipid
protection against thermal inactivation.

Fig. 4 shows the effects of a range of surfac-
tants on the ATPase activity relative to the activ-
ity in 0.4 mM CHAPS. CHAPS, octylglucoside
and deoxycholate all deactivated at high concen-
trations. Addition of low levels of octylglucoside
or deoxycholate, however, stimulate activity. This
pattern of behaviour is also seen on the addition
of Triton X-100 but at much lower concentrations
(Fig. 4B). These data suggest that CHAPS is the
surfactant of choice for isolation of the P-glyco-
protein. It was found that after CHAPS solubili-
sation at a concentration of 8 mM the
preparation could be stored with no loss of activ-
ity for several months at −70°C, but activity was
lost on storage at 4°C. Dialysis to remove more
than 99% of the CHAPS resulted in a loss of
10–20% activity. The retention of activity after
removal of CHAPS suggested that the P-glyco-
protein had tightly bound annular lipid. To test
this hypothesis the thermal stability of the glyco-
protein was assessed in the presence of a range of
membrane lipids to determine the levels of protec-
tion given by different lipids. Fig. 5 shows the
results of experiments in which P-glycoprotein in
0.4 mM CHAPS was incubated for 1 h at 23°C
with various phospholipids. In the absence of
added lipids the ATP activity falls to approxi-
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Fig. 5. Protection against thermal inactivation of the P-glyco-
protein ATPase activity by phospholipids. The P-glycoprotein
(1–2 mg per 100 ml) in 0.4 mM CHAPS was incubated for 1 h
at 23°C with the lipids shown. In the absence of lipids the
activity falls to approximately 25% of its initial value (0.3–0.4)
mmol/min/mg). Reproduced from Doige et al. (1993) with
permission from Elsevier Science BV.

mass of 25 000 and consists of seven transmem-
brane helices. The chromophore is a retinal
molecule covalently linked to a lysine residue
(lys-216) by a Schiff base. In the dark the retinal
is a mixture of the 13-cis and all-trans isomers
which on irradiation with light coverts to the
all-trans isomer. The light energy is converted into
a transmembrane proton gradient which is used to
synthesise ATP. In the membrane, bacteri-
orhodopsin occurs as trimers although proton
pumping is brought about by the monomeric
species.

The solubilisation of the purple membrane by
surfactants, unlike many membrane solubilisation
processes which occur in minutes, takes hours to
days to reach equilibrium. The reason for the slow
solubilisation is suggested to relate to the tight
crystalline organisation of the membrane which
prevents insertion of surfactants into the bilayer
rather than any specific effects attributable to the
bacteriorhodopsin molecule itself (Viguera et al.,
1994). Triton X-100 has frequently been used for
solubilisation (Viguera et al., 1994 Meyer et al.,
1992 Kovács et al., 1995), although studies with a
range of surfactants have also been reported
(Massotte and Aghion, 1991 Ikematsu et al.,
1995). The emphasis of much of the work re-
ported is on the effects of surfactants on the
photochemical properties of bacteriorhodopsin.
The absorbance spectra of both the light-adapted
and dark-adapted molecules have maxima in the
region of 550–570 nm with a maximum difference
(DA) absorption at 590 nm. If a sample is irradi-
ated and DA followed as a function of time in the
dark the rate of dark adaptation can be quantified
as the time (t) for DA to fall to e−1 of its initial
value (Massotte and Aghion, 1991). In the ab-
sence of surfactant t is 41 min, which compares
with values of 21 min (SDS), 30 min (deoxy-
cholate) and 40 min (dodecylmaltoside). Two sur-
factants, Triton X-100 and Nonidet P40
(octylphenolethylene oxide condensate), however,
give variable but much longer values of t and it is
in those surfactants that the bacteriorhodopsin
dissociates from the trimeric to the monomeric
state. In the monomeric state the rate of dark
adaptation is very slow. The absorbance maxi
mum (lmax) of the dark-adapted Halobacterium
halobuim membrane is at 565 nm and that of the

P-glycoprotein has also been found to use
alkylphenol exothylate surfactants as substrates.
Thus P-glycoprotein can protect organisms from
the toxic and oestrogenic effects of, for example,
nonylphenol ethoxylate, but not from the
biodegradation product nonylphenol (Loo and
Clarke, 1988).

4.5. Bacteriorhodopsin

Bacteriorhodopsin is a light-driven proton
pump which constitutes 75% of the mass of the
purple membrane of Halobacterium halobium, the
remaining 25% being lipid. It has a molecular
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light-adapted membrane at 573 nm—i.e. the ab-
sorption spectra of the dark-adapted is blue-
shifted compared to the light-adapted. The
turbidity of the dark-adapted membrane (ab-
sorbance at 700 nm), the absorbance at 560 nm

and the wavelength of maximum absorption can
be used to follow the solubilisation of the mem-
brane on addition of increasing amounts of Tri-
ton X-100 (Meyer et al., 1992). Fig. 6 shows that
there are a number of steps in the solubilisation

Fig. 6. Solubilization of dark-adapted purple membranes by Triton X-100. (A) Absorbance at 700 nm (o) and 560 nm (D). (B) lmax.
The bacteriorhodopsin concentration was 0.9 mg/ml. The break points indicated by letters are discussed in the text. Reproduced
from Meyer et al. (1992) with permission from Elsevier Science BV.
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process which are reflected by breaks in the ab-
sorbance and lmax curves. In the absorbance
profiles there are four break points (a–d) at both
wavelengths which appear at similar Triton X-100
concentrations except for a slight difference be-
tween d and d%. The lmax variations are similar but
there is a small additional break point e%% and
there are significant shifts to both lower (a%%, b%%
and c%%) and higher (d%%) Triton X-100 concentra-
tions. The absorbance profiles reflect changes in
the size of aggregates in the solubilised membrane
dispersion whereas the lmax profiles relate to the
microenvironment of bacteriorhodopsin. The
break points a, a% and a%% are perhaps the start of
the solubilisation process and d, d% and d%% the
finish, but the points b(b%%) and c(c%%) cannot be
assigned to any specific events. It is suggested that
they could relate to the destruction of the mem-
brane bilayer and the formation of monomeric
bacteriorhodopsin, respectively. The Triton X-100
(as TX-100) concentrations for all the break
points are found to be linearly related to both
concentration of bacteriorhodopsin [BR] and the
sum of [BR] plus the lipid concentration [L] and
are described by the equation:

[TX-100]total= [TX-100]free+Reff([BR]+ [L]) (3)

where [TX-100]free is the free monomeric surfac-
tant concentration and Reff the effective surfactant
concentration in the membrane aggregates. At the
end of the solubilisation process (d%%), it is esti-
mated that the solution contains mixed micelles in
which there are about 64 molecules of Triton
X-100 per bacteriorhodopsin molecule so that
each bacteriorhodopsin helix would be sur-
rounded by at least nine surfactant molecules.

The reconstitution of bacteriorhodopsin in lipo-
somes has been brought about by the use of
CHAPS, CHAPSO and octylthioglucoside
(Denkov et al., 1998) to produce active prote-
oliposomes of homogeneous size which are very
well suited for transport studies (Cladera et al.,
1997). Neutron scattering studies have also been
reported on monomeric bacteriorhodopsin in re-
constituted unilamellar liposomes (Hunt et al.,
1997). During the process of liposome reconstitu-
tion of bacteriorhodopsin after surfactant removal
from lipid–dodecylmaltoside micelles a new gel-

like phase was observed and the rate of surfactant
removal strongly influenced the final liposome
morphology (Lambert et al., 1998).

4.6. Rhodopsin

Rhodopsin is the light-sensitive visual pigment
of the rod photoreceptor cells in the retina. It
consists of the integral membrane protein opsin
with the covalently-linked chromophore 11-cis-
retinal (total molecular mass 38 000). Like bacteri-
orhodopsin it is a member of the family of
integral membrane proteins which have seven
transmembrane helical domains. It is insoluble in
aqueous media and requires surfactants for solu-
bilisation. A relatively wide range of surfactants
were used by De Grip et al. (1992) in an attempt
to produce crystals from bovine rhodopsin suit-
able for diffraction studies. The long-term thermal
stability of rhodopsin in many surfactants is not
high and denaturation occurs in 10 min at tem-
peratures between 40 and 60°C. The most suitable
surfactants for long-term stability are octylglu-
coside, octylmannoside, decyl- and dodecylmal-
tosides, C12E8, C12E10 and CHAPSO (De Grip et
al., 1992). Triton X-114 has also been used in a
phase-partitioning study (Justice et al., 1995).

Rhodopsin contains mannose residues which
have been exploited to isolate it from octylglu-
coside-solubilised extracts by affinity chromatog-
raphy (Litman, 1992) using a concanavalin
A–Sepharose column. The purity of rhodopsin,
as determined from the ratio of the absorbance at
280 nm to the absorbance at 500 nm, was criti-
cally dependent on the surfactant used to solu-
bilise the rod outer segment disc membranes;
octylglucose was found to give rhodopsin of
greater purity than material solubilised by
cetyltrimethylammonium bromide. Concanavalin
A affinity chromatography has been used to iso-
late rhodopsin from CHAPSO extracts, followed
by exchange of the CHAPSO for lauryldimethy-
lamine oxide (LDAO) in which the rhodopsin
remains stable for at least 50 h (Schafmeister et
al., 1993). The latter study described the design
and use of a 24 amino acid peptide surfactant
(called a peptitergent), for solubilisation of inte-
gral membrane proteins which had a helical se-
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quence with a hydrophobic face and a hydrophilic
face, although the long term solubility of
rhodopsin in the peptitergent was less than in
LDAO. An infrared spectroscopic method for the
detection of residual surfactant in phospholipid
liposomes reconstituted from dodecylmaltoside-
solubilised rhodopsin (Pistorius et al., 1994) and
the removal of surfactant from surfactant–lipid
rhodopsin micelles to form proteoliposomes, by
use of inclusion compounds of the cyclodextrin
type, have also been described (De Grip et al.,
1998).

5. General conclusions

� A very wide range of surfactant types is now
available for use in membrane solubilisation
and within a given surfactant type structural
variations encompassing a range of hy-
drophilic/lipophilic balance (HLB) are also
available.

� The cost and purity of the surfactants to be
used can be a consideration. Other factors be-
ing equal it is always preferable to choose
surfactants which are readily available in pure
form and in bulk at relatively low cost.

� The problem presented to researchers in the
solubilisation and extraction of a particular
membrane protein in an active form is estab-
lishing the criteria to be used in making a
choice of surfactant. None denaturing surfac-
tants are usually required, but care must be
exercised to ensure that a particular surfactant
is none denaturing over the entire range of
concentration it is likely to be used.

� A rigorous approach to the extraction problem
requires the use of a range of surfactant types
in order to establish which type gives the most
satisfactory results in terms of yield and reten-
tion of functionality. The rigorous approach
has at present been limited to a few specific
membrane proteins.

� Some knowledge of the properties of the
protein/glycoprotein to be isolated is helpful,
especially if the molecule resembles membrane
proteins/glycoproteins for which isolation
methods have already been established.

� It should always be borne in mind that each
and every membrane protein/glycoprotein is
unique and although general principles of solu-
bilisation can be applied to a given membrane
component the researcher should always be
aware of the possibility of specific idiosyn-
crasies of protein/glycoprotein interactions
which can influence the outcome of a particular
choice of surfactant.
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Structure at 2.5Å of a designed peptide that maintains
solubility of membrane proteins. Science 262, 734–738.

Schuck, P., Legrum, B., Passow, H., Schubert, D., 1995. The
influence of 2 anion transporter inhibitors, 4,4%-diisothio-
cyanatodihydrostilbene-2,2%-disulfonate and 4,4%-dibenzoyl-
stilbene-2,2%-disulfonate, on the self-association of
erythrocyte Band-3 protein. Eur. J. Biochem. 230, 806–
812.

Scotto, A.W., Zakin, D., 1986. Reconstitution of membrane-
proteins-catalysis by cholesterol of insertion of integral
membrane proteins into preferred lipid bilayers. Biochem-
istry 25, 1555–1561.

Sefton, B.M., Buss, J.E., 1987. The covalent modification of
eukaryotic proteins with lipid. J. Cell Biol. 104, 1449–
1453.

Segrest, J.P., Wilkinson, T.M., Sheng, L., 1979. Isolation of
glycophorin with deoxycholate. Biochim. Biophys. Acta
554, 533–537.

Seyfang, A., Duszenko, M., 1993. Functional reconstitution of
the Trypanosoma-brucei plasma-membrane D-glucose
transporter. Eur. J. Biochem. 214, 593–597.

Sharom, F.J., Yu, X.H., Chu, J.W.K., Doige, C.A., 1995.
Characterization of the ATPase activity of P-glycoprotein
from multidrug-resistant Chinese-hamster ovary cells.
Biochem. J. 308, 381–390.

Sharom, F.J., 1995. Characterisation and functional reconsti-
tution of the multidrug transporter. J. Bioenerg.
Biomembr. 27, 15–22.

Shiao, Y-J., Chen, J-C., Wang, C-T., 1989. The solubilization
and morphological change of human-platelets in various
detergents. Biochim. Biophys. Acta 980, 56–68.

Singer, S.J., Nicholson, G.L., 1972. The fluid mosaic model of
the structure of cell membranes. Cell membranes are
viewed as two-dimensional solutions of orientated globular
proteins and lipids. Science 175, 720–731.

Steck, T.L., 1974. The organization of proteins in the human
red blood cell membrane. J. Cell Biol. 62, 1–19.
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