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Abstract: Membranes play an important role in the compartmentalization of cells and organs. Up to 500 different
lipids have been reported to be present in different biological membranes. The origin and meaning of this diversi-
ty is not well understood. Membranes mediate the necessary separation between organizational units, but also pro-
vide the possibility to connect them. Overcoming the membrane barriers within the body is a major task for any
therapeutic agent. The research of the Wunderli group is concentrated on elucidating the basis of drug–membrane
interaction and permeation processes, on unraveling the mechanism of action of multi-substrate membrane trans-
porters such as the multi-drug resistance protein P-glycoprotein (P-gp), and on the modulation of paracellular dif-
fusion. Three major projects are pursued: (1) drug–membrane interaction and permeation studies with liposomes
of different lipid composition; (2) studies on the mechanism of action of the P-gp with proteoliposomes; (3) modu-
lation of the tight junctions (TJs) of cell barriers to enhance the paracellular transport of hydrophilic therapeutic en-
tities, e.g. peptides.
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1. Introduction

Looking at the pharmacokinetics of
drugs (ADME: absorption, distribution,
metabolism, excretion), the crossing of bar-
riers is a major theme in drug therapy (Fig.
1). For instance, drugs have to pass the mu-
cosa of the gastrointestinal tract or pene-
trate through the skin before being distrib-
uted in the body via the circulation system.
Even if a molecule is brought directly into
the blood stream by injection, it has to per-
meate through the lining of the capillary
vessels (endothelia) in order to reach its tar-
get. For the biotransformation of drugs the
crossing of cell membranes is crucial to
reach the metabolizing enzymes. Finally,
the re-absorption of drug from the urine
back into the blood through the renal ep-
ithelia is a major determinant for the net
clearance of a therapeutic agent.
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Today, drug development is still ham-
pered by a large attrition rate. Nearly 40%
of the failures are related to pharmaco-
kinetic problems. Therefore, it is mandato-
ry that assays with a better predictive value
be established for pharmacokinetic profil-

ing at an early stage in development. This is
only possible if a better understanding of
basic mechanisms in drug–membrane inter-
action, drug permeation through mem-
branes, carrier-mediated transport and the
subtle modulation of TJs is achieved.

Fig. 1. Cellular barriers in man. (A) Intestinal wall, total surface ~200 m2; (B) skin, total surface 1.5–2
m2; (C) capillary blood vessel, total surface ~300 m2. (D) Schematic representation of drug perme-
ation through cellular barriers (epithelia, endothelia) by different routes.
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2. Drug–Membrane Interaction 
and Permeation Studies

To study drug–membrane affinity with
membranes of different lipid composition,
a liposomal partitioning system using equi-
librium dialysis has been established [1–3].

As could be shown (Fig. 2), the extent of
drug partitioning varies significantly with
the composition of the lipid bilayer. For in-
stance, a hundred-fold increase in the affin-
ity of neutral desipramine is found in alpha-
tocopherol- or pentamethylchromanol-con-
taining phosphatidylcholine (PC) lipo-

somes as compared to PC liposomes only.
In contrast, this increase in affinity is not
found if alpha-tocopherolacetate or cho-
lesterol is present in PC liposomes. This
indicates that the membrane affinity of a
drug is strikingly dependent on the lipid
composition of the bilayer, and that even
the presence of minor lipids, such as 1.5%
alpha-tocopherol, are decisive for parti-
tioning [4]. Increased membrane affinity
for protonated basic drugs is found if
phosphatidylinositol or fatty acids (FFA)
are included in the membranes [5–7].
Slight changes in the environmental pH of
FFA-containing membranes can lead to
significant differences in the affinity for
drug molecules due to the pH-sensitive ex-
tent of ionization of FFA around pH 7. The
therapeutic relevance of this finding has
not been explored yet. In the special case
of drug-induced lipid aggregation in lyso-
somes (pH ~4.5), so-called phospholipido-
sis, it is known that the effect can be re-
versed by addition of alpha-tocopherol to
cell cultures and in vivo [8]. Our findings
suggest that redistribution of the drug to
non-lyposomal membranes due to an in-
crease in the membrane affinity at pH 7 in
the presence of alpha-tocopherol is the un-
derlying mechanism of the reversion.

More recently we have extended our
affinity studies to the arrangement of en-
dogenous peptides in membrane domains.
This project relies on NMR studies and is
pursued in collaboration with Beat Meier
(ETH Zürich).

Permeation of drugs through mem-
branes is still poorly understood. A new li-
posomal assay based on the reaction of aro-
matic carboxylic acids with terbium3+

(Tb3+) has been developed in our group to
study permeation through lipid membranes
[9]. The Tb3+ is included in the aqueous lu-
men of liposomes where it reacts with in-
coming carboxylic acids that permeate
through the lipid membrane. Permeation
can be monitored as an increase of fluores-
cence over time. The proof of principle for
the Tb3+ assay was made with salicylic acid
that penetrates through PC liposomes (Fig.
3A). It could be shown with this assay that
the membrane-permeating characteristics
reported for a sequence of the HIV TAT
protein are not based on passive perme-
ation but may rather be related to endocy-
tosis (Fig. 3B). The Tb3+ assay, if neces-
sary combined with stopped flow technol-
ogy, is a powerful tool to study the
permeation kinetics of different aromatic
carboxylic acids thus giving a clue to the
little understood mechanism of molecule
permeation through lipid bilayers of differ-
ent composition. Systematic variation of
the lipid composition of liposomes should
shed new light on the permeation of differ-
ent molecules through cell membrane do-
mains.

Fig. 2. Influence of membrane composition on the pH-distribution profile of desipramine in liposomes.
Liposomes were produced with different composition as indicated, and equilibrium dialysis was per-
formed in the presence of 3H-desipramine at 37 °C at pH values between 3 and 10.5. The concen-
trations in both chambers were determined by liquid scintillation counting and the distribution coef-
ficients (logD) were calculated as previously described [1]. (•) type I partitioning: liposomes with PC
and 20% (mol/mol) alpha-tocopherol, and PC and pentamethylchromanol, respectively; (�) type II
partitioning: liposomes with PC only, PC and alpha-tocopherolacetate, and PC and cholesterol, re-
spectively.

Fig. 3. Liposomal Tb3+ assay to study the permeation of aromatic carboxylic acids through lipid bi-
layers. The proof of principle is shown with the permeation of salicylic acid through the membrane of
Tb3+-containing PC liposomes (A). The increase of fluorescence upon the interaction of permeated
salicylic acid with Tb3+ molecules is followed during 80 min (for details see [9]). No significant increase
in fluorescence was detected upon incubation with the cell penetrating peptide TAT (44-57)-Cys
linked to 4-maleimidosalicylic acid (B).
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3. P-gp, a Multi-substrate Trans-
porter Glycoprotein

Beside passive permeation, carrier-me-
diated processes play an important role in
drug distribution and elimination. One of
the transporters, the P-gp, a 180 kDa mem-
brane protein, has been identified as one of
the major causes for chemotherapy resist-
ance of a wide variety of tumors. This so-
called multi-drug resistance protein has
been sequenced and the possible transmem-
brane domains of the protein have been des-
ignated. The mechanism of action remains
unclear and controversial hypotheses exist.
Screening studies identified a number of
clinically important drugs as P-gp sub-
strates, which are as diverse as anthracy-
clines, alkaloids, peptides, steroid hor-
mones, and local anesthetics, furthermore
pharmaceutical excipients and dye mole-
cules such as rhodamine 123. The latter can
be used in an efflux assay for the screening
of P-gp inhibitors in the confocal laser
scanning microscope (CLSM) [10]. The
multi-substrate recognition of P-gp hints at
unusual characteristics as compared to clas-
sical carriers such as peptide transporters.
ATP binding and hydrolysis is essential for
the transport function of P-gp. ATPase ac-
tivity can thus be used as a functional assay
to study P-gp activity with different sub-
strates and inhibitors. An easy to handle as-
say for P-gp activity has recently been in-
troduced (Bucher et al., manuscript in
preparation). It is based on the use of a P-gp
preparation obtained by low temperature

detergent extraction of the glycoprotein
from adriamycin-resistant murine lym-
phoma cells (P388/ADR). The resulting so-
called raft fractions are highly enriched in
P-gp and can be used directly to measure
ATP hydrolysis. This experimental set-up
can be used to establish ATPase activity pat-
terns for typical substrates, inhibitors and
modulators (Fig. 4).

To study the influence of defined lipid
surroundings on the activity of the multi-
drug resistance protein, which is also pos-
tulated to be a lipid-sorting protein, a pro-
cedure is being developed in our lab to
purify the P-gp and integrate it into prote-
oliposomes. This is to explore potential
lipid substrates and to check whether the in-
teractions of drugs with the lipid surround-
ings of the protein are involved in substrate
recognition. Recent progress has been
made to produce unilamellar vesicles with
P-gp as the major protein and negligible
amounts of residual detergent. Proteolipo-
somes of different lipid composition will
now be used to study changes in the ATP
hydrolysis patterns of substrates and in-
hibitors previously characterized with raft
fractions.

4. Modulation of TJs to Enhance
Permeation Through Cellular
Barriers

Tight junctions (TJs) separate distinct
components of the apical and basolateral
surface domains of polarized cells and at

the same time act as a dynamic gate to re-
gulate passage of molecules through the
paracellular pathway. Understanding TJ
regulation processes can significantly help
to improve drug delivery through the ep-
ithelial or brain endothelial barrier while
preventing cell damage. The reversible
opening of TJs can be demonstrated using
CLSM with a fusion construct (chimera)
between green fluorescent protein (GFP)
and ZO-1, a major TJ protein, stably ex-
pressed in Madin Darby Canine kidney
(MDCK) cells (Fig. 5; [11]). When using
the transient opening of TJs for drug per-
meation enhancement, mild conditions
have to be applied that avoid inflammatory
reactions at the site of application. Interest-
ing candidates for a controlled partial open-
ing of TJs are peptides corresponding to the

Fig. 4. Hydrolysis of ATP as a functional assay for P-gp. Low temperature detergent-resistant mem-
brane domains (rafts) were isolated from P388/ARD cells and purified by sucrose gradient density
centrifugation. (A) Western blot analysis of different gradient fractions with the anti human P-gp anti-
body C219. (B) Effect of verapamil, a P-gp ATPase activating compound, on the ATPase activity in
rafts. Data were fitted based on the Michaelis Menten equation assuming inhibition by high substrate
concentrations.

Fig. 5. The TJ network in Madin Darby Canine
Kidney (MDCK) cells and the reversible opening
of TJs as visualized with the GFP-ZO1 protein in
the CLSM. Cells were grown under standard
conditions and prepared for CLSM as previously
described [11]. (A) Optical section through fixed
MDCK cell monolayer (x,y) labeled for nuclei
(blue), F-actin (green) and the TJ protein ZO-1
(red). Co-localization of F-actin and ZO-1 ap-
pears as yellow staining. The cross section
through the monolayer can be seen in the x,z-
and y,z-projections. (B) Same area as in (A) in the
‘shadow projection’ mode, showing only nuclei
(blue) and the TJ network by labeling ZO-1 (red).
(C) to (F) Time lapse sequence taken in living
transfected MDCK cells expressing the green flu-
orescent protein (GFP)-ZO1 fusion protein (ZO1-
CGFP-MDCK) treated with 2 mM EGTA. Optical
section through the x,y level: GFP-ZO1 (green),
nuclei (blue) labeled with a life stain. (C) control at
0 min; (D) 7 min EGTA; (E) 16 min EGTA; (F) 16
min in EGTA plus 70 min in normal, Ca2+-con-
taining culture medium. Bars in A and B repre-
sent 10 µm; bars in C to F represent 5 µm.
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extracellular loops of occludin and claudin
isoforms, two types of transmembrane TJ
proteins (Fig. 6). The project concentrates
on the production of peptides with TJ mod-
ulating potential that could be used for the
development of permeation enhancers.
Opening of the TJs can be quantified by de-
termining the transepithelial electrical re-
sistance, and by measuring mannitol trans-
port in a two-chamber cell culture system.
Preliminary data show some effect of pep-
tides corresponding to the occludin loop II
and the claudin-1 loop I (Fig. 7).
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Fig. 6. Hypothetical arrangement of the transmembrane TJ proteins occludin and claudin. The loop
regions contain stretches of hydrophobic amino acids that are assumed to contribute to the tightness
of the TJs by making contacts between adjacent cells.

Fig. 7. The mannitol permeation assay to test the
opening of TJs. Cells were grown to confluence
on membrane inserts and incubated in a two-
chamber system (A). 3H-mannitol was added to
the upper chamber in the presence or absence
of the indicated peptides, and samples were
taken from the lower chamber at different times.
Data are presented for a 48 h incubation period.
Partial opening of TJs is reflected in an increase
in the permeation of 3H-mannitol expressed as
flux in percentage of the control without pep-
tides. Increased permeation of 3H-mannitol is
paralleled by a decrease in the transepithelial
electrical resistance (data not shown). occl I and
II, occludin loops I and II, respectively; clau I and
II, claudin-1 loops I and II, respectively.


