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ABSTRACT: It is generally accepted that P-glycoprotein binds its substrates in the lipid phase of the
membrane. Quantification and characterization of the lipid-transporter binding step are, however, still a
matter of debate. We therefore selected 15 structurally diverse drugs and measured the binding constants
from water to the activating (inhibitory) binding region of P-glycoprotein,Ktw(1) (Ktw(2)), as well as the
lipid-water partition coefficients,Klw. The former were obtained by measuring the concentrations of
half-maximum activation (inhibition),K1 (K2), in living NIH-MDR-G185 mouse embryo fibroblasts using
a Cytosensor microphysiometer, and the latter were derived from surface activity measurements. This
allowed determination of the membrane concentration of drugs at half-maximum P-glycoprotein activation
(Cb(1) ) (0.02 to 67) mmol/L lipid), which is much higher than the corresponding aqueous concentration
(K1 ) (0.02 to 376)µM). Moreover we determined the free energy of drug binding from water to the
activating binding region of the transporter (∆G°tw(1) ) (-30 to -54) kJ/mol), the free energy of drug
partitioning into the lipid membrane (∆G°lw ) (-23 to -34) kJ/mol), and, as the difference of the two,
the free energy of drug binding from the lipid membrane to the activating binding region of the transporter
(∆G°tl(1) ) (-7 to -27) kJ/mol). For the compounds tested∆G°tl(1) was less negative than∆G°lw but
varied more strongly. The free energies of substrate binding to the transporter within the lipid phase,
∆G°tl(1), are consistent with a modular binding concept, where the energetically most efficient binding
module comprises two hydrogen bond acceptor groups.

Various lines of evidence indicate that the P-glycoprotein-
ATPase, Pgp1 (ABCB1), binds its substrates within the
plasma membrane (1, 2) and, more precisely, within the
cytosolic lipid leaflet of the plasma membrane (3-7) (for
review see ref8). Exogenous substrates such as drugs and
toxins are thus caught by Pgpafter partitioning into the
plasma membrane butbeforereaching the cytosol and are
then exported or flipped at the expense of ATP hydrolysis
(3, 4, 9).

The environment from which substrates bind to the
transporter is decisive for the type of binding interactions
(10, 11). Little is known on the role of the lipid membrane
for substrate-transporter interactions since most well-
investigated transporters bind their substrates from the
aqueous phase (e.g. fucose transporter (12)). To investigate
the relationship between lipid partitioning and drug binding
Romsicki and Sharom (13) reconstituted Pgp into various
well-defined lipid bilayers and measured the transporter
dissociation constants,Kd (i.e. the release of the drug from

Pgp into the aqueous phase), as well as the lipid-water
partition coefficients,Plw. For the three drugs investigated,
the binding affinity to Pgp from the aqueous phase increased
in parallel to the lipid-water partition coefficient, suggesting
that the concentration of the drug in the membrane is
important for the interaction with the transporter (13). A
linear correlation between binding affinity to Pgp and
membrane partitioning (estimated from the octanol-water
partition coefficient, logPow) was also observed for pro-
pafenone analogues (6). However, for structurally more
diverse drugs no correlation between binding affinity to Pgp
and membrane affinity (logPow) was observed. Instead, an
approximately linear dependence of the binding affinity to
Pgp on the van der Waals surface area of drugs was noticed
(14). For the same drugs, a linear correlation between drug
affinity to Pgp and the logarithm of the air-water partition
coefficient, logKaw, was demonstrated (15), suggesting that
both the lipid-water partition coefficient,Klw, and the cross-
sectional area,AD, of a given drug molecule play a role for
drug-Pgp interactions (11).

The question as to how Pgp accommodates molecules of
different size is still a matter of debate. It has been suggested
that Pgp has at least two substrate binding sites (1, 13, 16).
Our kinetic data (17, 18) could be well fitted with a model
(14) that assumes two binding sites, one for activation and
one for inhibition. Evidence for three (19) and even four
binding sites has also been reported (20). As an alternative
to specific binding sites, broader binding regions have been
proposed (21). The concept of binding regions is consistent
with a search for possible drug interaction sites in the
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dylcholine; ECAR, extracellular acidification rate;K1 (K2), aqueous
substrate concentration at half-maximum Pgp activation (inhibition);
Kaw, air-water partition coefficient;Klw, lipid-water partition coef-
ficient; Ktl(1) (Ktl(2)), binding constant of the drug from the lipid
membrane to the activating (inhibitory) binding region of the transporter;
Ktw(1) (Ktw(2)), binding constant of the drug from water to the activating
(inhibitory) binding region of the transporter; MDR, multidrug resis-
tance; Pgp, P-glycoprotein-ATPase (MDR1, ABCB1); POPC, 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphatidylcholine;πM, lateral membrane
packing density;V1 (V2), maximum (minimum) transporter activity.

3020 Biochemistry2006,45, 3020-3032

10.1021/bi051380+ CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/07/2006



predicted transmembrane sequences of Pgp (22). The latter
investigation revealed a high density of amino acids with
hydrogen bond donor side chains in the transmembrane
sequences of Pgp which could interact with characteristic
hydrogen bond acceptor patterns present inall Pgp substrates
(10, 23, 24). Moreover, clusters of phenyl residues were
observed which could interact either withπ-electron systems
(π-π interactions) or with cationic residues in drugs
(cation-π interactions) (22). Recently, Sauna et al. (25) also
suggested a variable number of binding interactions between
substrate and transporter, however, without specifying the
type of interactions. Concepts with a variable number of
binding modules contrast with classical quantitative structure-
activity relationship, QSAR, approaches (for review see refs
26, 27) or multivariant procedures (e.g. ref28) that are both
based on “key-lock” concepts and consider one single “key”
or “pharmacophore” per Pgp substrate.

Drug partitioning into the lipid membrane and drug
binding to Pgp within the lipid membrane are tightly coupled
processes which have not yet been deconvoluted satisfacto-
rily. In the following we demonstrate that the binding
constant of a given substrate in the lipid phase to the
activating (inhibitory) binding region of Pgp,Ktl(1) (Ktl(2)),
can be calculated provided the corresponding lipid-water
partition coefficient,Klw, and the binding constant of the drug
from the aqueous phase to the activating (inhibitory) binding
region of Pgp, Ktw(1) (Ktw(2)), are known. The binding
constants from water to the transporter,Ktw(1) (Ktw(2)), were
determined in living NIH-MDR-G185 cells as the inverse
of the concentrations of half-maximum Pgp activation,K1

(inhibition, K2) (11). The concentrations of half-maximum
Pgp activation,K1 (inhibition, K2) were measured by means
of a Cytosensor microphysiometer (29) that monitors the
extracellular acidification rate, ECAR (17, 18). As a control,
we also measured the phosphate release rates upon drug-
induced Pgp-ATPase activation in inside-out membrane
vesicles and showed that the ECARs and the phosphate
release rates are identical ((18), Äänismaa and Seelig, in
preparation). The lipid-water partition coefficients,Klw, were
derived from the air-water partition coefficients,Kaw, and
the cross-sectional area,AD, of the drug taking into account
the lateral packing density,πM (30, 31), and the surface
potential,ψ, of the cytosolic membrane leaflet. The lipid-
water partition coefficients,Klw, obtained by means of this
approach were in excellent agreement with the lipid-water
partition coefficients obtained by means of isothermal
titration calorimetry using model membranes of known lateral
packing density (for the present compounds, Li-Blatter and
Seelig, in preparation).

We selected 15 chemically diverse drugs (antidepressants,
an antineoplastic, antipsychotics, a calcium channel blocker,
local anesthetics, an immunosuppressant, a steroid hormone,
a tyrosine kinase inhibitor) and report for the first time the
binding constants of the drugs from the lipid membrane to
the activating (inhibitory) binding region of the transporter
in the lipid phase,Ktl(1) (Ktl(2)). The corresponding free
energies of binding,∆G°tl(1) (∆G°tl(2)), reflect theeffectiVe
interactions between the substrates and the activating (inhibi-
tory) binding region of Pgp. We show that the substrate
concentrations in the membrane are higher by a factor of
102 to 104 than those in the aqueous phase, which implies
that the interactions between drugs and Pgp in the lipid

membrane are relatively weak. Our results further indicate
that binding of drugs to Pgp is not compatible with a classical
“key-lock” or “one-pharmacophore” model but can be well
explained with a modular binding concept, where the
energetically most relevant binding module seems to consist
of two hydrogen bond acceptor groups.

MATERIALS AND METHODS

Materials. Amitriptyline‚HCl, cis-flupenthixol‚2HCl,
daunorubicin‚HCl, dibucaine‚HCl, diltiazem‚HCl, lidocaine‚
HCl, progesterone, promazine‚HCl, trifluoperazine‚2HCl, and
triflupromazine‚HCl were from Sigma-Aldrich (Steinheim,
Germany), and (R/S)-verapamil‚HCl was from Fluka (Buchs,
Switzerland). Chlorpromazine‚HCl and reserpine‚HCl‚H2O
were generous gifts from Merck (Darmstadt, Germany), and
cyclosporin A and glivec mesylate from Novartis AG (Basel,
Switzerland). For Cytosensor measurements cyclosporin A,
progesterone, reserpine, and (R/S)-verapamil were dissolved
in DMSO, where the final DMSO concentration did not
exceed 0.5% (v/v). The remaining drugs were directly
dissolved in medium. To test the influence of DMSO on
membrane partitioning and Pgp binding, (R/S)-verapamil and
glivec were measured with and without DMSO. The results
were identical within error limits (A¨ änismaa and Seelig, in
preparation). Cell culture medium DMEM with pyruvate
(liquid and dry, Cat. No. 21969 and Cat. No. 52100,
respectively) as well as other compounds required for cell
culture such as fetal bovine serum, FBS,L-glutamine, and
antibiotics were from Gibco-BRL (Basel, Switzerland).

Buffers. Buffers were adjusted to pH 7.4 at ambient
temperature. For Cytosensor measurements (performed at 37
°C), a flow medium with low buffer capacity is required.
The flow medium was prepared from dry powder Dulbecco’s
modified Eagle medium (Gibco-BRL, Basel, Switzerland)
which contains 0.91 mM phosphate but no sodium bicarbon-
ate. Flow medium was supplemented with 1 mM sodium
pyruvate to decrease the basal ECAR of cells and to enhance
the relative ECAR changes due to Pgp activation in particular
(18). In order to preserve osmotic balance the lacking sodium
bicarbonate was replaced by sodium chloride (2.6 g/L of
NaCl instead of 3.7 g/L of NaHCO3).

Cell Lines and Cell Culture.The mouse embryo fibroblast
cell lines NIH3T3 and NIH3T3 transfected with the human
MDR1gene, NIH-MDR-G185 (grown in the presence of 0.15
µM colchicine), were generous gifts from Dr. M. M.
Gottesman and Dr. S. V. Ambudkar (The National Institutes
of Health, Bethesda, MD). Cells were maintained as de-
scribed earlier (17, 18).

Cytosensor Measurements.In short, the Cytosensor mi-
crophysiometer measures the rate of proton excretion from
104 to 106 cells in a flow chamber with diffusive contact to
a pH sensitive silicon chip. Due to the flow chambers it is
possible to maintain approximately constant drug concentra-
tions, which allows the establishment of steady state condi-
tions. Cytosensor measurements with NIH3T3 and NIH-
MDR-G185 cells and the quantification of extracellular
acidification are described elsewhere in detail (17, 18). In
the present study the drug concentrations were corrected for
adsorption to the walls of the fluid supply tubes, the
debubbler membranes, and the flexible tubing (∼65 cm)
which connect the fluid supply tubes with the Cytosensor

P-Glycoprotein-Substrate Interactions Biochemistry, Vol. 45, No. 9, 20063021



chamber. Corrections were made in separate control runs by
sampling the drug solution just before entering the sensor
chamber and measuring the drug concentration by UV
spectroscopy. To mimic the time schedule of Cytosensor
measurements the drug solutions were let to flow through
Cytosensor tubing 6 min before the samples were collected
during the 3 min. Adsorption varied strongly from compound
to compound and was small for verapamil and high for
phenothiazines. Cyclosporin A concentrations could not be
corrected for adsorption by UV because the molecule does
not contain UV-detectable amino acid residues.

Lipid-Water and Air-Water Partition Coefficient. Mea-
surement of the lipid-water partition coefficient,Klw, in
intact cells is not possible since other structures e.g. the
glycocalix or proteins also attract cationic compounds. We
have therefore developed an approach that allows determi-
nation of the lipid-water partition coefficient,Klw, from the
air-water partition coefficient,Kaw, and the cross-sectional
area,AD, of the drug, by taking into account the relevant
lateral membrane packing density,πM (30, 31), and the
surface potential of the membrane,ψ. The air-water
partition coefficient,Kaw, and the cross-sectional area,AD,
of the drug were derived from measurements of the surface
pressure,π, as a function of concentration (Gibbs adsorption
isotherm) as described previously ((30, 31), for the present
compounds, Li-Blatter and Seelig, in preparation).

The Kinetic Models.The kinetics of Pgp activation has
been discussed in detail elsewhere (11, 17) and is sum-
marized briefly. The model used to analyze Pgp-drug
interactions is outlined in the scheme depicted in eq 1. In

theabsenceof exogenous substrates Pgp shows basal activity,
with kbas as the catalytic rate constant (1st arrow down).
Substrates in the aqueous phase, Sw, partition into the lipid
membrane, wherek0 and k-0 are the partitioning rate
constants, andKlw ) k0/k-0 is the lipid-water partition
coefficient. The substrate in the lipid membrane, Sl, binds
to the transporter, T, forming the transporter-ATP-substrate
complex, T(ATP)St (for simplicity only one ATP (ADP)
molecule per Pgp is shown in eq 1); St is the substrate bound
to the activating binding region of the transporter,k1 and
k-1 are the rate constants for association to and dissociation
from the activating binding region, andKtl(1) ) k1/k-1 is the
binding constant of the substrate for the activating binding
region of the transporter within the lipid membrane. The 2nd
arrow down shows the substrate transport step which is
driven by hydrolysis of ATP to ADP and phosphate, Pi,
wherekcat′ denotes the catalytic rate constant and Srel the
substrate released. At high substrate concentrations a second
substrate molecule is bound to the inhibitory binding region
forming the complex T(ATP)StSt, wherek2 andk-2 are the
association and dissociation rate constants, respectively,Ktl(2)

) k2/k-2 reflects the binding constant to the inhibitory binding

region of the transporter, andkcat′′ is the catalytic rate constant
of the inhibitory binding step. The association/dissociation
reactions are rapid compared to the catalytic steps (cf. ref
32) (k-1 andk-2 . kbas, kcat′, kcat′′). To a first approximation,
the concentration of half-maximum (minimum) activation
K1 (K2) can therefore be assumed to correspond to the
dissociation constant of the activating (inhibitory) binding
region of Pgp and the inverse, 1/K1 (1/K2), to the transporter-
water binding constant for the activating (inhibitory) binding
region,Ktw(1) (Ktw(2)).

Based on this mechanism the following rate equation for
ATP hydrolysis has been developed by Litman et al. (14):

where Vsw is the rate of Pi release as a function of the
substrate concentration in aqueous solution,Csw, Vbas is the
basal activity of Pgp in the absence of drug,V1 is the
maximum transporter activity (if only activation occurred),
andV2 is the minimum activity at infinite substrate concen-
tration. At a substrate concentration,Csw ) K1, half-
maximum binding of the activating binding region is reached,
and at a substrate concentration,Csw ) K2, half-maximum
binding of the inhibitory binding region is reached. Equation
2 is thus based on the concept of substrate inhibition (or
uncompetitive inhibition) which was extended to allow for
basal activation in the absence of a substrate and for
breakdown of the complex T(ATP)StSt (eq 1). The kinetic
data given in Table 1 were analyzed using this model.

For comparison we discuss a simplified version of the
above model (14) that does not allow for catalytic activity
of the complex T(ATP)StSt (V2 ) 0) and shows the following
rate equation:

A related model was proposed by Al-Shawi et al. (33, 34).
It also considers basal activation of Pgp in the absence of
drugs, drug activation, and drug inhibition. However, it is
based on the concept of noncompetitive inhibition and shows
the following rate equation:

The influence of the different models on the kinetic data
will be discussed.

The Thermodynamics of Substrate Binding.As shown
previously (11), the binding constant of the drug from water
to the transporter,Ktw(1), is the product of the lipid-water
partition coefficient,Klw, and the binding constant of the drug
from the lipid membrane to the transporter,Ktl(1),

This leads to the corresponding free energy relationship

where the degree symbol refers to a biological standard state

Vsw )
K1K2Vbas+ K2V1Csw + V2Csw

2

K1K2 + K2Csw + Csw
2

(2)

Vsw )
K1K2Vbas+ K2V1Csw

K1K2 + K2Csw + Csw
2

(3)

Vsw )
K1K2Vbas+ K2V1Csw

K1K2 + K1Csw + K2Csw + Csw
2

(4)

1/K1 = Ktw(1) = Ktl(1)Klw (5)

∆G°tw(1) = ∆G°tl(1) + ∆G°lw (6)
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(pH 7.4 and 37°C). The free energy of substrate binding
from water to the transporter,∆G°tw(1), and the free energy
of partitioning into the lipid membrane,∆G°lw, are defined
as

and

respectively, whereCw corresponds to the molar concentra-
tion of water. Analogous equations can be formulated for
the binding constant and the free energy of binding to the
second binding region,

and

whereK2 is the dissociation constant,Ktw(2) andKtl(2) are the
binding constant from water and from the lipid membrane
to the inhibitory binding region of Pgp, respectively, and
∆G°tw(2) and∆G°tl(2) are the corresponding free energies.

RESULTS

Drug-Induced Pgp ActiVation Measured in MDR1-Trans-
fected and Wild-Type Cells. MDR1-transfected (NIH-MDR-
G185) and wild type (NIH3T3) mouse embryo fibroblasts
were exposed to 15 chemically diverse drugs (cf. Table 1),
and the extracellular acidification rate, ECAR, was measured
by means of the Cytosensor. Figure 1 shows a comparison
of the raw data (A and B, where A is an enlargement of B)

and the rate data (C) obtained upon exposure of NIH-MDR-
G185 and wild-type cells to chlorpromazine (3.4µM). During
each 120 s pump cycle, buffer was superfused for 100 s,
then the pumps were switched off for the remaining 20 s,
and the pH change was measured during 13 s within this
time. When the pumps were on, the acidic metabolites
excreted by the cells were washed away by the flow of
medium, and the pH at the cell surface therefore remained
constant and was identical to the pH of the flow medium.
During pump-off periods (20 s) acidic products accumulated
in the sensor chambers, causing a decrease of the pH. The
ECAR was determined during 13 s of the pump-off period
as the slope of a linear least-squares fit to voltage versus
time data (-µV/s) (rate data), where-1 µV/s corresponds
to an acidification rate of 1 mpH unit/min at pH 7.4 (Figure
1A). During the first four pump cycles cells were exposed
to the flow medium without chlorpromazine and the basal
ECAR was measured as seen in Figure 1B and 1C. Next
NIH-MDR-G185 and NIH3T3 cells were exposed to a
chlorpromazine-containing (3.4µM) medium for a 40 s pulse
and the ECAR was measured. Perfusion with chlorpromazine
solution was continued for another 100 s and the ECAR was
measured again. The hatched region in Figures 1B and 1C
indicates the drug-stimulation period of 180 s comprising
two measuring points. In the following, the second measuring
point (filled symbol) was used for data evaluation for all
compounds except cyclosporin A which was stimulated for
a longer period of time (11 min). Drug stimulation for longer
periods of time generally did not change the ECAR indicating
that steady state conditions were reached.

After stimulation with drug-containing medium the cells
were again perfused with flow medium and the ECAR
measurements were continued every two minutes until basal

Table 1: Thermodynamic and Kinetic Parameters for 15 Drugsa

no. compound pKa

Kaw
[mM-1]
pH 7.4

AD
[Å2]

pH 8.0
K1

[µM]
K2

[µM]
V1

[fold]
V2

[fold]

Xb(1)
[mmol/
mol]

Xb(2)
[mmol/
mol]

weighted
number
H-bond

acceptors
∆G°Hi

[kJ/mol]

1 amitriptyline 9.4(53) 7.1(30) 52(15) 6.4( 0.2 57.2( 11.3 1.9( 0.01 0.2( 0.2 3.6 33.5 2 -7.0
2 chlorpromazine 9.2(54) 21.5(30) 42(30) (pH 7.4) 5.7( 0.0 16.4( 3.0 2.0( 0.3 0.0( 0.0 20.2 58.1 2 -4.9
3 cis-flupenthixol 7.8(55) 453(30) 60(30) 3.0( 1.8 33.8( 18.1 1.4( 0.2 0.0( 0.0 47.0 523.0 2.5 -3.1
4 cyclosporin A - 19952.6(15) 140 0.02( 0.01 1.5( 1.0 1.1( 0.1 0.8( 0.3 0.02 1.6 10.5 -2.6
5 daunorubicin 8.4(56) 588.8(15) 106(15) 0.6( 0.3 19.0( 4.0 1.1( 0.05 0.1( 0.1 0.6 19.1 7 -2.6
6 dibucaine 8.5(57) 11.3 52 10.9( 1.0 21.0( 7.8 2.0( 0.2 1.0( 0.1 9.4 18.2 1.5 -7.8
7 diltiazem 8.9(58) 26.9(15) 70(15) 3.5( 0.4 296.8( 107.6 1.8( 0.2 0.8( 0.2 2.2 182.0 3.5 -4.4
8 glivec 8.07 198 98 2.9( 2.7 117.8( 25.3 1.2( 0.1 0.0( 0.0 1.6 63.1 3 -5.4
9 lidocaine 7.6(59) 2.9(30) 50 375.6( 91.3 nd 1.5( 0.1 nd 66.7 nd 1.5 -4.5

10 progesterone - 157 40b 5.0( 0.7 12.4( 1.9 1.7( 0.2 1.2( 0.2 47.4 117.9 1.5 -5.1
11 promazine 9.42(60) 4.8 42(31) 78.7( 22.0 131.5( 11.0 3.7( 0.6 0.0( 0.0 62.9 105.0 2 -3.5
12 (R/S)-verapamil 8.92(61) 166.0(15) 90 0.5( 0.1 37.3( 15.3 1.6( 0.1 1.1( 0.1 0.4 34.8 5 -3.9
13 reserpine 6.6(62) 2030 99 0.3( 0.1 10.7( 1.5 1.3( 0.1 0.6( 0.2 0.6 24.9 8 -2.3
14 trifluoperazine 8.09(63) 342 57.4(31) 3.6( 0.0 21.8( 3.2 1.6( 0.1 0.0( 0.0 57.4 349.0 2.5 -2.9
15 triflupromazine 9.1(64) 91.1 50(31) 2.0( 0.5 31.1( 1.6 1.7( 0.1 0.0( 0.0 17.0 266.3 2.5 -4.1

a The air-water partition coefficient,Kaw, and the cross-sectional area,AD, were obtained by means of surface activity measurements. The
concentration of half-maximum activation (inhibition),K1 (K2), and of maximum (minimum) transporter activity,V1 (V2), were measured in living
NIH-MDR-G185 cells with a Cytosensor. The mole fraction of drugs in the membrane at half-maximum Pgp activation (inhibition),Xb(1) (Xb(2)),
was calculated according to eq 20 using the lipid-water partition coefficients,Klw (Figure 4A), calculated by means of eq 12 assuming a membrane
packing density ofπM ) 30 mN/m and a surface potential of the cytosolic leaflet ofψ ) -30 mV. The number of H-bond acceptors and the free
energy of binding per H-bond,∆G°

Hi, was determined as described in Discussion.b The cross-sectional area of progesterone was estimated in
analogy to the cross-sectional area of cholesterol. The error in the surface activity measurements is generally not larger than(5%. However, for
compounds with low amphiphilicity (e.g. daunorubicin, progesterone) the air-water partition coefficient as well as the cross-sectional area of the
molecule can be affected by the association state of the molecule in solution which depends on the stock solution concentration and data variation
can therefore be larger. Data presented in Table 1 correspond to average values of 1-4 data sets made with cells of different passages (cell passage
number> 4), where one data set consists of 2-3 measurements made with cells of the same passage number as shown in Figure 3.

∆G°tw(1) = -RT ln(CwKtw(1)) = -RT ln(Cw(1/K1)) )
RT ln(CwK1) (7)

∆G°lw ) -RT ln(CwKlw) (8)

1/K2 = Ktw(2) = Ktl(2)Klw (9)

∆G°tw(2) = ∆G°tl(2) + ∆G°lw (10)
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rates were reached again. The acidification rate was normal-
ized to the basal acidification rate (average of the first four
pump cycles before drug addition) which was defined as
100%. It has to be noted that the basal ECAR is the sum of
the Pgp basal activity and other metabolic processes. The
cellular response is given as the percentage of the basal
activity (Figure 1C). As seen in Figures 1B and 1C addition
of chlorpromazine to the flow medium leads to an ECAR
increase in NIH-MDR-G185 cells, but not in wild-type cells.

Figure 2 displays the ECAR changes relative to the basal
acidification rates of NIH-MDR-G185 (circles) and NIH3T3
cells (squares) upon stimulation with either chlorpromazine
(A) or dibucaine (B) at different concentrations as a function
of time. The second measuring point at the end of the drug-
stimulation period (at 180 s) is again indicated by a filled
symbol (Figures 1C, 2A, and 2B).

The response of wild type cells (Figures 2A and 2B) was
negligibly small for all drugs at low concentrations (C < 10
µM). Some drugs induced a fast transient decrease of the
ECAR (to maximally∼70%) at high concentrations as seen
in Figures 2A and 2B. The largest transient effects were
observed for chlorpromazine and dibucaine, which are given
as examples in Figures 2A and 2B. Due to the protection of
the cells by Pgp this effect was small in NIH-MDR-G185
cells. At high concentrations,C > 10 µM, the cytotoxic
daunorubicin induced metabolic changes in wild-type cells
which were similar to those inMDR1-transfected cells.

Analysis of Pgp ActiVation. Plotting the ECARs of NIH-
MDR-G185 cells at the end of the drug-stimulation period

FIGURE 1: (A-C) ECAR measured by means of a Cytosensor
microphysiometer.MDR1-transfected (NIH-MDR-G185) (solid
lines in Figures 1A and B, circles in Figure 1C) and wild-type cells
(NIH3T3) (dotted lines in Figures 1A and B, squares in Figure
1C) were exposed to 3.4µM chlorpromazine. (A) Raw data show
changes of the voltage (mV) with time, that are proportional to pH
changes (-1 µV/s ) 0.001 pH unit/min at pH 7.4). When the pumps
are on (gray boxes), the pH in the measuring chamber corresponds
to the pH of flow medium. When the pumps are off (black boxes),
the pH drops due to an accumulation of acidic metabolites in the
extracellular environment. Gray hatched boxes indicate the stimula-
tion period of cells with chlorpromazine and comprise two
measurements, where the second measurement (180 s) indicated
by a filled symbol (C) is used for data evaluation. (B) Same data
as in part A shown on a longer time scale. (C) Rate data show the
acidification rate (-µV/s) in time, determined by a least-squares
fit to the slope from the raw data when pumps are off. Values are
normalized to the basal ECAR defined as 100%.

FIGURE 2: (A, B) Time-dependent ECAR of NIH-MDR-G185
(circles) and NIH3T3 (squares) cells in response to increasing
concentrations of chlorpromazine (A) and dibucaine (B). The cells
were stimulated with drugs for 180 s. Each segment is normalized
to a basal acidification rate (the average of the two data points of
the ECAR before drug addition defined as 100%). The second
stimulation point obtained during the drug-stimulation period is
indicated by a filled symbol and is used for data evaluation. The
subsequent open circles correspond to measurements performed in
the presence of drug-free medium. Measurements were continued
until the ECAR returned to basal values. At low drug concentrations,
where only the activating binding region of Pgp is occupied, the
second stimulation point (filled symbol) corresponds to the ECAR
maximum. At high drug concentrations the ECAR at the second
stimulation point (180 s) is lower than the ECAR at the subsequent
(third) stimulation point. This is due to the fact that reperfusion of
the cells with drug-free medium lowers the membrane concentration
of drugs which leads to the release of the substrate molecule at the
inhibitory binding region of Pgp.
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at 180 s (indicated by solid symbols in Figures 1C, 2A, and
2B) as a function of the logarithm of concentration yields
activation profiles as displayed in Figure 3. The Pgp
activation profiles of all drugs show a characteristic bell-
shaped dependence on the logarithm of concentration, in
agreement with previous investigations in other cell lines
(14, 17), as well as in reconstituted proteoliposomes (33).
The solid lines are fits to the modified Michaelis-Menten
equation (eq 2) assuming Pgp activation upon binding of a
first drug molecule at low, and inhibition upon binding of a

second drug molecule at high, concentration. The error bars
in Figures 3A-C correspond to the average of two to three
measurements made with cells of the same passage (one data
set). For compounds which are especially prone to aggrega-
tion, such as phenothiazines (e.g. chlorpromazine (31)) and
progesterone, the quality of data decreases with increasing
concentration as reflected in an increase in error bars. Data
were evaluated using an automated fit program to eq 2
(described elsewhere, A¨ änismaa and Seelig, in preparation)
yielding the concentration of half-maximum activation,K1,
and inhibition,K2, as well as the maximum,V1, and minimum
rate,V2, of Pgp activity. Data obtained with NIH-MDR-G185
are summarized in Table 1 and correspond to average values
of one to four data sets made with cells of different passages.
For the present study the cell passage number wasn > 4
(18).

Binding to the Inhibitory Region of Pgp Is ReVersible.A
closer inspection of Figures 2A and 2B is now possible. It
reveals that the data point at the end of the drug-stimulation
period (at 180 s) is identical with the ECAR maximum at
low drug concentrations. At higher drug concentrations the
ECAR maximum is observed at the subsequent measuring
point. At this point the cells have been reperfused with drug-
free medium for 100 s (plus 20 s measuring stop) and the
concentration of the drug in the membrane has therefore
decreased below the value at which the inhibitory binding
region is occupied. The increase in the ECAR is thus due to
the release of the inhibitory substrate molecule from Pgp,
which directly prooves the reversibility of the inhibitory
binding step in eq 1.

Figure 2A further shows that more than 1 h can be required
to reach the basal ECAR after reperfusion with drug-free
medium. This implies that the membrane concentration of
drugs inMDR1-transfected cells decreases only slowly (as
discussed in detail elsewhere).

Drug Partitioning into the Lipid Membrane.For the
electrically neutral extracellular lipid leaflet the lipid-water
partition coefficient,Klw, can be derived from the air-water
partition coefficient,Kaw, and the cross-sectional area of the
drug molecule in its amphiphilic orientation at the air-water
interface,AD ((30, 31), for the present compounds, Li-Blatter
and Seelig, in preparation),

whereπMAD is the energy required to create a cavity with a
cross-sectional area,AD, in a membrane exhibiting the lateral
packing density,πM, and kT is the thermal energy per
molecule (35). The air-water partition coefficient,Kaw, was
determined at pH 7.4. The cross-sectional area,AD, was
measured at pH 8.0 to minimize charge repulsion effects (30,
31). The lateral packing density,πM, of mouse embryo
fibroblasts was determined asπM ≈ 30 mN/m (cf. next
paragraph).

After insertion into the outer, electrically neutral membrane
leaflet, the neutral fraction of drugs rapidly crosses the
hydrophobic core region and accumulates in the inner,
cytosolic membrane leaflet. The polar groups of the drug
then reside in the headgroup region of the lipids, and the
hydrophobic groups remain in the hydrophobic core. The
cytosolic lipid leaflet contains∼25% negatively charged
lipids and thus exhibits a negative surface potential,ψ. Since

FIGURE 3: (A-C) Pgp activation profiles obtained by ECAR
measurements in NIH-MDR-G185 cells stimulated bycis-flupen-
tixol (9), diltiazem ([), glivec (2), lidocaine (0), triflupromazine
(O) (A), amitriptyline (9), cyclosporin A (2), promazine (O),
reserpine (0), and trifluoperazine (b) (B), chlorpromazine ([),
daunorubicin (9) (data in the low concentration rangeC < 5 µM
are fitted to eq 2, metabolic changes due to effects other than Pgp
activation are observed atC > 10µM), dibucaine (O), progesterone
(2), and verapamil (0) (C). The solid lines are fits to eq 2 assuming
activation with one and inhibition with two drug molecules bound
to Pgp. Symbols represent average value ofn ) 2-3 measurements
with cells of the same cell passage.

Klw ) Kaw e-πMAD/kT (11)
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it is generally assumed that Pgp binds its substrates when
they are inserted in the cytosolic membrane leaflet (although
other binding locations have been proposed (36)), we
calculated the appropriate cytosolic lipid-water partition
coefficient by taking into account the charge,z, of the drug
and the surface potential,ψ, of the cytosolic membrane
leaflet,

whereRT is the thermal energy per mole, andF the Faraday
constant.

The surface potential,ψ, depends not only on the lipid
composition of the membrane but also on the cytosolic ion
concentration. The cytosolic free magnesium concentration
has been estimated to be in the range ofC ) (0.5 to 1) mM
(37), and the concentration of monovalent cations is in the
range ofC ) (100 to 150) mM. With a binding constant of
K ) 10 M-1 and K ) 0.6 M-1 for magnesium and for
monovalent cations, respectively (38), a surface potential in
the range ofψ ≈ (-30 to -20) mV is calculated using the
Gouy-Chapman theory (39). Binding of cationic drugs also
reduces the membrane surface potential. For most drugs it
reaches a value ofψ ≈ 0 mV at the concentration of half-
maximum Pgp activation. To illustrate the effect of the
surface potential we calculated the lipid water partition
coefficients,Klw, for the two extreme values,ψ ) 0 mV,
andψ ) -30 mV.2 As seen in Figure 4A the lipid-water
partition coefficients were in the range ofKlw ) (102 to 104)
M-1 andKlw ) (2 × 102 to 2 × 104) M-1 for ψ ) 0 mV,
andψ ) -30 mV, respectively. The lipid-water partition
coefficients,Klw, of the different drugs thus vary by 2 orders
of magnitude under both conditions, whereas an increase of
the negative surface potential fromψ ) 0 mV to ψ ) -30
mV increases the lipid-water partition coefficient only by
maximally a factor of about two. If not otherwise stated the
following data are calculated with a negative surface
potential,ψ ) -30 mV.

The Lateral Packing Density, πM, of the Plasma Membrane
of NIH-MDR-G185 Cells. The lateral packing density,πM,
of a membrane cannot be measured directly; however, it can
be determined in relation to a monolayer or bilayer with a
known lateral packing density (40). As seen from eq 11 the
lipid-water partition coefficient,Klw, decreases exponentially
with increasing lateral packing density,πM, of the membrane
(35, 41). If the lipid-water partition coefficients,Klw(A) and
Klw(B), and the surface potential difference,ψB - ψA, of two
membranes, A and B, are known, the packing density
difference between the two membranes,πM(B) - πM(A), can
be determined as

In the comparison of cells the surface potential difference
can be neglected to a first approximation and the last term
in eq 13 thus cancels. With a reference membrane, A, of
known packing density,πM(A), the packing density of the
cell membrane, B,πM(B), can then be evaluated.

According to eq 5 the binding constant of the substrate
from water to the transporter,Ktw(1) (or 1/K1), corresponds
to the product of the lipid-water partition coefficient and

the binding constant of the substrate from the lipid membrane
to the transporter, whereKtl(1) is likely to be packing density
independent (cf. Discussion). The binding constant of the
substrate from water to the transporter,Ktw(1), thus shows
the same exponential dependence on the membrane packing
density,πM, as the lipid-water partition coefficient,Klw.
Therefore, the packing density difference,πM(B) - πM(A),
between two different cell membranes, A and B, can be
evaluated by measuring the concentrations of half-maximum
activation,K1(A) andK1(B), of Pgp embedded in two different
membranes,

where the surface potential difference can again be neglected

2 Inside-out plasma membrane vesicles ofMDR1-transfected (NIH-
MDR-G185) and wild-type cells (NIH3T3) exhibit the sameú-potential.
Theú-potential of the inside-out plasma membrane vesicles is moreover
similar to that of the intact cells from which they were derived. The
negativeú-potential of inverted plasma membrane vesicles is due to
the negatively charged lipids in the cytosolic membrane leaflet, and
that of intact cells is due essentially to the extracellular glycocalix
located above the level of electrically neutral lipid headgroups. In the
absence of drugs theú-potential is (-23 ( 3) mV (E. Gatlik, X. Li-
Blatter, A. Seelig, unpublished results) and is thus in good accordance
with the surface potential,ψ, used in the present investigation.

Klw ) Kaw e-πMAD/kT e-ψFz/RT (12)

(πM(B) - πM(A)) ) kT
AD

(ln(Klw(A)

Klw(B)
) - Fz

RT
(ΨB - ΨA)) (13)

FIGURE 4: The inverse of the concentration of half-maximum Pgp
activation, (1/K1), obtained by measurements of the ECAR in NIH-
MDR-G185 cells, is plotted as a function of the lipid-water
partition coefficient,Klw (A), and as a function of the air-water
partition coefficient,Kaw (B). Open triangles and filled squares in
Figure 4A refer to a membrane surface potential,ψ ) 0 mV and
ψ ) -30 mV, respectively. Surface activity measurements were
performed at pH 7.4. (1) amitriptyline, (2) chlorpromazine, (3)cis-
flupenthixol, (4) cyclosporin A, (5) daunorubicin, (6) dibucaine,
(7) diltiazem, (8) glivec, (9) lidocaine, (10) progesterone, (11)
promazine, (12) (R/S)-verapamil, (13) reserpine, (14) trifluopera-
zine, and (15) triflupromazine. The straight line in Figure 4B
exhibits a slopem ) 1.

(πM(B) - πM(A)) ) kT
AD

(ln(K1(B)

K1(A)
) - Fz

RT
(ΨB - ΨA)) (14)
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in most cases (cf. Table 2). To estimate the lateral packing
density of the plasma membrane of differentMDR1-
transfected cell lines we used as reference membrane a
DMPC bilayer for which the lateral packing density has been
determined previously asπM ) (30( 1) mN/m (42). DMPC
bilayers have been used to reconstitute Pgp and to measure
the concentration of half-maximum Pgp activation,K1, by
verapamil (13). With the two reference values for DMPC
bilayers (πM andK1 for verapamil) the lateral packing density
of the plasma membranes of NIH-MDR-G185 cells was
estimated asπM ) 30.5 ( 1 mN/m. For comparison we
estimated the packing density of two other cell membranes
(LLC-MDR1 (17) and CR1R12 cells (14)) and of mixed lipid
bilayers (∼60%Escherichia colilipids, ∼17.5% egg phos-
phatidylcholine, 10% bovine brain phosphatidylserine and
∼12.5% cholesterol) (34, 43) used for Pgp reconstitution (cf.
Table 2). The membrane packing densities,πM, estimated
for the different membranes are summarized in Table 2. The
type of assays, the kinetic models (rate equations), and the
experimental conditions (e.g. pH, magnesium and ATP
concentrations) differ in the different investigations.

The lateral packing densities of the mammalian plasma
membranes investigated were found to be in the range of
πM = (30 to 35) mN/m, which is in good agreement with
previous investigations (40). The lowest packing density was
found for mouse embryo fibroblasts (NIH-MDR-G185),
which is consistent with the low cholesterol content generally
found in embryonic cell membranes (44), and the highest
packing density was observed inEhrlich ascites tumor cells,
CR1R12. The packing density of lipid membranes containing
a high percentage ofE. coli lipids (33, 43, 45) was
determined asπM ) 46.5( 4.5 mN/m, which is distinctly
higher than that of the mammalian plasma membranes. The
high packing density is mainly due to the high percentage
of phosphatidylethanolamines inE. coli lipids. Phosphati-
dylethanolamines exhibit smaller cross-sectional areas and
therefore higher packing densities than the corresponding
phosphatidylcholines (46). The high packing density ofE.
coli lipids is also reflected in their high phase transition
temperature (47, 48).

Correlation between the Concentration of Half-Maximum
Pgp ActiVation and the Lipid-Water Partition Coefficient.
Figure 4A shows the inverse of the concentration of half-
maximum Pgp activation, 1/K1 (log scale), versus the lipid-
water partition coefficient,Klw (log scale). No linear corre-
lation is observed. Since log(1/K1) is proportional to the free
energy of binding from water to the activating binding region
of Pgp,∆G°tw(1), and logKlw is proportional to the free energy
of drug partitioning from water to the membrane,∆G°lw, it
can be concluded that no correlation exists between the drug
affinity from water to the transporter and the drug affinity
to the lipid membrane for the present set of structurally
diverse drugs. The same conclusion was drawn previously
from octanol-water partition coefficients (14).

Correlation between the Concentration of Half-Maximum
Pgp ActiVation and the Air-Water Partition Coefficient. If
the log(1/K1) (proportional to∆G°tw(1)) is plotted versus the
logarithm of the air-water partition coefficient, logKaw

(proportional to∆G°aw) an approximately linear correlation
is obtained as shown in Figure 4B. The air-water partition
coefficients,Kaw, cover a broad range fromKaw ∼ 103 M-1

(very hydrophilic compounds) toKaw ∼ 107 M-1 (very
hydrophobic compounds). The straight line in Figure 4
corresponds to the product of the air-water partition
coefficient and the concentration of half-maximum Pgp
activation,

The free energy of moving the drug from water to air,∆G°aw

) -RT ln(CwKaw), is thus approximately identical to the free
energy of substrate binding from water to the transporter,
∆G°tw,

Rewriting eq 11 in a logarithmic form and combining it with
eq 8 yields

Table 2: The Lateral Membrane Packing Density,πM, of Different Pgp Containing Membranes Estimated by Comparing Concentrations of
Half-Maximum Pgp ActivationK1 (or Km) by Verapamila

membrane rate equation
K1 (or Km)

[µM]
Mg2+

[mM]
ATP
[mM]

πM

[mN/m]
ψ

[mV]
Klw

[M -1]
Xb(1)

[mmol/mol]

lipid (DMPC)(13) Michaelis-Menten
equation

0.63b 30(42) 0 336 0.21

NIH-MDR-G185 cells eq 2 0.5 cellular cellular 30.5 -20 514 0.26
LLC-MDR1 cells(17) eq 2 0.89c cellular cellular 33 -20 307 0.27
CR1R12 cells(14) eq 2 2.5 2.5 3 35.5 -20 101 0.25
lipid mixture with

E. coli lipidsd (43)
Michaelis-Menten

equation
4.7 5 5-7.5 42 -20 51.3 0.24

lipid mixture with
E. coli lipidsd (33,45)

eq 4 30
62.2

15
15

10
10

48
51

-5
-5

8.3
4.4

0.25
0.27

a The K1 (or Km) values were taken from literature, and the corresponding experimental conditions (magnesium ion and ATP concentration,
respectively, pH, and temperature) are given. The membrane packing density,πM, was calculated according to eq 14 using the surface potential,ψ,
estimated taking into account 25% negatively charged lipids and the free ion concentration in the different assays. The lipid-water partition coefficient,
Klw, was determined according to eq 12 using the relevant surface potential and lateral packing density. The mole fraction of drugs in the membrane
at half-maximum Pgp activation,Xb(1), was calculated according to eq 20. All measurements discussed were performed at T) 37 °C and pH 7.4
except those of ref. (13) (T > 30 °C), ref. (14) (pH 7.0) and ref. (43) (pH 6.8).K1 values measured at lower pH were divided by a factor of 2 to
correct for pH (cf. ref (45), and Äänismaa and Seelig, in preparation) and the Michaelis-Menten constant,Km, in ref. (43) was doubled to adjust
to a K1 value.b Dissociation constant determined by fluorescence quenching. The corresponding concentration of half-maximum activation (13)
obtained by means of an ATPase assay is slightly higher.c Corrected for adsorption to the Cytosensor tubes.d Lipid mixture (E. coli bulk phospholipids,
phosphatidylcholine, phosphatidylserine, cholesterol) (60:17.5:10:12.5 w/w).

KawK1 ) 1 (15)

∆G°aw ≈ ∆G°tw (16)

∆G°aw ) ∆G°lw - πMNAAD (17)
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whereNA is the Avogadro number. Equation 17 shows that
the free energy of partitioning into the lipid-water interface,
∆G°lw, corresponds to the free energy of partitioning into
the air-water interface,∆G°aw, plus the additional work to
penetrate into the lipid bilayers. Combining eqs 16 and 17
leads to the following approximation:

or

Equation 19 suggests that the free energy of binding to the
transporter within the lipid membrane,∆G°tl(1), is propor-
tional to the cross-sectional area of the molecule,AD, as will
be further discussed below (Figure 6A).

DISCUSSION

The thermodynamic and kinetic methods applied here were
able to reveal the free energy of binding from water to the
activating (inhibitory) binding region of Pgp in its native
lipid membrane,∆G°tw(1) (∆G°tw(2)), and the corresponding
free energy of partitioning into the lipid membrane,∆G°lw(1),
for 15 structurally diverse substrates. With this knowledge
it is possible to determine two parameters which are not
directly measurable, i.e., (i) the mole fraction of drugs in
the membrane,Xb(1) (Xb(2)), at half-maximum Pgp activation
(inhibition) and (ii) the free energy of binding of the substrate
from the lipid membrane to the activating,∆G°tl(1) (inhibitory,
∆G°tl(2)) binding region of Pgp. The latter reflects the direct

interplay between the drug and the transporter and provides
the basis for a discussion of the nature of the interactions
between Pgp and its substrates.

The Membrane Concentration of Drugs That Elicits Half-
Maximum Pgp ActiVation.Biological membranes of different
origin differ in their lipid composition and as a consequence
in their lateral membrane packing density,πM. As seen in

FIGURE 5: (A) The free energy of drug binding from water to the
activating binding region of Pgp,∆G°tw(1) (hatched and crosshatched
bars), in comparison to the free energy of drug partitioning from
water to the lipid membrane,∆G°lw (crossed-hatched bars). The
difference between∆G°tw(1) and∆G°lw represents the free energy
of drug binding from lipid membrane to the transporter,∆G°tl(1)
(hatched bar). (B) Analogous data for the inhibitory binding region
of Pgp. Numbers correspond to those in Figure 4A. Lidocaine (9)
is not included in Figure 5B sinceK2 could not be precisely
determined due to the high concentrations required (see Figure 3A).

∆G°tw ≈ ∆G°aw ) ∆G°lw - πMNAAD (18)

∆G°tl(1) ≈ -πMNAAD (19)

FIGURE 6: (A) The free energy of drug binding from the lipid
membrane to the activating binding region of the transporter,
∆G°tl(1), plotted as a function of the cross-sectional area,AD, of
the drug. A straight line corresponds to the diagonal. B: The free
energy of drug binding from the lipid membrane to the activating
binding region of the transporter,∆G°tl(1), as a function of the
weighted number of hydrogen bond acceptors in patterns determined
according to refs10 and 23. Data were fitted to a hyperbolic
saturation isotherm. (C) The difference in the free energy of binding
from water to the activating and inhibitory binding region of Pgp,
∆G°tl(1) - ∆G°tl(2), plotted as a function of the cross-sectional area,
AD, of the drug. Data were fitted to an exponential curve. Numbers
correspond to those in Figure 4. Values of∆G°tl(1) (∆G°tl(2)) were
obtained by means of ECAR measurements. Lidocaine (9) is not
included in Figure 6C sinceK2 could not be precisely determined
due to the high concentrations required (see Figure 3A).
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Table 2 the packing density of mammalian plasma mem-
branes were found to be in the range ofπM = (30 to 35)
mN/m, whereas the packing density of membranes with a
high percentage ofE. coli lipids was distinctly higher,πM

) 46.5 ( 4.5 mN/m. The membrane packing density,πM,
determines the lipid-water partition coefficient,Klw, as well
as the concentration of half-maximum Pgp activation,K1,
whereby the former decreases (cf. eq 11) and the latter
increases (cf. eq 5 and Table 2) with increasing membrane
packing density,πM. The mole fraction of drugs in the
membrane,Xb(1), that elicits half-maximum Pgp activation
is the product of the concentration of half-maximum activa-
tion, K1, and the lipid-water partition coefficient,Klw (11),

and is thusindependentof the membrane packing density,
πM, as illustrated in Table 2 (last column). The mole fraction
of the different drugs in the membrane was estimated to be
in the range ofXb(1) ) (0.02 to 67) mmol/mol lipid (cf. Table
1). If we assume that 1 mol of lipid corresponds ap-
proximately to 1 L of lipid, the membrane concentration
corresponds to aboutCb(1) ) (0.02 to 67) mmol/L lipid.

The high drug concentration in the membrane at half-
maximum Pgp activation suggests relatively weak substrate-
Pgp interactions. Similarly weak interactions have also been
observed for transporters that bind their substrates in the
aqueous phase at one side of the membrane and transport
them to the aqueous phase at the other side of the membrane,
such as the fucose transporter which exhibits a dissociation
constant in the mM concentration range (12).

The membrane concentration for half-maximum inhibition
(Xb(2) ) K2Klw) is even higher than that for half-maximum
activation,Xb(1). For small molecules (e.g. promazine) the
mole fraction ratio is small (Xb(2)/Xb(1) ≈ 2), and for large
molecules (e.g. diltiazem, verapamil, cyclosporin A) the mole
fraction ratio is large (Xb(2)/Xb(1) ≈ 80), indicating that the
accommodation of a second large molecule is more difficult.

The Free Energy of Drug-Binding from the Lipid Mem-
brane to the ActiVating Binding Region of Pgp, ∆G°tl(1). The
free energy of drug binding from water to activating binding
region of Pgp,∆G°tw(1), can be expressed as the sum of the
free energy of drug partitioning into the lipid membrane,
∆G°lw, and the free energy of drug binding from the lipid
phase to the activating binding region of Pgp,∆G°tl(1) (cf.
eq 6). Figure 5A displays a comparison of∆G°tw(1) ) (-30
to -54) kJ/mol (hatched plus crosshatched), the free energy
of drug binding from water to the transporter, with∆G°lw

) (-23 to -34) kJ/mol (crosshatched), the free energy of
drug partitioning into the lipid membrane, and∆G°tl(1) )
(-7 to -27) kJ/mol (hatched), the free energy of drug
binding from the lipid membrane to the transporter deter-
mined for NIH-MDR-G185 cells. For the 15 drugs investi-
gated,∆G°lw, the free energy of drug partitioning into the
lipid membrane, is generally somewhat larger than∆G°tl(1),
the free energy of drug binding to the activating binding
region of the transporter in the lipid phase. However, the
variation in∆G°tl(1) is more pronounced (∼factor of 4.0) than
the variation in∆G°lw (∼factor of 1.5).

Figure 5B displays the free energy of drug binding from
water, ∆G°tw(2) ) (-23 to -44) kJ/mol (hatched plus
crosshatched), and from the lipid membrane,∆G°tl(2) ) (-1.6

to -16) kJ/mol (hatched), to the inhibitory binding region
of Pgp. The values of∆G°lw (crosshatched) are identical to
those in Figures 5A and 5B. The free energy of drug binding
from water,∆G°tw(2), and from the lipid membrane,∆G°tl(2),
to the inhibitory region of Pgp are thus less negative than
the free energies of drug binding to the activating region of
Pgp,∆G°tw(1) and∆G°tl(1).

Kinetic Models and Their Influence on the Estimated Free
Energy of Binding to the Transporter.The kinetic data shown
in Table 1 were evaluated using the rate eq 2 proposed by
Litman et al. (14). It is based on the concept of uncompetitive
inhibition (or substrate inhibition) which was extended to
allow for basal activation in the absence of a substrate and
for breakdown of the complex T(ATP)StSt (eq 1). For
comparison we fitted our data to a simpler version of
uncompetitive inhibition, assuming that the complex T(ATP)-
StSt (eq 1) is catalytically inactive (V2 ) 0) (rate eq 3). While
the concentrations of half-maximum activation,K1, obtained
with the two models were similar, the concentrations of half-
maximum inhibition,K2, calculated with the latter model
were generally higher. As a consequence the corresponding
free energies of binding to the inhibitory binding region of
Pgp,∆G°tl(2), were less negative (by maximally 15%). The
model proposed by Al-Shawi et al. (33, 34) also considers
basal activation of Pgp in the absence of drugs, drug
activation, and drug inhibition, however, it is based on the
concept of noncompetitive inhibition (rate eq 4). Rate eq 4
differs from rate eq 3 only by an additional term,K1Csw, in
the denominator which is small in comparison to the other
terms. The free energies of binding,∆G°tl(2), obtained with
the model of Al-Shawi et al. (33, 34) were therefore similar
to those obtained with rate eq 3. The fits to all three models
were of comparable quality.

Concentrations of half-maximum activation evaluated by
means of a simple Michaelis-Menten equation,Km (43), are
generally smaller compared to those obtained with eqs 2-4
(by almost a factor of 2). In terms of free energies of binding,
∆G°tl(1), the difference is, however, small.

The Nature of Drug-Transporter Interactions.The free
energy of drug binding from water to the transporter,
∆G°tw(1), was shown to be the sum of the free energy of
drug partitioning into the lipid membrane,∆G°lw, and the
free energy of drug binding from the lipid phase to the
activating binding region of Pgp,∆G°tl(1). The interactions
which are relevant for binding of a drug from water to the
transporter are thus the sum of all the interactions relevant
for the two individual binding steps. Drug partitioning into
the lipid membrane is dominated by hydrophobic and van
der Waals interactions, respectively, with a potential con-
tribution of electrostatic interactions (cf. Figure 4A). The
possible nature of the substrate-transporter interactions
within the lipid membrane will be discussed in the following.
We have shown that the free energy of substrate binding to
the transporter within the lipid membrane,∆G°tl(1), correlates
with the cross-sectional area of the drug,AD (cf. eq 19 and
Figure 6A). However, substrate-transporter interactions are
most likely not determined by the size of the substrate as
such, but rather by a concomitant increase in residues which
can undergo specific interactions with the amino acids in
the transmembranesequences of Pgp. Interactions which
could play a role are electrostatic (ion-ion or dipole-dipole),
hydrogen bonding (weak dipole-dipole), cation-π, π-π

Xb(1) ) K1Klw (20)
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stacking, and van der Waals interactions, respectively, listed
in the order of decreasing free energy of binding. The X-ray
structure of the multidrug transporter AcrB (at the resolution
of (3.5 to 3.8) Å), crystallized with four different drugs bound
(in the absence of lipids), suggested the presence of all the
different interactions mentioned above (49). It has, however,
to be considered that the energetic contributions of the
diverse interactions differ. Moreover, it has to be considered
that not all compounds which bind to Pgp are charged, or
carryπ-electron systems, but that all of them seem to carry
at least one hydrogen bond acceptor pattern (i.e. two
hydrogen bond acceptor groups in a distance of 2.5 Å or
4.6 Å) (23). Since the free energy contribution of hydrogen
bond formation in a hydrophobic environment can be
substantial (for review see ref50), hydrogen bonding is likely
to contribute significantly to the energetics of drug transporter
interactions. Hydrogen bond acceptor patterns were therefore
suggested to serve as binding modules interacting with the
hydrogen bond donor-rich transmembrane domains of Pgp.
As a consequence the total free energy of binding of a drug
from the lipid membrane to the transporter,∆G°tl(1), can be
assumed to be the sum of the free energies,∆G°Hi, of the
individual hydrogen bonds formed (11, 22-24),

where ∆H°Hi is the enthalpy change for hydrogen bond
formation andT∆S° the product of the entropy change upon
drug binding and the absolute temperature.

To test whether the assumption made in eq 21 is energeti-
cally sound we estimated the free energy per potential
hydrogen bond formed,∆G°Hi, and compared it with
literature values. Figure 6B shows the free energy of substrate
binding from the lipid membrane to the transporter,∆G°tl(1),
as a function of the number of weighted hydrogen bond
acceptor groups per drug. Since not all hydrogen bond
acceptor groups will form hydrogen bonds with the same
free energy, we arbitrarily divided them into three groups
containing strong (oxygen atoms), intermediate (nitrogen and
sulfur atoms as well as phenyl groups), and weak (fluorine
atoms) hydrogen bond acceptors, weighted as 1, 0.5, and
0.25, respectively. The average free energy per hydrogen
bond,∆G°Hi, was then estimated by dividing the total free
energy of binding,∆G°tl(1), by the weighted number of
hydrogen bond acceptor groups per drug. The most negative
free energy of binding per hydrogen bond,∆G°Hi ) -7.8
kJ/mol, was observed for dibucaine (see Table 1), which
exhibits one hydrogen bond acceptor pattern only (corre-
sponding to two hydrogen bonds). For compounds with more
than one hydrogen bond acceptor pattern the apparent free
energy per hydrogen bond,∆G°Hi, was less negative. For
compounds with more than four hydrogen bond acceptor
pattern the apparent free energy per hydrogen bond,∆G°Hi,
reached a limiting value (∆G°Hi ∼ -2.5 kJ/mol). The
decrease in∆G°Hi with increasing number of hydrogen bond
acceptors can be explained by a loss in residual motion after
formation of more than one hydrogen bond leading to an
entropy decrease (51). If appropriate membrane packing
densities,πM, are taken into account, comparable values of
∆G°Hi are also obtained from other investigations (e.g. ref
14). A similar conclusion was drawn previously for undefined

binding modules (25). The free energy of the first single
hydrogen bond formed is therefore most likely∆G°Hi g -7.8
kJ/mol. This value is larger than the free energy estimated
for forming an amide hydrogen bond in water (∆G ∼ -4
kJ/mol) and somewhat smaller than the free energy of
forming a single hydrogen bond in alkane, determined as
∆G ∼ -20 kJ/mol without taking into account entropic
effects (52). Considering the fact that different types of
hydrogen bond acceptors are taken into account, and that
possible steric effects are neglected, the resulting free energy
value per hydrogen bond seems reasonable and supports the
assumption of the modular binding concept proposed previ-
ously (eq 21).

The free energy of binding to the inhibitory binding region,
∆G°tl(2), is on average less negative than that for the
activating binding region,∆G°tl(1). Nevertheless, it can be
assumed that the same type of interactions between drugs
and Pgp take place. The less negative free energy of binding,
∆G°tl(2), is most likely due to conformational changes of the
protein upon accommodation of a second molecule which
may lead to a decrease in entropy. This is supported by the
fact that the difference in free energy,∆G°tl(1) - ∆G°tl(2),
increases with increasing the cross-sectional area,AD, of the
drug as seen in Figure 6C. This shows again that accom-
modation of a large molecule at the inhibitory binding region
of Pgp is less favorable than accommodation a small
molecule.

Conclusions.Binding of a drug from water to the activat-
ing binding region of Pgp occurs in two steps, a partitioning
step from water to the lipid membrane, characterized by a
lipid-water partition coefficient,Klw, and a binding step from
the lipid membrane to the transporter, characterized by a
binding constant,Ktl(1). The binding constant of a drug from
water to the transporter,Ktw(1), can thus be expressed as
product of two individual binding constantsKlw and Ktl(1),
and the free energy of binding,∆G°tw(1), as sum of two
corresponding free energies,∆G°lw and ∆G°tl(1). The free
energies∆G°tw(1) and ∆G°lw can be determined indepen-
dently, which allows estimation of the free energy of binding
from lipid to the transporter,∆G°tl(1). For the 15 drugs
investigated the free energy of drug partitioning into the lipid
membrane,∆G°lw, was generally somewhat more negative
than the free energy of drug binding to the transporter in
the lipid phase,∆G°tl(1). However, the variation in∆G°tl(1)

was more pronounced (∼factor of 4.0) than the variation in
∆G°lw (less than a factor of 1.5). Drug affinity to the
transporter in the lipid membrane was shown to increase with
the cross-sectional area,AD, of the drug. With increasing size
of a drug the possibility for different types of interactions
also increases. The present analysis suggests that hydrogen
bond formation contributes significantly to the energetics of
substrate-Pgp interactions within the lipid membrane. Data
can be well explained with a modular binding concept, where
the binding module in drugs consists of two hydrogen bond
acceptor groups. Binding of a drug to Pgp (e.g. hydrogen
bond formation) was assumed to be independent of the
membrane packing density,πM, to a first approximation. The
mole fraction of drugs,Xb(1), in the membrane at the
concentration of half-maximum Pgp activation is thus
constant, which implies that higher aqueous drug concentra-
tions are required for membrane penetration and Pgp
activation in the case of densely packed membranes (e.g.

∆G°tl(1) ≈ ∑
i)1

n

∆G°Hi ) ∑
i)1

n

∆H°Hi - T∆S° (21)
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membranes ofE. coli bacteria) than in the case of more
loosely packed membranes (e.g. mouse embryo fibroblasts).
Since the lipid membrane acts as a drug scavenger and
interacts synergistically with Pgp, cells are well protected
from intruding substrates despite the relatively weak Pgp-
substrate interactions.
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