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ABSTRACT: The ATP binding cassette (ABC) transporters
ABCG2 and ABCBI1 perform ATP hydrolysis-dependent efflux
of structurally highly diverse compounds, collectively called
allocrites. Whereas much is known about allocrite—ABCB1
interactions, the chemical nature and strength of ABCG2—
allocrite interactions have not yet been assessed. We quantified
and characterized interactions of allocrite with ABCG2 and
ABCBI1 using a set of 39 diverse compounds. We also
investigated potential allocrite binding sites based on available
transporter structures and structural models. We demonstrate
that ABCG2 binds its allocrites from the lipid membrane,
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despite their hydrophilicity. Hence, binding of allocrite to both transporters is a two-step process, starting with a lipid—water
partitioning step, driven mainly by hydrophobic interactions, followed by a transporter binding step in the lipid membrane. We
show that binding of allocrite to both transporters increases with the number of hydrogen bond acceptors in allocrites.
Scrutinizing the transporter translocation pathways revealed ample hydrogen bond donors for allocrite binding. Importantly, the
hydrogen bond donor strength is, on average, higher in ABCG2 than in ABCB1, which explains the higher measured affinity of
allocrite for ABCG2. n— stacking and z—cation interactions play additional roles in binding of allocrite to ABCG2 and ABCBI1.
With this analysis, we demonstrate that these membrane-mediated weak electrostatic interactions between transporters and
allocrites allow for transporter promiscuity toward allocrites. The different sensitivities of the transporters to allocrites’ charge and
amphiphilicity provide transporter specificity. In addition, we show that the different hydrogen bond donor strengths in the two

transporters allow for affinity tuning.

he human breast cancer resistance protein (ABCG2,
BCRP)' and P-glycoprotein (ABCBI1, Pgp, MDR1)” are
integral membrane proteins that belong to the family of ATP
binding cassette (ABC) transporters, present in prokaryotes and
eukaryotes. Like ABCB1,” ABCG2* performs ATP hydrolysis-
dependent efflux of a large number of structurally and
functionally unrelated compounds,®™” collectively called alloc-
rites.* The two transporters are constitutively produced in most
cells. In particular, high levels are found in protective membrane
barriers, as well as in cancer cells, where the transporters strongly
contribute to multidrug resistance (MDR).>*” The transporters
thus fulfill important functions in cellular detoxification. In
addition, ABCG2 serves rather specific, physiological functions,
e.g., in blood group determination, and stem cell development.'’
Whereas ABCB1 (~170 kDa) functions as a monomer,
consisting of two cytosolic nucleotide binding domains (NBDs)
and two transmembrane domains (TMDs), ABCG2 (~75 kDa)
is a half-transporter that consists of only one NBD and one TMD
and functions as a homodimer.”"" It was also proposed that
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ABCG2 could function as a homotetramer.'”"? Crystal
structures of two eukaryotic homologues of human ABCBI,
murine ABCB1 (Abcbla, Mdr3)'*"> and CmABCBI1 from
Cyanidioschyzon merolae,' both in the apo form, revealed a wide-
open inward-facing state. The apo form of ABCG2 in two-
dimensional crystals also adopted an inward-facing structure, as
shown by cryoelectron microscopy.'” Despite functional and
structural similarities, ABCB1 and ABCG2 exhibit only little
protein sequence identity in the NBDs (~20%) and practically
no sequence identity in the TMDs."' Nevertheless, the two
proteins share certain allocrites.'® > It is therefore of great
interest to analyze the molecular basis of allocrite recognition by
ABCBI and ABCG2.

Binding of allocrite to ABCBI has been intensively
investigated. A first fundamental finding was that allocrites
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partition into the lipid membrane before binding to ABCB1,”'
which is due to their hydrophobicity and amphiphilicity.”>*’
Therefore, binding of allocrite to ABCB1 is best described as a
two-step process,“’25 comprising a membrane partitioning step
driven mainly by hydrophobic interactions and a transporter
binding step occurring from within the lipid environment. The
analysis of a large number of allocrite structures combined with
functional data revealed that the binding step must be driven by
weak electrostatic interactions, including hydrogen bond
formation,zs’27 n—n stacking, and cation—z interactions,”®
generally decreasing in the order given. The concept of binding
of allocrite to ABCB1 via hydrogen bond formation between
hydrogen bond acceptors (HBAs) in allocrites and hydrogen
bond donors (HBDs) in TMDs was verified with diverse
drugs®**” and, in a more systematic manner, with detergents
carrying variable numbers of HBAs in their polar parts.””*”*" In
this context, it is interesting to note that allocrites binding to
ABCB1 also bind to water-soluble MDR gene regulators,
however, with a different binding mechanism. The aqueous
phase favors hydrophobic and z—r stacking allocrite—protein
interactions,”” whereas hydrogen bonding plays a minor role.

A second important finding was that the binding sites of
ABCB]I, located within the TMDs in the cytoplasmic leaflet of
the membrane, can simultaneously harbor more than one
allocrite.**” Crystallographic snapshots of the cyclic peptide,
QZ59-RRR, and particularly its stereoisomer, QZ59-SSS, bound
to ABCB1,'* support the findings described above. ATPase
activity of ABCB1 measured as a function of allocrite
concentration in inside-out plasma membrane vesicles®® and
live cells*** yielded bell-shaped activity curves that can be well
fitted with a two-site binding model that assumes activation at
low allocrite loads and inhibition at high allocrite loads in the
transporter.””> The inhibitory part of the activity curve at high
allocrite concentrations could be unambiguously attributed to
transporter deceleration (i.e., transporter inhibition)”’ using an
ADP-to-ATP regeneration assay."'

So far, much less about the interaction of allocrites with
ABCG2 is known. Inhibitors of ABCG2 were shown to carry
HBAs for an interaction with the transporter and to be
amphiphilic and hydrophobic.*” Conversely, activators of
ABCG2 were shown to be hydrophilic, nonamphiphilic, and
often highly charged,”® suggesting a weak tendency to partition
into the lipid membrane. Provided the membrane solubility of
allocrites was sufficiently high, the ABCG2—ATPase activity
measured as a function of allocrite concentration yielded bell-
shaped activity curves, suggesting the same type of activation/
inhibition mechanism as for ABCB1.”

A number of principle questions regarding ABCG2—allocrite
interactions are still unanswered. (i) Is binding of allocrite to
ABCG2 mediated by the aqueous phase, or is it mediated by the
lipid phase? The answer to this question is most relevant because,
as shown above by the comparison of transporters and gene
regulators,32 the environment determines the nature of
allocrite—protein interactions. (ii) Which are the physical forces
underlying binding of allocrite to ABCG2? (iii) What is the
physical reason for the higher affinity of allocrites for ABCG2
than for ABCB12*°

To answer these questions, we combined a functional analysis
of binding of allocrite to the two transporters, using a probe set of
39 diverse compounds, with a structural analysis of the potential
binding regions in the TMDs of the two transporters. As a basis
for the functional analysis, we used ABCB1 and ABCG2 ATPase
activity measurements performed as a function of allocrite
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concentration from a previous study’’ (30 allocrites) and
completed the set with nine further compounds. The free energy
of allocrite binding from water to the transporter, AG, was
derived from concentrations of half-maximal transporter
activation, K. The free energy of allocrite binding from the
lipid membrane to the transporter, AGy (i.e., effective allocrite
binding affinity), was assessed as the difference between the
former and the free energy of lipid—water partitioning, AG),
derived from surface activity measurements. For the structural
analysis, we used the murine Abcb1 (Abcbla) structure, open to
the cytosol,'” and a model of ABCB1 based on the structure of
Sav1866*° with two molecules of ADP bound, open to the
extracellular space. Given the low degree of sequence homology
between ABCG2 and transporters of known structure,'”"” only
the primary and secondary structures were considered.

With this analysis, we demonstrate that despite the hydro-
philicity of typical ABCG2 activators, allocrite sensing and
binding by ABCG2 are membrane-mediated. ABCG2 binds its
allocrites mainly via the formation of hydrogen bonds between
hydrogen bond-donating amino acid residues (HBDs) in the
TMDs and HBAs in allocrites. The significantly higher affinity of
allocrites for ABCG2 than for ABCB1 can be explained by the
higher hydrogen bond donor strength of HBDs. Charged
residues are shown to be important for sensing and gating and to
lesser extent to binding. This first quantitative analysis of allocrite
sensing and binding by ABCG2 in comparison to that by ABCB1
yields insights into the apparent paradox of ABC transporter
promiscuity and specificity.

H MATERIALS AND METHODS

Compounds. Cimetidine, ciprofloxacin, hydrocortisone
(cortisol), 8-(4-chlorophenylthio)adenosine 3’,5'-cyclic mono-
phosphate sodium salt (CPT-cAMP), daunorubicin-HCI, dexa-
methasone, digoxin, enrofloxacin, f-estradiol, etoposide, famo-
tidine, forskolin, glibenclamide, Ko143, methotrexate, mitoxan-
trone-2HCI, moxifloxacin-HCI, nizatidine, norfloxacin,
pefloxacin mesylate, prazosin-HCI, progesterone, promazine:
HC], ranitidine-HCl, (—)-riboflavin, sulfasalazine, tamoxifen,
testosterone, (R/S)-verapamil-HCl, colchicine, L-ascorbic acid
(ascorbic acid), maltose, and sodium hexanoate were purchased
from Sigma-Aldrich (Steinheim, Germany). Cyclosporin A was a
gift from Novartis (Basel, Switzerland). Complete EDTA-free
protease inhibitor cocktail tablets were obtained from Roche
Diagnostics (Mannheim, Germany), and 1,4-dithio-DL-threitol
(DTT) and Tris ultrapure were from AppliChem (Darmstadt,
Germany). Bicinchoninic acid (BCA) protein assay reagents
were from Pierce (Rockford, IL). All other chemicals were from
Sigma-Aldrich or Merck. PBS, DPBS, cell culture media,
including Dulbecco’s modified Eagle’s medium (DMEM) with
and without pyruvate, and other compounds required for cell
culture such as fetal bovine serum (FBS), 0.05% trypsin with
EDTA, L-glutamine, and antibiotics were purchased from Gibco,
Invitrogen (Basel, Switzerland). Cyclohexyl-methyl-f-p-malto-
pyranoside (Cymal-1), 6-tetradecyl-f-p-maltopyranoside (Cq-
malt), and n-octylphosphocholine (Fos-choline-8) were ob-
tained from Anatrace (Maumee, OH), and 1,2-dicaproyl-sn-
glycero-3-phosphocholine (DHPC) was from Avanti Polar
Lipids (Alabaster, AL).

Cell Lines and Cell Culture. Mouse embryo fibroblasts
stably transfected with the human MDRI gene (NIH-MDRI-
G18S) were a generous gift from M. M. Gottesman and S. V.
Ambudkar (National Institutes of Health, Bethesda, MD). Cells
were grown as described previously."**
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Plasma Membrane Vesicles. Inside-out vesicles of NIH-
MDR1-G18S cell membranes were prepared as described
previously.”” Depending on the preparation, the protein content
of the plasma membrane vesicles was determined to be 6—11.1
mg/mL by means of a BCA assay, using bovine serum albumin as
a standard. The number of ABCBI molecules per cell was
previously determined to be approximately 1.95 X 10%*® which
amounts to approximately 1.1% of the total protein content.*’
Vesicles exhibited a predominantly inside-out orientation.
Inside-out plasma membrane vesicle preparations from isolated
mammalian cells containing human ABCG2 (ABCG2-M-
ATPase) with a protein content of S mg/mL (BCA assay)
were obtained from SOLVO Biotechnology (Budapest, Hun-
gary). The number of ABCG2 molecules per cell was determined
to be > 3.5 X 105,47 which amounts to an ABCG2 protein
content somewhat higher than that obtained for ABCB1 in NIH-
MDRI1-G185 cells.

Analysis of Kinetic Data. The rate of ATP hydrolysis, V, (or
ATPase activity), as a function of allocrite concentration, C,, in
solution yielded bell-shaped curves that were analyzed with a
two-site binding model (eq 1) that assumes activation upon
occupation of a first binding site (or region) and inhibition upon
occupation of a second binding site (or region)33

_ KKV + KVG + BG®
KK, + K,C, + C,*

i M
where Vj, is the basal activity in the absence of allocrites, V| is the
maximal transporter activity (if only activation occurred), V, is
the minimal activity at a high allocrite concentration, K, is the
half-maximal activation, and K, is the half-maximal inhibition.
The equation is based on the concept of uncompetitive
inhibition (assuming that the same compound can act as an
allocrite and inhibitor depending on the concentration applied)
(for details, see ref 24). As discussed below, this model can also
be applied to ABCG2 ATPase activity measurements.

Membrane-Mediated Allocrite Binding. Binding of
allocrite to ABCB1 was shown to be membrane-mediated.”***
The binding constant of an allocrite from water to the first
binding site of ABCB1 (P), Ky, p, can therefore be described as
the product of the lipid—water partition coefficient, Kj,, and the
allocrite binding constant from the lipid phase to the transporter,
Fqﬂy

IthLP =:IQ“J(HLP (2)

The allocrite binding constant from water to the first binding
site of the transporter, K, (or more generally K,), and the
corresponding free energy of binding, AGy,; (or more generally,
AGY), are correlated as follows

AG? = —RT x In(K,C,)

X

©)

where C,, is the concentration of water (C,, = 55.3 mol L™" at 37
°C). The free energy of allocrite binding from water to the first
binding site of the transporter ABCBI, AG?‘NLP, can then be
defined as the sum of the free energy of allocrite lipid—water
partitioning, AG}, and the free energy of allocrite binding from
the lipid membrane to the first binding site of ABCB1, AG?H,P (eq

3)

AGt(\)Nl,P = AGI?N + AGt?l,P 4)

An analogous equation can be formulated for the second
binding site.
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Lipid—Water Partition Coefficient. The apparent free
energy of lipid—water partitioning, AGY,, was determined by
measuring the free energy of air—water gartitioning, AG?, and
cross-sectional area Ay, of the molecule™*’

AGy, = AG,, + myNiAp (8
where my; is the lateral membrane packing density and N
Avogadro’s number. The measured cross-sectional areas, Ap
meas, were used if possible. Exceptions were made for
amphiphilic hydrophobic compounds § (progesterone) and 12
(testosterone), which aggregated at higher concentrations in
solution, and nonamphiphilic compounds 26 (ciprofloxacin),
which also aggregated at higher concentrations, and 20
(sulfasalazine), which was too large, because of charge repulsion
effects. In the case of amphiphilic molecules, the calculated
minimum areas, Ap min/c, and in the case of nonamphiphilic
compounds the calculated maximum areas, A, max/c, were taken
for calculation of lipid—water partition coefficients (for data, see
Table S1 and ref 20).

It has to be noted that the apparent lipid—water partition
coeflicient, Kj,, changes with concentration for charged
compounds.”’ The advantage of using surface activity measure-
ments for assessment of lipid—water partition coeflicients is
twofold. First, the air—water partition coefficient approximately
corresponds to the inverse of the concentration of half-maximal
activation (K,, &~ 1/K;). Using the air—water partition
coefficient, K,,, therefore yields the apparent lipid—water
partition coeflicient, Kj,, at the transporter-relevant concen-
tration, K;. Moreover, knowledge of the air—water partition
coefficient, K., allows assessment of the lipid—water partition
coefficient, Ky, at any lateral membrane packing density, my.

Modeling. Swiss model (http://swissmodel.expasy.org) was
used for homology modeling of ABCB1 in an outward-facing
conformation based on the structure of Sav1866 with nucleotides
bound.* In the apo-ABCB1 (Abcb1a) structure,"* which is open
to the cytosol, the linker between the two pseudosymmetric half-
molecules is missing, and hence, there are two chains as in
Sav1866. Therefore, the two half-molecules of ABCB1 were
modeled separately on the basis of the structures of the two
subunits of Sav1866. Images were made with VMD software
support. VMD is developed with NIH support by the Theoretical
and Computational Biophysics group at the Beckman Institute,
University of Illinois at Urbana-Champaign (http://www.ks.
uiuc.edu/Research/vmd/).

Sequence Comparison for ABCB1 and ABCG2. We
analyzed the number and nature of residues with HBD groups,
including cysteine (Cys), tyrosine (Tyr), tryptophan (Trp),
asparagine (Asn), glutamine (Gln), serine (Ser), and threonine
(Thr), and the number of phenyl residues (Phe) in the TMDs of
ABCBI1 and ABCG2. For this purpose, we determined the
median plane of the bilayer surrounding ABCBI1 in its apo
conformation open to the cytosol using Protein Data Bank
(PDB) entry 4m1lm of the OPM (Orientation of Proteins in
Membranes) database (http://opm.phar.umich.edu). Consider-
ing the length of a palmitoyloleoylphosphatidylcholine (POPC)
molecule of approximately 25 A, the boundaries of the
membrane were set to be 25 A above and below the median
plane of the bilayer. The membrane-embedded section of the
protein (TMD) was then used for analysis. According to the
sequence alignment in a previous investigation,17 the corre-
sponding sequence segments of ABCG2 were obtained and
assumed also to correspond to the TMD.
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Table 1. Kinetic Parameters Derived from ATPase Activity Measurements as a Function of the Concentration of Potential ABCB1

and ABCG2 Allocrites”
ABCB1 ABCG2
compound K, (uM) K, (uM) Vi (%) V, (%) K; (uM) K, (uM) Vi (%) V, (%)
31 maltose ni ni ni ni ni ni 100 100
32 ascorbic acid ni ni ni ni ni ni 100 100
33 heptanoic acid ni ni ni ni ni ni 100 100
34 CI2EO8 0.904 149 191 0.60 nd 6.93 ~100 0
35 CHAPS nd 85.6 98 78 nd 24.06 ~100 42
36 C6-malt nd 3.30 x 10* 100 0 nd 4.6 x 10° ~100 43
37 Cymal-1 nd 8.61 x 10* 100 95 nd 1.51 x 10* ~100 0
38 DHPC 320 X 10° nd 243 nd nd 727.87 ~100 19
39 fos-choline-8 1229 1.53 x 10* 127 0 nd 2.67 X 10° ~100 49

“Abbreviations: ni, no interaction; nd, not determined.

Table 2. Thermodynamic Parameters of Potential ABCB1 and ABCG2 Allocrites Obtained by Measuring the Gibbs Adsorption

Isotherm”
compound MW (g/mol) Ap (A?) K,, (mM™)

31 maltose 342.30 nsa nsa

32 ascorbic acid 176.12 nsa nsa

33 heptanoic acid 130.19 nsa nsa

34 C12E08 538.8 71.9 7300

35 CHAPS 614.9 83.6 78.8

36 C6-malt 426.4 65.7 0.684

38 DHPC 481.6 92.6 432

39 fos-choline-8 295.4 414 3.32

CMCp, (mM) HBA (EU) amphiphilicity charge at pH 7.0
nsa 3 n-am 0
nsa 2 n-am -
nsa 1 am -
0.0953 8 am 0
4.85 2.5 am —/+
210 4 am 0
19 7.5 am —/+
114 3.5 am —/+

“Abbreviations: n-am, nonamphiphilic compounds; am, amphiphilic compounds; nsa, no surface activity.

Moreover, we investigated the number and nature of charged
residues at the membrane—cytosol interface, including the
cationic arginine (Arg), lysine (Lys), and histidine (His), and the
anionic glutamic acid (Glu), and aspartic acid (Asp). The
interface considered is 10 A above the membrane—cytosol
boundary, i.e., between 15 and 25 A below the median plane of
the bilayer. The corresponding sequence segments of ABCG2
were again obtained from the previous sequence alignment'’
assuming that they are also at the interface.

Glossary. According to the definition of Holland and Blight,*
an allocrite (or transport substrate) is a compound that appears
as transported in a transport assay. The transport assay (see, eg.,
ref S1) reveals the net flux (or apparent transport) that is the sum
of effective, active transport, and passive diffusion of compounds
across the membrane.> Whereas effective, active transport is
proportional to ABC-ATPase activity, apparent transport
(measured in transport assays) is not. For mechanistic analyses
of transporter activity, effective (not apparent) transport has to
be considered. In the following, the term allocrite therefore refers
to effective allocrites, which can be determined by ATPase
activity measurements (see also refs 23 and 31).

Most inhibitors of ABCB1 and ABCG2 are allocrites that are
able to reduce the rate of ATP hydrolysis and concomitantly the
rate of effective transport (for detailed information, see ref 20).
Typical examples of ABCB1 inhibitors are cyclosporin A and
verapamil. The former inhibits ABCB1 already at low
concentrations, because of its high affinity for the transporter.
The latter activates ABCB1 at low concentrations and inhibits it
only at high concentrations, where the second binding site
becomes occupied.*
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B RESULTS AND DISCUSSION

Allocrite Binding Is Membrane-Mediated for Both
Transporters. The structure of ABCG2 in the apo state is
wide open to the cytosol,"">'” which suggests the possibility of
allocrite access from the aqueous, cytosolic phase to the
transporter. Because allocrites for ABCG2 are more hydrophilic
than those for ABCB1, we tested whether access to ABCG2 is
possible directly from the aqueous phase. For this purpose, we
used water-soluble compounds for which membrane insertion
could not be measured but which carry the relevant HBAs
required for an interaction with the transporters (see Common
Recognition Patterns for ABCB1 and ABCG2), on one hand, and
analogous compounds modified by a membrane anchor, on the
other. The compounds (31—39) are summarized in Table 1,
together with the kinetic ATPase activity data, and in Table 2,
together with the respective physicochemical constants.
Titration of ABCG2 with increasing concentrations of the
water-soluble compounds, including maltose among others, had
no effect on ATPase activity. Conversely, the electrically neutral
amphiphilic maltoside, C¢-malt, and other more hydrophobic
amphiphiles showed significant membrane partitioning and
inhibited ABCG2 well below their CMC, as expected in analogy
to other amphiphilic compounds (Table 1, compounds 1—14, in
ref 20). Access to the transporter directly from the aqueous phase
seems therefore highly unlikely for ABCG2. In conclusion, a
hydrophobic moiety is required to drive the allocrite into the
lipid bilayer, from where it can access the transporter binding site,
located in the cytosolic leaflet of the membrane.

Allocrite binding thus occurs in two steps, a lipid—water
partitioning step, followed by a transporter binding step, which
takes place in the lipid phase. As shown previously for ABCB1
(see eq 4), the free energy of allocrite binding from water to
ABCG2 (B), AG?M,B, can thus be expressed as the sum of the free
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energy of lipid—water partitioning of the allocrite AGy, and the
free energy of allocrite binding to ABCG2 from the lipid
membrane AGy, g

AGt(\)Nl,B = AGI(JV + AGt(l)l,B (6)

An analogous equation can be formulated for the second
binding site (not shown). As noted above, the free energy of
lipid—water allocrite partitioning, AGY,, is due mainly to
hydrophobic interactions, whereas the free energy of trans-
porter—lipid allocrite binding, AGy,y, is likely to be due to
hydrogen bond formation and other weak electrostatic
interactions. This hypothesis is tested in the following.

The Affinity for Transporters Increases with the
Number of HBAs per Allocrite. We experimentally tested
whether the free energy of binding, AGy, 5, which reflects the
direct interaction of the allocrite with the transporter, indeed
correlates with the number of HBAs per allocrite. For this
purpose, we plotted the free energy of binding of an allocrite
from water to the first binding site of the transporter (or
transporter—water binding), for ABCB1 and ABCG2, AGp,;p
and AGY,, s, respectively, versus the free energy of air—water
partitioning, AGy,, of the allocrites. As seen in panels A and B of
Figure 1, an approximately linear correlation between the two
parameters with a slope of 1 is observed for ABCBI allocrites as
well as for ABCG2 allocrites

AGy, ~ AG,, (7)

Although the correlation given in eq 7 has a phenomenological
rather than a rigorous physicochemical background, it helps in
understanding allocrite—transporter interactions in more detail.

Rewriting eq 7, by taking into account eq S, yields

AGp, ® AG,, = AGy, — myNAp (8)

According to eq 8, the free energy of allocrite binding from
water to the transporter, AGY,;, depends on two terms, the free
energy of lipid—water partitioning, AGy,, and a term comprising
the cross-sectional area of the molecule, Ap, whereby the lateral
membrane packing density, my, is assumed to remain
approximately constant. Combining eq 4 (or eq 6) with eq 8
yields

AGy ® —myNaAp )
Hence, the free energy of allocrite binding from the lipid
membrane to the first binding site of the transporter, AGY, is
predicted to be proportional to the cross-sectional area of the
allocrites, Ap, for ABCG2 as well as for ABCB1.2%*%3%3! Ag seen
in panels A and B of Figure S1, abroad linear correlation between
the free energy of binding, AGY;, and the cross-sectional area, Ap,
isindeed observed for allocrites of both transporters. As shown in
Figure S1C (see also ref 53), the number of HBAs generally
increases with increasing cross-sectional area, Ap, for water-
soluble compounds. Hence, we can conclude that the effective
affinity of allocrite for ABCB1 as well as for ABCG2 increases
(ie, AGY, decreases) with the number of weighted hydrogen
bond acceptors per allocrite as demonstrated in panels A and B of
Figure 2. For both transporters, the decrease in the free energy of
binding, AGY;, is more pronounced at a low number of HBAs
and levels off at higher numbers. In addition to hydrogen bond
formation, charge effects may play a certain role. For the strongly
cationic compounds (1, 6, and 15) and for the strongly anionic
compounds (20 and 22), the free energies of binding, AGY;, to
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Figure 1. Correlation between the free energy of air—water partitioning
of the allocrite, AGY,, and the free energy of allocrite binding to the first
binding site of the transporter, AGy,;. The dashed lines are diagonals to
guide the eye. (A) Compounds activating only ABCB1 (down-triangles,
blue) and activating ABCBI and ABCG2 (squares, violet). (B)
Compounds activating only ABCG2 (up-triangles, red) and activating
ABCBI1 and ABCG2 (squares, violet). Verapamil (1), tamoxifen (2),
Kol43 (3), digoxin (4), progesterone (5), moxifloxacin (6),
glibenclamide (7), promazine (8), etoposide (9), cortisol (10),
forskolin (11), testosterone (12), dexamethasone (13), ranitidine
(14), daunorubicin (15), famotidine (17), cimetidine (18), nizatidine
(19), sulfasalazine (20), mitoxantrone (21), CPT-cAMP (22),
riboflavin (23), pefloxacin (24), enrofloxacin (25), ciprofloxacin (26),
and norfloxacin (27) (for details see Table S1 and Table S1 of ref 20).
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Figure 2. Free energy of allocrite binding from the lipid membrane to
ABCBI, AGjp) (A), and ABCG2, AGyy), vs weighted HBAs.
Compounds (1—26) are numbered as in legend to Figure 1, CI2EO8
(34). For details see Table S1 and Table 1, respectively.

DOI: 10.1021/acs.biochem.5b00649
Biochemistry 2015, 54, 6195—6206


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00649/suppl_file/bi5b00649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00649/suppl_file/bi5b00649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00649/suppl_file/bi5b00649_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00649/suppl_file/bi5b00649_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00649

Biochemistry

ABCB1 and ABCG2, respectively, are more negative than for the
remaining compounds that are less charged.

Common Recognition Patterns for ABCB1 and ABCG2.
Free electron pairs of nitrogen, oxygen, or sulfur atoms, as well as
m-electron systems,”* can act as HBAs in allocrites. Binding to
ABCBI requires at least two free electron pairs (or HBAs) per
allocrite that are arranged at a distance of either ~2.5 A (type I
unit) or ~4.6 A (type II unit).”® For the sake of simplicity, we
counted the atoms and z-electron systems, carrying HBAs in
type I and type II units, not the individual free electron pairs, and
arbitrarily weighted them. The weighted HBAs are given in
arbitrary energy units (EU). Oxygen was given a weight of EU =
1, and nitrogen, sulfur, and 7-electron systems were given a
weight of EU = 0.5 (for details, see refs 24 and 26). However, it
has to be noted that not all free electron pairs in oxygens,
nitrogens, or sulfur atoms are strong enough to interact with
ABCBI1. Examples of interacting free electron pairs are found in
oxygens of carbonyl or ether groups, whereas free electron pairs
in oxygens of hydroxyl groups are in most cases too weak to
interact with ABCB1. Exceptions may be hydroxyl groups in
planar type I or type II patterns (e.g., in daunorubicin). Further
examples of interacting free electron pairs are found in nitrogens
of tertiary amino groups (but not in secondary and primary
amino groups), in sulfur of sulfides or sulfoxides, and in 7-
electron systems such as phenyl rings.*®

Transporter ABCC1 (MRP1) has been shown to react with
the same molecular recognition patterns (type I and type 1I
units) as ABCB1.” The same recognition patterns were recently
also demonstrated for ABCG2,>® which is in agreement with the
analysis of HBAs in the present compounds (see Figure 2A,B and
Table $1%°).

Notably, primary and secondary amino groups bind to neither
ABCB1”° nor ABCG2, as was demonstrated, e.g., by the lack of
an interaction of rilpivirine or nelfinavir with ABCB1 and
ABCG2.*° In this context, it should be noted that hydroxyl
groups as well as primary and secondary amino groups
significantly reduce the rate of diffusion of the compound across
the lipid membrane and therefore render compounds more
prone to an interaction with an exporter, provided they carry
interactive HBAs.”” This effect should not be mistaken for a
direct interaction with the transporters.

ABCG2 Binds Its Allocrites More Efficiently Than
ABCB1 Does. The free energy of binding from water to the
transporter, AG2,;, is on average more negative for ABCG2 than
for ABCBI as seen in Figure 1A,B. The difference in the free
energy of binding of allocrite to ABCB1 (P) and ABCG2 (B),
AAGy, 5_p, is of particular interest because it may provide more
insight into the binding mechanism. The difference in the free
energy of allocrite binding from water to the two transporters was
obtained by subtracting eq 4 from eq 6

AGt(\)Nl,B - AGt(\)Nl,P = AAGt(\)Nl,B—P = AAGt(l)l,B—P (10)

The free energy difference, AAGy,, 5_p, of allocrite binding
from water to the first binding site of ABCB1 and ABCG2 is
identical to the free energy difference, AAG?II,B—P) of allocrite
binding from the lipid membrane to the first binding sites of
ABCB1 and ABCG2, because the free energy of allocrite
partitioning into the lipid membrane, AGY,, is identical for
plasma membranes of NIH-MDR1-G185 and ABCG2-M-
ATPase membranes, to a first approximation.”” An analogous
equation can be written for the second binding site.
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Assuming that the primary binding step is due essentially to
the formation of hydrogen bonds between HBAs in allocrites and
HBDs in the TMDs of the transporters (see below), we plotted
the difference in the free energies of allocrite binding between the
two transporters, normalized to one HBA, AAGOHBA,B—P) as a
function of the number of weighted HBAs per allocrite (Figure
3A). For the majority of allocrites, the free energy difference of
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Figure 3. Free energy of binding per HBA in allocrites to ABCBI,
AGYy ap and ABCG2, AGYy Aps as a function of the number of weighted
HBAs per allocrite. (A) Difference in the free energy of binding to
ABCG2 and ABCBI, AAGpss_p (filled and open circles, black).
Filled symbols are compounds with particularly high differences in free
energies of binding, AAGYs(s_p). (B) Free energy of binding per HBA
in allocrite to ABCB1, AGip, p (filled and open down-triangles, blue).
(C) Free energy of binding per HBA in allocrite to ABCG2 AGppap
(filled and open up-triangles, red). Filled symbols in (B) and (C) are
compounds with comparatively high affinity to transporters. Numbering
from 1-39 corresponds to numbering in Figure 1, Table S1, and
Table 1.

allocrite binding per hydrogen bond to ABCB1 and ABCG2
ranged from AAGyipy p_p = —1.9 to —0.3 kJ/mol and became less
negative with an increasing number of HBAs. Exceptionally large
differences, AAGyjp, p_p, Were observed for the inhibitor Ko 143
(AAGYpap_p ~ —3 kJ/mol), promazine (AAG%BA‘B_I, ~—6Kk]J/
mol), and tamoxifen (AAGpipp_p ~ —7 kJ/mol). Notably, the
large difference in free energies of allocrite binding to the two
transporters is not due to a particularly high affinity of promazine,
tamoxifen, and Ko 143 for ABCG2 (see Figure 3C), but rather to
their comparatively low affinity for ABCB1 (see Figure 3B).
The Free Energy of Binding per Hydrogen Bond
Acceptor Varies Differently for the Two Transporters.
The free energy of allocrite binding from the lipid phase to the
transporter, AGY), cannot be measured directly. However, the
value is accessible as the difference between the free energy of
transporter—water binding, AGy,, 5, and the free energy of lipid—
water partitioning, AGy, (see eqs 4 and 6). The former was
derived from the concentration of half-maximal activation, K;
(see eq 3). The latter was determined according to eq 5, using the
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air—water partition coefficient, K, and the cross-sectional area,
Ap, as parameters taken from Table S1.

For compounds that show no pronounced ABCG2—ATPase
activation (see Table 1, compounds 1—14 in ref 20), the
concentration of half-maximal activation, K;, and as a
consequence the free energy of binding to the transporter,
AGY,;, cannot be assessed according to eqs 4 and 6. As an
alternative, we estimated the free energy of binding to ABCG2,
AGy g, as the sum of the free energy of binding to ABCB1, AGy,
and the difference in the free energy of binding between the two
transporters, AAGy, _p

AGt(l)l,B ~ AGgl,P + AAGSZ,B—P (11)

This is possible because the free energy differences for the first,
AAGy, 5_p, and second binding sites, AAGg,_ p, of the two
transporters are comparable.

Panels B and C of Figure 3 show the free energy of binding of
allocrite to the transporter, normalized to one weighted HBA in
an allocrite, AG{g,, as a function of the number of weighted
HBAs. For ABCB1 (Figure 2B), the free energy per weighted
HBA ranged typically from AGlg, ~ — 8 to —2.5 kJ/mol,
becoming less negative (i.e., less effective) with an increasing
number of HBAs per allocrite. These values are in close
agreement with data from a previous investigation performed
under identical experimental conditions.”” Notably, the very
hydrophobic compounds with a low number of HBAs
[testosterone (12) and progesterone (5) in Figure 3B] tend to
remain in the lipid phase. For these compounds, the free energy
of binding to the membrane is more negative than the free energy
of binding to ABCBI (see Figure S of ref 24). Hence,
hydrophobic elements in allocrites lead to allocrite accumulation
in the membrane but do not contribute to direct allocrite—
ABCBI interactions (see eqs 4 and 6).

An analogous plot for ABCG2 (Figure 3C) shows that the free
energies of binding per HBA range from AG{gs 5 ~ — 12 to —2.5
kJ/mol. Values were thus distinctly more negative for ABCG2
than for ABCBI, at least at low numbers of HBAs per allocrite
(HBA < 5); at larger numbers, the difference leveled off. As most
compounds on the fitting line in Figure 3C, promazine,
tamoxifen, and Ko 143, comprise at least two unsaturated rings
in a planar arrangement. This suggests the possibility of
additional favorable 7—r stacking interactions (i.e., weak
electrostatic interactions) between allocrites and ABCG2 that
are however most likely weaker than hydrogen bonding
interactions.

Ample Opportunities for Hydrogen Bond Formation in
TMDs. HBDs in TMDs most likely play a dual role; on one hand,
they extract compounds with appropriate HBAs (allocrites) out
of the lipid membrane, and on the other, they guide allocrite
sliding across the membrane. To find the potential binding
partners for HBAs in allocrites, we screened the TMDs of both
transporters for amino acids residues with HBD side groups.
Figure 4A—D highlights the amino acid residues carrying HBDs
in two conformations of ABCB1, the inward-facing conformation
from the crystal structure of apo-Abcbla (PDB entry 4m1m) and
the outward-facing conformation in a homology model based on
the crystal structure of Sav1866 (PDB entry 2hyd). The side
views (Figure 4A,B) and top views (Figure 4C,D) show a high
density of HBDs flanking the pathway across the membrane.
Details of the amino acid residues selected are given in Table S2.

In the structure and model used, the HBDs found at the level
of the cytosolic lipid headgroups are essentially oriented toward
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Figure 4. Amino acid residues with HBD side chains of ABCB1 at the
level of the membrane (NBDs are truncated). (A) Abcbla structure of
the apo conformation open to the cytosol'* (PDB entry 4m1lm) (side
view). (B) Model of the closed conformation, based the crystal structure
of Sav1866 with two nucleotides bound* (PDB entry 2hyd) (side
view). (C) Apo conformation in a top view. (D) Model of the closed
conformation in a top view. Amino acid side chains with HBDs are
shown. TMD6 and TMD12 are colored yellow, whereas other helices
are colored light gray. The two dashed lines indicate the position of the
membrane.

the lipid membrane, as observed previously,”® suggesting
attraction of allocrites from the lipid bilayer to the transporter
(Figure S2A,D). Closer to the membrane median (Figure
S2B,E), HBDs are rather oriented toward the center of the
translocation pathway. At the extracellular side of the membrane,
HBDs are again oriented partially toward the lipid membrane,
most likely to draw allocrites out of the transporter and release
them back to the membrane (Figure S2C,F). The weak
electrostatic interactions described are assumed to be transient.

To elucidate the allocrite binding sites on ABCB1, Ambudkar
and co-workers®® substituted residues of the binding region
(Tyr307, GIn725, and Val982) with Cys in a cysless ABCB1. In
these mutant transporters, certain drugs could no longer bind at
their primary binding sites but nevertheless modulate ATP
hydrolysis, which implies that they bound at secondary sites.
These observations are consistent with the results from the
structural analysis presented here, suggesting a high redundancy
with respect to different weak electrostatic interactions
contributing to allocrite binding and gliding in ABCBI.

For ABCG2, high-resolution structures are not yet available,
and because of the low level of sequence identity in TMDs, the
construction of a homology model would be precarious. We
therefore resorted to the putative transmembrane domains of
ABCG2. The amino acid residues selected are given in the
Supporting Information (Table S1) in comparison to previous
investigations.'”'” The analysis shows that numerous potential
anchor points for transient hydrogen bond formation with the
HBAs of allocrites are available and allow for a wide range of
possible binding as well as gliding combinations. Despite the
negligibly low level of sequence identity in the TMDs, the two
proteins thus share the same type of allocrite binding mechanism.
A functional rather than sequence conservation of residues was
also observed for MsbA, Sav1866, and LmrA transporters.()0
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Water as a Model for Allocrites. An allocrite molecule
comprises several HBAs, each of which could interact with a
binding partner, suggesting the existence of clusters of HBDs
arranged in rather close proximity to each other. By scrutinizing
the protein—water hydrogen bond network in the 200 ns
simulations of apo-ABCBI, we identified two examples of such
clusters (Figure SA—C): Tyr949-Tyr946-Gln942 and Thr841-
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Figure S. Groups of HBDs that could bind to the same allocrite
molecule revealed by the protein—water hydrogen bond network. (A)
Snapshot after 200 ns simulations of apo-ABCBI1 starting from the
crystal structure (PDB entry 3gSu). (B) Hydrogen bond network
among Tyr949, Tyr946, Gln942, and three water molecules. (C)
Hydrogen bond network among Ser72S, Thr841, Ser97S, and three
water molecules. Gray sticks represent lipids, red dashed lines hydrogen
bonds in which hydrogen atoms are offered by oxygens, and blue dashed
lines other hydrogen bonds.

Ser725-Ser975. Both HBD clusters could form a hydrogen bond
network with three water molecules in a water chain. The water
chain resembles an allocrite with respect to its ability to offer
HBASs to form hydrogen bonds with the transporter. The analysis
supports the idea of binding and gliding of allocrites by forming
and breaking hydrogen bond interactions.

Whereas oxygen in water (H—O—H) can offer two HBAs and
two HBDs, allocrites generally offer more HBAs than HBDs.**
Even more importantly, HBAs in allocrites exhibit a higher
electron donor strength (R—O—R, R = O or -NR;) than HBAs in
water, because of the positive inductive effect of carbon-
containing residues (-R) adjacent to oxygen.

Hydrogen Bond Donors in ABCG2 Are More Potent. To
identify the reason for the different allocrite affinities, we
analyzed the TMDs of both transporters in more detail. Figure 6
displays the specific amino acid residues with HBD side groups in
order of decreasing hydrogen bond donor strength: Cys > Tyr >
Trp > Asn > Gln > Ser > Thr (x-axis). The order of the HBD
strength of the different amino acid residues was obtained by
considering the inductive effects of the atoms next to the C atom
to which the HBD is attached. Thereby, we did not take into
account the fact that Asn and Gln exhibit two HBDs (-NH,),
whereas the other HBDs exhibit only one HBD (-OH, =NH, or
-SH). The abundance of the different amino acid residues in
TMDs of the two transporters is given on the y-axis (Figure 6).

The total number of amino acid residues with HBD side chains
is only slightly higher for ABCG2 (109) than for ABCB1 (104).
However, residues with stronger HBD potency, including Cys,
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Figure 6. Comparison of ABCB1 (human)'* and ABCG2 (human)'*"”
with respect to the abundance of the different amino acid residues with
HBD side groups. Amino acid residues on the x-axis are listed in order of
decreasing HBD strength. ABCB1 (blue) and ABCG2 dimer (red).

Trp, Asn, and Gln, are distinctly more abundant in ABCG2 (10,
19, 17, 15) than in ABCBI1 (3, 17, 12, 12). Conversely, residues
with lower HBD potency, Ser and Thr, are more abundant in
ABCBI (28, 24) and less abundant in ABCG2 (23, 17). The
higher abundance of strong HBDs in ABCG2 may explain the
higher affinity per HBA in allocrites. The strong tendency of
ABCG2 to extract allocrites with aromatic residues out of the
lipid membrane may be due to the high abundance of Tyr.

HBAs and to a certain extent even s-electron systems in
allocrites can be considered as “lipophobic” elements, which
drive an allocrite from the lipid phase with its low dielectric
constant toward HBDs or the 7-electron systems in the TMDs of
the transporters. Alternatively, HBDs and 7-electron systems in
the TMDs can be considered as attracting allocrites from the lipid
phase, providing the driving force for the “vacuum cleaner”.'
Here we show that because of the higher HBD strength,
especially the dominance of Cys and Tyr versus Ser and Thr
residues, ABCG2 has a “suction power” that is stronger than that
of ABCBI.

ABCB1 Contains More Phenyl Residues. The abundance
of Phe was investigated, because 7-electron systems are involved
in different types of weak electrostatic interactions, such as 7—7x
and 7—cation interactions.”” The Phe residues in ABCB1 are
shown in the inward-facing conformation from the crystal
structure of apo-Abcbla (PDB entry 4mlm) and the outward-
facing conformation modeled, based on the crystal structure of
Sav1866 (PDB entry 2hyd) (Figure 7A—D). The abundance of
Phe was distinctly higher in ABCBI1 (41) than in ABCG2 (27)
(see Figure 6). The high efficiency of ABCG2 to extract
molecules comprising planar z-electron systems out of the
membrane suggests that this is rather due to Tyr. Phe in ABCB1
may rather be involved in binding and transport of cationic
allocrites, particularly if they lack HBAs, as, e.g, tetradecyl
trimethylammonium chloride (TTAC) and its analogues.”® The
z—cation interactions are weak and may therefore be suited for
allocrite transport as shown previously for the transport of
ammonium.®’

Charge—Charge Interactions Play a Role in Trans-
porter Sensing and Gating. The distinctly cationic com-
pounds show an affinity for ABCBI slightly higher than that of
the weakly basic molecules (including those showing a strong
pK, shift upon membrane insertion such as tamoxifen) or
electrically neutral molecules (Figure 2A). This is consistent with
the observation that the cationic tetradecyl trimethylammonium
chloride (TTAC) and its analogues23 bind to ABCB1, despite

DOI: 10.1021/acs.biochem.5b00649
Biochemistry 2015, 54, 6195—6206


http://dx.doi.org/10.1021/acs.biochem.5b00649

Biochemistry

Figure 7. Phenyl residues of ABCBI1 at the level of the membrane
(NBDs are truncated). The arrangement of figures and representations
of membrane position as well as helices are the same as in Figure 4. For
the sake of clarity, only side chains of phenyl residues are highlighted.

lacking HBAs. As seen in Figure 2B, the distinctly negatively
charged compounds, such as sulfasalazine and CPT-cAMP, show
an affinity for ABCG2 slightly higher than that of the weakly
charged compounds. These observations suggest that charge
plays a certain role in binding to transporters ABCB1 and
ABCG2. The somewhat higher affinity of charged residues for
the respective transporters in the membrane is, however,
compensated by the lower lipid—water partition coeflicient of
charged compounds. This explains why the influence of charge in
binding to ABCB1 was barely noticed.””**

To obtain further insight into the role of charge in allocrite
sensing and binding, we investigated the distribution of charged
residues in the TMDs of both transporters at the membrane—
water interface, assumed to be adjacent to the binding location of
allocrites. Figure 8 shows charged residues at the interfacial
region of the crystal structure of apo-Abcbla (Figure 8A,C) and
the molecular model of ABCBI1, based on the outward-facing
structure of Sav1866, bound with ADP (PDB entry 2hyd) in a
side view (Figure 8B,D). Fifteen cationic and seven anionic
residues were found at the level of the cytosolic membrane—
water interface for ABCB1 (see Table S3). The high density of
cationic groups at the membrane—water interface of ABCBI
seems surprising at first site but may be relevant for preventing
the leak of cationic groups to the cytosol, on one hand, and for
guiding ionic groups to the appropriate TM helices, on the other.
It is interesting to note that the access routes to TM 6 and TM 12,
which are assumed to be most relevant for flopping or
transport,” are gated by a combination of anionic and cationic
residues. They most likely induce charge specificity and limit the
access to electrically neutral, cationic, and mildly anionic (pK, >
6. 0) allocrites. Compounds with lower pK, values (i.e., stronger
negative charge) are excluded, unless they carry sufficient HBAs
that can overcomgensate for the repulsive forces by hydrogen
bond formation.”® Two molecules that exemplify the subtle
balance between electrostatic and hydrogen bonding interactions
are listed in Tables 1 and 2 [n-octylphosphocholine (fos-choline-
8) and 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC)].

For ABCG2, we a%ain resorted to the putative transmembrane
domains of ABCG2'"” and determined the putative interfacial
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Figure 8. Charged residues of ABCBI at the cytosolic membrane
interface (NBDs are truncated). The arrangement of figures and
representations of membrane position as well as helices are the same as
in Figure 4. Cationic amino acid residues are colored blue, whereas
anionic amino acid residues are colored red.

charged amino acid residues. Only one cationic residue (R482 in
TM3) was found in the interfacial region of an ABCG2 monomer
and thus two in the homodimer, compared to 22 charged
residues in ABCBI (see Table S3). The two cationic residues are
consistent with the ability of ABCG2 to transport anionic
compounds. The lower putative interfacial charge density in
ABCG2 may explain the higher promiscuity toward highly
charged (zwitterionic, double cationic, and double anionic)
allocrites.”” In summary, this analysis suggests that charge—
charge interactions play a particular role in sensing and gating,
and to a lower extent also in allocrite binding. The network of
possible attractive and repulsive electrostatic interactions differs
in the two proteins and gives rise to allocrite specificity.

B CONCLUSIONS

Despite the relative hydrophilicity of ABCG2-activating
allocrites, binding occurs in the cytosolic membrane leaflet as
for ABCB1. The binding location is consistent with the function
of the two transporters to ward off compounds before they enter
the cytosol. Hence, allocrite binding for ABCG2 is a two-step
process, starting with allocrite partitioning into the lipid
membrane driven by hydrophobic interactions, followed by
binding of allocrite to the TMDs, driven essentially by weak
electrostatic interactions between HBAs in allocrites and HBDs
in the transmembrane region of both transporters. The weak
electrostatic or “lipophobic” interactions may further include
m—m stacking and 7m—cation interactions. The former may be
particularly relevant for binding of planar z-electron systems by
ABCG?2, whereas the latter may be particularly relevant for cation
transport by ABCBI1. The common membrane-mediated
allocrite binding mechanism provides transporter promiscuity
and allocrite overlap. Notably, ABCG2 binds its allocrites with an
affinity higher than that of ABCB1, which is most likely due to the
overall higher hydrogen bond donor strength of HBDs in
ABCG2. The different affinities add a tuning element to
promiscuity and facilitate a certain division of labor in
membranes with ABCB1 and ABCG2. ABCBI, working faster,””
may become activated at high allocrite concentrations and may
rapidly remove allocrites to a level at which the slower ABCG2
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becomes activated and can remove the reminders. Attractive as
well as repulsive electrostatic interactions between charged
groups in allocrites and charged residues in the TMDs of the
transporters at the level of the cytosolic lipid—water interface
play a major role in allocrite sensing and gating. ABCG2 seems to
exhibit a charge density at the interface lower than that of
ABCBI, which may explain the higher tolerance to allocrites’
amphiphilicity and charge. Transporter specificity is thus due
essentially to ionized amino acid residues at the level of the
cytosolic membrane—water interface.
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