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ABSTRACT

At the end of the last century tariquidar (XR9576) was synthesized, pharmacologically investigated, and
classified as a promising 3rd generation P-glycoprotein (P-gp) modulator. Following the discovery of
BCRP in 1998 an increasing number of substances were studied in relation to their potency to interact
with this transporter. Recently it has been shown that XR9576 inhibits both P-gp and BCRP transport
function similarly to GF120918 (elacridar). This observation prompted us to investigate 5 XR compounds
and 25 structurally related derivatives synthesized in our laboratory for their BCRP inhibitory effect. The
biological activity data were determined by our new Hoechst 33342 assay that has been transferred from
P-gp to BCRP overexpressing cells. 3D-QSAR models (CoOMFA and CoMSIA) were generated and validated
by the leave-many-out method and the scrambling stability test. The best models yielded an internal pre-
dictive squared correlation coefficient higher than 0.8 and contained steric, electrostatic, hydrophobic,
and hydrogen bond donor fields. To our knowledge, this is the first 3D-QSAR analysis of BCRP inhibitors.
Additionally the biological activity data determined in P-gp overexpressing cells on one side and BCRP
overexpressing cells on the other side were compared to identify selective and non-selective inhibitors
of P-gp and BCRP. The results may help to get a better insight which structural elements are necessary

CoMSIA

to direct the interaction of these compounds with P-gp and/or BCRP.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Multidrug resistance is a major obstacle to successful cancer
treatment by chemotherapy. One pivotal mechanism by which tu-
mor cells can become resistant to cytotoxic drugs used in chemo-
therapy is the increased expression of certain ATP-binding cassette
(ABC) transporters. These ABC transporters use the energy of ATP
hydrolysis to transport a wide variety of substrates out of cells
against a concentration gradient leading to a decreased intracellu-
lar concentration and in turn to failure of chemotherapy.

To date there have been 49 human ABC transporters identified
and classified into seven subfamilies.! In humans, members from
three subfamilies are primarily associated with the phenomenon
of multidrug resistance (MDR). These include a member of the
B- (ABCB1, P-glycoprotein), the G- (ABCG2, BCRP) and several
members of the C-subfamily (ABCC1-5, MRPs).>®> As members of
these three different subfamilies can be simultaneously overex-
pressed in tumor cells, MDR emerges frequently as a multifactorial,
complex problem.

The MDR-related ABC transporters are widely expressed in
excreting organs and physiological barriers such as the intestine,
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liver, kidney, blood-brain barrier and placenta, where they play a
physiological key role in the protection against toxic agents.*®

With regard to their physiological role, MDR-ABC transporters
most probably evolved as complex cellular defense systems for
the recognition and the energy-dependent removal of toxic agents
entering the living cells or organisms from their environment.
Therefore, they can be considered as essential parts of an im-
mune-like defense system.” When expressed in tumor cells, ABC
transporters such as P-gp, BCRP, and MRP1 cause multidrug resis-
tance of such tumor cells. Therefore, it is in focus of research inter-
est to overcome MDR-mediated resistance in cancer cells.

P-glycoprotein (P-gp) was discovered by Juliano and Ling in
19768 and is possibly the most intensely studied among the ABC
transporters. In accordance with other ABC transporters, P-glyco-
protein is a membrane-bound, energy-dependent drug trans-
porter.® P-gp consists of 1280 amino acids and has a molecular
weight of approximately 170kDa in the fully glycosylated
form.'%-'2 The protein is folded into two homologous halves, each
containing six transmembrane helices and one intracellular nucle-
otide binding domain (NBD). P-gp contains three glycosylation
sites on an extracytoplasmatic domain'3, which have no essential
role for transport function and serve to anchor the protein in the
membrane.'®!!

By actively effluxing substrates, P-gp reduces intracellular con-
centrations to subtherapeutic levels, thereby conferring resistance
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to a broad range of cytotoxic drugs. Its most striking property is the
diversity in structure of substrates that can be transported, includ-
ing a vast number of drugs, among them many cytotoxic anticancer
drugs, such as anthracylines, Vinca alkaloids, taxanes, podophyllo-
toxin derivatives, and derivatives from Campthoteca acuminata
(camptothecin, topotecan, irinotecan).'*'®> The consensus that has
emerged is that P-gp-recognized substrates are amphipatic’ with
a molecular mass of 200-1900 Da.!® In most cases anionic sub-
strates show no interaction with P-gp.!°

The breast cancer resistance protein (BCRP, ABCG2) was first
identified as an overexpressed protein in the MCF-7/AdrVp cell
line. This cell line was selected by continuous exposure to doxoru-
bicin in combination with verapamil to avoid development of
resistance due to expression of P-gp. Interestingly, MCF-7/AdrVp
cells also did not express the multidrug resistance-associated pro-
tein MRP1.1%17 BCRP was also discovered by investigating cell lines
selected for resistance to mitoxantrone - a poor substrate for P-gp
and MRP1."®

ABC transporters belonging to the subfamily G possess only one
NBD and a single transmembrane domain (TMD), containing six
membrane-spanning helices and thus are considered to be ‘half
transporters’. BCRP is composed of 655 amino acids and has a
molecular weight of 72 kDa. It forms a homodimer probably linked
by a disulfide bond in the membrane.® It migrates as a dimer with-
out reducing agents on a SDS gel, but runs as a 72 kDa protein on a
SDS gel under reducing conditions.'®!® Further ABCG2 is exten-
sively glycosylated on asparagine-596, which is located within
the third extracellular loop of the polypeptide.?°-?2 In accordance
with P-gp, this glycosylation has no effect on transport function,
but anchors the protein in the membrane. While the majority of
ABC transporters include an N-terminal TMD followed by a C-ter-
minal NBD, the ABCG2 protein has a reverse structure with the
NBD located N-terminal to the TMD.!” The structural differences
serve to underline the importance of ABCG2 structural studies.

ABCG?2 is not only expressed in cancer cells, but is also present
in many normal tissues, for example, in the placenta, particularly
in the syncytiotrophoblastic cells. The remarkable expression level
of ABCG2 in the placenta led to the nomenclature ABCP, and sug-
gests that ABCG2 is responsible for protecting the fetus from toxic
xenobiotics.>>?4 Lower levels of BCRP were also found in the brain,
in the colon, small intestine, breast tissue, testis, ovary, liver, and
prostate. The tissue localization points to a physiologically protec-
tive role of BCRP.

In comparison to P-gp BCRP is able to efflux large molecules,
both positively and negatively charged, with amphiphilic charac-
ter. To the transported substrates belong sulfated hormone metab-
olites or glucuronidated methotrexate.2>~27 Further substrates of
BCRP include the anticancer drugs mitoxanthrone, campthotecin-
based topoisomerase 1 inhibitors such as topotecan or irinotecan,
tyrosin kinase inhibitors such as imatinib and gefitinib, the podo-
phyllotoxins etoposid and teniposid and flavopiridol.>®%2° A strat-
egy to reverse BCRP-mediated multidrug resistance and to improve
treatment outcome is the inhibition of this ABC protein with mod-
ulators showing high potency and efficacy. Selective inhibitors for
BCRP include fumitremorgin C® and novobiocin.?® More recently a
non-toxic, synthetic analogue of fumitremorgin C, Ko143, has been
identified as a potent and selective modulator of BCRP inhibiting
BCRP at nanomolar concentrations.>! Further, natural products
are known to interact with BCRP. Investigations of Ahmed-Belka-
cem et al. illustrated that the flavonoids 6-prenylchrysin and tecto-
chrysin can be considered as BCRP-specific inhibitors. For these
compounds no interaction with P-gp or MRP1 was detected
whereas low concentrations of these substances led to a distinct
interaction with BCRP comparable to that of GF120918 (elacri-
dar).?? In another study, it was shown that the flavonoids narigenin
and genistein possess higher inhibitory potencies towards BCRP

than to MRP1 and P-gp.3 These findings underline the importance
of further investigations of flavonoids towards BCRP due to their
potential specific interaction with this ABC-transporter. Though
different in structure and genetic background, P-gp and BCRP share
several common substrates. P-gp inhibitors that have been re-
ported to also interact with BCRP are for example GF120918 (elacr-
idar),>* cyclosporin A>® reserpin®® and tariquidar.>’*® A dual
specific inhibitor could be advantageous for reversing resistance
to drugs that are substrates of both transporters.

In our laboratory, tariquidar (XR9576) served as a template to
design new MDR modulators.2®4° In recently published studies,
we presented the pharmacological results of these compounds in
relation to P-gp.3®4° The biological activity data were obtained in
the new Hoechst 33342 assay and the well established Calcein
AM assay. 3D-QSAR models were generated by CoMFA and CoMSIA
and yielded an internal predictive squared correlation coefficient
higher than 0.8. The best models were based on electrostatic, ste-
ric, hydrogen bond acceptor, and hydrophobic fields. Considering
that tariquidar inhibits not only P-gp function but also is a power-
ful BCRP modulator,?® we decided to determine the inhibitory
potencies of five XR-derivatives and 25 newly synthesized struc-
turally related compounds towards BCRP function. In this study
we present their inhibitory activities determined in BCRP over-
expressing tumor cells. The inhibitory potencies of these sub-
stances were determined in the new Hoechst 33342 assay
described previously®® that was transferred to BCRP overexpress-
ing cells. 3D-QSAR models using CoMFA and CoMSIA methodolo-
gies were generated and validated applying different techniques:
the scrambling stability test, the leave-one-out, and leave-many-
out cross-validation. The best models yielded internal predictive
squared correlation coefficients of higher than 0.8. These models
may serve as useful tools for the rational design of new BCRP inhib-
itors. To our knowledge this is the first 3D-QSAR study in relation
to BCRP inhibitors. One additional, pivotal aim of this study was to
compare the biological activity data of these compounds deter-
mined in P-gp overexpressing cells on one side and BCRP over-
expressing cells on the other side. The intention of this
comparison was to answer the question whether these substances
inhibit P-gp and BCRP with identical potency, or not. The results
may support a better insight which structural features direct an
interaction with P-gp and/or BCRP.

2. Results
2.1. Functional assays

For a selective investigation of BCRP it was important to illus-
trate that the MCF-7 MX cell line overexpresses the ABCG2 gene
product BCRP only. As shown in different studies by several work-
ing groups the mitoxantrone-resistant MCF-7 MX cell line is sup-
posed to express high levels of BCRP.#'"** In this study, the
overexpression of BCRP was proven applying the specific anti-BCRP
monoclonal BXP-21 antibody and fluorescein-conjugated anti-
mouse antibody with flow cytometry detection.*>*” In contrast
to MCF-7 MX cells, the cell lines MCF-7, A2780, and A2780adr
show no detectable levels of BCRP (Fig. 1). In MCF-7 MX cells no
overexpression of the ABCB1 gene product P-gp was detected using
a selective FITC-labeled P-gp antibody and flow cytometry.*84°
Adriamycin resistant A2780adr cells served as a positive control
containing high levels of P-gp as indicated by strong fluorescence
intensity (Fig. 1). As the fluorescence intensities of MCF-7 MX,
MCF-7, and A2780 cells were comparable to the background fluo-
rescence intensity, the level of P-gp expression in these cell lines
was negligible. These results agree with literature data.*!~44

To determine BCRP activity, we transferred the newly devel-
oped Hoechst 33342 assay®®*° to BCRP overexpressing MCF-7
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Figure 1. Proof of overexpression of P-gp (shown in gray) and BCRP (depicted in
black) using the P-gp-specific antibody MRK-16 and the BCRP-specific antibody
BXP-21 and a secondary fluorescein-conjugated anti-mouse antibody applying flow
cytometry detection. Data indicate that P-gp is overexpressed in A2780adr cells,
BCRP is overexpressed in MCF-7 MX cells. The other cell lines contain no significant
levels of P-gp or BCRP.

MX cells. Two physicochemical properties of Hoechst 33342 enable
the accomplishment of the assay in a simplified way: the strong
tendency of Hoechst 33342 to penetrate into the cell membrane
and the extreme milieu dependency of its fluorescence intensity.
As shown in several studies, the fluorescence intensity of Hoechst
33342 increases enormously when localized in a lipophilic envi-
ronment like the plasma membrane or bound to DNA.?°->3 There-
fore the cellular fluorescence can be used as measure of Hoechst
33342 concentration in the membrane without the necessity of
prior washing steps.3%4°

To assess the influence of BCRP activity fluorescence-time
curves were recorded using the BCRP overexpressing cells (MCF-
7 MX) and the parental cell line MCF-7. Figure 2 shows different
fluorescence-time curves of Hoechst 33342 obtained in MCF-7
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Figure 2. Fluorescence-time curves of Hoechst 33342 (final concentration 5 uM):
MCF-7 MX cells without modulator (closed squares), MCF-7 MX cells, preincubated
with 5.6 pM of compound 3 (XR9577) (closed circles) and MCF-7 cells without
modulator (open circles). The fluorescence-time curve of MCF-7 cells preincubated
with 5.6 uM of compound 3 (XR9577) overlaps the curve without modulator and is
omitted for clarity.

and MCF-7 MX cells. The large difference of the two curves refer-
ring to MCF-7 (open circles) and MCF-7 MX cells (closed squares)
without modulator is obvious. A total inhibition of BCRP function
can be achieved by preincubating MCF-7 MX cells with 5.6 uM of
compound 3 (XR9577).°* The fluorescence-time curve obtained
for MCF-7 MX cells in presence of XR9577 (closed circles) is com-
parable to that for MCF-7 cells. The strong difference of the fluores-
cence-time curves of MCF-7 MX cells without XR9577 and
preincubated with XR9577 underlines that BCRP is highly active
effluxing Hoechst 33342. This observation corresponds to several
other studies, pointing out that Hoechst 33342 is also a BCRP sub-
strate.>>~>7 The fluorescence-time curve of MCF-7 cells in presence
of 5.6 tM XR9577 is almost identical to the curve without modula-
tor (open circles) confirming indirectly that the parental cell line
does not express BCRP. Further, these results prove that the accu-
mulation of Hoechst 33342 in the parental cell line is not influ-
enced by compound 3 in an unspecific way by unspecific
membrane effects.
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Figure 3. (A) Fluorescence-time curves for different concentrations of compound 3
(XR9577) determined with the Hoechst 33342 assay in MCF-7 MX cells. Fluores-
cence-time curves were analyzed based on one-phase exponential association
analysis. Data illustrated are averages+SE of a typical experiment with four
replicates taken out from a series of four independent experiments. (B) Initial part
of the fluorescence-time curves for different concentrations of compound 3
(XR9577) with the Hoechst 33342 assay in MCF-7 MX cells. Slopes were determined
by linear regression. Presented data are averages * SE from one typical experiment
with four replicates belonging to a series of four independent experiments.
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As shown in Figure 3A, typical fluorescence-time curves for
several concentrations of compound 3 follow an exponential
profile. Figure 3B contains the initial quasi-linear part of the differ-
ent fluorescence-time curves from Figure 3A. Obviously, two
different analyses are possible to perform: (i) the upper plateau
values, Ynax values, of the fluorescence-time curves (when
measuring fluorescence longer, compare Fig. 3A) can be deter-
mined and plotted versus the corresponding logarithmic concen-
trations (open squares, gray line). (ii) linear regression analysis
(compare Fig. 3B) of the initial quasi-linear part (closed squares,
black line). As to be expected and in accordance to a previous
study®® both analyses lead to no significant change in the
pICso values: pICsy (linear)=6.08 £0.08, ny=1.49+0.16; pICso
(Ymax) =6.17 £0.07, ny = 1.62 £ 0.19, cf. Figure 4.

The inhibitory effect of the BCRP specific inhibitors novobiocin
and Ko143 and seven known P-gp modulators was investigated
in the established assay. The results are presented in Table 1. Com-
paring the BCRP inhibitory effects of these substances, the fumitre-
morgin C analogue Ko143 possesses the highest activity.
Interestingly, the tyrosine kinase inhibitor imatinib is a rather po-
tent BCRP inhibitor. It shows an approximately 10-fold stronger
inhibition of BCRP function than novobiocin. All substances pre-
sented in Table 1 were also investigated in the Hoechst 33342 as-
say in relation to P-gp function using A2780adr cells. As expected,
novobiocin and Ko143 did not lead to inhibition of P-gp function
due to their assumed BCRP specifity. However, the known P-gp
modulators were also weak inhibitors of BCRP function, with the
exception of the tyrosine kinase inhibitor imatinib that proved to
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Figure 4. Comparison of concentration-response curves generated for compound 3
(XR9577) in MCF-7 MX cells obtained with the Hoechst 33342 assay by using (i)
linear regression analysis of the initial quasi-linear part (closed squares, black line),
(ii) the Ymax values derived from one-phase exponential association analysis (open
squares, gray line): plCso (linear)=6.08+0.08, ny=149+0.16; plCso
(Ymax) = 6.17 £0.07, ny = 1.62 + 0.19. Data shown are averages * SE from one typical
experiment with four replicates out of a series of four independent experiments.

Table 1
pICsg values of different substances in the Hoechst 33342 assay in relation to P-gp and
BCRP function

Compound pICsp = SD (P-gp) pICsp = SD (BCRP)
Cyclosporine A 5.85 = 0.09 4.20+0.10
Diltiazem 437 £0.25 3.07 £0.08
Imatinib 5.14+0.27 5.31+0.18
Ko143 ne. 6.51+0.15
Nicardipine 5.32+0.13 4.78 £0.03
Novobiocin n.e. 4.18 £0.15
Progesterone 4.32 £ 0.07 3.90+0.24
Reserpine 5.49 £ 0.09 458 £0.13
Verapamil 5.34+0.24 3.28 £0.06

Data shown are averages +SD (n.e., no effect detectable up to 300 uM. n.e.’, no
effect detectable up to 30 pM).
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Figure 5. Scatterplot of the pICs, values determined with the Hoechst 33342 assay
in relation to BCRP (MCF-7 MX cells) and P-gp inhibition (A2780adr cells). Data
shown are averages + SD of at least three independent experiments. The squared
correlation coefficient is 0.17.

be an equipotent inhibitor of both transporters. Figure 5 shows a
scatterplot of the pICso values for the seven substances active
against both transport proteins determined with the Hoechst
33342 assay using BCRP and P-gp overexpressing cells. The corre-
lation coefficient was calculated as 0.17, emphasizing no correla-
tion between the inhibitory activities against both transporters
(Fig. 5). These results may underline that the binding-sites of both
ABC-transporters are different and various structural properties di-
rect an interaction with P-gp and/or BCRP.

Investigations of Robey et al. revealed that the 3rd generation
modulator tariquidar (XR9576) is also capable to inhibit BCRP
function.” This observation prompted us to investigate a series
of structurally related substances synthesized in our laboratory,
which had been identified as P-gp inhibitors,*® also for their BCRP
inhibitory potency. The studied series contained 25 newly synthe-
sized derivatives and five XR analogues. Table 2 presents the struc-
tures and inhibitory potencies of these compounds towards BCRP
function, and additionally includes the pICsg-values against P-gp.
The biological activity data towards P-gp were mostly presented
and discussed in a previous study.*® The whole dataset can be di-
vided into two different classes according to the different template
structures as shown in Table 2. Template 1 is common to the six
anthranilamide derivatives compounds 1 to 6. Template 2 depicts
the basic structure of the remaining 24 compounds. All modulators
possess a common tetrahydroisoquinoline-ethyl-phenyl-amide
substructure. Comparison of the pICsg values of the 30 compounds
determined in P-gp overexpressing A2780adr cells and in BCRP
overexpressing MCF-7 MX cells yields a moderate correlation
(R?=0.62) as visible in Figure 6. More than half of the compounds
fall outside the 95 % confidence interval, underlining that different
structural features direct an interaction with P-gp and/or BCRP.

2D- and 3D-QSAR analysis support to point out the main struc-
tural properties directing an interaction with P-gp or BCRP. Free-
Wilson analyses®® were performed to identify the structural ele-
ments influencing significantly the inhibitory effect against P-gp
and BCRP function. Table 3 represents the structural features used
as variables in the Free-Wilson analyses and lists the compounds
containing the structural elements. After removal of compounds
possessing singular variables, 15 could be included in the Free-Wil-
son analysis. The final models were derived applying the signifi-
cant variables only. The results are presented in Table 4. They
illustrate that methoxy groups in positions 6 and 7 of the tetrahy-
droisoquinolinylamide substructure contribute statistically signifi-
cant to P-gp inhibition. However, a negative impact of the methoxy
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Table 2
Structures and biological activity data of the investigated compounds
R4
N
R; o)
N
H
N
HN R; R Jc])\
Template 1 RZ/KO Template 2 ” Re

Compound no. Ry Ry Rs pICsp = SD (BCRP) pICsp = SD (P-gp)?
Template 1
1 (XR9456) OCH3; Phenyl H 5.40+0.13 6.29 £ 0.06
2 (XR9544) OCH3 3-Quinolinyl H 530+0.19 6.78 + 0.09
3 (XR9577) H 3-Quinolinyl H 6.00 £ 0.23 6.45 +0.07
4 (XR9504) OCH3; 4-Methylphenyl H 5.41+0.25 6.28 +0.23
5 (XR9576) OCH3; 3-Quinolinyl OCH3 5.84 +0.04 7.14+0.12
6 OCH3 3,4-Dimethoxyphenyl H 5.68+0.12 6.48 +0.15
Template 2
7 OCH3 2-Nitrophenyl H 3.96+0.15 5.26 £ 0.03
8 H 2-Nitrophenyl H 4.10+0.09 4.87 £0.02
9 OCH3 2-Aminophenyl H 4.07+0.18 495 +0.24
10 H 2-Aminophenyl H 4.13+£0.23 5.02 £0.04
1 OCH3; 4-Nitrophenyl H 5.12+0.18 5.86 + 0.06
12 H 4-Nitrophenyl H 5.18+0.20 5.30%0.16
13 OCHs; 4-Aminophenyl H 3.58+0.17 5.15 £0.09
14 H 4-Aminophenyl H 4.11+0.12 5.38+0.32
15 OCH3; 3-Quinolinyl H 4.62+0.17 6.84+0.25
16 H 3-Quinolinyl H 5.30+0.09 6.38 £0.09
17 OCH3 3,4-Dimethoxyphenyl H 4.32 +0.07 5.27 £0.25
18 OCH3 4,5-Dimethoxy-2-nitro-phenyl H 419 £0.05 5.31+0.14
19 OCH3 4-Quinolinyl H 4.44+0.15 5.65+0.27
20 OCH3 Benzo-1,3-dioxole H 482 +0.14 5.85+0.19
21 OCH3 2-Bromophenyl H 4.66 £ 0.05 5.46 + 0.54
22 OCH3 3-Bromophenyl H 4.64+0.21 5.49 £ 0.63
23 OCH3 4-Bromopheny! H 4.94 £ 0.02 5.61 £0.37
24 OCH3 Phenyl H 4.61+0.09 5.32+0.27
25 OCH3; 1-Naphthyl H 4.89+0.13 5.73+0.18
26 OCH3 2-Naphthyl H 5.14+0.10 6.11+£0.37
27 OCH3 2-Quinoxalinyl H 522+0.20 6.68+0.16
28 OCH3 3-Isoquinolinyl H 5.22+0.10 6.11 £0.20
29 OCH3; 3-Pyridyl H 4.35+0.05 5.50+0.23
30 OCH3 6-Quinolinyl H 4.84+0.07 6.13+0.21

@ P-gp inhibition values are taken from Ref. 38 and are included for comparison, except those for compounds 5 and 24 that were determined in this study.

groups is observed in relation to BCRP indicated by the negative
regression coefficient. Consequently, the elimination of methoxy
groups in positions 6 and 7 of the tetrahydroisoquinoline sub-
structure can strengthen the interaction with BCRP. Three sub-
structures - the para-nitro-group, the change of a monocyclic
substituent into a bicyclic substituent R, of template 1 (compare
Table 2), the addition of a second amide linker - have a positive im-
pact to the inhibitory potencies for P-gp and BCRP, respectively.
Interestingly, the regression coefficients for the second amide lin-
ker are comparable, whereas the remaining regression coefficients
for the 3-quinoline (R;) and the para-nitro substituent (R;) are dif-
ferent. The following conclusions are possible: (i) the introduction
of an electrophilic substituent as the nitro group (-I- and -M-effect)
increases in a more distinctive way the BCRP inhibitory potency
than the P-gp inhibitory effect. (ii) The differences of the regression
coefficients for the 3-quinoline substructure (R;) illustrate that this
structural element enhances a preferred interaction with P-gp. Fur-
ther, including methoxy groups in positions 3 and 4 (R,) reveals a
weak increase of the pICsq value in relation to BCRP, but not to P-gp.

Despite the fact that lipophilicity presents an important param-
eter related to incorporation into the membrane and to interaction

with the drug binding site(s) of the proteins, no correlation was
found between the inhibitory potencies and the calculated log P
values (data not shown). Further, the calculated logD values and
the pICso values show also no correlation (data not shown).

The span in activity data of two logarithmic units, together with
the well-balanced, homogeneous distribution of the inhibitory
potencies over the activity range represent some central pre-condi-
tions to perform 3D-QSAR analyses including CoMFA and CoMSIA
approaches. A crucial factor in 3D-QSAR analysis like COMFA or
CoMSIA is the alignment of the compounds. To facilitate compari-
son with our previous results, the same alignment as in Ref. 39 was
chosen. Table 5 summarizes the results of the 3D-QSAR analyses
based on LOO (leave-one-out) cross-validation.>® All single fields
and all possible field combinations were calculated. The calcula-
tions were accomplished both for P-gp and BCRP-related biological
activity data. The results of the 3D-QSAR models served to get a
better insight which structural properties are necessary for an
efficient interaction with P-gp or BCRP or both transporters. The
best models are marked in bold in Table 5. For both transporters
the CoMSIA methodology yielded models with superior statistics
as compared to CoMFA. For BCRP inhibition, the highest cross-
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Figure 6. Scatterplot of the pICsy values generated with the Hoechst 33342 assay
on BCRP (MCF-7 MX cells) and P-gp (A2780adr cells). The explained variance is 0.62
for all 30 compounds. Data shown are averages + SD of at least three independent
experiments.

validated squared correlation coefficients g* were obtained for the
combination of electrostatic and donor field (g2 = 0.801, Nopt = 4).
The additional inclusion of the steric field led to a further small in-
crease in ¢* (sed-model: ¢* = 0.803, nop, =4). Models without the
donor field were generally of lower statistical quality. For COMFA
derived models a similar pattern was obtained. The additional con-
sideration of the H-bond field led to significantly better models. For
P-gp inhibition, the best CoMSIA models were based on the follow-
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ing field combinations: electrostatic and acceptor (q*=0.866,
nope = 4) and electrostatic, acceptor, and steric (g = 0.863, nop; = 4).
The addition of the hydrophobic field to these models led to a
small, non-remarkable decrease of the corresponding g values.
The corresponding CoMFA models had again a lower internal pre-
dictivity, however, the difference was much less pronounced as for
the BCRP inhibitory activity of the compounds. A slightly smaller
but largely overlapping set of compounds has been analyzed previ-
ously for P-gp inhibitory potency by 3D-QSAR analysis.*® It was
therefore of interest to compare both analyses in order to estimate
the influence of the newly introduced compound 24 and most ac-
tive compound tariquidar on the outcome of the 3D-QSAR analysis.
Comparison of the statistical indices obtained for the smaller sub-
set analyzed in Ref. 39 with the values reported in Table 5 revealed
that the ranking of the models remained unchanged, although the
q* values are even higher now. The same fields led to the best mod-
els, emphasizing in this way the validity of the conclusions drawn
from the previous analysis.

Figure 7A illustrates the plot of the predicted activity data from
LOO cross-validation by the CoMSIA ‘sed’ model versus the mea-
sured activity data for BCRP inhibition. All compounds are pre-
dicted with similar precision and no extreme outliers are present.
Figure 7B depicts the plot of the predicted inhibitory potencies
based on the ‘sea’ model versus the observed inhibitory potencies
against P-gp. The predictions are very satisfactory without outliers.

2.2. Contour plots

Contour plots were generated to visualize the contribution of
the different fields to the biological activity of the studied com-
pounds. Contour plots allow to gain more information from the
models and to point out the differences between the BCRP and P-
gp-related models. Figure 8 illustrates the contour plots of the
most favorable model for steric, electrostatic, and donor fields for

Table 3
Free-Wilson matrix for 15 structurally related derivatives
Compound no. plICso plCso Ry 6,7- Ry Ry Ry R, 3,4- R, 3- Amide
(P-gp) (BCRP) dimethoxy ortho-nitroph. ortho-aminoph. para-nitroph. dimethoxyph. quinoline linker 2
2 (XR9544) 6.78 5.30 1 0 0 0 0 0 1
3 (XR9577) 6.45 6.00 0 0 0 0 0 0 1
5 (XR9576) 7.14 5.84 1 0 0 0 1 0 1
7 5.26 3.96 1 1 0 0 0 0 0
8 4.87 4.10 0 1 0 0 0 0 0
9 4.95 4.07 1 1] 1 0 0 0 0
10 5.02 4.13 0 0 1 0 0 0 0
11 5.86 5.12 1 0 0 1 0 0 0
12 5.30 5.18 0 0 0 1 0 0 0
13 5.15 3.58 1 0 0 0 0 0 0
14 5.38 4.11 0 0 0 0 0 0 0
15 6.84 4.62 1 0 0 0 0 1 0
16 6.38 5.30 0 0 0 0 0 1 0
17 5.27 432 1 0 0 0 1 0 0
18 5.31 4.19 1 1 0 0 1 0 0

Compound 14 (marked in gray) was defined as the reference substance for performing the multiple linear regression analysis (ph., phenyl; amide linker 2 refers to compounds

containing template 1).

Table 4

Results of the Free-Wilson analyses of 15 compounds using significant variables only: statistical data, regression coefficients and their standard errors

F value = 41.95, R? = 0.959, R = 0.979, SE of estimation = 0.19

Regression coefficient (BCRP)

F value = 45.21, R?> = 0.948, R = 0.973, SE of estimation = 0.21
Regression coefficient (P-gp)

4.178 £ 0.092

—0.362 +0.109
+1.153 £ 0.152
+0.422 +0.139
+0.963 +0.152
+1.636 +0.128

Constant

(Ry) 6,7-dimethoxy
(R;) para-nitroph.

(R;) 3,4-dimethoxyph.
(R2) 3-quinoline
Amide-linker 2

4.969 + 0.102

+0.292+0.111
+0.465 + 0.166
+1.495 +0.166
+1.627 £ 0.143
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Table 5
Statistical characteristics of the 3D-QSAR models using COMFA and CoMSIA for BCRP and P-gp inhibition
Fields BCRP P-gp
LOO NV LOO NV

q* SDEP n 2 s q* SDEP n r? s
CoMFA
e 0.613 0.395 3 0.835 0.257 0.833 0.277 5 0.962 0.132
e h-bnd 0.732 0.339 4 0.934 0.166 0.685 0.389 6 0.963 0.133
h-bnd 0.707 0.350 4 0.920 0.183 0.542 0.433 2 0.779 0.301
s 0.525 0.432 3 0.743 0.321 0.757 0.325 3 0.892 0.215
se 0.665 0.367 3 0.856 0.241 0.823 0.290 4 0.951 0.147
s e h-bnd 0.757 0.321 4 0.949 0.147 0.751 0.323 2 0.884 0.218
s h-bnd 0.760 0.317 4 0.949 0.150 0.720 0.338 2 0.875 0.226
CoMSIA
a 0.549 0.436 3 0.702 0.346 0.570 0.436 4 0.764 0.323
d 0.558 0.424 3 0.649 0.376 0.439 0.498 4 0.551 0.446
da 0.662 0.369 3 0.822 0.268 0.620 0.418 4 0.833 0.272
e 0.675 0.361 3 0.843 0.251 0.823 0.274 3 0.924 0.180
ea 0.599 0.402 3 0.773 0.302 0.866 0.243 4 0.930 0.175
ed 0.801 0.283 4 0.917 0.187 0.828 0.276 4 0.913 0.196
eh 0.698 0.368 5 0.902 0.206 0.815 0.293 5 0.948 0.154
eha 0.635 0.398 3 0.814 0.274 0.853 0.260 5 0.954 0.146
ehd 0.783 0.296 3 0.878 0.221 0.822 0.292 6 0.945 0.163
ehda 0.755 0.330 3 0.868 0.230 0.808 0.291 4 0.917 0.192
h 0.590 0.431 6 0.864 0.248 0.759 0.333 5 0.923 0.188
ha 0.609 0.483 5 0.865 0.242 0.761 0.332 5 0.916 0.196
hd 0.727 0.338 3 0.818 0.270 0.721 0.366 6 0.880 0.240
hda 0.716 0.359 6 0.931 0.178 0.684 0.382 5 0.894 0.221
s 0.525 0437 3 0.702 0.346 0.793 0.308 5 0.923 0.188
sa 0.544 0.428 3 0.725 0.333 0.802 0.296 4 0.872 0.238
sd 0.695 0.373 4 0.830 0.266 0.758 0.341 6 0.935 0.177
se 0.684 0.356 3 0.837 0.256 0.842 0.275 5 0.955 0.144
sea 0.602 0.400 3 0.772 0.302 0.863 0.246 4 0.944 0.157
sed 0.803 0.282 4 0.916 0.187 0.824 0.279 4 0.917 0.192
seh 0.678 0.374 5 0.895 0.213 0.826 0.285 4 0.899 0.241
seha 0.639 0.397 5 0.887 0.222 0.857 0.251 4 0.918 0.190
sehd 0.785 0.294 3 0.886 0.214 0.806 0.296 3 0.896 0.210
sehda 0.749 0.320 3 0.874 0.225 0.813 0.282 3 0.909 0.197
sh 0.593 0.421 5 0.826 0.275 0.821 0.293 6 0.960 0.138
sha 0.615 0.410 5 0.868 0.240 0.841 0.271 5 0.934 0.174
shd 0.757 0.313 3 0.840 0.254 0.770 0.331 3 0.821 0.276

The best models are shown in bold.

Fields: s, steric; e, electrostatic; h-bnd, hydrogen bonds; h, hydrophobic; a, hydrogen bond acceptor; d, hydrogen bond donor fields.
Statistical parameters: g2, cross-validated correlation coefficient; n, optimal number of components; SDEP, standard error of prediction; 1%, squared correlation coefficient; s,

standard error of estimate.

inhibition of BCRP including the structures of compound 3 (A) and
compound 15 (B). Green contoured areas mark the favorite influ-
ence of the steric field overlapping the 3-quinolinyl substituent
of compound 3. Among the 30 investigated substances, compound
3 is the most active representative containing the basic structure of
template 1. A substructure falling together with the green favor-
able region of the steric field is typical for all the six compounds
with an anthranilamide nucleus. Yellow areas of sterically disfa-
vored regions are related to compounds possessing low biological
activity. Three main yellow contours are visible (Fig. 8): two of
them depicting the negative contribution of the methoxy groups
in positons 6 and 7 of the tetrahydroisoquinoline substructure to
the inhibitory potency. This structural element is for example pres-
ent in compound 15 explaining its weak BCRP inhibitory activity.
The blue contour of the electrostatic field indicates that a positive
charge will increase activity, while negative charge in this position
leads to a decrease of the pICsq value. One blue region is located in
the vicinity of the methoxy groups in positions 6 and 7 of the tet-
rahydroisoquinoline substructure. Close to substituents in para-
position of the benzamide substructure, a red contour is visible
indicating that negative charge will increase activity. This region
may correspond to one of the oxygen atoms of a nitro substituent
as present in the compounds 11 and 12. This is in agreement with
the finding that compounds with a para nitro group show higher

plCso values than compounds with a para amino group. Further,
the red contoured area could correspond to bicyclic substituents.
It is possible to draw the conclusion that the red contour is origi-
nated from the electron rich sp? hybridized carbon atoms present
in bicyclic substituents and describing their positive impact to
inhibitory potency.

Among the 30 studied compounds, all six derivatives based on
template 1 and only four derivatives containing template 2 (nos.
9,10, 13, and 14) possess hydrogen bond donor functions addition-
ally to the HB donor function of the amide group of the skeleton
structure. Thus, the donor field visualized in magenta (favored)
and orange (disfavored) colored regions is only related to the dif-
ferences in biological activity data of these compounds. One can as-
sume that the magenta region and the orange area indicate the
positive contribution of this substructure to the inhibitory potency.

Figure 9 depicts the contour plots of the ‘sea’ model with the
compounds 3 (A) and 15 (B) for steric, electrostatic, and acceptor
fields enabling the best prediction of the P-gp related pICs values.
In contrast to Figure 8, two green colored regions are visible point-
ing to the positive impact of steric bulk. Again, one of the two green
areas refers to the substituent R, of the six anthranilamide deriva-
tives containing template 1. Additionally, the second green region
is due to compounds with template 2, which share a bicyclic ring
system instead of a monocyclic one. In general, compounds with
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Figure 7. (A) Plot of observed versus predicted potencies for inhibition of BCRP.
Predicted data were obtained with the 3D-QSAR model based on the ‘sed’ fields and
applying LOO cross-validation. (B) Plot of the predicted plCso values against the
measured pICsg values for P-gp inhibition. The predicted inhibitory potencies were
generated with the 3D-QSAR model based on the ‘sea’ fields and using LOO cross-
validation.

a bicyclic substituent show a higher inhibitory potency than sub-
stances with monocyclic ring systems. The small red colored con-
tour could reflect the favorable presence of negatively charged
substituents (NO, group) as, for example, given in compounds 12
and 13. But this red contour may correspond also to the impact
of electron rich sp? hybridized carbon atoms of bicyclic substitu-
ents. All of the compounds containing template 2 and possessing
bicyclic substituents show higher inhibitory potencies than corre-
sponding substances with monocyclic substituents. Blue colored
regions illustrate that negatively charged substituents in this posi-
tion lead to a decrease of the biological activity. One blue colored
area may correspond to hydrogen atoms of bicyclic substituents.
These hydrogen atoms are all positively charged and this indicates
in an indirect manner the positive influence of bicyclic substituents
to the inhibitory potencies. Regions where hydrogen bond acceptor
functions have a positive influence on the pICsq value are colored in
magenta. It is possible to draw the conclusion that the highly active
compound 15 (as seen in Fig. 9 (B)) achieves its remarkable po-
tency by a HB-acceptor interaction through its quinoline nitrogen.
Unfavorable HB-acceptor interactions are expected in the orange
contoured parts.

2.3. Validation of the best 3D-QSAR models

To further prove that the obtained models were not a result of
chance correlation two different validation techniques were ap-

A

Figure 8. CoMSIA contour plot (STDEV * COEFF) of the ‘sed’ model (BCRP) with the
most active compound 3 (A) and with compound 15 (B). Steric bulk is favored
at green (85%) and disfavored at yellow (15%) regions. Positive charge is favored at
blue (90%) and disfavored at red (15%). H-bond donor functionality is favored
at magenta (80%) and disfavored at orange (20%).

plied additionally to make a comparison with the previous results:
the predictive power was also estimated by the leave-many-out
method as internal validation using leave-one-out could lead to
overoptimistic judgment of model quality. This problem can occur
if compounds with comparable inhibitory potencies and (very)
similar structural properties are present in the dataset. In such
cases LOO-based models may fail when predicting real test mole-
cules.®! The leave-many-out technique is regarded as more robust
and reliable than the leave-one-out procedure.?®%! When perform-
ing LMO, the whole dataset is divided into several groups (5/4/3/2)
of the same size. Under these conditions, only 80% down to 50% of
the compounds are selected for model generation and then used to
predict the inhibitory potencies of the remaining compounds. As
the compounds are excluded from model generation randomly,
the procedure has to be repeated several times (in this study 100
times) to get statistically valid results. The results for LMO cross-
validation are summarized in Table 6. For the P-gp inhibition-
related models, only a small decrease in g2 is observed when going
from LOO-validation to LMO with five groups. Even when the num-
ber of validation groups is decreased to three the g*>-values remain
remarkably stable. Only at two groups a decrease in g2-values is
observed. For the models related to inhibition of BCRP initially a
larger decrease in ¢ is found. This can be explained by the distri-
bution of compounds with additional hydrogen bond donor prop-
erties. These are present in only 10 out of 30 compounds: all the
six highly active compounds based on template 1, but only four
compounds bearing template 2. This view is supported by the
behavior of the g? values. The g? values only marginally drop by
0.03 when the number of cross-validation groups is decreased
from five to three. Again only if 50% of the compounds are left
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Figure 9. CoMSIA contour plot (STDEV * COEFF) of the ‘sea’ model referring to P-gp
inhibition with the most active compound 3 (A) and with compound 15 (B).
Favorable interactions: green 80% (steric), blue 90% (electrostatic), magenta 80%
(donor). Non-favorable interactions: yellow 7% (steric), red 15% (electrostatic),
orange 5% (donor).

Table 6

Validation of the best 3D-QSAR models: results of the leave-many-out validation
method; averaged ¢? values and SD are based on 100 repetitions of the LMO
procedure

risk of chance correlations, the inhibitory potencies of the 30 com-
pounds were randomly scrambled and the g? values calculated
using LOO cross-validation. Again, the scrambling stability test
has to be repeated several times to avoid chance results. According
to the results presented in Table 7, no reliable predictions of the
inhibitory potencies were possible based on scrambled activity
data. Remarkably, all g® values in Table 7 are negative indicating
that these models were without any predictive power.

3. Discussion

The Hoechst 33342 assay for the determination of P-gp activity,
presented in a previous study,3® was transferred in this study to
the measurement of BCRP transport activity. The overexpression
of BCRP in the cell line MCF-7 MX was confirmed in agreement
with literature data.*'~%44 Further, the absence of P-gp was pro-
ven in the used cell line. This is an essential precondition to assure
a selective investigation of BCRP because Hoechst 33342 is also
known to be a P-gp substrate.

To prove that the described Hoechst 33342 assay is an appropri-
ate, simple test system to determine the inhibitory potencies of
BCRP interacting compounds a set of twelve structurally unrelated
substances was investigated using the BCRP-specific substrate
Pheophorbide A by applying flow cytometry. Further, this approach
enables us to find out whether the results obtained in the Hoechst
33342 assay were solely due to inhibition of BCRP function, or not.
The strong correlation of the biological activity data illustrated in

Table 7
Validation of the best 3D-QSAR models: results of the scrambling stability test

Scrambling stability test

CoMSIA fields q*+SD

BCRP

ed —0.208 + 0.360
ehd —0.218 £0.201
sed —0.201+0.338
sehd —0.213 £0.204
P-gp

ea —0.218 +0.189
eha —0.205 +0.151
sea —0.222 +0.145
seha —0.284 +0.249

CoMSIA fields

ed ehd sed
q*+SD q*+SD q> +SD

Number of groups

sehd
q* +SD

BCRP

30 (LOO) 0.801 0.783 0.803 0.785

5 0.702+0.138 0.684+0.122 0.703 £0.139 0.694 +0.130
4 0.681+0.145 0.631+0.156 0.672+0.156 0.634+0.150
3 0.598 £0.181 0.586+0.153 0.595+0.144 0.570%0.142
2 0.507 +0.228 0.420+0.218 0.515+0.194 0.469 +0.195

seha
q*>+SD

ea eha sea
q*>+SD q*+SD q%>+SD

0 (LOO) 0.866 0.853 0.863 0.857
0.841+0.025 0.830+0.029 0.842+0.027 0.832+0.033
0.828 +0.037 0.824+0.033 0.833+£0.029 0.823 +0.040
0.813+0.053 0.801+0.052 0.808+0.060 0.806 *0.065
0.759+0.079 0.750+0.087 0.736+0.079 0.741 +0.074

8

N Wb uwD

To ease comparison the LOO values from Table 3 are additionally included.

out from model generation a noticeable drop in g? values is
observed.

The scrambling stability test represents a second internal meth-
od to ensure the validity of 3D-QSAR models. To investigate the

Averaged q° values and SD refer to 100 randomly scrambled inhibitory potencies.
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Figure 10. Comparison of inhibitory activities for twelve structurally unrelated
compounds in the Pheophorbide A and Hoechst 33342 assays. The squared
correlation coefficient is 0.97.
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Figure 10 points out that the two different assays are suitable test
systems to ascertain the inhibitory potencies of BCRP interacting
compounds. Additionally, the strong correlation emphasizes that
the results obtained were only due to a specific interaction with
BCRP function. As the Hoechst 33342 assay is much simpler to per-
form, we used this assay for further investigations reported in this
study.

A set of nine structural diverse compounds including Ko143 and
novobiocin was investigated in the Hoechst 33342 assay for their
ability to inhibit BCRP. To underline the validity of the Hoechst as-
say as an appropriate test system to determine the inhibitory
potencies of potential BCRP modulators, the biological activity data
of five BCRP interacting compounds were compared to the corre-
sponding activity data taken from literature.®> Matsson et al.
yielded the fold increase values for different compounds using a
mitoxantrone accumulation assay. The fold increase value was de-
fined as the ratio of the mitoxantrone accumulation after coincuba-
tion with inhibitor to that observed in cells incubated with
mitoxantrone alone. The obtained accumulation ratios were nor-
malized to that ascertained with the potent and BCRP-specific
modulator Ko143. One main disadvantage of this approach is the
usage of only one concentration of the test compound (50 puM).
Further, the calculated log fold increase values could only correlate
with the plICsq values determined in this study if the applied test
concentration leads to an inhibition ranged between ~ ICy and
ICgp (describing mostly the linear part of the sigmoidal concentra-
tion-response curve).'? For the comparison of the inhibitory
potencies, only log fold increase values higher than 0.47 were used.
According to Matsson et al. this threshold value allows to differen-
tiate between significant and non-significant BCRP modulation.®?
For five compounds fulfilling this requirement and overlapping
with the present study, a strong correlation (12 = 0.90) of the bio-
logical activity data in the two test systems was found that is
shown in Figure 11. Unfortunately, for the potent and specific BCRP
modulator Ko143 only a fold increase value was reported by
Matsson et al. applying 0.5 puM of Ko143. The use of a different test
compound concentration prevents its inclusion into the correla-
tion. Instead, the exact inhibitory potency for Ko143
(IC50=0.19 uM = 0.09) was stated corresponding nicely to the
ICso value for Ko143 obtained in the Hoechst 33342 assay in this
study (ICsp=0.31 uM £ 0.11/pICsp = 6.51 £ 0.15). The agreement is
quite impressive considering the factors that can influence the
inhibitory activities determined as pICsq values: (i) the ICsq value
of a given inhibitor is dependent on the affinity of the substrate;
(ii) the calculated ICso values depend on the ratio of active trans-
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Figure 11. Scatterplot of the pICso values determined in the Hoechst 33342 assay
and the log fold increase values taken from Ref. 62. The squared correlation
coefficient is 0.90.

port to passive diffusion; (iii) however, the influence of the type
of interaction between substrate and inhibitor (competitive or
non-competitive) on ICsq values is expected to be small, as long
as the used concentrations are below the substrate K,,.5*° Taking
into account that the fold increase values were obtained in BCRP
transfected cells and correlate well to the data yielded in the Hoe-
chst assay in MCF-7 MX cells proves indirectly again that the bio-
logical activity data represent only an inhibition of BCRP function.

Among the studied standard compounds, not surprisingly, the
fumitremorgin C analogue Ko143 was identified as the most potent
BCRP modulator. Ko143 is known to interact with BCRP with high
affinity, which has been proven in the past by different working
groups.!®> The special, important role of Ko143 as a potentially
clinical useful BCRP inhibitor is also due to its low in vivo toxicity
(neurotoxicity) in contrast to fumitremorgin C. Regarding the bio-
logical activity data in relation to P-gp and BCRP (Table 1), two
compounds were found to be BCRP-specific modulators, novobio-
cin and Ko143, in agreement with literature data.>:6423

The tyrosine kinase inhibitor imatinib possesses a rather high
inhibitory potency against BCRP. It has been previously shown by
Ozvegy-Laczka et al. that only small concentrations of imatinib
are necessary to inhibit BCRP function.%> Additionally, imatinib
showed a remarkable lower affinity to P-gp and MRP1. With regard
on the high inhibitory potency of imatinib ascertained in the Hoe-
chst 33342 assay, the outstanding position of this substance may
be pointed out. Whether the substance achieves its high biological
activity by interacting with the binding-site(s) in the transmem-
brane region or by an interaction with the ATP-binding site is still
unclear and under debate.%®

When comparing the pICsy values of the structurally diverse
substances towards P-gp and BCRP function, no correlation was
found (? = 0.17, Fig. 5) emphasizing that different structural prop-
erties are necessary for the interaction with P-gp and BCRP.

Recently it has been shown that the powerful P-gp modulator
XR9576 is also capable to inhibit BCRP function.’” In our laboratory
XR9576 served as a lead structure to develop new, structurally re-
lated, and potent P-gp modulators.>*%% The observation that tari-
quidar interacts with BCRP prompted us to study the inhibitory
potencies of our derivatives also in relation to BCRP. Comparing
the inhibition of P-gp and BCRP a squared correlation coefficient
of r»=0.62 was obtained, indicating a moderate correlation
(Fig. 6). Again, it is illustrated that distinctive structural features
play an essential role to strengthen an interaction with P-gp and/
or BCRP.

To gain more detailed information how structural features
influence the interaction with P-gp and/or BCRP 2D- and 3D-QSAR
analyses were performed. The results of the Free-Wilson analyses
underline the contrasting roles of the methoxy groups in positions
6 and 7 of the tetrahydroisoquinoline substructure. Further, the
presence of para-nitrophenyl substituents in compounds based
on template 2 (compounds 11 and 12) force an interaction with
BCRP. Interestingly, the introduction of the 3-quinoline substruc-
ture (compounds 15 and 16) leads to a stronger interaction with
P-gp. By comparing the regression coefficients for the amide linker
2, it is obvious that derivatives with template 1 show a more dual
specific interaction with both transporters. However, for statistical
reasons only 15 compounds were included into the Free-Wilson
analyses. To prove whether these results hold true when including
all thirty compounds 3D-QSAR analyses were carried out. To our
knowledge, we present the first 3D-QSAR analysis of BCRP inhibi-
tors. The best models were validated by the leave-many-out meth-
od and the scrambling stability test.®®®! The main difference
between the models for BCRP and P-gp inhibition is related to
the contribution of the hydrogen bond properties. In the CoMSIA
models for BCRP inhibition, the inclusion of the hydrogen bond do-
nor field led always to an increase of the g value. In contrast for
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inhibition of P-gp, no positive contribution of the hydrogen bond
donor field to the biological activity is found, and its inclusion is
mostly associated with a decrease of the g2 value. On the contrary,
the inclusion of the hydrogen bond acceptor field is beneficial for
P-gp inhibition. This indicates an important difference between
the CoMSIA models referring to P-gp on one hand and to BCRP
on the other hand. Hydrogen bond donor functions (not taking into
account the amino group occurring in both templates 1 and 2) are
only present in 10 compounds of the whole dataset: all anthranila-
mide derivatives and additionally the ortho-amino derivatives
compounds 9 and 10 and further the para-amino analogues 13
and 14. These four compounds containing template 2 show low
BCRP inhibitory potencies which are not significantly different.
As shown in Figure 8A, positive influence of the hydrogen bond do-
nor field is not due to the para-amino substituted derivatives as a
magenta colored region (donor field favored) is missing in this
area. This underlines that the magenta marked contour can be ex-
plained by the positive impact of the amino group of the amide
function given in anthranilamide derivatives. In general, these
compounds have the highest plCsg values among the investigated
substances. With regard to the role of the hydrogen bond field to
the P-gp-related 3D-QSAR models different suggestions are possi-
ble: compounds with the highest biological activities are found
among template 1 and template 2 (compounds 15, 16, and 27).
Therefore, the impact of the amido group in anthranilamides to
the inhibitory potency is supposed to be smaller. Considering the
contour plots illustrated in Figure 9, the positive impact of the
hydrogen bond acceptor field could be explained by the oxygen
atom of the amide group in compounds of template 1 and/or by
the 3-quinoline substituent in template 2-based structures (com-
pounds 15 and 16).

Most substances including methoxy groups in positions 6 and 7
of the tetrahydroisoquinoline substructure show smaller BCRP
inhibitory potencies than their corresponding derivatives without
methoxy groups. This observation is illustrated by the yellow
marked region indicating the negative impact of the steric field
to the biological activity. Further, the negative effect of the meth-
oxy groups is again illustrated by a blue contoured region depicting
the negative influence of negatively charged substituents. These
results agree with the findings of the Free-Wilson analysis (Table
4). Interestingly, two potent P-gp modulators, compounds 15 and
27, could be identified which possess low BCRP inhibitory poten-
cies. These substances could be classified as modulators with pref-
erence for P-gp. Comparing the contour plots in Figures 8 and 9 it is
obvious that the P-gp-related contour plot includes a second green
colored region which indicates the positive effect of the steric field
to an increase of the pICsq value. This green area refers to com-
pounds with template 2 which contain bicyclic substructures.

+
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Remarkably, this region is missing in the BCRP-related contour plot
shown in Figure 8. A possible precondition to strengthen the inter-
action toward P-gp could be the introduction of a hydrogen bond
acceptor group into the bicyclic ring structure as given in form of
a nitrogen atom in the 3-quinoline substituent in template 2-based
structures (compounds 15, 16, and 27).

Figure 12 serves as a ‘visualized’ summary combining the re-
sults of the 2D- and 3D-QSAR analyses. It illustrates which struc-
tural elements direct an interaction with P-gp and/or BCRP. Blue
‘plus-circles’ describe the positive impact of structural features,
which strengthen the P-gp inhibitory potencies of the investigated
compounds. Orange colored circles show the influence of certain
structural elements on the interaction with BCRP.

In conclusion, in this study the Hoechst 33342 assay which was
applied to assess the potency of modulators and substrates inter-
acting with P-gp was transferred to BCRP overexpressing cells to
determine BCRP activity. The comparison of the biological activity
data for nine different structurally unrelated compounds against
P-gp and BCRP function pointed out that different structural prop-
erties lead to a better interaction with P-gp and/or BCRP. Results
for a set of thirty structurally related derivatives which have been
synthesized in our laboratory and pharmacologically characterized
as P-gp and BCRP inhibitors revealed again, how distinct structural
properties influence interaction with BCRP and/or P-gp. Our find-
ings based on the results from 2D- and 3D-QSAR analyses can
support the rational design of new and potent inhibitors.

4. Experimental
4.1. Chemicals

XR9576 (tariquidar) was a gift from Prof. Dr. Buschauer (Univer-
sity of Heidelberg, Germany). Ko143 was kindly provided by Dr. A.
Schinkel (Amsterdam, The Netherlands). Doxorubicin was a gift
from Medac (Hamburg, Germany), all other chemicals were pur-
chased from Sigma Chemicals (Taufkirchen, Germany) unless
otherwise stated.

The novel tetrahydroisoquinoline-ethyl-phenyl-amine-based
MDR inhibitors, as well as the XR-derivatives, have been recently
synthesized in our laboratory.®® Stock solutions (10 mM) were pre-
pared in DMSO.

4.2. Cell culture

The breast cancer resistant cell line MCF-7 MX and the parental
cell line MCF-7 were kindly provided by Dr. E. Schneider, Wads-
worth Center, Albany, NY, USA. Human ovarian carcinoma cell lines
A2780 and the corresponding MDR1 overexpressing adriamycin

HN

+++z—>\ /

Figure 12. Summary of structural features of the investigated compounds that influence the interaction with BCRP and P-gp. Blue circles indicate the positive impact of
structural elements to the P-gp inhibitory effect. Orange circles indicate the positive or negative effect on inhibition of BCRP.
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resistant A2780adr cell line were purchased from ECACC (European
collection of animal cell cultures, No. 93112519 [A2780], No.
93112520 [A2780adr], United Kingdom). The cell lines were grown
in RPMI-1640 medium supplemented with 10% fetal bovine serum,
50 pl/ml streptomycin, 50 U/ml penicillin G, and 365 pl/ml
L-glutamine.

Cells were incubated in a 5% CO, humidified atmosphere at
37 °C. When achieving a confluence of 80-90% cells were treated
with trypsin-EDTA before subculturing. For MCF-7 MX cells every
5th passage mitoxanthrone (0.1 uM final concentration) was added
to the cell culture medium to conserve ABCG2 overexpression. Be-
fore performing an experiment, mitoxanthrone was removed from
the cell suspension and cells were cultivated at least one passage in
the absence of the cytostatic drug. To A2780adr cells doxorubicin
was added (0.1 pM final concentration) to maintain ABCB1 overex-
pression. The time interval and preprocessing procedure corre-
sponded to the handling of MCF-7 MX cells, as described above.

4.3. Hoechst 33342 assay

Cell lines were cultivated under standard conditions in T75- or
T175-flasks. After a confluence of 80-90% was reached, cells were
harvested by gentle trypsination (0.05 % trypsin/0.02 % EDTA), then
carried over into a 50 ml tube. After this step, cells were centrifu-
gated (1200 rpm, 4 °C, 4 min). Subsequently, the cell pellet was
resuspended in fresh culture medium, and the cell density was
determined using a Casy I Modell TT cell counter device (Schaerfe
System GmbH, Reutlingen, Germany). Followed by another centri-
fugation, cells were washed three times with Krebs-Hepes buffer
and seeded into black 96-well plates (Greiner, Frickenhausen, Ger-
many) at a density of approximately 20,000 cells per well in a vol-
ume of 90 pl when using MCF-7 MX cells. For the determination of
the inhibitory potencies of substances interacting with P-gp
A2780adr cells were seeded into black 96-well plates at a density
of approximately 30,000 cells per well in a volume of 90 pl.

The plate was divided into two parts: the 1st, 3rd, 7th, and 10th
column of the twelve columns of the 96-well plate (32 wells) only
contained 90 pl Krebs-Hepes buffer, the remaining eight columns
(64 wells) were filled up with 90 pl cell suspension. The 32 wells
containing buffer were defined as ‘background’ wells. 10 pl of var-
ious test compounds in different concentrations were added to a
total volume of 100 pl so that each concentration contained one
‘background’ well and two wells including cell suspension. The
prepared 96-well plate was kept under 5% CO, and 37 °C for
30 min. After this preincubation period, 20 pl of a 30 uM Hoechst
33342 solution (protected from light) was added to each well.

Fluorescence was measured immediately in constant intervals
(120s) up to 2400s at an excitation wavelength of 355 nm and
an emission wavelength of 460 nm applying a 37 °C tempered
BMG POLARstar microplate reader.

4.4. Assay data analyses

The fluorescence measured in the ‘background’ wells was sub-
tracted from the fluorescence measured in the corresponding wells
which were supplemented with cells. These data were applied for
the following analysis: The slope of each fluorescence-time curve
consisting of fluorescence-data points measured up to ~1000 s
(initial part of the whole fluorescence-time curve) was calculated
by linear regression and used as a dependent parameter. From
these data, concentration-response curves were generated by non-
linear regression using the four-parameter logistic equation with
variable Hill slope (GraphPad Prism 5.0 software, San Diego, CA).
For normalization of data, slopes from fluorescence-time curves
were transformed to relative units by subtracting the lowest deter-
mined single value from all other data and thus setting it to zero.

The highest measured single value was defined as 100% and all
other data were normalized in that range.

4.5. Pheophorbide A assay

The MCF-7 MX cell line as well as its BCRP-negative counterpart
MCF-7 (cell line) was cultivated and harvested according to the
previously described Hoechst 33342 assay. To perform the Pheo-
phorbide A assay, cells were counted and washed three times with
Krebs-Hepes buffer. Eight hundred microliters containing 1 mil-
lion cells were transferred into BD-FACS tubes. 100 pl of different
test compound concentrations were added to cell suspension and
incubated for 15 min in 37 °C tempered water bath. After the incu-
bation period,Pheophorbide A was transferred into the tubes at a
final concentration of 1 uM leading to a total volume of 1 ml. After
this step, the fluorescence was measured immediately applying
flow cytometry detection. The flow cytometer was equipped with
an argon laser, Pheophorbide A was excited at an excitation wave-
length of 488 nm, emission was detected in the FL; channel
(633 nm). After measuring fluorescence, the different tubes were
placed back into the water bath. The accumulation of Pheophor-
bide A was determined in 5 min intervals up to 60 min. At each
time point the fluorescence was measured under the described
conditions. The samples were measured until 10,000 events were
counted or for 20 s. By gating on forward versus side scatter, debris
and dead cells were eliminated. To assure specifity for BCRP, wild-
type MCF-7 cells were also examined as a negative control.

The resulting fluorescence-time curves were analyzed using the
one-phase exponential association model (GraphPad Prism 5.0
software, San Diego, CA). The Yqax values obtained by this ap-
proach were plotted against the corresponding logarithmic test
compounds concentrations. Concentration-response curves were
generated by non-linear regression using the four-parameter logis-
tic equation. Data were normalized in accordance to the analysis of
data obtained by the Hoechst 33342 assay.

4.6. LogP and logD calculations and Free-Wilson analyses

To calculate the logP and logD values of the compounds the
program ACD®” was applied. Multiple linear regression analysis
was performed with SPSS version 14.0 for windows.58

4.7. CoMFA and CoMSIA specifications

To compare 3D-QSAR results in relation to P-gp and BCRP, the
same alignment of the compounds as in our previous study was
used.“® In the CoMFA calculations, the following standard settings
were used>®: 2 A regular grid size in all three directions within the
automatically created grid box with 4 A extension beyond the van
der Waals volume of the overlaid molecules, an sp> carbon probe
with +1 charge, and a distance dependent (1/r) dielectric constant.
The following fields were calculated in CoMFA: steric (s), electro-
static (e), and hydrogen bond (h-bnd). The AM1 point charges were
applied for calculation of the electrostatic fields. The standard
energetic cutoff value of 30 kcal/mol with no electrostatic interac-
tions at bad steric contacts was used. The threshold column filter-
ing was set to 1.0 kcal/mol in all cases. In CoOMSIA the following
similarity indices fields were calculated: steric (s), electrostatic
(e), hydrophobic (h), hydrogen bond donor (d), and hydrogen bond
acceptor (a) with the default attenuation factor of 0.3 in the same
grid box as used for COMFA. A common probe atom with 1 A radius
and charge, hydrophobicity, and hydrogen bond property of +1 was
used. The indices were evaluated according to the usual CoMSIA
protocol with 1.0 column filtering. The CoOMFA and CoMSIA QSAR
equations were calculated by the partial least squares (PLS) meth-
od. The internal predictive power of the models was evaluated by
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leave-one-out (LOO) cross-validation using the cross-validated
correlation coefficient g2, the optimal number of components n,
and standard error of prediction SDEP. The linear regression fit
was quantified by the squared correlation coefficient r* and the
standard error of estimates.”®

4.8. Validation of best 3D-QSAR models

Internal validation of the best 3D-QSAR models marked in bold
in Table 5 was ensured by applying the leave-many-out proce-
dure®®6! (results shown in Table 6). The whole dataset was ran-
domly divided into several groups (5/4/3/2), and the activity of
the left-out compounds was predicted. This operation was re-
peated 100 times to exclude the possibility of chance correlations.
The averaged squared cross-validated correlation coefficient and
its standard deviation were calculated.

When performing the scrambling stability test,®>¢! the biologi-
cal activity data were randomly scrambled (Table 7). To avoid
chance correlations, the scrambling was repeated 100 times. After
this step, the cross-validated correlation coefficient g2 referring to
the best fields highlighted in bold in Table 5 was calculated using
leave-one-out cross-validation technique and averaged.
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