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ChapterChapter  6 

ScreeningScreening of Fumitremorgin C 
analogsanalogs for inhibition of 

BCRP-mediatedBCRP-mediated drug efflux[1] 

Abstrac t t 

Fumitremorginn C (FTC) has been identified as the first specific inhibitor of the 
recentlyy discovered Breast Cancer Resistance Protein (BCRP/MXR/ABCP/ABCG2) 
multidrugg transporter. Its ability to induce tremors and convulsions however makes FTC a far 
fromm ideal compound for eventual use in in vivo assays. In the hope of finding less toxic 
compoundss with comparable or improved activity and selectivity, we successfully screened 
previouslyy prepared combinatorial libraries and single compounds for inhibition of BCRP-
mediatedd drug efflux. Some important structure-activity relationships have been ascertained. 
Deconvolutionn revealed the active stereochemical configuration of some of the most potent 
compoundss from an indolyl diketopiperazine library to be (S,S,S). Interestingly, compounds 
withh the pentacyclic skeleton of natural FTC were not among the most active compounds. 
Replacementt of the proline E-ring with an acyclic amino acid residue of lipophilic character 
att C-6 clearly improved BCRP inhibitory activity. Furthermore, the unsaturation in the natural 
substituentt at C-3, which is more difficult to incorporate synthetically, proved to be of little or 
noo relevance. In the tetracyclic series, replacement of the 6-membered 2,5-diketopiperazine 
D-ringg with 5-membered hydantoin rings, 6-membered dihydro-pyrimidine-2,4-dione rings or 
7-memberedd diazepane-dione rings markedly decreased the activity. Several interesting lead 
compoundss have been identified from the indolyl 
diketopiperazinee library, which proved to be comparably potent 
inn inhibiting mouse Bcrpl and human BCRP activity. Some 
comparedd similarly in activity to the proprietary aspecific 
BCRP/P-gpp inhibitor GF120918, and initial screens showed low 
cytotoxicityy at effective concentrations. 
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6.11 Introductio n '21 

Amongg the members of the ATP-binding cassette transport protein superfamily 
(ABCC transporters),131 there are several plasma membrane proteins associated with multidrug 
resistancee (MDR) of cancer cells when overexpressed. Clinical resistance of cells to 
chemotherapeutics,, a major problem in the treatment of cancer, may in part be due to 
enhancedd activity of these broad specificity drug efflux pumps, like P-glycoprotein (P-
gp/ABCBl)) and the multidrug resistance-associated protein (MRP1/ABCC1).'41 Inhibitors of 
thesee cell surface pumps thus are potential agents of clinical interest for resensitization of 
certainn resistant cancer cells by maintaining lethal intracellular antineoplastic drug levels. 
Furthermore,, inhibition of such transporters naturally present at various tissue barriers in the 
bodyy may open ways to alter the pharmacokinetics of substrate drugs. 

Recently,, a new ABC transporter has been identified: the breast cancer resistance 
proteinn (BCRP/ABCG2),151 also known as placenta-specific ABC transporter (ABCP)[6) or 
mitoxantrone-resistancee gene product (MXR).171 In various (cancer) cell lines, elevated 
expressionn of BCRP has been shown to result in resistance to drugs from several structural 
classes.. These include the anthracenedione mitoxantrone (Novantrone®), the camptothecine 
analogg topotecan (Hycamtin®), and the anthracyclines doxorubicin (Adriamycin®) and 
daunorubicinn (Daunomycin®)'81 (Figure 6.1). Very few clinical data are available yet, but it 
seemss not unlikely that BCRP could contribute to resistance of tumors to chemotherapeutic 
drugss in a manner analogous to P-gp. 

Anthracenediones Anthracenediones 
Mitoxantronee (Novantrone®) 

Camptothecines Camptothecines 
Topotecann (Hycamtin®) 

Anthracyclines Anthracyclines 
RR = CH2OH: doxorubicin (Adriamycin®) 
RR = CH3: daunorubicin (Daunomycin®) 

Figur ee 6.1: Antineoplastic drugs that are substrates of BCRP. 
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Increasedd BCRP-mediated efflux of mitoxantrone can be reversed by the compound 
GF1209188 (1)'" (Figure 6.2). This proprietary compound from Glaxo-Wellcome however, is 
inn addition known to be a modulator of P-gp,[10! which confers a cross-resistance profile 
overlappingg with BCRP for a number of clinically relevant substrates, including 
mitoxantrone,, topotecan and the anthracyclines.1"1 Selective inhibitors of BCRP would be 
usefull  tools in revealing what mechanisms contribute most to MDR in certain types of 
tumors,, either in the research laboratory or for tailoring chemotherapy. 

GF120918(1)) Fumitremorgin C (2) 

Figur ee 6.2: GF120918 and Fumitremorgin C(FTC). 

Fumitremorginn C (FTC, 2) (Figure 6.2) was recently identified as a specific reversal agent for 
thee BCRP transporter.'12''11''1,1141 However, since this natural product of fungal origin belongs to 
aa class that possesses tremor-inducing activity'151''6'"71 and causes cell cycle arrest at the G/M 
transition,1'81'"11 less toxic compounds with more selective action might be found among FTC 
analogs.. Besides the goal of searching for synthetically tractable BCRP inhibitors, there is an 
importantt second objective. Comparison of murine Bcrpl and human BCRP could establish 
whetherr both proteins are functionally comparable and equally sensitive to certain inhibitors. 
Thiss could validate the use of mouse cell lines and mice to facilitate future in vitro and in vivo 
research. . 

6.22 Screenin g of indoly l diketopiperazine s as inhibitor s of BCRP 

6.2.11 The indolyl diketopiperazine library and demethoxy FTC 

Recently,, we developed a solid phase synthesis of fumitremorgin-type indolyl 
diketopiperazines'20'' based on cyclization/cleavage12" strategy (see Chapter 3). A library of 42 
tetra-- and pentacyclic compounds (Figure 6.3) was prepared by parallel synthesis and 
analyzedd with LC-MS. The target compounds were formed as a mixture of diastereoisomers 
inn moderate to high overall yield and high purity. This opened the way for direct screening of 
thee library without any necessary further purification. We were also interested in the role of 
thee double bond between C-21 and C-22 in the substituent at C-3 of the natural compound. In 
thiss respect, screening of demethoxy fumitremorgin C (3) and its C-3 epimer (4) (Figure 6.4), 
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Figur ee 6.3: Substituents of the 42 member FTC analog library. 

andd comparison with its saturated sidechain analog E2 from the indolyl diketopiperazine 
libraryy could provide useful information to whether the unsaturation in the sidechain is 
beneficiall  for BCRP inhibition. 

CK CK 
o o 

12. . 

3 3 
S^211 O 
22 2 

Demethoxyy (3-Ep/>demethoxy 
fumitremorginn C (3) fumitremorgin C (4) 

Figur ee 6.4: Demethoxy fumitremorgin C and its C-3 epimer. 

Thiss is relevant in view of the fact that the natural substituent can not be introduced directly 
viavia the methodology used for synthesizing the library, since a,|3-unsaturated aldehydes are 
nott compatible with the Pictet-Spengler reaction.l221[~11[24' As a consequence, demethoxy 
fumitremorginn C (3) had to be synthesized via a modified procedure1251 involving an N-
acyliminiumm ion cyclization as the key step (see Chapter 5). Though it is now possible to 
introducee this type of unsaturated sidechains at the C-3 position, a disadvantage as compared 
too our original route1201 is that this sequence is longer and generally results in lower overall 
yieldd and purity of the anticipated products. The latter might complicate efficient synthesis 
andd screening of putative follow-up libraries in case the unsaturation would prove favorable. 

6.2.22 Screening results 

Thee panel of 42 mixtures of diastereoisomers1261 (A1-F7) (Figure 6.3), together with 
demethoxy-FTCC (3), was screened for BCRP inhibitory activity and compared with 
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GF1209188 (1). To illustrate functional comparability of human BCRP and the mouse 
homologuee Bcrpl, assays were performed both on the T6400f81 mouse cell line (Matrix 6.1) 
andd on the human T81271 cell line (Matrix 6.2). T6400 is a topotecan-selected subline of the 
embryoo fibroblast line MEF3.8, lacking functional genes encoding mouse P-gp and Mrpl. It 
iss more than 100-fold resistant to the selecting drug, and is highly cross-resistant to 
mitoxantrone.. T8 is a topotecan-selected cell line developed from the IGROV1 human 
ovariann carcinoma cell line with a marked cross-resistance to mitoxantrone. It shows 
pronouncedd overexpression of BCRP, but not of the MDR-associated P-gp and MRP pumps. 
Bothh the T6400 and the T8 lines showed high rates of mitoxantrone efflux, and consequently 
loww levels of mitoxantrone accumulation compared to their parental cell lines. 

Mitoxantronee accumulation assays were performed analogous to procedures 
describedd previously.1831271 All compounds were tested in triplicate at a 2.5 (J.M 
concentration'281,, with a mitoxantrone concentration of 10 \iM and an accumulation time of 60 
minutes.. Relative cellular accumulation of mitoxantrone was determined by flow cytometry 
usingg excitation at 633 nm and a 661 nm band pass filter to detect emission. Though not in a 
linearr relationship,'291 the higher the mitoxantrone fluorescence measured, the better is the 
inhibitionn of the transporter protein. Controls included in the assays were the parental cell 
liness (MEF3.8 in the T6400 assay and IGROV1 in the T8 assay) and the selected cell lines, 
bothh without mitoxantrone and without inhibitor. Mitoxantrone fluorescence levels in the 
T64000 assay are lower because this mouse cell line has a Bcrpl activity that is higher than the 
BCRPP activity in the human T8 cells. Nevertheless, the pattern for the tested compounds is 
qualitativelyy very similar in both assays, illustrating that in this regard mouse Bcrpl is 
functionallyy comparable with human BCRP as a multidrug transporter. 

6.2.33 Substituent effects 

Concerningg substituent effects, it becomes clear that sidechains of lipophilic nature 
inn the R1 (C-3) and the R2 (C-6) positions are of benefit for inhibition of the transporter. 
Particularly,, compounds bearing the C, D or E substituent in the R' position and the 4,5 or 6 
substituentt in the R1 position, show efficient reversal of mitoxantrone efflux. Some of those 
agentss approach the efficacy of GF120918 (1). Since these FTC-analogs are still mixtures of 4 
diastereoisomers,, there is reasonable chance of finding a better inhibitor when 
diastereomericallyy pure compounds are being used (vide infra). Interestingly, the compounds 
withh the pentacyclic skeleton of natural FTC (R2 = 2) are not among the best reversal agents. 
Furthermore,, the potency of demethoxy-FTC (3) is also rather disappointing. In an 
independentt mitoxantrone accumulation experiment in T6400 cells (Table 6.1), demethoxy-
FTCC (3) induced only moderate reversal of BCRP-mediated drug efflux, whereas the results 
forr (3-epO-demethoxy-FTC (4) hardly differed from the control with no inhibitor present. 
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Tablee 6 .1 : Mitoxantrone accumulation 
Thesee purified diastereoisomers were tested 
aree in arbitrary units of fluorescence. 

Compoundd Activity 

demethoxy-FTCC (3) 253 <  2) 

(3-^0-demethoxy-FTCC (4) 95 (  6) 

GF1209!8(1)) 573 ) 

assays assays 
onn the 

ofof demethoxy-FTC diastereoisomers. 
T64000 cell line at 2.5 jiM concentration. Values' 

Controls s 

MEF3.8,, no inhibitor 811 (  4) 

T6400,, no mitoxantrone 4(  0) 

T6400,, no inhibitor 90 (  5) 

'Valuess are means of three repeats (n=3), standard deviation is given in parentheses. 

Notingg that demethoxy-FTC (3) is a single isomer, comparison of its effectiveness with the 
E22 mixture of 2 diastereoisomers (Matrix 6.1 and Matrix 6.2) leads to the conclusion that the 
naturallyy occurring double bond in the R1 substituent at C-3 is of littl e or no relevance for 
inhibitoryy activity. 

Itt can bee seen from the previous tables that a 2.5 (xM concentration of pure 
GF1209188 (1) or any of our FTC analog mixtures is not sufficient to fully restore the 
mitoxantronee fluorescence to the level of the parent cell lines. As noted before (see § 6.2.2), 
thee resistant T6400 and T8 cell lines used have such a high level of BcrpllBCRP 
overexpressionn that the relationship between inhibition of the transporter and mitoxantrone 
fluorescencee is not linear. As a result, 50% of maximal drug accumulation is only achieved 
whenn already a much higher percentage of the present Bcrpl/BCRP is blocked. Thus, 
completee inhibition of transporter activity in these cell lines is indeed not easily achieved. 

Nevertheless,, we wanted to investigate the dependency of drug accumulation levels 
onn inhibitor concentration in more detail, by generating dose-response curves for several 
compoundss using the T6400 cell line. Comparing GF 120918 (1) with our diastereomeric D4, 
E44 and E6 mixtures from the library (Figure 6.5), we observed that at concentrations < 1 jiM 
(1)) is more potent. However, at concentrations between 1 and 2 îM, the effectiveness of 
GF1209188 (1) starts to level at about 65% maximal - the mitoxantrone fluorescence level as 
seenn in the parental MEF3.8 cell line. In contrast, our FTC analog mixtures D4, E4 and E6 
stilll  show increased Bcrpl inhibition at rising concentration in this region. From 
concentrationss of 2 to 4 jxM, their effectiveness exceeds that of GF 120918 (1), whereas 
concentrationss of approximately 10 |iM virtually restore intracellular mitoxantrone 
accumulationn in the T6400 cells to the ceiling levels as determined in the parental cell line. 
Solelyy looking at Figure 6.5, it could be possible that GF 120918 is a Bcrpl/BCRP inhibitor of 
incompletee effectiveness, whereas the FTC analogs are capable of fully blocking transporter 
activity.. But interestingly, from experiments going to even higher concentrations, it can be 
seenn that, where our FTC analogs climb to or stay at the ceiling level, increase in GF120918 
(1)) concentration actually results in a decrease in mitoxantrone fluorescence (Figure 6.6). A 
possiblee explanation for this phenomenon could be cytotoxicity of GF120918 (1) to the used 
T64000 cells at these higher concentrations. Indeed, there have been literature reports1301 [1I) that 
thee IC50 for GF120918 (1) is highly variable across different cell lines. Actual support for 
thiss hypothesis came with the result of a side light scatter experiment using T6400 cells. 
Duringg flow cytometry, the side light scatter gives a reasonable indication of cell health. Side 
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•—GF120918 8 
•—D44 (mixture) 
* - -- E4 (mixture) 
3---E66 (mixture) 

MEF3.88 (parent) 

0.11 1 

concentrationn [uM] 

Figur ee 6.5: Dose-response curves for GF120918, D4, E4 and E6. 

h-A h-A 
\\ l 

•• GF12Q918 

--•*--- demethoxy-FTC 

—•—D44 (mixture) 

— o —— E6 (mixture) 

concentrationn [uM] 

Figur ee 6.6: High concentrations of GF120918 lead to a decrease in fluorescence. 

scatterr is sensitive to convolutions in nuclear morphology so that, if a cell is dying by 
apoptosis,, the break up of the nucleus wil l show up as elevated side scatter.'121 If this is the 
case,, the plasma membrane wil l already be permeable, evidently resulting in mitoxantrone 
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leakagee out of the cells. Indeed, our side scatter experiments (Figure 6.7) indicated 
considerablee damage to the T6400 cells with increasing concentration of GF120918 (1), 
whichh was not the case for the tested FTC analog mixtures and a DMSO control. 

-GF120918 8 
-- demethoxy-FTC 
-D44 (mixture) 
•E66 (mixture) 

concentrationn [uM] 

Figur ee 6.7: Side scatter data reveal toxicity of GF120918 at increasing concentration. 

Onee should note that the degree of toxicity of GF120918 to the cells is dependent on 
incubationn time and the time it takes to handle the samples during analysis. In later 
experimentss with shorter processing time, we have seen that mitoxantrone accumulation in 
T64000 cells was raised by GF120918 to levels comparable with the MEF3.8 parent cell line. 
Thiss once again supports a cytotoxicity phenomenon, and rules out that GF 120918 is a 
Bcrpl/BCRPP inhibitor of incomplete effectiveness. 

6.2.44 Cytotoxicity tests 

Too look in somewhat more detail into the cytotoxicity profiles of the Bcrpl/BCRP 
inhibitors,, an initial screening was done to estimate IC50 values on three types of mouse 
fibroblastt cell lines. IC50 data for several FTC analog mixtures from the library are presented 
inn Table 6.2, together with their potency and toxicity relative to GF120918 (1). From these 
results,, one can conclude that, in some cell lines at least, the FTC analogs are less toxic for a 
givenn potency. 

Withh regard to the ability of FTC (2) to inhibit cell cycle progression,1"1 cytotoxicity 
testss of 20 out of the 42 mixtures in the library1"' were performed in an earlier stage in the 
NIH/NCII  in vitro disease-oriented primary anti-tumor screen.'14' Typically, cell growth 
inhibitionn of the samples, including the potent E4 and E6 mixtures, is seen at concentrations 
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Tablee 6.2: Toxicity of FTC analog mixtures vs. GF120918 (1) on mouse fibroblasts. 

Valuess presented are IC50 data [fiM], which reflect cytotoxicity. 

Celll  line Type e (1)) D4 D6 E4 E6 E7 C5 

2ac.l l 

MEF3.8 8 

T6400 0 

Wild d 

type e 

Mdrla7lb'"Mrpl' --

(loww Bcrpl) 

Mdrla-'lb'Mrpr'--

(highh Bcrpl) 

2.33 19 30 28 50 36 23 

1.66 19 34 29 60 28 20 

2.00 13 26 22 46 26 23 

MeanMean IC501/lM] 2.00 17 30 26 52 30 22 

RelativeRelative toxicity cf. GF120918 (1) 1.00 0.118 0.067 0.077 0.038 0.067 0.091 

RelativeRelative potency cf. GF'120918 (1) 1.00 0.30 0.17 0.20 0.25 0.17 0.10 

RelativeRelative potency / relative toxicity 1.0 0 2.544 2.54 2.60 6.58 2.54 4 1.10 0 

'' Determined by estimating mid-points of dose-response curves like depicted in Figure 6.5 (not all data 
shown),, and reading off the relative difference in compound concentrations needed to achieve -50% 
maximall mitoxantrone accumulation.'351 

>100 u,M, whereas short-term cell killing required concentrations in the 100 ixM range. As an 
illustration,, the combined dose response curves obtained with E4 and E6 for all 60 cell lines 
aree depicted in Figure 6.8A and Figure 6.8B, respectively. The findings that, with compound 
mixturess from our panel, BCRP-mediated MDR can be effectively reversed at concentrations 
lowerr than those generally inducing cytotoxicity, prompted us to continue with more detailed 
SARR and toxicity studies. 

Al ll  Cell Lines 

-88 -7 -6 -5 
Logg io of Sample Concentration (Molar) 

Figur ee 6.8.A: Results of E4 in the NCI anti-tumor screen. 
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Al ll  Cell Lines 

B B 

Logg 10 of Sample Concentration (Molar) 

Figur ee 6.8.B: Results of E6 in the NCI anti-tumor screen. 

6.2.55 Deconvolution 

Itt is important to validate the screening results, in order to establish which structure(s) in the 
mixturess are responsible for activity. Thus, two of the most potent analogs, E4 and E6 (Figure 
6.9),, were resynthesized in solution phase starting from L-tryptophan methyl ester. 

VNHH O 

Figur ee 6.9: Compounds E4 and E6, selected for further studies. 

Too accomplish this deconvolution, the route previously developed for our solid phase 
syntheses'2011 (see Chapter 3) was used, having the resin replaced by a methyl group. 

OMe e 
22 equiv. o ^ ^ 

H H 

55 vol.% TFA NaHC03 

CH2CI2,, RT, 2 h. H20 

OMe e 

ciscis 6 : trans 7 = 4 : 3 

Schem ee 6.1: Pictet-Spengler condensation 
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Pictet-Spenglerr condensation of L-tryptophan methyl ester (5) with isovaleraldehyde in 
dichloromethanee containing 5% TFA at ambient temperature gave a mixture of cis and trans 
tetrahydro-p-carboliness (6) and (7) (Scheme 6.1) in a 4:3 ratio, separable by silica column 
chromatography.. The individual diastereoisomers were coupled with Fmoc-L-Lys(Boc)-OH 
orr Fmoc-L-Glu(OBut)-OH in the presence of CIP and DiPEA in dichloromethane, to give 
againn a mixture of diastereoisomers due to partial racemization of the activated amino acid 
chirall  center.1201 Thus, (6) gave a mixture of (SJSJ$)m product (8, major) and (S,R,S) product 
(9,, minor), whereas from (7) the (R,S,S) isomer (12, major) and the (R,R,S) isomer (13, minor) 
weree formed. 

22 equiv. Fmoc-AA(R2)-OH 
22 equiv. CIP 
44 equiv. DiPEA 

CH2CI2,, RT, 16 h. 

R22 + 

10bb &s& 

(S.S.S)(S.S.S) 8a: (S,fl,S)9a = 7 : 1 
{S,S,S){S,S,S) 8b : (S,fl,S) 9b = 5 :1 

5%% piperidine 

THF,, RT, 3 h. 

a:: R2 = -(CH2)4-NH-C02-(Bu 
b:: R2 = -(CH2)2-C02-ffiu 

l i bb <S'*-$> 

22 equiv. Fmoc-AA(R2)-OH 
22 equiv. CIP 
44 equiv. DiPEA 

CH2CI2,, RT, 16 h. 

OgG G OMe e 

O O W. . 
NH-Fmoc c 

5%% piperidine 

THF,, RT, 3 h. 

(R,S,S)(R,S,S) 12a :{R,R,S) 13a = 7 :1 
{R.S.S){R.S.S) 12b : (R,R,S) 13b = 7 : 1 

OO U 

yy o y c 
Id aa 15a 
14bb « * 9 

a:: R2 = -(CH2)4-NH-COr(Bu 
b:: R2 = -(CH2)2-C02-fiu 

l i bb <fl'R'S> 
Schemee 6.2: Synthesis of compound mixtures with stereochemistry at C-3 determined. 
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Disappointingly,, during silica column chromatography significant decomposition of the 
materialss took place. Partial deprotection of the Fmoc-group resulted in a complex mixture of 
products,, from which the two diastereoisomeric products could not be isolated in pure form. 
Subsequentt reaction of the compound mixture with 5% piperidine in THF to achieve 
completee Fmoc-deprotection and concomitant cyclization, followed by removal of 9-
fluorenylmethyll  piperidine, gave the cyclized products in moderate yield (Scheme 6.2). Thus, 
(6)) finally led to a mixture of the (35,65,125) compound (10) and the (35,6#,125) compound 
(11),, both in the case of the E4 (R2 = a in Scheme 6.2) and E6 (R2 = b in Scheme 6.2) 
frameworks.. In analogy, elaboration of (7) provided a mixture of the (3/?,65,125) product (14) 
andd the (3/?,6/?,125) products (15), again individually for E4 (R2 = a) and E6 (R2 = b). 

Inn the first step of this deconvolution process, we determined mitoxantrone 
accumulationn in the T6400 cells using these mixtures of two isomers at 1.0 p:M 
(stereochemistryy of the R1 substituent at C-3 determined after flash chromatography in the 
tetrahydro-p-carbolinee stage, mixture of epimers at C-6 for R2). The results clearly showed 
thee major activity to be in the samples with the isobutyl R' substituent at C-3 in the 5 
configurationn (up) (Table 6.3, compare 10a + 11a with 14a + 15a, and compare 10b + l i b 
withh 14b + 15b). These mixtures, being of similar potency to GF120918 (1), were purified to 
singlee diastereoisomers by preparative reversed phase HPLC. Final evaluation after this 

Tablee 6.3: Mitoxantrone accumulation assays for initial deconvolution of E4 and E6. 
Thesee partially purified diastereoisomers were tested on the T6400 cell line at 1.0 \iM concentration. 
Values'' are in arbitrary units of fluorescence. 

Compound(s) ) 

E44 mixture 

10a+11a a 

14aa + 15a 

E66 mixture 

10bb + l i b 

14bb + 15b 

Frame e 

E4 4 

E4 4 

E4 4 

E6 6 

E6 6 

E6 6 

Configuration n 

(3/f/5,6/?/5) ) 

(3S,6R/S) (3S,6R/S) 

QR,6R/S) QR,6R/S) 

QR/S,6R/S) QR/S,6R/S) 

QSfiRIS) QSfiRIS) 

OR.6R/S) OR.6R/S) 

Activity y 

184(  8) 

6077 ) 

108(  1) 

3577 ) 

6622 ) 

2711 ) 

Controls s 

MEF3.8,, no mitoxantrone 

MEF3.8,, no inhibitor 

T6400,, no mitoxantrone 

T6400,, no inhibitor 

T64000 + GF120918(1) 

5(  I) 

9022 ) 

) ) 

844 (  6) 

5355 ) 

"Valuess are means of three repeats (n=3), standard deviation is given in parentheses. 

Tablee 6.4: Mitoxantrone accumulation assays for final deconvolution of E4 and E6. 
Thesee purified diastereoisomers were tested on the T6400 cell line at 1.0 nM concentration. Values* 
aree in arbitrary units of fluorescence. 

Compound(s) ) 

E44 mixture 

10aa (Kol32) 

11a a 

E66 mixture 

10bb (Kol 34) 

l i b b 

Frame e 

E4 4 

E4 4 

E4 4 

E6 6 

E6 6 

E6 6 

Configuration n 

(3R/S.6R/S) (3R/S.6R/S) 

(35,65) ) 

(35.6/?) ) 

OR/S,6R/S) OR/S,6R/S) 

(35.65) ) 

(35.6A) ) 

Activity y 

118(  4) 

5000 ) 

655 (  I) 

1899 (  4) 

5288 (  5) 

788 (  4) 

Controls s 

MEF3.8,, no mitoxantrone 

MEF3.8,, no inhibitor 

T6400,, no mitoxantrone 

T6400.. no inhibitor 

T64000 + GF120918(1) 

4(  0) 

6366 ) 

4(  0) 

433 (  1) 

4933 ) 

'Valuess are means of three repeats (n=3), standard deviation is given in parentheses. 
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secondd deconvolution step proved the all-natural (3S,6S,12S)-configuration of E4 (10a, 
denotedd Kol32) and E6 (10b, denoted Kol34) to be the most active (Table 6.4), whereas their 
C-66 epimers 11a and l i b hardly showed inhibition of BCRP-mediated drug efflux. 

Whenn screening mixtures, one should be aware that the activity of a potent 
componentt might be somewhat masked. In our case, a variance in diastereomeric ratio or 
purityy of the mixture may result in such a difference in the actual content of the most active 
all-SS diastereoisomer that, though more potent itself, the overall activity of the mixture might 
appearr lower. Since the D4 and D6 mixtures also were among the most promising ones from 
thee combinatorial panel, we decided to synthesize and evaluate the all-5 diastereoisomers of 
thesee compounds as well. Since it was now established that the tetrahydro-P-carboline formed 
inn the Pictet-Spengler reaction should be cis, conditions of kinetic control (low temperature) 
weree used, which are known to result in higher cis selectivity.[37I-t381 Thus, condensation of L-
tryptophann methyl ester (5) with hexanal in dichloromethane containing 5% TFA under 
coolingg in an ice/salt bath yielded the cis and trans tetrahydro-P-carbolines (16) and (17) in a 
4:11 ratio (Scheme 6.3). 

CO O 

silica a 

-̂-
column n 

OMe e 
22 equiv. 

NH2 2 

OMe e 

CH2CI2,, , 2 h 

16 6 

22 equiv. Cbz-AA(R2)-OH 
22 equiv. C!P 
44 equiv. DiPEA 

CH2CI2,, RT, 16 h. 

ciscis 16 : trans 17 = 4 : 1 

H2,, 10%Pd/C 

EtOH,, RT, 2 h. 

(S,S,S)(S,S,S) 18a : (S,RS)19a = 3 : 1 
(S,S,S)) 18b : (S,RS)19b = 3 : 1 

lubb < s - s ^ 

a:: R2 = -(CH2U-NH-C02-!Bu 
b:: R2 = -(CH2)2-C02-fBu 

li bb  &R^ 

Schem ee 6 .3 : Synthesis of Ko125 (20a) and Ko127 (20b). 

Wee felt that further improvements could be made in the solution phase chemistry of 
followingg amino acid coupling step. In the solid phase protocol, we were restricted to the use 
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off  the Fmoc group to protect the ^„-position. In the light of premature Fmoc-deprotection 
duringg purification in solution phase synthesis of Kol32 (3) and Kol34 (4), we now chose for 
Cbz-protectedd amino acid building blocks, since Cbz is orthogonal to the fert-butyl ester or 
Bocc protection of the amino acid sidechain, and readily deprotected under solution phase 
conditions.. Furthermore, the released toluene is more easily removed from the final product 
thann the dibenzofulvene-piperidine adduct formed upon Fmoc-deprotection. 

Thus,, subsequent coupling of (16) to the appropriate Cbz-L-amino acid and 
deprotection/cyclizationn (H2, Pd/C), followed by preparative HPLC purification, finally 
yieldedd the (35,65,125) diastereoisomers of D4, denoted Kol25 (20a), and D6, denoted 
Kol277 (20b) (Scheme 6.3). In order to compare Kol25 (20a) and Kol27 (20b) in a more 
quantitativee fashion with Kol32 (10a) and Kol34 (10b), of these compounds the EC90 
values1"11 for reversal of mitoxantrone resistance in MEF3.8/Bcrpl clone A2 cells were 
determinedd (Table 6.5). The IC50 (the concentration which inhibits cellular proliferation by 
50%)) of mitoxantrone for these cells was previously found to be 42  2 nM. The EC90 
concentrationn of FTC analog reduces the IC50 by 90%, to -4 nM. Thus, these assays 
determinee the concentration of FTC analog, which sensitizes the cells to such an extent that 4 
nMM mitoxantrone inhibits cellular proliferation by 50%. From these results, it is clear that the 
isobutyll  sidechain is favored over the pentyl sidechain at C-3, and that the Glu(OBut) 
sidechainn is favored over the Lys(Boc) sidechain at C-6. Thus, Kol34 (10b) turns out to be 
thee most promising Brcpl/BCRP inhibitor of this series. 

Tabl ee 6.5: Comparison of EC90 values for reversal of Bcrpl-mediated drug resistance. 

Assayss were performed in MEF3.8/Bcrp1 clone A2 cells. 

Compoundd Structure EC90 [nM] ' 

KoI322 (10a) 

Kol344 (10b) 

Kol255 (20a) 

Kol27(20b) ) 

'' The EC90 value is the compound concentration required to sensitize the cells sufficiently that the 

IC500 (42 i 2 nM for mitoxantrone alone) is reduced by 90% (i.e. -4 nM mitoxantrone inhibits cell 

proliferationn by 50%). Values are mean of 3 repeats (n=3); standard deviation is given in parentheses. 

00 I 

1900 ) 

588 (  9) 

2255 ) 

) ) 
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6.2.66 Structure-activity relationships 

Duringg our studies, a paper was published comprising reversal of BCRP mediated 
multidrugg resistance by a series of pentacyclic FTC analogs1-101 (Figure 6.10). These 
compounds,, bearing a four-, five- or six-membered E-ring, varied in C-3 substituent and in 
stereochemistryy of the C-3, C-6 and C-12 positions. 

Figur ee 6.10: Pentacyclic FTC analogs. 

Thesee pentacyclic FTC mimics were screened in a cell survival study on the S1-M 1-3.2 colon 
carcinomaa cell line, which exhibits BCRP-mediated multidrug-resistance. Both EC50[4" data 
(concentrationss producing 50% cell death after 3 days incubation with the FTC-analog and 
3.22 ^M mitoxantrone - a concentration itself not affecting the resistant cells) and IC5014" data 
(concentrationss producing 50% cell death after 3 days incubation with the FTC-analog alone) 
weree collected.140' Though no compounds significantly more active than natural FTC (2) were 
found,, these studies have revealed that compounds having the all-natural stereochemistry at 
C-3,, C-6 and C-12 (all three stereocenters 5) were preferred. Substituents at C-3 had to be 
hydrophobicc and of suitable length (e.g. isobutyl) for retaining activity. Though more potent, 
compoundss having longer lipophilic sidechains at this position showed a clear increase in 
cytotoxicity:: the aIl-5 pyrrolidine skeleton bearing an isobutyl C-3 substituent ((5,5,5)-E2 
fromm our panel) [EC50 1.0 |xM] exhibited toxicity at concentrations >80 |oM, whereas the 
samee skeleton with a nonyl sidechain at C-3 [EC50 0.25 pM] already showed 50% cell death 
att 6.5 |J.M. In the all-5 series, replacement of the natural five-membered pyrrolidine E ring 
((S,S,S)-E22 from our panel) [EC50 1.0 |xM] with a four-membered azetidine ring [EC50 2.5 
\iM]\iM]  or a six-membered piperidine ring [EC50 1.5 jiM] resulted in a decrease of reversal 
activity.. Comparison of FTC (2) [EC50 0.3 iiM] and demethoxy-FTC (3) [EC50 2.5 fiM] 
revealedd the 6-methoxy substituent on the indole moiety to be beneficial, whereas the 
unsaturatedd demethoxy-FTC (3) [EC50 2.5 |iM] was less active than its saturated sidechain 
analogg ((S,5,5)-E2 from our panel) [EC50 1.0 pM]. 

Altogether,, these data support our findings with respect to stereochemistry and the 
structure-activityy relationships of C-3 substituents. These suggest a lipophilic binding pocket 
att the (3-face of the C-3 center in the FTC-type inhibitor (Figure 6.11). Furthermore, it is 
valuablee to have confirmed that elaborative introduction of unsaturated C-3 substituents is not 
rewardedd with enhanced reversal activity. Besides, our results clearly show beneficial effects 
off  opening up the E-ring, replacing it by hydrophobic sidechains at C-6 in the S configuration. 
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Thiss leads to the hypothesis of an additional lipophilic binding pocket at the (5-face of the C-6 
centerr (Figure 6.11). 

\ \ 

.. ,. A 
\\ r'  *~'  's 

'v.. X 

__1>C_>J.. 1 

Figur ee 6.11: Binding pocket model for Bcrpt/BCRP. 

6.33 Screenin g of indoly l hydantoin s as inhibitor s of BCRP 

6.3.11 The indolyl hydantoin library 

Inn Chapter 4, the synthesis of the library with 5-membered hydantoin rings replacing 
thee six-membered diketopiperazines was described. This panel of compounds (Figure 6.12) 
wass analyzed by HPLC and separately by MS (FD ionization), since ESI or APCI techniques 
integratedd in the LC-MS system could not detect the products. 

R 2 : ^ ^ 

-CI I 

\\ /r\ 

R1: : ) ) 

~< ~< 

. " A A 

DD E F 

C=N N 

-OCC -Ö <h°<. 
Figur ee 6.12: The indolyl hydantoin library. 

Althoughh the purity of the compounds (mixtures of two diastereoisomers) was generally 
lowerr than in the indolyl diketopiperazine library, and in some cases side products were 
detected,, we considered the quality good enough for initial screening. 
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6.3.22 Screening results and SAR 

Thee panel of 60 mixtures of two diastereoisomers*421 (A0-F9) (Figure 6.12) was 
screenedd for BCRP inhibitory activity using the standard mitoxantrone accumulation assay in 
thee murine T6400 cell line (Matrix 6.3). All compound mixtures from the library were tested 
att a 2.0 (XM concentration1431, with a mitoxantrone concentration of 10 \iM and an 
accumulationn time of 60 minutes. GF120918 (1) and Kol34 (10b) were included at 1.0 jiM 
forr comparison, as well as a control without mitoxantrone. 

Changingg the scaffold by replacing the diketopiperazine D ring for a hydantoin ring 
iss clearly unfavorable for Bcrpl inhibitory activity. Apart from changes in the core structure 
itself,, which may affect binding and/or other properties, the different spatial position of the R2 

substituentt at N-6 may play a crucial role in this decreased potency. Whereas most entries 
onlyy display a slight increase in mitoxantrone accumulation compared to the control without 
inhibitorr present, a couple exhibit moderate potency. In particular, the 7 substituent is 
relativelyy favorable. For this series, in agreement with the SAR emerging from the indolyl 
diketopiperazinee library (§ 6.2.3), sidechains C, D and E are preferred in the R1 position at C-
3.. Nevertheless, the activities of the tested compounds with an indolyl hydantoin core were 
farr below those justifying further efforts to deconvolute the diastereoisomeric mixtures or to 
generatee improved structures based on this scaffold. 

6.44 Screenin g of cor e structure s wit h othe r rin g system s 

6.4.11 Modified six-membered and seven-membered ring systems 

AA plausible reason for the low Bcrpl inhibitory activity of the compounds bearing a 
five-memberedd hydantoin D ring is the change in spatial position of the R2 substituent. 
Therefore,, we shifted our emphasis towards compounds in which, analogous to the indolyl 
diketopiperazinee core, the R2 substituent points more or less in the "south-east" direction. 
Synthesiss of these types of analogs has been described in Chapter 4; in Figure 6.13, the 
compoundss selected for screening are depicted. In all cases, the C-3 position was occupied by 
thee R' substituent previously determined to be optimal, e.g. isobutyl. Instead of the 
diketopiperazinee D ring, the scaffolds either possess a six-membered dihydro-pyrimidine-2,4-
dionee ring (22-25), or a seven-membered diazepane-dione ring (26,27). The N-6 substituents 
onn the dihydro-pyrimidine-2,4-diones chosen were rather lipophilic in consideration of the 
putativee hydrophobic binding pocket in the transporter protein. As C-6 substituents in the 
diazepane-diones,, we opted for the Lys(Boc) and Glu(OBut) amino acid sidechains, as they 
weree of optimal effectiveness in the indolyl diketopiperazine series. 
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firO^0 0 

k A N V N v N . . n n 
22 2 

57ÏI I 
— rr ci 

23 3 

O O 

oocd d 'NH H 

Figur ee 6.13: Compounds with modified D-rings. 

6.4.22 Screening results and SAR 

Thee compounds (22-27) depicted in Figure 6.13 were screened for BCRP inhibitory 
activityy using the standard mitoxantrone accumulation assay in the T6400 mouse cell line 
(Tablee 6.6). Compounds were tested at a 2.5 (iM concentration, with a mitoxantrone 
concentrationn of 10 (iM and an accumulation time of 60 minutes. Kol34 (10b) was included 
att 1.0 |iM for comparison, as well as a series of controls involving the parental MEF3.8 and 
resistantt T6400 cell lines. 

Tablee 6.6: Mitoxantrone accumulation assays for screening modified D-ring compounds. 
Compoundss were tested on the T6400 cell line at 2.5 |iM concentration. Values" are in arbitrary units 

off fluorescence. 

Compound(s)) Activity 

22 2 

23 3 

24 4 

25 5 

26 6 

27 7 

733 (+ 3) 

1900 ) 

711 (  5) 

426(+43) ) 

688 (  5) 

666 (  3) 

Controls s 

MEF3.8,, no mitoxantrone 

MEF3.8,, no inhibitor 

MEF3.88 + 1.0 uM KoI34 (10b) 

T640O,, no mitoxantrone 

T6400,, no inhibitor 

T64000 + 1.0 uM Kol34 (10b) 

5(  0) 

) ) 

) ) 

5(  0) 

588 (  3) 

) ) 

'Valuess are means of three repeats (n=3), standard deviation is given in parentheses. 
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Comparingg (22) and (23), it is once again established that C-3 should have the S-
configurationn for respectable inhibition of Bcrpl. The chloroethyl substituent at N-6 in the 
dihydro-pyrimidine-2,4-dionee core is however not optimal. Substituting it for a phenyl group, 
ass in (24) (mixture of epimers at C-3), is unfavorable, possibly because the steric bulk is too 
closee to the core structure. The benzyl substituent at N-6 in (25) (mixture of epimers at C-3) 
howeverr increases the potency substantially; the inserted methylene group is apparently 
sufficientt to position the aromatic bulk into the hypothetical hydrophobic binding pocket. 
Whatt these results certainly show is, that minor changes in the D-ring of the core structure -as 
inn this case shifting both the carbonyl and the nitrogen one position in the six-membered ring-
doo not necessarily discriminate between binding and not binding. As far as one can draw 
conclusionss from these preliminary screening results, an important role of the core structure 
mightt simply be to serve as a rigid scaffold for positioning the substituents in the right 
direction.. Though clearly no miracles are to be expected, it could very well be that a 
diastereomericallyy pure compound of this series with a more properly chosen N-6 substituent 
wil ll  be of a potency closer to that of Kol32 (10a) or Kol34 (10b). A factor that disfavors 
extensivee elaboration of the dihydro-pyrimidine-2,4-dione series simply is the expense of the 
ATp-Boc-L-p-homotryptophann starting material. 

Ass for the dihydro-pyrimidine-2,4-dione series, in the diazepane-diones (26) and (27) 
thee amide carbonyl and nitrogen are one position further from the C-12 chiral center than in 
thee original diketopiperazine series. Despite their similarity in R2 substituent with Kol32 
(10a)) and Kol34 (10b), diazepane-diones (26) and (27) (mixture of epimers at C-3 and C-6) 
performm disappointingly. Seemingly, either the molecular framework itself prevents proper 
bindingg to the transporter protein, or the conformation of the seven-membered ring is such 
thatt the C-6 substituents are pointing in the wrong direction. 

6.55 Initia l molecula r modelin g studie s 

Itt is generally very difficult to gain reliable detailed 3-dimensional structural 
informationn of membrane-bound proteins, because crystals can usually not be obtained. 
Hencee for Bcrpl/BCRP, no x-ray crystallographic data are available to date. In order to say 
somethingg more about structure-activity relationships for binding to the transporter protein, 
onee thus has to rely solely on structural information obtained from the ligands that do or do 
nott inhibit Bcrpl/BCRP activity. Moreover, it should be taken into account that there is a 
possibilityy that more than one binding site (with the possibility of partial overlap) is present, 
ass is the case for P-gp.'441 Therefore, we have restricted our initial SAR studies only to the 
tetrahydro-fi-carbolinee based classes of compounds described in this chapter. 

Too investigate the relation between 3-dimensional structure of the ligands and 
Bcrpl/BCRPP inhibitory activity, we performed initial molecular modeling studies. In general, 
semi-empiricall  methods such as AMI do not reliably reproduce the structures of molecules 
containingg amide functionalities,[4,] such as our compounds. Since modeling these relatively 
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complexx structures based on ab initio calculations would be far too time-consuming for a 
preliminaryy study, we selected force field based molecular mechanics methodology. 
Comparingg the most widely used force fields, we set our choice for the Merck Molecular 
Forcee Field: MMFF94.[461'[471(481[4911501 It contains well-defined core parameterization for a wide 
classs of chemical families, and treats many frequently occurring combinations of functional 
groups.. The parameters are primarily based on a large amount of computational data, obtained 
fromm ab initio calculations, and data from a series of crystal structures. In particular, 
MMFF944 usually gives non-planar energy-minimized geometries at nitrogen, even for 
amides.. It has been validated to be one of the most widely applicable "small organic 
molecule""  and "protein" force fields, not only for reproducing crystallographically 
determinedd geometries,'461'1501 but also for comparing conformational energies.149115'1 ,S2] 

Itt is obvious that the minimal energy geometry as predicted from molecular 
mechanicss calculations does not necessarily have to be the bioactive conformation. However, 
contemplatingg our Bcrpl/BCRP ligands, the flexibility will primarily be in the substituents, 
whereass the core structures are relatively rigid. Given the high activity of the indolyl 
diketopiperazinee Kol34 (10b), it is very likely that a geometry of the ring system that is low 
inn energy triggers the biological activity. Therefore, our objective was to first check if we 
couldd relate the biological activity in some way to spatial positioning of the R1 and R2 

substituentss on the low-energy conformation(s) of the different scaffolds. Apart from that, it is 
off  course trivial that the differences in the core structures themselves will affect binding to 
Bcrpl/BCRPP to a certain extent. This could for instance be related to steric restrictions, and to 
interactionss of functional groups in the core structure with specifically positioned amino acid 
residuess in the protein. 

Forr each class of compounds, from the series bearing the isobutyl R1 substituent, the 
onee with the highest biological activity was selected (Figure 6.14). These structures were 
subjectedd to equilibrium geometry minimization using PC Spartan Pro 1.0.3 (Wavefunction 
Inc.,, Irvine, CA, USA) in the Molecular Mechanics mode, employing the MMFF94 force 
field.. In order to find both absolute and possibly relevant local minima, and compare their 
energies,, the structures were minimized from different initial conformations of the C and D 
rings.. To clarify representation of the results, the flexible R' and R2 substituents were 
subsequentlyy deleted from the core structures to leave a methyl group at both positions. In all 
cases,, after deletion of the sidechains, another geometry minimization run did not result in 
significantt changes in the core structures. This supports the assumption that the tetracyclic 
corecore structures are comparatively rigid, and that their conformations are relatively 
independentt on the nature of the substituents. 
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2,5-diketopiperazines 2,5-diketopiperazines 
O O 

Koo 134 (10b) 

dihydro-pyrimidine-2,4-diones dihydro-pyrimidine-2,4-diones 

(S,S,S)-25 5 

hydantoins hydantoins 
O O 

CKXX»<X CKXX»<X 
(S,S)-E7 7 

diazepane-diones diazepane-diones 
.0 .0 

(S,S,S)-277 O 

Figuree 6.14: Compounds selected for initial molecular modeling studies. 

Forr the 2,5-diketopiperazine series, the class of compounds showing the highest 
biologicall  activity, two distinct conformations were found: one in which R' is equatorial 
(Figuree 6.15.A) and one in which R' is axial (Figure 6.15.B). It is noteworthy that the 
relativelyy moderate change in arrangement of R1 has a dramatic influence on the spatial 
positioningg of R2. The equatorial conformer with the "folded" core structure (Figure 6.15.A) 
howeverr is calculated to be -10.4 kcal/mol higher in energy than the axial conformer with the 
moree "straight" core structure (Figure 6.15.B). Together with the fact that the core structure in 
Figuree 6.15.B very closely resembles that of known crystalline fumitremorgin-type 
compoundss in the Cambridge Structural Database (CSD), it can fairly safely be concluded 
thatt a bioactive conformation should have the R' substituent positioned axially. Inherently, 
thee R2 substituent would have to be more or less in the plane of the core structure, slightly 
slantingg down. 

Compoundss from the dihydro-pyrimidine-2,4-dione series also showed reasonable 
activity.. The conformer with R' positioned equatorially was calculated to be -18.9 kcal/mol 
higherr in energy than the one with R1 in the axial position, and therefore considered 
irrelevant.. Comparing the preferred axial conformation (Figure 6.15.C) with the 
correspondingg 2,5-diketopiperazine (Figure 6.15.B), the angles, at which both substituents 
pointt away from the rings they are connected to, are highly similar. However, the scaffold 
itselff  is somewhat less linear, resulting in R2 being slightly forced to the back side of the 
molecule.. Together with the changes in the core structure itself, this might explain the lower 
activityy of this ring system in the biological assays. However, to make a proper statement with 
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respectt to the latter, compounds with identical substituents should be prepared and tested. 
Inn the hydantoin series, even the best entry showed moderately low activity. Once 

more,, the conformer having R' in equatorial position is significantly higher in energy: -8.3 
kcal/mol.. When the preferred conformer with R' in axial position (Figure 6.15.D) is 
comparedd with the diketopiperazine (Figure 6.15.B), there is again no significant difference in 
positioningg of R1. Although the ring system is reasonably flat, as in the diketopiperazine, R2 is 
clearlyy pointing slantwise up instead of down. Without forgetting the remarks in the former 
paragraph,, this might be an indication for the diminished biological activity of this compound 
class. . 

Minimizationn of several geometries of the seven-membered diazepane-dione system, 
evenn from forced equatorial initial conformations, in all cases resulted in structures possessing 
ann axial R1 substituent. However, two distinct conformers of the seven-membered ring were 
found,, differing -4.6 kcal/mol in energy. The lower energy conformation (Figure 6.15.E) 
alreadyy differs significantly from the diketopiperazine,, both in shape of the core structure and 
inn spatial positioning of R2 (which points almost horizontally in line with the ring system, but 
clearlyy bent towards the front of the molecule). The higher energy conformation (Figure 
6.15.F),, apart from slightly influencing the direction of R\ differs so much from the 
diketopiperazinee in shape of the scaffold and in positioning of R2 that it can hardly be 
believedd to contribute to biological activity. Together with the increased volume occupied by 
thee seven-membered ring, the changes in the core structure and in the direction of -in 
particular-- the R2 substituent are a plausible explanation for the very low activity of this class 
off  compounds. 

6.66 Conclusion s 

Screeningg of the indolyl diketopiperazine library of FTC analogs, followed by 
deconvolutionn of the most active members of this panel, has resulted in several interesting 
leads.. These compounds proved to be comparably potent in inhibiting mouse Bcrpl and 
humann BCRP multidrug transport activity. Stereochemical constraints as well as substituent 
requirementss have been established. An important finding is that opening up the proline-
derivedd E-ring in natural FTC results in enhanced potency. Furthermore, the more laboriously 
incorporatedd unsaturation found in natural FTC does not positively contribute to activity. 
Evaluationn of analogs with five-membered, seven-membered, or modified six-membered D 
ringg systems has yielded further insight into structure-activity relationships, but did not lead 
too more promising candidates for further elaboration. 

Thee most potent FTC-analogs resulting from the compounds screened, Kol32 and 
Kol34,, compared similarly in activity to the proprietary aspecific BCRP inhibitor GF120918. 
Initiall  studies revealed that these FTC-analogs exhibit low cytotoxicity at effective 
concentrations.. Therefore, these compounds themselves, or derivatives emerging from lead 
optimization,, are promising candidates for use as tools in in vitro research or, ultimately, as 
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clinicallyy useful multidrug resistance reversal agents or pharmacokinetic modulators. More 
detailedd toxicological investigations, and experiments to determine the specificity for BCRP 
comparedd to other known transporter proteins, would be the first steps to establish the value 
off  this compound class for these purposes. 
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6.88 Experimenta l 

6.8.11 FTC analogs 

Generall information 
Forr experimental details see Chapter 3, § 3.6. 

L-Tryptophann methyl ester (5). To a suspension of L-tryptophan methyl ester hydrochloride (10.00 g, 39.26 
oo mmol) in 150 mL Et20 was added a solution of K2C03 (10.00 g, 72.35 mmot) in 50 mL 

OMee H20. After stirring vigorously for 30 min., the organic layer was separated, and the 
aqueouss layer was extracted twice with 50 mL EtOAc. The combined organic layers 
weree washed with sat. NaHC03 (100 mL), 5% NaHC03 (100 mL) and sat. NaCl (100 

mL),, dried (Na2S04) and evaporated at T < 40°C. The solid residue was recrystallized from EtOAc/PE to afford 
(5)) (8.08 g, 37.03 mmol, 94%) as a white solid. 

'H-NMRR (400 MHz, CDClj), 5 [ppm]: 8.20 (br s, 1H), 7.62 (d, / = 7.9 Hz, 1H), 7.35 (d, / = 8.1 Hz, 1H), 7.22-
7.188 (m, 1H), 7.15-7.11 (m, 1H), 7.05 (d, / = 2.3 Hz, 1H), 3.84 (dd, / = 7.6 Hz, / = 4.8 Hz, 1H), 3.72 (s, 3H), 
3.299 (dd,/ = 14.4 Hz, / = 4.8 Hz, 1H), 3.06 (dd,/ = 14.4 Hz,/ = 7.7 Hz, 1H), 1.60(br s, 2H). 

C(s,fr<"!s-l-Isobiityl-2,3,4,9-tetrahydro-lff-P-carboline-3-carboxyHcc acid methyl ester (6,7). L-Tryptophan 
oo methyl ester (5) (3.71 g, 17.00 mmol) was dissolved in CH2C12 (100 mL), and 

OMee isovaleraldehyde (1.72 g, 2.15 mL, 20.00 mmol) was added. Subsequently, TFA (5 mL) 
wass added, and the reaction mixture was stirred for 2 h. at RT under N2 atmosphere. The 
reactionn mixture was diluted with CH2CI2 (100 mL), extracted with sat. NaHC03 (3 x 
1000 mL) and sat. NaCl (100 mL), dried (Na2S04) and evaporated. The residue was 

subjectedd to flash chromatography (PE/EA 1:1) to afford the cis diastereoisomer (6) (2.66 g, 9.30 mmol, 55%), 
R/(PE/EAA 1:1) 0.37, and the trans diastereoisomer (7) (2.00 g, 7.02 mmol, 41%), R, (PE/EA 1:1) 0.30, both as a 
light-yelloww glass. 

(6):: 'H-NMR (400 MHz, CDCI3), 5 [ppm]: 7.79 (br s, 1H), 7.48 (d, / = 7.6 Hz, 1H), 7.31 (d, / = 7.8 Hz, 1H), 
7.18-7.099 (m, 2H), 4.24-4.21 (m, 1H), 3.83 (s, 3H), 3.81-3.77 (m, 1H), 3.13 (ddd, / = 15.0 Hz, / = 4.2 Hz, / = 
1.88 Hz, 1H), 2.82 (ddd, / = 14.9 Hz, / = 11.2 Hz, / = 2.5 Hz, 1H), 2.09-1.99 (m + br s, 2H), 1.73-1.61 (m, 2H), 
1.266 (dd, / = 7.1 Hz, / = 7.1 Hz, 3H), 1.02 (dd, / = 7.4 Hz, / = 6.5 Hz, 3H). 
(7):: 'H-NMR (400 MHz, CDC13), 8 [ppm]: 7.73 (br s, 1H), 7.48 (d, / = 7.6 Hz, 1H), 7.30 (d, / = 7.9 Hz, 1H), 
7.17-7.088 (m, 2H), 4.32-4.29 (m, 1H), 4.00-3.96 (m, 1H), 3.75 (s, 3H), 3.12 (ddd, / = 15.3 Hz, / = 5.2 Hz, / = 
0.88 Hz, 1H), 2.99 (ddd, / = 15.3 Hz, / = 7.9 Hz, / = 1.3 Hz, 1H), 2.04-1.91 (m + br s, 2H), 1.76-1.68 (m, 1H), 
1.55-1.499 (m, 1H), 1.04 (dd, / = 6.6 Hz, / = 5.0 Hz, 3H), 0.95 (dd,/= 3.8 Hz, / = 2.9 Hz, 3H). 

2-[6-tert-Butoxycarbonylamino-2-(9ff-fluoren-9-ylmethoxycarbonylamino)-hexanoyl]-l-isobutyl-2,3,4,9--
QQ tetrahydro-l//-P-carboline-3-carboxylic acid methyl ester (8a,9a). The cis 

f^f^—^Y'^OMe—^Y'^OMe tetrahydro-P-carboline (6) (0.859 g, 3.00 mmol) and Fmoc-L-Lys(Boc)-OH 
^^v-N'^T'Ny^^N 'H

mOCoo | (2.811 g, 6.00 mmol) were dissolved in dry, ethanol-free CH.CI2 (30 ml), 
 o \. H N ' S T ^ followed by addition of DiPEA (1.551 g, 2.09 mL, 12.00 mmol) and CIP 

\ ^^ (1.671 g, 6.00 mmol). The reaction mixture was stirred at RT for 16 h. under 

N22 atmosphere, diluted with CH2C12 (70 mL), extracted with 5% KHS04 (2 x 75 mL), sat. NaHCO, (2 x 75 mL) 
andd sat. NaCl (75 mL), dried (Na2S04), and evaporated. R7 starting material (6) (CH2C12 + 2.5% MeOH) 0.35, Rf 

productss (8a,9a) (CH2CI, + 2.5% MeOH) 0.38-0.48. The residue was subjected to flash chromatography (CH,C1, 
++ 2.5% MeOH), during which apparently part of the materials suffered from premature Fmoc-deprotection, to 

NH2 2 
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somee extent followed by cyclization. The crude mixture of these products (2.473 g), within capability purified 

fromm (excess) reagents, was used in the following reaction. 

[4-(6-Isobutyl-l,4-dioxo-l,2^J,4,6,7,12,12a-octahydro-pyrazino[r,2':l,6]pyrido[3,4-*]indol-3-yl)-butyl]--

carbamicc acid (ert-butyl ester (10a,Ha). The partly deprotected mixture of 

(8a)) and (9a) (2.473 g) was dissolved in THF (50 mL), and piperidine (2.5 

mL)) was added. The mixture was stirred at RT for 16 h, evaporated, 

coevaporatedd with THF (3 x 10 mL), dissolved in a minimal amount of 

THF,, and triturated with PE while stirring. The solid material was filtered 

off,, washed with PE, and subjected to flash chromatography (CH2CI2 + 10% MeOH) to yield 0.971 g (2.01 

mmol,, 67% over 2 steps) of an off-white solid containing the (10a) and (11a) diastereoisomers in a 7:1 ratio 

(HPLC).. R, (CH2C12 + 10% MeOH) 0.35. Purification by preparative HPLC (CH3CN/H20 30:70 -»70:30 + 0.1% 

TFA)) yielded the (35,65,125) compound (10a, Kol32) and the (35,6R,125) compound (11a). 

(10a,, Kol32): 'H-NMR (400 MHz, CDC13), 8 [ppm]: 8.06 (br s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.38 (d, J = 7.6 

Hz,, 1H), 7.22-7.14 (m, 2H), 6.58 (br s, 1H), 5.50 (dd. J = 9.3 Hz, J = 4.2 Hz, 1H), 4.69 (br s, 1H), 4.05 (dd, J = 

11.66 Hz, J = 4.7 Hz, 1H), 3.96 (t, J = 5.0 Hz, 1H), 3.58 (dd, J = 15.7 Hz, J = 4.9 Hz, 1H), 3.18 (br s, 2H), 3.06 

( d d , /== 15.7 Hz, / = 11.7 Hz, 1H), 2.15-2.12 (m, 1H), 2.01-1.91 (m, 1H), 1.79-1.72 (m, 1H), 1.62-1.49 (m, 6H), 

1.477 (s, 9H), 1.06 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 6.4 Hz, 3H). HR-MS (FAB): observed mass 483.2960; 

calculatedd mass for C27Hj 8N404 (M+H) 483.2971. 

(11a):: 'H-NMR (400 MHz, CDCI3), 8 [ppm]: 8.14 (br s, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 

7.22-7.133 (m, 2H), 6.60 (br s, 1H), 5.43 (dd, J = 9.4 Hz, J = 3.7 Hz, 1H), 4.60 (br s, 1H), 4.09-4.00 (m, 2H), 3.64 

(dd,, J = 15.6 Hz, J = 4.4 Hz, 1H), 3.09 (br s, 2H), 2.96 (dd, J = 15.6 Hz, J = 11.7 Hz, 1H), 1.90.-1.61 (m, 3H), 

1.59-1.433 (m, 6H), 1.41 (s, 9H), 1.08 (d, J = 6.4 Hz, 3H), 0.82 (d, J = 6.3 Hz, 3H). 

2-[6-tert-Butoxycarbonylamino-2-(9H-fluoren-9-ylmethoxycarbonylamino)-hexanoyl]-l-isobutyl-2,3,4,9--

tetrahydro-lH-b-carboline-3-carboxylicc acid methyl ester (12a,13a). The 

OMee irons tetrahydro-fi-carboline (7) (0.859 g, 3.00 mmol) and Fmoc-L-Lys(Boc)-
III II N Fmoc 

NHH 9 OH (2.811 g, 6.00 mmol) were dissolved in dry, ethanol-free CH2C12 (30 ml), 

^Y" **  ° ' N H N ^ c T ^ followed by addition of DiPEA (1.551 g, 2.09 mL, 12.00 mmol) and CIP 

^ - ^^ (1.671 g, 6.00 mmol). The reaction mixture was stirred at RT for 16 h. under 

N22 atmosphere, diluted with CH,C12 (70 mL), extracted with 5% KHS04 (2 x 75 mL), sat. NaHC03 (2 x 75 mL) 

andd sat. NaCl (75 mL), dried (Na2S04), and evaporated. Flash chromatography of the residue (CH2C12 + 2.5% 

MeOH)) partially resulted in premature Fmoc-deprotection, to some extent followed by cyclization. The crude 

productt mixture (2.352 g), within capability purified from (excess) reagents, was used in the following reaction. 

o o 

[4-(6-Isobutyl-l,4-dioxo-l,2,3,4,6,7,12,12a-octahydro-pyrazino[l',2':l,6]pyrido[3,4-é]indol-3-yl)-butyl]--

OO carbamic acid rert-butyl ester (14a,15a). The partly deprotected mixture of 

^NHH o | (12a) and (13a) (2.352 g) was dissolved in THF (50 mL), and piperidine 

(2.55 mL) was added. The mixture was stirred at RT for 16 h, evaporated, 

coevaporatedd with THF (3 x 10 mL), dissolved in a minimal amount of 

THF,, and triturated with PE while stirring. The oily material was separated 

fromm the solvent and subjected to flash chromatography (CH2CI2 + 7.5% MeOH) to yield 0.747 g (1.55 mmol, 

52%% over 2 steps) of a light-yellow glass containing the (3fl,65,125) diastereoisomer (14a) and the (3R,6R,\2S) 

diastereoisomerr (15a) in a 7:1 ratio (HPLC). R^CHX l, + 7.5% MeOH) 0.25. 

(14a,, major isomer from the mixture): 'H-NMR (400 MHz, CDCI,, distinguishable signals only), 8 [ppm]: 7.99 

(brr s, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 6.88 (br s, 1H), 5.92 (dd, J = 9.8 Hz, J = 4.3 Hz, 

lH) ,4.44(dd,, / = 11.8 Hz. y = 4.3 Hz, 1H), 4.13-4.11 (m, 1H), 3.46 (dd, J = 15.4 Hz, J = 4.3 Hz, IH), 2.92 (m, 

1H),, 1.42 (s, 9H), 1.10 (d, J = 6.3 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H). 
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(15a,, minor isomer from the mixture): 'H-NMR (400 MHz, CDC13, distinguishable signals only), 8 [ppm]: 8.15 
(brr s, 1H), 7.58 (d, J = 7.3 Hz, 1H), 7.38 (d, J = 7.5 Hz, 1H), 6.77 (br s, 1H), 5.98 (dd, 1H), 1.46 (s, 9H), 1.04 (d, 
JJ = 6.6 Hz, 1H), 0.82 (d, J = 6.4 Hz, 1H). 

2-[4-<ert-Butoxycarbonyl-2-(9flr-fluoren-9-)'lmethoxycarbonylamino)-butyryl]-l-isobutyl-2r3,4,9--
tetrahydro-l//-p-carboline-3-carboxylicc acid methyl ester (8b,9b). The cis 

tetrahydro-P-carbolinee (6) (0.859 g, 3.00 mmol) and Fmoc-L-Glu(OBut)-OH 
(2.5533 g, 6.00 mmol) were dissolved in dry, ethanol-free CH2C12 (30 ml), 
followedd by addition of DiPEA (1.551 g, 2.09 mL, 12.00 mmol) and CIP (1.671 
g,, 6.00 mmol). The reaction mixture was stirred at RT for 16 h. under N2 

atmosphere,, diluted with CH2C12 (70 mL), extracted with 5% KHS04 (2 x 75 
mL),, sat. NaHCOj (2 x 75 mL) and sat. NaCI (75 mL), dried (Na2S04), and evaporated. Restarting material (6) 
(CH,C122 + 2.5% MeOH) 0.35, Rf products (8b,9b) (CH,C12 + 2.5% MeOH) 0.55-0.63. Hash chromatography of 
thee residue (CH2CI2 + 2% MeOH) partially resulted in premature Fmoc-deprotection, to some extent followed by 
cyclization.. The crude product mixture (1.680 g), within capability purified from (excess) reagents, was used in 
thee following reaction. 

3-(6-Isobutyl-l,4-dioxo-l,2,3,4,6,7,12,12a-octahydro-pyrazino[l',2':l,6]pyrido[3,4-i]indol-3-yl)-propionic c 
acidd tert-butyl ester (10b,Hb). The partly deprotected mixture of (8b) and (9b) 
(1.6800 g) was dissolved in THF (50 mL), and piperidine (2.5 mL) was added. 
Thee mixture was stirred at RT for 16 h, evaporated, coevaporated with THF (3 x 
100 mL), dissolved in a minimal amount of THF, and triturated with PE while 
stirring.. The solid material was filtered off, washed with PE, and subjected to 

flashh chromatography (MTBE) to yield 0.703 g (1.60 mmol, 53% over 2 steps) of an off-white solid containing 
thee (10b) and (lib) diastereoisomers in a 5:1 ratio (HPLC). Rf (MTBE) 0.28. Purification by preparative HPLC 
(CH3CN/H200 30:70 -»70:30 + 0.1% TFA) yielded the (35,65,125) compound (10b, Kol34) and the (35,6fl,125) 
compoundd (lib). 
(10b,, KoI34): 'H-NMR (400 MHz, CDC1,), 8 [ppm]: 8.18 (br s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.38 (d, J = 7.8 
Hz,, 1H), 7.22-7.14 (m, 2H), 6.97 (br s, 1H), 5.51 (dd, J = 9.2 Hz, J = 4.2 Hz, 1H), 4.05-4.00 (m, 2H), 3.58 (dd, J 
== 15.8 Hz, J = 4.9 Hz, 1H), 3.06 (dd, J = 15.7 Hz, J = 11.7 Hz, 1H), 2.51 (t, J = 6.7 Hz, 2H), 2.42-2.34 (m, 1H), 
2.27-2.188 (m, 1H), 1.80-1.73 (m, 1H), 1.63-1.51 (m, 2H), 1.47 (s,9H), 1.06 (d, 7 = 6.5 Hz, 3H), 0.83 (d, J = 6.4 
Hz,, 3H). HR-MS (FAB): observed mass 440.2551; calculated mass for CBHJJNJO., (M+H) 440.2549. 
(lib):: 'H-NMR (400 MHz, CDC13), 8 [ppm]: 8.08 (br s, 1H), 7.58 (d, J = 7.5 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 
7.23-7.144 (m, 2H), 6.64 (br s, 1H), 5.42 (dd, J = 9.5 Hz, J = 3.8 Hz, 1H), 4.12-4.07 (m, 2H), 3.64 (dd, J = 15.7 
Hz,, J = 4.5 Hz, 1H), 3.06 (dd, J = 15.6 Hz, J = 11.7 Hz, 1H), 2.40 (t, J = 7.2 Hz, 2H), 2.16-2.07 (m, 1H), 2.03-
1.944 (m, 1H), 1.90-1.83 (m, 1H), 1.58-1.53 (m, 2H), 1.43 (s, 9H), 1.08 (d, J = 6.4 Hz, 3H), 0.82 (d, J = 6.3 Hz, 
3H). . 

2-[4-rert-Butoxycarbonyl-2-(9H-fluoren-9-ylmethoxycarbonylamino)-butyryI]-l-isobutyl-2,3,4,9--
tetrahydro-lH-P-carboline-3-carboxylicc acid methyl ester (12b,13b). The 
transtrans tetrahydro-p-carboline (7) (0.859 g, 3.00 mmol) and Fmoc-L-Glu(OBut)-
OHH (2.553 g, 6.00 mmol) were dissolved in dry, ethanol-free CH2C12 (30 ml), 
followedd by addition of DiPEA (1.551 g, 2.09 mL, 12.00 mmol) and CIP (1.671 
g,, 6.00 mmol). The reaction mixture was stirred at RT for 16 h. under N2 

atmosphere,, diluted with CH,CI2 (70 mL), extracted with 5% KHS04 (2 x 75 
mL),, sat. NaHC03 (2 x 75 mL) and sat. NaCI (75 mL), dried (Na,S04), and evaporated. R; starting material (7) 
(CH,C1,, + 2.5% MeOH) 0.37, R, products (12b,13b) (CH,CI2 + 2.5% MeOH) 0.66-0.71.Flash chromatography 
off  the residue (CH2C1, + 2% MeOH) partially resulted in premature Fmoc-deprotection, to some extent followed 
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byy cyclization. The crude product mixture (1.487 g), within capability purified from (excess) reagents, was used 
inn the following reaction. 

3-(6-Isobutyl-l,4-dioxo-l,2,3,4,6,7,12,12a-octahydro-pyrazino[r,2':l,6]pyrido[3,4-ê]indol-3-yl)-propionic c 
acidd lert-butyl ester (14b,15b). The partly deprotected mixture of (12b) and 
(13b)) (1.487 g) was dissolved in THF (50 mL), and piperidine (2.5 mL) was 
added.. The mixture was stirred at RT for 16 h, evaporated, coevaporated with 
THFF (3 x 10 mL), dissolved in a minimal amount of THF, and triturated with PE 
whilee stirring. The solid material was filtered off, washed with PE, and subjected 

too flash chromatography (MTBE) to yield 0.569 g (1.29 mmol, 43% over 2 steps) of an off-white solid 
containingg (3fl,65,125) diastereoisomer (14b) and the (3/?,6tf,125) diastereoisomer (15b) in a 7:1 ratio (HPLC). 
R,R, (MTBE) 0.33. 
(14b,, major isomer from the mixture): 'H-NMR (400 MHz, CDC13, distinguishable signals only), 8 [ppm]: 8.12 
(brr s, 1H), 7.47 (d, J = 7.7 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 5.93 (dd, J = 9.7 Hz, J = 4.3 Hz, 1H), 4.42 (dd, J = 
11.99 Hz, J = 4.3 Hz, 1H), 4.24-4.20 (m, 1H), 3.48 (dd, J = 15.4 Hz, J = 4.3 Hz, 1H), 3.06 (dd, J = 14.6 Hz, J = 
12.00 Hz, 1H), 2.43-2.39 (m, 2H), 1.43 (s, 9H), 1.09 (d, J = 6.2 Hz, 3H), 0.99 (d, J = 6.4 Hz, 3H). 
(15b,, minor isomer from the mixture): 'H-NMR (400 MHz, CDC1,, distinguishable signals only), 8 [ppm]: 8.46 
(brs,, 1H), 7.58 (d, J = 7.2 Hz, 1H), 7.38 (d,7 = 7.3 Hz, 1H), 5.51 (dd, 1H), 3.53 (dd, 1H), 3.05 (dd, 1H), 2.53-
2.511 (m, 2H), 1.47 (s, 9H), 0.97 (d, J = 6.4 Hz, 3H), 0.78 (d, J = 6.5 Hz, 3H). 

l-Pentyl-2,3,4,9-tetrahydro-lff-p-carboHne-3-carboxylicc acid methyl ester (16). L-Tryptophan methyl ester 
(5)) (5.00 g, 22.91 mmol) was dissolved in CH2CI2 (100 mL), hexanal (4.589 g, 5.50 ml, 

ss 45.82 mmol) was added, and the solution was cooled in an ice/salt bath. Subsequently, 
TFAA (5.00 mL) was added, and the cooled reaction mixture was stirred for 2 h. under N2 

atmosphere.. The reaction mixture was diluted with CH,C12 (100 mL), extracted with sat. 
NaHCO,, (3 x 100 mL) and sat. NaCl (100 mL), dried (Na2S04), and evaporated. HPLC 

analysiss (CH,CN/H20 5:95 -» 95:5 + 0.04% HC02H) showed a cisltrans ratio of 4:1. The residue was 
crystallizedd from PE/EA to afford the pure cis diastereoisomer (16) (3.28 g, 10.92 mmol, 48% after single 
crystallization)) as a yellowish solid, whereas the mother liquor contained a mixture of the cis (16) and trans (17) 
diastereoisomers. . 

(16):: 'H-NMR (400 MHz, CDC1,), 8 [ppm]: 7.79 (br s, 1H), 7.48 (d, J = 7.6 Hz, 1H), 7.32 (d, J = 7.9 Hz, 1H), 
7.18-7.099 (m, 2H), 4.21-4.19 (m, 1H), 3.83 (s, 3H), 3.81-3.78 (m, 1H), 3.13 (ddd, J = 15.1 Hz. J = 4.2 Hz, J = 
1.88 Hz, 1H), 2.82 (ddd, J= 14.9 Hz, J = 11.2 Hz, / = 2.4 Hz, 1H), 2.05 (br s, 1H), 1.99-1.90 (m, 1H), 1.76-1.66 
(m,, 1H), 1.54-1.48 (m,2H), 1.38-1.32 (m,4H), 0.91 ( t , /= 6.8 Hz, 3H). 

VV HfAo-"^ 

2-(2-Benzyloxycarbonylamino-6-/ert-butoxycarbonylamino-hexanoyI)-l-pentyl-2,3,4,9-tetrahydro-lff--
P-carboline-3-carboxyIicc acid methyl ester (18a). The cis tetrahydro-|3-
carbolinee (16) (1.974 g, 6.57 mmol) and Cbz-L-Lys(Boc)-OH (5.000 g, 13.14 
mmol)) were dissolved in dry, ethanol-free CH2C12 (100 ml), followed by 
additionn of DiPEA (3.397 g, 4.58 mL, 26.28 mmol) and CIP (3.660 g, 13.14 
mmol).. The reaction mixture was stirred at RT for 16 h. under N2 atmosphere, 

dilutedd with CH,CI2 (100 mL), extracted with 5% KHS04 (2 x 100 mL), sat. NaHCOj (2 x 100 mL) and sat. 
NaCll  (100 mL), dried (Na,S04), and evaporated. Flash chromatography of the residue (CH.Cl, + 2.5% MeOH) 
yieldedd the pure (35,65,125) diastereoisomer (18a) (1.730 g, 2.61 mmol, 40% after single column) and the 
remainderr of (18a) and (19a) as a mixture. (18a): 'H-NMR (400 MHz, CDC1,; distinguishable signals from 
rotamericc mixture only), 8 [ppm]: 8.10 & 7.89 (br s, 1H), 7.51 (d, J = 1.1 Hz, 1H), 7.44-7.10 (m, 8H), 5.81 (d, J 
== 7.9 Hz, 1H), 5.13 & 5.10 (s,2H), 3.73 & 3.64 (s,3H), 1.43& 1.40(s,9H). 
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[4-(l,4-Dioxo-6-pentyl-l,2,3>4,6,7,12,12a-octahydro-pyrazino[l',2':l,6]pyrido[3,4-ft]indol-3-),l)-butyl]--
carbamicc acid ferf-butyl ester (20a). The (35,65,125) compound (18a) 
(1.7300 g, 2.61 mmol) was dissolved in EtOH (40 ml), and 0.173 g 10% Pd/C 
wass added. The mixture was placed under H2 atmosphere using a balloon 
filledfilled with hydrogen gas, stirred vigorously for 2 h. at RT, and filtered over 
Hyflo.. After extensive washing of the Hyflo with EtOH, the filtrate was 

evaporatedd to give 1.182 g (2.38 mmol, 91%) of (20a). Samples used for biological studies were purified by 
semi-preparativee HPLC (CH,CN/H20 50:50 -> 95:5 + 0.04 % HCO,H). 

(20a,, KoI25): 'H-NMR (400 MHz, CDC1,), 8 [ppm]: 8.07 (br s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.38 (d, J = 7.8 
Hz,, 1H), 7.22-7.14 (m, 2H), 6.53 (br s, 1H), 5.41 (t-like, 1H), 4.68 (br s, 1H), 4.08 (dd, J = 11.5 Hz, J = 4.6 Hz, 
1H),, 3.96 (br s, 1H), 3.57 (dd, J = 15.8 Hz, J = 4.8 Hz, 1H), 3.18 (br s, 2H), 3.04 (dd, J = 15.7 Hz, J = 11.7 Hz, 
1H),, 2.14-2.10 (m, 1H), 2.03-1.94 (m, 1H), 1.85-1.82 (m, 2H), 1.63-1.38 (m, 4H), 1.47 (s, 9H), 1.25-1.09 (m, 
6H),, 0.81 (t, J = 6.5 Hz, 3H). HR-MS (FAB): observed mass 497.3133; calculated mass for C28H4IN404 (M+H) 
497.3128. . 

2-(2-Benzyloxycarbonylamino-4-rert-butoxycarbonyl-butyryl)-l-pentyl-2,3,4,9-tetrahydro-lH-P-carboline--
3-carboxylicc acid methyl ester (18b). The cis tetrahydro-P-carboline (16) (2.088 
g,, 6.95 mmol) and Cbz-L-Glu(OBut)-OH (4.690 g, 13.90 mmol) were dissolved in 
dry,, ethanol-free CH,C12 (100 ml), followed by addition of DiPEA (3.593 g, 4.84 
mL,, 27.80 mmol) and CIP (3.872 g, 13.90 mmol). The reaction mixture was 
stirredd at RT for 16 h. under N2 atmosphere, diluted with CH,C12 (100 mL), 
extractedd with 5% KHS04 (2 x 100 mL), sat. NaHCO, (2 x 100 mL) and sat. NaCl 

(1000 mL), dried (Na,S04), and evaporated. Flash chromatography of the residue (CH2C12 + 2.5% MeOH) yielded 
thee pure (35,65,125) diastereoisomer (18b) (1.590 g, 2.566 mmol, 37% after single column) and the remainder of 
(18b)) and (19b) as a mixture. 
(18b):: 'H-NMR (400 MHz, CDC13; distinguishable signals from rotameric mixture only), 8 [ppm]: 7.84 & 7.70, 
brr s, 1H: indole NH), 7.46 (d, J = 7.7 Hz, 1H: indole Ar.), 7.31-7.00 (m, 8H: 3 x indole Ar. + 5 x Cbz Ar.), 5.47-
5.444 & 5.38-5.35 (m, 2H: benzylic CH2), 3.65 & 3.57 (s, 3H: -C02Me), 1.40 & 1.37 (s, 9H, -CO,rBu). 

3-(l,4-Dioxo-6-pentyl-l,2,3,4,6,7,12,12a-octahydro-pyrazino[r,2':l,6]pyrido[3,4-6]indol-3-yl)-propionic c 
acidd tert-butyl ester (20b). The (35,65,125) compound (18b) (1.590 g, 2.566 
mmol)) was dissolved in EtOH (40 ml), and 0.159 g 10% Pd/C was added. The 
mixturee was placed under H2 atmosphere using a balloon filled with hydrogen 
gas,, stirred vigorously for 2 h. at RT, and filtered over Hyflo. After extensive 
washingg of the Hyflo with EtOH, the filtrate was evaporated to give 1.036 g 

(2.2844 mmol, 89%) of (20b). Samples used for biological studies were purified by semi-preparative HPLC 
(CH3CN/H200 50:50 -> 95:5 + 0.04 % HC02H). 
(20b,, Kol27): 'H-NMR (400 MHz, CDC1,), 8 [ppm]: 8.08 (br s, 1H), 7.57 (d, J = 7.6 Hz, 1H), 7.38 (d, J = 7.8 
Hz,, 1H), 7.23-7.14 (m, 2H), 6.78 (br s, 1H), 5.42 (t-like, 1H), 4.09-4.03 (m, 2H), 3.58 (dd, J = 15.8 Hz, J = 4.8 
Hz,, 1H), 3.04(dd,7= 15.7Hz,/= U.6Hz, 1H), 2.49 (t, / = 6.6 Hz, 2H), 2.42-2.34 (m, 1H), 2.29-1.22 (m, 1H), 
1.87-1.833 (m, 2H), 1.47 (s, 9H), 1.33-1.15 (m, 6H), 0.81 (t, J = 6.5 Hz, 3H). HR-MS (FAB): observed mass 
454.2688;; calculated mass for C2fiH,6N,04 (M+H) 454.2706. 
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6.8.22 Biological screening 

Thee biological experiments described below were performed by Dr. John D. Allen from the Division of 
Experimentall Therapy at The Netherlands Cancer Institute, with exception of the NCI in vitro anticancer 
screening,, which was performed at The National Cancer Institute, National Institutes of Health (Bethesda, 
Maryland,, USA). 

Celll Lines. 
Adherent,, spontaneously immortalized embryo (MEF3.8) fibroblast cell lines were derived by 3T3-

likee procedures'531 from MdrlaA/Mrpl'1' mice, obtained by crossing Mdrlal'Mdrlb' l'ii* x and MrplH,il knockout 
mice.. Cells were grown in complete medium, i.e., DMEM supplemented with 10% FCS, and passaged by 
trypsinization.. Drug-resistant sublines, such as T6400, were selected by continuous exposure to topotecan, with 
repeatedd two-fold increments in drug concentration over a period of 4-8 months, corresponding to 20-40 
passages. . 

Thee topotecan-resistant T8 cell line was developed from the IGROV1 human ovarian carcinoma cell 
line.15*11 Cell lines were cultured in RPMI 1640 supplemented with 25 mM HEPES. 10% BCS. 110 IU/ml 
penicillin,, and 100 ng/ml streptomycin at 37°C in a humidified atmosphere with 5% C02. The T8 cell line was 
developedd by continuous exposure to stepwise increased topotecan concentrations, ranging from 24 to 240 nM. 
Afterr treatment at this concentration, one colony was picked. These cells were further exposed to stepwise 
increasedd concentrations of topotecan, up to 9S0 nM. From this time point on, the cells were exposed to this 
concentrationn of drug weekly for 1 h. Under these conditions, resistance in the T8 remained unchanged for at 
leastt 25 weeks. 

Drugs. . 
Formulationss of mitoxantrone were obtained from local pharmaceutical suppliers. The topotecan 

formulationn was from SmithKline Beecham (Brentford, Middlesex, England). GF120918 was provided by 
Glaxo-Wellcomee (Research Triangle, NC), and PSC833 was provided by Sandoz/Novartis (Hanover, NJ). 
Dilutionss for library screening were prepared from 96-well plates containing -30 mM (indolyl diketopiperazine 
library)) or -50 mM (indolyl hydantoin library) concentrations of the compound mixtures in DMSO. Dilutions of 
singlee FTC analogs were prepared from DMSO stock solutions. DMSO solutions were stored frozen, and were 
defrostedd and warmed to room temperature before use while protecting them from moist air. 

Mitoxantronee Accumulation and Efflux Assays. 
Alll  of the assays were conducted at 37°C with 105 (subconfluent) cells per well in 12-well plates, 

seededd in complete medium without drug the night before. Assays are performed by incubating the cells under 
normall  conditions in fresh, prewarmed, complete medium (DMEM) containing 5% FCS (Life Technologies, 
Breda,, The Netherlands) and a high dose of mitoxantrone (generally 10 u.M), in the presence of candidate 
inhibitors.. The incubation time (typically 60 minutes) is too short for the cells to be noticeably affected by 
mitoxantronee toxicity. Assays with human IGROV 1 and T8 cell lines were performed in the presence of 0.1 uM 
PSC8333 to inhibit confounding P-gp activity; cells were preincubated with PSC833 for 30-60 min before adding 
mitoxantrone.. Accumulation or efflux was arrested by prompt cooling on ice, and the cells were maintained at 
0°CC during all of the subsequent steps, including trypsinizing. This reduces active and passive transport of most 
substratess across the plasma membrane to a minimum. The medium and drug were removed by aspiration, the 
wellss were washed quickly with ice-cold phosphate-buffered saline (PBS) lacking Ca2*  and Mg2*,'57' and the cells 
weree removed from the plates with t^psm-EDTA."*' Relative cellular accumulation of mitoxantrone was 
determinedd by flow cytometry using excitation at 633 nm and a 661 nm band-pass filter to detect emission. Each 
assayss was performed with triplicate wells. 
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Cytotoxicityy assays. 
Growthh inhibition (IC50) assays were performed by seeding 250 or 500 cells per well in 96-well 

platess in complete medium the night before, and applying drugs in a dilution series of 2-fold concentration steps, 
withh each concentration in quadruplicate wells. After 4-4.5 days, when unselected wells were still subconfluent, 
cellss were lysed in situ, nucleic acids were stained with a proprietary dye (CyQuant™, Molecular Probes, 
Eugene,, OR), and quantified by fluorescence (485 nm excitation, 530 nm emission). 

Inhibitorr potency assays. 
Ass an index of the potency of BCRP inhibitors, the EC90 was defined as the effective concentration of inhibitor 
thatt reduces drug resistance (i.e. the IC50) by 90%. EC90 values were thus determined by modified cytotoxicity 
assayss in which a concentration series of inhibitor was applied in the presence of the cytotoxic drug at 10% of its 
IC500 concentration, where the IC50 had been determined immediately beforehand. The concentration of 
inhibitorr that results in a 50% reduction in celt growth under these conditions has thus reduced the IC50 by 90%. 
Inn the absence of cytotoxic drug, the maximum applied concentration of inhibitor did not itself affect the growth 
off the cells. 

NCII in vitro anticancer screening."*1 

Inn the in vitro anticancer screening experiments performed at the NCI,'*'1 cytotoxicity of the FTC 
analogss was assessed using the sulforhodamine B assay.1"" The operation of this screen utilizes 60 different 
humann tumor cell lines, representing leukemia, melanoma and cancers of the lung, colon, brain, ovary, breast, 
prostate,, and kidney. The human tumor cell lines of the cancer screening panel are grown in RPMI 1640 medium 
containingg 5% fetal bovine serum and 2 mM L-glutamine. For a typical screening experiment, cells are 
inoculatedd into 96 well microliter plates in 100 fj.1 at plating densities ranging from 5,000 to 40,000 cells/well 
dependingg on the doubling time of individual cell lines. After cell inoculation, the microtiter plates are incubated 
att 37°C, 5 % C02.95 % air and 100 % relative humidity for 24 h prior to addition of experimental drugs. 

Afterr 24 h, two plates of each cell line are fixed in situ with TCA, to represent a measurement of the 
celll population for each cell line at the time of drug addition (Tz). Experimental drugs are solubilized in 
dimethyll sulfoxide at 400-fold the desired final maximum test concentration and stored frozen prior to use. At 
thee time of drug addition, an aliquot of frozen concentrate is thawed and diluted to twice the desired final 
maximumm test concentration with complete medium containing 50 Hg/ml gentamicin. Additional four, 10-fold or 
1/22 log serial dilutions are made to provide a total of five drug concentrations plus control. Aliquots of 100 ui of 
thesee different drug dilutions are added to the appropriate microtiter wells already containing 100 u.1 of medium, 
resultingg in the required final drug concentrations. 

Followingg drug addition, the plates are incubated for an additional 48 h at 37°C, 5 % CO,, 95 % air, 
andd 100 % relative humidity. For adherent cells, the assay is terminated by the addition of cold TCA. Cells are 
fixedfixed in situ by the gentle addition of 50 fil of cold 50 % (w/v) TCA (final concentration, 10 % TCA) and 
incubatedd for 60 minutes at 4°C. The supernatant is discarded, and the plates are washed five times with tap 
waterr and air dried. Sulforhodamine B (SRB) solution (100 u.1) at 0.4 % (w/v) in 1 % acetic acid is added to each 
well,, and plates are incubated for 10 minutes at room temperature. After staining, unbound dye is removed by 
washingg five times with 1 % acetic acid and the plates are air dried. Bound stain is subsequently solubilized with 
100 mM trizma base, and the absorbance is read on an automated plate reader at a wavelength of 515 nm. For 
suspensionn cells, the methodology is the same except that the assay is terminated by fixing settled cells at the 
bottomm of the wells by gently adding 50 ui of 80 % TCA (final concentration, 16 % TCA). Using the seven 
absorbancee measurements [time zero, (Tz), control growth, (C), and test growth in the presence of drug at the 
fivefive concentration levels (Ti)], the percentage growth is calculated at each of the drug concentrations levels. 
Percentagee growth inhibition is calculated as: 
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[(Ti-Tz)/(C-Tz)]] x 100 for concentrations for which Ti>/=Tz 

[<Ti-Tz)/Tz]] x 100 for concentrations for which Ti<Tz. 

Threee dose response parameters are calculated for each experimental agent. Growth inhibition of 50 % (GI50) is 
calculatedd from [(Ti-Tz)/(C-Tz)] x 100 = 50, which is the drug concentration resulting in a 50% reduction in the 
nett protein increase (as measured by SRB staining) in control cells during the drug incubation. The drug 
concentrationn resulting in total growth inhibition (TGI) is calculated from Ti = Tz. The LC50 (concentration of 
drugg resulting in a 50% reduction in the measured protein at the end of the drug treatment as compared to that at 
thee beginning) indicating a net loss of cells following treatment is calculated from [(Ti-Tz)ZTz] x 100 s -50. 
Valuess are calculated for each of these three parameters if the level of activity is reached; however, if the effect 
iss not reached or is exceeded, the value for that parameter is expressed as greater or less than the maximum or 
minimumm concentration tested. 
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