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N*-Boc-L- Asp(OBn) L-Lys(Z)-OtBu (reversin 121, 1), an inhibitor of the P-gp ABC transporter, was
used to conceive compounds inhibiting the drug efflux occurring through the Hoechst 33342 and
daunorubicin transport sites of P-gp, respectively H and R sites. Replacement of the aspartyl residue by
trans-4-hydroxy-L-proline (4(R)Hyp) gave compounds 11 and 15 characterized by half-maximal
inhibitory concentrations (ICsy) of 0.6 and 0.2 uM, which are 2- and 7-fold lower than that of the
parent molecule. The difference in ICsy between 11 and 15 rests on the carbonyl group of the peptidyl
bond, reduced in 15. Those compounds are rather specific of P-gp, having no or limited activity on
MRPI1 and BCRP. 15 displayed no marked cytotoxicity up to 10-fold its ICsy. Importantly, 15 equally
inhibited the Hoechst 33342 and daunorubicin effluxes through a typical noncompetitive inhibition
mechanism, suggesting its binding to a site different from the H and R drug-transport sites.

Introduction

ABC? (ATP-binding cassette) transporters constitute a key
family' in the field of public health. Proteins of this family are
involved in several genetic diseases” and are responsible for the
cellular multidrug resistance phenotype encountered during
chemotherapeutic treatments against cancer and viral diseases. >
In such a context, they represent a serious threat, since cancer cells
overexpress them to reduce drug concentration below its
cytotoxic threshold. Three ABC transporters are mainly res-
ponsible for this phenomenon: P-glycoprotein (P-gp/ABCB1),
which was the first identified protein involved in drug resis-
tance® and remains the major agent involved in this phenome-
non; the multidrug resistance protein (MRP1/ABCCI), in-
volved in cells where P-gp is not overexpressed;’ the breast
cancer resistance protein (BCRP/ABCG?2).%? Drug resistance
driven by these membrane proteins is emphasized first by their
intrinsic polyspecificity, with these pumps transporting a wide
spectrum of molecules, and second by common structural
characteristics of their drug-binding sites.

Four sites have been described for the binding of drugs
and modulators within P-gp'®!" (see also the recent review of
Colabufo and colleagues'). This suggests a large binding
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pocket, as early modeled in silico by Garrigos and Orlowski,
and recently experimentally observed by Chang and collea-
gues by resolving the 3D structure of the mouse P-gp homo-
logue'* which displays a volume of 6000 Al Among these
sites, two drug-binding regions have been functionally identi-
fied: one site called “R” from its capacity to bind rhodamine
123 and anthracyclines, such as doxorubicin or daunorubicin,
and a second one called “H”, which binds Hoechst 33342,
colchicine, and quercetin.'> Shapiro and Ling observed that
these drug-binding sites are distinct and are characterized by a
positive cooperativity, although they can partially overlap, since
rhodamine 123 above 2 uM quantitatively reduces Hoechst
33342 binding."

Numerous multidrug-resistance reversing agents have been
described since the discovery of verapamil.'®!” Among them,
peptides are quite scarce. Valspodar/SDZ-PSC-833, a cyclos-
porin A derivative, is the best representative of compounds
that have ultimately reached phase III clinical trials but were
stopped because of pharmacokinetic interactions with antic-
ancer drugs and/or lack of specificity.'® Two hexacyclic pep-
tides, QZ59-SSS and QZ59-RRR, were recently cocrystallized
with the mouse P-gp.'* Besides these relatively large mole-
cules, a series of short peptide P-gp inhibitors called reversins
was first described by Seprodi and colleagues.'”? They
consist of di- and tripeptide derivatives sharing common phy-
sicochemical and structural features, such as bulky aromatic
and/or alkyl groups. Among them, 1 (reversin 121) is an
aspartyllysine (Asp-Lys) dipeptide derivative displaying good
affinity and specificity for P-gp.*'

The present work describes a novel class of P-gp ligands, of
which the most potent, 15, behaves as a noncompetitive
inhibitor for both the R and H drug-transport sites of P-gp,
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Table 1. First Series of Reversin Derivatives and P-Gp Modulation Activity
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R4
Boc /'\ X Y- COOR3
H R>
NIH3T3 transfected cells K562/R7
% inh eff” % inh eff” 1Cso, resistant cells
compd R, X Y R, R; (10 uM) 2 uM) uM % inh eff” (10 uM)

1 -CH,COOBn C=0 NH (S)-(CH,)4-NHZ  'Bu 758 £ 1.6 1.41 £0.34 88.0 £ 0.6
30 -CH,COOBn C=0 CH, (S)-(CH»)4-NHZ Bn 357+ 153
17 -CH,COOBn 1(CO-CH,)-Gly (S)-(CH,)4-NHZ  'Bu 67.7+7.0
2 -(CH,),COOBn C=0 NH (S)-(CH,)-NHZ  'Bu 63.7+54
3 «(CH,),COO'Bu  C=0 NH (S)-(CH:)4-NHZ 'Bu 3724 13.7
7 -(CH,);COOBn C=0 NH (S)-(CH,)4-NHZ 'Bu 97.8 £4.0 37.0+£9.0 655+ 1.3
4 -(CH,),0COBn C=0 NH (S)-(CH,)4-NHZ  'Bu 59.6 + 14.7
5 -(CH,),0COcHex C=0 NH (S)-(CH,)-NHZ 'Bu 61.8+32
8 -(CH,);0COcHex C=0 NH (S)-(CH,)-NHZ  'Bu 823+ 1.9 357+ 152 80.4 +4.5
6 -(CH),0Bn Cc=0 NH (S)-(CH,),-NHZ ‘Bu 492 +10.2
13 -CH,p-PhO'Bu C=0 NH (S)-(CH,)4-NHZ  'Bu 34 £10.6
16  -CH,p-PhO'Bu CH, NH (S)-(CH,),-NHZ ‘Bu 49.1+£5.8
14 -CH,p-PhO'Bu C=0 NH H ‘Bu 93.4+133 38.0+72
19 -CH,p-PhO'Bu C=0 (RS)CHSO,Ph  H ‘Bu 106.5 + 8.6 1.554+0.86
20 -CH,p-PhO'Bu (RS)CHOH (RS)CHSO,Ph  H ‘Bu 104.4 +10.4
21 -CH,p-PhO'Bu Y(E,CH=CH) H ‘Bu 712+ 1.5
22 -CH,p-PhO'Bu CH, CH, H ‘Bu 78.7 £ 8.3

“The efficacy of inhibition of drug efflux mediated by P-gp (% inh eff) is indicated, estimated as described in the Experimental Section from
NIH3T3 mouse cells expressing specifically P-gp or human K562/R7 drug resistant cell line*> which mainly expresses P-gp, and for selected
compounds the same experiment was carried out with HEK 293 and BHK expressing BCRP and MRP1, respectively. The efficacy of inhibition was
initially measured at 10 uM of each compound and then at 2 uM for those displaying 80% efficacy at 10 uM. The concentration of half maximal
inhibition, I1Csq, was estimated for the most potent compounds as detailed in caption of Figure 1. All data are the mean of duplicate experiments

carried out twice.

which limits the possibility for such an inhibitor to be itself
transported by P-gp or another ABC transporter. We chose
1 as a starting template, modified the aspartic acid side
chain length and ester-protecting group, then replaced the
aspartic acid residue by side chain constrained derivatives,
and finally modified the peptide bond. We also evaluated
the inhibitory effect of tyrosylglycine dipeptide derivatives
closely related to 1, especially concerning the hydrophobic
protecting groups. Once generated, these derivatives were
assayed in vitro, looking for compounds displaying a better
inhibition efficacy than 1 and, among them, selecting those
behaving as noncompetitive inhibitors for the H and R
sites.

Results and Discussion

Chemistry. The products described in this article and
presented in Tables 1—4 were synthesized by standard
procedures.”*** Reference reversins 1 and N*-Boc-L-Glu-
(OBn)-L-Lys(Z)-O'Bu (reversin 1092, 2), as well as other
dipeptide derivatives 3—14, were obtained by the mixed
anhydride method (Tables 1 and 2).** Aminomethylene
derivatives 15 and 16 were synthesized using the classical
reductive amination strategy, starting from chiral pool-
derived aminoaldehydes (Tables 1 and 2).*° Synthesis of
ketomethylene derivative 17, bearing a Gly residue inserted
between Asp and Lys residues, was previously reported, as
well as the synthesis of S-ketosulfone 18,% Tyr-Gly deriva-
tives 19—22,%* and derivatives of (25)-[3-((1S),3-bis-benzy-
loxycarbonylpropylcarbamoyl)propionylamino]pentane-
dioic acid dibenzyl ester (reversin 213, 23) and 24** (Tables 1,
3,and 4). To obtain further information on the peptide bond
effect on the activity of 1, we synthesized its ketomethylene
derivative 30 (Scheme 1) using a strategy developed by

Hoffman and Tao.?® This strategy implies the condensation
of an amino acid derived $-keto enolate with an amino acid
derived 2-triflyloxy ester, giving rise to the corresponding
ketomethylene. It is stressed that triflyloxy ester synthesis
undergoes a configuration inversion. However, for the sake
of economy and development, L-lysine was used instead of its
enantiomer (Scheme 1). The aspartic acid derived fS-keto
ester 25 was obtained in 32% yield by reaction of aspartic
acid imidazolyl ester with the allyl acetate derived enolate
generated by the reaction with LDA and allyl acetate in
THF. Unexpectedly, the allyl ester byproduct 26 was also
recovered in 21% yield. Concerning the synthesis of the
L-lysine-derived 2-triflyloxy ester 29, the Z-protected L-lysine-
derived a-hydroxy acid 27 was obtained in quantitative yield
by treatment of Z-protected L-lysine with sodium nitrite in
50% aqueous acetic acid.”’” We chose a benzyl protection
group for the carboxylic acid of 27, as fert-butyl protection
would imply a lengthy procedure.”® Finally we prepared the
unstable triflyloxy ester 29 in 41% yield, according to the
method of Weber et al.?? Coupling of protected triflyloxy
ester 29 with aspartic acid derived f3-keto ester 25 was carried
out in THF with sodium hydride as base for 3 h at room tem-
perature, and then the crude adduct was treated with Pd(0) to
finally obtain the ketomethylene derivative 30 in 26% overall
yield.*®

Biological Results. The efficacy of the compounds to
prevent the daunorubicin, mitoxantrone, and Hoechst
33342 efflux carried out by P-gp was evaluated by flow
cytometry. The amount of a fluorescent anticancer drug
substrate remaining in the cell was quantified in MDRI1-
transfected NIH3T3/P-gp cell line expressing P-gp, and a
P-gp-positive drug-selected human leukemic K562/R7 resis-
tant cell line. The former cellular model has the advantage to
selectively express P-gp while the latter one is a biological
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Table 2. Second Series of Reversin Derivatives and P-gp Modulation Activity

RO,
H COOBu!
i
Boc H
Nz
NIH3T3 P-gp transfected cells KS562/R7 HEK293 BCRP BHK MRPI1
resistant cells transfected cells transfected cells
compd R, X % inh eff” (10 uM) % inh eff* 2 uM)  ICso, uM % inh eff” (10 uM) % inh eff* (10 uM) % inh eff” (10 uM)

9 COBn C=0 68.2+10.2 88.2 + 5.1 10.0 £ 7.5

15 Bn CH, 106.9 +23.0 0.22 +0.03 77.6 £ 1.5 42.3+0.8 9.0 +3.5

10 COcHex C=0 105.7 £ 13.4 1.68 £0.28 949 +£0.4 11.2+4.6

11 Bn C=0 99.7 £ 11.0 120.5 £ 35.3 0.73 £0.20 83.5+£3.0 16.6 £ 3.4 7.0£2.0

12 CHscHex C=0O 76.6 + 10.1 82.2+10.8 1.13+0.34 798 +1.2 18.8 +10.0

“The efficacy of inhibition of drug efflux mediated by P-gp (% inh eff) is indicated, estimated as described in the Experimental Section from
NIH3T3 mouse cells expressing specifically P-gp or human K562/R7 drug resistant cell line*> which mainly expresses P-gp, and for selected
compounds the same experiment was carried out with HEK 293 and BHK expressing BCRP and MRP1, respectively. The efficacy of inhibition was
initially measured at 10 uM of each compound and then at 2 M for those displaying 80% efficacy at 10 uM. The concentration of half maximal
inhibition, ICs,, was estimated for the most potent compounds as detailed in caption of Figure 1. All data are the mean of duplicate experiments
carried out twice.

Table 3. Third Series of Reversin Derivatives and P-gp Modulation Table 4. Derivative 18 and P-gp Modulation Activity
Activity
Bu'O
COOBn
BnOOC NNN 00BN BooN ™SS
H H O
o)
18
COOR!
NIH3T3 P-gp transfected cells
NIH3T3 P-gp transfected cells compd % inh eff*(10 «M)
compd R, % inh eff*(10 £M) 18 49.1 £ 8.8
23 Bn 26.6 +7.7 “The efficacy of inhibition of drug efflux mediated by P-gp (% inh
24 cHex 203+ 123 eff) is indicated, estimated as described in the Experimental Section

» T : ; from NIH3T3 mouse cells expressing specifically P-gp or human
The efficacy of inhibition of drug efflux mediated by P-gp (% inh K562/R7 drug resistant cell line>> which mainly expresses P-gp, and

eff) is indicated, estimated as described in the Experimental Section for selected compounds the same experiment was carried out with

from NIH3T3 mouse cells ?nggssmg spec_ifically P-gp or human HEK 293 and BHK expressing BCRP and MRPI, respectively. The
K562/R7 drug resistant cell line™ which mainly expresses P-gp, and efficacy of inhibition was initially measured at 10 uM of each

for selected compounds the. same experiment was Carrled_ out with compound and then at 2 uM for those displaying 80% ecfficacy at
HEK 293 and BHK expressing BCRP and MRP1, respectively. The 10 uM. The concentration of half maximal inhibition, ICs,, was
efficacy of inhibition was initially measured at IOO”M of each estimated for the most potent compounds as detailed in caption of
compound and then at 2 uM for those ('hspla.yln.g 80% efficacy at Figure 1. All data are the mean of duplicate experiments carried out
10 uM. The concentration of half maximal inhibition, 1Csy, was twice.

estimated for the most potent compounds as detailed in caption of
Figure 1. All data are the mean of duplicate experiments carried out

twice. of 1.41 uM, a value close to the 88% obtained when using
the drug-resistant cell lines. Few compounds displayed an
model close to an in vivo chemoresistance phenotype. All efficacy below 40%, such as 30, 3, 13 (Table 1), and 23, 24
drugs were assayed at 10 uM in the NIH3T3 cells, and the (Table 3), whereas most of them such as 2, 17, 4, 5, 16, 21, 22
most efficient ones were then tested in K562/R7 cells. (Table 1), 12 (Table 2), and 18 (Table 4) displayed an efficacy
Compounds displaying more than 80% efficacy were as- similar to that of 1. Finally, nine dipeptides were found to be
sayed at 2 uM, and the half-maximal inhibition concentra- more efficient than 1: 7, 8, 14, 19, 20 (Table 1), and most of
tion, ICs(, was determined for the most active ones. A typical the compounds of Table 2 (9, 15, 10, 11). Efficacies obtained
experiment is displayed in Supporting Information Figure SI from drug-selected cells were in the same range (Tables 1 and
1 to detail the experimental procedure. As shown, values 2), showing that those compounds remain efficient in a
obtained with NTH3T3/P-gp cells can be higher than those system closer to a physiopathological context than trans-
obtained with control cells (see panel C, at 0.8 and 1 uM 15), fected cells.
giving a higher level of variability than observed with the Structure—Activity Relationships. Several modifications
K562/R7 resistant cells. Transfected cells were used to had no positive effect or were negative, e.g., replacement of
compare all compounds, as they express a unique transpor- the amide bond by a ketomethylene isostere in 30 or exten-
ter. The reference compound 1 (Table 1), developed by sion of the aspartate side chain in 2 and 7. Extending the
Sarkadi and colleagues,”' displayed 75% inhibition at 10 uM length of the aspartate side chain slightly increased the

in our transfected-cell system, corresponding to an ICsg efficacy of 7, which however remained poorly active at 2 uM.
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Scheme 1. Synthesis of Ketomethylene Isostere 30°
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HaN._ COOH HO._COOR FaC0,S0._COOBn
z i B 1] :
sz Q:z Q:z COOBn
. |:27 R=H 29 | v_BocN COOBn
28 R =Bn (0] H
cooen COOBn COOBn NZ
BocN /(COOH BocN /g( \/= BocN /QNO\/: — %

O O
25

“Reagents and conditions: (i) (a) 50% aqueous acetic a01d7 room temp; (b) NaNO,, H,O, room temp, quant yield; (ii) BnBr, Et;N, acetone, room
temp, 6 h, 40%; (iii) Tf,O, CH,Cl,, 2,6-lutidine, —78 °C, 4 h, to room temp, 41 %; (iv) (a) CDI; (b) CH3CO»allyl, LDA, THF, =78 °C, 2 h, 25 32% and 26
21%; (v) (a) NaH, THF, —20 °C, 20 min, to room temp, 3 h; (b) Pd(OAc),, PPh;, HCOOH, Et;N, THF, room temp, 24 h, 26%.

In a similar manner, derivatives obtained from 2, in which
the protecting group of the Asp carboxyl side chain was
replaced by a fert-butyl in 3 or in which the ester was replaced
by areversed esterin4, 5, and 8 or by a benzyl ether in 6, were
not more efficient than 1.

In another set of modifications, we replaced the aspartyl
residue by a tyrosine. This single replacement reduced the
overall efficacy of resulting reversins 13 and 16 to 34%,
whereas a surprising increase to about 100% was obtained
by additionally replacing the lysine moiety by a (RS)CHSO,-
PhCH, group. In this series, the most efficient derivative, 19,
led to an ICsq of 1.55 uM, similar to that of 1. A deep reduc-
tion in efficacy was also observed for lengthened derivatives
23 and 24 (Table 3).

Conversely, striking effects were also observed by intro-
ducing a higher level of constraint in template 2, e.g.,
replacing the N-terminal Glu residue by 4(R)Hyp residue,
resulting in the products listed in Table 2. Apart from 9,
compounds of that series displayed an inhibition efficacy at
10 uM close to 100%, leading to ICs, values of 1.68, 1.13,
0.73, and 0.22 uM for 10, 12, 11, and 15, respectively. As
shown in Table 2, some of these improvements were due to
the replacement of the ester function of the N-terminal
residue by either a benzyl ether function in 11 and 15 or
cyclohexylmethylene ether in 12. A significant improvement
was obtained by a single reduction of the peptide bond in 15,
compared to 11, allowing it to reach the highest affinity with
an ICso 0f 0.22 uM. This value is nearly 1 order of magnitude
lower than that of template 1 (Figure 1).

A 3D quantitative structure—activity relationships (3D-
QSAR) analysis was then carried out on the reversin deriva-
tives. As detailed in the Experimental Section, models were
first energetically minimized and chains were then drawn in a
linear conformation. Since those molecules have a great
degree of freedom, a linear conformation was chosen for
all of them. They were first aligned on the peptide backbone,
and then alignment of each side chain was manually carried
out by rotating dihedral angles. Each model was then mini-
mized, setting the upper energy threshold to 20 kcal-mol .
The resulting alignment is displayed in Figure 2A. A data-
base was generated from all models and treated by the
CoMSIA method to carry out 3D-QSAR studies (see Ex-
perimental Section for details). Values of inhibition efficacy
measured at 10 uM of each compound from Tables 1—4
were used for calculations with the LOO (leave one out)
cross-validation method. The plot of predicted vs observed
inhibitions values is shown in Figure 2B (close circles), with a

linear correlation coefficient q2 of 0.85, indicating that 3D-
QSAR calculations were robust enough to give an accurate
prediction of the percent inhibition by a candidate molecule.
Isopotential volumes of hydrophobic, electrostatic, and
steric fields were drawn as displayed in Figure 2, panels C
and D. Analysis of the hydrophobic field (panel C) showed
that this character is mainly favored (pink grids) at the
vicinity of the phenyl moiety of the Z protecting group,
associated with a favorable steric hindrance (panel D, yellow
grids). This illustrates the importance of bulky nonpolar
protecting groups in this area. A small unfavorable hydro-
phobic region can be observed close to the Z carbamate
group (panel C, black grids), coupled with a sterically favor-
able region that might be ascribed to HB-acceptor interac-
tions with polar P-gp residues. By contrast, the region en-
compassing the N-terminal Boc carbamate group appears
hydrophobically favorable and sterically unfavorable (pink
and green grids, respectively). The same trend is observed for
the C-terminal tert-butyl region, suggesting that in both
cases the local docking pockets of these groups should be
hydrophobic and of small size. Region (I) is hydrophobically
unfavorable and sterically favorable (black and yellow grids,
respectively), suggesting that it should not contain large
hydrophobic groups, as those introduced in 23 and 24. As
displayed in panel D, an electrostatic field appears unfavor-
able (blue grids) at the vicinity of the backbone NH group
but favorable (red grids) in the background, which could be
ascribed to the positive effects observed with the sulfone-
containing compound 18. Such an electrostatic contribu-
tion, limited to the peptide backbone and associated with
the global hydrophobic character of the inhibitor, suggests
that the corresponding hydrophilic volume could be em-
bedded in a hydrophobic environment and that the inhi-
bitor could bind to a hydrophobic pocket. Region II, at
the level of the benzyl-protecting group (Bn), appears
hydrophobically unfavorable and sterically favorable
(black and yellow grids, respectively), which could illus-
trate the positive impact of ester bridge shift on the inhi-
bition activity.

Specificity, Reversing Efficacy, and Toxicity of Peptides
Derivatives. The compounds listed in Table 2 produced
only low or even no inhibition of BCRP/ABCG2 and
MRPI1/ABCCI when tested at 10 uM on cells expressing
those ABC transporters. They thus appear rather specific
toward P-gp. This is useful for preserving the physiological
activity of ABC transporters not concerned by the drug
resistance.
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We then characterized the inhibition properties of the

most active compound 15. As shown in Figure 3, the specific
expression of P-gp in NIH3T3 cells led to a resistance index
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Figure 1. Reversion of P-gp-mediated mitoxantrone efflux by 1
and 15. The inhibition efficacy of peptide derivatives was assayed by
flow cytometry, quantifying the intracellular amount of mitoxan-
trone as described in the Experimental Section. Values were deter-
mined by using eq 1 and fitted with eq 2, as described in the
Experimental Section. Squares and circles correspond to 1 and 15,
respectively.
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of 8.5 for daunorubicin (circles vs triangles) that remains
limited but significant enough to observe a further sensitiza-
tion effect. Further addition to this drug-resistant cell line of
1 uM 185, corresponding to 5-fold its ICs, restored its initial
sensitivity to the anticancer drug (diamonds), showing the
efficacy of 15 to reverse the drug resistance phenotype. At
this concentration, no marked cytotoxicity was observed as
shown in Figure 4. Indeed, viability of either cell expressing
P-gp (squares) or control ones (circles) was not significantly
altered up to 1 #uM. A much pronounced toxicity was, how-
ever, observed above 2 uM, a concentration that is 10 times
higher than the corresponding ICsy,.

Inhibition Mechanism of 15. As mentioned above, the R
and H drug-transport sites were identified on P-gp, the
former involved in the binding of rhodamine 123 and
anthracyclines such as daunorubicin while the latter binds
Hoechst 33342, colchicine, and quercetin.15 We examined
the behavior of 15 toward these drug-transport sites, moni-
toring with flow cytometry the variation of intracellular
retention of daunorubicin and Hoechst 33342 in cells expres-
sing P-gp. As detailed in the Experimental Section, sub-
strates were used in the range of 0—20 uM for daunoru-
bicin and 0—10 uM for Hoechst 33342. 15 was added at fixed
concentrations of 0.11, 0.22, 0.33, and 1 uM. The resulting
retention rates of substrates are displayed in Figure 5 as a
direct function of substrate concentrations (panels A and C)

® LOO
QO Calibration
° [ J
[ J
° e
[ ) [ J
[ J
0 20 40 60 80 100 120
Observed (efficacy inhibition %)
D

Figure 2. 3D-QSAR of the reversin-derived compounds CT. (A) Superimposed molecules of the series. Molecules were superimposed as
detailed in the text. The regions labeled I and II are detailed in the corresponding paragraph in the Results and Discussion section. (B) Predicted
versus experimental inhibition efficacy values. Calculated values (closed circles) were obtained with the CoMSIA model by the LOO method as
described in the Experimental Section, with a correlation coefficient ¢, of 0.85, a line intercept of 16.29, and a slope of 0.77. Calculated values
(open circles) were obtained with the CoMSIA model without validation method (calibration), as described in the Experimental Section, with a
linear fit correlation coefficient 2 of 0.99, a line intercept of 0.40, and a slope of 0.99. (C, D) Analyses of hydrophobic (C) and electrostatic and
steric (D) clusters. They were carried out as described in the Experimental Section and displayed is the structure of the most efficient compound
15, the remaining derivatives being shown as a ghost. Favorable and unfavorable characters were as follows: pink and black clusters,
respectively, for hydrophobicity, red and blue clusters for the electrostatic field and yellow and green for the steric field.
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Figure 3. P-gp-expressing cells chemosensitization by 15. Chemo-
sensitization was assayed and quantified as described in the Experi-
mental Section, using daunorubicin as anticancer drug at indicated
concentrations and with 15 added at 1 uM. Complete cell survival
(100%) was estimated as the number of cells in absence of anticancer
drug. Squares and circles correspond to control NIH3T3 cells that
do not express P-gp incubated with and without 15, respectively.
Triangles and diamonds correspond to the same conditions with
NIH3T3/P-gp cells.

or in Lineweaver—Burk double reciprocal plots®' (panels B
and D). As shown, the maximal retention rates appeared much
more affected than the corresponding Ky;. Fitting of the Line-
weaver—Burk plots tend to acommon intercept on the negative
x-axis, [drug]~!. Table 5 summarizes the kinetic parameters
deduced from the direct plots by using the Michaelis and
Menten equation. As shown, the Michaelis constant of each
drug did not change while the corresponding maximal reten-
tion rates increased with the inhibitor concentration. All these
data suggest that 15 behaves as a noncompetitive inhibitor
toward both substrates. They allow to estimate Kj values of
about 0.5 and 1.5 uM (Table 5), suggesting existence of a
second, noncompetitive binding site for 15 at high concentra-
tion. Further docking experiments on P-gp will be carried out
based on the mouse P-gp 3D structure' to localize the putative
inhibitor binding sites.

Experimental Section

Chemistry. Solvents and reagents were of reagent grade and
used without further purification. Melting points were taken on
an Electrothermal 9200 apparatus or a Kofler bench and are
uncorrected. Specific rotation [o]p was recorded on Bellingham
+ Stanley Ltd. ADP 220, Jasco P-1010 or Roussel-Jouan 71
polarimeters. IR spectra were determined on Perkin-Elmer
Spectrum One FT-IR or Perkm Elmer 1600 series FT-IR spec-
trometers (KBr film). 'H, ! C and ""F NMR spectra were
measured on Bruker AC 200 ("H 200.11 MHz; '*C 50. 29 MHz),
Bruker ALS 300 ('H 300.17 MHz), Bruker AM 300 ("H 300.17
MHz), or Bruker DRX 300 ('3C 75.44 MHz; '°F 282.23 MHz)
spectrometers (residual protonated solvent signal as internal
reference). Elemental analysis was performed on all tested
compounds by the Service Central d’Analyse, Vernaison,
France, and the results, unless otherwise indicated in the Ex-
perimental Section, are within £0.4% of theoretical values.
Electrospray mass spectra were recorded on a Thermo-Finnigan
LCQ-Advantage in dichloromethane. Column chromatography
was carried out with Merck silica gel 60 (40—63 A) or SDS silica
gel 60 (35—70 A).

(3S)-tert-Butoxycarbonylamino-4-oxohexanedioic Acid 6-Al-
Iyl Ester 1-Benzyl Ester (25). Carbonyldiimidazole (220 mg,
1.312 mmol) was added at room temperature to a stirred
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Figure 4. Cytotoxicity of 15. The compound was added at the
indicated concentrations. Complete cell survival (100%) was esti-
mated as the number of cells in the absence of compound. Squares
and circles correspond to experiments carried out with NIH3T3/P-
gp and NIH3T3 cells, respectively.

solution of N*-Boc-Asp(OBn)-OH (404.5 mg, 1.25 mmol) in
dry THF (6 mL) under argon atmosphere. The resulting solu-
tion was stirred for 1 h at the same temperature and used for the
next step without further purification. Meanwhile, a solution of
lithium enolate of allyl acetate was made by addition of 2.5 M
BulLi solution in hexane (1.75 mL, 4.375 mmol) to a solution of
diisopropylamine (615 uL, 4.375 mmol) in dry THF (6 mL) at
0 °C under argon atmosphere. The solution was stirred for
10 min at 0 °C and then cooled to —78 °C. A solution of allyl
acetate (472 uL, 4.375 mmol) in THF (3 mL) was then added
dropwise, and the resulting solution was stirred for 15 min at
—78 °C. The above imidazole solution was added dropwise to
the pale-yellow solution of lithium enolate at —78 °C under
argon atmosphere. The resulting mixture was stirred for 2 h and
then quenched at —78 °C with 1 M HCI (20 mL) and extracted
with ethyl acetate (3 x 30 mL). The organic extracts were com-
bined, washed with saturated sodium bicarbonate solution (2 x
40 mL) and brine (40 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated to provide the crude product as a
yellow oil which was purified by flash chromatography on silica
gel (petroleum ether/ethyl acetate 8:2) to afford 163 mg of 25
(32% yield) as a beige solid. Mp 48—51 °C. IR (film,cm ™ '): 3371
(vNh), 2978 (ven), 1733 (VC—O) 1456 (vpc=c), 1392 1367 (dcus
t-Bu), 1167 (Vo—c—c asym)- "H NMR (300 MHz, CDCls, 6): 1.38
(s, =C(CH3); Boc, 9H), 2.74 (dd, J = 4.6 and 17.8 Hz, CHp,
1H), 2.98 (dd, J = 4.8 and 17.3 Hz, CHpg, 1H), 3.59 (s, CH2-
COnallyl, 2H), 4.53 (m, CH,, 1H), 4.55(dd, J = 1.8 and 6.7 Hz,
CH,—CH=CH,, 2H), 5.05 (s, CH,Ph, 2H), 5.23 (m, CH=CH,,
2H),5.57(d,J = 9.0 Hz, NH, 1H), 5.83 (m, CH=CH,, 1H), 7.28
(m, ArH, 5H).

(2S5)-tert-Butoxycarbonylaminosuccinic Acid 1-Allyl Ester 4-
Benzyl Ester (26). The product 26 is a byproduct issued from the
synthesis of f-keto allyl ester 25. This product (95 mg, 21%
yield) was isolated by flash chromatography on silica gel
(petroleum ether/ethyl acetate 8:2) as a yellow oil. IR (film,
em™ 13354 (van), 2935 (ven), 1731 (vee o) 1447 (v yc=c), 1391
1366 (Ocusz t-Bu), 1152 (vo—c—c asym)- "H NMR (300 MHz,
CDCl3, 0): 1.46 (s, —C(CHs3); Boc, 9H), 2.89 (dd, J = 4.7 and
17.5 Hz, CHg, 1H), 3.08 (dd, J = 5.0 and 16.7 Hz, CHpg, 1H),
4.60—4.68 (m, CH, and CH,—CH=CH,, 3H), 5.14 (s, CH,Ph,
2H), 5.28 (m, CH=CH,, 2H), 5.50 (d, J/ = 7.9 Hz,NH, 1H), 5.87
(m, CH=CH,, 1H), 7.36 (m, ArH, SH).

6-Benzyloxycarbonylamino-(2.S)-hydroxyhexanoic Acid (27).
Commercial H-Lys(Z)-OH (1.012 g, 3.614 mmol) was dissolved
in 50% aqueous acetic acid (120 mL). A solution of sodium
nitrite (2 g, 29 mmol) in water (20 mL) was then added at 0 °C,
and the reaction mixture was stirred for 40 min at the same
temperature and then quenched with water (140 mL) and
extracted with ethyl acetate (2 x 140 mL). The organic extracts
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Figure 5. Compound 15 is a noncompetitive inhibitor of H and R drug-transport sites. Experiments were carried out as described in the
Experimental Section and in Figure 1, using daunorubicin (A, B) and Hoechst 33342 (C, D) as transported drugs.'® 15 was either omitted (0%
inhibition, circles) or added at 0.11, 0.22, 0.33, and 1 uM corresponding to 25% (bottom-up triangles), 50% (squares), 75% (diamonds), and
100% (bottom-down triangles) inhibition respectively, as deduced from Figure 2. The drug retention rate corresponding to the amount of drug
(expressed as arbitrary units of fluorescence, a.u.) remaining inside 10> cells after 1 h was plotted as a function of drug concentration (A, C) and
fitted with the Michaelis and Menten equation data. Small symbols in panel C correspond to the same series of experiments, carried out with
control NIH3T3 cells. Data are also displayed in Lineweaver—Burk double-reciprocal plots®! (B, D). Experiments were carried out in duplicate

in two independent series.

Table 5. Kinetic Inhibition Parameters of 15¢

[15], /’LM Rinax Kwm, ﬂM K, /,tM

Daunorubicin Substrate

0 547 + 42 16.7 4+ 1.1

0.11 656 + 46 16.7+ 1.2 0.66 & 0.01

0.22 860 + 65 164+ 1.4 0.60 + 0.01

0.33 1230 + 58 159+ 1.7 0.59 £ 0.04

1.0 1808 £+ 77 16.3+1.2 1.43 £ 0.08
Hoechst 33342 Substrate

0 15491 + 562 0.23 £ 0.06

0.11 20485 + 1199 0.24 +£0.12 0.45 £+ 0.04

0.22 26098 + 1278 0.27 £ 0.09 0.54 + 0.06

1.0 38349 + 987 0.25 £ 0.07 1.68 £ 0.08

“Maximal retention rates (Rn.y) and Michaelis constants (Ky;) of
daunorubicin and Hoechst 33342, as well as inhibition constants (Kj),
were estimated from Figure 5, panels A and C, as described in the Experi-
mental Section.

were combined, washed with 0.1 M HCI solution (200 mL),
dried over anhydrous sodium sulfate, filtered, and concentrated
to provide the crude product 27 (1 g, quantitative yield) as a
yellow oil which was dried under vacuum in order to eliminate
the remaining acetic acid and used without further purification.
IR (film, cm™"): 3454 3335 (vai1, Vous and veoon), 2925 (ven),
1683 (vc=0), 1586, 1539, 1456 (v,c=c), 1260 (vc—on). 1127
(Vo—c—C asym)> 1102 (ve—n). '"H NMR (300 MHz, CDCls, 0):
1.40—1.59 (m, CH>,,, CH>s,4H), 1.82 (m, CH»4,2H), 3.22(q, J =
6.4Hz, CH,N, 2H),4.28 (m, CH,, 1H),4.94 (br, NH, 1H), 5.11 (s,
CH,Ph, 2H), 5.40—5.60 (br, COOH, 1H), 7.36 (s, ArH, 5H).
6-Benzyloxycarbonylamino-(2.5)-hydroxyhexanoic Acid Ben-
zyl Ester (28). Acid 27 (1 g, 3.56 mmol) was dissolved in acetone

(20 mL), and triethylamine (600 uL, 4.27 mmol) was added.
Benzyl bromide (510 uL, 4.27 mmol) was then added dropwise,
and the reaction mixture was stirred for 6 h at room tempera-
ture. The solvent was evaporated, and the obtained residue was
dissolved in ethyl acetate, washed with saturated sodium bicar-
bonate solution and brine (twice each one), dried over anhy-
drous sodium sulfate, filtered, and concentrated. The yellow oily
residue was purified by flash chromatography on silica gel
(petroleum ether/ethyl acetate 6:4) to yield 516 mg of 28 (40%
yield) as a yellow oil. IR (film, cm ™ !): 3365 (vnpy and vop), 3066,
3034 (vypen), 2937 (ven), 1738 1699 (ve=o), 1587, 1538, 1455
(Vr/)C=C)a 1251 (VC—C—O asym)’ 1126 (VO—C—C asym)~ lH NMR (300
MHz, CDCl;, 6): 1.27—1.89 (m, CHg, CH>,,, CH,s, 6H), 3.17
(q, J = 6.4 Hz, CH,N, 2H), 4.23 (m, CH,, 1H), 4.75 (br, NH,
1H), 5.10 (s, CH,Ph, 2H), 5.20 (AB, J = 12.4 Hz, CH,Ph, 2H),
7.36 (m, 2ArH, 10H).
6-Benzyloxycarbonylamino-(2.5)-trifluoromethanesulfonylox-
yhexanoic Acid Benzyl Ester (29). Alcohol 28 (302.7 mg, 0.816
mmol) was dissolved in CH,Cl, (5 mL) and then cooled to —78 °C
(acetone). 2,6-Lutidine (265 L, 2.284 mmol) was added dropwise
followed by triflic anhydride (276 uL, 1.632 mmol). The resulting
solution was allowed to warm to room temperature and the
reaction mixture was stirred under argon for 4 h. An amount of
5 g of silica gel was added directly to the reaction before
evaporation of the solvent at room temperature under reduced
pressure. Purification by flash chromatography on silica gel
(petroleum ether/ethyl acetate 8:2) afforded 170 mg of 29 (41%
yield) as a brownish oil. IR (film, cm™"): 3349 (vap), 3068, 3036
(Vocn), 2942 (ven), 1760, 1715 (ve=o), 1587, 1456, 1417 (v yc=c),
1326 (VSO2 asym)s 1246 (VCfoO asym)a 1144 (VSOZ sym)a 698 (VCF3)~
"H NMR (300 MHz, CDCls, 6): 1.36—1.59 (m, CH,, CH,y,
4H), 2.03 (m, CH,g, 2H), 3.17 (q, J = 6.5 Hz, CH,N, 2H), 4.71
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(br, NH, 1H), 5.11 (s, CH,Ph, 2H), 5.14 (m, CH,, 1H), 5.27 (AB,
J = 12.0 Hz, CH,Ph, 2H), 7.36 (m, 2ArH, 10H). ""F NMR (282
MHz, CDCl;, 0): =75 (CF3).

N*-Boc-(S)-Asp(OBn)-y(CO-CH,)-(S)-Lys(Z)-OBn (30). A
solution of 25 (119 mg, 0.294 mmol) in dry THF (2 mL) was
added dropwise to a stirred suspension of NaH (14 mg of 60% in
oil, 0.353 mmol) in dry THF (2 mL) at —20 °C under argon.
The mixture was stirred for 20 min. Then the alkyl triflate 29
(162.7 mg, 0.323 mmol) in dry THF (1 mL) was added. The
resulting solution was allowed to warm to room temperature
and stirred for 3 h. After being quenched with 1 M HCI (5 mL),
the reaction mixture was then extracted with ethyl acetate (3 x
10 mL). The organic extracts were combined, washed with satu-
rated sodium bicarbonate solution (15 mL) and brine (15 mL),
dried over anhydrous sodium sulfate, passed through a short
pad of silica gel, and concentrated to provide a yellow oil.
Without further purification, this oil (223 mg, 0.294 mmol)
was dissolved in dry THF (2 mL) and added dropwise to a
stirred solution of palladium acetate (1.6 mg, 7.23.10~> mmol),
PPh; (3.9 mg, 0.0147 mmol), formic acid (22 4L, 0,588 mmol),
and Et;N (105 L, 0.735 mmol) in dry THF (2 mL) at room tem-
perature under argon. The mixture was stirred overnight. After
the solvent was evaporated under reduced pressure, the oily
residue was purified by flash chromatography on silica gel
(petroleum ether/ethyl acetate 7:3) to afford 52 mg of 30 (26%
yield) as a brown oil. [0]*°p —10.0 (¢ 0.19, CH,CL,). IR (film,
cm ): 3360 (van), 3034 (vpcn), 2933 (ven), 1715 (ve=o0), 1587,
1456 (V«;C:C), 1367 (6CH3 Z-Bu), 1251 (VC—C—O asym)v 1165
(Vo—c—C asym)- 'HNMR (300 MHz, CDCls, 6): 1.37 (s, C(CHs);
Boc, 9H), 1.10—1.72 (m, 3CH, Lys, 6H), 2.45—2.91 (m, CH,CO,
CH,>CO;Bn, 4H), 3.05 (q, J = 6.7 Hz, CH,N, 2H), 4.38 (m,
CHy, 1H),4.62 (m, CH,, 1H),4.97—5.16 (m, 3CH,Ph, 6H), 5.45
(d,J = 8.3Hz, NH, 1H), 7.22—7.29 (m, 3ArH, 15H). *C NMR
(CDCl3, 75 MHz): 28.7 (3C), 24.4, 30.0, 31.7 (3C), 36.1 (C), 40.3
(©), 40.9 (C), 41.1 (C), 56.3 (©), 67.0, 67.1, 67.2 (3C), 80.7 (C),
128.5,128.7,128.8,128.9, 129.0, 130.2 (15C), 135.7, 136.3, 137.0
(30), 155.8, 156.7 (2C), 171.4, 175.1 (2C), 206.9 (C). MS-ESI
(m/z): 1371.2[2M + Na]*, 697.3 [M + Na]". HRMS-ESI (m/z):
[M + Na]* calculated for C3sH4sN>O9Na, 697.3101; found,
697.30991.

Biology. Cell Cultures and Drug Efflux Assays. The inhibi-
tion of P-gp activity by the studied compounds was evaluated by
their ability to prevent the efflux of daunorubicin, mitoxan-
trone, and Hoechst 33342 (Sigma-Aldrich) in either the K562/
R7 drug-selected human cell line®* or the NIH3T3 G185 trans-
fected cell line (ATCC).>* They were also assayed on human
embryonic kidney (HEK) 293 cells transfected with BCRP/
ABCG2** and baby hamster kidney (BHK) 21 expressing
MRP1.%° K562/R7 cells (1 x 10° cells) were incubated for 1 h at
37 °C in 1 mL of RPMI 1640 medium containing a final con-
centration of 10 uM daunorubicin, in the presence or absence of
10 uM reversin derivatives. After incubation, cells were washed
with ice-cold PBS and kept on ice until analysis by flow cytometry.
Cyclosporin A was used as a positive control (mean inhibitory
activity of 100%). NIH3T3 drug-sensitive parental cell line and its
derivative cell line transfected with human MDRI-GIS8S5,
NIH3T3/P-gp, derived from NIH Swiss mouse embryo cultures,
were grown in Dulbecco’s modified Eagle’s medium (PAA
laboratories) supplemented with 10% fetal bovine serum (PAA
laboratories) and 1% penicillin/streptomycin (PAA Laborato-
ries). The NIH3T3/P-gp growth medium was also supplemented
with 60 ng/mL colchicine. Cells were incubated at 37 °C in
humidified 5% CO,. NIH3T3 and NIH3T3/P-gp were incubated
for 30 min at 37 °Cunder 5% CO, in the presence of 10 4«M mitox-
antrone or various concentrations of either daunorubicin or
Hoechst 33342 (as indicated in Figures) as the P-gp transport
substrate, with or without reversin derivatives. Compounds were
solubilized in DMSO, the final concentration of which was limited
to 0.5%. After incubation, cells were washed with phosphate
buffer saline (PBS) (PAA Laboratories) and incubated for 1 h in
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the same media without drug; cells were maintained on ice until
analysis by flow cytometry.

Flow Cytometry. The fluorescence of intracellular daunoru-
bicin or mitoxantrone was measured with a Facscan flow
cytometer (Becton Dickinson, Mountain View, CA). Daunor-
ubicin and mitoxantrone were excited at 488 nm, and the
fluorescence emission was monitored at 650 nm. The amount
of Hoechst 33342 was measured by a LSRII flow cytometer, at
350 nm excitation and 450 nm emission. The compound effi-
ciency was estimated by using eq 1,

% efficacy = 100 x (FA —FBG)/(Fe — FBG) (1)

where FA and FBG (background) correspond to the intracel-
lular fluorescence of cells expressing P-gp incubated with (FA)
or without (FBG) the fluorescent transported drug, in the
presence of each tested compound, Fe corresponding to FA
measured on control cells that do not express P-gp. Assays were
performed in duplicate. Mean and standard error (SE) were
calculated from at least three independent experiments, and
curves were fitted with Sigmaplot using the eq 2:

% efficacy = a(1 —exp( — b[inhibitor, u M])) (2)

a and b parameters being adjusted by the fit.

Cytotoxicity Assays. Cells were seeded in 200 uL of growth
medium at a density of 2500 cells per well in a 96-well plate and
were allowed to establish for 24 h at 37 °C in humidified 5%
CO,. The medium was then removed, replaced by 100 uL of
growth medium, completed with 100 4L of each tested com-
pound at increasing concentrations in 1% DMSO. Cells were
incubated for 72 h at 37 °C in humidified 5% CO,. The cyto-
toxicity of each tested compounds was then evaluated with a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay (Sigma-Aldrich).

Chemosensitization Assays. Experiments were carried as for
cytotoxicity assays, incubating control or P-gp-expressing cells
with increasing concentrations of anticancer drugs as indicated
and a concentration of the tested modulator corresponding to
5 times its 1Cs.

Kinetics. Kinetic parameters for P-gp inhibition by com-
pound 15 were determined by incubating 10° NIH3T3/P-gp
and NTH3T3 cells with various concentrations of daunorubicin
(5, 10, 15, and 20 uM) in the presence of four to five concentra-
tions (0, 0.11, 0.22, 0.33, and 1 uM) of 15. The residual intra-
cellular amount of drugs remaining inside cells after 1 h of
incubation with or without 15 was quantified by fluorescence
coupled to flow cytometry at each concentration of 15, with data
proportional to a drug retention rate. It was plotted as a
function of drug concentration (A, C) and fitted with the
Michaelis and Menten equation R = R,.x[D]/([D] 4 Ky) where
R is the drug retention rate, R,x the maximal drug retention
rate, [D] the drug concentration, and Ky, the Michaelis constant
of drug efflux. The inhibition constant of 15, K} was deduced
from the equation Ry’ = Rmax/(1 + [1]/K7), where R,y corre-
sponds to the maximal drug retention rate calculated at each
modulator concentration [I]. Each value is the mean of two
duplicate experiments.

Bioinformatics. 3D-QSAR. Molecules were modeled with the
Sybyl molecular-modeling package using the force field and
partial charges of MMFF94.3°73° The dielectric constant was
set to 80 to simulate the solvent, and the electrostatic cut-off was
set to 16 A. In CoMSIA, the steric, electrostatic, hydrophobic,
hydrogen bond donor, hydrogen bond acceptor, and donor—
acceptor similarity index fields were calculated, with a default
attenuation factor of 0.3 in a grid box extended by adding 6 A to
the largest model, in all directions of the space. A common probe
atom was used, with 1 A radius and charge, hydrophobicity, and
hydrogen bond properties of +1. The indices were evaluated
according to the usual CoMSIA protocol with a 2.0 kcal-mol ™!
column filtering value. The predictive power of the models was
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evaluated by LOO cross-validation (SYBYL 6.9—7.3 versions;
Tripos Inc.) based on the cross-validated coefficient (¢?), dis-
played in Figure 2B, finding an optimal component number of
10. The maximal error of prediction is about 22% of inhibition
with a mean error value of 5.2% =+ 6.1.
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