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ABSTRACT: P-Glycoprotein and homologous multidrug transporters contain a phosphorylatable linker
sequence that was proposed to control drug efflux on the basis that it was indeed phosphorylated in vitro
and in vivo, and that inhibitors of protein kinase C (PKC) inhibited both P-glycoprotein phosphorylation
and activity. However, site-directed mutagenesis of all phosphorylatable residues did not alter the drug
resistance. The present work shows that PKC effectors are able to bind directly to multidrug transporters,
from either cancer cells (mouse P-glycoprotein), ye8sicCharomyces cerisiae Pdr5p), or protozoan
parasite lLeishmania tropicdtmdrl), and to inhibit their energy-dependent drug-efflux activity. The binding

of staurosporine and derivatives such as CGP 41251 is prevented by preincubation with ATP, suggesting
at least partial interaction at the ATP-binding site. In contrast, more hydrophobic compounds such as
calphostin C and CGP 42700 bind outside the ATP-binding site and strongly interfere with drug interaction.
A direct correlation is obtained between the efficiencies of PKC effectors to inhibit energy-dependent
interaction of rhodamine 6G with yeast Pdr5p, to promote intracellular drug accumulation in various
multidrug resistant cells, and to chemosensitize growth of resistant cells. The noncompetitive inhibition
by PKC effectors of rhodamine 6G interaction with Pdr5p suggests that the binding might interfere with
signal transduction between nucleotide hydrolysis and drug interaction. The overall results indicate that
the multidrug transporters from different species display common features for interaction with PKC
inhibitors. The hydrophobic derivative of staurosporine, CGP 42700, constitutes a potentially powerful
modulator of P-glycoprotein-mediated multidrug resistance.

Multidrug resistance (MDR)is a common cellular phe-  Homologous transporters are found in yeasts sucBaas
notype observed in all eukaryotic species. In mammalian charomyces cetésiae (3—5) and Candida albicans(6),
cancer cells, it is often related to overexpression of P- conferring resistance to antifungals, as well as in protozoan
glycoprotein (, 2), an ABC (ATP-binding cassette) multi- parasites {, 8), such asPlasmodium falciparun(9, 10),
drug transporter which confers resistance to anticancer drugsEntamoeba(11), and Leishmania (12, 13), conferring

resistance to antiparasitic drugs.
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central regulatory domain is critical for activit%—28). guenching valué\Fna of 25.7+ 2.1% and &p of 1.78+
However, site-directed mutagenesis of all phosphorylatable0.53 uM. The level of binding strongly decreased by
serine residues in the P-glycoprotein linker region produced preincubating NBD2 with 10 mM ATP regardless of whether
no marked effect on drug efflux and the related MDR Mg?" ions were present. A higher maximal quenching of
phenotype 29, 30). 55.6+ 4.6% was produced by CGP 41251, a hydrophobic
We recently prepared purified recombinant cytosolic staurosporine derivative in which the pyran heterocycle is
nucleotide-binding domains of mouse P-glycoprotéib substituted with a benzoyl function (cf. Figure 1). CGP 41251
34) and Leishmania tropicdtrmdrl (35) which were used  binding was as well partly prevented by preincubation with
to assess, by quenching of protein intrinsic fluorescence, thel0 mM ATP, but to a lesser extent than staurosporine (not
direct interaction with a number of substrates or modulators. shown here). The even more hydrophobic derivative CGP
The direct binding of effectors to purified full-length Pdr5p 42700, where the amide function is additionally substituted
from S. cereisiae could also be studied by the same with a benzyl group, displayed a biphasic binding curve, with

fluorescence methoB6).
The present work proves that PKC inhibitors, such as

a first phase corresponding to high affinity (maximal
guenching of~15-20% and a sub-micromoldfy value)

calphostin C, staurosporine, and hydrophobic derivatives arefollowed by a lower-affinity phase leading to complete

in fact able to bind directly to the different purified multidrug
transporter or cytosolic domains. The binding of staurospo-
rine and its CGP 41251 derivative partly overlapped the
ATP-binding site, whereas the more hydrophobic CGP 42700
bound outside and strongly inhibited energy-dependent drug
interaction within yeast Pdr5p, as well as nucleotide hy-
drolysis to a lower extent. Due to its lower intrinsic
cytotoxicity, CGP 42700 binding was able to induce a

maximal quenching with a half-maximal effect-ail2 uM.
Figure 3 shows that the other well-known PKC inhibitor
calphostin C (cf. structure in Figure 1) was also able to bind
to NBD2. Maximal quenching/AFmax = 38.0+ 2.3%) and
binding affinity (Kp = 0.30+ 0.13uM) were even higher
than for staurosporine, but the interaction was not altered
by preincubation with ATP (Figure 3). In contrast, calphostin
C efficiently antagonized RU 486 binding to NBD2 (inset),

differential reversal of the MDR phenotype in a daunomycin- Which was previously shown to involve a hydrophobic

resistantL. tropica line.

EXPERIMENTAL PROCEDURES

Materials The PKC inhibitors bisindolylmaleimide I, Go
6976, H-7, H-89, hypericin, K252a, and pseudohypericin
were purchased from Calbiochem Novabiochem. Calphostin
C, mezerein, and staurosporine came from Alexis Biochemi-
cals. ATP was from Roche Molecular Biochemicals, UTP
from Sigma, and rhodamine 6G from Merck. RU 486 was
obtained as described previousB3J, and CGP 41251 and
CGP 42700 were kindly provided by Novartis Pharma AG
(Basel, Switzerland).

Biological Preparations Recently published procedures
were used to prepare recombinant NBD2 from either mouse
P-glycoprotein 84) or thelL. tropica multidrug transporter
(35), as well as Pdr5p-enriched plasma membranes and th

steroid-interacting region close to the ATP-binding s&8, (
34). CGP 41251 also altered RU 486 interaction, but to a
lesser extent than calphostin C (data not shown).

Direct Interaction of PKC Inhibitors with Yeast Pdr5p and
Inhibition of both the UTPase Actty and Energy-Dependent
Interaction with Rhodamine 6GBoth staurosporine and
calphostin C also bound to purified Pdr5p (Figure 4),
producing a higher maximal quenching of intrinsic fluores-
cence (45t 6.9 and 83.74 0.94%, respectively) than for
P-glycoprotein NBD2, while thép values were slightly
higher (3.1+ 1.1 and 0.82t 0.05uM, respectively). Like
that of P-glycoprotein NBD2, the interaction of Pdr5p with
staurosporine was prevented by ATP, whereas calphostin C
binding was ATP insensitive.

Both staurosporine and calphostin C inhibited the UTP
hydrolysis catalyzed by Pdr5p-enriched plasma membranes,
Svith a much higher affinity for the latter compound since

purified Pdr5p transporter froi8. cereisiae mutant strain
AD124567 (6). Wild-type and daunomycin-resistamht
tropica lines were used as described previoud$)(

levels of inhibition of initial activity of 12 and 50%,
respectively, were observed at a concentration ofxlD
(Figure 5). The hydrophobic derivatives of staurosporine,

Assay ProceduresThe quenching of protein intrinsic CGP 41251 and CGP 42700, behaved as much more potent
fluorescence, due to direct interaction with PKC effectors, inhibitors. since a 50% inhibition was observedrat and

was studied as previously described for flavonoids with _, : : . o
: / ~2 uM, respectively. Like that of calphostin C, the inhibition

recombinant NBD2 from either mouse P-glycoprote3)( of UTPase activity was partial and did not exceed-68%.

or the L. tropica multidrug transporter 35), or with the The approximate concentrations producing a half-maximal

purified yeast Pdr5p transporte8). UTPase activity and  o¢act were 4. 1. and 0,6M for calphostin C, CGP 41251
energy-dependent quenching of rhodamine 6G fluorescence, 4 cgp 42}06 respectively. ' '

were ass_ayed as descrl_bfed prewouQ@).(Parasne culture . Staurosporine and its hydrophobic derivatives produced a
and in vivo chemosen_smzanon_of growth to daunomycin more potent inhibition on the energy-dependent interaction
were studied as described previoushg of rhodamine 6G with the same yeast plasma membranes
(Figure 6A). The inhibition of the quenching of 144 nM
rhodamine 6G fluorescence by 4.8 mM MgATP reached
Direct Interaction of PKC Inhibitors with a Cytosolic  completion in all cases, witho, values of 1.14+- 0.09, 0.16
Domain of P-GlycoproteinThe potent PKC inhibitor stau- 4+ 0.04, and 0.066+ 0.004 uM for staurosporine, CGP
rosporine, whose chemical structure is drawn in Figure 1, 41251, and CGP 42700, respectively. In contrast, no quench-
interacted directly with recombinant NBD2 as monitored by ing was observed in the absence of magnesium ions or in
qguenching of the domain intrinsic fluorescence (Figure 2). the presence of either MgADR3T) or MgAMP (data not
Analysis of the data with the Grafit program gave a maximal shown). Neither staurosporine nor its derivatives modified

RESULTS
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Ficure 1: Chemical structures of the PKC effectors that have been studied. The two left columns show staurosporine and different derivatives.
The two right columns reassemble calphostin C and analogues together with various other, inhibitory or activating, effectors.

rhodamine 6G fluorescence in the absence of MgATP. The calphostin C also bound to recombinant NBD2 of the parasite
type of inhibition was studied at increasing rhodamine 6G multidrug transporter (Figure 7). As for P-glycoprotein
concentrations as illustrated here for CGP 42700 (Figure 6A NBD2 and full-length Pdr5p, calphostin C produced both a
inset). The extent of inhibition produced by increasing CGP higher level of maximal quenching\fFmax = 70.9+ 2.6%)
42700 concentrations, up to 02M, appeared to be and a higher affinity Kp = 0.73 + 0.14 uM) than did
independent of the rhodamine 6G concentration, which was staurosporine, with values of 426 1.4% and 7.7+ 0.9
indicative of noncompetitive inhibition. A similar type of  uM, respectively.

inhibition was also observed for the following PKC effec-  ggih hydrophobic derivatives of staurosporine were able
tors: CGP 41251, staurosporine, and mezerein (data not, apolish the resistance &f tropica lines to daunomycin
shown). A wide array of inhibition efficiencies was obtained (Figure 8). CGP 41251 fully abolished the growth of the
when using a series of PKC effectors (cf. stuctures in Figure regjstant line in the presence of daunomycin at low micro-
1) as illustrated in Figure 6B. The following order of g5y concentrations, but a similar effect was observed with
inhibitory efficiency was observed: mezeremGo 6976 > the parental line in the absence of drug. In contrast, a
H-89 > pssegdohypencm> K252a> b|3|ndolylmamelm|de differential effect was produced by CGP 42700, since the
| > hypericin > H-7. The correspondindsox, values are  gro\yth of the resistant line was considerably more inhibited

collected in Table 1; it is worth mentioning that the PKC han that of the wild-type line (46.2 4.6 vs 5.0+ 1.0%)
activator, mezerein, is an inhibitor with a potency similarto ;, the presence of 100M CGP 42700.

that of the hydrophobic derivative of staurosporine, CGP

42700. , ~ DISCUSSION
Direct Binding of PKC Effectors to the Cytosolic Domain
of the L. tropica Multidrug Transporter and Chemosensiti-  The main new results of this paper concern the direct

zation of Parasite Growth to Daunomycitaurosporine and  binding of PKC effectors to P-glycoprotein and related
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Ficure 2: Direct interaction of staurosporine and hydrophobic
analogues with the C-terminal cytosolic nucleotide-binding domain
of P-glycoprotein. The purified recombinant cytosolic domain of
mouse P-glycoprotein, NBD2 [at 0,8M in 20 mM potassium
phosphate, 0.5 M NaCl, 20% glycerol, 0.01% HECAMEG, and 5
mM S-mercaptoethanol (pH 6.8)], was incubated at 26.0.1°C

with the indicated concentrations of either staurosporieof its
hydrophobic derivatives, CGP4125T)(or CGP42700M). When
indicated, the domain was preincubated for 20 min with 10 mM
ATP before interaction with staurosporin®)( The excitation
wavelength was set at 295 nm and the fluorescence emission
recorded from 310 to 360 nm and integrated. Measurements were
corrected for buffer contribution and inner filter effects of the
compounds measured in parallel experiments Wthcetyltryp-
tophanamide, and analyzed with the Grafit program.
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Ficure 3: Binding of calphostin C and antagonism with RU 486.
The quenching of NBD2 intrinsic fluorescence induced upon
interaction with calphostin C was studied under the same experi-
mental conditions as described in the legend of Figure 2, after
preincubation in the absenc®)(or presence®) of 10 mM ATP.
(Inset) The binding of RU486 was assessed after preincubation of
the protein for 20 min in the absend®)(or presence of calphostin

C at 0.5 ©O) or 2uM (m).

multidrug ABC transporters. This binding is responsible for
inhibition of drug interaction, inhibition of nucleoside
triphosphate hydrolysis, and reversal of cell multidrug
resistance.
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Ficure 4: Direct interaction of PKC inhibitors with the purified
Pdr5p multidrug transporter. Purified Pdr5p fr@ncereisiaewas
diluted to 0.05«M (1 uM tryptophan residue) in 10 mM Tris-HCI,
12% (w/v) sucrose, 0.02% (w/r)}-dodecylS-p-maltoside, and 5

mM MgCl; (pH 7.5), with staurosporine (circles) or calphostin C
(squares), and preincubated (black symbols) or not (white symbols)
with 10 mM ATP. Fluorescence conditions and corrections and
analysis of the data were performed as described in the legend of
Figure 2.
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Ficure 5: Inhibition of Pdr5p UTPase activity. Pdr5p-enriched
membranes (1620 ug of protein) were incubated at 3& in 500
uL of 50 mM MES [2-(N-morpholino)ethanesulfonic acid], at pH
7.5, containing 0.3 mM ammonium heptamolybdate, 75 mM
potassium nitrate, and 7.5 mM sodium azide, in the presence of
increasing concentrations of either staurospor@®g ¢alphostin C
(O©), CGP 412151M), or CGP 427000). The reaction was started
by the addition of 6 mM UTP and excess Mg@koviding 1 mM
free M¢?t, and the phosphate that was released fet®min was
titrated colorimetrically.

The use of purified proteins and in vitro fluorescence
assays has allowed here the demonstration of direct binding
of the two well-known PKC inhibitors, staurosporine and
calphostin C, to three multidrug transporters of various
origins, namely, mouse P-glycoprotein, yeast Pdr5p, and
protozoan parasite Itmdrl, suggesting a ubiquitous phenom-
enon. Staurosporine appears to bind, at least partly, to the
ATP-binding site since a strong prevention of binding was
provided by preincubation with ATP when using P-glyco-
protein recombinant NBD2 or full-length Pdr5p. The ATP
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FIGURE 6: Inhibition of MgATP-dependent rhodamine 6G interac-
tion with Pdr5p. (A) Inhibition by staurosporine and hydrophobic
derivatives. Pdr5p-enriched plasma membranes-{AD ug of
proteins) were incubated at 3C in 2.2 mL of 50 mM Hepes (pH
7.0) in the presence of 144 nM rhodamine 6G and increasing
concentrations of either staurosporir®),(CGP 4121510@), or
CGP 42700M). The reaction was initiated by addition of 4.8 mM
MgCl, and ATP, and followed for 2640 min by the decrease in
fluorescence emission at 552 nm upon excitation at 525 nm. The
Iso0 Values of rhodamine 6G fluorescence quenching were deter-
mined with the Grafit program as previously describdd)( The

2

Consell et al.

tolabeling in P-glycoprotein-containing membran2g)( In
contrast, calphostin C binds outside the ATP-binding site,
since its interaction is not altered upon preincubation with
ATP. The antagonism against RU 486 interaction strongly
suggests that calphostin C interaction occurs within the
hydrophobic region previously shown to bind steroids in both
cytosolic domains of P-glycoproteir83, 34) and thel.
tropica multidrug transporter3p).

The hydrophobic staurosporine derivative CGP 41251
displays a partial antagonism against both ATP and RU 486,
indicating that its binding might partly overlap both the ATP-
binding site and the steroid-interacting hydrophobic region.
This is consistent with the fact that the pyran heterocycle is
located outside the ATP-binding site in the cyclin-dependent
kinase 2 structure3Q), and its benzoylation is therefore
expected not to prevent ATP interaction while strengthening
possible interaction at the vicinal hydrophobic region. In
contrast, the even more hydrophobic, disubstituted, derivative
CGP 42700 appears to bind differently to P-glycoprotein
NBD?2 as evidenced from the biphasic curve of binding. This
might be due to some shift toward the outside of the ATP-
binding site since the amide function is indeed interacting
through a hydrogen bond with Glu-81 in the cyclin-dependent
kinase 2 structure3Q); its substitution with a huge hydro-
phobic benzyl group might therefore induce a marked
reorientation of the compound binding, possibly in better
proximity to the steroid-interacting region. Furthermore, CGP
41251, but not CGP 42700, has been shown to mimic
staurosporine in affecting many cellular pathwag8-(47).

The PKC effectors that bind to multidrug transporters
inhibit their activity with varying potencies. A complete
inhibition was produced at micromolar or sub-micromolar
concentrations on the energy-dependent drug interaction with
Pdr5p as monitored by quenching of rhodamine 6G fluo-
rescence. The potency was dependent on hydrophobicity as
evidenced in the staurosporine series: CGP 42700GP
41251> G0 6976 > staurosporine= K252a> hisindolyl-
maleimide | (Table 1). This was also the case for the adenine
analogues: H-83 H-7. In contrast, the fact that pseudo-
hypericin is slightly less hydrophobic than hypericin indicates

inset of panel A shows the type of inhibition produced by CGP that other parameters also need to be taken into account. The
42700; the membranes were incubated in the presence of increasinglifferentlso,, values obtained against rhodamine 6G interac-
rhodamine 6G concentrations, as indicated, and CGP 42 700 attion are consistent with the concentration range used with

either 0 ), 0.05 @), 0.10 @), or 0.20uM (M), before MgATP
addition. (B) Effects produced under the same conditions as
described for panel A by increasing concentrations of the following
other PKC effectors: H-7), hypericin @), bisindolylmaleimide

| (O), K252a @), pseudohypericinA), H-89 (a), Gb 6976 (),

and mezereinx).

MDR cancer cell lines to observe drug intracellular ac-
cumulation and chemosensitization of cell growth. For
example, the less efficient H-7, which here hardly inhibits
rhodamine interaction at 10M, required a concentration
as high as 10«M for chemosensitization2@), while the
most efficient CGP 42700 with lgos, of 0.066+ 0.004uM

prevention was observed as well when ATP binding was \yas used at only 0.,2M for reversal of the MDR phenotype

independent of Mg ions, for recombinant NBD2, as when
ATP binding was Mg"-dependent, for Pdr5pm86). Since
8-azido-ATP was recently reported to interact differently with
recombinant NBD1 of varying length regardless of whether
binding was dependent on Mg (38), our results suggest
that the presence of Mg might increase the affinity at the

(24). Other bisindolylmaleimides (RO 31-8220 and GF
109203X) were also found to be less efficient than stauro-
sporine toward both intracellular drug accumulation and
reversal of MDR phenotype in MCF-7/Adr cell3). With
regard to calphostin C, although itgoy could not be
determined due to strong interference with rhodamine 6G

level of the nucleotide phosphate chain, but not change thefluorescence, its efficiency might be expected to be at least

type of interaction involving the adenosine moiety. This is
consistent with both the crystallographic demonstration in
cyclin-dependent kinase B9) that staurosporine binding

5-fold higher than that of staurosporine on the basis of its
higher-affinity binding to all multidrug transporters; this is
also consistent with the concentrations of 6:2M used

overlaps the adenosine moiety of the ATP-binding site and to revert the MDR phenotype®), whereas it for PKC

the lack of staurosporine prevention against azidopin pho-

inhibition is 0.054M (59).
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Table 1: Comparison between the Efficiency of PKC Effectors in Inhibiting Energy-Dependent Interaction of Pdr5p with Rhodamine 6G in
This Work and Their Reported Inhibition of PKC Activity and Effects on MDR Cancer Cells

1500 (rhodamine 15006 OF K concentration required

PKC effector 6G interaction) gM) (PKC) (M) for cellular effects gM)
H-7 low level of inhibition at 1Q«M 6.0 (48 100 22
hypericin 5.9+ 0.1 3.4 49 nc
bisindolylmaleimide | 4.5 0.3 0.01 60O) nd?
K252a 2.7+ 0.09 0.025%1) 1-8 (22
pseudohypericin 1.60.2 28.7 62 nd?
staurosporine 1.£0.09 0.0007%3) 50 (22
H-89 0.76+ 0.19 31.754) 5-10 (22
Gb6976 0.35+ 0.09 6.2 b5) nck
CGP 41251 0.16- 0.04 0.05 566, 57) 0.15-0.20 @4, 57)
mezerein 0.07% 0.005 activationg98) 0.5-5(22
CGP 42700 0.066 0.004 >100 @4, 56) 0.2 (24)

and, not determined Staurosporine could not be assayed for growth sensitization due to high intrinsic cytotoXRity (
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Ficure 8: In vivo sensitization by staurosporine hydrophobic
20 , , . . . derivatives in a daunomycin-resistént tropica line. The extent
0 5 10 15 20 25 of cell growth of either wild-type (without daunomycin) or resistant

- parasites (with 15@M daunomycin) was determined after incuba-

uM PKC inhibitor tion at 28°C for 48 h, in the presence of the indicated concentrations
FicurRE 7: Binding of PKC inhibitors to the recombinant cytosolic  of either CGP 41251 or CGP 42700. The results are expressed as
domain of theL. tropica multidrug transporter. The intrinsic  the percentage of growth inhibition by comparison with control
fluorescence of purified recombinant NBD2 of tthe tropica cells grown in the absence of the staurosporine derivative. The
multidrug transporter (at 0.6M) in 1.2 mL of 50 mM potassium means= standard deviation of duplicate measurements of three
phosphate (pH 8.5)1 M NaCl, 20% (w/v) glycerol, 0.05% (w/v) independent experiments are shown.

gﬁg{ggﬂfﬁ't%eﬂgn%?g %ae%%%tllﬁlhggﬁ égcwamérﬁgtaéggenvrﬁs limited to 5.5_—.60%, but folloyvs the same orgjer of efficiency
The binding of either staurosporin®) or calphostin C ©) was as the inhibition of rhodamine 6G interaction: CGP 42700
analyzed as described in the legend of Figure 2. > CGP 41257> calphostin C> staurosporine. This indicates
that the same molecule(s) of PKC effector bound to Pdr5p
In contrast, no correlation at all could be observed between might be responsible for inhibition of both UTP hydrolysis
the potency of compounds to inhibit the Pdr5p transporter and rhodamine 6G interaction. However, the latter is much
activity and their efficiency to inhibit PKC activity (Table  more strongly inhibited than the former, since the required
1). A similar conclusion was proposed by Smith and Zilfou concentrations are ¥530-fold lower. The difference would
(22) from the effects of some PKC effectors on MDR cancer be even higher with ATPase activity which has been shown
cells, concerning drug intracellular accumulation and cell previously to be generally -510-fold less sensitive to
growth chemosensitization. We further confirm here the lack inhibitors than UTPase activitydg). Therefore, the binding
of correlation for other compounds such as CGP 41251, CGPof PKC effectors to Pdr5p appears to be around 200-fold
42700, Gab976, bisindolylmaleimide 1, and pseudohypericin more efficient in inhibiting drug interaction than ATP
and hypericin. It appears quite evident that the effects are hydrolysis. The binding site is, at least partly, different from
correlated to direct binding to the multidrug transporter and that of prenylflavonoids, other high-affinity inhibitors re-
not to inhibition of any phosphorylation, since the maximal cently shown to bind to the drug-binding site(s) by producing
effects were produced by CGP 42700, a very low level competitive inhibition 86). A possibility for PKC effectors,
inhibitor (1C-fold less efficient than staurosporine), and especially the more hydrophobic ones such as CGP 42700
mezerein which is an activator of PKC. and mezerein, would be to bind outside both ATP- and drug-
These inhibitors seem not to bind to the drug-binding site- binding sites and to alter conformational change(s) related
(s) of Pdr5p since the inhibition is noncompetitive with to signal transduction from nucleotide hydrolysis to drug
respect to rhodamine 6G, as observed for CGP 42700 andnteraction, maybe by interacting with a putative connecting
all the other PKC effectors that have been tested. This transduction sequence as recently described in ArsA structure
correlates with the lack of marked prevention by staurospo- (60). One can wonder whether such an interacting site might
rine and mezerein against azidopin photolabel2®).(The correspond to one of the multiple modulator-binding sites
inhibition of UTP hydrolysis is only partial, as it usually is identified within multidrug transporter§1—63).
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Some more hydrophilic effectors such as staurosporine
and, to a lesser extent, CGP 41251 might however partly
overlap the ATP-binding site, as deduced from both the
protection by ATP against their direct binding and the high
intrinsic cytotoxicity of CGP 41251 in parasite cell lines. A
very high intrinsic cytotoxicity was similarly observed with
staurosporine in human MDR cells, likely due to interaction
with PKC and other ATP-binding cellular targets, which
prevented any differential study of cell growth chemosen-
sitization @2). Conversely, CGP 42700, which is no longer
able to bind to the ATP site due to hydrophobic substitution
of the amide function, displays a very low intrinsic cyto-
toxicity on parasite cells and is indeed able to differentially
chemosensitize the proliferation of the daunomycin-resistant
L. tropica line. The efficient concentrations are similar to
those required for conventional modulators such as verapamil
and cyclosporin A, which are rather high due to the very
high level of resistance of this parasite line kept in the
presence of 15@M daunomycin 85). Also in human KB
and HelLa human cells, CGP 42700 was much less cytotoxic
than CGP 4125124).

In conclusion, many PKC effectors are able to directly
bind to P-glycoprotein and homologous multidrug transport-
ers, and to inhibit their energy-dependent transport activity.
Therefore, the previous use of PKC inhibitors to demonstrate
the involvement of PKC-mediated activation of P-glycopro-
tein drug-transport activity must have overlooked this pos-
sibility (18—21). The overall results also indicate that the

multidrug transporters from different species such as mam- 27.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

N
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Chiquero, M. J., Rez-Victoria, J. M., O'Valle, F., Gonzales-
Ros, J. M., del Moral, R., Ferragut, J. A., Castanys, S., and
Gamarro, F. (1998Biochem. Pharmacob5, 131-139.

Orr, G. A.,, Han, E. K.-H., Browne, P. C., Nieves, E.,
O’Connor, B. M., Yang, C.-P. H., and Bates, S. B. (1993)
Biol. Chem. 26825054-25062.

Chambers, T. C., Pohl, J., Raynor, R. L., and Kuo, J. F. (1993)
J. Biol. Chem. 2684592-4595.

Chambers, T. C., Pohl, J., Glass, D. B., and Kuo, J. F. (1994)
Biochem. J. 299309-315.

German, U. A., Chambers, T. C., Ambudkar, S. V., Pastan,
I., and Gottesman, M. M. (1995) Bioenerg. Biomemb27,
53-61.

Sato, W, Yusa, K., Naito, M., and Tsuruo, T. (19B@chem.
Biophys. Res. Commun. 17852-1257.

Ma, L., Marquardt, D., Takemoto, L., and Center, M. S. (1991)
J. Biol. Chem. 2665593-5599.

Bates, S. E., Lee, J. S., Dickstein, B., Spolyar, M., and Fojo,
A. T. (1993) Biochemistry 329156-9164.

Gupta, K. P., Ward, N. E., Gravitt, K. R., Bergman, P. J., and
O'Brian, C. A. (1996)J. Biol. Chem. 27,12102-2111.

Smith, C. D., and Zilfou, J. T. (199%). Biol. Chem 270,
28145-28152.

Budworth, J., Davies, R., Malkhandi, J., Gant, T. W., Ferry,
D. R., and Gescher, A. (1996. J. Cancer 731063-1068.
Utz, |., Spitaler, M., Rybczynska, M., Ludescher, C., Hilbe,
W., Regenass, U., Grunicke, H., and Hofmann, J. (1988)

J. Cancer 77 64—69.

Berger, H. A, Travis, S. M., and Welsh, M. J. (1993Biol.
Chem 268 2037-2047.

26. Chang, X.-B., Tabcharani, J. A., Hou, Y.-X., Jensen, T. J.,

mals, yeast, and protozoan parasites display common features

for interaction with protein kinase effectors. The hydrophobic
CGP 42700 appears to be particularly interesting as a
potential modulator of the MDR phenotype since it strongly
inhibits the multidrug transporter functioning without inter-
fering with either PKC activity or cell growth.
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