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Abstract: P-glycoprotein (P-gp) is a transmembrane efflux transporter which possesses many
important functions in drug absorption, disposition, metabolism, and toxicity. The ultimate goal
of investigating drug interactions between P-gp and drug molecules in early drug discovery is
to understand the contribution of P-gp to the pharmacokinetic and pharmacodynamic properties
of drug candidates and to project drug—drug interaction (DDI) potentials in humans. Understand-
ing species differences in P-gp activities further helps the prediction of P-gp-mediated drug
disposition and DDI in humans from preclinical pharmacokinetics data. The objective of the
present study is to investigate the species difference in P-gp activities, via P-gp ATPase assays,
using rhesus monkey Mdrl, beagle dog Mdrl, and human MDR1 expressed insect cell
membranes. Twenty-one compounds with diverse chemical structures and different P-gp binding
sites were chosen for the ATPase assays. P-gp ATPase binding affinities (aKa) and fold
increases in P-gp ATPase activities () of P-gp substrates were determined. Consistent with
the gene and amino acid similarity, the binding affinities of test compounds to rhesus monkey
P-gp were much closer to those of human P-gp than beagle dog P-gp. This is the first study
which investigates the ligand affinities of P-gp from three different species. The result of this
study provides an example of how to use membrane P-gp ATPase assays to evaluate
interspecies P-gp differences.

Keywords: P-glycoprotein; species difference; ATPase activity; binding affinity; rhesus monkey Mdr1;
beagle dog Mdrl; human MDR1

Introduction ATPase protein). As an efflux transporter, P-gp plays a
P-glycoprotein (P-gp), encoded by the multidrug resistance major role in the multidrug resistance of anticancer chemo-

protein 1 (MDR1) gene in humans and the Mdrl gene in therapy? In addition, P-gp has many important functions in

animals, is a member of the ATP binding cassette (ABC) drug absorption, disposition, metabolism, and toxicity. The

superfamily of transport proteins (also known as traffic goal of investigating interactions between P-gp and drug
molecules in early drug discovery is to understand the
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contribution of P-gp to pharmacokinetic/pharmacodynamic high throughput mode, it can give the false negative results
properties of drug candidates and to predict drdgug of P-gp ligands?® The profile of the P-gp substrate stimulated
interaction (DDI) potentials in humarid Species differences  ATPase activity has been demonstrated to reflect the nature
have been observed in drug metabolism enzyrigdow- of interactions between P-gp and substraté$Thus, the
ever, little is known about species differences in P-gp protein. drugs which show the stimulation of P-gp ATPase can be
To date, studies of P-gp have been conducted primarily in characterized with respect to their affinities to P-gp ATPase
mouse Mdrl and human MDR1 transfected cell lingsnd activities.
rarely in other species. In the pharmaceutical industry, dogs We report here the species differences kinetically in terms
and monkeys are the nonrodent species commonly used irof affinities (a¢Ka) and activity stimulation foldss) of P-gp
early metabolism and toxicology studies of drug candidates. ATPase activities for 21 test compounds via the use of Hi5
In order to extrapolate pharmacokinetic behaviors of the drug insect cell membranes expressing rhesus monkey Mdrl,
candidate observed in dogs or monkeys to those in humanspeagle dog Mdr1, and human MDR1. The P-gp ligands are
it is important to investigate the species differences or chosen on the basis of their chemical structures, drug classes,
similarities of P-gp activities in these preclinical animal and reported P-gp binding sites. This comparative study on
models. the interaction between P-gp ligands and P-gp ATPases from
P-gp is composed of two homologous halves, each different species has not been reported. It provides an
contains six transmembrane domains and an ATP binding/example of how to use animal membrane ATPase assays to
utilization domain, separated by a flexible linker polypeptide. evaluate interspecies differences in P-gp affinities.
ATP binding and hydrolysis appear to be essential for the
proper function of P-gp, including drug transp8ttScar- Materials and Methods
borough and co-workets have demonstrated that P-gp  |hsect cell membranes expressing human, rhesus monkey,

substrates stimulated the ATPase activity of human P-gp 5ng beagle dog P-gp were obtained from BD Biosciences,
expressed in Sf9 insect cell membranes. Several OtherDiscovery Labware (Woburn, MA).

laboratories have subsequently shown that P-gp substrates ~hemical and Biochemical Materials. All chemicals

also §timulated ATPase activities in mammalian cells that ;oo analytical grade and purchased either from Moravek
constitutively express P-glﬁf'l“AIthol.,lgh P-gp ATP{:\SG assay  jpchemicals (Brea, CA) or from Sigma Aldrich (St. Louis,
has been mainly used for identifying the P-gp ligands in & ;o) c219 murine monoclonal antibody was obtained from
Signet (Dedham, MA). Horseradish peroxidase (HRP)-
(3) Lin, J. H.; Yamazaki, M. Role of P-glycoprotein in Pharmaco- conjugated goat anti-mouse IgG and SEFAGE Fast-Safe-
kinetics: Clinical implicationsClin. Pharmacokinet2003 42, Stain were gifts from Huatesheng Biotechnology (Liaoning,
59-98. China). All supplies for Western blot and SBEAGE

(4) Mizuno, N.; Niwa, T.; Yotsumoto, Y.; Sugiyama, Y. Impact of . . . .
drug transporter studies on drug discovery and development. studies were obtained from Invitrogen Life Technology

Pharmacol. Re. 2003 55, 425-461. (Carlsbad, CA). .

(5) Boutin, J. A.; Antoine, B.; Batt, A. M.; Siest, G. Heterogeneity ~ SDS-PAGE and Western Blot AssaysProteins of the
of hepatic microsomal UDP-glucuronyltransferase(s) activities: insect cell control membranes and membranes expressing
comparison between human and mammalian species activities. human, rhesus monkey, and beagle dog P-gp were separated
Chem.-Biol. Interact1984 52, 173-184. on 4-12% gradient polyacrylamide gels and subsequently

(6) Amri, H. S.; Batt, A. M.; Siest, G. Comparison of cytochrome —oinaq hy the Fast-Safe-Stain method (Huatesheng Biotech-
P-450 content and activities in liver microsomes of seven animal

species including marXenobiotical986 16, 351—358.
(7) Tang-Wai, D. F.; Kajiji, S.; DiCapua, F.; et al. Human (MDR1) (12) Senior, A. E.; al-Shawi, M. K.; Urbatsch, I. L. ATP hydrolysis

and mouse (mdr1,mdr3) P-glycoproteins can be distinguished by by multidrug resistance protein from Chinese hamster ovary cells.
their respective drug resistance profiles and sensitivity to modula- J. Bioenerg. Biomembr995 27, 31-36.
tors. Biochemistryl995 34, 32—39. (13) Doige, C. A.; Yu, X.; Sharom, F. J. ATPase activity of partially
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Hochman, J. H.; Chiba, M.; Lin, J. H. In vitro substrate ovary cells.Biochim. Biophys. Actd992 1109 149-160.
identification studies for P-glycoprotein-mediated transport: spe- (14) Shapiro, A. B.; Ling, V. ATPase activity of purified and
cies difference and predictability of in vivo resulfs Pharm. Exp. reconstituted P-glycoprotein from Chinese hamster ovary cells.
Ther. 2001, 296, 723—735. J. Biol. Chem.1994 269, 3745-3754.
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brain penetration and pharmacological activity of many drdgs. Drug DiscoveryJ. Pharmacol. Exp. The2001, 299 620-628.
Clin. Invest.1996 97, 25172524, (16) Ramachandra, M.; Ambudkar, S. V.; Gottesman, M. M.; Pastan,

(10) Horio, M.; Gottesman, M. M.; Pastan, |. ATP-dependent transport I.; Hrycyna, C. A. Functional characterization of a glycine 185-
of vinblastine in vesicles from human multidrug-resistant cells. to-valine substitution in human P-glycoprotein by using a vaccinia-
Proc. Natl. Acad. Sci. U.S.A988 85, 3580-3584. based transient expression systéfol. Biol. Cell 1996 7, 1485
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membrane ATPasd. Biol. Chem.1992 267, 4854-4858. Biol. Chem.1995 270, 6686-6690.
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nology, Liaoning, China) or transferred electrophoretically Scheme 1

to PVDF membrane. Proteins in the PVDF membrane were Ks kp
hybridized using murine monoantibody C219 (1:150) and E+S—— ES—— P
HRP-conjugated goat anti-mouse 1gG (1:1000), and further Kal| +A akall +A
visualized by ECL (Amersham Life Science, Piscataway,

: i e K "
NJ). The protein bands from fast-safe-staining gel were EA+s—25 o Bkp b

semiquantified by NIH image software.

ATPase Activity Assay. The P-gp associated ATPASe  g- scbstate (MgATP in P-gp ATPase assay)

activity was measured according to the method by Sarkadi £ 7 snzyme (°-gp ATFase membrane)
= enzyme activator (test compounds)

et al** The liberation of inorganic phosphate from ATP was P = product
o . s . . P Ka = a constant reflecting the binding affinity of activator with enzyme
quantlfled usmg a sensitive COlonmet”C assay Ongma”y Ks = a constant reflecting the binding affinity of substrate with enzyme
described by Chifflet et d.P Hi5 insect cell membrane aKa = a constant reflecting the binding affinity of activator with enzyme-substrate complex

. . For activation, >1 (B is activation fold)
expressing human MDR1 or animal Mdrl (&/uL) was

thawed rapidly in 37°C water bath before diluting to a The velocity equation is
concentration of kg/uL in ice cold ATPase assay medium
(KCI, 50 mM; dithiothreitols, 2 mM; Tris-Mes, 50 mM, pH v =K[ES] + Bk [ESA] Q)

6.8) containing 2 mM ethylene glycol bis@minoethyl

ether)N,N,N',N'-tetraacetic acid (EGTA), 2 mM ouabain, and The ATPase substrate ATP used in the assay was 5 mM, at

5 mM sodium azide. The experiment was carried out in a which concentration the ATPase has reached the maximal

96-well microtiter plate in triplicate. Hi5 insect cell mem- hydrolysis velocity. Therefore, at any activator concentration,

brane (2QuL of 1 ug/uL solution), with or without 30Q«M

of sodium orthovanadate, was mixed with 2Q of test Umax.app_ oKa + S[A] @

compound serially diluted in the assay medium and prein- Umax oKa + [A]

cubated at 37C for 5 min. The reaction was initiated by

addition of 20uL of 15 mM MgATP. The final protein ~ Where [A] is a fixed activator concentratiomKa is a

amount in the assay was 0.02 mg, and the ATP concentrationconstant reflecting the binding affinity of activator with

was 5 mM. The assay plate was placed in &B7ncubator ~ €nzyme-substrate complex3 is the maximal stimulation

for 20 min after shaking at room temperature for 2 min. The fold by an activatorpmaxappis the observed maximal ATP

reaction was terminated by the addition of;d00f stopping ~ hydrolysis velocity in the presence of an activator, apg

medium (10% sodium dodecyl sulfate (SDS) with 1 drop of is the maximal velocity in the absence of any activator. The

antifoam). The phosphate standards were constructed byKinetic parameters for P-gp ATPase were estimated using a

mixing 20uL of KH PO, standard (0.0, 0.15, 0.45, 1.5, 3.0, nonlinear regression with a method of least-squares fitting

4.5, 6.0, and 7.5 mM) with 20L of assay buffer, following ~ (€d 2, GraphPad, San Diego, CA).

addition of 30uL of stopping medium and 2@L of 15

mM of MgATP. The released phosphate or phosphate Results

standards were measured by a modified colorimetric reac- Characterization of the P-gp ATPase Activities.The

tion assay described previousfy.The SDS containing ATPase activity of Hi5 insect cell membrane expressing

samples were supplemented with 160 of the detection MDR1 or Mdr1 could be inhibited by 2 mM EGTA (a €a

reagent (5 mL of 35 mM ammonium molybdate in 15 mM ATPase inhibitor), 2 mM ouabain (a NaK* ATPase

zinc acetate, pH 5.0, mixed with 20 mL of 10% ascorbic inhibitor), 5 mM sodium azide (a mitochondrial ATPase

acid, pH 5.0) for 20 min at 37C and the reaction product inhibitor), and 10QuM sodium vanadate (a potent inhibitor

was measured by absorbance at 800 nm with a SpectraMaxof P-gp ATPas&-?) (Figure 1). The difference of ATPase

Plus®* spectrophotometer (Molecular Devices, Sunnyvale, activity in the presence or absence of sodium vanadate in

CA). the assay buffer containing EGTA, ouabain, and sodium
Data Analysis. The binding affinities ¢Ka) of test ~ azide was the P-gp mediated ATPase activity (Figure 1). The

compounds to the P-gp ATPase and the stimulation folds of vanadate-sensitive basal ATPase activity in MDR1 (Flgure

ATPase activitiesff) by test compounds were calculated on 2) O Mdrl (data not shown) was linear with respect to time

the basis of a nonessential enzyme activation model (Scheme
1) (20) Segel, I. H. Enzyme activatioEnzyme Kinetics: Beh#r and
Analysis of Rapid Equilibrium and Steady-State Enzyme Systems
John Wiley & Sons: New York, 1993; pp 22272.

(18) Chifflet, S.; Torriglia, A.; Chiesa, R.; Tolosa, S. A method for (21) Urbatsch, I. L.; Al-Shawi, M. K.; Senior, A. E. Characterization

the determination of inorganic phosphate in the presence of labile of the ATPase Activity of Purified Chinese Hamster P-glycopro-

organic phosphate and high concentrations of protein: application tein. Biochemistryl994 33, 7069-7076.

to lens ATPasesAnal. Biochem1988 168 1—4. (22) Urbatsch, I. L.; Sankaran, B.; Weber, J.; Senior, A. E. P-
(19) Druekes, P.; Schinzel, R.; Palm, D. Photometric microtiter assay glycoprotein is stably inhibited by vanadate-induced trapping of

of inorganic phosphate in the presence of acid-labile organic nucleotide at a single catalytic sitd. Biol. Chem.1995 270,

phosphatesAnal. Biochem1995 230, 173-177. 19383-19390.
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Figure 1. Effect of ATPase inhibitors on the ATPase activity

-
1

present in the human P-gp expressed Hi5 insect cell mem- 5
branes. Tris buffer contained 50 mM KCI, 2 mM dithiotheritols, 0 : . . '
and 50 mM Tris-Mes (pH 6.8). The assay buffer is the Tris 0 200 400 600 800

buffer containing 2 mM EGTA, 2 mM ouabain, and 5 mM Human P-gp membrane Amount (ug)
sodium azide (NaNs). The released phosphate or phosphate (B)

standards were measured by a modified colorimetric reaction

assay described previously.'® Each bar expressed as mean Figure 2. The maximal velocity (Vina) of human P-gp ATPase
+ 8D (n = 3). activity with respect to incubation time (A) and membrane

for up to 60 min at 37C with 100ug of membrane protein prptein concentrations (B). Incubation cor!ditions: (A) One
in the assay buffer (Figure 2A), and it was linear with respect Microgram of P-gp membrane was used in all assays. (B)
to membrane concentrations between 100 and&0during Incubation time was 20 min. The assay buffer is the Tris buffer
20 min incubation (Figure 2B). Therefore, 20 min incubation containing 2 mM EGTA, 2 mM ouabain, apd S mM sodium
and 1uglul (200 ug) membrane protein were used in all azide (NaN3). MgATP was tested at 5 mM in all the assays,

. hich is 3-fold higher than Ks (1.6 mM). Th | d
other experiments. To ensure the robustness of the ATPas%th':;ph';e ocr) phc:gpi?;te i]an dzrés Wg:e )mea:urzjesf/ea

assay, we evaluated interday and intraday variations of modified colorimetric reaction assay described previously.1°

determined_o.Ka and by _using the prototypical P-gp The vmax Was not normalized by total protein amount.
ATPase stimulant verapamil and human P-gp membranes

(Table 1A,B). Coefficients of the variation (CVs) ofKa Table 1. Inter- and Intraday Variations of P-gp ATPase
obtained from inter- and intradays were lower than 30%. Assay by Using Verapamil as a Stimulant

However, the P-gp ATPase activity without any stimulant (A) Interday Variations

(background) had the CV higher than 30%. Although the
CV of f measurement seemed to be lower from interday

dayl day2 day3 mean SD2 CV?(%)

experiments, the CV obtained from different plates deter- ®Goroimi i mgy ~°  ** 7h 49 20 402
mined on the same day was higher than 40%. All experi- aka (um) 278 295 173 249 66 266
ments were carried out with the same lot of P-gp membrane fold of activation(§) 65 86 86 79 12 153
(rhesus monkey, Lot 001; beagle dog, Lot 001; and human, (B) Intraday Variations

Lot 021) to make sure that there was no P-gp expression

. S . plate 1 plate 2 plate 3 mean SD2 CV?(%)
difference within the same species.

As shown in Figure 3, the P-gp ATPase activity was "¢doid 0 9t 80 42 71 26 362
dependent on the concentration of MgATP and followed ka (um) 154 199 167 173 23 134

Michaelis—Menten kinetics, with Ks of 1.6= 0.6 mM and fold of activation (8) 5.3 7.3 13.2 86 41 478
vmax Of 7.1 nmol mg? min~™. In the presence of 20M
verapamil, a substrate and inhibitor of P-gp, the maximal
P-gp ATPase activity increased 3-fold, from 7.1 nmolthg  P-gp in Hi5 insect membranes were identified by Western
min~tto 23 nmol mg?! min—t. However, the binding affinity ~ blot assay (Figure 4B), and the protein levels were semi-
(apparent Ks (Kg,y) of MgATP to the P-gp slightly but not  quantified from the corresponding fast-safe-staining SDS
significantly decreased to 12 0.2 mM. PAGE gel (Figure 4A) because the murine monoantibody
P-gp Expression in Hi5 Insect MembranesThe protein C219 may have different binding affinities to human,
band locations of human, rhesus monkey, and beagle dogmonkey, and dog. From fast-safe-staining SIPAGE

asD: standard deviation. ? CV: coefficient of the variation.
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Table 2. Kinetic Parameters (aKa and ) of 21 Test Drugs for P-gp Associated ATPase Activities
human beagle dog rhesus monkey P-gp binding

aKa (uM) B aKa (uM) B oKa (uM) B sites? category
CsA 0.01 3.6 no stimulation 2.8 4.4 immunosuppressants
physostigmine 0.02 25 no stimulation no stimulation indo alkaloids
ritonavir 0.1 4.7 0.04 54 0.4 4.36 both R- and H-sites anti-HIV protease inhibitors
saquinavir 0.6 5.4 0.9 2.8 0.6 7.1
etoposide 1.2 2.0 no stimulation 25 2.4 both R- and H-sites ~ DNA topoisomerase Il inhibitors
paclitaxel 1.6 2.1 no stimulation no stimulation H-site disrupt microtubule
vinblastine 1.6 4.8 1.7 2.2 1.4 3.2 both R- and H-sites  vinca alkaloids
quercetin 2.3 3.5 3.2 25 4.9 175 H-site flanovonoids
amiodarone 10.0 21.6 no stimulation 3.2 12.7 cardio vasodilators
verapamil 17.3 8.6 12.6 5.2 11.0 8.9 calcium channel blockers
tamoxifen 22.0 2.6 no stimulation 21.3 2.3 anti-estrogens
erythromycin 25.3 6.3 no stimulation no stimulation antibacterials
digoxin 42.3 171 441 2.0 79.1 5.3 cardiac glycoside
progesterone 48.5 284 359 285 63.8 3.8 third binding site hormones
thioridazine 58.0 4.1 no stimulation 47.0 9.4 calmodulin antagonists
Rhodamine123 78.4 4.7 104.1 2.3 >200 ND?  R-site dye
dexamethasone  89.8 114 22 24 no stimulation hormones
propranolol 224.6 4.7 65.1 2.3 >200 ND p-blockers
daunorubicin no stimulation no stimulation no stimulation R-site anthracyclines
chloroquine no stimulation no stimulation 1.3 5.7 quinolines
Hoechst 33342 no stimulation no stimulation no stimulation H-site dye

a References 27—29. » Not determined.

30 1q 12 3 4
—250
> -_—
£F 20 - KSypp = 1.2 MM i
S E = = Vmax = 23.0 nmole/mg/min P‘QP_“’ -
S £ L] =98
$5 ' e
g > L
: £ 101 —50
a Ks=16mM ——36
. " Vmax = 7.1 nmole/mg/min _'_22
O T T T T 1
0 2 4 6 8 10
MgATP (mM) (A) (B)

Figure 3. Affinity of P-gp for binding ATP in the presence
(m) or absence (a) of verapamil (20 uM). The P-gp ATPase
assay was executed for 20 min with 1 g of P-gp membranes.
MgATP was chosen at concentrations ranging from 5 uM to
10 mM. The kinetic parameters for ATP binding were esti-
mated using a nonlinear regression with a method of least-
squares fitting (GraphPad, San Diego, CA)

Figure 4. SDS—PAGE and Western blot assays of Hi5 insect
membranes transfected with control vector, human MDR1,
rhesus monkey Mdrl, and beagle dog Mdrl. (A) SDS—
PAGE: One hundred micrograms of total membrane protein
was loaded in each lane. The gel was stained by Fast Safe
Stain (HTS Biotech, Inc. Liaoning, China). (B) Western blot:
Two micrograms of total membrane protein was loaded in

assay, the rhesus monkey P-gp and beagle dog P-gp Wer(?‘ZCh Iang. P-gp V(\;ere hybridi_zed usoilng murine_ monoantibogy

expressed 1.2-fold higher or 0.5-fold lower than human P-gp, £219 (1:150) and HRP-conjugated goat anti-mouse IgG2a

respectively (1:1000), and further visualized by ECL (Amersham Life

. L . Science, Piscataway, NJ). Lane 1: membrane expressing

P-gp ATPase Activity Profiles for 21 Drugs. The ’ :

maximal velocit ; ip ATP activity w human P-gp. Lane 2: membranes expressing rhesus monkey
all | ? de ocﬂ): (}“E)axo. Um]f‘xiapt')? ?p ac ; é as h P-gp. Lane 3: membranes expressing beagle dog P-gp. Lane

C‘,"l Cl_" ate _O,n € QS'S 0 _0 al protein amount. SINCe € 4. ool membranes. Lane 5 (only in SDS—PAGE): protein

binding affinity of activator with enzymesubstrate complex o

(aKa) and the maximal stimulation fold by an activatg) (

were calculated by the ratio @faxappOVer vmax (€9 2), the activities in human MDR1, rhesus monkey Mdr1, and beagle

P-gp expression level has little impact @Ka and dog Mdrl expressed Hi5 insect cell membranes. The results

calculation. indicated that these compounds have different activation
On the basis of chemical structures, drug classes, andprofiles (Table 2). Most of the test compounds such as

reported P-gp binding sites (Table 2), 21 compounds were ritonavir, saquinavir, vinblastine, quercetin, verapamil, digox-

chosen to characterize their interactions with P-gp ATPasein, progesterone, rhodaminel23, and propranolol stimulated
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Figure 5. Activation of P-gp ATPase activities in human MDR1 (M), beagle dog Mdr1 (a), and rhesus monkey Mdr1 (®) expressed
Hi5 insect cell membranes by verapamil, rhodamine 123, CsA, and erythromycin. The P-gp ATPase assay was executed for 20
min with 1 g of P-gp membranes. MgATP was used at 5 mM in all assays. The released phosphate or phosphate standards
were measured by a modified colorimetric reaction assay described previously.!®

Table 3. Comparison of P-gp in Rhesus Monkeys or Beagle Dogs with the P-gp in Humans

rhesus monkey P-gp beagle dog P-gp
Gene Bank AF537133 AF536758
amino acids 1283 1278
(human 1280) 96% identical to human MDR1 90% identical to human MDR1
46 substitutions, 3 aa? insertion 120 substitutions, 4 insertions/deletions
1 aa substitution (G to K) at a position 3 substitutions at positions (TM1, IC1, TM6)
(TM6) known to affect function known to affect human MDR1 function

2 of 3 aa changes in TM4; could affect function

2 Amino acid.

P-gp ATPase activities in all three species, althoughutka P-gp ATPase at concentrations up to/4@d. However, its
values of these compounds are different in these threeactivation on the rhesus monkey P-gp ATPase decreased at
species. Compounds such as cyclosporin A (CsA), etoposide concentrations greater than 2«81. CsA did not stimulate
amiodarone, tamoxifen, and thioridazine activated both the beagle dog P-gp ATPase at the tested concentration range
human and rhesus monkey P-gp ATPases, but not the beagléFigure 4C). Erythromycin stimulated only the human P-gp
dog P-gp ATPase, while dexamethasone activated bothATPase, but not rhesus monkey and beagle dog P-gp ATPase
human and beagle dog P-gp ATPases but not the rhesugFigure 4D and Table 2).

monkey P-gp ATPase. Physostigmine, paclitaxel, and eryth- At the protein level, rhesus monkey P-gp and beagle dog
romycin stimulated only the human P-gp ATPase, and P-gp are 96% and 90% identical to human P-gp, respectively
choloroquine stimulated only the rhesus monkey P-gp (Table 3). In order to investigate if there are any correlations
ATPase. A few compounds such as daunorubicin and between protein similarities and P-gp ATPase activities, we
Hoechst 33342 did not interact with P-gp ATPase activities comparedaKa and § of P-gp ligands to P-gp ATPase

in all three species at the concentrations tested. Thus, theactivities in these three species. The correlation coefficient
ATPase activation pattern depends not only on the speciesof aKa was 0.83 between human and rhesus monkey (with
but also on the structure and the concentration of test12 known ligands which haveKa andg values from both
compounds. Examples of different activation patterns are human and rhesus monkey P-gp ATPase assays), and was
presented in Figure 5. Rhodamine 123 had different maximal only 0.38 between human and beagle dog (with 10 known
stimulation fold f) andaKa values toward human, rhesus ligands which haveiKa andg values from both human and
monkey, and beagle dog P-gp ATPase activities (Figure 4B beagle dog P-gp ATPase assays) (Figure 6). Consistent with
and Table 2), whereas verapamil showed differgrbut the protein identities, our results demonstrated that the
similar aKa values in these three species (Figure 4A and binding affinities of the P-gp ligands to the rhesus monkey
Table 2). CsA had higluKa andf values to the human  P-gp ATPase were closer to those of the human P-gp ATPase
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Figure 6. Correlations of aKa between human MDR1 and > | &
beagle dog Mdr1 (A), and between human MDR1 and rhesus £ )
monkey Mdr 1 (B). The aKa values were taken from Table 2. § 0 5 10 15 20 25 30

Ten compounds which have oKa values from both human
and beagle dog P-gp ATPase assays in part A and 12
compounds which have aKa values from both human and (B)
rhesus monkey P-gp ATPase assays in part B were used in
the correlation curve.

Human P-gp ATPase activation fold

Figure 7. Correlation of the maximal activation fold of P-gp
ATPase stimulated by the test compounds between (A)

. human MDR1 and beagle dog Mdr1, and between (B) human
than those of the beagle dog ATPase (Figure 6). There wWereéy;pn1 and rhesus monkey Mdr1. The 8 values were taken

no good Cor_re_l_atio_ns of maximal stimulation folds © P-gp om Table 2. Ten compounds which have g values from both
ATPase activities in humans, rhesus monkeys, and beaglg,yman and beagle dog P-gp ATPase assays in part A and

dogs (Figure 7). 12 compounds which have g values from both human and
rhesus monkey P-gp ATPase assays in part B were used in
Discussion the correlation curve.

Information on the species difference in drug transporters
is important for predicting human pharmacokinetics from leading to trapping of the complex AP®,-M?2" (where M+
preclinical studies. In the present study, we addressed theis a divalent cation such as ¥ig Mn?*, or C&") in one of
interspecies difference by analyzing P-gp ligand-induced the nucleotide binding domains. The conformation of the
ATPase activities in human, rhesus monkey, and beagletrapped state is thought to resemble that of the catalytic
dog P-gp expressed baculovirus infected insect cells. Thetransition state. Vanadate trapping at one nucleotide binding
term “ligand” was used in the present study since P-gp domain of P-gp completely inhibits ATPase activities at both
ATPase assay cannot differentiate P-gp substrates fromactive siteg3 Senior and co-workers have demonstrated that
inhibitors. vanadate is a potent inhibitor of the ATPase activity in
P-gp, like many other ATPases, can be trapped in an purified reconstituted P-gp proteins. In their experiments, the
intermediate state pathway through the catalytic cycle by concentration of vanadate required for the 50% inhibition
reaction with inorganic vanadate jj\and ATP?3 After one was 9uM, and total inhibition was observed at 19M.2%:22
round of ATP hydrolysis, Pdissociates and \Mmoves in, To achieve the maximal inhibition of P-gp ATPase activity,
100uM vanadate was used in all present assays. Inhibitors
(23) Urbatsch, I. L.; Sankaran, B.; Bhagat, S.; Senior, A. E. Both Of Other ion-translocating ATPases, such as sodium azide,
P-glycoprotein nucleotide-binding sites are catalytically active. Oligomycin, ouabain, and EGTA, have been demonstrated
J. Biol. Chem.1995 270, 26956-26961. not to inhibit P-gp ATPase activit}, and they were added
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in the assay buffer to inhibit non-P-gp-related ATPase site which is on TM5 and TM1% The third binding site is
activities. In the presence of EGTA, ouabain, and sodium a P-gp binding site which can positively stimulate either
azide, the difference of phosphate released from P-gpR-site or H-site specific substrate transp@riThe test
membranes with and without vanadate treatment reflectedcompounds stimulated ATPase in human, rhesus monkey,

the P-gp associated ATPase activity (Figure 1).

The preferred substrate for hydrolysis by P-gp is MgATP.
For MgATP, P-gp ATPase activity followed simple Michae-
lis—Menten kinetics with an apparent Ks of 1.6 mM (Figure

and beagle dog P-gp membranes with different patterns
(selectively shown in Figure 5). The inhibitory effect on the

rhesus monkey P-gp ATPase by CsA, at high concentrations,
may be caused by more regulatory binding sites present in

3), which is close to the reported value of 1 niM?Several the rhesus monkey P-gp membranes. The binding affinities
groups have shown that P-gp displays a constitutive ATPase(aKa) of these test compounds toward the rhesus monkey
activity even in the absence of substraté?+25and the full P-gp membranes are much closer to those in the human P-gp
catalytic cycle of ATP hydrolysis can clearly proceed when than those in the beagle dog P-gp (Table 2). The correlation
the substrate binding sites are unoccupied. However, sincecoefficient R?) of aKa between human P-gp and monkey
substrate transport is driven by ATP hydrolysis, occupation P-gp was 0.83, and the slope was 1.2 (Figure 6A). However,
of the substrate binding site can alter the affinity of the the correlation coefficient ofR?) of aKa between human
catalytic sites for nucleotide. Sharom and co-workers dem- P-gp and beagle dog P-gp was 0.36, and the slope was only
onstrated that binding of ATP to P-gp was favored if the 0.3 (Figure 6B). At the protein level, rhesus monkey P-gp
substrate binding site is also occupied, since the presence ofind beagle dog P-gp are 96% and 90% identical to the human
both transport substrate and ATP would be expected toP-gp, respectively (Table 3). Thus, the correlation of ligand
promote both transport cycle and ATPase catalytic cycles. binding affinities to P-gp agreed well with P-gp protein
Our current results (Figure 3) also showed that, in the similarites among these species. Although the rhesus
presence of 2M verapamil, the Ks of MgATP slightly =~ monkey Mdrl is close to the human MDR, the binding
decreased from 1.6 mM to 1.1 mM whereas the maximal affinity of CsA to the rhesus monkey Mdrl is more than
ATPase catalytic activity ynay) increased from 7.1 to 23  200-fold lower than that to the human MDR1. This huge
nmol mg™* min~1, suggesting that verapamil increased the difference could be due to the binding of CsA to TM4 or
binding affinity of ATP to P-gp and stimulated the P-gp TM6 domains, where the amino acid substitutions occurred
ATPase hydrolysis activity. in rhesus monkey Mdrl (Table 3). Several groups have
The nonessential enzyme activation model (Scherfe 1) demonstrated that a single mutant present in P-gp cytoplas-
was applied to our data analysis for estimating the constantmic loops, transmembrane segments, and linker regions could
of substrate binding affinity to the P-g@ATP complex change the cross-linking between nucleotide binding domains
(oKa) and the maximal P-gp ATPase stimulation foR), ( (NBDs), and thus change the P-gp ATPase activifie¥.
since occupation of the substrate and nucleotide binding sitesRhodamine 123, which binds to TM6, TM9, and TM12 of
occurs in a random ordéf, and P-gp possesses both the P-gp¥ exhibited a lower binding affinity to the rhesus
constitutive and drug-stimulated ATPase activities. monkey Mdr1 than to the human MDR1, likely for the same
Since profiling drug-stimulated ATPase activities can reason. However, it is difficult to conclude that the change
reflect the nature of interaction between P-gp and drug
ligands, the P-gp ATPase assay on P-gp activities from (27) Shapiro, A. B.; Fox, K.; Lam, P.; Ling, V. Stimulation of
different species may be used as a tool to assess the  P-glycoprotein-mediated drug transport by prazosin and pro-
interspecies P-gp difference. We selected 21 drugs to gesterone. Evidence for a third drug-binding dter. J. Biochem.
characterize the differences of P-gp ATPase activities in 1999 259 841_.85.0' . o
human MDRL, rhesus monkey Mdr1, and beagle dog Mdr1 (28) Shapiro, A. B.; Ling, V. _Pos!tlvel_y _cooperatlve S|_t(_as_ _for drug
. - transport by P-glycoprotein with distinct drug specificiti&sir.
expressed insect cell membranes (Table 2) in order t0  ; Biochem1997 250, 130-137.
understand the species differences in P-gp activities. Thesg29) Shapiro, A. B.; Ling, V. Effect of quercetin on Hoechst 33342
21 drugs cover a variety of structures and different P-gp transport by purified and reconstituted P-glycoprot&mchem.
binding sites’~2° The R-site is the rhodamine123 binding Pharmacol.1997 53, 587-596.
site which is located on transmembrane domains TM6, TM9, (30) Pajeva, 1. K.; Globisch, C.; Wiese, M. Structttieunction

30,31 _cita i indi Relationships of Multidrug Resistance P-GlycoproteinMed.
and TM123%3tand the H-site is the Hoechst 33342 binding Chem.2004 47, 2523-2533,

(31) Loo, T. W.; Clarke, D. M. Location of the Rhodamine-binding
Site in the Human Multidrug Resistance P-glycoprotéinBiol.
Chem.2002 277, 44332-44338.

(32) Loo, T. W.; Bartlett, M. C.; Clarke, D. M. Processing Mutations
Located throughout the Human Multidrug Resistance P-glyco-
protein Disrupt Interactions between the Nucleotide Binding
Domains.J. Biol. Chem2004 279, 38395-38401.

(33) Loo, T. W.; Bartlett, M. C.; Clarke, D. Methanethiosulfonate
Derivatives of Rhodamine and Verapamil Activate Human P-
glycoprotein at Different Sited. Biol. Chem2003 278 50136~
50141.

(24) Qu, Q.; Russell, P. L.; Sharom, F. J. Stoichiometry and Affinity
of Nucleotide Binding to P-Glycoprotein during the Catalytic
Cycle. Biochemistry2003 42, 1170-1177.

(25) Sharom, F. J.; Yu, X.; Chu, J. W. K.; Doige, C. A. Characterization
of the ATPase activity of P-glycoprotein from multidrug-resistant
Chinese hamster ovary cellBiochem. J1995 308 381-390.

(26) Liu, R.; Sharom, F. J. Proximity of the Nucleotide Binding
Domains of the P-glycoprotein Multidrug Transporter to the
Membrane Surface: A Resonance Energy Transfer StBby.
chemistry1998 37, 6503-6512.
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in binding affinity constants among three species is merely unknown degree of the ATP hydrolysis activity coupling

due to P-gp binding sites, since little information on the to the P-gp efflux function since the rate-limiting step of

binding sites of test compounds is known. P-gp-mediated drug transport is the carrier reorientation
Interestingly, although there is a good correlation between step3°

P-gp substrate binding affinity constants in humans and those | conclusion, the present studies demonstrated that rhesus
in rhesus monkeys, there were no good correlations of the yonkeys are much closer to humans than beagle dogs with
maximal ATPase activation fold stimulated by the test respect to the P-gp ligand binding affinities. The maximal
substrates among human, rhesus monkey, and beagle dogydrolysis velocity of P-gp ATPase, however, cannot di-
P-gp activities. Besides the high interplate variationfof  rectly reflect the P-gp efflux transport rate, and, therefore,
values (Table 1), the more important reason could be thehe correlation of drug transport velocity among differ-
ent species needs to be further investigated using transport

(34) Beaudet, L.; Urbatsch, I. L.; Gros, P. Mutations in the Nucleo- assays in MDR1/Mdrl transfected cells or membrane
tide-Binding Sites of P-Glycoprotein That Affect Substrate vesicles.
Specificity Modulate Substrate-Induced Adenosine Triphosphatase
Activity. Biochemistry1998 37, 9073-9082. MP050034J
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