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ABSTRACT. Sequence requirements of the ATP-binding site within the C-terminal nucleotide-binding domain
(NBD2) of mouse P-glycoprotein were investigated by using two recombinantly expressed soluble proteins
of different lengths and photoactive ATP analogues, 8-azidoadenosine triphosphateT@N\and 2,3',4'-
0-(2,4,6-trinitrophenyl)-8-azidoadenosine triphosphate (TNR-8WP). The two proteins, TRP44—Thrl224
(NBD2snor) and Lys925—Sei27® (NBD2ng), both incorporated the four consensus sequences of ABC
(ATP-binding cassette) transporters, Walker A and B motifs, the Q-loop, and the ABC signature, while
differing in N-terminal and C-terminal extensions. Radioactive photolabeling of both proteins was
characterized by hyperbolic dependence on nucleotide concentration and high-affinity bindirkg with
(8Ns-ATP) = 36—37 uM and Ko 5(TNP-8Ns-ATP) = 0.8—2.6 uM and was maximal at acidic pH.
Photolabeling was strongly inhibited by TNP-ATRy = 0.1-5 uM) and ATP Kp = 0.5-2.7 mM).

Since flavonoids display bifunctional interactions at the ATP-binding site and a vicinal steroid-interacting
hydrophobic sequence [Conseil, G., Baubichon-Cortay, H., Dayan, G., Jault, J.-M., Barron, D., and Di
Pietro, A. (1998)Proc. Natl. Acad. Sci. U.S.A. 99831-9836], a series of 30 flavonoids from different
classes were investigated for structueetivity relationships toward binding to the ATP site, monitored

by protection against photolabeling. The 3-OH and aromaticity of conjugated rings A and C appeared
important, whereas opening of ring C abolished the binding in all but one case. It can be concluded that
the benzopyrone portion of the flavonoids binds at the adenyl site and the phenyl ring B at the ribosyl
site. The Walker A and B motifs, intervening sequences, and small segments on both sides are sufficient
to constitute the ATP site.

Multidrug resistance (MDR is a common obstacle in  transmembrane domain followed by a nucleotide-binding
successful treatment of cancet).(Classical MDR is the ~ domain (NBD) on the cytoplasmic face of the membrane
phenomenon whereby cancer cells become resistant to a wid€3, 4). The protein belongs to the large family of ABC (ATP-
variety of structurally unrelated compounds with different binding cassette) transporters, where different domain ar-
subcellular targets, after prolonged exposure to a singlerangements are found and where the domains may be
compound. Overexpression of a 14070 kDa protein, called ~ separate proteins. The NBDs can be linked to other functional
P-glycoprotein (P-gp), is implicated in MDR2), P-gp protein entities, creating a wide family of ABC ATPases.
consists of two homologous halves, each made up of a The NBDs of ABC ATPases contain four sequence
signatures: the Walker A [G(¥BEKS/T] and Walker B
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acid. P-gp shows a drug-stimulated, vanadate-inhibited, allowed us to define the requirements of flavonoid binding
ATPase activity with &, for MgGATP around 1 mM and a  to the ATP site.

Vmax Of 0.3—2 (umol/min)/mg of protein 8, 9). While P-gp
exhibits a low affinity for ATP, TNP-ATP binds ap-
proximately 1000-fold tighterl(0—12). The photoactive ATP
analogue 8MATP labels conserved Tyr of hamster P-gp,

positioned 26 residues before the Walker A modfsy was from Carlo Erba or Sigma, ATP was from Boehringer
Vanadate trapping of ATP, chemical derivatization, and Mannheim or Sigma, and TNP-ATP was from Molecular

mutagenesis demonstrate that cooperativity between the . )
N-terminal NBD (NBD1) and the C-terminal NBD (NBD2) " 'oPes or was synthesized2J. Natural or synthefic fla-
is mandatory for ATPase activityl4—20). Mutagenesis, von0|d_s were obtained as prewously_ detaildd, @1, 43—
; i ; 47). Ni-NTA agarose-25 was from Qiagen.

photolabeling, and competition studies place at least two drug ) ‘ :
transport sites in the transmembrane domains of the protein Proteins The two recombinant C-terminal NBD2 polypep-
(21-30). tides from mouse P-gp Mdrlb used in this study were

P-gp modulators are responsible for decreased drugexpressed ifE. coli. The sequences of the two polypeptides
extrusion and reversal of cellular multidrug resistance. Even Were from Th#%#to Thri24(NBD2snor and from Lys®2°to
though they are structurally divergent, they all are relatively Se'lz.m (NBD20ng). The proteins were expressed as N-
hydrophobic. They competitively or uncompetitively inhibit  t€rminal hexahistidine-tagged recombinant polypeptides.
efflux of cytotoxic agents from the celB(—33). Allosteric Insertion in the pQE30 plasmid of the DNA encoding
inhibitory sites, distinct from the transport sites, appear to NBD2snorand overexpression and purification of the recom-
be present as well. Flavonoids, compounds prevalent in ourbinant protein were as previously describ8@)( The DNA
diet, have been explored as reversal agents, and kaempferogncoding NBD2,y was prepared from the recombinant
quercetin, and genistein have been demonstrated to modulat@ GEX-KT plasmid encoding the GSTNBD?2 fusion protein
resistance, although apparently conflicting results have beenwhere it had been inserted BarrHI—EcaRl sites (0). After
obtained with different cancer cell lines84—36). The linearization byEcodRlI, blunt ends were generated using
flavonoid nucleus offers an attractive scaffold for substitu- Klenow fragments, and the DNA was digested BgnHl,
tions in different directions, and a systematic study of releasing only NBDg.;s DNA. After purification, the DNA
N-benzylpiperazine derivatives showed that several com-was ligated between thiganH| and Smad sites of the pQE30
pounds potentiated doxorubicin cytotoxicity on resistant cells plasmid (Qiagen; containing the N-terminal hexahistidine-
(37). coding sequence), and used to transform JVELO&li cells.

The modular structure of ABC transporters suggests that After induction with 1 mM isopropyl-1-thigs-p-galactopy-
P-gp function may be able to be reconstituted from separateranoside fo 3 h at 30°C, cells were harvested by centrifuga-
NBDs and transmembrane domains. The study of isolatedtion and frozen at-80°C. Cells were thawed and suspended
individual domains would greatly simplify the localization in 50 mM Tris=HCI, 250 mM NaCl, 1 mM EDTA, 7 mM
of drug- and reverser-binding sites, and a comparison of theMgClz, 2% LDAO, 1.5 mM phenylmethylsulfonyl fluoride,
properties of the isolated domains and the whole protein 5 M pepstatin, and &M leupeptin, pH 7.5. After addition
could shed light on the roles of each domain, the nature of of benzonase, cells were lysed with a SLM-Aminco French
noncovalent subunit interaction, and the coupling mechanism.cell press at 1000 psi; the lysate was 2-fold diluted with 40
Each individual half-molecule exhibits low ATPase activity, MM NaPi, 20% glycerol, 900 mM NaCl, 50 mM imidazole,
and drug-dependent stimulation requires the interaction of and 10 mMp-mercaptoethanol, pH 7.2, and centrifuged at

EXPERIMENTAL PROCEDURES

Materials. All buffers, imidazole, and Triton X-100 were
from Sigma. HECAMEG was from Calbiochem, glycerol

both halves §8). Recombinantly expressed mouse NBD1
and NBD2 bind nucleotides, and show very low or no
ATPase activity 10, 12). Certain flavonoids from different
classes bind to isolated mouse NBD2 and partially inhibit
nucleotide binding, suggesting overlapping sit&3.(There

is a correlation between the tightness of flavonoid binding
to isolated NBD2 from thd.eishmania tropicamultidrug
transporter and the degree of inhibition of daunomycin efflux
from the parasite40). However, hydrophobic prenylated

3000@ for 30 min. The supernatant was incubated in batch
with nickel-agarose previously equilibrated in 20 mM NaPi,
2% LDAO, 1 M NacCl, 25 mM imidazole, and 10% glycerol,
pH 7.2. The solution was added to a column and the
sedimented resin washed with 20 column volumes of 20 mM
NaPi, 10% glycerol, 1.5% LDAQ1 M NaCl, 30 mM
imidazole, and 5 mMg-mercaptoethanol, pH 7.2. After
several washes with increasing imidazole concentrations up
to 70 mM, the protein was eluted with 20 mM NaPi, 25%

flavonoids seem to exert their effect at the drug transport glycerol, 0.3%g-octylglucoside, 250 mM imidazole, and 5
site rather than the ATP site in the yeast transporter Pdr5pmM S-mercaptoethanol, pH 7.2. The protein was im-

(49).

In this study, we report the photolabeling of two recom-
binant NBD2 proteins of different lengths by 8 TP and
TNP-8N:-ATP, and the binding of nucleotides and fla-

mediately transferred onto a column containing DEAE-
Sepharose (Pharmacia) equilibrated with 20 mM NaPi, 25%
glycerol, and 0.3%g-octylglucoside, pH 7.2, and the flow
through collected since it contained purified NBEg The

vonoids. Both proteins contain the four consensus sequencegluate was finally dialyzed against 20 mM NaPi, 20%

typical of ABC ATPases, but the shorter one lacks a 19
amino acid segment on the N-terminal portion, including the
tyrosine photolabeled by 8N\NATP in hamster P-gp, and a

glycerol, 0.5 M NaCl, 0.01% HECAMEG, 1 mM EDTA,
and 5 mMg-mercaptoethanol, pH 7.2. A typical yield of
this procedure was 1-01.5 mg of pure protein/L of cell

52 amino acid segment on the C-terminal end. Both proteins Culture.

were efficiently derivatized by the two probes in a manner

Photolabeling and SDSPAGE The standard irradiation

that suggested derivatization solely at the ATP site. This medium for NBD2h.rand NBDZong Was 25 mM buffer, 20%
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(w/v) glycerol, and 0.01% (w/v) Triton X-100 in a volume
of 75 or 100uL. The buffer and pH, as well as conditions

de Wet et al.

were synthesized as describeésD) High-specific-activity
[y-32P]8Ns-ATP was prepared by an exchange metHsit), (

deviating from the standard, are specified in the captions to and the TNP moiety was added as previously describad (

the figures.

Samples were irradiated using a 100 W xenon lamp (Hi-

Synthesis of '4Azido-5-hydroxy-74C]methoxyflaone
The starting compound, 376 mg of 5,5-dihydroxya#trofla-

Tech) with quartz cuvettes of fresh toluene positioned at vone (1), obtained according to re§3, was reduced to'4
either side of the central quartz cuvette to protect the protein amino-5,7-dihydroxyflavone2j by catalytic hydrogen trans-

from ultraviolet radiation damage (cutoff at approximately

fer (54) in 50 mL of dry methanol, upon addition of 400 mg

290 nm). Irradiated samples were transferred to Eppendorfof ammonium formate and 100 mg of 10% Pd on activated

tubes on ice, and 8L of 20% (w/v) SDS, containing trace

carbon. The medium was stirred under argon for 22 h, the

amounts of bromophenol blue, was added. Samples werecatalyst was removed by filtration and washed with methanol,

subjected to SDSPAGE in 15% (w/v) polyacrylamide gels
prepared according to Laemm#q) and run for 3 h at 4C

and the filtrate was diluted with water and extracted with
ethyl acetate. Purification of the extract on diol-bonded silica

and 35 mA. Gels were dried and the radioactivity quantified using a gradient of ethyl acetate in hexane yielded 231 mg
using an Instant Imager (Packard Instrument Co.). Graphs(68% yield) of2: *H NMR (300 MHz, CDC}) 6 = 13.19
were drawn using Sigma Plot 3.0 (Jandel Scientific Soft- (s, 1 H, OH-5), 7.80 (d, 2 HJ = 8.8 Hz, H-2, H-6), 6.82
ware). The data obtained from concentration-dependent(d, 2 H,J = 8.8 Hz, H-3, H-5), 6.54 (s, 1 H, H-3), 6.51 (d,

photolabeling of proteins with yF32P]TNP-8N-ATP or
[y-32P]8Ns-ATP were fitted to the binding equation

Y = YnalSD/(Ko s+ [S])

whereY = relative countsYmax = relative maximum counts,
[S] = nucleotide probe concentration, akgls = concentra-
tion of the probe at which half-maximal labeling is obtained.

Data obtained from ATP (or other inhibitor) inhibition of
either [y-32P]TNP-8N;-ATP or [y-32P]8Ns-ATP photolabel-
ing were fitted to the binding algorithm

Y = {100K, (ATP)/(K, s(ATP) + [ATP])} + F

whereY = percent photolabeling; = offset, andKgs =
concentration of ATP at half-maximal inhibition.

The “true” dissociation constant for ATP (or other inhibi-
tor) binding was obtained from the equation

Ko(ATP) = K, (ATP){ 1 + ((TNP-8N;-ATP]/
Ko JTNP-8N3-ATP]}

where TNP-8N-ATP could also be 88NATP, depending on
the radiolabel used.

The [Kavalues for pH-dependent photolabeling of various
proteins with {-32P]TNP-8N-ATP or [y-32P]8Ns-ATP were
obtained from the equation

Y={(A x 10°=)/10% "+ 1)} + F

whereY = percent photolabelingd = 100,x = pH, andF
= offset.

Quantification of derivatization was performed by pre-
cipitating irradiated protein with a 13-fold excess of ice-
cold 10% (w/v) trichloroacetic acid and collecting the protein
on GF/F 2.5 cm Whatman filter paper with a mild vacuum.
The filters were washed twice with 5 mL of 5% acid and
assayed for radioactivity. Alternatively, the amount of
radioactivity associated with the protein bands following

1H,J=2.1Hz, H-8), 6.24 (d, 1 H) = 2.1 Hz, H-6);°)C
NMR (75 MHz, CDC}) 6 = 182.4 (C-4), 165.3 (C-7), 164.1
(C-2), 162.9 (C-5), 158.2 (C-9), 153.0 (C)}4128.4 (C-2,
C-6), 118.6 (C-3), 114.3 (C-3 C-5), 104.8 (C-10), 101.7
(C-3), 99.0 (C-6), 94.1 (C-8); positive high-resolution fast
bombardment mass spectrometry M H] m/z 270.0770
(caled for GsH1oNO4 270.0766). The '4azido-5,7-dihy-
droxyflavone B) was prepared according to fed from 207

mg of 2 dissolved in 10 mL 64 N aqueous HCI, cooled to

0 °C, and dropwise mixed with 8 mL of a solution of 266
mg of NaNQ in 15 mL of HO, so that the temperature
never exceeded 3C. After 1 h of stirring at 0-4 °C, a
solution of 500 mg of sodium azide in 10 mL oL@ was
added, dropwise, in the dark, and the medium stirred at room
temperature for 1 h. The reaction was stopped by addition
of ice and 10% aqueous NaHGCExtraction with diethyl
ether and purification of the extract on diol-bonded silica,
using a gradient of ethyl acetate in hexane as solvent,
furnished 214 mg (94% yield) a8: *H NMR (300 MHz,
acetoneds) 6 = 12.91 (s, 1 H, OH-5), 9.73 (s, 1 H, OH-7),
8.13 (d, 2 HJ = 8.8 Hz, H-2, H-6), 7.30 (d, 2 HJ = 8.8
Hz, H-3, H-5), 6.79 (s, 1 H, H-3), 6.58 (d, 1 H = 2.1
Hz, H-8), 6.29 (d, 1 HJ = 2.1 Hz, H-6);3C NMR (75
MHz, acetoneds) 6 = 182.6 (C-4), 164.6 (C-7), 163.3 (C-
2), 162.9 (C-5), 158.3 (C-9), 144.1 (Cy4128.6 (C-2, C-6),
128.3 (C-1), 120.1 (C-3 C-5), 105.0 (C-10), 105.0 (C-3),
99.4 (C-6), 94.4 (C-8); positive high-resolution fast bom-
bardment mass spectrometry fMH] m/z 296.0678 (calcd
for CisH1gN304 296.0671)]. The 4azido-5-hydroxy-7-meth-
oxyflavone @) was prepared from 11.3 mg 8fin 1.5 mL

of dimethylformamide to which 1.2 mg of tetrabutylammo-
nium bromide, 7.9 mg of anhydrous,8Os;, and 3ulL of
methyl iodide were added. Aftel h of reaction at room
temperature with stirring, the reaction medium was diluted
with water, acidified, and extracted with ethyl acetate. After
filtration of the extract on a small column of silica gel using
hexane-ethyl acetate (8:2) as solvent, 6.5 mg (55% yield)
of 4 was recovered*H NMR (300 MHz, CDC}) 6 = 7.91

SDS-PAGE and instant imaging was measured by reference(d, 2 H,J = 8.9 Hz, H-2, H-6'), 7.18 (d, 2 H,J = 8.9 Hz,
to a known amount of a radioactive probe placed on small H-3', H-5), 6.64 (s, 1 H, H-3), 6.51 (d, 1 Hl = 2.3 Hz,
squares of filter paper and incorporated above and belowH-8), 6.40 (d, 1 HJ = 2.3 Hz, H-6), 2.19 (s, 3 H, C¥;
the gel just before drying. The average radioactivity was used*C NMR (75 MHz, CDC}) 6 = 182.7 (C-4), 166.0 (C-7),

for quantification.
Synthesis of §-2P]8N5-ATP and [-*?P]TNP-8N-ATP.
8Ns-ATP and the high-affinity derivative TNP-GNATP

163.4 (C-2), 162.6 (C-5), 158.1 (C-9), 144.2 (G;4.28.3
(C-2, C-6), 128.2 (C-1), 120.0 (C-3, C-5), 106.0 (C-3),
105.3 (C-10), 98.6 (C-6), 93.1 (C-8), 30.1 (§H For C-
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Booth ef al. .
| NBD2brg NBD2short Walker A mofif
mouse P-gp NBD1 KIIDNEPS|IDSFSTKGYKPDS IMGNLEFKNVHFNY SRSEVQILKGLNLKVKSGQTVALVENSGCGKS[PTVQLMORLYDP
mouse P-gp NBD2 RIIEKTPEIDSYSTEGLKPTLLEGNVKFNGVQFNYPTRPNIPVLQGLSLEVKKGQTLALVGSSGCGKS[TVVQLLERFYDP
S. typhimurium HiSP ——o—mommmmmmee MMSENKLHVIDLHKRYG---GHEVLKGVSLQARAGDVISIIESSGSGKS[ITFLRCINFLEKP
B1 B2 B3 al
Q-oop
mouse P-gp NBD1 LEGVVSIDGQDIRTIN- === === m—m e VRYLREIIGNVSQEPVLFA-TTIAENIRYGRED--VTMDEIEKAVKEANAY
mouse P-gp NBD2 MAGSVFLDGKEIKQLN---—~——====~~ VOWLRAHLGIVSQEPILFD-CSIAENIAYGDNSRAVSHEEIVRAAKEANIH
S. typhimurium HisP SEGAIIVNGQONINLVRDKDGQLKVADKNQLRLLRTRLTMVEQHFNLWSHMTVLENVMEAPIQ----VLGLSKHDARERAL
-l o ] 1 ————
B4 B5 Ps p7 o2 B8 a3 o
ABC signature Walker B motif NBD2short
mouse P-gp NBD1 DFIMKLPHQFDTLVGERGAQLSGGQRQRIATIARALVRNPKILLLDEATSALDTESE-AVVQAALDKAREGRTT IVIAHRL
mouse P-gp NBD2 QFIDSLPDKYNTRVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESE~KVVQEALDKAREGRTICIVIAHRL
S. typhimurium HisP  RYLAKVG-IDERAQGKYPVHLSGGQQORVSIARALAMEPDVLLFDEPTSALDPELVGEVLRIMQQLAEEGKTMVVVTHEM
I 13 I ] = [ ] b
a4  ad as o a6 pio
Booth et al.
NBD2ong
mouse P-gp NBD1 STVRNAD-VIAGFDGGVIVEQGNHDELMRE-KGIYFKLVMTQTRGNE IE PGNNAYGSQSDTDASELTSEESKSPLIRRS
mouse P-gp NBD2 STIQNAD-LIVVIENGKVKEHGTHQOLLAQ-KGIYFSMVQAGAKRS-~——~=—————————mmmm o m e
S. typhimurium HisP GFARHVSSHVIFLHQGKIEEEGDPEQVFGNPQSPRLOQFLKGSLK=—=——————== e
ol - | ] | ]
o7 p11 B12 o8 o9

Ficure 1: Alignment of the amino acid sequences of mouse P-gp NBD1 and NBD2 with that of bacterial HisP. The alignments were done
with the ClustalW program. The secondary structural elements of HisP are derived from the high-resolution crystal sk&)ctlie (

limits of NBD2snor@and NBDZong are indicated, as well as those of the recombinant polypeptide of human NBD1 found to exhibit Mg
dependent 8MATP photolabeling §7). The four consensus sequences of ABC transporters are framed.

radiolabeled4, 85 ug of 3 was dissolved in 20@L of dry RESULTS
dimethylformamide, and 9.3:g of tetrabutylammonium
bromide, 6Qug of anhydrous KCQO;, and 18 nmol of J*C]-
methyl iodide (1 mCi; 55 mCi/mmol) was added. After
reaction fo 1 h atroom temperature with stirring, cold
methyl iodide was added, and the medium was further stirred
at room temperature for 1 h. After dilution of the medium
with water and acidification, radioactivewas extracted with
ethyl acetate. Cochromatography with cold compound dem-
onstrated that all the recovered radioactivity (40i) was

Recombinant PolypeptideShe sequences of NBD1 and
NBD2 from mouse P-gp are aligned with that of the
Salmonella typhimuriurilisP protein in Figure 1. The limits
of the two polypeptides used in this study, namely,
Thri044-Thrl224(NBD2shor) and Lys925—Sef276 (NBD2ong),
are indicated, as well as those of the recombinant NBD1 of
human P-gp that was found recently to produce?Mg
dependent 8NATP photolabeling%7). Our longer polypep-
associated withd. The specific activity was 57 000 cpm/ E?eem(el\rl]?sDoszI:g?sg Cxai?;itsihzlgﬁgﬁesr%cnoen?Naggélt;%ural
nmol. the first3-strand of HisP, including the tyrosine labeled by

Photolabeling by 4Azido-5-hydroxy-7f/Clmethoxyfla-  8Ns-ATP in hamster P-gp1@), and significant structural
vone A stock solution (5 mM) of the azido chrysin was made elements (threes-strands and threex-helices) on the
in dimethyl sulfoxide. Preliminary experiments in phosphate C-terminal side. The polypeptides were overexpresséd in
buffer, pH 6.0, established that the compound was light coli with a (Hisy tag, and purified from the soluble
sensitive, with the absorbance peak at 314 nm becoming lessupernatant fraction. Both proteins tended to precipitate in
prominent following 1 min of irradiation with the lamp and  the absence of glycerol and/or high salt concentrations and
filters described above. Quantification of NBRZ photo-  detergent, the larger one seeming to be more hydrophobic.
labeling was initially attempted by acid precipitation of the Therefore, the photolabeling experiments were performed in
protein following irradiation, collecting the protein on glass 20% glycerol and at protein concentrations lower than 0.5
fiber filters, and assaying the filters for radioactivity. uM.

However, high blanks were encountered. A second method Photolabeling Characteristics The photolabeling of
using Ni-chelate chromatography to retain and wash the NBD2gnorand NBD2,ng With 8Ns-ATP and TNP-8N-ATP,
protein was successful. NBRgy (1 M) was irradiated in at pH 6.0 in the presence of EDTA, is shown in parts A and
25 mM MOPS/Tris, pH 7.0, 1 mM EDTA, 20% (w/v) B, respectively, of Figure 2. The photolabeling was saturable
glycerol, and 4azido-5-hydroxy-7-‘C]methoxyflavone for  with both probes at fairly low concentration&y s(8Ns-ATP)

1 min. Urea was added to a concentration of 8 M. The was 36-37 uM for both NBD 2o and NBDZng, andKo s
solution was passed over a small column of primed Ni-NTA (TNP-8N;-ATP) was 0.8 and 2.6M, respectively.
agarose-25 and the column washed with standard Qiagen The effects of the concentration of salt (NaCl), sucrose,
buffers followed by a standard elution buffer, all in 8 M and detergent (Triton X-100) on the photolabeling of
urea. An aliquot of the elution buffer was analyzed for NBDZ2g,o: and NBDZong With TNP-8N;-ATP were investi-
radioactivity. Blanks not containing protein were processed gated (data not shown). High salt concentration (1 M)
at the same time. partially inhibited photolabeling, but in the millimolar range
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Ficure 2: Concentration-dependent photolabeling of NBig2
(open symbols) and NBL2q (closed symbols) with 8NATP (A,

top) and TNP-8M-ATP (B, bottom). Photolabeling was carried out
in the standard medium, with 25 mM MES [RHmnorpholino)-
ethanesulfonic acid], pH 6.0, and 2 mM EDTA. The protein
concentration was 0.5 or 0M for [y-32P]8N;-ATP or [y-32P]-
TNP-8N;-ATP, respectively. The data points at the highest con-
centration of nucleotide were taken as 100%.

de Wet et al.

% Relative counts
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Ficure 3: Effect of increasing concentrations of MgCbn
photolabeling of NBDghort (A, top) and NBDZng (B, bottom) with
8Ns-ATP. Photolabeling was carried out in the standard medium,
with 25 mM MES, pH 6.0, including EDTA or MgGlas indicated
below. The protein concentration was O1. The medium
contained 10 mM EDTA (circles, solid line), 1 mM MgCl
(triangles, dashed line), 10 mM MgQkquares, short dashed line),
or 30 mM MgCh (tilted squares, dotted line). The data points at
300 u4M nucleotide in EDTA were taken as 100%.

the effect was small. Sucrose and buffer concentrations had

little effect. The effect of detergent was tested by diluting
the stock polypeptides (in 0.01% (w/v) HECAMEG) at least
100-fold. Low concentrations of Triton X-100 (above

0.003%) enhanced photolabeling of both NBDs approxi-
mately 2-fold, and therefore 0.01% (w/v) Triton X-100 was
included in the following standard irradiation medium.

The MgChL and pH dependencies of photolabeling are

respectively, upon addition of 30 mM MgLC(Figure 3).

Similar results were obtained for TNP-8ATP (data not

shown). Photolabeling in the presence of either 1. mM MgCl

or EDTA was maximal at acidic pH for both probes and

polypeptides, and the pH dependence yieldeggNs-ATP)

= 6.8-7.4 and K(TNP-8N\;-ATP) = 7.5-7.9 (Figure 4).
Since one possibility for such a pH dependence might be

shown in Figures 3 and 4, respectively. For both polypeptides hydrolysis of they-phosphate of the probe or instability of

and both probes, Mg&had moderate inhibition up to 1 mM,
especially for NBD2ng, and inhibited more strongly at higher

the probe/protein attachment at alkaline pH. This was tested
by photolabeling NBDgorrand NBDZng with [y-32P]TNP-

concentrations. The inhibition appeared to be due both to 8Ns-ATP at pH 6.0 with or without 1 mM Mg, and
decreased efficiency of the photodependent reaction and tomonitoring the radioactivity remaining with the protein over
decreased affinity for the nucleotide. For example, in the 1 h at 25°C. However, the level of radioactivity monitored

case of 8N-ATP, theKq5(8Ns-ATP) was raised from 36
37 to 143 and 101uM for NBD2g,0x and NBDZong,

by SDS-PAGE and instant imaging was not dependent on
the time of incubation or the conditions.
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Ficure 4: pH-dependent photolabeling of NBR&:(open symbols)
and NBDZong (closed symbols) with BNATP (triangles) and TNP-
8N3-ATP (circles). Photolabeling was carried out in the standard
medium containing either 1 mM Mg&(A, top) or 10 mM EDTA

(B, bottom). MES was used as buffer at pH 6.0 or 6.5, HEPES
[N-(2-hydroxyethyl)piperazin&¥-(2-ethanesulfonic acid)] at pH 7.0
or 7.5, EPPSN-(2-hydroxyethyl)piperaziné¥-(3-propanesulfonic
acid)] at pH 8.0 or 8.5, and CHES [RPHcyclohexylamino)-
ethanesulfonic acid] at pH 9.0 or 10.0. The protein concentration
was 0.5 and 0.4M for [y-32P]8N;-ATP and |-32P]TNP-8N;-ATP,
respectively. The curves shown are the best fits to NR2lata
photolabeled with -32P]8N;-ATP (dashed line) andyf3?P]TNP-
8Ns-ATP (solid line). The data points at pH 6.0 were taken as 100%.

The efficiency of photolabeling was determined under
optimal conditions by either of the two following methods.
The first one involved acid precipitation of the derivatized
protein, recovery of the protein on glass fiber filters, and
counting of the radioactivity. The second one used SDS
PAGE and quantification by instant imaging with reference
to a standard amount 8fP[R] incorporated into the gel on
a small piece of filter paper. At a concentration of nucleotide
of 3Kgs (corresponding to 75% saturation) and pH 6.0 in
the absence of MY, the level of derivatization using both
methods was approximately 0.5 mol/mol of NBD2 for both
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tization at saturation is on average close to 0.7 mol/mol of
NBD2.

Nucleotide Inhibition of PhotolabelingThe effect of
increasing concentrations of ATP and TNP-ATP on the
photolabeling of the polypeptides in the presence of EDTA
is shown in Figure 5. Both nucleotides almost completely
inhibited the photolabeling of both polypeptides, in a
monophasic manner indicative of a single class of sites. The
derived “true” affinities, assuming close-to-equilibrium
conditions, are the following:

for 8N;-ATP
NBD2g¢ Kp(TNP-ATP)=0.1uM, Kp(ATP) =1 mM
NBD2,y Ko(TNP-ATP)=0.64M, Kp(ATP) =

0.5mM
for TNP-8N,-ATP
NBD2.: Ko(TNP-ATP)= 0.5uM, Ky(ATP) =

1.7 mM
NBDZ,Ong: Ko(TNP-ATP)= 5.0uM, Ky(ATP) =

2.7 mM

The discrepancies between photoprobes are most probably
due to conditions deviating from equilibrium.

Flavonoid Inhibition of Photolabelinglo identify, on one
hand, functionalities on the flavonoid nucleus which are
important for binding to the ATP site and, on the other hand,
positions on the nucleus where substitution may be possible,
the effect of a variety of flavonoids was tested on photo-
labeling. The basic structures of the different classes of
flavonoids investigated in this study are shown in Figure 6,
and the 30 compounds used are listed in Table 1. The
compounds were screened at & for inhibition of
photolabeling of NBDR,g by a photoprobe concentration
equal toKp s, in a medium containing 10 mM EDTA at pH
6.0. Among the 30 compounds tested, only kaempferide,
galangin, dehydrosilybin, and broussochalcone A inhibited
photolabeling. The concentration-dependent inhibition of
NBD2ng photolabeling by TNP-8NATP is shown in Figure
7 and yieldedKp(kaempferide)= 1.9 uM, Kp(galangin)=
20 uM, Kp(dehydrosilybin)= 32 uM, andKp(broussochal-
cone A)= 11uM. These flavonoids were also the only ones
that inhibited photolabeling by 8NATP (results not shown).
While kaempferide itself binds fairly tightly to the ATP site,
hydrophobic substitutions on the 8-position prevent binding.
Galangin, which is not substituted at positidnkinds well,
whereas extensions at either position 8 or position 6 also
prevent binding. Chrysin and derivatives, all of which lack
the 3-OH, cannot bind to the ATP site. The only direction
in which extensions are permitted seems to be on ring B, as
demonstrated by the binding of dehydrosilybin. Furthermore,
the double bond between carbons 2 and 3 on ring C appears
to be essential for ATP site recognition as silybin itself shows
no inhibition of photolabeling.

The binding of flavonoids to NBRthas been previously
measured using tryptophan fluorescence quencl3ggié—

48), and the obtaine®p values are listed in Table 1. The

probes and both polypeptides (range for different preparationsKp for kaempferide is similar to that found in this study,

0.2—0.7 mol/moal). This means that the efficiency of deriva-

but the values for galangin and broussochalcone A are tighter.
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Ficure 5: Nucleotide inhibition of NBDZhort (Open symbols) and
NBD2ng (Closed symbols) photolabeling by 8RTP (A, top) or
TNP-8N;-ATP (B, bottom). Photolabeling was carried out in the
standard medium including 10 mM EDTA. The concentrations of
[y-32P18Ns-ATP and [-32P]TNP-8Ns-ATP were equal tdo s (see
Figure 2), and the protein concentrations were 0.5 ang:/®lTor

the two probes, respectively. Data obtained in the absence of TNP-
ATP and ATP were taken as 100%. Circles, solid line: NBR32
photolabeling inhibited with ATP. Triangles, solid line: NBRg,
photolabeling inhibited with TNP-ATP. Open squares, dashed
line: NBDZ2ihor; photolabeling inhibited with ATP. Open tilted
squares, dashed line: NBEZ; photolabeling inhibited with TNP-
ATP.

Interestingly, several chrysin hydrophobic derivatives have
been found to bind extremely tightly4®) and yet do not
inhibit photolabeling; they evidently do not bind to the ATP
site.

Photolabeling with 4Azido-5-hydroxy-74C]methoxy-
flavone. The very tight binding of several chrysins to
NBD2short prompted us to synthesize a radiolabeled azido
derivative to localize the binding site in the structure.
However, irradiation under conditions under which tight
binding of the chrysins has been found and under which most
of the probe is photolyzed failed to derivatize the protein
significantly.

de Wet et al.
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FIGURE 6: Basic structures of the different classes of flavonoids:
galangin (flavonol), chalcone, chrysin (flavone), and silybin.

DISCUSSION

The present work has shown that8NTP and TNP-8M-
ATP photolabel two different sizes of recombinantly ex-
pressed NBD2 of mouse P-gp with nearly stoichiometric
derivatization at acidic pH. The apparent tight binding of
the TNP nucleotide is consistent with the much higher
affinity for TNP-ATP as compared with ATP exhibited by
both the whole P-gp and the recombinant NBDR&-12,

58, 59). The strong inhibition of photolabeling by TNP-ATP
and ATP is also indicative of a properly constituted ATP
site. The atomic structures of HisBg), ArsA (60), and
Rad50 ) ATPases all indicate that the ribose hydroxyls of
bound nucleotide are not enclosed by protein, and evidently
a TNP moiety can be accommodated in this position.

Mg?* in the submillimolar concentration range does not
markedly affect photolabeling, especially in the case of
NBD2q,g but strongly inhibits at high concentrations.
Photolabeling of human P-gp and of several whole yeast
ABC multidrug transporters have been found to be highly
dependent on MY (17, 61, 62). Photolabeling of recom-
binant soluble human NBD1 is My dependent if the size
of the polypeptide is above a certain minimum, with
important determinants on both the N- and C-terminal sides
(57). The critical length is very similar to that of our
NBD2ong polypeptide, although a small segment is missing
on the N-terminal end (cf. Figure 1). Since the latter portion
is not unduly conserved among P-gp’s, it is possible that
NBD1 and NBD2 may differ with respect to the minimum
requirements that constitute a Rgpite. The recent structures
of Rad50 and ArsA ATPases suggest that the two MgATP
sites form at the interface of a dimeric interaction between
the two NBDs ¢, 60). Thus, interaction between NBD1 and
NBD2 may be required for proper reconstitution of the
MgATP site of recombinant soluble NBD2 and for yielding
a Mg?" dependence of photolabeling. In this respect, it is
interesting that, in whole human P-gp and in the related
multidrug resistance associated protein (MRP1) when ex-
pressed as two half-molecules, 8NTP preferentially
photolabels NBD1 while trapping of 85ADP with vanadate
occurs at NBD2 §1, 63). In the case of MRP1, recombi-
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Table 1: Flavonoids Investigated in This Study, with Corresponding
Dissociation Constants Previously Determined on Recombinant
Soluble NBD2Zort by Quenching of Intrinsic Tryptophan
Fluorescence3, 44—48)

substituents

Ko

flavonol 3 6 8 4 (uM)

galangin OH 5.3
6-prenylgalangin OH  Pre 0.21
8-prenylgalangin OH Pre 0.22

kaempferide OH OCH 4.5

8-(1,1-DMA)kaempferide OH DMA OCH 0.20

8-(1,1-DMA)-3-methylkaempferide OCH DMA OCH; 0.12

substituents

Kb
chalcone 5 3 4 (uM)
broussochalcone A Pre OH OH 0.44
4-CHs-chalcone GHs 2.1
4-C4Hqo-chalcone GHo 1.0
4-CgH1z-chalcone GHais 0.27
4-CgHi~chalcone @H17 0.02
4-F-chalcone F 3.6
4-l-chalcone I 0.25
4-OH-chalcone OH OH 4.8
4-OH-3-prenylchalcone Pre OH 0.53
substituents Ko
flavone 6 7 8 4 (uM)
chrysin 13.1
6-prenylchrysin Pre 0.30
7-prenylchrysin Pre 0.045
tectochrysin OCH 6.3
8-(1,1-DMA)chrysin DMA 0.20
8-prenylchrysin Pre 0.28
6,8-diprenylchrysin Pre Pre 0.015
6-geranylchrysin Ger 0.045
8-geranylchrysin Ger 0.025
4'-F-chrysin F 2.7
4'-|-chrysin | 2.2
substituents Ko
silybin derivative 2and3 6 8 (uM)
silybin 6.8
dehydrosilybin double bond 2.2
6-prenyldehydrosilybin Pre 0.37
8-prenyldehydrosilybin Pre 0.25

nantly expressed NBD1, but not NBD2, could be photo-
labeled.

The pH dependence of photolabeling indicates that pro-
tonation of ionizable group(s), with aKp of 6.8 for 8Ns-
ATP or 7.5-7.8 for TNP-8N-ATP, aids nitrene insertion
into the protein. In the absence of Kfg this could be
attributable to protonation of thg-phosphate with a .-
(ATP) of 6.8 ©4). But this explanation seems to be
incompatible with the finding that 1 mM Mg has no effect
on the X, of photolabeling, since MgATP does not ionize
in this pH range. It seems doubtful that the 8-azido derivative
would be different in this respect. An alternative explanation
is that the polypeptide itself, perhaps at the ATP site, might
ionize in this range, modulating either nucleotide binding
or the photochemical reaction. It is also possible that the
folding of the fragments or stability of the folded structures
is pH dependent.

A surprising aspect of our results is that NBly which
lacks the first centrap-strand of the HisP structuré),
including the conserved tyrosine photolabeled in hamster
P-gp by 8N-ATP (13), and further structural elements on
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Ficure 7: Flavonoid inhibition of TNP-8MATP photolabeling

of NBD2jong. Photolabeling was carried out in the standard medium
including 10 mM EDTA. The concentration of{*?P]TNP-8N;-

ATP was equal t&, 5, and the protein concentration was @M.

Data obtained in the absence of flavonoid were taken as 100%.
Filled circles, solid line: kaempferide. Open triangles, medium
dashed line: broussochalcone A. Open circles, short dashed line:
galangin. Filled triangles, dotted line: dehydrosilybin.

100

the C-terminal side is efficiently photolabeled, similar to the
longer domain. These findings suggest that an ATP site is
constituted from quite a small core of structural elements. It
may just include the twg-strands leading into the P-loop
of the Walker A motif, the P-loop itself, and the following
helix, over which the nucleotide is positioned in the HisP,
RbsA 65), ArsA, and Rad50 ATPase structure. Therefore,
the tyrosine photolabeled in the whole hamster P-gp might
not contribute significant binding energy to the SATP/
protein interaction in mouse NBD2, although it could do so
for ATP itself. The result also implies the existence of
alternative target residue(s) for the reactive nitrene besides
the tyrosine. Consideration of the crystal structures of ABC
ATPases suggests several possibilities, including a tyrosine
in the aforementioned helix, which interacts with the adenine
of bound ATP in the ribose transporter Rbs%). Despite
considerable effort, so far we have been unable to identify
the amino acid residue(s) photolabeled with TNP;-&NP,
and this suggests that derivatization may not be confined to
a single residue within the ATP site. The binding energy
may derive largely from the phosphate/protein interaction,
leaving the adenyl moiety rather mobile, as recently found
in the maltose transporter Mall6§). TNP-AMP, in contrast
to TNP-ATP and TNP-ADP, has been reported to bind poorly
to full-length human P-gb@). Aromatic residues in the ATP
site of the related cystic fibrosis transmembrane conductance
regulator do not contribute to nucleotide binding interactions,
also suggesting that the phosphate/protein interactions may
dominate binding 7). Therefore, despite some minor
differences, both lengths of NBD2 are suited for monitoring
binding to, and photolabeling of, the P-gp ATP site.
Flavonoids constitute a large and diverse pool of plant
metabolites that offer potential as multidrug resistance
reversers and serve as a useful scaffold to drug diversity.
Only 4 out of 30 screened, namely, kaempferide, galangin,
dehydrosilybin, and broussochalcone A, inhibited photo-
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Ficure 8: Summary of the requirements for flavonoid binding to
the ATP site of NBD2. X’s indicate nonpermitted extensions.
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labeling in the low micromolar range. The tight binding of
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of rhodamine 6G than ATPase activity in the case of the
yeast Pdr5p transporte4l). Also the fact that radioactive
4'-azido-5-hydroxy-7-methoxyflavone failed to photolabel
NBD2 supports the existence of a second hydrophobic
binding site for flavonoids. A hydrophobic binding site can
be expected to be poorly derivatized by an aryl azido, as the
photoactivated nitrene is known to only react efficiently with
nucleophiles present in polar amino acid side chaiis. (
Binding of 4-azido-5,7-dihydroxyflavone, a representative
of the flavone class, is likely to be directed to the alternate
hydrophobic binding site lacking reactive amino acid side

kaempferide and galangin measured by protection againstchains, rather than to the ATP site.

photolabeling is consistent with previous tight binding to
recombinant soluble NBi,xmeasured directly by quenching
of intrinsic tryptophan fluorescence39). A simple and

consistent picture emerges from the present analysis, in which

the basic flavonol nucleus, as exemplified by galangin
(Figure 8), fits snugly into the ATP site. Hydrophobic
substitutions on the 6 and 8 positions of ring A are not
tolerated. The 3-OH group on ring C contacts the protein
favorably as the chrysin derivatives, which lack this group,
do not bind. A direct role for the 3-OH group was also found
in the crystal structure of the Hck tyrosine kinaé8)( The
only direction in which extensions are permitted here for
P-gp NBD2 is on ring B, as exemplified by kaempferide
itself (with a methoxy group) and dehydrosilybin (with a
monolignol unit). In fact, the binding of the latter shows that
large extensions are possible in this direction. The aromatic
character of ring C of the benzopyrone moiety is important
as silybin (with a reduced 2,3-bond) does not bind. Brous-
sochalcone A appears at first sight to be the odd one out,
since (i) it lacks the hydroxyl at the 3 position (flavonol
numbering) and (ii) it bears a hydrophobic dimethylallyl
substituent on ring A. However, since the opening of ring C
brings much greater flexibility to the molecule, it might be
hypothesized that this molecule binds back to front, in such
a way that ring A with the dimethylallyl substituent might
be positioned where ring B of the flavonol normally is, and
reciprocally ring B at the ring A site. As mentioned above,
the structures of the nucleotide-binding sites of the ABC
ATPases determined to date indicate that the only possible
direction for nucleotide substitution is from the ribose
hydroxyls. This means that ring B of the flavonoid nucleus
most probably binds at the ribose site. This in turn places
rings A and C at the adenine site, which is compatible with
their similar sizes and the need for aromaticity in the
flavonoid nucleus, as also found for the crystal structures of
Hck tyrosine kinaseg8) and cyclin-dependent protein kinase
2 (69).

Finally, several of the hydrophobic chrysin derivatives
used in this study, which bind extremely tightly to NBD2
(48), however do not inhibit photolabeling of the ATP site.
This points to the presence of another flavonoid-binding site
on NBD2, which may offer possibilities as an inhibitor- or
reverser-binding site since 8-prenylchrysin is indeed able to
inhibit P-gp and to induce intracellular daunomycin ac-
cumulation in MDR leukemic cells4@). A hydrophobic
steroid-binding site, distinct from the ATP site, has been
found in both recombinant NBD17(Q) and NBD2 @9) of
mouse P-gp, and in NBD2 of the. tropica P-gp-like
transporter 40). Furthermore, flavonoids inhibit competi-
tively and more strongly the energy-dependent interaction
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