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ABSTRACT. P-glycoprotein, also known as multidrug resistance protein, pumps drugs out of cells using
ATP hydrolysis as the energy source. Glutamine-471 and the corresponding glutamine-1114 in the two
catalytic sites of P-glycoprotein are conserved in ABC transporters. X-ray structures show that they lie
close to the bound nucleotide. Proposed functional roles are (1) activation of the attacking water for ATP
hydrolysis, (2) coordination of the essential Mgofactor in Mg nucleotide, and (3) signal communication
between catalytic site reaction chemistry and drug-binding sites. We made mutations Q471A, Q471E,
Q1114A, and Q1114E in mouse MDR3 P-glycoprotein. Pure mutant and wild-type proteins were prepared
and subjected to enzymatic and biochemical characterization. We conclude from the results that the primary
role of this glutamine residue is in interdomain signal communication. Coordination of thieddtactor

is not a critical functional role, neither is activation of the attacking water molecule, although an auxiliary
role in positioning the water cannot be ruled out. We found that equivalent mutations (Ala or Glu) in
either of the two P-glycoprotein catalytic sites produced the same effects, implying functional symmetry
of the two sites.

P-glycoprotein (Pgp) confers a multidrug resistance (31) and RbsA N-terminal nucleotide site (C. S. Stauffacher,
phenotype on cells through its ability to exclude a wide personal communication). The presence of the Walker A,
variety of hydrophobic drugs and other compounds. Included Walker B, and “LSGGQ” signature sequences in all three
among these are anticancer chemotherapeutic drugs and antproteins argues strongly that Pgp catalytic sites resemble
AIDS drugs, and so there is high interest in resolving the those of HisP and RbsA. Further evidence that this is the
structure and understanding the mechanism of action of Pgpcase comes from photoaffinity labeling of Pgp by 8-azido-
in order to learn how to disable it or otherwise circumvent ATP. It was found that the homologous Tyr residue (Tyr-
its effects (—5). In the domain structure, Pgp is typical of 397 and Tyr-104%) was labeled in both Pgp catalytic sites
the ABC transporter superfamily6), consisting of two (82). This Tyr corresponds in sequence to the aromatic
transmembrane domaing, (8) and two nucleotide binding  residue, Tyr-16 or Phe-14, respectively, which is stacked
sites 9—11) contained within a linear sequence of about 1280 against the adenine ring of the bound nucleotide in H&p (
amino acids. It achieves lowered intracellular drug concen- or RbsA (C. S. Stauffacher, personal communication) nucle-
tration by hydrolyzing ATP 12—14) and acting as an ATP-  otide-binding sites. Together with the design of a large-scale
driven drug efflux pump. Both of the nucleotide sites have procedure for purification of mutant Pg@3), the X-ray
been shown to be catalytic sites capable of hydrolyzing ATP, structures open up the possibility of studying Pgp catalytic
and they act in concert during steady-state catalykis-( sites at the molecular level.

17). There is a clear requirement for two intact nucleotide  One residue of immediate interest in Pgp is GIn-471 of
sites in order for even single turnover of ATPase to occur the N-terminal ATP-binding site and the corresponding GIn-
(18—20). The drug binding and transport sites are known to 1114 of the C-terminal site. Notably, this GIn residue is
be formed by transmembrane domai@s~25), located at conserved in ABC transporters. In both HisP and RbsA X-ray
a considerable distance from the nucleotide sites. A modelstructures, it lies very close to the bound nucleotide. In HisP,
involving alternating site catalysis, and linkage of drug trans- where the bound nucleotide is ATP, the NE2 atom of the
port to formation and collapse of the catalytic transition state, corresponding GIn-100 lies 2.88 A from water-437, which
was presented by our laborato®6]. It has gained general is thought to be the “attacking” water, and GIn-100 was
support and has been further elaborated rece@fly-80). therefore considered as a possible activating residue for

While no high-resolution structure of Pgp is available, the hydrolysis @1). Mg?" is not present in this structure, but
X-ray structures of the nucleotide-binding domains of two water- 407 was thought to occupy the location off¥gand
other ABC transporters have been resolved, namely, HisPthe NE2 atom of GIn-100 lies 3.96 A from water-407. In
the RbsA structure, where the MgADP product is the bound
' This work was supported by NIH Grant GM50156 to A.E.S. nucleotide, the corresponding GIn-86 OE1 atom is very close
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ligand. Thus two separate functions may be proposed, Expression of Mutations in P. pastoriExpression of
namely, direct interaction with the attacking water or with mutations utilized the InVitrogerP. pastorisexpression
the Mg?" cofactor, and both might be operative, depending system (license no. 272749). Mutations were transferred into
on the stage of catalysis; a third function can quite reasonablyplasmid pHILmdr3.5His6 (ref19; Q471A and -E) or pHIL-
be added, namely, signal communication between the mdr3.6His6 (same as pHIlmdr3.5His6, ref19, except it
chemistry occurring at the catalytic site and coupling to drug has an additionaPshAl site at bp 3542, used for Q1114A
transport. and -E) using the following restriction fragments: Q471A
In this paper we investigate the possible role(s) of GIn- and Q471E,Bglll—Smd; Q1114A and Q1114ESpé-—
471 and GIn-1114 in Pgp using a mutagenic analysis. We PshAl. Successful transfer was checked by restriction
constructed mutations Q471A and -E and Q1114A and -E digestion and/or DNA sequencing. The new pHIL plasmids
in mouse MDR3 Pgp,expressed the mutant proteins in were carefully checked using a combinationAdhil, Bglll,
Pichia pastoris purified the proteins to homogeneity, and Smad, and Snal to ensure that they gave fragments of the
subjected them to a range of enzymatic and other charac-correct size; then they were digested witlot, and the

terizations. linearized DNA (containing the wholedr3 sequence on a
9.3 kb fragment) was transformed inBx pastorisstrain
EXPERIMENTAL PROCEDURES GS115 by the LiCl technique (InVitrogen guidelines). His

Introduction of Q471A, Q471E, Q1114A, and Q1114E transformants that showed slow growth when patched on

Mutations into Mouse mdr3 cDN/Site-directed mutagenesis Methanol-containing plates (Mjtwere isolated. These
used the commercially available altered sites Il method from iS0lates have undergone homologous recombination of the

Promega. For mutations in the N-terminal ATP-binding site, Mdr3 sequence behind the AOX1 promoter. Expression of
anEcoRI—EccRI fragment of mousendr3 cDNA (bp —13 MDR3 p_roteln was assayed using the ra_pld membrgnes
to 2248) was excised from pDR1®4) and ligated into preparatl_on” and Western blotting as_prewously descibed
pAlter-1 to create pAlmdraN, which was the template for (33). Strains that showed good expre§5|0nsof Pgp were saved
mutagenesis. To facilitate subsequent manipulations, this@S 9lycerol stocks. Around 90% of HisMut® recombinants
template also contained engineeNl (position 1348) and ~ €xXPressed Pgp. The pHifodr3.5His6 and pHILmdr3.6

Sal (position 1908) restriction sites. The mutagenic oligo- HiS6 plasmids contain the full-length mouse MDR3 Pgp
nucleotide for the Q471E mutation was GGTGTGGT- Seduence with an add_ltlonal 6 Hls-tag at the C-terminal end.
GAGTGAGGAGCCTGTGCTGTTT, in which the under-  Thus all mutant proteins contained the His-tag.

lined GAG (Glu) replaced CAG (Gln) and the underlined G~ Media and Growth of P. pastoris Cellsledia and growth
introduced aBseRlI site. For mutations in the C-terminal ©f Cells n 2 L flasks for purification of Pgp were as described
ATP-binding site, afEcoRI—Agd fragment (bp 2248 4007) previously @3) with the following modifications. After initial

of mousemdr3cDNA was excised from pVadr3.5(19), growth in MGY medium, cells were centrifuged and
the Agd site was blunt ended with T4 DNA polymerase resuspended in MM medium containing 0.5% v/v methanol,
and the fragment was ligated into pAlter-1, which had been &t Asoo Of 3.0-4.0 instead of 2.0 as previously. Further
cut with EcoRI andSal and blunt ended at th®al site, to additions of methanol were 1% v/v at 24 and 48 h to increase

create pAltmdr3.5C. A PshAl site was introduced at position ~ C€ll yield.

3542, creating pAlmdr3.6C, which was the template for Purification of Pgp Cells were harvested and resuspended
mutagenesis. To facilitate subsequent manipulations, this&S described33) and disrupted in 100 g batches in a Bead-
template also contained engineeNl (position 2872) Sal Beater (Biospec Inc., Model 1107900) using 0.5 mm

(position 2631)Spé (position 3067)SnaBI (position 3980), diameter glass beads (catalog no. 1'1079-105). (Previously a
and Agd (position 4007) restriction sites. The mutagenic French press was used.) Crude microsomes were prepared
oligonucleotide for Q1114A mutation was GGCATTGT- from disrupted cells as previously describ@3)( Solubili-
GTCCGCGGAGCCCATTCTC, where the underlined bases Zation and purification of Pgp were as previously described
replace_GIn (CAA) by Ala (GCG) and introduce a nSad! (33), using DM for solubilization, fpllowed by Ni-affinity
site. The mutagenic oligonucleotide for Q1114E mutation chromatography, DEAE-cellulose ion exchange, and con-
was GGCATTGTGTCCGAGGAGCCCATTCT, where the  Centration by pressure filtration. After the solubilization step,
underlined bases GAG replace GIn (CAA) by Glu and all buffers contained 20% v/v glycerol (instead o_f 30% in
introduce a newBseR| site. The Q471A mutation was 'ef 33 to speed chromatography and concentration.
obtained as follows. The template was BocRI—EcoR] Activation of Pgp ATPase with DTT and Lipidihis was
fragment (bp—13 to 2248) frommdr3 cDNA ligated in done as described in r88. Briefly, Pgp was incubated with
M13mp18 (9), and the mutagenic antisense oligonucleotide 8 MM DTT and 1% w/vEscherichia colilipids (Avanti,
was CACAGGTTCCZCACTCACCACAC, in which the acetone/ether preparation) (final ratio of lipid/proteirl00/
mutagenic CZ cha?ge GIn (CAG) to Ala (GCG) or Glu 1) for 20 min a; room tempe_rature, followed by_ sonipation
(GAG). Only Ala mutants were obtained. Mutagenesis in for 30 s at 4°C in a bath sonicator. Where labeling with or
this case was by the T7-GEN method (USB Corp.). In all rapping O_f radlogctlve nucleotide was belpg assay_eql, the
cases the presence of the correct mutation and lack of anyr@tio of lipid/protein was reduced to 2/1 (which is sufficient
undesired mutations in the fragment to be transferred werefor maximal activation of ATPase; ref 33) to reduce
checked by DNA sequencing. nonspecific binding of nuc!eotldg.
Assays of ATPase Aciiy. Aliquots of 2-10 uL of
3Mouse MDR3 Pgp is 87% identical in amino acid sequence to activated Pgp (above) were added toi0of 50 mM Tris-

human MDR1 Pgp. There are no significant differences in functional HCl, pH 7.5, 10 mM NaATP, and 10 mM Mggland
behavior between the two proteins. incubated at 37C. Reactions were stopped at appropriate
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times by addition of 1 mL of ice-cold 20 mM 430, and P 0.125 M Tris-HCI, pH 6.8, 0.01% pyronin Y, and 160 mM
release was estimated by the method of Van Veldhoven andDTT for 20 min at 37°C and then run on 10% polyacryl-
Mannaerts 85). All reactions were linear with time, and amide gels. For immunodetection of Pgp, mouse monoclonal
<10% of the ATP was hydrolyzed. Verapamil was added antibody C219 (Signet Laboratories Inc.) was used with the

as a solution in dimethyl sulfoxide, keeping solver2% ECL detection system (Amersham). For autoradiography,
v/v. For determination oKy values, MgATP at varied SDS gels were stained with Coomassie Blue, dried, and
concentrations was added with excess 2 mM Mg®Ig>* exposed overnight at80 °C to Kodak BioMax films with

dependence of ATP hydrolysis was measured using 10 mMintensifying screens. To quantitate the amount of radioactivity
NaATP and 15&M verapamil in 50 mM Tris-HCI, pH 7.5,  in the Pgp bands, a Phospholmager (Storm 860, Molecular
with MgCl, at varied concentrations. The pH dependence Dynamics) and ImageQuant 5.0 software (Molecular Dy-
of ATPase activity was done in the presence of 150 namics) were used.

verapamil, using Trissuccinate buffer as in refs3and14. Materials 8-Azido-[o-32P]JATP was purchased from Af-
Competitive inhibition by MgADP was assayed in the finity Laboratories Inc. Acetone/ether-precipitatgd coli

presence of verapamil, at varied concentrations of MgATP |ipids were from Avanti Polar Lipids. Other chemicals were
and added MgADP. Inhibition of ATPase by vanadate (Vi), as in ref33.

beryllium fluoride (BeFx), or fluoroaluminate (AIFx) was
assayed using MgATP (10 mM) and 16 verapamil for RESULTS
60 min at 37°C. The Vi concentration was varied (see ) .
Results). For BeFx and AlFx a constant concentration of 5 General The purpose of this work was to determine the
mM NaF was used with 0.2 mM BeS@r 1 mM AICls. role(s) of GIn-471 and GIn-1114 in the N- and C-terminal
Orthovanadate solutions (100 mM) were prepared from catalytic sites of Pgp, respectively. These glutamine residues
NasVO, (Fisher Scientific) at pH 10 and boiled for 2 min aré conserved in all ABC transporters, and three possible
before each use to break down polymeric species. roles have been proposed (see the introduction), namely, (1)
Centrifuge Column Elution of PgiOne mililiter centri- ~ activation of the attacking water for ATP hydrolysis, (2)
fuge columns of Sephadex G-50 in disposable syringes werec00rdination of the essential cofactor Mgin bound Mg
equilibrated with 50 mM Tris-HCI, pH 7.5, and 0.001% DM Nucleotide, and/or (3) signal communication between the
at 20°C. After a prespin as describe8), Pgp (2.5-20 ug chemical reaction in the catalytic site and coupling to drug
in 100uL volume) was loaded on the column and eluted by fransport. We constructed the mutants Q471A and -E and
a second spin at 26C. Recovery of Pgp in the eluates was Q1114A and -E. The Ala mutants remove both NE2 and
80—95% as judged by ATPase and protein assays. OE1 atoms, which are implicated in interaction with water
Photoaffinity Labeling with 8-Azidosf3%P]ATP. Activated molecul_es or Mg, _r_espectlv_ely, while th_e Glu mutants retain
Pgp (2ug) was incubated in 2(L containing 2.54M H-bonding cgpab|_llty. Making the equivalent mutatlonslln
8-azido-p3P]ATP, 1504M verapamil, and 50 mM Tris- both nucleotide sites enabled us also to look for possible

HCI, pH 7.5, in the presence of EDTA (1 mM) or MgGls “asymmetric” effects on function.
indicated, for 5 min on ice. The final DTT concentration ~ Mutagenesis and Protein PurificatiotMutations were
was 1 mM. This was followed by UV irradiation for 5 min  generated in mouse MDR3 protein and expressed.in
on ice (UVG-11 Minerallight, 254 nm, 5.5 mW/&placed pastorisas described in Experimental Procedures. Mutant
directly above the samples). Photolabeled samples wereproteins were purified as in reg3. Briefly, the procedure
mixed with SDS buffer, and the whole sample was run on consisted of cell disruption, preparation of crude microsomes,
10% SDS gels, stained with Coomassie Blue, and subjectedsolubilization with DM, Ni-NTA chromatography, DEAE-
to autoradiography. cellulose chromatography, and pressure filtration concentra-
Vi-Induced Trapping of Nucleotide with 8-Azida-f2P]- tion. Figure 1 shows an SDS gel of the final, purified,
ATP. Activated Pgp (3.5tg) was incubated with 10aM detergent-soluble, mutant proteins. The yield of the mutant
8-azido-p-32P]JATP, 200uM Vi, 150 uM verapamil, and  protein was~0.03 mg/g wet wt of cells (wild type= 0.05);
50 mM Tris-HCI, pH 7.5, in a total volume of 50L at 37 3 L of flask culture yielded around 2 mg of pure protein.
°C for 20 min. EDTA or MgC} was included at 3 mM  Before assays, the protein was activated by preincubation
concentration. Incubations were started by addition of with lipid and DTT @3; see Experimental Procedures).
8-azido-p-32P]-ATP and stopped by transfer to ice. A total Usually the lipid/protein ratio was 100/1, except where
of 50 uL of ice-cold 50 mM Tris-HCI, pH 7.5, was added radioactivity measurements were carried out when the ratio
to bring the volume to ]_OQL, and unbound |igands were was 2/1, to eliminate nonspecific blndlng The latter ratio is
promptly removed by passage though a centrifuge column sufficient for maximal activation of ATPas&g). At least
(above). Samples were irradiated on ice with UV for 5 min two preparations of each mutant protein were made, and it
as above. Ten microliters of SDS buffer was added, and thewas confirmed that the specific ATPase activity of different
samples were incubated for 10 min at %7, then concen-  preparations agreed.
trated to 154L volume in a SpeedVac at £&, and run on MgATPase Actiities of Mutant ProteinsTo determine
SDS gels. whether the Gin residues are directly involved in reaction
Routine ProceduresProtein concentrations were deter- chemistry, ATP hydrolysis was assayed under different
mined by the bicinchoninic acid method in the presence of conditions. Table 1 shows specific MgATPase activities of
1% SDS using bovine serum albumin as a standaB). (  wild-type and mutant proteins in the absence of drug (basal
SDS-PAGE was done using the Mini-PROTEAN Il gel and  activity) and after stimulation by verapamil, tetraphenylphos-
Electrotransfer system (Bio-Rad). Samples (2 volumes) were phonium (TPP), and vinblastine. Each of these compounds
dissolved in 1 volume of 5% (w/v) SDS, 25% (v/v) glycerol, is a well-established activator of Pgp ATPase activity (e.g.,
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Ficure 1: SDS gel of purified mutant and wild-type Pgp. Purified
Pgp was run on a 10% SDS gel and stained with Coomassie Blue.
2 ug of protein was run in each lane.

refs12—14). The first column shows that basal activity was
lower than wild type in all four mutant proteins. Verapamil
stimulated activity by 13-fold in wild type, to a slightly lesser
extent in the two @~ E mutants, and to a significantly lesser
extent in the two Q— A mutants (column 2). The same
pattern was seen with TPPwhere stimulation in the Ala
mutants was minimal (column 3). The results with vinblastine
(column 4) were similar: wild type was stimulated by 8-fold,
the two Glu mutants were somewhat less stimulated, and
the two Ala mutants were stimulated only weakly. Therefore,
impairment of drug stimulation of MgATPase was an
obvious consequence of mutation. Column 5 of Table 1
shows that all four mutants had the sagMgATP) as
wild type.

The maximal specific MgATPase seen in the mutants with
all three drugs was lower than in wild type. Table 2 presents
these data as percentages of wild-type activity. The two Ala
mutants had activities in the range of £483% of wild type,
and the two Glu mutants had activities in the range of6.2
9.7% of wild type. Consistently, the Ala mutants gave lower
maximal activities than the Glu mutants.

We carried out a series of experiments in which we
assayed MgATPase activity as a function of increasing
verapamil or TPP concentration, at both pH 7.5 and pH
8.5 (data not shown). There was essentially no difference

Urbatsch et al.

substrate, ATPase activity was assayed as a function of
increasing MgCl concentration, keeping NaATP constant
at 10 mM in the presence of 150 verapamil. These data
are shown in Figure 2A. Results for wild type were that
maximal activity was achieved at an equimolar concentration
ratio of Mg?*/ATP, and a slight decrease in activity occurred
at higher ratios. The concentration of kgat which half-
maximal activity occurred was 1.27 mM. The four mutants
showed the same relative dependence of\dégncentration
as in wild type (Figure 2B), with M concentration for
half-maximal activity as follows: Q471A, 1.95 mM; Q471E,
1.05 mM; Q1114A, 1.78 mM; Q1114E, 2.07 mM. These
values were not significantly different from that of wild type.

Competitve Inhibition by MgADP MgADP is known to
be a competitive inhibitor of PgpATPase activity with
previously reported; values in hamster Pgp of 0.35 and
0.70 mM for plasma-membrane-located and purified recon-
stituted Pgp, respectivel\1 8, 14). Here we found thaK;-
(MgADP) in wild-type purified mouse MDR3 Pgp was 0.15
mM. We assayed MgADP inhibition in the mutant proteins
and found the followind;(MgADP) values: Q471A, 0.055
mM; Q471E, 0.24 mM; Q1114A, 0.040 mM; Q1114E, 0.13
mM. Thus the two Glu mutants resembled each other and
also the wild type, whereas the two Ala mutants resembled
each other but were lower than wild type. If the natural Gin
were a ligand to the Mg in MgADP, one might have
expected the Ala mutants to show higlgMgADP) values
than wild type, not lower.

Inhibition of MgATPase Actity by Vanadate, Fluoro-
aluminate, and Beryllium Fluoridd=igure 3 shows inhibition
of wild-type and mutant proteins by the transition state
analogue vanadate (Vi). kg (concentration yielding 50%
inhibition) was 0.65«M for wild type under the conditions
used, and corresponding values in the mutants were as
follows: Q471A, 6.7uM; Q1114A, 10uM; Q471E, 3.7uM;
Q1114E, 2.4uM. Therefore, the Ig was shifted to higher
values in the mutants, with Ala mutants affected to greater
extent than Glu mutants. Inhibition by the transition state
analogue fluoroaluminate (AIFx) and the MgATP ground
state analogue beryllium fluoride (BeFx) was also tested, at
a single concentration of analogue that gave full inhibition
in wild type (see Experimental Procedures), and it was seen
that each of the mutant proteins was fully inhibited by AlFx
and BeFx.

Vi Trapping of 8-Azido{-32P]JADP. To investigate whether
GIn-471 or GIn-1114 is required to form the catalytic

between mutant proteins and wild type in the concentration transition state, Vi trapping experiments were performed.
of either drug required to give 50% stimulation of ATPase Wild-type and mutant proteins were preincubated with Vi
activity. Consonant with a recent repo87j, lower concen-  and 8-azido-¢-32P]JATP in the presence of EDTA or Mg
trations of both drugs were required to elicit 50% stimulation and then run through centrifuge columns to remove unbound
of ATPase at pH 8.5 than at pH 7.5, and this was the caseligands, and the eluate proteins were subjected to UV
in both the mutant and the wild-type proteins. MgATPase irradiation and SDS gel electrophoresis. Resultant autorad-
activity in the presence of 150M verapamil was also  iograms are shown in Figure 4. It is seen that Vi trapping of
assayed as a function of pH between 5.0 and 8.7. With wild- 8-azido-p-*2P]JADP was absent if divalent metal was
type the “pH profile” was similar to data published earlier removed by EDTA but that all of the four mutant proteins
(13, 14), showing a broad pH optimum from 7.2 to 8.2 and showed trapping with M. This result establishes that the
a small decrease at pH 8:8.7 (data not shown). The pHat GIn-471 and GIn-1114 residues are not critical ligands to
which half-maximal activity occurred in wild type was 6.05. the Mg" in the transition state.
The four mutants were each similar to wild type in pH profile ~ Photolabeling of Mutant Proteins by 8-Azida-f?P]ATP.
(data not shown). Mg-8-azido-ATP is a good hydrolysis substrate in Pgp
Mg?" Dependence of ATPase Adty. To investigate (10). Wild-type and mutant Pgp were incubated with 8-azido-
whether the GIn residues are ligands to the?ivig MgATP [a-*?P]ATP in the presence of 0 and then increasing
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Table 1: MgATPase Activity of Mutant Proteihs
specific ATPase activityfmol min~* (mg of protein)?]

mutant Pgp no drug plus verapaknil plus TPP plus vinblastiné Ku(MgATP) (mM)
wild type 0.32 4.0 (13) 3.0 (9.4x) 2.6 (8.0x) 0.69
Q471A 0.033 0.10 (39) 0.04 (1.) 0.04 (1.3¢) 0.60
QA471E 0.029 0.33 (14) 0.29 (10x) 0.22 (7.6¢) 0.67
Q1114A 0.039 0.17 (44) 0.08 (2.1x) 0.06 (1.6¢) 0.70
Q1114E 0.029 0.26 (9x9) 0.22 (7.6¢) 0.16 (5.6¢) 0.62

a ATPase activity was assayed as described in Experimental Procedures in the presence of 10 mM NaATP and 12 mnMitMde0 «M
verapamil or 30«M TPP'" (added as bromide salt) or M vinblastine. These concentrations elicited maximal actiWiy(MgATP) values were
obtained in the presence of 1&01 verapamil.” Fold stimulation by drug in parentheses.

2 The specific activity of wild type was set at 100, and the relative
activity of each mutant is given (% of wild type). The concentration
of drugs was as in Table 1 to achieve maximal activity.

Table 2: Specific MgATPase Activity of Mutant Pgp Expressedas & 4F' 0 T e oe
a Percentage of Wild-Type Activity % i ]
ATPase activit§ (%) _E_ A ]
plus plus plus g 3f ]
mutant Pgp verapamil TPPH vinblastine S L
wild type 100 100 100 2 |
Q471A 25 13 15 5 2 ]
Q471E 8.3 9.7 8.5 S I ]
Q1114A 4.3 2.7 2.3 4 + 1
Q1114E 6.5 7.3 6.2 oo ]
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concentrations of M&f, subjected to UV irradiation, and run 10 10 10 10 10

on SDS gels. Figure 5 shows the results obtained. It is Mg®* (M)
apparent that the mutant proteins behaved similarly to the
wild type. All showed low photolabeling in the absence of
Mg?*, which increased in the presence of increasing con-
centrations of Mg". These data give further support to the
view that the Ala and Glu mutations had no major effect on
Mg nucleotide binding to the catalytic sites.
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DISCUSSION

General GIn-471 and GIn-1114 are equivalent residues
in the two catalytic sites of P-glycoprotein, which are
conserved in ABC transporters, implying an important
function. X-ray structures show they are located in close
proximity to the bound nucleotide in catalytic sites of HisP L
and RbsA. Three possible roles for these residues are likely 10% 104 103 102 10
(see the introduction), namely, (1) for activation of the Ma? (M
attacking water for ATP hydrolysis, (2) as a coordinating o= (M)
ligand to the M@* cofactor in Mg-nucleotide, and (3) in  Ficure 2: Dependence of ATPase activity of wild-type and mutant
signal transduction between catalytic sites and drug transportPgp on Mg* concentration. ATPase was assayed in assay medium

sites. The work conducted here with the Pgp mutants Q471A containing 10 mM NaATP and 150M verapamil, with increasing
concentrations of MgGl See Experimental Procedures for details.

and -.E_ gnd Q1114A and -E was designed to examine these(A) Wild type (®). (B) Mutants: v, Q471A; v, QAT1E; O,
possibilities. Q1114A;m, Q1114E. Note the change in vertical scale in panel B
The Mutations Had No Apparent Effect on Substrate versus panel A.
MgATP Binding or Drug Binding ParameterBor each of
the mutantskKum(MgATP) (Table 1) and photolabeling with  greater than by 2 orders of magnitude and in most cases less
Mg-8-azido-ATP (Figure 5) were the same as for wild type. than this. No effects of the mutations on the pH dependence
Also, concentrations of verapamil or TPRequired for half- of the reaction were seen. Figure 4 showed that formation
maximal stimulation of ATPase activity were the same in of the transition state of the reaction, as monitored by Vi
wild type and in all four mutants (Results). Therefore, no trapping of Mg-8-azido-ADP, occurred in all of the mutants.
major effects on either MgATP binding or drug binding These results are in complete contrast to earlier studies of,
parameters were apparent. for example, conserved Walker A Lys or Ser residues or
The Mutations Had No Major Effect on Reaction Chem- the Walker B Asp residue, where mutagenesis was found to
istry. MgATPase activity was reduced in both Ala and Glu completely abolish MgATPase and Vi trapping of MgGADP
mutants, with the larger effects seen in the Ala mutants or Mg-8-azido-ADP 19, 20; Urbatsch et al., manuscript
(Tables 1 and 2). In no case, however, was impairment submitted). Therefore, the natural Gln residue is not required
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mutagenesis of that critical side chain has been seen to cause
impairment by a factor of at least 3fbld (e.g., ref38).
Therefore, we can state with confidence that neither GIn-
471 nor GIn-1114 in Pgp is the sole residue responsible for
positioning or activation of the attacking water. One could
suggest that the GIn residue acts in concert with another
residue to position the attacking water (such a suggestion
was made in re81in regard to the homologous GIn-100 of
HisP). While we cannot dismiss this possibility, the very high
level of sequence conservation of this residue in ABC
transporters and the retention of significant hydrolysis activity
in the mutants reported here suggest that another function is
present.

Mutation of the GIn Residues Had No Measurable Effects
on Interaction with the Mg Cofactor. Ky(MgATP) (Table
1) and the dependence of ATPase activity on*Mgpncen-
tration (Figure 2) were the same in the Ala and Glu mutants
as in wild type. Vi trapping of the transition state occurred
in mutants and wild type with Mg-8-azido-ADP (Figure 4).
In sharp contrast, when another Pgp residue (Ser-430 and

for catalysis. Rather it seems likely that, in the mutants Ser-1073) that provides a putative RMgoordination ligand
studied here, steps after formation of the transition state arein catalytic sites was recently mutated to Akl), MgAT-

slowed, resulting in lowered ATP hydrolysis rates.

Pase activity and Vi trapping of MgADP or Mg-8-azido-

In other ATPase enzymes, where a specific residue is re-ADP were abolished. This leads us to conclude that GIn-

quired for orientation or activation of the attacking water,

471 and GIn-1114 do not interact with ¥fgof the Mg

WT Q471A Q471E QI1114A Q1114E
< < < o < < o
2 = o 2 = 2 = 8 =

o
=
' '

|

FIGURE 4: Vi trapping of 8-azido-{-3?P]JADP in mutant and wild-type Pgp. Mutant and wild-type Pgp were preincubated with Vi and
8-azido-p-32P]ATP in the presence of EDTA (1 mM) or Mg&(3 mM), then unbound ligands were removed by passage through centrifuge
columns, and the eluates were subjected to UV irradiation, SDS gel electrophoresis, and autoradiography. See Experimental Procedures for
details.

WT Q471A Q471E
S5- o088 5- o838 5- o088
Pagp > © i i caBean Y 1
Q1114A Q1114E
o ~ —_
WMMg 0 36 ~222 MMg.oss-~282 98

Pgp » u.m

Ficure 5: Direct photolabeling of wild-type and mutant Pgp by 8-azide¥{P]ATP. Wild-type and mutant Pgp were incubated with
8-azido-[t-32P]ATP in the presence of 0 (contained 1 mM EDTA) or increasing concentrations ofMg&hown. Samples were subjected
to UV irradiation, SDS gel electrophoresis, and autoradiography. For details, see Experimental Procedures.
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nucleotide at the stages of MgATP binding or at the step of

the transition state. Assays ¢f values for competitive
inhibition by MgADP in mutants as compared to wild type

(Results) showed that, at least in Pgp, GIn-471 and GIn-

1114 are not important Mg ligands for the product
MgADP.

The Most Obious Effect of Mutation Was To Reduce
Stimulation of ATPase Acity by Drugs Stimulation of
MgATPase activity by the drugs verapamil, TRPand
vinblastine was strongly and consistently impaired in the Ala

mutants and impaired to a lesser effect, but still consistently,

by the Glu mutations (Table 1). The Glu mutation would

tend to conserve H-bonding features of the GIn better than

the Ala mutation; thus the better retention of function in the

Glu mutants could well be related to this factor. A reasonable

conclusion is that GIn-471 and GIn-1114 are involved in
interdomain communication, transmitting conformational
signals out of the catalytic site as the ATP hydrolysis

transition state forms and collapses, to the coupling mech-
anism that ultimately generates transport-related conforma-
tional changes at the drug-binding sites. ATPase activity was

reduced in the mutants to a few percent of wild type (Ala

Glu, Table 2). This can be explained as due to interruption,
by the mutations, of the signal transmission path, which is

likely tightly coupled to catalytic turnover. Inhibition of
ATPase activity by Vi was somewhat affected in the mutants,
as judged by increased 4&for Vi (Ala > Glu, Figure 3).

This could also be due to partial disruption by the mutations
of the transmission system to which the transition state is

normally “geared”.
Equivalent Mutations in Either of the Two Pgp Catalytic
Sites Gae “Symmetric” Functional Consequencé3ver the

range of different activities assayed here, we found consis-

tently that the two equivalent Ala mutations gave broadly

the

domains behaved “symmetrically”. We have observed this 28.

two Glu mutants. Thus, the two nucleotide-binding

previously in a mutagenesis study of the Walker A Ser
residues41). Others noted similar findings, although based

on

asymmetric behavior of the two nucleotide sites has also been

less extensive series of assay®, (20). However,

reported 89, 40). This point is important in relation to
distinguishing possible different contributions of the two
catalytic sites to the overall mechanisr80). Our data
indicate that the two nucleotide-binding domains do not differ
in their functions.
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