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Abstract. Multidrug resistance to anti-cancer drugs is aglycoprotein (Pgp), a 170 kDa integral membrane protein
major medical problem. Resistance is manifested largelyJuliano & Ling, 1976) whose diverse range of substrates
by the product of the humamMDR1 gene, P- includes natural product drugs, immunosuppressive and
glycoprotein, an ABC transporter that is an integralantifungal agents, peptide antibiotics and steroid hor-
membrane protein of 1280 amino acids arranged into twanones (Endicott & Ling, 1989; Gottesman & Pastan,
homologous halves, each comprising 6 putative trans1993; Kane, 1996; Germann, 1996). Human Pgp
membranex-helices and an ATP binding domain. De- (MDR1) is 1280 amino acids arranged in two homolo-
spite the plethora of data from site-directed, scanning angous halves with each half comprising 6 putative trans-
domain replacement mutagenesis, epitope mapping andembrane (TMx-helices and an ATP-binding domain.
photoaffinity labeling, a clear structural model for P-gly- Pgp isoforms have greater than 70% sequence identity
coprotein remains largely elusive. In this report, we pro-and are encoded by a small family of closely-related
pose a new model for P-glycoprotein that is supported byyenes which has three members in mioedfl, mdr2,
the vast body of previous data. The model comprises 2ndr3), two in rats (drl and mdr2), three in hamsters
membrane-embedded 16-strafebarrels, attached by (pgpl, pgp2, pgpBand two in humansMDR1, MDR2
short loops to two 6-helix bundles beneath each barrel(Germann, 1996). In addition, there are many homo-
Each ATP binding domain contributeg®2strands and 1  logues in humans and other animals, insects, yeasts, an
a-helix to the structure. This model, together with anbacteria (van Veen et al., 1996). Collectively, Pgps are
analysis of the amino acid sequence alignment of Pmembers of a large class of ATP-dependent transport
glycoprotein isoforms, is used to delineate drug bindingproteins known as the ABC superfamily (Hyde et al.,
and translocation sites. We show that the locations 0fl990; Mimura, Holbrook & Ames, 1991; Higgins, 1995)
these sites are consistent with mutational, kinetic andhat regulate the trafficking of diverse molecules across
labeling data. biological membranes. In the recent report of the com-
plete genome sequencef coli K-12, at least 80 ABC
proteins were identified (Blattner et al., 1997), and ABC
transporters make up one of the four major gene families
in humans (Tatusov, Koonin & Lipman, 1997). Within
the ABC transporter family, Pgp, MRP, five yeast ABC
Introduction proteins and LmrA (fronLactococcus lactjsare known

to have broad substrate specificities. The mechanism by

Multidrug resistance (MDR) in cancer patients or in tis- which Pgp couples ATP energy to the translocation and

sue cultured cancer cells is manifested primarily as cros§fflux of a diverse range of substrates is largely an un-

resistance to structurally and functionally unrelated che-reSOIVed debate (reviewed in Kane, 1996; Germann,

motherapeutic drugs following treatment with a single 1996; Ruetz & Gros, 1994; Gottesman et al., 1995; Bol-

drug. The best characterized MDR system is that medihms etal., 1997). Although a considerable body of bio-

_ chemical and genetic data has accrued for Pgp and many
ated by the product of the humaMDR1 gene, P other ABC transporters, it is generally agreed that further

progress in the understanding of the molecular mecha-
I nisms of active transport is limited by the lack of struc-
Correspondence toA.M. George tural information (Rosenberg et al., 1997).
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The most Widely accepted model (Juran ka,{(48/226) x 64 = 14} for aromatic residues, and (64 — ¥4 50) for
Zastawny & Ling, 1989) for the human Pgp isoform nenaromatic residues, that would be present on the enfsstfands.
(MDRl) was derived by comparison of the hydropathy Thg human MDRl P-glycoprotein amino acid sequence_wgs ana-

file with those of membrane broteins broposed toIyzgd with the following secondgry structure computer prediction al-
pro ; ) P prop . gorithms: SSPRED (Mehta, Heringa & Argos, 1995); SSP (segment
contain trar_]smembran_@'he“ce& such as bacteriorho- qriented secondary structure prediction) (Solovyev & Salamov, 1994):
dopsin. This model displays two homologous halvesnnssp (nearest neighbor secondary structure prediction) (Salamov &
with each having 6 TMx-helices and a nucleotide bind- Solovyev, 1995); PHDsec (Rost & Sander, 1993) and PHDacc (Rost &
ing domain (NBD). Notwithstanding its wide currency, Sander, 1994); BMERC (Stultz, White & Smith, 1993; White, Stultz &
and despite an intensive effort which has produced a Vas':tmith' 1994); SOPMA predict which gives a consensus of 4 prediction

. . methods (Geourjon & Deleage, 1994; Geourjon & Deleage, 1995); and
+ m
body of data, trs 6 + 6helix model for Pgp has not been the Chou-Fasman propensity rules (Chou & Fasman, 1973).

developed since it Wa_s f,IrSt proposed over 8 years ago. Protein sequences were obtained from the SWISS-PROT Data-
Indeed, the few predictions made by the model havéyase at the National Centre for Biotechnology Information (NCBI).
proven difficult to verify with mapping experiments yet Their accession numbers and percentage identities relative to MDR1
to confirm the topology. Although the sequences em-are: Human MDR1 (P08183, 100%); Murine Mdr3 (P21447, 87%);
body|ng the putative TM helices are C|ear|y delimited by Hamster Pgpl (P21448, 87%); Hamster Pgp2 (P21449, 80.8%); Murine
an hydropathy prediction, no possible scheme of theif!drl (P06795, 80.3%); Rat Mdr1 (P43245, 80.2%); Human MDR2
arrangement has been found. The Pgp molecule thus h Pzigff’;ség/"_)’ Murine Mdr2 (P21440, 75.2); Hamster Pgp3
T : , 74.5%); Rat Mdr2 (Q08201, 74.4%).

been difficult to analyze* andeh_6 +_6he“X model has The multiple protein sequence alignment was obtained using
proven to be an essentially unyielding template not onlycustalw (Thompson, Higgins & Gibson, 1994).
for the understanding of Pgp, but for many other ABC
transporters as well (Fischbarg et al., 1994).

The 6 + 6helix model has been challenged (Fisch- ABBREVIATIONS
barg et al., 1993), as has the legitimacy of comparisons , _ ,
of membrane transporters with bacteriorhodopsin (Raus-9P: P-glvcoprotein; MDR, multidrug resistance; MDR1, P-

. gl tein from the humakIDR1 ; ;
sens, Ruysschaert & Goormaghtigh, 1997). Recent jngyeopProei ram s hum gene; TM, transmembrane; NBD.

. nucleotide binding domain; NBF, nucleotide binding fold.

frared spectroscopic analyses of the secondary structure

of other membrane transporters have contradicted pre-

dictions based on the hydropathy profile, and have unResults and Discussion

expectedly revealed that the membrane spanning do-

mains of these proteins contain substanfiadtructure

(Gorne-Tschelnokow et al., 1994; Raussens et al., 1997§1YDROPATHY PLOTS AND THE P-GLYCOPROTEIN

In this report, we propose a new structural model for PgpSTRUCTURAL MODEL

that is suggested by computer prediction algorithms, the

hydropathic profile and secondary structure analysis, anét present, the detailed structures of a few membrane

is supported by previous data from residue replacemernroteins have revealed two folding patterns — multi-

mutagenesis, epitope mapping and photoaffinity labelw-helical andp-barrel. Approximately 20 residues in

ing. This alternative model fits the data better than thean a-helical conformation are needed to span the lipid

previous model, and importantly, provides a detailedbilayer, while for B-strands usually 9-10 residues are

template for positioning and interpreting mutations. Thisrequired, but as few as 5 residues may suffice (Cowan

new topological model might also have utility as a gen-& Rosenbusch, 1994). The difficulty in crystalliz-

eral structure for other ABC transporters. The expresing membrane proteins has meant that topology is as-

sion of human Pgp irE. coli (George, Davey & Mir, signed largely on computer predicted hydropathy plots.

1996) provides an ideal system for testing the newAlthough it has been suggested that reliance only on

model. wide windows to detect long hydrophohichelical seg-
ments could result in erroneous structure predictions
(Cowan & Rosenbusch, 1994; Ferenci, 1989), hydropa-

Materials and Methods thy analysis of ABC transporters has by and large failed
to consider the possibility of TMB-strands.

The hydropathy profiles were generated from the original computer The most widely accepted model (Juranka et al.,

prediction (Kyte & Doolittle, 1982) using the software program DNA 1989) for the human Pgp isoform (MDR1) was derived

Strider. The distrib_ution of aroma}tic residues on the ends of predictecbrigina”y from the hydropathy profile. Some of the de-

B-strands was subjected to a Chi-squared testf (0 - E)/E] for ~  ficjancies of this topology are: (i) the weak hydropathy

statistical significance. Observe@)values were taken as the number

of aromatic (27) and non-aromatic (37) residues on the 64 ends of thgeaks for TMs 3, 9 an.d 11, ?‘nd FO a Iesser.eXtem TMs 4

32 putative TMB-strands. There were 48 aromatic residues within the and 7, even at an amino acid window setting of greater

32 B-strands comprising a total of 226 residues. If the distribution of than 11 residues; (i) the occurrence of prolines incon-

aromatic residues were random, the expected values would be  gruously near the centers of TMs 1, 4, 7 and 10, although



P.M. Jones and A.M. George: New Model for P-glycoprotein 135

AN A4 0 2NN
|

A O Ao =N v s

d+—T————7——7 7T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Fig. 1. Hydropathy plots and turn propensity of the N-terminal half of MDR1. The Kyte-Doolittle plots were drawn with a window of 11 (pane
A) or 5 (paneB). The horizontal bars in panBlrepresent the putative-helical TMs in the original topological model; and the shorter bars in panel
B represent the putativ@-strands in the alternative model proposed in this study. The amino acid number is given on the horizontal axes and
amphipathicity (panelé andB) or turn propensity (pandl) on the vertical axes. Pan€lis a plot of the Chou and Fasman (1973) turn propensity
of residues (window of five). The five double-arrowed vertical bars depict the correspondence of Chou-Fasman tur@ ¢pémsbme of the
predictedB-turns in the narrow window plot (panel B), and the superimposition of these turns within the five prepbséidal TMs of the broad
window plot (paneld).

a role for TM prolines in membrane transporters hasls P-GLYCOPROTEIN A DOUBLE [3-BARREL?

been proposed (Deber, Glibowicka & Woolley, 1990),

despite the inherent structural instability; and (iii) the There was generally strong consensus from the 10 dif-
fact that the assignment of some of the TMs is not conferent computer predictions for extensivehelical struc-
sistent with the internal sequence homology of the molture within the two large intracytoplasmic loops between
ecule (van der Bliek et al., 1988). Hydropathy analysispairs of TM spans in each half ofet6 + 6helix model

of porins, whose structures are known to contain mainlyof Pgp. Although there was less consensus in the sec-
secondaryB-strands, reveals profiles of intermediate hy- ondary structure prediction of the hydrophobic TM
drophobicity whose broad peaks at a window of 11 resi-spans, there was, nevertheless, a clearly discernible pat
dues split into narrower peaks at windows of 7 od&ta  tern of predicted3-structure and turn propensity which
not showi. This splintering is caused by short hydro- was consistent — in terms of lengths @fstrands and
philic turns which link pairs of largely amphipathic TM frequency of turns — with the existence of transmem-
B-strands in porins. The hydropathy profile of Pgp dis-branep-barrels (Fig. 2). The positions of the predicted
plays TM peaks that also split at windows of 7 and 5turns within these hydrophobic regions coincided with
(Fig. 1, panel#\ andB). The hydropathy profile in panel the short hydrophilic segments revealed by the narrow
B with a larger number of narrower peaks (Fig. 1, panelwindow hydropathy profiles reported above (Fig. 1, pan-
B) is supported by the Chou and Fasman (1973) turrels B and C, vertical arrows), consistent with the exis-
propensity profile (Fig. 1, panet). tence of short hydrophilic turns linking TN8-strands.
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Fig. 2. Alignment of secondary structure predictions for MDR1. An alignment of the output from eight computer prediction algorithms for tt
secondary structure of human MDR1. The symbols arexHelix; E, B-strand; C, T, S, -, or a space indicate a prediction of a loop or turn. The
boxes indicate the regions interpreted as BMtrands or intracytoplasmig-helices as labeled below the boxes. The putatived-kElices of the

6 + 6 helix model are indicated by overbars labeled TM followed by their number. Black arrowheads indicate residues with aromatic side ch
occurring at the ends of T-strands. The consensus nucleotide binding folds in each half (Mimura et al., 1991) are indicated by thick overb:
and are labeled NBF-P and NBF-Begtext). The bottom line in each row indicates the PHD solvent accessibility prediction where ‘e’ denote:
exposed and ‘b’ denotes buried.

The solvent accessibility prediction and pattern of resi-g-strands $-15 andp-16) in each half of the molecule
dues that potentially may form turns within the TM re- from part of the non-conserved loop between the Walker
gions (Fig. 2), supported the correlation between the narA and B motifs of the ATP domains (Fig. 3). These two
row hydropathy profile and turn propensity. By compar- strands are indicated in the computer predictions, and
ing and combining the information from the hydropathy appear as two short nonpolar peaks in the NBD regions
profile and secondary structure predictions, we were ablef the hydropathy plot of MDR1not showi. In the 6 +

to propose a new topological model for MDR1 (Fig. 3). 6 helix model for Pgp, the helix pairs TM2/TM8 and
Each half molecule is comprised of 14 anti-parallel TM TM5/TM11 do not occur in overlapping regions of the
B-strands and 5 intracellular-helices. We propose also two homologous halves of the molecule; instead, they
that each ATP domain contributes two m@estrands have been shifted relative to the internal sequence ho-
and la-helix to the structure which enables each half of mology, according to the hydropathy profile prediction
the protein to be assembled as a@8heet TM barrel (Kyte & Doolittle, 1982). In contrast, all of th@-strands
connected to a &-helix bundle by short loops, shown in of the two halves of Pgp are in register with one another.
the fully extended state in Fig. 4. We have assigned 2  The proposition that the @-helices in each half
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Fig. 2. Continued.

of the molecule are arranged into bundles is supported@®gp topology, 28 contain charged residues adjacent to
by examining the polar and nonpolar distributionsone or both ends of the strands. It has also been found
around the drawn helical wheels. Figure 5 shows a dethat aromatic residues tend to occupy the first position at
ployment of the 6 helical wheels in each half of MDR1, the beginning or end of a given strand in a transmem-
with a-3 as the core helix and the other 5 arrangedbranep-barrel (Cowan & Rosenbusch, 1994; Song et al.,
around it in the number order shown. This arrangemenfi996). Twenty-seven aromatic residues occupy delimit-
allows for a largely polar bundle perimeter and nonpolaring positions among the 32 Ti-strands modeled (Fig.
interior, which together with the predicted salt bridges2; arrowheads). Fifteen of these occur on either side of
between the helices, would assist in stabilizing theB-turns modeled from within some of the Ththelical
bundle. Although the indicated salt bridges are either aspans of te 6 + 6 model. An analysis of the aromatic
the same or within one pitch length in adjacent helicesamino acid content of the TM helices of Pgp showed that
their contribution to the stabilization of the bundles is these residues are highly conserved (Pawagi et al., 1994)
secondary to the combination of other interactions. Ala-The aromatic content of the tw-barrels is 48/226 resi-
nine and glycine residues frequently occur on the solventiues or 25.3%\s.18.6% for tte 6 + 6helix model), with
exposed faces of helices in globular proteins and henc27 of these residues predicted to lie at the endg-of
are shaded accordingly in Fig. 5. strands (Fig. 2). Using a Chi-squared test, the observed
It has been found that charged residues are oftemersus expected occurrence of aromatic residues at the
located immediately outside the membrane where thegnds of strands was statistically significant wikhbe-
are associated with the negative phospholipid headween 0.01 and 0.001. It has been suggested that the
groups in the bilayer or with cations that interact with distribution of aromatic residues within the TM helices is
them (Cowan et al., 1992). Of the Fstrands in our random (Pawagi et al., 1994), but with the exception of
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Fig. 2. Continued.

TM4 only, the other eleven TMs contain internal aro- adenylate kinase (Hyde et al., 1990; Mimura et al.,
matic residues that are proposed to lie at the ends 0f991), and these models are in substantial agreemen
many of theB-strands in the new model (Fig. 2). (Higgins, 1992). The core of the models is a highly con-
We propose that thig-barrelt-helix bundle struc-  served nucleotide binding fold (NBF), consisting of two
ture is related to that of porins, in which mobile loops parts: A phosphate binding region which includes the
fold into the transmembrane channel and act as gatingvalker A motif, and the Rossman or dinucleotide-
and ligand binding sites (Cowan et al., 1992; Schirmer ebinding fold which includes the Walker B motif. Ex-
al., 1995; Stathopoulos, 1996). In porins, residues liningending from this core is a large loop of about 110 resi-
the lumen of the channel which make contact with thesejues which has no direct counterpart in adenylate kinase,
loops tend to be hydrophobic (Schirmer & Cowan, js not well conserved in ABC transporters, and is thought
1993). By analogy, this would explain the largely hy- to pe responsible for transmitting the conformational
drophobic nature of the interior of the Tig+barrels re- changes which couple ATP hydrolysis to transport func-
vealed by our analysis of Pgp; and that has also beefjon (Mimura et al., 1991; Higgins, 1992). The configu-
proposed for the interior of the channel iret + 6helix  ration of this region in the new model is consistent with
model (Pawagi etal., 1994). The hydrophobic interior ofhis function. The N-terminal half of this non-conserved
the proposgqﬁ-barrels is consistent Wlth the_transport of loop includes a putative buried or hydrophobic helix,
hydrophobic compounds through the interior of e  thought to interact with the membrane spanning complex
barrels. (Mimura et al., 1991). We propose instead that part of
this hydrophobic region forms two membrane spanning
B-strands §-15 andB-16, Fig. 3), which are composite
The ATP binding domains of ABC transporters havecomponents of eacl3-barrel, a topology that is sup-
been modelled independently on the known structure oported by two short nonpolar peaks in the hydropathy

THE NUCLEOTIDE BINDING DOMAINS
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Fig. 3. An alternative topological model for human MDR1. The drawing depicts the N- and C-terminal halves of Pgp with the arrowed rectang
as membrane spanning antiparaflestrands and the rectangles below as helical segments. The Walker A motif, the Rossman fold including t
Walker B motif and the C linker dodecapeptide motif are indicated by the boxes lettered A, B and C, respectively. The numbered residues
coordinate signposts for the topology. This model is assembled as a cartoon in Fig. 4.

plot and secondary structure and solvent accessibilityNFRARED SPECTROSCOPY ANDELECTRON MICROSCOPY
predictions (Fig. 2). The remainder of this non- FOR P-GLYCOPROTEIN AND RELATED

conserved region is configured as loop-het§)-loop  MEMBRANE PROTEINS

(Fig. 3). The C-terminal end af-6 is thus directly con-

nected to the Rossman fold by a short region whichy guantitative evaluation of the secondary structure of
includes the conserved C motif or dodecapeptide linkerp\pR1 was reported recently using attenuated total re-
enab“ng direct mechanical Coupllng of the helix bundlesﬂect|0n Founer transform |nfrared Spectroscopy (Son_
to the NBFs (Figs. 3 and 4). veaux et al., 1996). This study produced a secondary
A new model of the NBDs of ABC transporters structure composition of 32%-helix, 26%p-sheet, 29%
based on the crystal structure of aspartate aminotransfep-turns and 13% random coil. If the TM regions were
ase has been proposed (Hoedemaeker, Davidson & Ros@rgely a-helical, then there would need to be extensive
1998). One of the advantages claimed for this model ig3-structure within the intracytoplasmic regions to ac-
that it predicts the structure of the non-conserved loopcount for the calculated 2698-sheet. This would re-
This new homology model differs from our modeling of quire that the pattern of hydrophobicity and connections
part of the non-conserved loop (residues 470-505revealed by the helical wheel representation depicted in
MDR1), which includes the hydrophobic region of Fig. 5 is merely coincidental, and this seems unlikely.
B-strands 15 and 16. The authors note, however, that i€onversely, if our modeling of the helix bundles and TM
this region their alignment is not optimal, and it is also spans is correct (Fig. 3), together with the previous mod-
notable that the quality of the model, as assessed by twelling of the NBDs (Mimura et al., 1991), then our cal-
structure verification programs, is poor in this same re-culated totals for almost the whole of the Pgp molecule
gion (residues 470-490, MDR1). are 29%a-helix and 24%p-sheet, which are in good
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out two halves of the molecule may have been ruptured dur-
ing the processing and fixation of the protein, with the
two halves remaining connected by the linker region.

beta
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Indeed, this interpretation might explain the existence of
small satellite features, disconnected from the main body
of the molecule, seen in the 3-D reconstruction. Two
lobes on the cytoplasmic side of the molecule are desig-
nated as NBDs (Rosenberg et al., 1997), but could in-
stead correspond to one helix bundle beneattBthar-
rel (our model) and one NBD. The asymmetric disposi-
tion of these lobes supports this interpretation.
Several examples have appeared in the recent litera-
- ture of proposed or revised topologies of membrane pro-
teins that are now thought to contgdasheet andv-he-

/£| :IE lical composite structures. GLUT1 has recently been re-
vised from analyses of the hydropathy and circular
dichroism profiles, amphiphilicity and turn propensity to
suggest a largel-sheet topology that may fold as a
B-barrel (Fischbarg et al., 1993). An alternative topolog-

T ical model has been proposed for the OmpA porin
(Stathopoulos, 1996), with Raman spectroscopy and
Fig.é?. Proposed assembly ofthg N-terminal half of MDR1. The struc- computer predictions suggesting that a portion of the
ture is drawn as a cartoon to illustrate the proposed assembly angs_torming| half may adopt aw-helical conformation and
interaction of the3-barrel, helix bundle and ATP-binding motifs (A, B L . S
and C boxes). The front 2 helices of the bundle corresporddand be Iocatec_l inside the-barrel. _StUdleS of the nicotinic
-6 in this drawing to illustrate the continuity of the polypeptide chain acetylcholine receptor using infrared spectroscopy re-
between the TM and ATP-binding domains. vealed that the protease-resistant TM domain was 50%
a-helical, 40%3-strands and turns, and 10% random caoil
(Gorne-Tschelnokow et al., 1994). This composition
agreement with the composition measured by infrared:ontrad'cj[S previous secondary structuréelical mod-
spectroscopy (Sonveaux et al., 1996). This leaves onl¢'S for this molecule that were based solely on the hy-
the hydrophobic membrane-spanning domains to acdropathy plot. Moreovera 9 Aresolution structure ob-
count for most of the 2698-structure. tamed by_el_ectron microscopy indicated that 4 helices
A recent report of electron microscopy image ana|y_re3|ded W|Fh|n the central pore of the_membr_ane c_hannel.
sis determined the structure of Pgp to 2.5 nm resolution' Nese helices are enclosed on the lipid-facing side by a
(Rosenberg et al., 1997). An analysis of single particleontinuous rim of electron density that is insufficient to
by averaging of multiple images showed that at the exJePresentx-helices that could form @-sheet structure
tracellular surface, Pgp molecules presdrae7 nm di-  (Unwin, 1995). A Fourier transform infrared spectros-
ameter toroidal structure with a central 5 nm aqueou$opy study of the secondary structure of thé K-
pore. The pore narrows to a diameter of 2.5 nm withinATPase yielded 35%-helices, 35%g-sheets, 20% turns
the membrane. The authors interpreted the unprocessédd 15% random coils (Raussens et al., 1997). The au-
electron micrograph images as indicating that each molthors draw an analogy with porins on the basis of: (i) the
ecule consisted of only one pore. However, pairs oflack of distinct infrared linear dichroism that is typical of
aqueous pores are clearly visible in the electron microforin B-sheets; (ii) the rapid amide hydrogen/deuterium
graphs, and our proposal of two porgs-lfarrels) per exchange rate that is atypical of bacteriorhodopsin and
molecule is consistent with the diameter of each poresuggests the presence of a membrane pore or channe
derived from image averaging (7 nm) and with the di-and (i) an indication of at least 12 porin-likg-sheets
mensions of the unit cell (14 x 18 nm) derived from the when the primary amino acid sequence was analyzed
Fourier analysis of crystalline arrays of Pgp moleculeswith a B-sheet prediction algorithm. Because the spec-
This proposal is also supported by the rectangular shapgoscopy also detected extensive Tvhelical structure,
of the side-on view, as revealed in the image producedhe authors did not propose a model for the membrane
from the crystalline arrays. The appearance of isolatedopology, though they did note the unreliability of using
single pores in the electron micrographs could be exhydropathy plots and the bacteriorhodopsin model for
plained by the existence of a closed conformation of thestructure predictions (Raussens et al., 1997). Recent low
barrel, since the open pores were only visible by a negaresolution electron crystallography images of the related
tive staining process. Alternatively, the apposition of theH"-ATPase were interpreted as showing the transmem-
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Fig. 5. Helical wheel representation of the 6-helix bundles in each half of MDR1. The standard one letter code for amino acids is used, \
hydrophilic residues shaded. Bars indicate potential salt bridges between residues at the same vertical distance — or within one pitch length —
the top of the helix bundle. The pattern of polarity and contact points for these helices is preserved in all other Pgp isoforms (not shown). P:
A andB are the N- and C-terminal bundles, respectively.

brane domains as entirety-helical (Auer, Scarborough Clarke, 1995) are positioned correctly in both models
& Kuhlbrandt, 1998). according to their relative reactivity. Studies using trun-
cated hamster Pgp1 molecules (Zhang, Collins & Green-
berger, 1995) have shown that R207 and K210 (equiva-
MAPPING EVIDENCE 1S CONSISTENT WITH A 3-BARREL lent to R210 and K213, MDR1) act as topogenic signals
TOPOLOGY FORP-GLYCOPROTEIN and serve to retain the loop joining TMs 3 and 4 (old
model) within the cytoplasm, a location consistent with
Loo and Clarke (1995) constructed a cysteine-less muthe prediction of the3-barrel model.
tant of human Pgp, then inserted cysteines singly at 14 Kast et al. (1996) used haemagglutinin epitope
different positions in the predicted extracellular and cy-tagged insertions and immunofluorescence to detect the
toplasmic loops of the molecule, creating functional mu-positions of the tags. This analysis supportegl 8h+ 6
tants in which the position of each cysteine substitutionTM model, but the 10 epitope map positions obtained
could be determined using membrane-permeant and infrom this study are also in good agreement with our
permeant thiol-specific reagents. Six substitutions on thenodel, with the exception of the tag attached to the loop
putative extracellular loops between TMs 3 and 4joining TMs 9 and 10 (old model), located extracellu-
(T209C, G211C, T215C) and TMs 9 and 10 (S850C,larly. The mapping of this loop, however, required a
G854C, W855C) unexpectedly failed to react with thetriple tag — amounting to 27 amino acids — and the
labeling reagent. These loops deserve some considefunction of this construct was impaired significantly.
ation, since we predict them inside while the original Such a large insertion might have affected proper pro-
proposal has them outside. The unreactivity of theseessing and membrane insertion. Indeed, the immuno-
substitutions was explained by the suggestion that thesklots for this mutant clearly indicated the presence of at
two short loops reside predominantly within the lipid least two forms of the protein (Kast et al., 1996).
bilayer and are thereby inaccessible to the membrane- Other studies have attempted to map the membrane
permeant labeling reagent (Loo & Clarke, 1995). In ourtopology of Pgp using truncated molecules of Pgp that, in
model (Fig. 3), these six residues are situated in thesome cases, have been fused to large reporter protein:
cytoplasm on the inner face of the membrane, betweelBibi & Beja, 1994; Beja & Bibi 1995; Skach, Calayag &
B-8N andB-9N andp-8C andB-9C respectively. These Lingappa, 1993; Zhang & Ling, 1991; Zhang, Duthie &
substitutions failed to react with the membrane-permeanting, 1993). While these studies have supported alter-
labeling reagent, presumably due to steric inaccessibilityhative arrangements of Pgp, with one or more of the
which would be more likely at the intracellular (our putative TMs deployed to one or other side of the mem-
model) rather than extracellula® ¢ 6 model) membrane brane, it has been argued that in view of the sensitivity of
surface. All of the other cysteine mutants (Loo & Pgp folding to even small changes in the molecule, only
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Fig. 6. Partial amino acid sequence alignment of ten Pgp isoforms. The ten isoforms are listed in decreasing order of identity with human ML
at the top. The first six isoforms are true Mdrs and the bottom four are non-Mdrs. Identical residues are on a dark grey background; conse
residues are backed by light grey; and non-conserved residues are on a white background. Numbers refer to the residue positions in human |
Arrows indicate positions of identical residues in the bottom four non-Mdrs.

studies involving functional molecules can be consideredhe bottom 4 isoforms are non-Mdrs that are presumed
valid (Loo & Clarke, 1996). With this in mind, one re- to transport a single substrate or substrates of a single
sult from these alternative topological studies demandslass. The arrows in Fig. 6 indicate identical residues
particular attention. Bibi & Beja (1994) constructed a for all 4 non-Mdrs, and a different residue(s) for the top
hybrid protein in which an alkaline phosphatase reporte6 Mdrs. In all, there are 169 of these positional differ-
polypeptide was inserted between L226 and S227 in thences in the complete amino acid sequences of the 1C
complete murine Mdr1 molecule. This result indicatedisoforms. Ignoring the N-terminus and the linker region
an extracellular location for this site, and this sandwichbetween the two homologous halves of the molecules
hybrid Mdrl was shown subsequently to be functionalthat are known not to be involved in drug binding
(Beja & Bibi 1995). In thep-barrel model, this site (Devault & Gros, 1990), all of the remaining differences
(L226-S227) occurs within the extracellular loop con-are plotted as black dots on the secondary structural
necting thep-9 andp-10 strands in the N-terminal half model for Pgp (Fig. 7). The remarkable result of this
of Pgp (Fig. 3), and would thus not necessarily causeexercise is that all of the residues are positioned on loops
disruption to the transmembrane structure of the Pgm@nd turns that contribute to the topologies of proposed
molecule. In tle 6 + 6model, however, this large inser- drug binding and translocating sites; and that the struc-
tion would be positioned in the middle of TM4. tural scaffolding remains largely unaffected by the resi-
due differences that delineate the Mdr and non-Mdr iso-
forms. Residues known to affect substrate utilization

MULTIPLE SEQUENCE ALIGNMENT OF P-GLYCOPROTEINS were also plotted on the secondary structural model (Fig.
DELINEATES MDR AND NON-MDR CLASSES AND 7; open and shaded circles; referenced in the legend).
IDENTIFIES POTENTIAL DRUG BINDING AND Significantly, like the result for the residues that delin-

TRANSLOCATION REGIONS eate the Mdr/non-Mdr categories, none of the residues

that affected substrate utilization were located within the
We examined a ClustalW alignment of 10 Pgp isoformsstructural scaffolding of the model, that is, the TM
for features that might support our model. Part of thisp-strands and cytoplasmic helix bundles. In addition,
alignment is depicted in Fig. 6, in which the isoforms there are numerous substitutions that have little or no
are listed in descending order of identity with human effect on substrate specificitgdéereferences in the leg-
MDR1 at the top. The first 6 isoforms are true Mdrs — end to Fig. 7). These mutations are scattered throughout
that is they efflux a range of substrates — whereaghe Pgp molecule in no discernible pattern in relation to
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Fig. 7. Distribution of amino acid changes in Mdr and non-Mdr Pgp isoforms on the new topological model. The N- (panel N) and C-terminal haly
(panelC) of human MDR1 deploy sixteen TM beta-sheets (arrowed rectangles) and six cytoplasmic alpha-helices (rectangles), with numbers g
sequential coordinates through the molecule. The lettered boxes A, B and C, and associated loops represent the ATP domains. Black filled-in
indicate residues that are identical in the four non-Mdrs but different in the six true Mdrs (this study); open circles indicate residues knaivn to a
substrate utilization; and grey filled-in circles indicate the overlap residues of the two categories. The residues that affected substicaieuatitz
obtained from references: Choi et al., (1988); Currier et al., (1992); Chir et al., (1993); Loo & Clarkea(1999945; b); Hanna et al., (1996);
Taguchi et al., (1997); and Bakos et al., (1997).

our model. Some of these lie within putative TM the extracellular loops connecting the Tdstrands may
B-strands 7N, 9N, 14N, 5C, 6C, 8C, 11C and act to facilitate the exit of the substrate from the trans-
12C. When the Mdr/non-Mdr residues and those thamembrane channel, or perhaps even act to reduce druc
affect substrate utilisation are plotted on the current 6 +influx by binding substrate directly from the extracellular
6 helix Pgp model, 28/134 or 21% were scattered withinspace. Evidence supporting this proposed mechanism
many of the TM helices and loops and turns (Fig. 8). comes from a recent report of experiments on highly
The clustering of residues on the loops joining thepurified Pgp usingH/H exchange kinetics (Sonveaux et
helix bundle to the transmembrane barrel and on theal., 1996). This analysis revealed that Pgp undergoes
turns joining TMB-strands, leads us to suggest that thesgorofound conformational changes resulting in increased
loops may act to bind and facilitate the translocation ofsolvent accessibility for at least 75 amino acids upon
substrates, by folding into the barrel lumen in a mannetaddition of MgATP, while addition of MgATP plus the
analogous to porins and other transporters. While theubstrate verapamil resulted in decreased solvent acces
intracellular loops may act to bind and efflux substrate,sibility for at least 102 amino acids.
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Fig. 8. Distribution of amino acid changes in Mdr and non-Mdr Pgp isoforms on the current topological model. The twelve TM helices are depic
as lozenges with numbers representing residue positions at either end of each TM helix. The ATP domains are represented as Walker A and B
and associated loops. Circle designations are described in the legend to Fig. 7.

Loo & Clarke (1997) introduced pairs of cysteine tinct processes. Pgp could reduce drug influx by binding
residues into putative TMs 6 and 12 and demonstrated ar collecting substrate at the extracellular loops and
pattern of oxidative cross-linking that was consistentwithin the lumen of the barrels, directly from the extra-
with the TMs being arranged in a left-handed coiled coil.cellular space. This collection feature would explain
Four cross-linked pairs, namely L332C/L975C, why substrates normally partitioned in the membranes of
F343C/M986C, G346C/G989C and P350C/S993C, weralrug-sensitive cells, are found only associated with Pgp
generated in separate mutant molecules. The crossa the membranes of drug-resistant cells (Raviv et al.,
linking of the last three of these pairs was blocked by1990). Also consistent with this proposal is the obser-
drug substrates, unaffected by ATP and reversed byation that the Pgp substrate rhodamine 123 has a fluo-
dithiothreitol. In our model, these three pairs are posi-rescence excitation spectrum in drug-sensitive cells simi-
tioned on the connecting loops directly below fBel4  lar to its spectrum in octanol, indicating its probable
strands in each half of the model (Figs. 2 and 3). Crosstocation in the membrane, while in drug-resistant cells
linking of P350C to S993C severely impaired drug- the spectrum is intermediate between this and its aqueou:s
stimulated ATPase activity, suggesting that the twospectrum (Kessel, 1989), which could be explained by its
regions of which they are components must be free tgrobable location with the intermediate hydrophobicity
move independently for proper function. Thus in our of the B-barrels and its associated loops. The results of
model, the twg3-14 strands and the loops below would these and many other experiments (reviewed in Ger-
be adjacent to one another. The cross-linking of the firsmann, 1996) have led to the hypothesis that Pgp binds its
pair (L332C/L975C) required the presence of ATP,substrates from with the membrane. More recently,
was unaffected by drug substrates, and could not bstudies using Pgp substrates that fluoresce when mem:-
reversed by treatment with dithiothreitol. This pair is brane-bound, have been interpreted as showing that Pgy
at the top of the3-14 strands near the extracellular loops, translocate these substrates from the cytoplasmic leaflet
and since the crossed-linking of this pair is the onlyof the lipid bilayer, directly to the extracellular space
one that required ATP hydrolysis, we suggest that aShapiro & Ling, 1997, 1998; Shapiro, Corder & Ling,
conformational shift might be necessary to bring thel997). These data, however, do not require that the bind-
side chains of these two residues together. In contrasing site for these substrates is located within the mem-
two other potential pairs that lie between the first andbranes. The specific initial rate of transport was found to
second of the four cross-linked pairs within TMs 6 andbe directly proportional to the amount of membrane-
12 (Loo & Clarke, 1997), namely F336C/S979C andbound substrate and inversely proportional to the con-
L339C/V982C, failed to form cross-links. In our model, centration of free, aqueous substrate. Since the rate of
these residues lie within thg-14 strands and their side passive re-equilibration of lipid-bound substrates to the
chains may not face one another and may be unable texternal agueous phase was shown to be rapid with re-
cross-link. spect to the rate of active transport, it is also possible that

Kinetic studies (Stein et al., 1994) suggested thathe binding pocket for these substrates is located within
Pgp plays a role in both reducing drug influx and in- the cytoplasm, with access to the surface of the mem-
creasing drug efflux, and that these are functionally dis-brane but not to the cytoplasm.
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