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Topogenic determinants that direct protein topology at the endoplasmic reticulum mem-
brane usually function with high fidelity to establish a uniform topological orientation for
any given polypeptide. Here we show, however, that through the coupling of sequential
translocation events, native topogenic determinants are capable of generating two alter-
nate transmembrane structures at the endoplasmic reticulum membrane. Using defined
chimeric and epitope-tagged full-length proteins, we found that topogenic activities of
two C-trans (type II) signal anchor sequences, encoded within the seventh and eighth
transmembrane (TM) segments of human P-glycoprotein were directly coupled by an
inefficient stop transfer (ST) sequence (TM7b) contained within the C-terminus half of
TM7. Remarkably, these activities enabled TM7 to achieve both a single- and a double-
spanning TM topology with nearly equal efficiency. In addition, ST and C-trans signal
anchor activities encoded by TM8 were tightly linked to the weak ST activity, and hence
topological fate, of TM7b. This interaction enabled TMS8 to span the membrane in either
a type I or a type II orientation. Pleiotropic structural features contributing to this
unusual topogenic behavior included 1) a short, flexible peptide loop connecting TM7a
and TM7b, 2) hydrophobic residues within TM7b, and 3) hydrophilic residues between

TM7b and TMS.

INTRODUCTION

Transmembrane (TM)! topology of most eukaryotic
integral membrane proteins is established at the en-
doplasmic reticulum (ER) membrane as specific topo-
genic determinants (e.g., signal, stop transfer [ST], and
signal anchor sequences) emerge from the ribosome
and engage their cognate cytosolic and/or membrane
bound receptors (Blobel, 1980). This process of topo-
genesis involves at least four distinct steps: 1) ER
membrane targeting, 2) translocation initiation, 3)
translocation termination, and 4) membrane integra-
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tion (reviewed in Rapoport et al., 1996; Johnson, 1997).
Topogenic determinants in naturally occurring pro-
teins usually direct these events efficiently and com-
pletely, thus ensuring a single uniform topology for
any given cohort of nascent polypeptide chains. Fail-
ure to complete one or more of these steps, however,
may result in proteins with heterogeneous topological
outcomes. For example, mutagenesis studies of ST
(Kuroiwa et al., 1991) and signal anchor (Parks et al.,
1989; Parks and Lamb, 1991) sequences have shown
that under certain conditions, topogenic determinants
may generate mixed populations of nascent chains
exhibiting secretory, N-trans (type I) and/or C-trans
(type II) TM topology. Specialized topogenic determi-
nants in naturally occurring proteins may also direct
alternate topologies. In the case of murine plasmino-
gen activator inhibitor 2, cytosolic and secretory iso-
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forms are generated by a bipartite signal sequence that
targets the nascent chain to the ER membrane but
initiates translocation for only a fraction of targeted
chains (Belin et al., 1989, 1996). Similarly, secretory and
TM conformations of the prion protein (Hay et al.,
1987a,b) PrP are directed by a specialized pause trans-
fer sequence that transiently terminates translocation
and allows a downstream hydrophobic segment to
span the membrane in a subset of nascent chains (Yost
et al., 1990; Nakahara et al., 1994). This TM isoform has
been recently linked to pathogenesis of the neurode-
generative prion diseases (Hegde et al., 1998). In ad-
dition, the topological fate of both plasminogen acti-
vator inhibitor 2 and PrP is controlled by cellular
factor(s) (Wohlwend et al.,, 1987; Lopez et al., 1990),
suggesting that such specialized topogenic determi-
nants might provide a mechanism for topological reg-
ulation.

Topogenic determinants also direct the topology of
multispanning (polytopic) proteins (Friedlander and
Blobel, 1985; Audigier et al., 1987). In the simplest case,
this process proceeds cotranslationally at the ER mem-
brane as independent signal (anchor) and ST se-
quences direct sequential rounds of translocation ini-
tiation, translocation termination, and membrane
integration (Rothman et al., 1988; Wessels and Spiess,
1988; Lipp et al., 1989; Shi et al., 1995). Alternatively,
native polytopic proteins may acquire their topology
through cooperative and/or synergistic interactions
between multiple topogenic determinants (Calamia
and Manoil, 1992; Skach and Lingappa, 1993; Wilkin-
son et al., 1996; Lu et al., 1997). This latter process
involves transient uncoupling of translocation and
membrane integration events (Skach and Lingappa,
1993; Lin and Addison, 1995), posttranslational trans-
location of peptide loops (Lu et al., 1997), or even
posttranslational reorientation of TM helices (Wilkin-
son et al., 1996). Thus recent studies have added new
complexities to the traditional view of polytopic pro-
tein biogenesis by demonstrating that a given TM
topology may be generated through several alternate
combinations of topogenic events.

Because polytopic topology is specified solely by
topogenic information encoded within the nascent
chain, conflicting or ambiguous topogenic determi-
nants within a single polypeptide may generate pro-
teins in which TM helices are either left out of the
membrane or span the membrane in multiple orienta-
tions. This phenomenon was recently demonstrated
using experimentally engineered polytopic Escherichia
coli proteins and has been referred to as “topologic
frustration” (Gafvelin and von Heijne, 1994). How and
whether “topologic frustration” occurs in native poly-
topic proteins is less clear. The four-spanning protein
ductin has been shown to acquire two opposite TM
orientations when expressed in vitro in the presence of
canine pancreas microsomal membranes (Dunlop et
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al., 1995). Alternate TM topologies have also been
reported for several members of the P-glycoprotein
(Pgp) family of ABC transporters in whole-cell as well
as cell-free expression systems. In this latter case, an-
tibody mapping, cysteine labeling, and epitope inser-
tion studies of functional Pgp at the plasma membrane
of mammalian cells (Yoshimura et al., 1989; Georges et
al., 1993; Schinkel et al., 1993; Loo and Clarke, 1995;
Kast et al., 1996) have supported a conventional 12-
spanning topology predicted by initial hydropathy
analyses (Chen et al., 1986; Gros et al., 1986). In con-
trast, other studies of full-length, truncated, and chi-
meric Pgps expressed in mammalian, cell-free, Xeno-
pus oocyte (XO) and prokaryotic expression systems
(Zhang and Ling, 1991; Zhang et al., 1996; Skach et al.,
1993; Beja and Bibi, 1995; Poloni et al., 1995) have
found that a predicted cytosolic peptide loop between
TM segments 8 and 9 appears to reside in an extracy-
tosolic location. Moreover, at the ER membrane, this
TM8-9 loop appears to be extracytosolic in only a
subpopulation (40-50%) of chains, suggesting that in
certain cellular compartments Pgp might be capable of
achieving both conventional as well as unconven-
tional topologies (Skach et al., 1993).

Topological studies of native polytopic proteins
raise fundamental questions regarding polytopic pro-
tein biogenesis; namely, how does the dynamic behav-
ior of topogenic information encoded within a nascent
polypeptide function to generate complex topology at
the ER membrane, and what are the limits of variation
that govern this behavior in native substrates? Under-
standing these questions will be critical in defining
different mechanisms of polytopic protein assembly,
in predicting topological outcome, and ultimately in
understanding structure—function relationships of
polytopic membrane proteins. In the current study, we
address these issues by characterizing functional
properties of topogenic determinants encoded within
a specific region (TM7 and TMS8) of the C-terminal
hydrophobic domain of human Pgp (MDR1-Pgp), a
region where conflicting topologies have been previ-
ously reported. Two determinants, a signal (anchor)
sequence (TM7a) and an inefficient ST sequence
(TM7b), were identified within an unusually long hy-
drophobic segment predicted to encompass TM7,
whereas a third determinant exhibiting both ST and
C-trans (type 1I) signal anchor activity was encoded
within TM8. The topogenic events directed by these
determinants were directly coupled to generate two
different populations of TM chains in the ER mem-
brane with nearly equal efficiency. During this pro-
cess, TM7 achieved both single- and double-spanning
topology, whereas TM8 exhibited both type Il and
type 1 topology. The cooperative behavior of these
native topogenic determinants provides a novel mech-
anism by which alternate polytopic TM conformations
may be generated in the ER membrane through a
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Table 1. TM plasmids

Plasmid Antisense primer C-terminus Pgp Fusion site
TM7a.P (1719) (2) CAGGCCGGTCACCATAATGGCACAAAATAC 1719
TM7a.P (G722) (3) TGGTTGGGTCACCCCATTTATAATGGCACA G722
TM7a.P (P726) (4) TATTGCGGTCACCGGTTGCAGGCCTCCATT P726
TM7a.P (A729) (5) TGAAAAGGTCACCGCAAATCGTGGTTGCAG A729
TM7a/b.P (6) CAAGTTGGTCACCTGTCGTTTTGTTTCAGGATC Q750
TM7a/b-8.P (7) CATTGGTCACCCTGGTAGTCAATGCTCCAGT R817

series of definable translocation events. We refer to
this phenomenon as topological heterogeneity and
propose that this process may play a physiological
role during the topogenesis of certain native polytopic
proteins.

MATERIALS AND METHODS

Construction of cDNA Vectors

Plasmids encoding TM7a through TM8 were generated by PCR
amplification of human MDR1 cDNA (Chen et al., 1986) using a
sense oligonucleotide encoding an Ncol site MDR1-Pgp at bp 1950
(primer 1, GATGCCATGGAAATGTCTTACCCT) and antisense oli-
gonucleotides indicated above (Table 1). Pertinent MDR1 sequence

TM7a
WT sequence

Residue # 710 720 730

TM7a.P (1719)
TM7a.P (G722)
TM7a.P (P726)

. KLNLTEWPYFVVGVFCAIMVT-P
KLNLTEWPYFVVGVFCAIINGYT-P
.KLNLTEWPYFVVGVFCAIINGGLQPYT-P

TM7b
. KLNLTEWPYFVVGVFCAINGGLOPAFAIIFSKIIGVFTRIDDPETKROQNSNLFSLLFLALGISFITFFLOGFTFGKAGE....

included in these constructs and the location of fusion sites for these
and other constructs are indicated in Figure 1.

After 10 cycles of PCR, fragments were digested with Ncol and
BstEIl, gel purified and ligated into an Ncol-BstEll-digested, phos-
phatased vector, S.L.ST.gG.P (Skach and Lingappa, 1993). This gen-
erated a series of plasmids encoding a common ATG start codon at
MDR1-Pgp residue L650, followed by MDR1-Pgp coding sequence
through the C-terminal fusion sites (e.g., MDR1-Pgp codons) listed
above, followed by the coding sequence of a previously described P
reporter derived from bovine prolactin (Rothman ef al., 1988). Plas-
mids TM8.P and TM2.P were similarly generated using sense and
antisense primers (TATTTCCATGGTTATAGGGGTTTTTACA and
primer 7 for TM8.P; and sense primer AACTTTTTTAAGGTGAC-
CAATAAAAGTGAAAAAGATAAG and antisense primer CCCA-
ACATCGGTCACCTCAAACCAGCCTATCTCCTGTCG for TM2.P).
The amplified coding sequence for TM8 was digested with Ncol and
BstEIl and ligated into S.L.ST.gG.P as described above. The coding

™S8

740 750 760 770 780

TM7a.P (A729)
TM7a/b.P

KLNLTEWPYFVVGVFCAIINGGLOQPAFAIIFSKIIGYFTRIDDPETKRQVT-P

TM7a/b.P (ANGGLQP) | KLNLTEWPYFVVGVECAF-MVT-—--AFAIFSKIGVETRIDDPETKRQVI-P

TM7a/b(DD/RR).P

T™M7-8.P
TM78.P(ANGGLQP)

TM78(DD/RR).P

SgG.TM7b.P
S.9G.7b-8.P
$.9G.TM7b".P
S.9G.TM7b*-8.P

S.9G.7b-8 (DD/RR).P...
$.9G.TM8.P

Figure 1.
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KLNLTEWPYFVVGVFCA IINGGL@PAFAIHIFSKHUGVFTRI@ETKRQﬂ-P

- KLNLTEWPYFVVQVFCAIINGGLOPAFAIIFSKIIGYFTRIDDPETKRQNSNLFSLLFLALGIISF.. VT-P
KLNLTEWPYFVVQVFCA--MVT--—--AFAIIFSKIIGVFTRIDDPETKRQNSNLFSLLFLALGIISF.. VT-P
KLNLTEWPYFVVGVFCAIINGGLOQPAFANFSKI HGVFTRI@ETKRQNSNLFSLLFLALGﬂﬂSF...ﬂ-P

globin —

.NFKLLSHCLLVTGLQPAFAIIFSKIGVFTRIDDPETKRQVI-P
..NFKLLSHCLLVTGLQPAFAIIFSKIIGYFTRIDDPETKRQNSNLFSLLFLALGIISF...VT-P
...NFKLLSHCLLYT--------~ -AFANFSKIIGYFTRIDDPETKRQVT-P
.NFKLLSHCLLYT-------~~ AFANFSKIIGVFTRIDDPETKRQNSNLFSLLFLALGIISF... VT-P

NFKLLSHCLLVTGLOPAFANFSKI HGVFTRIE’ETKRQNSNLFSLLFLALG NISF...VI-P

.NFKLLSHCLLYT-----sssmmememmseeeasd GVFTRIDDPETKRQNSNLESLLFLALGIISF... VT-P

Amino acid sequence of MDR1-Pgp from residue K702 through E782. Residues predicted to constitute potential TM segments 7a,

7b, and 8 are outlined. Pertinent residues and fusion sites for specific plasmids are included, although N-terminal and some C-terminal
flanking sequences are left out for clarity. P represents the C-terminal translocation reporter derived from bovine prolactin. Dashed areas
represent deleted amino acid residues. Mutated residues are boxed; inserted residues are underlined. Outlined residues represent putative
TM domains, and bold residues represent intervening sequences. Residues NFKLLSHCLLVT (plasmids S.gG.X.P) are contributed by the gG

reporter domain.
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Table 2. S.gG.TM plasmids

Plasmid Sense Antisense MDR1 sequence
S.gG.TM7b.P (8) ATTATGGTGACCGGCCTGCAACCAGCATT 6 G723-Q750
S.gG.TM7b*.P (9) AGGCCTGGTGACCGCATTTGCAATAATATT 6 A727-Q750
S.gG.TM7b-8.P 8 7 G723-R817
S.gG.TM7b*-8.P 9 7 A727-R817
S.gG.TM8.P (residues L736-R817) (10) CAAAGGTGACCGGGGTTTTTACAAGAATTG 7 G737-R817

sequence for TM2 was digested with EcoRV and BstEIl and ligated into
the S.L.ST.gG.P vector digested sequentially with Ncol, Klenow frag-
ment, and BstEIl. The resultant plasmids thus encode MDR1-Pgp res-
idues 1736-R817 (TMS8) or 198-F163 (TM2), upstream of the P reporter.
Plasmids encoding MDRI1-Pgp fragments in the chimera S.gG.-X-.P
were generated by digesting PCR-amplified MDR-Pgp ¢cDNA (oligo-
nucleotides indicated below) with BstEIl and ligating these fragments
into BstEll-digested vector S.gG.P (Rothman et al., 1988) (Table 2).

To generate epitope-tagged MDR1-Pgp, a unique Sacl site was
engineered at codons G812 and A813 using the primer (11) CTGG-
TAGTCAGAGCTCCAGTGGTGTTTTTAGG and a single-stranded
(M13) template (Muta-gene method [Bio-Rad Laboratories, Her-
cules, CA] described previously; Xiong et al., 1997) plasmid pSP-
MDR1-Sac. We then used the PCR overlap extension method to
introduced mutations D743R/D744R. Sense (ATTAGGAGGC-
CCGAGACAAAACGACAGAATAG) and corresponding antisense
oligonucleotides were used together with 5 primer (1) and 3’
primer (7) as described (Ho et al., 1989). The resulting PCR fragment
encoding bp 1940-2450 was digested with HindIII-Sacl and ligated
into  Hindlll-Sacl-digested =~ pSPMDR1-Sac  to  generate
pSPMDR1(DD/RR).  Plasmids  S.gG.TM7b(DD/RR).P  and
S5.gG.TM7b-8(DD/RR).P were generated as described for WT se-
quences except that the mutant pPSPMDR1(DD/RR) was used as
template for PCR reactions. Plasmid TM7a/b.P (ANGGLQP) was
derived by ligating a BstEIl fragment from S.gG.TM7b*P into
BstEIl-digested TM7a.P (I719). This fusion replaced codons 1720-
P726 of MDR1 with DNA encoding residues MVT (see Figure 1).
This fusion site encoding the (ANGGLQP) mutation was identical in
subsequent plasmids TM7a/b-8.P (ANGGLQP) and full-length
MDR1 ANGGLQP, which were generated by serial subcloning. WT
and mutant plasmids encoding the C-terminal half of MDR1-Pgp
were generated by deleting residues M1-A649. Translation of result-
ing plasmids was initiated at a methionine residue engineered at
position L650.

Plasmid pSPMDRI1-P was generated by engineering a Sacl restric-
tion site at codon 229 of bovine prolactin (via PCR) in the plasmid
TM1-8.P (described in Skach et al., 1993) and ligating a HindIII-Sacl
fragment from this plasmid into HindIII-Sacl-digested pSPMDR1-
Sac. The resultant construct encoded the 142 residue P reporter
inserted into full-length MDR1-Pgp at codons 817 and 814. D743R/
D744R and ANGGLQP mutations were subsequently engineered
into pSPMDRI1-P by ligating HindIII-BstEIIl fragments from plas-
mids TM7a/b-8(DD/RR).P and TM7a/b-8.P (ANGGLQP), respec-
tively, into HindIII-BstEIl-digested pSPMDR1-P. Finally, residues
encoding TM7b and its C-terminal flanking sequences were deleted
from plasmid pSPMDRI1-P by introducing BstEII restriction sites at
codons 734 and 752 of MDR1 using PCR (antisense oligonucleotide
CCCTATGGTCACCGAAAATATTATTGCAAATGCT and sense
oligonucleotide 10) and ligating these BstEIl sites together. This
substituted residues Val-Thr for MDRI1 residues 1735-5756.

All PCR-amplified or Mutated cDNA Fragments Used for Sub-
cloning Were Verified by Direct Sequencing

Transcription and Xenopus laevis Oocyte Expression

mRNA was transcribed in vitro with SP6 RNA polymerase (New
England Biolabs, Beverly, MA) using 2-4 ug of plasmid DNA in a
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10-ul volume at 40°C for 1 h as previously described (Rothman et al.,
1988); 0.5 ul of a 10X concentrated trans->°S label (ICN Pharmaceu-
ticals, Irvine, CA) were added to 2 ul of transcription mixture and
injected into stage VI XOs (50 nl/oocyte). After incubation at 18°C
for 3-4 h, oocytes were homogenized on ice in 10 vol of homoge-
nization buffer (0.25 M sucrose, 50 mM KAc, 5 mM MgAc, 1.0 mM
DTT, 50 mM Tris, pH 7.5) using a hand-held homogenizer in a
1.5-ml Eppendorf tube. Before proteolysis, CaCl, was added to 10
mM final concentration.

Protease Digestion

Proteinase K (PK) was added to aliquots of XO homogenate (0.2
mg/ml final concentration) in the presence or absence of 1% Triton
X-100 and incubated on ice for 1 h. Residual protease was inacti-
vated by rapid mixing with PMSF (10 mM) in 10X vol of 1% SDS, 0.1
M Tris, pH 8.0 (preheated to 100°C). For plasmids expressing full-
length and C-terminal halves of MDR1-Pgp, samples lacking PK
were not heated to avoid aggregation. Samples were then diluted in
10 vol of Buffer A (0.1 M NaCl, 1% Triton X-100, 2 mM EDTA, 0.1
mM PMSF, and 0.1 M Tris, pH 8.0). Samples were incubated at 4°C
for 1-2 h and clarified by centrifugation at 16,000X g for 15 min, and
supernatants were used for subsequent immunoprecipitation.

Carbonate Extraction

XO homogenates were diluted 300-fold in either sodium carbonate
(0.1 M Na,COs;, pH 11.5) or Tris (0.25 M sucrose, 0.1 M Tris, pH 7.0)
solutions. Freshly synthesized known secretory (bovine prolactin)
and TM (S.L.ST.gG.P; Skach and Lingappa, 1993) control proteins
were added to each tube before processing. Carbonate solutions
were adjusted to pH 11.5 if necessary by addition of small amounts
of NaOH. Samples were incubated on ice for 30 min before centrif-
ugation at 70,000 rpm (TLA 100.2 rotor, Beckman, Fullerton, CA) for
30 min. Supernatants were removed, and proteins were precipitated
in 20% trichloroacetic acid before washing in acetone and resus-
pending in 1% SDS and 0.1 M Tris (pH 8.0). Membrane pellets were
dissolved directly in 1% SDS and 0.1 M Tris (pH 8.0). Samples were
immunoprecipitated before analysis by SDS-PAGE.

Immunoprecipitation and Autoradiography

Oocyte homogenate supernatants were immunoprecipitated by ad-
dition of anti-prolactin (ICN Biomedicals, Costa Mesa, CA) or anti-
globin (De Fea et al., 1994) antisera to a working dilution of 1:1000.
After a 10- to 30-min preincubation, 5 ul of protein A-Affigel (Bio-
Rad, Hercules, CA) were added, and the sample was continuously
mixed at 4°C for 2-10 h before washing three times with Buffer A
and twice with 0.1 M NaCl and 0.1 M Tris (pH 8.0). Samples were
analyzed by SDS-PAGE, EN®’HANCE (New England Nuclear, Bos-
ton, MA) fluorography, and autoradiography as described. Autora-
diograms were digitized with an AGFA (Mortsel, Belgium) Studio
Scan II, and, where indicated, band intensities were quantified on
unmodified images using Adobe Systems (Mountain View, CA)
Photoshop software.
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RESULTS

Initial topological studies of human and rodent Pgps
have indicated that predicted cytosolic residues flank-
ing the C terminus of TMS8 reside in the ER lumen in
~50% of newly synthesized chains (Zhang and Ling,
1991; Skach et al., 1993). Consistent with these obser-
vations, Beja and Bibi (1995) noted that when ex-
pressed in E. coli as a series of PhoA fusion proteins,
murine Pgp TM7 exhibited the capacity to span the
membrane twice, and TM8 C-terminal flanking resi-
dues resided in the periplasm. Thus they proposed
that C-terminal topology of Pgp resembled the corre-
sponding region of a related ABC transporter MalG. In
each of these studies, however, the experimentally
derived Pgp topology differed from the conventional
12-spanning hydropathy-based model, which has
been supported by antibody mapping, epitope inser-
tion, and cysteine labeling studies. To better under-
stand the mechanism by which topology of this pep-
tide region 1is established, we have identified
topogenic determinants encoded within TM7 and
TM8 from human MDR1-Pgp and characterized their
ability, both independently and together, to direct spe-
cific translocation events at the ER membrane.

TM7 Encodes Two Distinct Topogenic Determinants

Like the corresponding regions of MalG and murine
Pgp, TM7 from human MDR1-Pgp comprises an un-
usually long, 38-residue, sequence containing two dis-
tinct hydrophobic regions (subsequently referred to as
TM7a and TM7b) connected by a short, flexible pep-
tide segment (Figure 2A). We reasoned that if TM7
were able to form two TM segments, then it might
encode two distinct topogenic determinants capable of
first initiating, and subsequently terminating, nascent
chain translocation. TM7a signal sequence activity
was therefore tested using a series of plasmids in
which TM7a was engineered upstream of a previously
defined prolactin-derived translocation reporter, P
(Figures 1 and 2A). Constructs were expressed in mi-
croinjected XOs, and topology of newly synthesized
chains was determined by digesting oocyte homoge-
nates with PK. Under these conditions, the ER-derived
microsomal membranes form sealed, right-side-out
vesicles (Rothman et al., 1988; Skach and Lingappa,
1994) and translocated reporter domains are protected
from digestion in the absence but not the presence of
nondenaturing detergent. The uniform sidedness of
these vesicle preparations is demonstrated in Figure
2B, where 100% of the secretory protein prolactin was
fully protected after protease digestion (lanes 1-30).
Likewise, PK digestion of the chimeric type I TM
protein S.gG.ST.P resulted in >95% digestion of the P
reporter and protection of the N-terminal globin-de-
rived passenger domain (Figure 2B, lanes 4-9).

Vol. 9, September 1998

Topological Heterogeneity in the ER

As shown in Figure 2C, >90% of newly synthesized
polypeptides from plasmid TM7a(I719).P generated
protease-protected, P-reactive fragments, confirming
that TM7a functioned as an efficient signal sequence to
translocate C-terminal flanking residues (lanes 1-3).
However, when additional C-terminal residues were
included along with TM7a (Figure 2C, lanes 4-12), a
progressive decrease in the fraction of reporter trans-
location was observed, indicating that the P reporter
was increasingly oriented toward the cytosol. Some
chains from plasmid TM7(1719).P adopted a type II
TM topology. This was indicated by the appearance of
a new, PK-protected 20-kDa P-reactive fragment after
PK digestion (Figure 2C, lane 2, double arrow). In
addition, a minor fraction (<10%) of chains from each
of these constructs appeared to be completely pro-
tected from digestion, (i.e., fully secretory). Most
chains, however, were cleaved during translocation
into the ER lumen, presumably by signal peptidase,
generating a 15-kDa fragment consistent with the pre-
dicted size of the P reporter (142 residues) (Figure 2C,
lanes 2, 5, 8, and 11, upward arrows). This cleavage
event was similar to previous studies that demon-
strated that removal of downstream TM segments
may unmask cryptic signal peptidase recognition
sites in otherwise uncleaved internal signal anchor
sequences (Schmid and Spiess, 1988; Akiyama et al.,
1990; Skach and Lingappa, 1993, 1994; Skach et al.,
1994). In addition, signal peptidase cleavage was
less efficient in longer constructs, indicating de-
creased accessibility to the cleavage site. The inter-
pretation that longer chains might exhibit a double-
spanning topology was further supported, because
uncleaved chains remained membrane associated as
determined by pelleting experiments (our unpub-
lished observations).

We next tested whether TM7b functioned inde-
pendently as an ST sequence by engineering TM7b
(residues G723-R749) into the chimeric protein
S.gG.P (Figure 2D). In this construct, translocation is
initiated by the N-terminal signal sequence (Roth-
man et al., 1988). An ST sequence located between
the gG (globin-derived) and P passenger domains
will terminate translocation and direct the other-
wise secretory chains into a type I TM topology with
N terminus (gG) in the ER lumen and C terminus (P)
in the cytosol (Figure 2B) (Rothman ef al., 1988;
Skach and Lingappa, 1994). As shown in Figure 2D,
full-length S.gG. TM7b.P chains (30-kDa bands) and
N-linked glycosylated chains (33-kDa bands, down-
ward arrows) were immunoprecipitated with both
globin and prolactin antisera before PK digestion
(lanes 1 and 4). The relative degree of glycosylation
varied somewhat between experiments but did not
significantly influence translocation efficiency (our
unpublished observations). Forty-one percent of
chains exhibited a type I TM orientation, as evi-
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Figure 2. Signal and ST activities of TM7a and TM7b. (A) Kyte-Doolittle hydropathy profile of the C-terminal MDR1-Pgp hydrophobic
domain. Location and sequence of potential TM segments are indicated. (B) Mature XOs expressing bovine prolactin (lanes 1-3) and the TM
protein S.gG.ST.P (Skach and Lingappa, 1994) (lanes 4-9) were homogenized and digested with PK in the presence and absence of detergent
(det), immunoprecipitated with antiprolactin (P) or antiglobin (G) antisera, and analyzed by SDS-PAGE. Upward arrows indicate polypep-
tides protected from PK digestion. Topology of chains is diagrammed below the autoradiogram. The glycosylation site is indicated in the gG
reporter as a vertical line. (C) Plasmids encoding TM7a fused to the P reporter at indicated residues (A, vertical arrows) were expressed in
oocytes and analyzed as in B. Upward arrows (lanes 2, 5, 8, and 11) indicate chains protected from protease digestion. Topology of chains
is indicated below the autoradiogram to reflect that most uncleaved chains (60-80%) pellet with membranes at neutral pH (our unpublished
observations). (D) Plasmid S.gG.TM7b.P was expressed in oocytes and analyzed as in B. Downward arrows indicate full-length, PK-protected
glycosylated chains (lanes 2 and 5). Upward arrow (lane 2) indicates the PK protected globin-reactive fragment. For carbonate extraction
(lanes 7-10), oocyte homogenates containing S.gG.TM7b.P and TM (S.L.ST.gG.P; Skach and Lingappa, 1993) and secretory (bovine prolactin;
Skach and Lingappa, 1993) control proteins were incubated in neutral buffer (Tris) or 0.1 M Na carbonate (Carb) as described in MATERIALS
AND METHODS. Supernatants (S) and pellets (P) were immunoprecipitated with prolactin antisera. Topology of chains is indicated.

denced by their accessibility to protease (Figure 2D,
lanes 2 and 5, downward arrows) and the appear-
ance of a new, 17-kDa globin-reactive fragment re-
covered in the absence of detergent (Figure 2D, lane
2, upward arrow). However, slightly more than half
of full-length chains (59%) were fully protected
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from PK digestion, suggesting that these chains
were completely translocated into the ER lumen.
The secretory nature of these chains was further
confirmed by extraction from membranes in 0.1 M
sodium carbonate (pH 11.5) (Figure 2D, lanes 7-10).
Thus TM7b was capable of terminating transloca-
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tion in only a subset of chains and was unable to
efficiently integrate into the lipid bilayer. This was
not entirely unexpected, because both the length (17
residues) and hydrophobicity of TM7b (free energy
of transfer into the bilayer, 21.2 kcal/mol) are at the
lower limits of values expected for traditional mem-
brane-spanning segments (Engelman et al., 1986).
However, when we examined a longer version of
TM7b encoding 19 residues (N721-R749), the ST
activity was not improved (our unpublished obser-
vations), suggesting that additional structural fea-
tures within the hydrophobic segment might con-
tribute to its inefficient ST activity (see Figure 7).

These experiments suggest that the efficient signal
sequence activity of TM7 together with the ineffi-
cient ST activity of TM7b might direct the nascent
polypeptide chain into either of two different TM
orientations. In chains where TM7b failed to termi-
nate translocation, TM7 would likely form a single
membrane-spanning segment as predicted by con-
ventional topological models. Alternatively, if
TM7b terminated translocation, both TM7a and
TM7b might potentially span the membrane. It is
interesting from a thermodynamic viewpoint that if
TM7 interacted independently with the lipid bi-
layer, the free energy of transfer into the bilayer for
two helices formed by TM7a and TM7b would con-
fer a slightly lower free energy than if TM7 spanned
the membrane as a single TM helix of 21 residues as
originally predicted (42.3 vs. 35.2 kcal/mol, respec-
tively [Engelman et al., 1986]).
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TMS8 Directs Two Different Membrane-spanning
Orientations

One consequence of TM7 adapting two different topo-
logical orientations (e.g. single or double spanning) is
that downstream topogenic sequences would be pre-
sented to the ER membrane in very different contexts.
For example, if TM7b terminated translocation, then
TM8 would likely emerge from the ribosome in con-
tact with cytosol (Liao et al., 1997). In chains where
TM7b failed to terminate translocation, however, TM8
would emerge from the ribosome on an actively trans-
locating chain (presumably moving through the Sec61
translocation channel [Borel and Simon, 1996; Laird
and High, 1997] and shielded from the cytosol by the
ribosome-membrane junction [Crowley et al., 1993,
1994]). We therefore tested the topogenic behavior of
TM8 using two chimeric proteins that mimic these
potential presentations of TMS8 to the ER by TM7a/b.

As shown in Figure 3A, when TM8 was synthesized
as part of an actively translocating chain (plasmid
S.gG.TM8.P), it efficiently terminated translocation
and integrated into the ER membrane in a type I
orientation. Thus TM8 exhibited all the features of a
bona fide ST sequence, consistent with its expected
role in directing conventional MDR1-Pgp topology. In
contrast, when TM8 emerged from the ribosome into
the cytosol (plasmid TMS8.P), it functioned as an effi-
cient C-trans (type 1I) signal anchor sequence, actively
translocating its C-terminal flanking residues and in-
tegrating into the membrane in a type II orientation
(Figure 3B). Of note, the type II topology of TMS8
shown here was identical to the topology observed for
murine Pgp-TMS8 in E. coli (Beja and Bibi, 1995).

The ability of TMS8 to direct two different mem-
brane-spanning orientations is not without precedent,
because ST sequences have previously been shown to
exhibit membrane targeting and translocation activity
(Mize et al., 1986). In addition, signal anchor sequences
may also function as ST sequences and span the mem-
brane in different orientations (Wessels and Spiess,
1988). The unexpected aspect of these findings is that
the translocation specificity of TM8 was precisely the
opposite of that predicted if TM8 spanned the mem-
brane solely in the conventional (type I) topology. In
this regard, TM7a and TMS8 could be viewed as di-
rectly competitive with one another, each trying to
orient in the ER membrane in a type II topology, not
unlike previously described “topologically frustrated”
proteins (Gafvelin and von Heijne, 1994). Further-
more, TM7 and TMS translocation activities are par-
ticularly striking when compared with corresponding
N-terminal topogenic determinants, TM1 and TM2. In
contrast to TM7, TM1 has been previously shown to
direct translocation of its C-terminal flanking se-
quences and to span the membrane as a single TM
segment (Skach and Lingappa, 1993). Moreover, when
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Figure 3. TMS topology is dependent on its mode of presentation
to the ER membrane. (A) Topology of polypeptides generated from
plasmid S.gG.TM8.P was determined as in Figure 2. Upward arrow
(lane 2) indicates the globin-protected fragment generated by PK
digestion, demonstrating a type I topology for these chains (dia-
grammed beneath the autoradiogram). (B and C) PK digestion of
polypeptides generated from plasmids TM8.P and TM2.P. Upward
double arrows and downward arrow indicate full-length unglyco-
sylated and glycosylated chains, respectively (lane 1). Upward ar-
row indicates PK-protected fragment (lane 2). Potential glycosyla-
tion sites are indicated in by short vertical lines, and used
glycosylation sites are indicated below by the open circles.
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examined in the same context as TM8, TM2 directed
translocation of N-terminus, rather than C-terminus,
flanking sequences and spanned the membrane in a
type I topology (Figure 3C). Thus TM1 and TM2 ex-
hibit complementary translocation specificities that
cooperate to ensure a uniform N-terminus topology,
whereas TM7 and TMS8 encode conflicting topogenic
information potentially capable of generating two al-
ternate TM orientations.

TM7b and TMS8 Generate Topological Heterogeneity
in the ER Membrane

Based on the topogenic properties of TM7a, TM7b,
and TM8, we predict that during MDR1-Pgp biogen-
esis, signal sequence activity of TM7a reinitiates
translocation of the nascent chain. If translocation
were not terminated by TM7b, then TM7 and TMS8
would each span the membrane in their proposed,
conventional orientations. Alternatively, if TM7b
terminated translocation, then signal sequence ac-
tivity of TM8 would initiate translocation of its own
C-terminal flanking residues and span the mem-
brane in an unconventional type II orientation. A
key prediction of this model is that distinct topo-
genic events directed by TM7b (translocation termi-
nation) and TMS8 (translocation initiation) should be
integrally coupled to one another. We tested this
prediction first, by examining whether TM7b and
TMS together were sufficient to generate topological
heterogeneity; second, by confirming that the fate of
TMS8 was directly linked to that of TM7b; and third,
by identifying structural features responsible for
this unusual topogenic behavior.

To examine interactions between TM7b and TMS,
MDR1-Pgp residues G723-R817 (encoding TM7b to-
gether with TM8) were engineering into the chimeric
protein S.gG.TM7b-8.P, and topology of resulting
chains was examined in microinjected XOs. These
chains encode two N-linked glycosylation consensus
sites, one located within the gG passenger domain and
the other located within TM8 C-terminal flanking res-
idues as diagrammed in Figure 4. Before PK digestion,
two full-length bands migrating at 38 and 41 kDa were
observed. These species represent chains containing
one (Figure 4, upward arrows) or two (Figure 4,
downward arrows) N-linked core carbohydrate
groups (Figure 4, lanes 1 and 4). Glycosylation status
was verified by digestion with endoglycosidase H and
comparison of cell-free translation products synthe-
sized in the presence and absence of membranes (our
unpublished observations). Protease digestion con-
firmed that these polypeptides represent two distinct
cohorts of chains with different TM topologies. Singly
glycosylated chains (60% of total products) were com-
pletely (>95%) accessible to PK digestion and yielded
a major, protease-protected 23-kDa globin-reactive
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Figure 4. TM7b and TMS direct two distinct TM orientations for a
single population of nascent chains. Oocyte homogenates contain-
ing polypeptides from plasmid S.gG.TM7b-8.P were subject to PK
digestion (lanes 1-6) or carbonate extraction (lanes 7-10) and im-
munoprecipitated as described in Figure 2. Upward arrows identify
singly glycosylated full-length chains (lanes 1 and 4). Downward
double arrows indicate doubly glycosylated full-length chains
(lanes 1, 2, 4, and 5) After PK digestion, all singly glycosylated
chains are digested, yielding an N-terminal globin-reactive frag-
ment (lane 2, upward arrow), whereas double-glycosylated chains
are fully protected. All full-length chains are fully integrated into
the bilayer (lanes 7-10). Alternate topological isoforms of these
chains are indicated beneath the autoradiograms. The ratios of
single-spanning chains versus double-spanning chains were 60 and
40%, respectively. Potential glycosylation sites are indicated as ver-
tical lines, and used sites are indicated as open circles. The sequence
of pertinent residues of TM7b and TMS is indicated in Figure 1.

fragment in the absence of detergent (lane 2, upward
arrow). Thus they spanned the membrane in a type I
orientation similar to that observed for S.gG.TM7b.P
chains (Figure 1C). The protected fragment of
S.gG.TM7b-8.P chains, however, was significantly
larger than the fragment observed for chains contain-
ing only TM7b, 23 versus 17 kDa, respectively (com-
pare Figures 4 and 2D). Thus PK digestion of
S.gG.TM7b-8.P must have occurred C-terminal to TM8
rather than C-terminal to TM7b, strongly suggesting
that in these chains TM7b failed to terminate translo-
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cation and TMS, rather than TM7b, spanned the mem-
brane (diagrammed in Figure 4).

In contrast to singly glycosylated chains, doubly
glycosylated chains (40% of total products) were com-
pletely (>95%) protected from PK digestion. These
polypeptides, therefore, were either secretory in na-
ture, or alternatively, they spanned the membrane
with both the globin- and prolactin-derived passenger
domains residing in the ER lumen. Carbonate extrac-
tion experiments indicated that all chains were fully
integrated into the bilayer, a result that could not be
explained if chains were lumenal or peripherally as-
sociated with the membrane (Figure 4, lanes 7-10).
Because both N- and C-terminal domains were glyco-
sylated, TM7b and TM8 must each span the mem-
brane with their N and C termini, respectively, in the
ER lumen. In this orientation, the connecting peptide
segment between TM7b and TM8 would reside in the
cytosol. However, given the limited size of this pep-
tide loop (13 residues), it is not surprising that it
would be inaccessible to PK digestion because of steric
constraints (Skach ef al., 1994). The topology of these
chains therefore indicates that translocation termina-
tion by TM7b results in translocation reinitiation by
the type II signal anchor activity of TMS8. The ineffi-
cient ST activity of TM7b, coupled together with the
signal anchor activity of TMS8, therefore appears to be
sufficient to generate topological heterogeneity previ-
ously observed for MDR1-Pgp.

Although the orientation of TM7b and TMS in
doubly spanning chains in Figure 4 is precisely the
orientation reported by Beja and Bibi (1995) for mu-
rine Pgp expressed in E. coli, it differs from the
topology previously proposed by us and Zhang et
al. (1996), in which it was assumed that TM7
spanned the membrane as a single TM segment
(Zhang and Ling, 1991; Skach et al., 1993). This led to
the previous conclusion that TM8 (along with TM7
C-terminal flanking residues) was oriented in the ER
lumen, a result consistent with the lack of PK acces-
sibility of the short cytosolic peptide segment con-
necting TM7b and TMS8. Given the topological spec-
ificities of TM7a, TM7b, and TM8 demonstrated
here, our previous data (as well as those of Zhang et
al., 1996) are entirely consistent with the topology
reported by Beja and Bibi (1995). However, it should
be noted that the cooperative topogenic behavior of
TM7b and TMS is such that only a subset of chains,
slightly less than half, exhibit this unconventional
topology. The remainder of chains appear to adopt
a conventional topology consistent with epitope in-
sertion and cysteine labeling studies reported by
Loo and Clarke (1995) and Kast et al. (1996). The two
topological models for TM7a/b and TMS8 derived
from these studies are shown in Figure 5.
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Unconventional Topology

Pleiotropic Structural Information Directs MDR1-
Pgp Topological Heterogeneity

To better understand the structural information re-
sponsible for directing TM7a, TM7b and TMS8 topol-
ogy, we engineered a series of mutations within
TM7a/b and its flanking residues. We reasoned that if
TM7 formed two TM segments, then the peptide seg-
ment NGG(LQP) between TM7a and TM7b would
likely form a tight B turn at the membrane surface
(Figure 5), consistent with the high frequency of NGG
residues observed at positions +1, +2, and +3 of
naturally occurring 8 turns (Reithmeier and Deber,
1992). Residues N721-P726 (NGGLQP) were therefore
replaced with residues MVT in the construct
TM7(ANGGLQP)a/b.P (Figure 1). As shown in Figure
6A, chains generated from plasmid TM7a/b.P were
predominantly oriented in a double-spanning topol-
ogy in which the P reporter resided in the cytosol
(lanes 1-3), consistent with previous studies (Skach et
al., 1993). However, the ANGGLQP mutation resulted
in >50% of chains adapting a single-spanning topol-
ogy in which the P reporter was translocated into the
ER lumen (Figure 6A, lanes 4-6). This mutation had
no effect on the ability of TM7 to integrate chains into
the membrane, because both WT TM7a/b (our unpub-
lished observations) and TM7(ANGGLQP) (Figure 6A,
lanes 7-10) were resistant to carbonate extraction. Im-
portantly, deletion of residues NGGLQP from chains
containing TM7a/b and TMS8 (plasmid TM7a/
b[ANGGLQP]-8.P) resulted in >90% of chains adapt-
ing the conventional topology (Figure 6B, compare
lanes 1-3 with 4-10). These results confirm that the
NGGLQP peptide loop contributes to MDR1-Pgp to-
pogenic information and provide additional evidence
that the TM orientation of TM8 is tightly linked to the
topological fate of TM7a/b.
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Conventional Topology

Figure 5. Conventional and uncon-
ventional topologies of TM7a/b-TM8
in the ER membrane. Residues
within predicted TM segments are
indicated. Charged residues within
flanking regions are shaded. Bound-
aries of TM segments are estimated
based on the lowest free energy of
transfer for partitioning the helix into
the lipid bilayer and do not take into
account potential interactions with
adjacent helices that may shift these
boundaries. Dashed circle indicates
position of peptide connecting TM7a
and TM7b. Arrows indicate positions
of residues Asp-743 and Asp-744.

To determine whether the short hydrophobic seg-
ment of TM7b might interfere with its ability to ter-
minate translocation and form a stable TM helix, res-
idues GLQP were deleted from TM7b, and the gG
passenger domain was fused directly to residue A727
in the plasmid S.gG.TM7b*.P. As shown in Figure 7,
this construct encodes 14 residues from the hydropho-
bic core of TM7b immediately downstream from res-
idues LLSHCLLVT contributed by the globin passen-
ger domain, thus extending the TM7b hydrophobic
core to >20 residues in length. Nearly 100% of
polypeptides generated from plasmid S.gG.TM7b*.P
achieved a type I TM orientation and were capable of
integrating into the lipid bilayer (Figure 7A). Further-
more, this increase in TM7b ST activity also altered
TMS topology, as shown by an increased fraction of
doubly spanning, protease-protected chains generated
from plasmid S.gG.TM7b*-8.P (40% for WT TM7b
[Figure 4] compared with 70% for TM7b* [Figure 7B]).
Although modest, this increase in the fraction of dou-
ble-spanning S.gG.TM7b*-8.P chains was significant
and consistent in repeated parallel experiments. It
should be noted that the hydrophobic residues con-
tributed by the gG passenger are identical in
S.gG.TM7b.P and S.gG.TM7b*.P constructs. The only
difference between these constructs was the presence
or absence of residues GLQP at the N terminus (i.e.
fusion site) of TM7b, suggesting that these residues
might play a role in determining TM7b ST activity.

Because basic residues in C-terminal flanking se-
quences are known to provide important information
for ST activity (Kuroiwa et al., 1991), we also tested
whether mutating residues D743 and D744 to arginine
(thus generating a net C-terminal charge of +4 for
TM7b; see Figure 5) would alter topology of TM7b
and/or TM8. As shown in Figure 8A, the DD—RR
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Figure 6. Mutating residues NGGLQP between TM7a and TM7b
shift chains toward conventional topology. PK digestion and car-
bonate extraction of polypeptides containing native (lanes 1-3) or
ANGGLQP (lanes 4-10) from plasmids TM7a/b.P (A) or TM7a/b-
8.P (B). Downward arrows indicate full-length chains, whereas up-
ward arrows indicate protease-protected, P-reactive fragments. To-
pology of chains relative to the ER membrane is indicated. In B,
downward arrows (lanes 1 and 4) indicate full-length glycosylated
polypeptides. Additional bands in lane 1 represent unglycosylated
polypeptides and cleavage products. The small 15-kDa band (lanes
2 and 5) represents <10% of total chains and is also partially
resistant to digestion in the presence of detergent and therefore
likely represents a residual fragment of the P reporter.

mutation (plasmid S.gG.TM7b(DD/RR).P) increased
TM7b ST activity from 41% and resulted in 70% of
chains achieving a TM topology. This increase in
TM7b ST activity also shifted TM8 toward a type II
orientation in the construct S.gG.TM7b(DD/RR)-8.P
(Figure 8B). Ninety-four percent of these latter chains
were doubly spanning and protected from protease
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digestion relative to 41% of WT. Finally, when the
DD—RR mutations were engineered into plasmid
TM7a/b(DD/RR)-8.P, there was a corresponding in-
crease in both glycosylation efficiency (92% of chains)
and in protease protection of the P reporter, confirm-
ing a shift in TM8 toward the type II, unconventional
topology (compare Figure 8C with WT chains in Fig-
ure 6B).

These results identify three independent structural
features that contribute to the topogenic behavior of
TM7a/b and TMS8 and likely play a role in establishing
TM7a/b and TMS topology: 1) the presence of a prob-
able B turn between TM7a and TM7b, 2) the length of
the TM7b hydrophobic core, and 3) basic residues
flanking the C-terminus of TM7b. Importantly, these
results also demonstrate that maneuvers that influ-
enced the inefficient ST activity of TM7b as defined in
a simple chimera all conferred a corresponding and
predictable shift in the topological outcome of TMS.

Mutations in TM7alb Confer Expected Topological
Changes to Full-Length Pgp

Our results indicate that topogenic information en-
coded within TM7a/b and TMS8 directs the local to-
pology of MDR1-Pgp through a series of definable
translocation initiation and termination events. To test
whether this topological heterogeneity was also
present in full-length MDR1-Pgp and not simply an
artifact of our truncated chimeras, we inserted the P
reporter at residues R817-L814 in full-length MDRI1-
Pgp or polypeptide chains encoding the complete C-
terminal half of MDR1-Pgp (Figure 9). These epitope-
tagged proteins were then expressed in XOs, and the
topology of the P reporter was determined by PK
digestion and immunoprecipitation. PK digestion of
WT full-length as well as C-terminal constructs in
ER-derived oocyte microsomes generated a protease-
protected, P-reactive fragment of ~40 kDa (Figure 9,
lanes 1-3). The size of this fragment corresponded to
digestion of MDR1-Pgp at the N-terminal boundary of
TM7a and the C-terminal boundary of TM10, consis-
tent with previous studies of full-length native MDR1-
Pgp expressed in rabbit reticulocyte lysate (Skach et
al., 1993). Based on the methionine distribution and
PK protection from several experiments, slightly less
than half of these chains exhibited the unconventional
topology. We then examined the topology of full-
length epitope-tagged MDR1-Pgp proteins containing
engineered mutations in TM7 and TMS8 flanking resi-
dues. As predicted from our chimeric studies, the
DD—RR mutation shifted TM8 in nearly all chains
into the unconventional topology (Figure 9, lanes
4-6). Surprisingly, however, the ANGGLQP mutation
had little effect on topology of full-length or C-termi-
nal-half chains (Figure 9, lanes 7-9), suggesting that in
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Increasing TM7b ST activity shifts TM8 toward the unconventional topology. Topology of polypeptides from plasmids

S.gG.ITM7b*.P (A) and S.gG.TM7b*-8.P (B). (A) Downward and upward arrows indicate full-length and PK-protected polypeptides,
respectively. The uniform topology of chains is diagrammed. (B) Double and single arrows indicate double- and single-spanning chains,
respectively. Topology of these two cohorts of chains is indicated. PK digestion of polypeptides yielded a 23-kDa, globin-reactive fragment
in lane 2, which was clearly visible on longer exposure of the autoradiogram (our unpublished observations).

the context of additional topogenic information else-
where within MDR1-Pgp, the NGGLQP sequence
played a relatively minor role in directing MDR1-Pgp
topology. Finally when the TM7b and its C-terminal
flanking residues (residues K734-5752) were deleted,
essentially all chains exhibited the conventional topol-
ogy, with the P reporter located solely in the cytosol.

DISCUSSION

In this study we identify three distinct native topo-
genic determinants involved in establishing the TM
topology of the MDR1-Pgp C-terminal hydrophobic
domain. Our results indicate that these determinants,
TM7a, TM7b, and TMS8, encode information that is
sufficient to direct two alternate topological structures
at the ER membrane through a series of definable
translocation events. During this process competitive
C-trans (type II) signal sequence activities encoded
within TM7a and TMS8 are directly coupled via the
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inefficient ST activity of TM7b. From the behavior of
these determinants, we propose a model to describe
the early translocation events that direct topology of
this region of the nascent MDR1-Pgp chain (Figure
10). During MDR1 biogenesis, as TM7a emerges from
the ribosome, it reinitiates translocation of the nascent
chain into the ER lumen. As translation proceeds,
TM7b subsequently terminates translocation, but only
in a subset of chains. For the remaining chains, trans-
location continues coincident with polypeptide syn-
thesis. Topogenic information encoded within TM7b
therefore appears to play a critical role in determining
whether TM7a/b will span the membrane once or
twice and hence whether TM8 emerges from the ribo-
some into an actively gated translocation channel or
into the cytosol. When TM7b fails to terminate trans-
location, TM8 functions as an ST sequence and spans
the membrane in its predicted type I orientation.
When TM7b terminates translocation, however, the

Molecular Biology of the Cell
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Figure 8. Effect of mutations D743R and D744R on TM7b ST activity and TMS topology. Topology of polypeptides generated from plasmids
S.gG. TM7b(DD/RR).P (A), S.gG.TM7b(DD/RR)-8.P (B), and TM7a/b(DD/RR).P (C) was determined as described in Figure 2. Downward
and upward arrows indicate full-length chains and PK-protected fragments, respectively. Topology of resulting chains is diagrammed, and
the percent of polypeptides in the unconventional Pgp topology is indicated.

type 1I signal anchor activity of TMS reinitiates trans-
location of TM8 C-terminal flanking residues, direct-
ing TM8 into an unconventional type II topology and
localizing the TM8-TM9 peptide within the ER lumen.
The behavior of these topogenic determinants thus
provides a mechanism, or sequence of events, by
which a newly synthesized polytopic protein may be
directed into either of two alternate TM topologies. In
addition, the C-trans (type II) signal anchor activity of
TMBS, in actively translocating the TM8-9 peptide loop
into the ER lumen, now provides an explanation for
previous topological studies that found this peptide
loop to reside in an extracytosolic orientation.

Recent studies have indicated that, as with secretory
and bitopic proteins, translocation of polytopic pro-
teins is mediated by the Sec61 translocon channel
(Laird and High, 1997; Mothes et al., 1997). Further-
more, during ST-mediated translocation termination,
the translocon channel is gated closed at the ER lumen
(Hamman et al., 1998), and the nascent chain rapidly
becomes exposed to the cytosol (Skach and Lingappa,
1994; Liao et al., 1997). Based on these observations,
our model proposes that when TM7b terminates trans-
location, TM8 emerges from the ribosome in a cytoso-
lically accessible orientation. Given the short connect-
ing peptide loop between TM7b and TMS8 (13
residues), however, it is likely that TM8 is actually
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located between the ribosome exit site and the trans-
locon proper (Blobel and Sabatini, 1970; Liao et al.,
1997). An important aspect of this process, therefore, is
precisely how the weak ST activity of TM7b interacts
with TMS to influence the gated state of the translocon
channel (Liao et al., 1997). It is possible that TM7b
simply fails to terminate translocation in a subset of
chains and that, for these chains, the translocon re-
mains open until it is subsequently closed by TMS.
Alternatively, TM7b may effectively terminate trans-
location but may be unable to maintain chains in a
stable TM conformation, thus functioning analogously
to a pause transfer sequence and allowing transloca-
tion to restart (Chuck and Lingappa, 1992; Hedge and
Lingappa, 1996). In this latter case TM7b, together
with its C-terminal flanking residues and TM8, might
therefore provide a potential mechanism for topolog-
ical regulation, as has been proposed for other pause
transfer-containing proteins (Lopez et al., 1990; Fisher
et al., 1997).

It is important to note that although TM7b appears
to be a primary determinant responsible for generat-
ing MDR1-Pgp topological heterogeneity, TM8 and its
flanking residues are also involved. For example, if
TMS influenced whether TM7b was effectively able to
terminate translocation and/or close the translocon
gate, then TM8 would also influence the final topology
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Figure 9. Topology of epitope-tagged full-length Pgp. Proteins encoding the C-terminal half (A) or full-length (B) MDR1-Pgp tagged with
the P reporter between TM8 and TM9 was expressed in oocytes and subjected to PK digestion as in Figure 2. Polypeptides migrated at 73
kDa (for C-terminal constructs) and 150 kDa (for full-length MDR1-Pgp). The smear of full-length protein was likely due in part to
immunoprecipitation artifact. Protease-protected P-reactive fragments generated by protease digestion are indicated by downward arrows.

of TM7b. Such a mechanism appears to occur because
in MDR1-Pgp chains truncated before TM8, TM7a/b
exhibited primarily an unconventional (double-span-
ning) topology, whereas after synthesis of TMS,
TM7a/b was nearly evenly divided between conven-
tional (single-spanning) and unconventional (double-
spanning) topologies (Skach and Lingappa, 1993) (Fig-
ure 6). Thus in the context of TM7a/b, the presence of
TMS8 decreases the tendency of TM7b to terminate
translocation, suggesting that complex interactions be-
tween TM7a-TM7b-TMS8 and the translocation ma-
chinery ultimately regulate the topological fate of this
peptide region.

In several aspects the topological heterogeneity ob-
served for TM7a/b-TM8 is strikingly similar to the
“topologic frustration” previously reported for exper-
imentally engineered E. coli proteins (Gafvelin and
von Heijne, 1994). First, the translocation specificities
of TM7a and TMS are in direct competition with one
another; both determinants act to translocate their C-
terminal flanking sequences. Second, the distribution
of basic residues are quite similar for either topologi-
cal orientation (Figure 5). Such conflicting and/or
ambiguous topogenic information was critical in en-
gineering artificial “topologically frustrated” prokary-
otic proteins. In contrast to previous studies, however,
our data identify native topogenic determinants
whose behavior is influenced by pleiotropic structural
features that include 1) the hydrophobic region of
TM7b, 2) a potential tight B-turn located between
TM7a and TM7b, and 3) the distribution of TM7b
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C-terminal charged flanking residues. Because these
determinants reside in a native eukaryotic polytopic
protein, we prefer the term topological heterogeneity
to describe this phenomenon. Mutations that altered
these features all shifted the ratio of chains found in
the conventional versus unconventional topology in a
predictable manner. Moreover, each of these muta-
tions (e.g., D743R/D744R, ANGGLQP, and A7b) also
affected the stability and intracellular trafficking of
full-length MDR1-Pgp protein in intact XOs (Bragin
and Skach, unpublished observations), suggesting
that structural features responsible for topological het-
erogeneity of MDR1-Pgp also contribute important
information for protein maturation in cells.

How can the results reported here be reconciled
with previous studies supporting a conventional 12-
spanning topology for Pgp (Yoshimura et al., 1989;
Georges et al., 1993; Schinkel et al., 1993; Loo and
Clarke, 1995; Kast et al., 1996)? Although the current
study provides insight into specific steps in the bio-
genesis of nascent Pgp chains as they are synthesized
at the ER membrane, it is addressing fundamentally
different questions than studies examining mature
protein topology at the plasma membrane. In this
regard, it does not address whether the unconven-
tional MDR1-Pgp isoform functions in conferring
drug resistance. It is conceivable that Pgp could ex-
hibit different topologies at different cellular locations
or stages of biosynthesis. The unconventional topolog-
ical isoform may simply comprise a cohort of mis-
folded chains that fails to mature and exit the ER or,
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Figure 10. Schematic model for generating topological heterogeneity in the ER membrane. Depicted are translocation events and topological
intermediates proposed to participate in MDR1-Pgp topogenesis. After translocation reinitiation by TM7a (A), TM7b and TM8 emerge from
the ribosome into the translocation channel (B) where the nascent chain faces two topological fates. In one cohort of chains TM7b fails to
terminate translocation (C), and the chain continues to move into the ER lumen until translocation is terminated by ST activity of TM8. In
the second cohort of chains, translocation is terminated by TM7b and subsequently reinitiated by the C-trans (type II) signal sequence activity
of TM8. Large and small shaded ovals represent the Pgp N-terminal hydrophobic domain and individual TM segments, respectively.
Translocation machinery is indicated by vertical bars. The diagram is meant only to describe the temporal sequence of specific translocation
events. The precise nature of interactions among the ribosome, translocon, TM segments, and lipid bilayer is unknown.

alternatively, a transient folding intermediate that ac-
quires a conventional topology as downstream TM
segments are synthesized and assembled. This seems
unlikely, however, for two reasons. First, newly syn-
thesized Pgp is efficiently trafficked out of the ER and
processed by Golgi enzymes (Jensen et al., 1995). Sec-
ond, immunofluorescence analyses of native Pgp in
intact mammalian cells has suggested that the TM8-9
peptide loop contributes to an extracellular epitope on
at least some molecules at the plasma membrane (Po-
loni et al., 1995; Zhang et al., 1996). An alternate pos-
sibility is that distinct topological isoforms of Pgp may
perform different functions or even act primarily in
different subcellular compartments. Such a phenome-
non has been reported for the polytopic protein ductin
(Finbow et al., 1994). A third possibility is that different
MDR1-Pgp topological isoforms may represent alter-
nate states of a dynamic TM structure analogous to the
bacterial translocation components SecA and SecG
(Economou and Wickner, 1994; Nishiyama ef al., 1996),
the Na, K-ATPase (Lutsenko et al., 1995), or the volt-
age-sensitive channel colicin (Slatin et al., 1994).
Because different expression systems may yield dif-
ferent topological outcomes for a given protein (Hay et
al., 1987a,b; Wohlwend et al., 1987; Lopez et al., 1990),
it remains possible that the relative efficiency of gen-
erating different MDR1-Pgp isoforms might vary be-
tween different cell types or even under different en-
vironmental conditions. For this reason MDR1-Pgp
topogenic determinants were characterized entirely in
XOs that process MDR1-Pgp efficiently (Skach, unpub-
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lished observations) and that are capable of generating
functionally mature Pgp protein (Castillo et al., 1990).
Our data indicate that the topogenic activities of
TM7a, TM7b, and TMS in oocytes are entirely consis-
tent with results of previous studies using reconsti-
tuted mammalian and prokaryotic expression sys-
tems.

Finally, our results suggest that different orienta-
tions of TM7a/b-TM8 may influence, and are influ-
enced by, downstream or distant regions of MDRI-
Pgp. It is intriguing that, like TMZ7a/b, TM9-10
comprises a continuous 40-residue hydrophobic re-
gion and that residues C-terminal to TM10 are cyto-
solically accessible even in full-length polypeptides
exhibiting unconventional topology (Figure 9). This
would suggest that 1) TM9-10, like TM7a/b, might
also be able to achieve a single-spanning orientation
depending on the topology of TM7a/b-TMS§; and 2)
the unconventional isoform does not require a change
in the topology of TM11-12 or of the C terminus.
Alternatively, synthesis of TM9-10 may in some man-
ner influence the final topology of TM7a/b-8. The
observation that the ANGGLQP mutation had a prom-
inent effect on the topology of small Pgp fragments
but had little effect on the topology of full-length
MDR1-Pgp protein indicates that other regions of
MDRI1-Pgp might influence the final topology of
TM7a/b and TMS in the mature protein. Such a phe-
nomenon has been observed during Sec61p topogen-
esis in yeast (Wilkinson et al., 1996). It is clear from
these studies that both local and distant structural
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features can ultimately impact polytopic protein to-
pology. Specific translocation events that occur at a
particular stage of biogenesis should thus be viewed
as representing a relatively early aspect of the entire
biosynthetic process and should not be interpreted to
unequivocally establish the final topology of function-
ally mature protein. Rather, these studies should be
viewed in the context of unraveling the complex na-
ture of events that must occur during the process of
polytopic protein topogenesis. Ultimately, such
knowledge will be important in developing models
that more accurately explain how these proteins are
generated.
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