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Introduction 

Experiments carried out over the past decade have 
dramatically advanced our understanding of the 
biogenesis of integral membrane proteins. It is now 
clear that the membrane integration and assembly of 
most of these proteins occurs with the assistance of a 
large complex of translocation/insertion machinery. 
An appreciation of how integral membrane proteins 
are recognized and processed by this machinery 
provides considerable insight into their topology, 
folding and structure. The purpose of this article is to 
review our current understanding of these events with 
emphasis on recent studies. For more detailed infor- 
mation on many related topics that could only be 
mentioned or discussed briefly here, the reader is re- 
ferred to a number of previous reviews (von Heijne, 
1996, 1999; Hegde & Lingappa, 1997, 1999; Matlack, 
Mothes & Rapoport, 1998; van Geest & Lolkema, 
2000; Goder & Spiess, 2001; Chin, yon Heijne & de 
Gier, 2002). 

The evidence available to date indicates that the 
membrane-spanning domains of integral membrane 
proteins are mainly composed of either transmem- 
brane a helices or amphipathic [3 strands forming a 
closed [3 barrel. Most integral membrane proteins 
appear to be of the former type, that is, they consist 
of one or more a-helical membrane spanning seg- 
ments (MSSs) connected by alternating intracellular 
and extracellular peptide loops. Proteins that contain 
a single MSS, and thus cross the membrane only 
once, are referred to as bitopic while those with 
multiple MSSs are called polytopic. The integration 
and folding of a-helical membrane proteins into the 
eukaryote endoplasmic reticulum (ER) and bacterial 
plasma membrane have been studied in considerable 
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detail and it is this process that concerns us here. The 
folding of [3-barrel membrane proteins, which have 
only been found in mitochondria, chloroplasts and 
the outer membranes of gram-negative bacteria, is 
less well characterized (Buchanan, 1999) and will not 
be discussed. 

In what follows I begin with a simplified de- 
scription of the way in which membrane proteins of 
the a-helical bundle type are integrated into the lipid 
bilayer. I then return to the various steps in this 
process and discuss observations that have led to the 
current refinements in our understanding. 

For simplicity ! will also refer mainly to experi- 
ments dealing with the integration of proteins into the 
membrane of the ER; a very similar process, involv- 
ing closely evolutionarily related integration ma- 
chinery, operates in the bacterial plasma membrane 
(yon Heijne, 1996, 1999; Matlack et al., 1998; van 
Geest & Lolkema, 2000). 

Cotranslational Integration, a Simplified Model 
of the Biogenesis of a Polytopic Membrane Protein 

Most polytopic membrane proteins are thought to 
integrate into the membrane of the ER co- 
translationally essentially as follows (Hegde & Lin- 
gappa, 1997; Matlack et al., 1998). As the first 
hydrophobic MSS of the protein emerges from the 
ribosome it is recognized by a cytosolic ribonucleo- 
protein complex referred to as a signal recognition 
particle (SRP). The SRP binds to the ribosome/na- 
scent chain accomplishing two things: first, the 
translation of the nascent chain is stopped (or more 
correctly, paused) preventing the synthesis of the 
(insoluble) membrane protein in the cytoplasm, and 
second, the SRP-ribosome nascent chain complex is 
targeted to the SRP receptor on the ER. Here the 
nascent chain and its ribosome are released from the 
SRP and transferred to a large membrane-embedded 
protein complex referred to as a translocon (Johnson 
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Fig. 1. A schematic representation of the interactions of  the ribo- 
some, translocon, and nascent polypeptide chain during the inte- 
gration of  MSSs into the lipid bilayer (see text for details), (a) The 
appearance of the first MSS in the nascent chain results in the tar- 
geting of  the ribosome/nascent chain to the translocon. The empty 
translocon is sealed at its luminal side by BiP. (b) The ribosome 
forms a tight seal with the translocon and the MSS is fed into the 
translocon pore. The MSS could in principle adopt a n  Ncyt/Clu m or 
a n  Nlurn/Ccy t orientation, but here it is assumed to be constrained to 
the former by the folding of the N terminus of the nascent chain. (c 
d) The luminal end of the translocon pore opens, allowing the na- 

scent chain to be extruded into the ER lumen while the first MSS is 
retained by the translocon. (e) A second MSS is recognized and 
retained by the translocon in an Nlum/Ccyt orientation. The luminal 
end of  the translocon pore is closed by BiP. The amino acids in the 
nascent chain that follow the second MSS remain on the cytosolic 
side of the membrane. ( f  g) The ribosome-translocon seal is broken 
while the BiP-dependent luminal seal remains intact, allowing the 
intracellular domains of the protein to enter the cytosol. The MSSs 
exit the translocon laterally into the lipid bilayer. (g) A tight ribo- 
some-translocon seal reforms as a third MSS emerges from the ri- 
bosome and the process is repeated from (b). 

& van Waes, 1999) that subsequently mediates the 
integration of the protein into the lipid bilayer of the 
ER (Fig. la). Translation of the nascent chain re- 
sumes after release from the SRP and the hydro- 
phobic MSS comes into contact with and is 
recognized by the translocon, which opens to form an 
aqueous channel across the ER membrane (Fig. l b-c; 
the significance of the protein labeled BiP in Fig. 1 
will be explained later). 

In Fig. 1 it is assumed that the N-terminus of the 
nascent chain has folded into a sufficiently large 
structure that cannot pass through the ribosome- 
translocon junction and therefore remains in the cy- 
toplasm. As the length of the nascent chain increases, 
the first MSS inserts into and is retained by the trans- 
locon (Fig. lc-d) with its N-terminus facing the 
cytoplasmic side of the ER and its C terminus toward 
the ER lumen (Ncyt /Clum).  An MSS in this configu- 
ration is referred to as a type H signal anchor sequence 
(type H refers to its Ncyt/Clum orientation; if the first 

MSS instead inserted in a Nlum/Ccy  t orientation, it 
would be a type I signal anchor sequence). The amino 
acids in the nascent chain that follow this signal-an- 
chor sequence are then extruded through the trans- 
locon into the interior of the ER as they are synthe- 
sized (Fig. ld). This translocation process is subse- 
quently stopped by the appearance of a second MSS 
that acts as a stop transfer sequence by associating 
with, and being retained by, the translocon complex 
(Fig. le-f) in the opposite orientation to that of the 
preceding signal anchor. ~ The amino acids in the 

IThe distinction between a 'type I signal anchor sequence' and a 
'stop transfer sequence' is that the former can insert into the 
membrane (with the aid of the translocon) independent of any 
preceding MSS while the latter acts only to stop the translocation 
of the nascent chain initiated by a preceding type II signal anchor. 
Thus a type I signal anchor sequence can act as a stop transfer 
sequence but a stop transfer sequence may not necessarily be able 
to function as a type I signal anchor. 
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nascent chain that follow this stop-transfer sequence 
will then remain on the cytosolic side of the membrane 
until the appearance of a new signal anchor sequence. 
Additionally, at appropriate times one or more of the 
MSSs residing in the translocon are transferred lat- 
erally into the ER membrane (Fig. If--g). 

According to the above model of membrane- 
protein biogenesis, the final topology of a polytopic 
membrane protein is determined by the initial 
transmembrane orientation of the first MSS; once 
the first MSS is properly inserted into the mem- 
brane, the translocon recognizes each successive 
MSS and inserts it in the orientation opposite to the 
one before. It is now known that this simple model 
is a good first approximation to this process for 
many integral membrane proteins and that hydro- 
phobicity, as one would have expected, is the main 
determinant for recognition of MSSs by the tran- 
slocon. However, more recent studies have made it 
clear that additional refinements in this simple view 
are necessary. It has been shown, for example, that 
the insertion or deletion of a single MSS in a 
polytopic membrane protein does not always change 
the orientation of downstream MSSs (Bibi et al., 
1991; McGovern, Ehrmann & Beckwith, 1991), and 
that some MSSs have a sufficiently strongly pre- 
ferred orientation that they can force other hydro- 
phobic segments out of the membrane (McGovern 
et al., 1991; Gafvelin & yon Heijne, 1994). This is 
because hydrophobicity is not the only topogenic 
signal that can direct membrane-protein integration. 
These additional signals as well as recent experi- 
ments that clarify the operation of the translocon 
complex are discussed below. 

It should also be noted that secreted proteins are 
transferred into the lumen of the ER via the 
translocon complex as well (Wilkinson, Regnacq & 
Stirling, 1997). These proteins are targeted to the ER 
by an N-terminal hydrophobic cleavable signal se- 
quence typically consisting of 7 14 predominantly 
apolar amino acids (Nilsson, Whitley & yon Heijne, 
1994). This signal sequence is recognized by the 
translocon and integrated into the ER membrane in 
an Ncyt/Gum orientation. The remainder of the 
protein is then threaded through the translocon into 
the lumen of the ER where signal peptidase cleaves 
off the signal sequence, releasing the soluble secreted 
protein. 

The Translocon 

The core of the eukaryotic translocon is the hetero- 
trimeric Sec61p complex consisting of the integral 
membrane proteins Sec61~, Sec61[3 and Sec617 
(Johnson & van Waes, 1999). Structural studies 
(Hanein et al., 1996; Menetret et al., 2000; Beckmann 
et al., 2001), including a recent cryoelectron micro- 

scopic reconstruction of a ribosome-translocon-na- 
scent chain complex at 15.4 A resolution (Beckmann 
et al., 2001), indicate that three to four Sec61p het- 
erotrimers form the translocation channel. These 
structures also show that the translocon is positioned 
such that its central pore aligns with the exit site for 
the nascent chain in the large ribosomal subunit, 
consistent with the general ideas presented above and 
in Fig. 1. Reconstitution experiments have shown 
that the Sec61p complex alone is sufficient for the 
processing of some integral membrane proteins while 
the addition of the translocating chain-associated 
membrane protein (TRAM) facilitates or is essential 
to the correct membrane integration of many others 
(Gorlich & Rapoport, 1993; Voigt et al., 1996). Ad- 
ditional, as yet unidentified elements may also be 
involved in the processing of some membrane pro- 
teins (Hegde, Voistz Lingappa, 1998b; Falk & Gilula, 
1998; Ukaji et al., 2002; Dohke & Turner, 2002). A 
number of other proteins are known to interact with 
nascent translocating polypeptides and thus to be 
directly or indirectly associated with the translocon 
complex (Johnson & van Waes, 1999). These include 
proteins with known enzymatic properties such as 
oligosaccharyl transferase and signal peptidase as 
well as other ER luminal proteins that are thought to 
be molecular chaperones but whose roles are not well 
understood. 

Three general models have been suggested to 
describe ribosome translocon-nascent chain behav- 
ior during the integration of a polytopic membrane 
protein into the lipid bilayer. In the first (Blobel, 
1980), the ribosome remains membrane-bound only 
while synthesizing an MSS or luminal domain (Fig. 
l b-e) and releases completely from the translocon 
while synthesizing a cytosolic domain (in contrast to 
the depiction in Fig. l f ) .  In the second model (Borel 
& Simon, 1996; Do et al., 1996), the ribosome 
remains membrane-bound throughout protein 
synthesis and the MSSs accumulate within the 
translocon only to be released upon termination of 
translation. Finally, in the third model, the ribosome 
remains membrane-bound throughout synthesis but 
MSSs can exit laterally into the lipid before the 
termination of translation. 

As anticipated in Fig. 1, recent results support 
the third model of translocon function. A number of 
studies now indicate the ribosome remains mem- 
brane-bound throughout protein synthesis (Do et al., 
1996; Mothes et al., 1997; Potter, Seiser & Nicchitta, 
2001; Potter & Nicchitta, 2002), arguing strongly 
against the first model. In fact, Potter and Nicchitta 
(2002) found that ribosomes synthesizing membrane 
proteins remain stably bound to the translocon even 
after the termination of translation and the release of 
the protein into the lipid bilayer. In addition, mem- 
brane protein synthesis could be reinitiated from 
these same membrane-bound ribosomes. Using 
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chemical crosslinking studies Heinrich et al. (2000) 
have studied the association of MSSs with the trans- 
locon, membrane lipids and TRAM during their in- 
tegration into the bilayer. In contrast to the predic- 
tions of the second model of translocon function, 
their results indicated that MSSs could enter the lipid 
phase while still attached to the ribosome. They 
found that a strongly hydrophobic MSS entered the 
bilayer as soon as it extended far enough outside the 
ribosome to span the membrane. The same MSS 
containing one added positive charge also entered the 
lipid phase but less readily than the wild type, and an 
MSS with two added positive charges entered the 
lipid less readily again. On the basis of these results 
Heinrich et al. (2000) proposed the following general 
model of translocon function: The translocon acts to 
provide an environment in which hydrophobic MSSs 
can partition laterally into the lipid phase of the 
membrane, thus avoiding the energetic barrier pre- 
sented by the polar head groups of the membrane 
phospholipids (the mechanism of this lateral gating 
remains unclear). A sufficiently hydrophobic MSS 
leaves the channel immediately and completely par- 
titions into the lipid environment, while MSSs with 
more polar or charged residues favor the amphipathic 
interface between channel and lipid. In a polytopic 
membrane protein, two or more such MSS could 
assemble into a structure in which their hydrophilic 
residues are shielded from their surface before they 
can easily enter the lipid environment. Since Heinrich 
et al. also found that only less hydrophobic MSSs 
were crosslinked to TRAM, they further suggested 
that TRAM may be involved in the retention of these 
MSSs within the translocon until they can equilibrate 
into the lipid phase. 

Another important and intriguing question con- 
cerning the biogenesis of integral membrane proteins 
is how the MSSs and their associated luminal and 
cytoplasmic loops are released from the translocon 
without compromising the permeability barrier of the 
ER membrane. Johnson and collaborators (Liao 
et al., 1997; Hamman, Hendershat & Johnson, 1998; 
Haigh & Johnson, 2002) have studied the opening 
and closing of the translocon pore during cotransla- 
tional protein integration by incorporating fluor- 
escent probes into nascent transmembrane peptides 
and examining their accessability to quenching 
reagents applied from the cytosolic or luminal sides 
of isolated microsomes. Briefly stated, their results 
suggest the following scenario. Before ribosome 
binding, the translocon pore is closed at its luminal 
end by BiP (Fig. la), a luminal Hsp70. Upon binding, 
the ribosome forms a tight seal with the translocon so 
that the integrating nascent chain is inaccessible from 
the cytoplasm (Fig. lb). Then the luminal end of the 
translocon pore opens and the nascent chain is fed 
through the pore so that the luminal domain of the 
protein enters the ER lumen (Fig. lc~d). Next, the 

pore is resealed at the luminal side in a BiP-dependent 
manner (Fig. le); this appears to occur while the 
nascent chain is still inside the translocon pore, so 
this mechanism of sealing by BiP may differ from the 
way it closes ribosome-free translocons. The ribo- 
some-translocon seal is then broken while the BiP- 
dependent luminal seal remains intact (Fig. l f ) .  This 
release of the ribosome-translocon seal presumably 
allows the intracellular domains of the protein to 
enter the cytosol (Fig. l f -g) .  Surprisingly, the results 
of these authors also suggest that it is signals from the 
ribosome rather than from the translocon that are 
responsible for coordinating the luminal and cyto- 
solic gating of the translocon channel (Liao et al., 
1997). Although additional studies are required to 
clarify these (and many other) aspects of translocon 
function, it is clear that this mechanism of alternately 
opening the luminal and cytosolic ends of the trans- 
locon pore can account for the maintenance of the 
permeability barrier of the ER during membrane 
protein integration. 

The above studies must also be reconciled with 
the recent cryoelectron microscopic reconstructions 
of the ribosome-translocon complex,owhich indicate 
the presence of significant gaps (~15 A) in the region 
of contact between the ribosome and translocon 
(Menetret et al., 2000; Beckmann et al., 2001). It has 
been suggested (Menetret et al., 2000; Beckmann 
et al., 2001) that these gaps might allow the exodus of 
the intracellular domains of the nascent chain into the 
cytoplasm without requiring the breaking of the 
ribosome/translocon seal (cf., Fig. 11). However, it is 
not clear at this point whether these gaps could exist 
in native membranes without compromising the 
permeability barrier of the ER, whether they may 
be artifacts of the preparation procedure for 
cryoelectron microscopy, or whether they may actu- 
ally represent the broken ribosome-translocon seal 
documented by Johnson and collaborators (Liao 
et al., 1997; Hamman et al., 1998; Haigh and 
Johnson, 2002). 

It is now known that the translocon can also 
operate in reverse, that is, that it can retro-translocate 
proteins from the membrane or the ER lumen into 
the cytoplasm (Tsai, Ye & Rapoport, 2002). This is 
the major pathway for removal of misfolded proteins 
from the ER. Many aspects of this process are still 
uncertain, however, most of these retro-translocated 
proteins are thought to be polyubiquitinated, ex- 
truded into the cytoplasm via the translocon, then 
destroyed by the proteosome (Tsai et al., 2002). This 
bidirectional protein movement is consistent with the 
proposal of Heinrich et al. (2000) presented above, 
that the translocon provides an environment in which 
MSSs can partition between the aqueous environ- 
ment of the translocation pore and the lipid phase. As 
discussed in more detail below, this dynamic property 
of the translocon suggests that it may also be in- 
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volved in the retrieval and refolding of some integral 
membrane proteins. 

Topogenic Signals, Integration v s .  Frustration, 
and Topology "Rules" 

As indicated earlier, although hydrophobicity is ob- 
viously of great importance, it is not the only topo- 
genic signal encoded into the sequence of polytopic 
membrane proteins. A number of other factors that 
have been shown to affect the integration and/or 
orientation of MSSs are discussed below. 

UPSTREAM FOLDING 

Upstream folding can be a strong determinant of 
integral membrane protein topology. Thus, for ex- 
ample, if the N-terminus of a membrane protein folds 
into a sufficiently large and stable structure so that it 
cannot be pulled through the ribosome-translocon 
complex, one would expect the first MSS to adopt an 
Ncyt/Clu m orientation (cf. the hypothetical protein il- 
lustrated in Fig. 1). Experiments have shown, in fact, 
that it is the structure rather than the length of the N- 
terminus that favors its retention in the cytoplasm 
(Denzer et al., 1995). There is also an obvious ten- 
dency for each successive MSS to be inserted into the 
bilayer in the opposite orientation to the one pre- 
ceding it; but as already alluded to, there are excep- 
tions to this rule, as will be discussed in more detail 
shortly. 

FLANKING CHARGES 

The most thoroughly studied determinant of the 
orientation of a MSS is the distribution of charged 
amino acids in its flanking extramembrane loops. The 
'positive inside rule' viz., the observation that posi- 
tively charged amino acids tend to be more prevalent 
in the cytoplasmic than the extra-cytoplasmic seg- 
ments of integral membrane proteins, was first dis- 
covered by von Heijne (1986). In a study of bacterial 
inner membrane proteins he showed that positive 
residues were four times more abundant in cytosolic 
than in periplasmic loops (von Heijne, 1986, 1994). A 
similar but somewhat weaker correlation is found for 
eukaryotic membrane proteins (Sipos &von  Heijne, 
1993; Gafvelin et al., 1997). Subsequent experiments 
have confirmed that the presence of positive amino 
acids in the sequence preceding an MSS confers a 
tendency on it to adopt a n  Ncyt/Clu m orientation, 
while the presence of these charges in the sequence 
following the MSS tends to result in it adopting the 
opposite orientation (Gafvelin et al., 1997). It is 
thought that the topogenic effect of these charged 
amino acids is mainly due to their interactions with 
charged residues in the translocon complex and/or 

with anionic membrane lipids that interfere with their 
transmembrane translocation. In fact, van Klomp- 
enburg et al. (1997) have demonstrated that changing 
the anionic phospholipid content of E. coli can affect 
the transmembrane orientation of model membrane 
proteins. More specifically, they found that increas- 
ing the content of anionic phospholipid enhanced the 
efficacy of the positive-inside rule and vice versa, 
consistent with the idea that the effect of positive 
charge may arise at least in part from interactions 
with lipid. Related studies on eukaryotic cells have 
not been carried out. Experiments in E. coli have also 
shown that the tendency of positively charged extra- 
membrane loops to remain cytosolic is enhanced by 
the membrane potential (Andersson & v o n  Heijne, 
1994). This observation may account for the some- 
what weaker applicability of the positive-inside rule 
to eukaryotic membrane proteins since the potential 
difference across the ER is much smaller than across 
bacterial plasma membranes. Finally, it has been 
noted that the positive-inside rule seems to be less 
important for longer extramembrane loops (von 
Heijne, 1994), possibly because their secondary 
structure is a stronger topological determinant. 

Several hypothetical examples of membrane 
proteins folding according to the positive-inside rule 
are illustrated schematically in Fig. 2. In Fig. 2a the 
presence of a positively charged region in the N-ter- 
minal tail of the protein is responsible for its retention 
in the cytosol, and positive charges in the loops fol- 
lowing the second and fourth MSSs stabilize these in 
an Nlum/Ccy t orientation. Placing positive charges 
instead in the loops following MSSs 1 and 3 results in 
an inverted topology (Fig. 2b). The hypothetical 
protein shown in Fig. 2c illustrates an interesting 
consequence of the positive-inside rule. Here the 
protein shown in Fig. 2a has been modified by 
moving the positive charges following MSS 4 to the 
loop following MSS 3. The presence of conflicting 
topological signals on either side of MSS 3 results in 
its being excluded from the membrane. Gafvelin and 
von Heijne (1994) have referred to this phenomenon 
as "topological frustration". A complementary effect 
is also possible; downstream positive charges can 
enhance the stop transfer activity of an otherwise 
weakly hydrophobic MSS and constrain it to the 
membrane (Dohke and Turner, 2002). 

Hermansson, Monne and yon Heijne (2001) have 
recently demonstrated that downstream charges can 
also influence the formation of so-called helical hair- 
pins, two closely spaced MSSs separated by a short 
turn. These authors studied the membrane insertion 
of a 40-residue hydrophobic sequence that normally 
integrated into isolated microsomes as a single MSS 
in a n  Ncyt/Clu m orientation. Adding clusters of posi- 
tively charged amino acids downstream of this se- 
quence caused it to adopt a n  Ncyt/Ccy t hairpin 
conformation. Somewhat surprisingly, downstream 
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Fig. 2. Schematic representations of the effects of the positive-inside rule. See text for details. 

clusters of negatively charged amino acids had a 
similar effect. Downstream charges also enhanced the 
effects of amino acids that had previously been shown 
to promote hairpin formation when placed in the 
middle of the hydrophobic sequence (Monne, Her- 
mansson & yon Heijne, 1999a; Monne et al., 1999b). 

INTRINSIC ORIENTATION, INTRAMOLECULAR 

INTERACTIONS AND OTHER TOPOLOGICAL 

DETERMINANTS 

Experiments with model MSSs indicate that long 
hydrophobic sequences tend to insert in a n  Nlum/Ccy t 
orientation (Wahlberg & Spiess, 1997; Harley et al., 
1998; Rosch et al., 2000), although it was found that 
preceding the MSS with a long hydrophilic sequence 
could overcome this effect, as could appropriate 
flanking charged amino acids. Ota et al. (1998b) have 
studied a particularly dramatic example of preferred 
MSS orientation. These authors were able to dem- 
onstrate that a naturally occurring MSS from the 
C1-/HCO 3 exchanger, band 3, had such a strong 
tendency to assume an  Nlum/Ccy t orientation that it 
could pull a preceding hydrophilic sequence into the 
membrane to form a n  Ncyt/Clu m MSS. There are also 
a number of other examples in the literature provid- 
ing evidence that the integration and/or final trans- 
membrane orientation of certain MSSs requires the 
presence of neighboring or more distantly down- 
stream MSSs (Skach & Lingappa, 1993; Lin & Ad- 
dison, 1995; Guo et al., 1996; Wilkinson, Critchley & 
Stirling, 1996; Lu et al., 1998; Ota et al., 1998a; 
Nilsson et al., 2000; Dohke & Turner, 2002; Sato 
et al., 2002). Some of these effects appear to be due to 
the strongly preferred orientation of a downstream 
MSS while others apparently arise from direct inter- 
actions between MSSs. In many cases the effect of a 
neighboring MSS is to cause the incorporation of a 
weakly hydrophobic MSS into the membrane. 

Goder, Bieri and Spiess (1999) studied the be- 
havior of a model protein containing two MSSs that 
was synthesized in two topological forms, one with 
the N- and C-termini in the ER lumen and the other 
with the termini in the cytosolic compartment. They 
found that when they engineered a glycosylation site 
into the extramembrane loop between the two MSSs, 

the proportion of proteins with cytosolic termini 
dramatically increased. These experiments suggest 
that glycosylation of this extramembrane loop in the 
lumen of the ER results in its being trapped there, 
apparently because the attached sugar chain is ex- 
eluded from the translocon. Thus, glycosylation can 
apparently also act as topological determinant. Even 
more significantly, however, these experiments are 
consistent with the idea that membrane proteins can 
dynamically reorient within the translocon so that 
they can explore all of their possible topological 
conformations before a final topology is decided and 
they are released into the lipid phase. 

Bogdanov et al. (Bogdanov, Heacock & Dow- 
han, 2002) have recently demonstrated a topological 
role for membrane lipids in addition to their possible 
involvement in the positive-inside rule (see above). In 
E. coli mutants lacking phosphatidylethanolamine 
these authors found that the N-terminal half of the 
lactose transporter Lacy adopts an inverted topology 
and is incapable of active transport. In these mutants 
the first 6 MSSs of Lacy are inserted in the orienta- 
tion opposite to that found in wild-type E. coli and 
the 7th MSS appears to be left out of the membrane 
("frustrated"). Why this occurs is still unclear, how- 
ever, it does not seem to be due to a general effect on 
the translocon because the cells are viable and other 
membrane proteins are inserted correctly. The mu- 
tants also have a normal membrane potential and 
anionic lipid content. Interestingly, the induction of 
phosphatidylethanolamine synthesis in these bacteria 
resulted in conversion of LacY to its wild-type to- 
pology and restoration of active transport. This result 
indicates once again the apparent dynamic character 
of membrane protein topology and suggests that the 
translocon may be involved in post-assembly proof- 
reading and correction of misfolded structures. 

The existence of so-called stop transfer effectors 
have also been documented in studies of the prion 
protein and murine IgM (Yost et al., 1990; Falcone 
et al., 1999), but their properties are as yet poorly 
understood. These are short sequences that precede a 
relatively non-hydrophobic MSS and facilitate its 
integration into the membrane as a stop transfer 
sequence, possibly by interacting with receptors on 
the ER. 
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Membrane Protein Folding and Misfolding 

It is clear from the above discussion that the final 
topology of a polytopic membrane protein is the net 
result of the influences of a variety of topogenic sig- 
nals embedded in the protein sequence and inter- 
preted via the translocon complex. Owing to the 
nature of this process it also seems clear that there is 
no a priori guarantee that a membrane protein will 
fold into its lowest energy state. Rather, it may fold 
into an energetically and/or conformationally trap- 
ped state whose characteristics can only be under- 
stood with reference to the way in which membrane 
proteins interact with and are handled by the trans- 
locon complex. These aspects of membrane protein 
folding could explain why many of these proteins 
have proven difficult to refold after denaturation. 

Perhaps the most surprising result that emerges 
from our present understanding of this process is that 
hydrophobicity is not an absolute characteristic of an 
MSS. As indicated above, under some conditions a 
hydrophobic region can actually be excluded from 
the membrane, while under others a relatively hy- 
drophilic region can form an MSS. Such hydrophilic 
transmembrane segments may have considerable 
freedom to move relative to the membrane and ac- 
cordingly may play important roles in protein func- 
tion. 

As also indicated above, a number of recent ob- 
servations indicate a dynamic relationship between 
the translocon and the nascent polypeptide chain. 
Thus, while one or more MSSs are within the tran- 
slocon, they appear to have considerable freedom to 
sample their conformational space. In addition, it 
seems that groups of MSSs or even previously re- 
leased complete proteins can return to the translocon 
and possibly be refolded. This latter idea is in keeping 
with the recent evidence that the translocon is in- 
volved in the retro-translocation and removal of 
membrane proteins from the ER (see above). Mem- 
brane protein folding is thus a complex process in- 
volving synthesis, interactions of MSSs and their 
flanking sequences with the translocon, packing and 
possibly repacking of MSSs within the translocon, 
folding of extramembrane domains, and perhaps also 
some repacking of MSSs as they move from the 
aqueous environment of the translocon to the lipid 
bilayer. 

The interplay and competition among topogenic 
signals can be complex. However, considerable pro- 
gress has been made in the prediction of membrane 
protein topology, particularly with the use of ma- 
chine learning approaches (Moller, Croning & Ap- 
weiler, 2001). To further complicate matters, a 
number of naturally occurring proteins with topolo- 
gical heterogeneity have been observed. One of these 
is ductin, a protein with 4 MSSs that can act as a 
component of a connexon channel as well as a sub- 

unit of a V-type ATPase. These two functions are 
carried out by identical molecules with opposite 
membrane topologies (Dunlop, Jones & Finbow, 
1995). In addition to its secreted form found in nor- 
mal brain, the priori protein PrP can also be synthe- 
sized in two oppositely oriented transmembrane 
forms (Hegde et al., 1998a). One of these triggers 
spontaneous neurodegeneration when overexpressed 
(Hegde et al., 1998a) and appears to be induced in 
infectious prion disease (Hegde et al., 1999). The 
cystic fibrosis transmembrane regulator (CFTR) and 
the multidrug-resistance protein (MDR or P-glyco- 
protein) have also been shown to exist in mixed 
topologies where particular hydrophobic segments 
are left out of the membrane in some molecules (Hart 
& Zhang, 1998; Zhang et al., 1998; Chen& Zhang, 
1999). But at the present time it is not clear whether 
these "frustrated" proteins are physiologically rele- 
vant or simply misfolded. In this regard it has been 
suggested that CFTR may be prone to misfolding 
and that this might account for the disease-associated 
effects of some apparently conservative mutations 
(Sanders & Nagy, 2000). 

Concluding Remarks 

Although many questions and details remain to be 
resolved, we now appear to have a good basic un- 
derstanding of the way in which a-helical integral 
membrane proteins are produced and assembled by 
the cell. Considerable progress has also been made in 
the understanding of many other aspects of the bio- 
chemistry and biophysics of these proteins: Molecular 
methods have made it possible to identify and char- 
acterize the important functional regions of a number 
of integral membrane proteins, most of which were 
resistant to analysis using classical biochemical ap- 
proaches. In vitro studies of membrane protein 
folding have led to a better understanding of the 
forces that drive this process and the roles of lipids 
and detergents (Booth et al., 2001). Recent studies 
have also investigated possible amino-acid motifs 
involved in helix-helix interactions in a lipid envi- 
ronment (Fleming & Engelman, 2001; Gratkowski 
et al., 2001; Senes, Ubarretxena-Belandia & Engel- 
men, 2001; Zhou et al., 2001). The number of avail- 
able crystal structures of membrane proteins, 
although still small, is gradually increasing and 
methods are being developed to improve membrane 
protein purification, yield and stability. Computa- 
tional approaches to the study of membrane protein 
structure and function are still in their infancy but 
considerable progress in this area is also anticipated 
over the next few years. 
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