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Decoding the Signals
of Membrane Protein Sequences

GUNNAR VON HEIJNE

In order to understand membrane protein structure in a general sense, one needs an
efficient conceptual framework. When discussing globular proteins, we tend to use
hierarchical descriptions and distinguish what we think are semi-independent levels
of increasing structural complexity (Brandén and Tooze, 1991): the amino acid
sequence (primary structure); local structural elements such as helices, 3-strands,
and turns (secondary structure); structural units (8-a—@ units, -strand hairpins);
larger folding domains (Rossman fold, TIM barrel); globular single-chain structures
(tertiary structure); and oligomeric assemblies (quaternary structure). In addition to
being a purely descriptive scheme, it is often assumed that the unidirectional path
leading from simple, locally determined structural elements to complex, global struc-
tures also in some way approximates the real in vivo folding process, although this
is still very much a controversial point (Dill, 1990).

A similar scheme based on a “top-down” analysis of known three-dimensional
structures can of course be devised to describe integral membrane proteins (see Chap-
ters 1 and 3), but I will argue that a more fruitful way to understand their structure
is in terms of how they are synthesized, targeted to the appropriate membrane,
inserted into this membrane, and finally form their full three-dimensional-structure
within the confines of a lipid bilayer. Thus we need to widen our conceptual universe
to include not only the static picture of the final structure but also the dynamics of
the biosynthetic pathway leading to this structure. In fact, since many important
aspects of membrane protein biosynthesis seem to rely on rather well-defined “sig-
nals” encoded in the protein chain (targeting signals, topological signals, packing
signals), the resulting logic is a rather simple one of successive “decoding” of these
signals, ultimately giving rise to the correctly folded, functional molecule in its proper
location.

This chapter is organized around three main sections. First, I will give a brief
introduction to the general problem of intracellular protein sorting. Then follows a
discussion of how proteins insert into membranes and how their transmembrane
topology is determined, and finally I try to derive some implications for membrane
protein structure prediction. Throughout, the focus is on the so-called helical bundle
integral membrane proteins, i.e., proteins with transmembrane segments formed by
long hydrophobic a-helices. Typical examples of this structural class are bacterio-
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28 The Nature of the Membrane Protein Structure Problem

rhodopsin (Henderson et al., 1990) and the bacterial photosynthetic reaction center
(Deisenhofer and Michel, 1991); in general, all bacterial inner membrane proteins,
all eukaryotic membrane proteins initially inserted into the endoplasmic reticular
(ER) membrane, all mitochondrial inner membrane proteins, and all chloroplast
thylakoid membrane proteins most likely are of this type. The second well-charac-
terized class of integral membrane proteins is the“‘8-barrel” variety, in which the
transmembrane segments are amphiphilic 8-strands that together form a closed 8-
sheet barrel with a hydrophobic outside facing the lipids and a more polar inside
lining a central pore. Such structures are known to atomic resolution (e.g. Weiss et
al., 1991), but relatively little information on the membrane insertion of such mole-
cules is available (Bosch et al., 1988, 1989; Struyve et al., 1991), and they will not be
discussed further here.

Targeting Signals

All cells need to be able to sort proteins between a number of subcellular compart-
ments. In Escherichia coli, there are at least five well-defined compartments: the
cytoplasm, the inner and outer membranes, the periplasm, and the extracellular
medium. A membrane protein must thus somehow “know” that it should not remain
in the cytoplasm and further whether it is supposed to go to the inner or outer mem-
brane. The highly complex subcellular structure of eukaryotic cells makes protein
sorting a very complicated business, in which proteins must not only be routed into
the correct organelle but further sorted to the correct intraorganellar compartment.

In all cases known, the targeting information is encoded within the nascent poly-
peptide, often as an N-terminal extension that is removed by appropriately located
proteases once the correct compartment has been reached (von Heijne, 1990a). The
targeting signal in the nascent protein is recognized by receptors in the cytoplasm or
on the surface of the organelle, and the protein is translocated across one or more
membranes and finally delivered to its site of action.

Sorting Between Organelles

Major recipients of cytoplasmically synthesized proteins are mitochondria, chloro-
plasts, the nucleus, peroxisomes, and the organelles in the secretory pathway. Tar-
geting signals specific for each of these organelles have been defined by, for example,
gene fusion studies, and their basic designs have been elucidated by a combination of
experimental and statistical techniques.

Mitochondrial targeting peptides are in most cases found as N-terminal extensions
that are cleaved by a mitochondrial matrix protease. They are rich in positively
charged (Arg in particular) and hydroxylated (Ser, Thr) amino acids, but lack neg-
atively charged residues (Asp, Glu). An apparently very important property is their
ability to form amphiphilic a-helices with one highly charged and one hydrophobic
face (von Heijne, 1986b; Gavel and von Heijne, 1990a) (Fig. 2.1).

Chloroplast transit peptides from higher plants are also N-terminal extensions
and are removed in the chloroplast by a stromal processing peptidase. They are char-
acterized by an extremely high content of hydroxylated amino acids (~30% Ser +
Thr) and contain few if any negatively charged residues (von Heijne et al., 1989;
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Fig. 2.1. Protein sorting pathways.

Gavel and von Heijne, 1990b). It is not clear if they are designed to have any partic-
ular conformational preferences (von Heijne and Nishikawa, 1991). Transit pep-
tides from the green algae Chlamydomonas reinhardtii, in contrast, are strikingly
similar to mitochondrial targeting peptides and probably form amphiphilic a-helices
(Franzeén et al., 1990), raising the question of how the specificity of proteins sorting
between mitochondria and chloroplasts is maintained in this organism.

Nuclear location signals are not removed from the mature protein and are gener-
ally found in internal positions (Silver, 1991). Clusters of positively charged residues
presumably exposed on the surface of the folded molecule signal nuclear import, and
the presence of multiple copies of an import signal in a protein chain often lead to
enhanced levels of import.

Peroxisomal targeting signals are less well understood, but a C-terminal tripeptide
Ser-Lys-Leu (SKL) has been shown to promote peroxisomal import in a number of
cases (Gould et al., 1989, 1990; Miyazawa et al., 1989). Many peroxisomal proteins
lacking this signal are known, however.

Secretory signal peptides, finally, have a tripartite design, with an N-terminal pos-
itively charged region, a central hydrophobic region, and a C-terminal region that
specifies the cleavage site (von Heijne, 1985, 1990b; Gierasch, 1989). This basic
structure is similar throughout nature, from bacteria to man.

Sorting Within Organelles

Sorting within the mitochondrion is believed to follow a “conservative” sorting path-
way (Hartl et al., 1989), i.e., proteins destined for the inner membrane or the inter-
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Fig.2.2. Intramitochondrial protein sorting. Matrix-targeting signals (mTP) allow entry into
the matrix space (path A). Signals composed of a matrix-targeting part and a signal peptide-

like part allow transport into the intermembrane space via a “conservative sorting” pathway
(B).

membrane space are first imported all the way into the matrix and subsequently re-
exported across or inserted into the inner membrane (Fig. 2.2). This two-step process
is neatly mirrored in the design of the targeting peptides (von Heijne et al., 1989):
an N-terminal matrix-targeting signal (positively charged amphiphilic a-helix) is
immediately followed by a second cleavable targeting signal that has all the charac-
teristics of a secretory signal peptide. It is thus thought that the mitochondrial inner
membrane has a machinery for protein translocation similar to that found in bacteria.

Thylakoid lumen proteins, as well as some of the thylakoid membrane proteins,
also have composite targeting peptides of this kind, but with the N-terminal part now
being a chloroplast transit peptide (von Heijne et al., 1989). The analogy with secre-
tory signal peptides goes even further in this case, since the substrate specificity of the
so-called thylakoid processing peptidase responsible for removing the signal peptide-
like thylakoid transfer domain is nearly identical to that of the corresponding E. coli
enzyme (Halpin et al., 1989; Shackleton and Robinson, 1991).

Sorting in the Secretory Pathway

The secretory pathway comprises a number of subcompartments that are traversed
in sequel from the ER through the Golgi stacks and the trans-Golgi network to the
plasma membrane or to the lysosome (Breitfeld et al., 1989; Pugsley, 1989). Each
subcompartment has its own specific complement of resident proteins that are
thought to be actively retained in or recycled to that compartment in response to
retention signals present in their amino acid sequence. Thus, lumenal ER proteins
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have a C-terminal tetrapeptide retention signal (Lys-Asp-Glu-Leuor -KDEL) (Pel-
ham, 1990). Resident ER membrane proteins seem to have a retention signal located
in their cytoplasmically exposed parts; one or two lysines in their cytoplasmic tails
have been implicated in retention, but this is still a somewhat controversial point
(Gabathuler and Kvist, 1990; Jackson et al., 1990).

Transmembrane proteins can also be specifically degraded in the ER.
This“quality control” feature may enable the cell to remove, for example, subunits
of multichain complexes that have failed to associate properly with their partners
(Klausner and Sitia, 1990). Isolated charged residues present in a transmembrane
segment seem to signal ER degradation (Bonifacino et al., 1990); presumably, such
degradation signals become masked when subunits associate with each other.

Some resident Golgi membrane proteins apparently have a retention signal located
in their transmembrane segment(s) (Machamer and Rose, 1987; Colley et al., 1989);
other Golgi-specific retention signals have not yet been defined. Lumenal lysosomal
proteins carry a mannose-6-phosphate modification that serves as the targeting signal
and ensures routing to the lysosome from the trans-Golgi network (Kornfeld and
Mellman, 1989; Baranski et al., 1990); lysosomal membrane proteins, on the other
hand, carry no such modification, and targeting information is believed to be present
in their cytoplasmic domains (Peters et al., 1990).

A final aspect of membrane protein sorting is that of endocytosis. Many plasma
membrane receptors continually cycle back and forth between the plasma membrane
and the trans-Golgi network via endocytosis through coated pits. A critical tyrosine
placed in the cytoplasmic tail near the membrane has been implicated as being part
of the endocytosis signal (Jing et al., 1990; Ktistakis et al., 1990; Bansal and Gier-
asch, 1991; Eberle et al., 1991).

Topological Signals

Once a protein has reached its target membrane, it needs to insert into that membrane
in its correct orientation. Once inserted, changes in the orientation of the whole pro-
tein or of individual transmembrane segments (flip-flop) would seem to be impossible
on energetic grounds and has never been observed experimentally. It is during the
insertion process that the number of transmembrane segments in the final structure
as well as their orientation are decided. For a multispanning (polytopic) protein with
most of its chain embedded in the membrane, the membrane insertion event is thus
the most important step on the folding pathway; what remains after this step has been
completed is only the final packing of the transmembrane segments against each
other.

Topological Signals: An Overview

Most membrane proteins use one of the machineries normally used to translocate
proteins across membranes for their insertion. From this point of view, a membrane
protein can be regarded as a partially translocated protein—a molecule that, in addi-
tion to the normal targeting signal(s), contains additional signals that cannot be
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Fig. 2.3. Classificatien of integral membrane proteins. SP, signal peptide; ST, stop-transfer
sequence; wSP, uncleaved signal peptide; 7.SP, reverse signal peptide.

translocated across the membrane but rather get stuck and provide a permanent
transmembrane anchoring.

One useful classification based on the kinds of signals present in a protein is shown
in Figure 2.3 (von Heijne, 1988). Class I proteins have a cleavable signal peptide and
a second hydrophobic stop-transfer sequence; the orientation of the mature protein
is Ny —Ci,. Class II proteins have an uncleavable signal peptide, i.e., a signal peptide
lacking the C-terminal cleavage domain, and hence get anchored to the membrane in
the N;,-C,,, orientation. Class III proteins also lack a cleavable signal peptide and
have a hydrophobic transmembrane segment close to the N terminus (a “reverse sig-
nal peptide” [ Dalbey, 1990]), but this segment is now oriented N, —Ci,, i.e., opposite
to the class II proteins. Class IV proteins have multiple transmembrane segments,
and examples are known with all possible combinations of Nj,, N, Gi,, and C
orientations.

out

Statistical Studies: The “Positive Inside” Rule

Proteins with a cleavable signal peptide (class I) are always oriented N, but it is
not immediately clear what feature(s) of the nascent chain determine the orientation
of the other classes. Early statistical studies of both single-spanning (classes I1I and
IIT) and multispanning proteins gave the first hint that topological determinants
should be sought in the polar tail and loop regions flanking the transmembrane seg-
ments and that the distributions of positively charged residues (Arg, Lys) seemed to
be particularly well correlated with the topology (von Heijne, 1986a,d). In a sample
of bacterial inner membrane proteins, a fourfold higher frequency of Arg + Lys was
found in the cytoplasmic than in the periplasmic flanking regions, and similar,
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though less extreme, biases have since been found in proteins from other membrane
systems as well (see below). Thus a “positive inside” rule (von Heijne and Gavel,
1988) was proposed to account for the topology of most integral membrane proteins.

Membrane Protein Topogenesis in Escherichia coli

Translocation of proteins across the inner membrane of E. coli normally requires the
participation of the sec machinery (Schatz and Beckwith, 1990; Wickner et al.,
1991). The nascent precursor protein first binds to a cytoplasmic chaperone such as
SecB, is then transferred to SecA (a large peripheral membrane protein with AT Pase
activity), is translocated across the membrane in a process involving the integral
membrane components SecY and SecE (and possibly the late-acting factors SecD and
SecF), and is finally released from the membrane after the signal peptide has been
cleaved by the Lep protease.

Many inner membrane proteins also need the sec machinery for translocation of
their periplasmic domain(s), but some do not (notably those with only short peri-
plasmic domains; see below). Obviously, the topology may be determined in different
ways during sec-dependent and sec-independent membrane insertion, although it
appears from the data at hand that positively charged amino acids are important in
both contexts.

Most of what is known about membrane protein insertion in E. coli comes from
studies on three proteins: phage M 13 coat protein, leader peptidase (Lep), and MalF
(Fig. 2.4). M13 coat is made with a cleavable signal peptide, spans the membrane
once, and inserts independently of the sec machinery (Wickner, 1988). Lep has no
cleavable signal peptide and two transmembrane segments, and translocation of the
C-terminal but not the N-terminal periplasmic domain is sec dependent (Wolfe et
al., 1985; R. Dalbey, personal communication). MalF, finally, has eight transmem-
brane segments, and it is not clear which periplasmic parts, if any, are sec dependent
(McGovern and Beckwith, 1991).

The importance of cytoplasmically located positively charged residues for proper
insertion of the M 13 coat protein was established quite early (Kuhn et al., 1986a,b),
although it could not be determined whether the molecules that failed to insert in

periplasm

cytoplasm

M13 coat Lep MalF

Fig. 2.4. Topology of the phage M13 coat, leader peptidase (Lep), and the MalF proteins in
the inner membrane of E. coli. The arrow marks the cleavage-site in the M13 coat protein
signal peptide.
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their normal orientation simply did not insert at all or inserted in some other orien-
tation.

Studies of various MalF-PhoA fusion proteins have also shown that positively
charged residues in cytoplasmic loops are important for preserving the transmem-
brane orientation (Boyd and Beckwith, 1989; Ehrmann and Beckwith, 1991;
McGovern et al., 1991), but the most direct evidence for the role of positively charged
residues as topological determinants has been obtained from studies of Lep-derived
constructs in which it has been possible to “invert” the orientation of the molecule by
redistribution of lysines and arginines. Both single-spanning and double-spanning
Lep derivatives can be reoriented by the simultaneous removal of positively charged
residues from their cytoplasmic regions and addition of such residues to the peri-
plasmic regions (von Heijne et al., 1988; von Heijne, 1989; Andersson et al., 1992).
Negatively charged residues have little effect on the topology by themselves (Nilsson
and von Heijne, 1990), but apparently can, when suitably positioned, “neutralize”
the effect of a nearby positively charged residue (Andersson and von Heijne, 1993a).
Furthermore, insertion of the “inverted” double-spanning Lep constructs is sec-
independent, in contrast to insertion of the wild-type molecule (von Heijne, 1989).

It is thus clear that positively charged amino acids are the most important topo-
logical determinants in E. coli (Boyd and Beckwith, 1990; Dalbey, 1990; von Heijne
and Manoil, 1990; Yamane et al., 1990). However, one could still argue that they
would act only to determine the orientation of the first one or two transmembrane
segments in a multispanning protein such as MalF and that the more downstream
segments would simply follow the dictates of their upstream neighbors, i.e., that the
insertion process would progress sequentially from the N terminus toward the C ter-
minus. The other extreme would be a locally determined insertion process, where
individual “helical hairpins” (DiRienzo et al., 1978; von Heijne and Blomberg,
1979; Engelman and Steitz, 1981) composed of two neighboring transmembrane seg-
ments and the periplasmic loop in between insert independently of the rest of the
chain. The statistical studies discussed above would favor the latter model, since the
charge bias between periplasmic and cytoplasmic loops is equally strong in the early
and late parts of multispanning proteins (von Heijne, 1992). Indeed, it has recently
been reported both for MalF and LacY (which has 12 transmembrane segments) that
deletions of single transmembrane segments at different positions often have no
effects on the orientation of the downstream parts of the molecule (Bibi et al., 1991;
Ehrmann and Beckwith, 1991; McGovern et al., 1991). This result cannot be
explained on the basis of a sequential model (according to which the orientation of
the downstream parts would be inverted) and strongly suggests that the topology is
a local property of each helical hairpin.

Finally, why do some proteins apparently insert independently of the sec machin-
ery, whereas others absolutely depend on it? First, the low frequency of positively
charged residues in the periplasmic parts is only observed for relatively short loops,
whereas loops longer than 60-80 residues have frequencies similar to what is found
in soluble periplasmic proteins (von Heijne and Gavel, 1988). This might suggest
that short loops for some reason cannot engage the sec machinery and hence have
greater restrictions on the kinds of sequences that can be efficiently translocated. In
agreement with this idea, it has been found that the insertion of the normally sec-
independent M13 coat protein is sec-dependent in a construct in which the periplas-
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mic domain has been increased in length from some 20 to about 100 residues (Kuhn,
1988). Also, translocation of the outer membrane protein OmpA through the inner
membrane (a sec-dependent process) requires a chain length of at least 75 residues
(Freudl et al., 1989); shorter chains are not translocated at all. We have successively
lengthened the periplasmic loop in the“inverted” Lep construct; so far, we have
found that a 50 residue long loop is still translocated independently of the sec machin-
ery (Andersson and von Heijne, 1993b).

These observations all seem to support the idea that the length of the translocated
domain is an important factor that would distinguish sec-dependent and sec-inde-
pendent translocation; yet recent results from an analysis of MalF-PhoA fusion pro-
teins seem to suggest that length cannot be the only factor (McGovern and Beckwith,
1991), since translocation of the large PhoA moiety in these fusions apparently does
not require the sec machinery (PhoA is sec-dependent when targeted for secretion by
its own signal peptide).

Membrane Protein Topogenesis in the ER

von Heijne and Gavel (1988) have shown that the positive inside rule holds also for
membrane proteins that inset into the ER membrane and traverse the secretory path-
way, although the bias in the distribution of Arg and Lys residues is less extreme
than in bacterial proteins. A more detailed statistical study has suggested that the
charge bias across the first transmembrane segment is an even better predictor of the
topology than the total charge bias over the entire molecule (Hartmann et al., 1989).
This would be consistent with the fact that protein translocation across the ER mem-
brane is obligatory cotranslational (as opposed to the situation in E. coli), which
makes it more likely that insertion proceeds according to the sequential model dis-
cussed above, with the topology being determined by the first transmembrane seg-
ment(s).

There is as yet no good experimental data on this point, since the topological role
of charged residues has only been tested on single-spanning proteins so far. For these
proteins, however, it has been shown that positively charged residues play a similar
role as in E. coli (von Heijne and Manoil, 1990). The role of negatively charged
amino acids has not been systematically studied, but they do seem to have some
effects, at least in particular contexts (Haeuptle et al., 1989; Parks and Lamb, 1991).

Membrane Protein Topogenesis in Chloroplasts and Mitochondria

Thylakoid membrane proteins follow the positive inside rule (Gavel et al., 1991),
with the more highly charged loops facing the stromal compartment (i.e., not being
translocated). Likewise, mitochondrial inner membrane proteins have a strong
charge bias, with the matrix-facing parts having a high content of positively charged
residues (Gavel and von Heijne, 1992). Considering the evolutionary relationships
between chloroplasts, mitochondria, and bacterial cells, it thus seems highly likely
that the mechanism of organellar membrane protein insertion is similar to that in E.
coli. As far as insertion into the outer membranes of mitochondria and chloroplasts
and into the inner envelope chloroplast membrane are concerned, there are very few
data available, either from known sequences or from biochemical studies.
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Conclusion: The Structure Prediction Problem

One important goal of research on membrane protein biogenesis is to improve our
abilities to predict three-dimensional structures directly from sequence. Today, one
can often make a good guess as to where the transmembrane segments are based on
hydrophobicity analysis, and once these segments have been identified one can predict
the orientation in the membrane with high confidence from the positive inside rule.
A major difficulty, however, is that one often finds peaks on a hydrophobicity plot
that cannot be unambiguously assigned as transmembrane (see Chapter 4); they fall
in the “twilight zone” (von Heijne, 1986c¢). In such cases, it might be possible to-pro-
ceed by constructing all possible models that either include or exclude each one of the
“twilight” peaks and rank these according to how well they conform to the positive
inside rule. From preliminary studies, it seems that such a strategy works reasonably
well and can be used to improve the raw results from the hydrophobicity analysis.
Another means to the same end would be to study experimentally the putative trans-
membrane segments that fall in the twilight zone to gain a better understanding of
how stop-transfer function relates to amino acid sequence characteristics (Davis et
al., 1985; Davis and Model, 1985; Doyle et al., 1986; Kuroiwa et al., 1991).

As discussed elsewhere in this volume (Chapters 1 and 3), the final step in mem-
brane protein structure prediction would be to develop algorithms that can pack
transmembrane a-helices together in some optimal way. This may well be within
reach of our present-day modeling capabilities, provided we had a sufficiently large
database of known structures to calibrate against and reasonably simple experimen-
tal methods for testing our predictions. This is clearly not the case, and few remedies
are seen on the horizon.

I would like to end on this note, with a plea for efforts to develop new techniques,
e.g., for mapping the relative orientations of transmembrane helices or for determin-
ing distances between selected residues in different parts of a multispanning protein.
These new techniques need not be high resolution: Since we know that we are dealing
with a-helices that are oriented within some rather small angle of the membrane
normal, already a few rough distances between helices or measures of relative helix
orientations should suffice to give us the constraints we need for successful modeling.
Thus we might be able to further our understanding of how transmembrane helices
pack together to the point where we can finally solve the membrane protein folding
problem: to go from sequence to structure at the touch of a button.
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