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Introduction 

In both prokaryotic and eukaryotic cells, proteins 
are allowed entry into the secretory pathway only if 
they are endowed with a specific targeting signal: a 
signal peptide (SP). The SP is in most cases a tran- 
sient extension to the amino terminus of the protein 
and is removed by one of a small class of enzymes 
known as signal peptidases once its targeting func- 
tion has been carried out. Many integral membrane 
proteins remain anchored to the membrane by an 
uncleared SP, or by a succession of SP-like "start- 
transfer" and "stop-transfer" sequences. A num- 
ber of reviews dealing with protein secretion in gen- 
eral and signal peptides in particular have been 
published in the last coupled of years (Briggs & 
Gierasch, 1986; von Heijne, 1988a,b; Gierasch, 
1989); here, I will concentration on the most recent 
data on signal peptide structure and function. 

Signal Peptides Have a Three-Domain Structure 

Early on, comparisons of known SPs indicated that 
they typically have three distinct domains (Fig. 1): 
an amino-terminal positively charged region (n-re- 
gion, 1-5 residues long); a central, hydrophobic 
part (h-region, 7-15 residues); and a more polar car- 
boxy-terminal domain (c-region, 3-7 residues). Be- 
yond this overall pattern, no precise sequence con- 
servation could be found, and it soon became 
obvious that SPs are highly variable, rapidly evolv- 
ing structures. Indeed, "idealized" SPs with h-re- 
gions consisting of strings of typically eight to ten 
Leu residues have been found to function efficiently 
both in Escherichia coli (Kendall, Bock & Kaiser, 
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1986), Saccharomyces cerevisiae (Yamamoto et al., 
1987), and the eukaryotic Semliki Forest virus (M. 
Lobigs, personal communication). 

More recently it has become possible to detect 
slight variations in the mean lengths and amino acid 
compositions of the three regions between different 
groups of organisms (yon Heijne & Abrahms6n, 
1989). Thus, SPs from eukaryotes tend to have 
slightly shorter n-, h-, and c-regions than SPs from 
Gram-negative bacteria, which in turn have shorter 
regions than SPs from Gram-positive bacteria. 

The "positive-hydrophobic-polar" design im- 
mediately suggested that SPs might bind efficiently 
to lipid bilayers, possibly in a loop structure with 
the basic amino terminus bound to acidic lipid head- 
groups on the cytoplasmic face of the membrane 
(DiRienzo, Nakamura & Inouye, 1978; yon Heijne 
& Blomberg, 1979; Engelman & Steitz, 1981). Up to 
this day, however, there is still no consensus as to 
whether the SP interacts primarily with receptor 
proteins or with the lipid bilayer itself; judging from 
the available data, it is probably involved in both 
kinds of interactions. 

Signal Peptides Partition into Lipid Bilayers 

SPs are potent surfactants, and their behavior in 
various kinds of detergent micelles and lipid mono- 
and bilayers has been studied in detail. 

Briggs, Gierasch and co-workers have used 
synthetic analogues of the wildtype LamB SP and 
some of its genetically and biochemically character- 
ized mutant versions in an attempt to correlate the 
biophysical properties of their interactions with de- 
tergents and lipid monolayers with their in vivo 
properties (Briggs & Gierasch, 1984; Briggs et al., 
1985, 1986; Cornell et al., 1989). They found that 
the nonfunctional mutant peptides have less c~-helix 
content in apolar environments than the wildtype 
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4- 4- 

1-5 aa 7-15 aa 3-7 aa mature chain Fig. 1. The basic design of signal peptides 

peptide. When exposed to a lipid monolayer, the 
wildtype SP binds to the surface of the monolayer at 
high surface pressure in a predominantly /3-sheet 
rich structure, whereas it inserts as an o~-helix per- 
pendicularly to the monolayer at physiological sur- 
face pressures. 

Similar results have also been obtained by the 
de Kruijff group. They have studied synthetic ana- 
logs of the PhoE SP, and have demonstrated that 
negatively charged phospholipids enhance the bind- 
ing of the SP to the monolayer. Interestingly, in 
monolayers containing negatively charged cardio- 
lipin molecules, the initial lipid-bond structure 
seems to be a "helical hairpin" with a short con- 
necting loop that subsequently straightens out to 
make a single o~-helix across the monolayer (Baten- 
burg et al., 1988a,b). 

Using an in vitro system for protein import into 
E. coli inner membrane vesicles, the same group 
recently showed that truncated SPs retaining the n- 
and h-regions could compete efficiently for protein 
import into the vesicles, with the n-region providing 
surface binding (probably to anionic phospholipids) 
and the h-region being primarily responsible for the 
inhibitory effect (De Vrije et al., 1989). The impor- 
tance of anionic phospholipids for protein translo- 
cation in E. coIi has also been demonstrated in vivo 
(De Vrije et al., 1988). 

A Positively Charged n-region is Required for 
Efficient Translocation 

The presence of positively charged lysine or argi- 
nine residues in the n-region is universal among 
bacterial SPs and is much preferred in SPs from 
higher organisms. Possibly the nonformylated and 
hence positively charged amino group on the initia- 
tion Met of the latter can compensate for a lack of 
lysine or arginine in some cases (von Heijne, 
1984a). 

SPs that lack basic residues or even have acidic 
residues in their n-region have been constructed by 
site-specific mutagenesis. Bacterial SPs with a neg- 
atively charged n-region have generally been found 
to be exported more slowly (Vlasuk et al., 1983; 
Iino, Takahashi & Sako 1987; Lehnhardt et al., 
1988; Bosch et al., 1989; Puziss, Fikes & Bassford, 

1989), but no absolute requirement for positive 
charge is apparent. 

The n-regions of eukaryotic SPs have not been 
as extensively mutagenized. One study on yeast in- 
vertase failed to find any effect on secretion when 
various amino acid insertions were made in the n- 
region (Brown et al., 1984), whereas results on 
amino acid transpositions in the yeast prepro-~-fac- 
tot n-region suggest that, in this case at least, the 
precise order of amino acids may be important 
(Green, Kramer & Shields, 1989). 

A more critical role for amino-terminal posi- 
tively charged residues in integral membrane pro- 
teins with uncleaved SPs have recently been uncov- 
ered by the observation that the balance of positive 
charge across the hydrophobic, membrane-span- 
ning region can determine the final transmembrane 
topology (Szczesna-Skorupa et al., 1988; von Hei- 
jne et al., 1988; Szczesna-Skorupa & Kemper, 
1989). This is more fully discussed below in the sec- 
tion on membrane protein assembly. 

The h-region is Critical for Translocation 

The first export-defective mutant SPs that were iso- 
lated all had acquired charged residues or deletions 
in their h-regions (see Oliver, 1985, for a review). 
Subsequent experiments have suggested that a dis- 
ruption of the h-region either by charged or helix- 
breaking residues in most cases lead to a more-or- 
less severe kinetic defect in translocation, but 
rarely block export altogether (Michaelis, Hunt & 
Beckwith, 1986; Stader, Benson & Silhavy, 1986; 
Fikes et al., 1987; Lehnhardt, Pollitt & Inouye, 
1987; Freudl et al., 1988). These results are corrob- 
orated by data on pseudo-revertants of export-de- 
fective SPs: second-site mutations that increase the 
hydrophobicity or extend the length of the h-region 
generally increase the rate of export (Emr & 
Silhavy, 1983; Bankaitis, Rasmussen & Bassford, 
1984; Iida et al., 1985; Ryan et al., 1986). 

A second, very interesting class of intragenic 
revertants involves residues in the mature portion 
of the protein. Thus, a Gly-+Cys change in position 
19 of the mature MalE protein partially restores ex- 
port to a mutant with a defective SP (Ryan et al., 
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1986), and a Tyr--~Asp substitution in position 283 
of the same protein has a similar phenotype (Cover 
et al., 1987). These results have been interpreted in 
terms of the concept of "translocation-competent 
conformations," i.e., the idea that a precursor pro- 
tein can only be translocated when it is (partially) 
unfolded (Randall, Hardy & Thorn, 1987). Pseudo- 
revertants of the above type may thus be folding 
mutants that allow the SP more time to interact with 
the secretory machinery before the precursor folds 
into an export-incompetent structure. 

Although only a handful of h-region mutations 
have been studied in eukaryotic cells, the effects 
that have been observed are very similar to what 
has been found for bacterial SPs (Kaiser & Bot- 
stein, 1986; Allison & Young, 1988). 

The c-region Specifies the Signal Peptidase 
Cleavage Site 

Early statistical analyses of the sequences sur- 
rounding SP cleavage sites led to the postulate that 
positions - 1 and - 3  were particularly important for 
specifying the site of cleavage--the so-called 
" ( -3 , -1 ) - ru l e "  (yon Heijne, 1983, 1984b, 1986; 
Perlman & Halvorson, 1983). 

Genetical and biochemical studies have largely 
corroborated this rule (von Heijne, 1988b). In addi- 
tion, one recent work suggests that turn-promoting 
residues immediately downstream of the cleavage 
site may enhance the rate of processing by bacterial 
signal peptidase I (Duffaud & Inouye, 1988). 

In the last two years, signal peptide cleavage in 
eukaryotic cells has been examined in some detail 
by a number of groups. Although the early statisti- 
cal data suggested that prolines were not allowed in 
the - 3  to +1 region, it is now clear, both from 
subsequently sequenced wildtype proteins and from 
re-designed eukaryotic SPs, that Pro can be toler- 
ated in position - 1  (Nagahora, Fujisawa & Jijami, 
1988). In addition, prolines in positions - 6  to - 4  
(where they are statistically overrepresented) ap- 
parently have a positive effect on the rate of pro- 
cessing (Yamamoto, Taniyama & Kikuchi, 1989), 
and the optimum distance between a proline and the 
processing site appears to be 4-5 residues (Notwehr 
& Gordon, 1989) 

A particularly thorough set of studies have been 
carried out by Gordon and colleagues (Folz & Gor- 
don, 1986, 1987; Folz, Notwehr & Gordon, 1988). 
Their initial observation was that when the pro-pep- 
tide of preproapolipoprotein A-II was deleted, sig- 
nal peptidase cleavage was redirected to a site two 
residues downstream of the normal one: f r o m . . .  
Ser-Leu-Glu-Gly18 ~,AIa-Leu-Val to . . .Ser-Leu- 

Glu-Gly-Gln-Alaz0 $ Lys-Gln (a similar observation 
was made by Wiren, Potts and Kronenberg (1988) 
for preproparathyroid hormone). Since the original 
cleavage site was left intact in the deletion mutant, 
the effects of amino acid substitutions around the 
new cleavage site could be assayed by determining 
which cleavage site was used when different amino 
acid replacements were made. Thus, Ala20 was sys- 
tematically replaced with 13 other residues, and the 
results were that residues "forbidden" by the ( -3 ,  
-1)  rule caused the processing site to revert to the 
original one, whereas when "allowed" residues 
were present in position 20, cleavages occurred to 
varying extents both after residues 18 and 20. 

Activation of cryptic cleavage sites have also 
been reported in two instances when the charged 
amino terminus of an uncleaved signal peptide of a 
class I (see below) membrane protein has been de- 
leted. Both the Ig class II histocompatibility antigen 
and the asialoglycoprotein receptor H1 become sus- 
ceptible to what appears to be signal peptidase-me- 
diated cleavage of their N-terminal signal-anchor 
domains when the preceding charged region is de- 
leted (Lipp & Dobberstein, 1986; Schmid & Spiess, 
1988). Possibly when there are no charges to "fix" 
the N-terminal end of the transmembrane segment, 
it may be able to move more freely in the membrane 
and eventually bind productively to signal pepti- 
dase. 

The ultimate fate of the SP appears to be com- 
plete degradation catalyzed by a number of pepti- 
dases, at least in E. coli, where both protease IV 
and oligopeptidase A have been implicated (Novak 
& Dev, 1988). 

Signal Peptides Cleaved by Signal Peptidase II 
Have a Different c-region 

A small number of bacterial lipoprotein SPs are pro- 
cessed by signal peptidase II (Lsp) rather than sig- 
nal peptidase I (Lep). Cleavage involves, as a first 
step, addition of a glyceryl moiety to a Cys residue, 
whereupon the SP is cleaved on the amino-terminal 
side of the modified cysteine. 

A comparative study of SPs cleaved by signal 
peptidases I and II suggests that the main difference 
between the two classes resides in the c-region (von 
Heijne, 1989a). A rather well-conserved consensus 
sequence, Leu-Ala-(Gly,Ala) $ Cys, defines the sig- 
nal peptidase II cleavage site (Duffaud et al., 1986), 
which is also, in essence, a continuation of the h- 
region. Thus lacking a polar c-region, lipoprotein 
SPs are on average 5 residues shorter than SPs 
cleaved by signal peptidase I. Interestingly, when 
the normal signal peptidase II cleavage site is 
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blocked by mutations, nearby cryptic signal pepti- 
dase I sites are sometimes uncovered (Ghrayeb et 
al., 1985). 

Positively Charged Residues Downstream of Signal 
Peptides Can Block Translocations in Bacteria 

The first few residues of mature exported bacterial 
proteins tend to lack positively charged amino acids 
and have a greater-than-normal content of nega- 
tively charged ones (von Heijne, 1986). A first hint 
that this may reflect functional constraints was pro- 
vided by Liss, Johnson and Oliver (1985), who 
found that the PhoA SP could promote export of 
Staphylococcal nuclease only if an Arg residue im- 
mediately following the SP was removed. 

The detrimental effect of positively charged res- 
idues downstream of bacterial SPs has now been 
documented in a number of cases, both in vivo and 
in vitro (Li, Beckwith & Inouye, 1988; Yamane & 
Mizushima, 1988). In addition, a hydrophobic seg- 
ment in signal peptidase I from E. coli could be 
engineered to function as an uncleared SP only 
when a stretch of predominantly positively charged 
residues on its C-terminal side was removed (yon 
Heijne, Wickner & Dalbey, 1988; Laws & Dalbey, 
1989). 

Positively charged residues seem to be more 
easily tolerated behind eukaryotic SPs, since no 
comparable lack of them is apparent in the N-termi- 
nal part of the mature proteins. The reason for this 
difference between prokaryotic and eukaryotic SPs 
is unclear; an attractive idea is that it is related to 
the presence of an electrochemical potential across 
the bacterial inner membrane that is lacking in the 
ER membrane of higher cells. 

Signal Peptide-Like Sequences Are Used for 
Intraorganellar Targeting 

Close relatives of secretory SPs have recently been 
found in the targeting peptides of proteins imported 
into the inter-membrane space of mitochondria and 
the lumen of chloroplast thylakoids. These targeting 
peptides seem to have a modular design, with an 
amino-terminal piece that serves the primary func- 
tion of targeting to the appropriate organelle fol- 
lowed by an "SP-like" sequence: a couple of posi- 
tively charged residues, a hydrophobic stretch, and 
a more polar region with an apparent ( -3 , -1)- rule  
cleavage site (yon Heijne et al., 1989). Upon import 
into the organelle (mitochondrial matrix; chloro- 
plast stroma) the first part is removed, exposing the 
second part which then assumes the responsibility 

for further intra-organellar routing (Hartl et al., 
1989). 

Signal Peptides May Function by Interacting with 
Both Proteins and Lipids 

As the foregoing discussion has shown, SPs are 
highly variable structures with only a minimal 
amount of sequence conservation. This was dra- 
matically demonstrated by Kaiser et al. (1987), who 
found that some 20% of random sequences cloned 
in front of an SP-lacking invertase gene could pro- 
mote measurable levels of secretion in yeast. The 
"functional" sequences found in this way were 
reminiscent of degenerate SPs, with an enrichment 
of positively over negatively charged residues and 
some stretches of hydrophobic or uncharged resi- 
dues. In most cases, the "SP"  was found to be 
noncleaved, which is not surprising in view of the 
more highly constrained pattern of amino acids nor- 
mally present in the region surrounding the signal 
peptidase cleavage site. 

The low degree of sequence conservation and 
the ability of synthetic SPs to the interact with lipids 
has led many workers to suggest that the SP inter- 
acts directly with the membrane at some critical 
step in the targeting pathway (yon Heijne & Blom- 
berg, 1979; Wickner, 1979; Gierasch, 1989; De Vrije 
et al., 1989). The other obvious alternative, i.e., 
binding of the SP to a protein receptor, has received 
some support from the successful crosslinking of 
the amino terminus of a eukaryotic SP to the signal 
recognition particle (SRP) Kurzchalia, Wiedmann 
& Rapoport, 1986) and to the signal sequence recep- 
tor (SSR), an integral protein of the ER membrane 
(Wiedmann et al., 1987). A third possibility is that 
one role of the SP is to retard or otherwise modulate 
the folding of the precursor to allow it more time to 
interact productively with the export apparatus be- 
fore it folds into a translocation-incompetent con- 
formation; this idea also has some experimental 
support (Liu et al., 1988; Laminet & Pliickthun, 
1989). 

In E. coli, a number of genes (sec genes) have 
been implicated in the export process (Beckwith & 
Ferro-Novick, 1986). The SecA protein can bind to 
newly synthesized preproteins, but not to unfolded 
proteins lacking their SP (Cunningham et al., 1989). 
The SecB, GroEL, and "trigger factor" proteins 
can also bind to unfolded preproteins (Lecker et al., 
1989; Kumamoto, 1989), but their precise roles in 
the targeting process have not yet been defined; 
most likely, they act as "chaperonins" (Hem- 
mingsen et al., 1988; Ellis & Hemmingsen, 1989) 
that prevent preproteins from folding into non- 
translocatable structures. 
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At any rate, it is clear that the initial interaction 
between the SP and the membrane/receptor appa- 
ratus normally results in a hairpin-like insertion of 
the SP into the membrane with the positively 
charged amino terminus left on the cytoplasmic side 
and the signal peptidase cleavage side positioned 
close to the extra-cytoplasmic membrane face 
(Kuhn, 1987; Shaw, Rottier & Rose, 1988). Many 
studies have shown that cleavage is not essential for 
translocation of the preprotein, and accumulation of 
uncleaved but translocated precursors bound to the 
periplasmic face of the inner membrane of E. coli 
has been obtained in a strain where the production 
of signal peptidase I was placed under the control of 
an inducible promoter (Dalbey & Wickner, 1985). 

It thus seems that the n- and h-regions are re- 
sponsible for the targeting function of the SP, with 
the c-region only being needed for proper removal 
of the SP from the mature chain. Further sorting 
information, such as for inner membrane/peri- 
plasm/outer membrane sorting in E. coli, or for 
sorting within the secretory pathway of eukaryotic 
cells, apparently does not reside in the SP (Jackson 
et al., 1985; MacIntyre et al., 1987; Moore & Kelly, 
1986), in spite of the fact that slight statistical differ- 
ences between SPs from periplasmic and outer 
membrane proteins have been detected (Sj6str6m et 
al., 1987). 

Cleaved and Uncleaved Signal Peptides Determine 
Membrane Protein Topology 

Integral membrane proteins come in a variety of 
transmembrane topologies (Fig. 2). Proteins with 
one transmembrane region (class I-III) have been 
called bitopic, and those with two or more are 
called polytopic (class IV). Class I proteins are 
made with a cleavable SP and a stop-transfer se- 
quence (a stretch of typically 18-25 hydrophobic 
residues followed by a cluster of positively charged 
amino acids); their final orientation after removal of 
the SP is Nout-Cin. Class II proteins have an un- 
cleaved signal peptide, and consequently end up 
with an  Nin-Cou t topology. Only a small number of 
class III proteins with an amino-terminal hydropho- 
bic region oriented Nout-Cin are known. This class of 
proteins have an inverted charge polarity across 
their hydrophobic region compared to normal SPs, 
with a cluster of positively charged residues flank- 
ing it on its carboxy-terminal side. Class IV pro- 
teins, finally, have multiple hydrophobic regions 
spanning the membrane. 

As shown schematically in Fig. 2, there is a 
strong correlation between the transmembrane to- 
pology of integral membrane proteins of all classes 

I II III IV  

COOH 

Fig. 2. Classification of integral membrane proteins 

and the distribution of positively charged residues 
around the hydrophobic transmembrane regions. 
This "positive-inside" rule is observed both for 
prokaryotic and eukaryotic proteins, although it 
seems to be slightly stronger for the former group 
(yon Heijne, 1986; yon Heijne & Gavel, 1987). It 
has recently been suggested that the charge distri- 
bution around the first transmembrane region may 
be particularly important for setting up the topology 
of eukaryotic membrane proteins (Hartmann, Ra- 
poport & Lodish, 1989), but the fact remains that a 
positive-inside charge bias is apparent also for the 
more C-terminal regions of polytopic eukaryotic 
proteins. 

At any rate, a number of successful attempts at 
manipulating the transmembrane topology of both 
bitopic (Szczesna-Skorupa et al., 1988; von Heijne 
et al., 1988) and polytopic (von Heijne, 1989b) pro- 
teins on the basis of the "positive-inside" rule have 
been reported. 

Conclusion 

It seems safe to conclude that SPs are simply a 
slightly more "highly evolved" variety of a basic 
transmembrane peptide design that most likely is 
very ancient. During its evolutionary refinement, the 
length of the h-region has become shorter to the 
point where, in a typical SP, it can probably not 
reach all the way across the apolar interior of the 
lipid bilayer in an c~-helical conformation. In addi- 
tion, a "cleavage-cassette" has been attached to 
the C-terminus of the h-region, making it possible 
for the cell to remove the translocation signal once 
it has served its purpose. The most amazing aspect 
of SP-triggered protein export is perhaps this: that 
such an exquisite machinery for translocating pro- 
teins across membrane has been able to evolve 
around such a simple piece of polypeptide. 
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