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Most secreted and many membrane proteins contain
cleavable N-terminal signal sequences that mediate their
targeting to and translocation across the endoplasmic
reticulum or bacterial cytoplasmic membrane. Recent
studies have identified many exceptions to the widely
held view that signal sequences are simple, degenerate
and interchangeable. Growing evidence indicates that
signal sequences contain information that specifies the
choice of targeting pathway, the efficiency of transloca-
tion, the timing of cleavage and even postcleavage func-
tions. As a consequence, signal sequences can have
important roles in modulating protein biogenesis. Based
on a synthesis of studies in numerous experimental
systems, we propose that substrate-specific sequence
elements embedded in a conserved domain structure
impart unique and physiologically important function-
ality to signal sequences.

Introduction
The discovery that secreted proteins are encoded with
short, removable N-terminal ‘signal sequences’ that ear-
mark them for export [1] was one of the great break-
throughs in cell biology in the 1970s. Much work in the
subsequent 30 years has shown that signal sequences are
recognized by dedicated factors that catalyze the trans-
port of secretory precursors (preproteins) across the endo-
plasmic reticulum (ER) or bacterial cytoplasmic
membrane. The key molecules in this pathway are found
in all living cells and include a cytosolic targeting factor
called the signal recognition particle (SRP), the mem-
brane-bound receptor for SRP, an integral membrane
protein conducting channel called the Sec61p complex
(in eukaryotes) or the SecY complex (in prokaryotes),
and a membrane-bound peptidase that removes signal
sequences from preproteins on the lumenal (or periplas-
mic) face of the membrane.

The signal hypothesis originally predicted that all sig-
nal sequences would share a distinctive sequence motif;
however, the absence of any ‘consensus’ quickly became
apparent when several preproteins were sequenced.
Nevertheless, the concept of ‘signal sequence equivalence’
prevailed. An early comparative sequence analysis
[2] showed that signal sequences have a typical size
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(�20–30 residues) and a recognizable three-domain
structure (a basic ‘N domain’, a �7–13 residue
hydrophobic ‘H domain’ and a slightly polar ‘C domain’),
but otherwise lack any significant homology. By the early
1980s, it had become clear that signal sequences are often
readily interchangeable, tolerant of a wide range of
mutations [3] and even capable of directing secretion in
evolutionarily distant organisms [4,5]. A remarkable
study published in 1987 showed that �20% of random
sequences can promote the secretion of invertase in yeast
[6], strengthening the conclusion that the only essential
feature of signal sequences is a hydrophobic core that is
uninterrupted by charged residues. These studies implied
that the signal recognitionmachinery has a high degree of
tolerance, but they also created the impression that signal
sequences have only a very circumscribed role in protein
biogenesis. Thus, it has become common ‘wisdom’ that
signal sequences are simple, interchangeable domains
with a low information content.

Although the discovery of species-specific features of
signal sequences [7] and a distinct motif in bacterial
lipoprotein signal sequences [8] suggested >20 years ago
that not all signal sequences are equivalent, hints that
signal sequence diversity reflects an underlying functional
complexity have emerged only inmore recent studies. These
studies, often fromseemingly unrelatedfields and disparate
experimental systems, share one important feature: they
have each examined the biosynthesis of a preprotein or
membrane protein that differs from the ‘model’ substrates
that were originally used to define the basic principles of
signal sequence function. Individually each study might
seem to describe an ‘exception’ to the well-established
paradigm, but viewed together they suggest that
differences among signal sequences could ultimately prove
to be as physiologically important as their similarities.

Recent experiments have demonstrated that sequence
variation among signal sequences can affect protein tar-
geting and translocation, signal sequence cleavage and
even postcleavage events. Perhaps more importantly,
these studies have shown that the modulation of specific
steps in the recognition and processing of signal sequences
can have an essential role in protein biogenesis. Here, we
review evidence showing that signal sequences encode far
more information than is commonly thought, and we
synthesize these studies into a cohesive framework to
explain signal sequence diversity.
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Signal sequences influence the selection of protein
targeting pathways
Polypeptides with a signal sequence are first recognized in
the cytosol. Early work on mammalian cells identified SRP
as the only factor both necessary and sufficient for signal
sequence recognition [9]. SRP is a ribonucleoprotein com-
plex that binds to signal sequences as they emerge from the
ribosome, slows translation, and targets the ribosome–
nascent chain complex to the ER via SRP receptor. By
ensuring that preproteins reach the ER at an early stage of
translation, SRP is thought to prevent substantial protein
folding that would preclude translocation through the
Sec61p complex.

Contemporaneous studies on bacteria and yeast identi-
fied a different solution to the problem of protein targeting.
In these organisms, the first model preproteins that were
examined were shown to be fully synthesized, released
from ribosomes, and then targeted to the Sec61p or SecY
complex posttranslationally [10,11]. Posttranslational tar-
geting requires that preproteins be held in a largely
unfolded conformation in the cytosol by chaperones. The
discovery that the cotranslational SRP pathway is highly
conserved from bacteria to humans [12,13], however, led to
the realization that microorganisms use two parallel tar-
geting pathways.

Subsequent studies have shown that targeting pathway
selection in yeast and bacteria is dictated largely by fea-
tures of the signal sequence that influence recognition by
SRP (Figure 1). Signal sequence binding is mediated pri-
marily by a deep, flexible hydrophobic groove in the 54-kDa
subunit of SRP [14]. The flexibility of residues lining this
groove presumably facilitates interaction with a wide
range of unrelated hydrophobic sequences. Both X-ray
crystallography and in vivo secretion studies have sug-
gested that an electrostatic interaction between the phos-
phate backbone of SRPRNAand basic amino acids in theN
domain of signal sequences might also contribute to bind-
ing by SRP [15,16]. Differences in the regions of SRP that
mediate signal sequence recognition presumably account
for the marked variation in substrate specificity that has
been observed in divergent organisms. Unlike mammalian
SRPs, which recognize all signal sequences, yeast and
bacterial SRPs bind predominantly to very hydrophobic
signal sequences [17–19]. Proteins whose signal sequences
fall below a threshold hydrophobicity are bypassed by SRP
and are targeted posttranslationally by default. In
Escherichia coli, posttranslational translocation is
promoted by a ribosome-associated chaperone called
trigger factor, which binds to the mature region of
preproteins that are bypassed by SRP and is likely to
prevent translating ribosomes from docking onto the SecY
complex [20,21]. Although completely unrelated to trigger
factor by sequence, the nascent-chain-associated complex
might have an analogous function in yeast [22].

Why might multiple targeting pathways have evolved?
We can envisage two plausible explanations. First, post-
translational translocation might be favored in rapidly
growing organisms such as yeast and bacteria because it
is compatible with a higher rate of secretion than cotran-
slational translocation. The higher rate of secretion can be
achieved because protein synthesis is almost certainly
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much slower than protein translocation. By uncoupling
these two processes, cells can make maximal use of a
limited number of Sec complexes (which are an order of
magnitude less abundant than ribosomes). Thus, in yeast
and bacteria, cotranslational targeting by the SRP path-
way might be used only by proteins that rapidly lose
translocation competence in the cytoplasm. Consistent
with this hypothesis, a recent study has suggested that
only a few secreted proteins are targeted by SRP in E. coli
[23]. By contrast, most multispanning membrane proteins
in E. coli are targeted by SRP (which recognizes a trans-
membrane domain as an internal signal sequence), pre-
sumably because these highly hydrophobic proteins would
otherwise aggregate in the cytosol. Second, multiple tar-
geting pathways might have evolved to facilitate the deliv-
ery of substrates to protein translocation complexes
(‘translocons’) of different composition and functionality
(Box 1). Thus, in addition to determining the mode of
translocation (cotranslational versus posttranslational),
signal sequences might also influence the site of
translocation.

Although targeting pathway selection based on signal
sequence discrimination by SRP has been observed only in
microorganisms, a conceptually related process has
recently emerged in mammalian cells. Myristoylation of
the N domain of the signal sequence of the NADH cyto-
chrome b5 reductase inhibits its recognition by SRP [24].
This competition between SRP binding and myristoylation
targets the nascent polypeptide to either the ER mem-
brane or the mitochondrial outer membrane. Thus, the cell
can direct a single enzyme to two distinct compartments by
regulating the efficiency of the interactions between SRP
and the signal sequence (Figure 1). Other cotranslational
modifications, such as phosphorylation of the nascent
chain, could similarly influence the interaction of SRPwith
the signal sequence to regulate protein targeting [25].

Signal sequence variation affects interactions with the
translocon
Once a substrate is targeted to the ER or cytoplasmic
membrane, the signal sequence must interact with and
engage a translocon. Even though the composition of
translocons can differ widely among different organisms
and even within a single cell (Box 1), most signal sequence
recognition is thought to involve interaction with the
Sec61p or SecY complex [26,27]. Because this gating event
is a prerequisite for initiating protein translocation, one
might imagine that all substrates interact with the core
components of the translocon in essentially the same man-
ner. However, several studies in the mammalian system
have begun to question this assumption and have sug-
gested that differences in the interaction of diverse signal
sequences with the translocon can substantially affect
protein biogenesis.

Perhaps the clearest evidence that signal sequences
interact differentially with the translocon has emerged
from crosslinking and chemical inhibitor studies. The
first systematic effort to map the signal sequence-binding
site in the Sec61p complex analyzed the interaction
between a translocation-arrested substrate (yeast a-factor)
and the yeast posttranslational translocon. By selectively
f signal sequences, TRENDS in Biochemical Sciences (2006), doi:10.1016/j.tibs.2006.08.004.
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Figure 1. Targeting pathway selection is specified by signal sequences. As a

polypeptide (black ribbon) containing a signal sequence (blue) emerges from the

ribosome, it can interact with SRP (green); chaperones (yellow), including trigger

factor in bacteria or nascent-chain-associated complex in eukaryotes; or modifying

enzymes (not shown). The choice of these factors is dictated largely by the

properties of the signal sequence. Recognition by SRP is usually the decisive

event: proteins whose signal sequences are not recognized by SRP are maintained

in a loosely folded conformation by chaperones and targeted to the ER or

cytoplasmic membrane posttranslationally or are directed to other intracellular

destinations (in cases where SRP recognition is blocked by modification of the

signal sequence). In principle, ineffective SRP binding or competition between SRP

binding and signal sequence modification can result in a polypeptide being routed

into more than one biosynthetic pathway. After proteins arrive at the ER or

cytoplasmic membrane, signal sequences can also influence their delivery to

various translocons (shown in different colors; see Box 1). This illustration

represents a composite view derived from several experimental systems; the

intention is to convey the concept of targeting pathway diversity rather than to

depict the specific pathways in any one organism.

Box 1. The diversity of translocon composition

Both eukaryotic and prokaryotic cells seem to contain multiple

translocons of differing (but often overlapping) subunit composition

that simultaneously function in parallel pathways of translocation.

In many cases, substrate specificity is dictated by the accessory

factors and maturation factors that associate with a particular

translocon.

In Saccharomyces cerevisiae, biochemical analyses have identi-

fied three distinct translocons. The first is a heptamer [68]

comprising the trimeric Sec61p complex (containing Sec61p, Sbh1p

and Sss1p) in association with a tetramer (containing Sec62p,

Sec63p, Sec71p and Sec72p). This translocon functions in post-

translational transport and is not associated with membrane-bound

ribosomes or the SRP receptor. The second translocon, which

contains only the Sec61p complex, has been implicated in

cotranslational translocation by virtue of its tight association with

the ribosome and its interaction with the SRP receptor [68]. The third

translocon, consisting of a trimeric complex of Ssh1p (a Sec61p

homolog), Sbh2p (a homolog of Sbh1p) and Sss1p, has been

implicated in the cotranslational translocation of a distinct set of

proteins [69,70]. Each of these translocons presumably associates

with signal peptidase and oligosaccharyl transferase, but the

subunit composition of oligosaccharyl transferase seem to vary

slightly depending on the translocon with which it is associated [71].

In the mammalian system, signal peptidase, two distinct oligo-

saccharyl transferase isoforms, TRAM, the TRAP complex, Sec62,

Sec63 and other proteins seem to interact with the Sec61p complex

[31,32,72–74]. It is unlikely that these components are all part of a

single enormous translocon: instead, they might represent the

building blocks of many distinct translocons that operate in parallel

with different functional roles. In Escherichia coli, the SecY complex

(containing SecY, SecE and SecG) coexists in the membrane with

another heterotrimer (containing SecD, SecF and YajC) [75].

Because the SecDFYajC complex is much less abundant than the

SecY complex, different subsets of these components might be

assembled into functionally distinct translocons. Intriguingly, a

protein called YidC, which is involved only in membrane protein

insertion, seems to function in conjunction with the SecY complex

(possibly through an association with SecDFYajC) for some

substrates, but in isolation for others [76,77]. In addition, some

Gram-positive bacteria encode two distinct SecY homologs. In

Streptococcus gordonii, one SecY homolog is used specifically to

export a large glycoprotein called GspB. Interestingly, GspB is

targeted to the accessory SecY channel by an unusually long signal

sequence of 90 amino acids [78].
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incorporating a modified lysine containing a
photoactivatable crosslinking group into the signal
sequence, the binding site was mapped to a position
surrounded by transmembrane domains 2 and 7 of Sec61p,
portions of Sec62p and Sec71p, and lipids [27]. Changing
the amino acid used in the crosslinking analysis to a
modified phenylalanine, however, noticeably changed
the position of the signal sequence in relation to Sec61p
[27]. These results imply that the signal sequence binding
site is not fixed, but instead varies in a substrate-
dependent manner. In addition, a small molecule
(‘cotransin’) has been recently demonstrated to inhibit
the interaction between mammalian Sec61p and some,
but not other, signal sequences [28,29]. This striking
observation provides further evidence that the translocon
does not have a simple binding pocket that accommodates
all substrates in a uniform manner. Indeed, the crystal
structure of an archaeal SecY complex in its inactive state
suggests that the putative site of signal sequence binding
(between transmembrane domains 2 and 7) is particularly
flexible and can accommodate substrates of differing
structure and composition [30].

Recognition of some signal sequences by the translocon
requires the contribution of accessory factors, which
also suggests that differences among signal sequences
influence their interaction with the Sec61p complex. In
Please cite this article as: Ramanujan S. Hegde, Harris D. Bernstein, The surprising complexity o
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the mammalian system, many signal sequences that pro-
mote successful targeting to the Sec61p complex cannot
initiate translocation without TRAM [31] and/or the TRAP
complex [32], two membrane protein factors that are pre-
sent at the site of translocation. Likewise, although signal
sequences can clearly interact directly with Sec61p in
yeast, peripheral components (such as Sec62p) seem to
be required for (but are not necessarily directly involved in)
the interaction between Sec61p and some signal sequences
[27,33,34]. The mechanism by which components such as
TRAM, TRAP and Sec62p influence signal sequence inter-
actions with the Sec61p channel, however, remains to be
determined.

Additional evidence that signal sequences interact dif-
ferentially with the translocon has been recently provided
by experiments designed to measure the relative efficien-
cies with which signal sequences cotranslationally ‘gate’
the translocon to initiate translocation. By using an assay
in which the topology of a membrane protein was deter-
mined by the timing of translocon gating relative to the
emergence of a transmembrane segment during transla-
tion, the ability of a signal sequence to initiate
f signal sequences, TRENDS in Biochemical Sciences (2006), doi:10.1016/j.tibs.2006.08.004.
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Figure 2. Signal sequences interact differentially with the translocon. Sequence

diversity influences the efficiency with which signal sequences engage the Sec61p-

containing translocon complex. Stable interaction of a signal sequence with the

translocon causes a preprotein to adopt a ‘looped’ orientation (left) and results in

gating of the translocon, access of the nascent chain to the noncytosolic side of the

membrane, and initiation of translocation. A weaker interaction between the signal

sequence and the translocon (right) can result in the nascent polypeptide slipping

into the cytosol, sometimes even after the signal peptide has been removed [37–

39]. As a result, a fraction of some proteins (e.g. hepatitis B virus precore and

calreticulin) is retained in the cytoplasm or is degraded instead of being

translocated into the ER. The observation that small molecules such as cotransin

(CT) inhibit the initial interaction between the signal sequence and the translocon

for some, but not other, signal sequences to block protein translocation selectively

[28,29] confirms that signal sequences bind to the translocon in a heterogeneous

manner.

4 Review TRENDS in Biochemical Sciences Vol.xxx No.x
translocation within a defined time frame was quantified
[35]. This analysis showed that signal sequences have a
surprisingly wide range of gating efficiencies that, in many
instances, are evolutionarily conserved. The results raise
the possibility that a variable fraction (5–20%) of many
proteins with signal sequences might not be translocated
across the ER membrane but instead might remain in the
cytosol (Figure 2). Although this cytosolic population is
sometimes relatively minor and often short-lived, its phy-
siological importance has been demonstrated in experi-
ments in which translocation inefficiency has been
eliminated by modifying the signal sequence.

One protein whose signal sequence has been designed to
generate translocated and nontranslocated populations,
both of which are beneficial to the cell, is the abundant
ER chaperone calreticulin. Numerous studies over the past
ten years have implicated calreticulin in various activities
in the cytosol and nucleus [36], although themechanism by
which an ER protein might access these compartments has
remained unclear. Recently, the dual localization of calre-
ticulin has been explained by the observation that its
signal sequence is slightly inefficient, resulting in a small
but detectable cytosolic population (�5%) both in vitro and
in vivo [37]. Eliminating the cytosolic population of calre-
ticulin by using a more efficient signal sequence (derived
from preprolactin) inhibits at least one of its proposed
cytosolic functions.

The precore protein of hepatitis B virus represents
another example in which signal sequence inefficiency
seems to have physiological relevance. Although the pre-
core protein clearly has a signal sequence, its translocation
is largely aborted at a step after targeting to the translocon
(and, curiously, after signal sequence cleavage) [38,39].
Remarkably, both the translocated and nontranslocated
forms of the protein might have crucial, but distinct, func-
tional roles in the viral life cycle [40]. In view of the results
obtained with calreticulin, it seems likely that the signal
sequence of the precore protein has evolved to optimize
Please cite this article as: Ramanujan S. Hegde, Harris D. Bernstein, The surprising complexity o
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viral replication by precisely controlling the levels of
translocated and nontranslocated populations.

Signal sequence inefficiency might also have pathologi-
cal consequences under some conditions. The prion protein
(PrP), which is a cell-surface glycoprotein whose altered
metabolism is implicated in causing neurodegeneration,
provides one example of this phenomenon. After PrP
is targeted to the ER, a small proportion of the protein
(�5–15%) is not translocated completely and instead is
made as either a transmembrane (CtmPrP) or a cytosolic
(cyPrP) form. When overrepresented, both cyPrP [41] and
CtmPrP [42] can be pathogenic. Biochemical studies sug-
gest that the generation of both cyPrP and CtmPrP is
caused by a slight but detectable inefficiency of the PrP
signal sequence, and that the production of these forms is
precluded by increasing the efficiency of the signal
sequence [43,44]. By replacing the native signal sequence
with a more efficient signal sequence, the survival of
cultured cells that express PrP can be enhanced under
some experimental conditions [44].

Signal sequence variation influences events that occur
after translocon gating
Two signal sequences that are equally efficient in their
ability to initiate translocation can nonetheless differ in
other, still poorly understood aspects of their interaction
with either the translocon or the signal sequence cleavage
machinery. This conclusion has emerged from various
studies in which a specific signal sequence has been shown
not to influence translocation per se, but rather to affect a
cotranslational or posttranslational maturation event.
The autotransporter EspP, a virulence factor expressed
by E. coli O157:H7, provides a particularly notable
example of a protein whose signal sequence that affects
biosynthetic events after the onset of translocation [45].

Autotransporters are large outer membrane proteins
that are translocated across the cytoplasmic membrane by
means of the SecY complex. After crossing the periplasm,
the C-terminal ‘b domain’ inserts into the outer membrane
and promotes transport of a large N-terminal ‘passenger
domain’ into the extracellular space by an unknown
mechanism. Similar to �10% of the known autotranspor-
ters, EspP contains a signal sequence with an unusually
long N domain (�35 amino acids). Surprisingly, replace-
ment of the native EspP signal sequence with a signal
sequence that lacks the long N domain does not affect
translocation of the protein across the cytoplasmic mem-
brane, but does inhibit translocation of the passenger
domain across the outer membrane [45]. This finding
was rationalized by the observation that the unusual N
domain facilitates a protracted interaction with the trans-
locon that, in turn, prevents the passenger domain from
adopting a transport-incompetent conformation in the
periplasm (Figure 3a).

The composition of a signal sequence can similarly
influence the behavior of a downstream transmembrane
domain or usage of downstream glycosylation sites [46,47].
Conversely, the presence of downstream sequence ele-
ments, such as transmembrane domains and glycosylation
sites, can influence the functionality of a signal sequence at
the N terminus [37,43,48]. The mechanistic basis of these
f signal sequences, TRENDS in Biochemical Sciences (2006), doi:10.1016/j.tibs.2006.08.004.
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Figure 3. The interaction between the signal sequence and the translocon can influence protein biosynthesis. The duration of the interaction between the signal sequence

and the translocon before the signal sequence is removed by a signal or leader peptidase can affect downstream events in protein biosynthesis such as folding,

glycosylation site usage, association with chaperones, and transmembrane domain integration [45–47,50,79]. (a) Available evidence suggests that the signal sequence of

the bacterial autotransporter EspP is cleaved slowly to prevent misfolding of the passenger domain into a transport-incompetent conformation in the periplasm [45]. (b) A

hypothetical eukaryotic protein containing a potential glycosylation site near its N terminus. The glycosylation site is inaccessible to oligosaccharyl transferase (not shown)

as long as the signal peptide remains uncleaved. If cleavage occurs rapidly (left), oligosaccharyl transferase can add a glycan to the relatively short, still unfolded, nascent

chain. If cleavage occurs after a substantial portion of the nascent chain has been translocated (right), partial folding of the polypeptide masks the glycosylation site.
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events is largely unknown, but it might be related to the
fact that space within and immediately adjacent to the
translocation channel is limited. For example, transmem-
brane domains and signal sequences are thought to inter-
act with and laterally exit the Sec61p or SecY channel at
the same site. Thus, the speed at which this site is vacated
by a signal sequence could influence the behavior of an
incoming transmembrane domain. Similarly, access to the
nascent chain in the translocon by two very large enzymes
(such as signal peptidase and oligosaccharyl transferase) is
likely to be mutually exclusive for steric reasons [46,49].
Thus, the timing of signal sequence cleavage, which seems
to vary considerably among substrates, might influence the
use of glycosylation sites near the N terminus (Figure 3b).

Signal sequences seem to regulate the timing of clea-
vage as ameans of controlling not only downstreamprotein
folding and glycosylation events, but also the exit of pro-
teins from the ER. For example, the exceptionally slow
cleavage of the native HIV gp120 signal sequence (which
requires an hour) causes prolonged retention of the protein
in the ER [50]. Replacing the signal sequence markedly
accelerates the appearance of gp120 on the cell surface.
These observations suggest that the signal sequence pre-
vents premature exposure of gp120 to adjacent cells or to
the immune system. An unusually long signal sequence (48
amino acids) associated with interleukin 15 resembles a
duplicated signal sequence and is cleaved in two steps [51].
Interestingly, the first half of the signal sequence is
removed rapidly, whereas the second half is cleaved extre-
mely slowly. It has been proposed that the slow rate of the
second cleavage reaction provides an additional level of
Please cite this article as: Ramanujan S. Hegde, Harris D. Bernstein, The surprising complexity o
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control over the secretion of a highly inflammatory
cytokine, and that the reaction might be accelerated by
an unidentified factor under some conditions. In bacteria, a
conserved motif that is associated with many signal
sequences in Staphylococcus aureus and Streptococcus
pneumoniae, YSIRK(G/S), also slows the rate of signal
sequence cleavage [52], although the physiological impor-
tance of this event is unknown. It is not clear in any of these
examples whether the slow cleavage of the signal sequence
is due to its slow release from the translocon or to its
inefficient interaction with the signal peptidase.

Conserved sequence motifs in some bacterial signal
sequences direct preproteins to alternative leader pepti-
dases. For instance, amotif that straddles the cleavage site
in most E. coli lipoprotein signal sequences, LA(G/A)jC, is
recognized by an enzyme called signal peptidase II [53].
Signal sequences associated with the major subunit of type
IV pili in pathogenic bacteria are thought to promote
protein translocation via the SecY complex, but they con-
tain a unique sequence motif, GFTLIE, near the N termi-
nus that delivers the protein to a so-called ‘prepilin
peptidase’ [54]. This enzyme cleaves the signal sequence
at a unique location between the N and H domains. Con-
siderable evidence indicates that cleavage of the signal
sequence at this site is essential to promote the polymer-
ization of individual pilin subunits into functional pili.

Postcleavage roles of signal sequences
Given the tremendous functionality of peptides in general,
it is intriguing to consider the possibility that signal pep-
tides (or fragments thereof) could have important roles in
f signal sequences, TRENDS in Biochemical Sciences (2006), doi:10.1016/j.tibs.2006.08.004.
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Figure 4. Postcleavage functions of signal peptides. (a) Fragments of some signal peptides are presented on the cell surface as antigens bound to MHC class I molecules

[57,58]. In this pathway, signal peptides that have been removed from preproteins by signal peptidase (SP) are processed further by the intramembrane protease signal

peptide peptidase (SPP) [55] and trimmed further in the cytosol. One or more signal peptide fragments are then translocated by the TAP transporter into the ER lumen,

where they interact with MHC molecules. Some cleaved signal peptides might also have other roles in cell physiology. (b,c) The cleaved signal peptides of some viral

glycoproteins mediate functions that are essential for the viral life cycle. For example, the cleaved signal peptides of foamy virus and lymphocytic choriomeningitis virus

glycoproteins are incorporated into the viral capsid and might influence capsid assembly and viral infectivity [63,64] (b). In addition, the cleaved signal peptide of the Lassa

virus glycoprotein acts as a cofactor in the proteolytic processing of the protein [65] (c).

6 Review TRENDS in Biochemical Sciences Vol.xxx No.x
the cell after they are removed from translocating
polypeptides. Although it has long been assumed that
cleaved signal peptides are degraded rapidly, the
pathways and machinery involved in postcleavage proces-
sing are only now being explored. Studies following the fate
of the cleaved preprolactin signal peptide have demon-
strated further proteolytic processing in the membrane
by a signal peptide peptidase and release of the signal
peptide fragments into the cytosol [55], where they are
degraded by unidentified proteases. Although this path-
way clearly represents one means of metabolizing signal
peptides, not all signal peptides are processed by signal
peptide peptidase and not all products cleaved by signal
peptide peptidase are necessarily degraded [56]. Thus, the
fate of signal peptides and the fragments derived from
them seems to be far more complex than was initially
presumed.
Please cite this article as: Ramanujan S. Hegde, Harris D. Bernstein, The surprising complexity o
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Perhaps the first clear evidence that signal peptides
have a postcleavage function came from the observation
that some self-antigens presented on immune cells are
derived from signal peptides (Figure 4a). In a well-studied
example, HLA-E presents a nine-residue peptide on the
cell surface that corresponds to a conserved sequence found
in the signal sequences of several major histocompatibility
complex (MHC) class I proteins [57,58]. The presence of
peptide-loaded HLA-E on the surface is an indicator of
active MHC class I expression and serves as an inhibitory
signal to natural killer cells [58,59]. Downregulation of
MHC class I expression, which commonly occurs during
viral infection, results in both a decrease in HLA-E pre-
sentation and destruction by natural killer cells. Thus,
generation of a cleaved signal peptide is used to report
the intracellular status of a cell at the plasma membrane.
Remarkably, human cytomegalovirus has managed to
f signal sequences, TRENDS in Biochemical Sciences (2006), doi:10.1016/j.tibs.2006.08.004.
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circumvent this elegant reporting mechanism by evolving
a signal sequence on its glycoprotein that contains the
same nine-residue sequence found in MHC class I signal
sequences [60,61]. Synthesis of the glycoprotein enables
the virus to downregulate MHC class I expression but
nonetheless to elude detection by natural killer cells by
presenting a virus-encoded substitute.

Beyond their role in antigen presentation, cleaved sig-
nal peptides have been recently shown or suggested to
mediate a surprising array of biological functions. One of
the two fragments of the preprolactin signal peptide has
been shown to interact with the signaling molecule calmo-
dulin, at least in a cell-free system [62]. The exceptionally
long signal peptides (>50 amino acids) of foamy virus and
lymphocytic choriomeningitis virus glycoproteins are actu-
ally incorporated into the virus particle after liberation by
signal peptidase [63,64] (Figure 4b). Although the function
of the signal peptide in the virus particle remains unclear,
current data suggest that it could be important for max-
imizing infectivity. Perhaps even more intriguingly,
the cleaved signal peptide of the Lassa virus glycoprotein
(GP-C), which is also extremely long (58 amino acids), has
been shown to act as an essential cofactor in the proteolytic
maturation of GP-C [65] (Figure 4c). Replacing the native
GP-C signal sequence with a conventional signal sequence
does not affect GP-C translocation into the ER, but it
abolishes cleavage of the glycoprotein into two fragments
by a cellular enzyme. Remarkably, this defect can be
rescued by providing the GP-C signal peptide in trans
on a second preprotein. All of these observations indicate
that signal sequences are not necessarily disposable ele-
ments with a function that ends at the time of their
removal from the mature protein. Indeed, many more
functional roles of cleaved signal peptides might remain
to be discovered.

A unifying framework for signal sequence diversity
The principal concept that has emerged here is that the
highly degenerate sequence requirements for signal
sequence recognition and processing by the core transloca-
tion machinery provides an incredibly elastic opportunity
to embed additional information. This flexibility in pri-
mary sequence is likely to have been exploited during the
course of evolution to maintain and to fine-tune any ben-
eficial substrate-specific features of signal sequences that
might have arisen by random chance [66]. In a few excep-
tional cases, unusually long N-domain extensions mark-
edly modify signal sequence function or encode completely
novel functions. But most substrate-specific functionalities
are likely to be encoded in the relatively subtle differences
between signal sequences. Based on the evidence that is
currently available, we can envisage three qualitatively
different purposes for which signal sequence degeneracy
has been used.

First, the specific properties of a signal sequence can be
precisely tailored to assure a particular biosynthetic out-
come for the substrate to which it is attached. Thus, the use
of a specific targeting pathway, the exact timing of signal
sequence cleavage, or the length of the association of a
signal sequence with the translocon might all be optimized
to enable the substrate to fold in a specific manner or to
Please cite this article as: Ramanujan S. Hegde, Harris D. Bernstein, The surprising complexity o
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acquire specificmodifications (such as glycosylation) neces-
sary for its proper biosynthesis, trafficking and function.
Second, signal sequences can be designed to generate
multiple functional products from a single mRNA. In some
cases, the products might be simply alternatively localized
forms of a given protein; in others, the cleaved signal
peptide itself might have a second function distinct from
its role in directing protein secretion. Third, signal
sequences can be engineered to control protein quantity.
Here, the properties of the signal sequence are used to
determine the amount of the final mature protein and the
timing of its production. For example, signal sequences
that are targeted, translocated or cleaved inefficiently
might effectively limit the amount of particularly potent
secretory or membrane proteins that is available. It is
intriguing to consider the possibility that this functional
inefficiency might be relieved under some intracellular
conditions; indeed, evidence already indicates that signal
peptide efficiency can vary considerably in different cell
types [67].

The challenge in the future will be not only to continue
uncovering the diversity in signal sequence functionality,
but also to determine whether and how this diversity has
been exploited to impart greater control on protein biogen-
esis to suit constantly changing cellular needs.
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