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Unity

in Function in the Absence of Consensus

in Sequence: Role of Leader Peptides in Export

L. L. RANDALL* AND S. J. S. HARDY

Passage of proteins across membranes during export from
their site of synthesis to their final destination is mediated
by leader peptides that paradoxically exhibit a unity of
function in spite of a diversity of sequence. These leader
peptides act in at least two stages of the export process: at
entry into the pathway and subsequently during translo-
cation across the membrane. How selectivity is imposed
on the system in the absence of a consensus among the
sequences of leader peptides is the main issue discussed
here.

IOLOGICAL MEMBRANES NOT ONLY DEFINE THE BOUND-

aries between cells and their environments, but also bring

about essential separation of functions within cells by estab-
lishing internal compartments. Thus, the main role of membranes,
for which the hydrophobic center of the lipid bilayer is responsi-
ble, is that of a barrier to the passage of water-soluble molecules.
However, membranes cannot be inviolate barriers, since besides
being selectively permeable to small molecules and ions, they must
also allow passage of selected proteins in order to maintain function-
al organelles and to mediate secretion.
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Common Themes in Protein Export

The transfer of polypeptides across membranes is thus fundamen-
tal to life. Studies of such transfer in a number of different systems
have revealed significant similarities, suggesting that there is a single
basic mechanism on which secondary system—specific differences are
imposed. The passage of polypeptides across the membranes of the
endoplasmic reticulum during secretion in eukaryotes and the
export of proteins from the cytoplasm to the periplasm and outer
membrane in gram-negative bacteria such as Escherichia coli are so
alike that each of the two systems appears able to recognize and
transfer the proteins handled by the other: thus, findings established
in investigations of eukaryotic secretion are usually directly applica-
ble to export from E. coli and vice versa. Here our discussion is based
predominantly on information obtained from studies of the latter.

Models for Export

As has long been known, polypeptides that are exported from
bacteria or that are secreted from eukaryotic cells transiently carry at
their amino termini stretches of amino acids (designated signal or
leader sequences) that play a critical role in these processes (1, 2). In
spite of intensive investigation over many years, we are not yet in a
position to make definitive statements concerning the function of
these sequences at the molecular level. Nevertheless, there has been
no shortage of informed speculation about their role. Two early
models that attributed radically different roles to leader sequences,
the signal hypothesis (3) and the membrane trigger hypothesis (4),
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have been particularly influential. The signal hypothesis ascribes a
single role to the sequence, that of being the recognition element for
the export or secretion apparatus, which then accomplishes the
remainder of the process. In contrast, the membrane trigger hypoth-
esis emphasizes the importance of conformation. The leader se-
quence is seen as an element that by interacting with the remainder
of the protein mediates binding to a factor that confers a conforma-
tion, competent for export, upon the precursor. For both of these
hypotheses, the lack of amino acid sequence similarity in leader
peptides raises puzzling questions. For the signal hypothesis, how
would a single export apparatus specifically and accurately recognize
and interact with the bewildering variety of sequences? For the
membrane trigger hypothesis, how could we explain that the
different leader sequences are functionally interchangeable (that is,
the leader sequence of one protein may replace that of another and
mediate its export) when it might be expected that the match of the
leader sequence and the remainder of the protein would be impor-
tant? It is this conundrum of unity in function of leaders in the
absence of identity in their sequences that we address here.

Role of the Leader

In our discussion we consider possible roles of the leader se-
quences in the export process, which we divide into three stages:
entry into the pathway, translocation across the membrane, and
release on the opposite side. The entry stage comprises all events
occurring in the cytosol up to and including the initial association of
precursors with the membrane. The translocation stage is defined so
as to include not only the actual translocation of the polypeptides
through the membranes, but also the passage of the precursor from
the site of entry on the membrane to the translocation site should
they be physically separated. The release stage encompasses removal
of the leader peptide by leader peptidases, folding of the processed
polypeptide into the mature conformation, and dissociation from
the membrane. We can easily dispense with discussion of the release
step. At that time, the leader sequence is proteolytically removed,
and clearly with its removal comes termination of its active participa-
tion. If the leader sequence is not removed, the precursor polypep-
tide remains membrane bound (5). Release from the membrane
requires, in addition to cleavage of the leader, a change in the
conformation of the mature portion of the polypeptide (6).

In contrast to our summary dismissal of the release stage, we shall
present a more substantial consideration of the earlier stages of the
export process in which the leader sequences have active roles.
Features that are common to leader sequences may provide insight
into the nature of these roles. Even though the leaders vary in length
and amino acid sequence, they all comprise three regions: a positive-
ly charged amino-terminal region, a central hydrophobic core, and a
polar carboxyl-terminal region ending with the cleavage site (7).
Leader peptides containing mutations that decrease the efficiency of
export have been characterized for numerous exported proteins(8).
Comparison of the mutationally altered sequences with those of the
corresponding wild-type leaders has established the importance of
hydrophobicity to the function of leader peptides (9). Further
indication of the importance of hydrophobicity is provided by the
correlation of the ability of chemically synthesized leader peptides of
the outer membrane protein LamB to mediate export in vivo with
their ability to interact in vitro with phospholipids (10). In addition,
a hydrophobic nature is the property common to the randomly
cloned sequences that, when placed at the amino terminus of yeast
invertase, were shown to mediate its secretion (11). Thus, at some
stage of export, hydrophobicity of the leader has a crucial role.
Investigations of the export of maltose-binding protein to the
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periplasm of E. coli (12) indicate that this requirement for a
hydrophobic core in the leader is expressed not during the entry
stage, but rather during the translocation stage. It was shown that
initial association of precursor with the membrane requires the
presence of a leader; however, two mutated leaders that have
substitutions of charged amino acids for hydrophobic residues and
that therefore do not sustain export in vivo were shown to fulfill this
function. Thus, these mutational changes do not affect entry, but
manifest defects at the translocation stage that follows membrane
association. Other investigators have earlier concluded that the
leader has at least two separable functions (11, 13), one of which is
likely to be involved in the translocation stage.

The properties that define a sequence as an active leader are
governed by the parameter that is crucial to the particular function
under consideration. With this in mind, let us now address the role
of the leader during the three stages of export. For the processing
and release stage, activity requires that the amino acyl residues at
positions —3 and —1 (the first amino acyl residue of the mature
protein is defined as position +1) are restricted to those with
relatively small side chains (14). For the translocation stage, the lack
of consensus among leader sequences would present no problem if
the only crucial parameter were that of hydrophobicity, which could
be provided by innumerable combinations of amino acids. Howev-
er, the role of the leader at the entry stage must impose specificity
upon the system. Only proteins destined for export should enter the
pathway and become membrane bound. If the same apparatus
mediates export of many proteins in any one cell type, as seems to be
the case (2), one would expect these proteins to contain a consensus
sequence that could be recognized by a common receptor. Never-
theless, within one cell, an immense diversity is allowed among the
leader sequences that mediate selective entry into the export path-
way. What might be the nature of the interactions involved? We
shall come back to this question.

Conformation of Precursors

At this point, we depart from discussion of the precise function of
the leader and briefly consider the significance of conformation of
the precursor to the export process. For all soluble exported proteins
studied, the presence of a leader does not confer upon the precursor
a stable conformation different from that of the mature species (15).
Nevertheless, during export in E. coli (16) as well as during import of
protein into mitochondria (17, 18), precursors must not be folded
into the structure characteristic of the mature species. It seems
probable that the passage of the polypeptide through the membrane
requires a loose structure. Indeed, a protein in transit to the
mitochondrial matrix was isolated as a partially translocated species
that was transmembrane and thus not fully folded (19). Stimulated
by the observation (17) that a chimeric precursor composed of a
mitochondrial presequence fused to dihydrofolate reductase was
imported by mitochondria unless its native structure was stabilized
by folate analogs, Rothman and Kornberg (20) speculated that there
exists a class of enzymes, “unfoldases,” that disrupt previously
established tertiary structure. However, it seems that in E. coli
precursors arrive at export sites before they have acquired the
conformation characteristic of the mature species. The pertinent
evidence is as follows: from the earliest time it can be detected in the
cell, newly synthesized precursor maltose-binding protein is devoid
of stable structure (16); the product of secB, a gene known to be
involved in export, slows the folding of precursor maltose-binding
protein synthesized in vitro (21); and a soluble factor, which renders
precursor OmpA (an outer membrane protein) competent for
translocation into vesicles in vitro, functions only if added to the
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denatured precursor (22). Presently it is not clear whether bacterial
export and biogenesis of mitochondria differ in detail; nevertheless,
in the absence of direct evidence for the existence of an enzyme that
unfolds proteins in E. coli, there is no need to postulate that one
exists in bacteria. Rather, we propose that not only translocation but
even entry into the pathway is possible only for polypeptides that
have not yet attained their native conformation. The imposition
upon the system of such a stricture would provide an early editing
function and thereby eliminate the binding of polypeptides that
could not be translocated because they had already acquired a
conformation incompatible with export. Once bound, the precursor
would be kept from assuming the thermodynamically favored
conformation until it could be translocated, processed, and released
from the membrane.

Nature of the Interactions

Let us now return to the question of the nature of interactions
that mediate the selective entry into the pathway. We can postulate
two extremes: that these interactions involve recognition of specific
amino-acyl side chains in the precursor, or that they involve
recognition only of secondary or tertiary structural elements. The
simple and popular idea that the leader peptide is the sole element
directly recognized during the initial phase of export implies
recognition of secondary structural features, since as we have already
emphasized, there is no consensus among leader peptides. However,
if in the initial interactions, the polypeptide chain is to be kept from
folding into a state that is not competent for translocation, compo-
nents of the apparatus must interact with at least some portion of the
polypeptide that lies outside of the leader. Support for this notion is
provided by investigations that demonstrate an involvement of
regions of the mature portion of the precursor in efficient export
(21, 23). Thus, a plausible hypothesis is that the unit initially
recognized includes elements both from the leader peptide and from
the remainder of the polypeptide. If the recognized unit is a specific
sequence, the necessary consensus might be found, for instance, in
the mature portion of the precursor among the clusters of hydrogen-
bonding side chains that are characteristic of the boundaries of
helices (24, 25) and that are thought to act as a stereochemical code
for helix formation (24). These hydrogen-bonding clusters might be
accessible in the precursor and be recognized by the export appara-
tus before the helix is formed.
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If, however, the unit recognized is a structural element, it may be
exposed only transiently. Even though the final conformations of
precursors are similar to those of the mature species (15), it has been
shown in two cases that the folding pathways are modulated by the
presence of the leader sequences (26). These kinetic effects indicate
that the leader interacts transiently with portions of the precursor
that lie within the mature region. Such interaction could either
create or expose an element of structure that would be recognized by
a component of the export apparatus, which would bind and
maintain the precursor in the competent state (Fig. 1). How might
such an element of structure be recognized in a specific way without
a contribution from specific side chains? We might consider the role
of the leader to be the transient stabilization of an unstructured
polypeptide. Might it simply be flexibility or the exposure of
hydrophobic portions of the polypeptide that is crucial? If the
interactions do involve a distinct element of structure, the leader
may be part of that structure. For example, it might associate with
another portion of the polypeptide to form a loop of B strand.
Alternatively, the leader might not be directly recognized but might
interact with the mature portion to expose an amino acid sequence
that would otherwise be inaccessible or to stabilize an intermediate
in the folding pathway that would otherwise be too short-lived to be
recognized. The covalent cross-linking of the leader of preprolactin
to a component of the mammalian export apparatus (27) does not
distinguish among these alternatives, since the leader might bind
near the recognition element in order to stabilize it. Recognition of
an intermediate in folding would necessitate the existence of the
same unit of structure along the folding pathway of the many
proteins that use the same export apparatus. Similar structural units
may be common among folding intermediates of almost all proteins.
Indeed, it has been proposed by Rose and his colleagues (28) that
there are a limited number of primitive folding units that by
hierarchic condensation associate in a stepwise fashion to generate
the final conformation of proteins. These primitive units, which are
candidates for the recognized elements, include repetitive structures
such as helices and sheets and nonrepetitive structures such as
reverse turns, omega loops, and other compact units (28). If
recognition of a structural unit is to be essentially independent of
specific side chains, helices are poor candidates, since the repeating
elements of the backbone are hydrogen bonded and masked by the
projecting side chains. Better suited are B structures that would
contain accessible amide and carbonyl groups that could be engaged
in periodic patterns of hydrogen bonding.

Fig. 1. A model for the role of leader peptides in entry into
the export pathway. We propose that there is a kinetic
partitioning between the pathway of productive export
and the folding of precursors into export-incompetent
conformations. The leader peptide interacts transicntly
with a portion of the mature region of the polypeptide to
modulate folding. This interaction creates or exposes an
clement of structure that is recognized by a component of
the export apparatus. Interaction with components of the
export apparatus (whether they are cytosolic or membrane
associated) blocks further folding and maintains the pre-
cursor in an export-competent state. Precursors that escape
this interaction, or polypeptides synthesized without a
leader rapidly fold into a stable native-like structure within
the cytoplasm and cannot be exported. The leader peptide
has an additional role, which 1s not shown here, in the
translocation of the polypeptide through the membrane.

protsins

exported
protein
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Components of the Apparatus

The components of the export apparatus that recognize structural
elements may be members of a wider family of proteins present in all
organisms examined that function in a variety of ways either to
disrupt or to prevent formation of incorrect protein structures.
These proteins, variously designated as heat-shock proteins, stress-
induced proteins, and molecular chaperones, are highly conserved,
and are present even in unstressed cells, and are known to hydrolyze
adenosine triphosphate (ATP) (29). The assignment of export
factors to this family has come with the demonstration that muta-
tions in a subset of the heat-shock proteins (hsp70 proteins) in yeast
result in accumulation in vivo of precursors of secretory proteins and
of a mitochondrial protein (30). The same hsp70 proteins were
shown to stimulate translocation of proteins into yeast microsomes
in vitro (31). It has been suggested (30) that in yeast the hsp70
proteins perform the function of the putative unfoldase and couple
the hydrolysis of ATP to the unfolding of precursors. Bacterial
export requires the hydrolysis of ATP (2); however, as we have
already discussed, the data available indicate that the export appara-
tus binds the precursors before they attain a stable tertiary structure;
thus it seems unlikely that the energy released during the hydrolysis
of ATP is used to unfold precursors in bacteria. Rather, we favor the
idea that we described in an earlier model (2) that hydrolysis of ATP
is coupled to transfer of the precursor between components of the
export apparatus. Precedents for the proposal that hydrolysis of
nucleoside triphosphates is involved in the binding and release of
interacting polypeptides are found in general biological phenomena
such as the cycling of eukaryotic G regulatory proteins and of the
prokaryotic elongation factor EF-T,. Examples of proteins that
hydrolyze ATP during the handling of nonnative protein structures,
arole closely related to that proposed here for export factors, are the
mammalian immunoglobulin-binding protein [BiP (32)], the bind-
ing protein for the large subunit of the chloroplast enzyme ribulose
bisphosphate carboxylase-oxygenase (33), and the bacterial proteins
GroEL (34) and protease La (35).

Concluding Remarks

Over the years, investigators of the export process have advanced
many models of great heuristic value. Nevertheless, the function of
leader sequences during the selective passage of proteins across
membranes has remained a molecular enigma. We do not pretend to
have resolved this issue, but have presented a speculative analysis of
the role of leader peptides based on experimental observations. We
hope that our discussion will stimulate further investigation, and we
anticipate that forthcoming results will modify our views. No
hypothesis, not even our own, should become so rigid that data are
forced into a Procrustean bed (36).
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