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m i l e  considerable progress has been made in the last 15 
years in elucidating the mechanism of protein secretion [for 
reviews, see Verner and Schatz (1988), Randall et al. (1987), 
Briggs and Gierasch (1986), Rapoport (1 986), Wickner and 
Lodish (1986), Walter and Lingappa (1986), and Walter et 
al. (1984)], the roles of the signal sequence are still poorly 
understood. Ironically, these 15-30 residue long, highly hy- 
drophobic sequences constitute the most general requirement 
for export of a protein whether from yeast, higher eukaryotes, 
or bacteria. Several lines of evidence argue that signal se- 
quences from these various organisms work in much the same 
way. Many features of the export pathway appear to be shared 
by all species, since most exported proteins can be translocated 
and processed correctly by the export machinery from several 
organisms [for an example, see Mueller et al. (1982); for an 
exception, see Bird et al. (1987)l. Recombinant proteins 
composed of a signal sequence from one organism and a 
mature secretory protein from another organism are frequently 
export competent (Yost et al., 1983; Jabbar & Nayak, 1987). 
Yet, despite this striking conservation of a critical cellular 
function, signal sequences display a remarkable lack of primary 
sequence homology, even among closely related proteins. This 
perspective first briefly reviews present understanding of signal 
sequence functions and then discusses results of several ap- 
proaches that may enhance our understanding of the way these 
intriguing sequences perform their functions. 

Interest in signal sequences is high. In addition to the 
practical motivation of finding more effective vehicles for 
production of proteins in recombinant systems, a better un- 
derstanding of how signal sequences work will shed light on 
several pressing biological, biophysical, and biochemical 
questions. Signal sequences are essential for the efficient and 
selective targeting of nascent protein chains either to the en- 
doplasmic reticulum, in eukaryotes, or to the cytoplasmic 
membrane, in prokaryotes. As such, they are representative 
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of a much broader class of targeting sequences that serve as 
organizers and zip codes for cellular traffic of macromolecules 
(Warren, 1987). Furthermore, signal sequences play a central, 
although poorly understood, role in the translocation of po- 
lypeptide chains across membranes. 

The ability of signal sequences to facilitate these complex 
processes despite their high degree of sequence variability 
(Perlman & Halvorson, 1983; Watson, 1984; von Heijne, 
1985) pointedly raises the issue of the relationship between 
amino acid sequence and the conformations and interactions 
of a polypeptide chain (the so-called second half of the genetic 
code). Furthermore, while the importance of amino acid 
sequence in determining the three-dimensional structure of a 
mature protein has been recognized and actively investigated 
for the last two decades, much less attention has been devoted 
to the process of protein folding in vivo (Tsou, 1988). The 
sequences of existing proteins have been selected through 
evolution not only to adopt a functional three-dimensional 
structure after folding but also to optimize the protein folding 
process both temporally and spatially, given the constraints 
of the cellular context. Clearly, presence of the signal sequence 
(or other transient sequences) may influence the folding of the 
nascent chain (Park et al., 1988), and many recent results 
emphasize the coupling of folding and targeting (Randall & 
Hardy, 1986; Eilers & Schatz, 1988). 

ROLES AND INTERACTIONS OF SIGNAL SEQUENCES 
In both prokaryotes and eukaryotes, considerable progress 

has been made in the last few years in the identification of 
components of the export or secretion machinery. However, 
current understanding stops abruptly at perhaps the most 
interesting stage of protein export: translocation across the 
membrane, be it cytoplasmic or ER.' The components and 

~~ 

' Abbreviations: ER, endoplasmic reticulum; SRP, signal recognition 
particle; SSR, signal sequence receptor; SDS, sodium dodecyl sulfate; 
MBP, maltose-binding protein; LPP, lipoprotein; PhoA, alkaline phos- 
phatase; PhoE, phosphate limitation protein; PTH, parathyroid hormone; 
FT-IR, Fourier transform infrared; BIP, heavy chain binding protein. 
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polypeptide chains. Signal peptidase has more recently been 
purified from hen oviduct in a solubilized form requiring only 
two polypeptide chains (Baker & Lively, 1987). The multiple 
components of the canine microsomal peptidase complex are 
potential candidates for an apparatus to translocate the po- 
lypeptide chain. 

The steps in prokaryotic protein export are less well defined 
(Randall et al., 1987), but recent findings promise clarification 
of the mechanism in the very near future. As is true presently 
for the eukaryotic systems, virtually nothing is known about 
translocation; the components identified thus far are nearly 
all involved in target or cleavage. Much of current knowledge 
came originally from genetic evidence [for reviews, see Ban- 
kaitis et al. (1985), Benson et al. (1985), and Oliver (1985)], 
which implicated the products of several genes in bacterial 
protein export: SecA,2 PrlA (also known as SecY), SecB, 
PrlD, and the two signal peptidases, leader peptidase (or signal 
peptidase I) and signal peptidase 11, which processes lipo- 
proteins. Biochemical evidence has led to the identification 
of other species, including soluble factors that are required for 
in vitro translocation (Mueller & Blobel, 1984; Weng et al., 
1988), and a protein, called trigger factor, which forms a 
complex with the precursor to OmpA and stabilizes this 
precursor in a translocation-competent form in vitro (Crooke 
& Wickner, 1987; Crooke et al., 1988a,b). 

Putting together all available data at the present time, using 
a eukaryotic paradigm, suggests the following steps: Upon 
translation of the nascent protein, part or all of the precursor 
protein binds to cytoplasmic factors that may include SecA, 
trigger factor, and/or SecB, depending on the protein to be 
exported and the kinetic relationship of translation and 
t ransl~cat ion.~ SecB (Collier et al., 1988; Kumamoto & 
Gannon, 1988) and trigger factor (Crooke & Wickner, 1987; 
Crooke et al., 1988a,b; Lill et al., 1988) may be most critical 
to export in cases where the synthesis of the precursor is 
complete or nearly complete prior to its entry into the export 
pathway. These proteins seem to be important in maintaining 
an export-competent conformation in the precursor; also, only 
a subset of proteins depends on SecB for export. The binding 
of precursors to SecB does not seem to require interaction with 
the signal sequence (Collier et al., 1988); it is not known 
whether binding to trigger factor does. 

SecA is known to be an essential player in bacterial protein 
export and likely serves a role similar to that of eukaryotic 
SRP. Defects in SecA cause pleiotropic effects on protein 
export (Oliver & Beckwith, 1981). This protein has recently 
been purified and its gene sequenced; it has 901 amino acids 
and no apparent homology with any known protein (Schmidt 
et al., 1988). A complex of nascent chain and SecA (possibly 
plus trigger factor) may, by analogy with SRP/docking pro- 
tein, bind to the cytoplasmic membrane and facilitate targeting 
of the nascent chain to export sites. Purified SecA can be 
added back to membranes depleted or defective in SecA 

mechanistic steps worked out so far are involved in targeting 
the nascent chain to the membrane and then in cleaving the 
transient signal sequence from the mature chain. Any dis- 
cussion of the intermediate stages falls necessarily in the realm 
of speculation. Despite these gaps in our understanding, there 
are several points at which the signal sequence clearly must 
play direct or indirect roles. We consider now what is known 
about prokaryotic and eukaryotic protein export in light of the 
involvement of the signal sequence. 

In higher eukaryotes, where the components of the secretory 
apparatus have been more fully characterized (Rapoport, 1986; 
Walter & Lingappa, 1986), the first interaction of the signal 
sequence appears to be with the signal recognition particle 
(SRP). This interaction is probably the first committed step 
in protein secretion; it ensures, by virtue of the subsequent 
specific binding between S R P  and its receptor in the ER 
membrane (SRP receptor or docking protein), that the nascent 
chain will be correctly targeted. Under some experimental 
conditions, SRP binding leads to an arrest or a pause in 
translation (Walter & Blobel, 1981b), which is relieved by 
release of SRP upon its binding to S R P  receptor (Meyer et 
al., 1982; Gilmore et al., 1982; Gilmore & Blobel, 1982). This 
arrest or pause may or may not be a feature of the in vivo 
process (Meyer, 1985); if so, it would couple synthesis to 
translocation by preventing translation unless delivery to the 
membrane had taken place. 

Interaction of the signal sequence with SRP has been probed 
by cross-linking experiments with a photoactivatable probe. 
These experiments indicated that the 54-kDa subunit of the 
SRP ribonucleoprotein complex was the site of signal sequence 
binding (Kurzchalia et al., 1986; Krieg et al., 1986). This 
binding step occurs after the signal sequence emerges from 
the ribosome, viz., when a chain of about 70-80 residues has 
been synthesized (Wiedmann et al., 1987a). All evidence 
points to the existence of only one S R P  in a particular or- 
ganism; hence, several different signal sequences must be 
recognized by the same SRP. The binding site for signal 
sequences may include the ribosome, since a ternary complex 
of SRP, nascent chain, and ribosome forms prior to membrane 
targeting (Walter et al., 1981). Furthermore, signal sequence 
binding may cause conformational changes within SRP, since 
the SRP/ribosome affinity increases by 4 orders of magnitude 
in the presence of nascent chain (Walter & Blobel, 1981a). 

The involvement of the signal sequence in the next steps, 
viz., association with the membrane and translocation, is un- 
clear. Cross-linking studies analogous to those used to identify 
the SRP-signal sequence interaction have revealed the presence 
of a 35-kDa species in the ER membrane that is proposed to 
serve as a “signal sequence receptor” (SSR) (Wiedmann et 
al., 1987b). Cross-linking of isolated signal peptides identified 
a 45-kDa species in the microsomal membrane (Robinson et 
al., 1987). There may in fact be multiple interactions of the 
nascent chain at  the level of the membrane, including the 
possibility of binding to phospholipids, which has often been 
suggested on the basis of the hydrophobicity of signal sequences 
(see below; von Heijne & Blomberg, 1979; Engelman & Steitz, 
1983; Briggs et al., 1986). Initial binding (either to a pro- 
teinaceous receptor or to the bilayer) may be followed by 
interaction with a protein or complex that facilitates translo- 
cation. Since nothing is known about this process, one can 
speculate freely. Signal peptidase recognition and cleavage 
constitute the final steps in eukaryotic protein secretion that 
involve the signal sequence; these processes occur on the 
lumenal side of the ER membrane. Evans et al. (1986) isolated 
signal peptidase from canine pancreas as a complex of six 

The genes associated with protein export were named for this puta- 
tive function, hence sec for secretion or prl for protein localization. Then 
different genes were named A, B, etc. The products of these various 
genes are designated SecA, PrlA, etc. 

Results of different experiments [recently reviewed by Lee and 
Beckwith (1986)l have been interpreted to indicate cotranslational 
translocation [for example, Smith et al. (1977)], posttranslational 
translocation (Koshland & Botstein, 1982), or domain-by-domain co- 
translational translocation mechanisms (Randall, 1983). It seems in- 
creasingly clear that the relative rates of translation and of export vary 
as a function of the nature of the protein (for example, its size and 
rapidity of folding) and of the cellular conditions (is.,  whether there is 
high export activity and consequent saturation of export sites). 
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product in vitro and will reconstitute protein translocation 
(Cabelli et al., 1988). 

PrlA (SecY) is a membrane protein (Akiyama & Ito, 1985); 
mutations in the prlA gene cause pleiotropic effects on protein 
export (Ito et al., 1983). PrlA has been shown to be essential 
in protein export both in vivo (It0 et al., 1984) and in vitro 
(Fend1 & Tai, 1987). PrlA may be a receptor for the signal 
sequence (analogous to SSR), may play a direct role in 
translocation (as a pore or tunnel), or may serve as a receptor 
for the SecA/export complex (like docking protein). The first 
suggestion is supported by the finding that several signal se- 
quence mutations normally associated with severe export de- 
fects are suppressed very effectively by mutations within PrlA 
(Emr et al., 1981). As pointed out by Randall et al. (1987), 
this argument is not unequivocal, since indirect effects cannot 
be ruled out. For example, the PrlA mutations may alter 
binding to another species such that its interaction with signal 
sequences becomes less restrictive. Nonetheless, inspection 
of the types of signal sequence mutations that can be tolerated 
in different PrlA backgrounds, and of the changes in the PrlA 
sequence itself, is of interest in efforts to relate the required 
sequence characteristics of signal peptides to their ability to 
function (see below). The suggestion that SecY (PrlA) is a 
receptor for a SecA/export complex is supported by the recent 
finding that purified SecA can suppress a temperature-sensitive 
SecY defect in translocation activity in membrane vesicles 
(Fandl et al., 1988). 

Possible mechanisms for the translocation steps in proka- 
ryotic protein export are, as in the eukaryotic case, speculative. 
The possibility of direct interaction between the nascent chain 
and membrane lipids has been discussed frequently (von Heijne 
& Blomberg, 1979; Engelman & Steitz, 1983; Briggs et al., 
1986) but again lacks direct evidence. The last step involving 
the signal sequence is recognition and cleavage by the leader 
or signal peptidase. The active site of the transmembrane 
leader peptidase (signal peptidase I) is situated on the peri- 
plasmic side of the membrane (Zimmermann et al., 1982), 
requiring that the signal sequence cleavage site be oriented 
appropriately. 

While the specific components of the eukaryotic and pro- 
karyotic export machinery are not the same, one conclusion 
applies to both: The signal sequence is required to perform 
several roles which probably involve interactions with a variety 
of species. From the above discussion, we can extract a list 
of possible roles and interactions of signal sequences: 

( 1 )  Binding to SRP or Prokaryotic Equivalent. In the 
eukaryotic system, identification of a nascent chain as a se- 
cretory protein is mediated by the signal sequence/SRP in- 
teraction. Delivery of the nascent chain to the ER membrane 
is catalyzed by the SRP/SRP receptor (docking protein) 
binding step. In prokaryotes, these steps may involve SecA, 
trigger factor, SecB, and/or other cytoplasmic factors. SecA 
is a good candidate for facilitating membrane targeting of the 
export complex, since evidence supports its association with 
the membrane (Oliver & Beckwith, 1982), possibly via PrlA 
(SecY) (Ryan & Bassford, 1985;4 Fandl et al., 1988). The 
identification of SecA mutations that suppress signal sequence 
defects (Ryan & Bassford, 1985;4 Fikes & Bassford, 1989) 
suggests that SecA may interact directly with the signal se- 
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quence, but alternative explanations cannot be excluded. 
Trigger factor, on the other hand, has been found to associate 
with ribosomes and to interact in a saturable way with mem- 
brane vesicles in in vitro translocation assays (Lill et al., 1988). 
It is possible that the multiple functions of SRP, which in 
eukaryotes are carried out by different polypeptide chains in 
one ribonucleoprotein complex (Siege1 & Walter, 1988a,b), 
are associated with separate species in prokaryotes. 

( 2 )  Binding to the Membrane To Be Translocated. This 
role may be mediated by a proteinaceous receptor molecule 
(SSR or PrlA) or by direct association with membrane lipids, 
or possibly both. 

(3 )  Facilitation of Translocation. The greatest mystery of 
protein secretion at present is the mechanism of translocation 
across the membrane. The signal sequence is present at the 
time of initiation of translocation but may be cleaved during 
the transfer of the mature portion of the nascent chain. Hence, 
its potential role in this process might be to facilitate initiation 
of translocation. 

( 4 )  Recognition by Signal Peptidase. One of the most 
clear-cut requirements of all cleaved signal sequences is that 
they be recognized and productively bound by the processing 
enzyme. This step may involve “traditional” enzyme/substrate 
interactions but also is likely to be influenced by the topology 
of the translocating chain in the membrane. The signal se- 
quence must be compatible with the arrangement of the 
peptidase and nascent chain that enables cleavage to take place 
(e.g., depth in the membrane, specific conformational features, 
interaction with the mature segment). 

WHAT MAKES A SEQUENCE FUNCTION AS A SIGNAL 
SEQUENCE? 

The traditional approaches to determining sequence/func- 
tion correlations are quickly stymied by signal sequences. 
Comparison of all known signal sequences reveals no regions 
of strict homology; the cleavage site shows the strongest 
conservation, as might be expected since it must be recognized 
by signal peptidase. Although other portions of signal se- 
quences lack homology, they do display common distributions 
of residue type. Von Heijne (1985) has shown by detailed 
analyses of known signal sequences that their variability is 
limited: Three recognizable regions with specific character- 
istics emerge from his comparisons. These characteristics are 
shared by signal sequences from both eukaryotes and proka- 
ryotes. Counting from the cleavage site, there are usually five 
to seven residues [including the “-1, -3 rule” residues (von 
Heijne, 1983; Perlman & Halvorson, 1983)] that comprise the 
so-called c-region. Although not generally charged, these 
residues are of higher polarity on average than those in the 
“h-region” immediately N-terminal to the c-region. The h- 
region is rich in Leu, Ala, Met, Val, Ile, Phe, and Trp but may 
contain an occasional Pro, Gly, Ser, or Thr residue. This 
hydrophobic core (h-region) is the true hallmark of signal 
sequences. Its length (10 f 3) distinguishes it from mem- 
brane-spanning sequences (24 f 2 residues long) and from 
hydrophobic segments of globular proteins (6-8 residues in 
length) (G. von Heijne, personal communication). Statistical 
results suggest that overall hydrophobicity is the major re- 
quirement in the h-region (von Heijne, 1985). The n-region 
is of highly variable length and composition, but always carries 
a net positive charge (on average +1.7). In eukaryotes, this 
charge is contributed by the N-terminus and any charged 
residues; in prokaryotes, the N-terminus retains a formyl-Met, 
and the charge comes exclusively from basic residues. 

This sort of analysis of signal sequences convinces one that 
they indeed have defining characteristics. However, relating 

In the paper by Ryan and Bassford (1985), the SecA mutation was 
referred to as PrlD2. Subsequent to sequencing, it was found to be in 
the SecA gene (Fikes & Bassford, 1989). This allele has an effect on 
export of MBP with a defective signal sequence that is synergistic with 
mutations in PrlA (SecY), arguing for an interaction between these PrlA 
and SecA. 
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these characteristics to the functional roles listed above is 
difficult. As pointed out by von Heijne (1985), the lack of 
specific patterns in signal sequences does not seem consistent 
with specific protein/protein interactions: “Both regions (n 
and h) seem well suited for binding in a rather unspecific way 
to the surface (n-region) and to the interior (h-region) of 
membranes.” 

On the other hand, there have been many reports of al- 
terations in  signal sequences, including point mutations, that 
lead to loss of function. In fact, examination of these sequences 
and the specific nature of their export defects is a promising 
route to determining sequence/function correlations. An early 
example of this strategy was the incorporation of @-hydroxy- 
leucine in the preprolactin signal sequence, which led to a 
cytoplasmic protein that escaped SRP binding (Hortin & 
Boime, 1980; Walter et al., 1981; Walter & Blobel, 1981a). 
Substitution of this polar Leu analogue in a nascent protein 
whose signal sequence has no or few Leu residues did not 
impair export. This result suggests that the hydrophobic core 
of eukaryotic signal sequences mediates their recognition by 
SRP. There is a plethora of data on mutations in bacterial 
signal sequences that impair export to varying degrees, and 
in some cases in quite distinct ways (Benson et al., 1985). 
Examples drawn from four Escherichia coli proteins are 
gathered in Table I. Two of these proteins (LamB, the X 
phage receptor, and LPP, the major lipoprotein) are in the 
outer membrane, and two (MBP, maltose-binding protein, and 
PhoA, alkaline phosphatase) are periplasmic. Most of these 
mutations lead to accumulation of precursor in the cytoplasm. 
Examples of point mutations in the n-region that lead to de- 
creased synthesis (translation) of the exported protein have 
been found in both lipoprotein (Inouye et al., 1982; Vlasuk 
et al., 1983) and LamB (Hall et al., 1983). In the case of the 
LamB Arg6 - Ser mutation, evidence has been presented that 
the synthesis-down phenotype was not a consequence of 
mRNA structure or stability (Benson et al., 1987) and 
therefore argues for a coupling of export and synthesis, as has 
been shown in eukaryotes under certain conditions. Sup- 
pressors of the translation-down phenotype were found and 
arose from incorporation of a hydrophilic residue in the h- 
region or deletion of a large segment of the signal sequence. 
One interpretation of this result is that the first mutation 
prevents release of an SRP-like block of translation and the 
second mutation bypasses this block altogether by disrupting 
the binding site for the SRP-like species. 

The bulk of the export-defective mutants have suffered 
alterations in the hydrophobic core, usually introduction of 
a charged amino acid or sometimes a deletion. Also shown 
in this table are some pseudorevertants which indicate the 
nature of compensating changes that can again yield a func- 
tional signal sequence. In most cases, the changes leading to 
a reversion phenotype restore the hydrophobic core. Generally, 
the introduction of a charge in the h-region has a major effect 
regardless of the specific position; an exception was found in 
LamB where a charge at position 17 is only modestly delet- 
erious, but a charge at position 19 nearly abolishes export. 

On the one hand, all of these mutations demonstrate the 
sensitivity of signal sequences to quite modest changes. On 
the other hand, it seems as though debilitating mutations are 
very rare: Even fairly substantial alterations in the signal 
sequence usually show somewhat “leaky” phenotypes (Ferenci 
& Silhavy, 1987). It may be that the numerous cytoplasmic 
factors (SecB, trigger, SecA, etc.) can rescue the cell from 
accumulation of precursors in the case of weak signal se- 
quences. Furthermore, a point mutation in PrlA (the PrlA4 
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Table I: Examples of Signal Sequence Mutations Causing Export 
Defects in E .  coli’ 

~~~~ 

Relative 
Protein Signal Sequence Functionb 
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‘Sequences shown were compiled by Benson et al. (1985); original 
references can be found there except as noted. Hatched boxes repre- 
sent deletions; vertical arrows indicate point mutations. Mutant se- 
quences are otherwise unchanged from wild type. Wild-type levels of 
export are designated and those severely defective by 0. Intermediate 
levels of export are then qualitatively indicated by +++, ++, or +. 
Reduced levels of synthesis are noted (Synth 1). np indicates not pro- 
cessed. CEmr and Silhavy (1983). dThis mutant shows slow process- 
ing to mature form. (Bankaitis et al. (1985). 

allele) suppresses several severe mutations of signal sequences 
(Stader et al., 1986). While the mechanism of this suppression 
is a puzzle,s it is tempting to speculate that PrlA forms a pore 
or channel that becomes more permissive in the PrlA4 strains. 

In light of the variability of wild-type signal sequences and 
the apparent tolerance to many mutational variations, one 
might well ask the question ”Are there sequences that will no2 
work as signal sequences?” This question was addressed by 
Kaiser et al. (1987), who substituted random sequences for 
the signal sequence of yeast invertase and asked for secretion. 
Their assay for function was relative growth on sucrose, and 

The PrlA4 allele arises from a Leu - Asn substitution (Stader et 
al., 1986) in the last predicted transmembrane-spanning helix of the 
protein (Akiyama & Ito, 1987). The predicted structure has 10 mem- 
brane-spanning segments, which are consistent with alkaline phosphatase 
topology mapping (Akiyama & Ito, 1987). 
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Table 11: Signal Sequences Studied as Isolated Peptides 

peptide sequence 
conformation’ 

aqueous nonpolarb reference 
pre-pro-PTHC SAKDMVKVMIVMLAICFLARSDGKSVKKR(Y) a Rosenblatt et al. (1980) 
M13 coat protein MKKSLVLKASVAVATLVPMLSFA-NH2 rc a Shinnar and Kaiser (1984) 
modified pretrypsinogen Ac-NPKKAKLFLFLALLLAY VA rc a Austen and Ridd (1982) 
PhoE MKKSTLALVVMGIVASASVQA P a Batenburg et al. (1988a,b) 
LamB (and several mutants) MMITLRKLPLAVAVAAGVMSAQAMA rc a Briggs (1986) 
OmpA MKKTAIAIAVALAGFATVAQAI APKD rCIPd a D. W. Hoyt, unpublished results 

Predominant conformation from CD analysis; rc designates random or unordered structure. bNonpolar environments include trifluoroethanol, 
SDS micelles, or hexafluoroisopropyl alcohol. cThe underlined residues are from the pro region of the hormone; the C-terminal Tyr residue was D. 
dAs noted in the text, this peptide undergoes a time-dependent conformational change from a random ensemble of states to @structure. 

they found remarkably that 20% of random sequences from 
a human DNA library would work. Not surprisingly, it is 
difficult to score functional versus nonfunctional in a clear-cut 
way. The measure used by these authors did not always 
correlate with near wild-type levels of secreted invertase. 
Nonetheless, those sequences that facilitated invertase export 
at reasonable levels had the characteristics of signal sequences 
as described above. Hence, a result that initially seemed to 
point a pronounced lack of constraints on signal sequences 
actually reconfirms that we have an idea of what defines a 
signal sequence. Furthermore, as pointed out by Ferenci and 
Silhavy (1987), known signal sequences have been optimized 
for the particular passenger protein and the needs of the cell. 
Their ability to function in vivo in most cases will go well 
beyond meeting some minimal level of export. The multiple 
roles played by signal sequences and the likelihood of additional 
mechanisms for facilitating or “rescuing” export (see above) 
also confound the interpretation of the invertase/random se- 
quence results. 

Another approach to determining the limits on signal se- 
quences is to idealize them and ask whether the assumptions 
used in the idealization were justified. Kendall et al. (1986) 
applied this approach to the alkaline phosphatase signal se- 
quence and have been able to replace the entire hydrophobic 
core by Leu, or more recently by Ile (Kendall & Kaiser, 1988), 
while retaining function. In a similar study, the h-region of 
the hen lysozyme signal sequence was replaced by (Leu),,, and 
the amount of mature lysozyme secreted to the medium by 
Saccharomyces cerevisiae was determined. Best export oc- 
curred with a core length of 8-10 residues (Yamamoto et al., 
1987). 

Emerging from all of these approaches is the generalization 
that primary structure is not critical to signal sequence 
functions. Clearly, disruption of the hydrophobic core leads 
to a less effective signal sequence. In all cases, it is difficult 
to deduce the point in the export pathway where a defect is 
manifesting itself. In vitro translocation assays may help to 
sort out the steps, as may genetic tests for suppression. 

THE STUDY OF ISOLATED SIGNAL PEPTIDES 

We and others have sought a better understanding of how 
signal sequences work by studying them as isolated peptides. 
We can then analyze their conformations, their interactions, 
and their responses to changes in environment. This dissection 
strategy can be risky, but the characteristics of signal sequences 
reviewed in the previous section seem to invite such an ap- 
proach. The fact that they can in many instances be trans- 
ferred from one protein to another and still function implies 
that they act quite independently of their context (the se- 
quences adjacent). Signal sequences perform their multiple 
roles while they are attached as N-terminal extensions on their 
cognate mature proteins; yet they are probably relatively free 
of interactions with the rest of the nascent chains6 Signal 

sequences seem likely to interact with many cellular compo- 
nents, some of which have been characterized (signal recog- 
nition particle, signal peptidase) and others postulated 
[“translocon” (Walter & Lingappa, 1986), membrane lipids, 
signal sequence receptor], but they apparently do so by virtue 
of their overall properties (residue type and patterns of resi- 
dues) as opposed to specific sequence. Characterization of 
isolated signal sequences has the potential to reveal what the 
critical properties are, particularly if functional signal se- 
quences are compared to variants that are nonfunctional. 
Results to date using this strategy have been enlightening. 

A potential limitation in the study of isolated signal se- 
quences is that they are not likely to have strongly preferred 
conformations. Linear peptides of fewer than 30 residues 
generally sample several conformations in aqueous solution 
(Wright et al., 1988). Even in structure-promoting environ- 
ments, most short polypeptides are likely to be interconverting 
among different structures, with at best a bias toward one. 
Characterization of such a dynamic state is extremely difficult. 
On the other hand, the biological roles of signal sequences may 
require them to be conformationally dynamic and to respond 
to different environments by conformational changes. Studies 
of isolated signal peptides suggest this to be the case. 

Signal sequences as isolated peptides have generally dem- 
onstrated similar conformational preferences (Table 11), which 
had been predicted from secondary structure analysis (Austen, 
1979; Rosenblatt et al., 1980; Emr & Silhavy, 1983).’ For 
the most part they are unordered in aqueous solution, and 
interactions with nonpolar solvents or with micellar solutions 
induce adoption of a-helix. Preproparathyroid hormone (signal 
sequence plus six residues of the pro region plus one residue 
of the mature hormone) was found to exist predominantly in 
@-structure in aqueous solution (Rosenblatt et al., 1980), and 
other examples have been reported of a conformational 
equilibrium that includes @ forms (Batenburg et al., 1988). 
It is clear that conformational interconvertibility is a feature 
of signal sequences, and it has been suggested to be of func- 
tional importance (Austen & Ridd, 1981; Bedouelle & Hof- 
nung, 1981; Rosenblatt et al., 1980; Batenburg et al., 1988a). 
As a complicating factor, isolated signal peptides are sparingly 
soluble, and one must interpret with caution the presence of 
@-structure. We have followed the circular dichroism spectra 

Evidence in favor of this idea includes the observation that signal 
sequences are accessible to antibodies (Baty & Lazdunski, 1979) and that 
they can be proteolytically clipped from the precursor species and will 
bind nonionic detergents while they are still linked to the precursor 
(Dierstein & Wickner, 1985). Evidence against this image includes the 
recent report that the presence of the signal sequence on maltose-binding 
protein modulates its rate of folding in vitro (Park et al., 1988), which 
suggests direct interaction between the signal sequence and the mature 
region of the protein. ’ It is quite surprising that these predictions would apply to signal 
sequences, since they have been derived from the behavior of sequences 
within globular proteins. 
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of aqueous solutions of the OmpA signal sequence from E .  
coli as a function of time; this peptide begins in an unordered 
conformational ensemble and gradually changes to nearly 
100% 0 (David W.  Hoyt, unpublished results). The rate of 
this conformational transition is increased by higher concen- 
tration and is decreased at low pH. Intermolecular association 
is the apparent driving force for the conformational change. 
Nonetheless, the fact that these sequences visit both a-helical 
and @-structures argues that these states are of very similar 
energy. 

Assessing the importance of these preferred conformations 
of isolated signal peptides in terms of their function in vivo 
is not straightforward. It is difficult to mimic the microen- 
vironments likely to be encountered in the export process, and 
it is not clear whether a particular conformational propensity 
is required for function. To address these problems, we have 
made use of the families of export-impaired mutant signal 
sequences from E .  coli to draw correlations between physical 
properties and ability to facilitate export in vivo. The LamB 
system was chosen and offers several particularly interesting 
comparisons: For example, as shown in Table I, a deletion 
of four residues in the h-region of the LamB sequence causes 
a severe export defect. This is not surprising given the gen- 
erality of the requirement for a 10-12 residue hydrophobic 
core. What is surprising is that two pseudorevertant strains 
with restored ability to facilitate export were isolated from the 
deletion mutant strain; the pseudorevertants had secondary 
point mutations that apparently compensate for the loss of four 
residues (Emr & Silhavy, 1983). When Emr and Silhavy 
found these strains, they argued that a-helicity is required for 
signal sequence function, since the deletion mutant would be 
predicted (Chou & Fasman, 1974a,b) to have a much reduced 
tendency to adopt helix (relative to wild type) because of the 
proximity of a Pro and a Gly in its sequence. The two pseu- 
dorevertants replace either the Pro or the Gly with a helix- 
favoring residue and hence restore predicted helix formation. 
Conformational analysis of these sequences as isolated peptides 
confirms this interpretation (Briggs & Gierasch, 1984; Briggs, 
1986). We find that the wild-type LamB signal sequence 
adopts a largely a-helical conformation in SDS micellar en- 
vironments, in lipid vesicles, or in water/trifluoroethanol 
mixtures. The deletion mutant has much less helix under the 
same conditions, and the pseudorevertants show increased 
helicity. 

The ability to take up an cy-helix in nonpolar or interfacial 
environments thus seems to be a property of functional signal 
sequences, but it is clearly not sufficient for a given sequence 
to function as a signal sequence. For example, we have also 
examined the two LamB signal sequence mutants that harbor 
a charge (A13D and G17R,' Table I) as isolated peptides (C. 
J. McKnight, M. S .  Briggs, and L. M.  Gierasch, unpublished 
results). Although the extent to which they cause an ex- 
port-defective phenotype in vivo is quite different, their 
tendency to adopt a-helix is not; both behave similarly to wild 
tY Pe. 

As noted above, the possibility that signal sequences interact 
with the membrane has been suggested on many occasions. 
Isolated signal peptides provide a means of exploring the 
likelihood and mechanism of such an interaction. Further- 
more, comparison of the various mutant signal sequences 
confirms that a high affinity for a phospholipid membrane is 
also characteristic of functional signal sequences. We have 
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compared the abilities of the various LamB mutant signal 
sequences to insert either into a lipid monolayer or into a lipid 
bilayer in a vesicle (Briggs et al., 1985; C. J. McKnight, M. 
S .  Briggs, and L. M. Gierasch, unpublished results). We found 
the wild type, the G17R, and the Pro - Leu pseudorevertant 
to have the highest affinities. The A13D mutant, which is 
severely export defective in vivo yet folds into helix equally 
as well as the G17R, has a reduced affinity for a membrane. 
Others have reported high-affinity lipid interactions for signal 
sequences from M13 (Shinnar & Kaiser, 1984), from PhoE 
(Batenburg et al., 1988b), and from ovalbumin (Fidelio et al., 
1987). 

In order to describe more fully the conformational states 
of the LamB wild-type signal sequence upon its interaction 
with a membrane, we have carried out spectroscopy on pep- 
tide/lipid monolayers transferred onto solid supports [either 
quartz plates for C D  or germanium crystals for Fourier 
transform infrared (FT-IR) spectroscopy] (Briggs et al., 1986). 
The transfer was done under two conditions: either at a high 
packing density (surface pressure) of the lipid, such that the 
signal peptide did not insert but instead associated with the 
surface, or a t  a lower lipid packing density (surface pressure 
resembling that of a biological membrane), such that the signal 
peptide inserted into the lipid acyl chain region. We found 
that the peptide adopted a &structure when associated with 
the surface but was predominantly a-helical when inserted. 
From differential scanning calorimetry (M. Kodama, M.  S .  
Briggs, C. J. McKnight, L. M. Gierasch, and E. Freire, un- 
published results), fluorescence studies of Trpcontaining signal 
peptides (C. J. McKnight and M. Rafalski, unpublished re- 
sults), and polarized FT-IR (D. G. Cornell, R. A. Dluhy, C. 
J. McKnight, and L. M.  Gierasch, unpublished results), we 
have concluded that a-helical, inserted form of the LamB 
wild-type signal peptide is oriented parallel to the acyl chains. 
Assuming that the N-terminus does not traverse the mem- 
brane, this mode of interaction suggests that an isolated signal 
peptide can facilitate the insertion and translocation of its 
C-terminus to the opposite side of the membrane. We have 
incorporated this idea and the associated conformational in- 
terconversions into a model for the initial interactions of the 
signal sequence with a membrane in protein export (Briggs 
et al., 1986). We have now synthesized the LamB wild-type 
signal sequence plus a segment of the mature protein in order 
to ask whether the signal sequence can cause the C-terminal 
segment to be translocated in the absence of any other com- 
ponents of the export apparatus. 

These observations on isolated signal sequences serve to point 
out just what a functional signal sequence will do, by virtue 
of its inherent properties that arise from its amino acid se- 
quence. Yet, there is no question that protein export in vivo 
involves additional components and that the signal sequence 
interacts with proteins that target and possibly translocate the 
bulk of the nascent chain. In fact, isolated signal peptides can 
be used as probes of the export machinery. As noted above, 
Robinson et al. (1987) used this approach with a photolabile 
cross-linker on the signal peptide to find a possible component 
of the ER translocation apparatus. Addition of synthetic signal 
peptides at approximately micromolar concentration to in vitro 
translocation systems causes inhibition of translocation both 
in prokaryotes (Chen et al., 1987) and in eukaryotes (Majzoub 
et al., 1980; Austen & Ridd, 1983; Austen et al., 1984). The 
LamB mutant signal sequences inhibited the translocation of 
pre-alkaline phosphatase and pre-OmpA to an extent that 
paralleled their in vivo function (Chen et al., 1987). This result 
supports the interpretation that the inhibition arises from an 

* Substitution mutations are designated by the single-letter code for 
the original residue, the position (numbered from the N-terminus), and 
then the single-letter code for the substituted residue: hence, A I  3D, etc. 
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intervention of the added signal peptide at  a normal step in 
export, despite the relatively high concentrations required. 
However, we could not distinguish a mode of inhibition based 
on competition between the signal peptide and the precursor 
for a proteinaceous receptor (cytoplasmic or membrane as- 
sociated) from one based on membrane insertion and an in- 
direct effect on translocation. Recently, we found that an all-D 
LamB wild-type signal peptide inhibits translocation of the 
pre-OmpA less than does the all-L peptide, arguing that there 
is a recognition by protein, which would distinguish the op- 
posite handedness of the all-D peptide (A. R. Sgrignoli, L. L. 
Chen, P. C. Tai, and L. M. Gierasch, unpublished results). 
CONCLUSIONS: IMPLICATIONS FOR SIGNAL SEQUENCE 
FUNCTION 

Signal sequences mediate a critical cellular function: correct 
and efficient localization of nascent secretory proteins. Yet, 
paradoxically their amino acid sequences are not highly con- 
strained. As discussed in this perspective, they must interact 
with several components of the export pathway, whether in 
prokaryotes or in eukaryotes. These interactions are intriguing 
in their lack of a requirement for specific sequences. Similar 
binding mechanisms may be operative in other systems: for 
example, in presentation of antigens by the major histocom- 
patibility complexes (Bjorkman et al., 1987), in binding to BIP 
in the ER lumen (Gething et al., 1986), and in degradative 
proteolysis as mediated by protease La in E .  coli (Waxman 
& Goldberg, 1986). In all of these examples, as in the case 
of signal sequences, the overall properties of sequences are the 
key recognition features. In addition, the way signal sequences 
are presented probably contributes to their ability to facilitate 
the correct targeting of a nascent chain despite their lack of 
sequence specificity. Since they are on or near the N-terminus 
and accessible (not sequestered by folding), it is likely that 
SRP or its prokaryotic equivalent binds to the growing poly- 
peptide chain and specifies targeting to the ER or cytoplasmic 
membrane whenever a signal-sequence-like pattern of residues 
emerges early in translation in a largely unfolded form. As 
demonstrated by Kaiser et al. (1987), many sequences within 
a mature polypeptide could function as signal sequences; that 
they do not is probably a consequence of their mode of 
presentation and their relationship to the three-dimensional 
structure of the protein. It could be said that cytoplasmic 
proteins have to be selected not to reveal any targeting se- 
quences so as not to be incorrectly localized. Perhaps more 
rapid folding is required of nascent chains destined to remain 
in the cytoplasm. 

Because of these characteristics of signal sequences-that 
they function by virtue of their overall properties and quite 
independently of their context, work on isolated signal peptides 
has been particularly fruitful. Signal sequences are clearly 
conformationally flexible, responding to their environment by 
pronounced conformational changes. They also have a strong 
tendency to insert into phospholipid membranes. This bio- 
physical attribute may have a direct functional significance, 
implying interactions with lipids in vivo. Alternatively, the 
binding sites for signal sequences on the various proteinaceous 
components of the export pathway may require the same linear 
amphiphilicity that favors lipid interactions, perhaps because 
at  any earlier stage in evolution there were direct lipid in- 
teractions. Further understanding of these questions awaits 
dissection of the components required for export and analysis 
of their interactions with signal sequences. 
ACKNOWLEDGMENTS 

The work from my laboratory has been carried out through 
the efforts of a number of people: Marty Briggs, Jamie 

Biochemistry, Vol. 28, No. 3, 1989 929 

McKnight, Dave Hoyt, Maria Rafalski, Anita Sgrignoli, Robin 
Huff, and Jennifer Johnston. Fruitful collaborations with Don 
Cornell, Rich Dluhy, Tom Silhavy, P. C. Tai, Masayori In- 
ouye, and Ernest0 Freire have also made possible several as- 
pects of the work. I thank the several colleagues who provided 
results prior to publication. 

REFERENCES 
Akiyama, Y., & Ito, K. (1985) EMBO J .  4 ,  3351-3356. 
Akiyama, Y., & Ito, K. (1987) EMBO J .  6 ,  3465-3470. 
Austen, B. A. (1979) FEBS Lett. 103, 308-313. 
Austen, B. A., & Ridd, D. H. (1981) Biochem. SOC. Symp. 

Austen, B. M., & Ridd, D. H. (1983) Biochem. SOC. Trans. 

Austen, B. M., Hermon-Taylor, J., Kaderbhai, M. A., & Ridd, 

Baker, R. K., & Lively, M. 0. (1987) Biochemistry 26, 

Bankaitis, V. A., Ryan, J. P., Rasmussen, B. A., & Bassford, 
P. J., Jr. (1985) Curr. Top. Membr. Transp. 54, 105-150. 

Batenburg, A. M., Brasseur, R., Ruysschaer, J.-M., van 
Scharrenburg, G. J. M., Slotboom, A. J., Demel, R. A., & 
de Kruijff, B. (1988a) J .  Biol. Chem. 263, 4202-4207. 

Batenburg, A. M., Demel, R. A., Verkleij, A. J., & de Kruijff, 
B. (1988b) Biochemistry 27, 5678-5685. 

Baty, D., & Lazdunski, C. (1979) Eur. J .  Biochem. 102, 

Bedouelle, H., & Hofnung, M. (1981) in Membrane Transport 
and Neuroreceptors, pp 399-403, Alan R. Liss, New York. 

Benson, S .  A., Hall, M. N., & Silhavy, T. J .  (1985) Annu. 
Rev. Biochem. 54,  101-134. 

Benson, S .  A., Hall, M. N., & Rasmussen, B. A. (1987) J .  
Bacteriol. 169, 4686-4691. 

Bird, P., Gething, M.-J., & Sambrook, J. (1987) J .  Cell Biol. 

Bjorkman, P., Saper, M. A., Samroui, B., Bennett, W. S . ,  
Strominger, J .  L., & Wiley, D. C. (1987) Nature 329, 

Briggs, M. S .  (1986) Ph.D. Dissertation, Yale University. 
Briggs, M. S . ,  & Gierasch, L. M. (1984) Biochemistry 23, 

Briggs, M. S . ,  & Gierasch, L. M. (1986) Adv. Protein Chem. 

Briggs, M. S . ,  Gierasch, L. M., Zlotnick, A., Lear, J .  D., & 
DeGrado, W. F. (1985) Science 228, 1096-1099. 

Briggs, M. S . ,  Cornell, D. G., Dluhy, R. A., & Gierasch, L. 
M. (1986) Science 233, 206-208. 

Cabelli, R. J., Chen, L., Tai, P. C., & Oliver, D. B. (1988) 
Cell 55, 683-692. 

Cerretti, D. P., Dean, D., Davis, G. R., Bedwell, D. M., & 
Nomura, M. (1983) Nucleic Acids Res. 11, 2599-2616. 

Chen, L., Tai, P. C., Briggs, M. S., & Gierasch, L. M. (1987) 
J .  Biol. Chem. 262, 1427-1429. 

Chou, P. Y., & Fasman, G. D. (1974a) Biochemistry 13, 
21 1-222. 

Chou, P. Y., & Fasman, G. D. (1974b) Biochemistry 13, 
222-245. 

Collier, D. N., Bankaitis, V. A., Weiss, J. B., & Bassford, P. 

Crooke, E., & Wickner, W. (1987) Proc. Natl. Acad. Sci. 

Crooke, E., Brundage, L., Rice, M., & Wickner, W. (1988a) 

Crooke, E., Guthrie, B., Lecker, S . ,  Lill, R., & Wickner, W. 

46, 235-258. 

11, 160-161. 

D. H. (1984) Biochem. J .  224, 317-325. 

8561-8567. 

503-507. 

105, 2905-2914. 

5 12-5 17. 

31 11-31 14. 

38, 109-180. 

J., Jr. (1988) Cell 53, 273-283. 

U.S.A. 84, 5216-5220. 

EMBO J .  7 ,  1831-1835. 

(1988b) Cell 54, 1003-1011. 



930 Biochemistry, Vol. 28, No. 3, 1989 

Dierstein, R., & Wickner, W. (1985) J .  Biol. Chem. 260, 

Eilers, M., & Schatz, G. (1988) Cell 52, 481-483. 
Emr, S. D., & Silhavy, T. J.  (1983) Proc. Natl. Acad. Sci. 

Emr, S. D., Hanley, S., & Silhavy, T. J. (1981) Cell 23,79-88. 
Engelman, D. M., & Steitz, T. A. (1981) Cell 23, 41 1-422. 
Evans, E. A., Gilmore, R., & Blobel, G. (1986) Proc. Natl. 

Fandl, J. P., & Tai, P. C. (1987) Proc. Natl. Acad. Sci. U.S.A. 

Fandl, J. P., Cabelli, R., Oliver, D., & Tai, P. C. (1988) Proc. 

Ferenci, T., & Silhavy, T. J .  (1987) J .  Bacteriol. 169, 

Fidelio, G. D., Austen, B. M., Chapman, D., & Lucy, J. A. 

Fikes, J .  D., & Bassford, P. J., Jr. (1989) J .  Bacteriol. (in 

Gething, M.-J., McCammon, K., & Sambrook, J. (1986) Cell 

Gilmore, R., & Blobel, G. (1983) Cell 35, 677-685. 
Gilmore, R., Walter, P., & Blobel, G. (1982) J .  Cell Biol. 95, 

Hall, M. N., Gabay, J., & Schwartz, M. (1983) EMBO J .  2, 

Hortin, G., & Boime, I. (1980) Proc. Natl. Acad. Sci. U.S.A. 

Inouye, S., Soberon, X., Franceschini, T., Nakamura, K., 
Itakura, K., & Inouye, M. (1982) Proc. Natl. Acad. Sci. 

Ito, K., Wittekind, M., Nomura, M., Shiba, K., Yura, T., 
Miura, A,, & Nashimoto, H. (1983) Cell 32, 789-797. 

Ito, K., Yura, T., & Cerretti, D. (1984) EMBO J .  3, 631-635. 
Jabbar, M. A., & Nayak, D. P. (1987) Mol. Cell. Biol. 7 ,  

Kaiser, C. A., Preuss, D., Grisafi, P., & Botstein, D. (1987) 

Kendall, D. A., & Kaiser, E. T. (1988), J .  Biol. Chem. 263, 

Kendall, D. A., Bock, S. C., & Kaiser, E. T. (1986) Nature 

Koshland, D., & Botstein, D. (1982) Cell 30, 893-902. 
Kumamoto, C. A., & Gannon, P. M. (1988) J .  Biol. Chem. 

Lee, C., & Beckwith, J .  (1986) Annu. Rev. Cell Biol. 2, 

Lill, R., Crooke, E., Guthrie, B., & Wickner, W. (1988) Cell 

Majzoub, J. A., Rosenblatt, M., Fennick, B., Maunus, R., 
Kronenberg, H. M., Potts, J. T., Jr., & Habener, J. F. 
(1980) J .  Biol. Chem. 255, 11478-11483. 

Meyer, D. I. (1985) EMBO J .  4, 2031-2033. 
Meyer, D. I., Krause, E., & Dobberstein, B. (1982) Nature 

Mueller, M., & Blobel, G. (1984) Proc. Natl. Acad. Sci. 

Mueller, M., Ibrahimi, I., Chang, C. N., Walter, P., & Blobel, 

Oliver, D. B., & Beckwith, J. (1981) Cell 25, 765-772. 

15919-15924. 

U.S.A. 80, 4599-4603. 

Acad. Sci. U.S.A. 83, 581-585. 

84, 7048-7052. 

Natl. Acad. Sci. U.S.A. 85, 8953-8957. 

5 339-5340. 

(1987) Biochem. J .  244, 295-301. 

press). 

46, 939-950. 

453-469. 

15-19. 

77, 1356-1360. 

U.S.A. 79, 3438-3441. 

1476-1 485. 

Science 235, 3 1 2-3 17. 

726 1-7265. 

321, 706-708. 

(in press). 

3 15-336. 

54, 1013-1018. 

297, 503-508. 

U.S.A. 81, 7737-7741. 

G. (1982) J .  Biol. Chem. 257, 11860-11863. 

Perspectives in Biochemistry 

Oliver, D. B., & Beckwith, J. (1982) Cell 30, 311-319. 
Park, S., Liu, G., Topping, T. B., Cover, W. H., & Randall, 

Perlman, D., & Halvorson, H. 0. (1983) J .  Mol. Biol. 167, 

Randall, L. L. (1983) Cell 33, 231-240. 
Randall, L. L., & Hardy, S. J .  S. (1986) Cell 46, 921-928. 
Randall, L. L., Hardy, S. J. S., & Thom, J. R. (1987) Annu. 

Rapoport, T. A. (1986) CRC Crit. Rev. Biochem. 20, 73-137. 
Robinson, A., Kaderbhai, M. A., & Austen, B. M. (1987) 

Rosenblatt, M., Beaudette, N.  V., & Fasman, G. D. (1980) 

Ryan, J .  P., & Bassford, P. J., Jr. (1985) J .  Biol. Chem. 260, 

Schmidt, M. G., Rollo, E. E., Grodberg, J., & Oliver, D. B. 

Shinnar, A. E., & Kaiser, E. T. (1984) J .  Am.  Chem. SOC. 

Siegel, V., & Walter, P. (1988a) Trends Biochem. Sci. 13, 

Siegel, V. ,  & Walter, P. (1988b) Cell 52, 39-49. 
Smith, W. P., Tai, P. C., Thompson, R. C., & Davis, B. D. 

(1977) Proc. Natl. Acad. Sci. U.S.A. 74, 2830-2834. 
Stader, J., Benson, S. A,, & Silhavy, T. J.  (1986) J .  Biol. 

Chem. 261, 15075-15080. 
Tsou, C. L. (1988) Biochemistry 27, 1809-1812. 
Verner, K., & Schatz, G. (1988) Science 241, 1307-1313. 
Vlasuk, G., Inouye, S., Ito, H., Itakura, K., & Inouye, M. 

von Heijne, G. (1983) Eur. J .  Biochem. 133, 17-21. 
von Heijne, G. (1985) J .  Mol. Biol. 184, 99-105. 
von Heijne, G. (1986) J .  Mol. Biol. 192, 287-290. 
von Heijne, G., & Blomberg, C. (1979) Eur. J .  Biochem. 97, 

Walter, P., & Blobel, G. (1981a) J .  Cell Biol. 91, 551-557. 
Walter, P., & Blobel, G. (1981b) J .  Cell Biol. 91, 557-561. 
Walter, P., & Lingappa, V. (1986) Annu. Rev. Cell Biol. 2, 

Walter, P., Gilmore, R., & Blobel, G. (1984) Cell 38, 5-8. 
Warren, G. (1987) Nature 327, 17-18. 
Watson, M. E. E. (1984) Nucleic Acids Res. 12, 5145-5164. 
Waxman, L., & Goldberg, A. L. (1986) Science 232, 500-503. 
Weng, Q. P., Chen, L. L., & Tai, P. C. (1988) J .  Bacteriol. 

Wickner, W., & Lodish, H. (1985) Science 230, 400-407. 
Wiedmann, M., Kurzchalia, T. V. Bielka, H., & Rapoport, 

T. A. (1987a) J .  Cell Biol. 104, 201-209. 
Wiedmann, M., Kurzchalia, T. V., Hartmann, E., & Rapo- 

port, T. A. (1987b) Nature 328, 830-833. 
Wright, P. E., Dyson, H. J.,  & Lerner, R. A. (1988) Bio- 

chemistry 27, 7167-7175. 
Yamamoto, Y., Taniyama, Y., Kikuchi, M., & Ikehara, M. 

(1987) Biochem. Biophys. Res. Commun. 149, 431-436. 
Yost, C. S., Hedgepeth, J., & Lingappa, V. R. (1983) Cell 

34, 759. 
Zimmermann, R., Watts, C., & Wickner, W. (1982) J .  Biol. 

Chem. 257, 6529-6536. 

L. L. (1988) Science 239, 1033-1035. 

39 1-409. 

Rev. Microbiol. 41, 507-541. 

Biochem. J .  242, 767-777. 

Proc. Natl. Acad. Sci. U.S.A. 77, 3983-3987. 

14832-14837. 

(1988) J .  Bacteriol. 170, 3404-3414. 

106, 5006-5007. 

3 14-3 15. 

(1983) J .  Biol. Chem. 258, 7141-7148. 

175-18 1. 

499-5 16. 

170, 126-131. 


