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[. INTRODUCTION

A. Directing Proteins to Different Sites in a Cell

An eukaryotic cell is divided into several distinct compartments by the presence of intra-
cellular membranes. The organelles surrounded by these membranes perform specialized
functions characterized by specific sets of proteins. A given polypeptide is generally found
exclusively in only one cell compartment. The diverse, yet highly specific, final localization
of proteins contrasts with the common site of their synthesis. With the exception of a few
mitochondrially coded polypeptides, in an animal cell they all are synthesized in the cyto-
plasm, be it in membrane-bound or free polyribosomes. What sort of signals direct a poly-
peptide from the site of synthesis to its ultimate destination? Closely connected with this
problem is the question concerning the mechanism of transport. In many cases, polypeptides
have to traverse at least one membrane that is normally impermeable for such molecules.
Thus, there must be mechanisms for the selective and vectorial translocation of proteins
across membranes. Membrane proteins are not only found in different cell compartments
but, in addition, have various orientations in a given membrane. They may span a phos-
pholipid bilayer once or several times, can have their N-terminus on one or the other side
of the membrane, or just be imbedded from either side. A given polypeptide chain has a
defined and characteristic orientation in the membrane, and again one may ask, how this
specific incorporation is coded for and brought about.

B. Translocation-Competent Membranes

The faculty of transporting proteins is limited to a few membranes in a cell; all other
membranes receive their membrane-spanning polypeptides from these translocation-com-
petent ones by either lateral diffusion or by vesicle budding and vesicle fusion. Most proteins
do not change their orientation within the membrane after their initial incorporation into the
phospholipid bilayer. For example, the extracellular part of a eukaryotic plasma membrane
protein is initially found in the lumen of the rough endoplasmic reticulum (RER) which is
topologically equivalent to the exterior of the cell. A notable exception appears to be the
5’-nucleotidase, which apparently changes its orientation in the membrane on its way from
the RER to secretion vacuoles.'-? This interesting case certainly deserves further study.

In an eukaryotic cell, the main organelle which transports proteins across membranes is
the RER. Secretory proteins, lysosomal enzymes, and membrane proteins of the ER and of
the plasma membrane, to name just a few groups for which many examples are known, are
all transferred at least in part across the RER. A second site of translocation of proteins is
found in mitochondria. Most likely, the peroxisomal membrane has also such a competence,
but little is known about details.*** In plant cells, the chloroplasts import many proteins
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Table 1
SOME EXAMPLES OF HOW THE PRESENCE OR ABSENCE OF
SIGNALS COULD EXPLAIN THE LOCALIZATION OF PROTEINS

IN A CELL
Signal for
Location of the Signal for specific membrane
protein translocation incorporation Signal for sorting

Cytoplasm No No No
Exterior of the Yes (RER) No No

cell (secreted)

Lysosomal Yes (RER) No Yes

enzymes
ER membrane Yes (RER)* Yes Yes (7)
Plasma Yes (RER) Yes No (P

membrane
Mitochondrial Yes (mit.)% No No

matrix
Inner membrane Yes (mit.)® Yes No

of mitochondria
Intermembrane Yes (mit.) Yes Yes®

space of mitochondria

Note: § = some protein; & = the signals for import need not be the same for all proteins;
+ = some proteins; RER = rough endoplasmic reticulum; mit. = mitochondria.

from the cytoplasm. The general mechanism of protein import may be similar to that of
mitochondria,* but discrimination between proteins destined to the two organelles must
somehow occur. In bacteria, the cytoplasmic membrane is the predominant site of protein
translocation,® but some proteins are able to cross both membranes in Gram-negative bac-
teria.>5°

The present review is focused on those translocation systems of proteins which are best
known: the RER membrane, the cytoplasmic membrane in bacteria, and the mitochondrial
membranes.

C. Topogenic Signals — Contiguous Amino Acid Sequences or Conformational Domains?
It appears that, in general, each polypeptide has its own signal(s) which determine(s) its
destination. It is, however, possible that in certain cases, cell polarity, spatial sequestration
of mRNA, or “‘helper’’-polypeptides guiding another protein which does not have its own
signal is responsible for the sorting of proteins.
Theoretically, a protein would need up to three signals to reach its destination in a cell:

1. A signal directing the polypeptide to a translocation competent membrane; such a
signal should distinguish, for example, between a cytoplasmic, mitochondrial, or
secretory protein (see Table 1).

2. Signal(s) for the defined incorporation of a membrane protein into the phospholipid
bilayer.

3. Sorting signal(s) for further transport to receiver organelles. It is possible that a fourth
type of signal is required to keep a protein at a certain site. Of course, some of the
different signals may coincide.

Table 1 shows that, assuming the presence of these signals, many different locations of
proteins could be explained.
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FIGURE 1. Schematic representation of the signal hypothesis. Codons after the initiation codon AUG which
code for the signal peptide are indicated by a zig-zag region in the mRNA. The signal sequence is indicated by a
dashed line. Proteolytic cleavage is indicated by the presence of short dashed lines within the intracisternal space.
For details see text. (From Blobel, G. and Dobberstein, B., J. Cell Biol., 67, 852, 1975. With permission.)

What is the nature of these topogenic signals? Ultimately, the signal(s) must be coded
for in the gene of the corresponding polypeptide, and it appears that decoding only occurs
at the protein level. Recognition of certain features of the mRNA has been claimed in old
papers.”'° Recently, Richter et al.'® presented preliminary evidence that specific factors
recognize classes of mRNA before initiation of translation in Xenopus oocytes. In general,
however, it appears to be the polypeptide which contains the information for its final
destination.

The topogenic determinant in a protein could either be segments of the polypeptide chain,
so called ‘‘topogenic amino acid sequences’’,'' or ‘‘topogenic sites’’ only expressed after
folding into a tertiary structure. In fact, much evidence exists in favor of peptide segments
directing proteins across the RER membrane or across the cytoplasmic membrane in bacteria
(see Section II.D). On the other hand, it is conceivable that some signals require the
interaction of amino acid residues distant in a polypeptide chain.

It should be kept in mind that the direct recognition marker may not always reside in the
amino acid sequence. For example, lysosomal enzymes are sorted to the lysosome in fibro-

blasts by attachment of mannose-6-phosphate residues (see Reference 12). Of course, the
information for this modification must somehow be contained in a specific amino acid
sequence.

For the actual process of protein translocation across membranes, which this review
concentrates on, covalent modification of proteins is not likely to play a decisive role. The
attachment of carbohydrate'* or fatty acid'*-'s chains occurs after translocation of at least
part of the polypeptide chain across the phospholipid bilayer, and the membrane transfer
proceeds normally if the modification event is blocked.'®

II. TRANSLOCATION OF PROTEINS ACROSS THE RER MEMBRANE
AND ACROSS THE CYTOPLASMIC MEMBRANE IN BACTERIA

A. The Biosynthesis of Secretory Proteins in Eukaryotes
1. Basic Facts Supporting the Signal Hypothesis

The signal hypothesis was formulated by Blobel and Dobberstein'?-'® to explain in mo-
lecular terms the basic observation that eukaryotic secretory proteins, in contrast to cyto-
plasmic ones, are synthesized in polyribosomes bound to the RER membrane and transported
across the phospholipid bilayer in a cotranslational manner.'*2? It was postulated that syn-
thesis of a secretory protein starts with a free ribosome (Figure 1). A signal peptide located
at the N-terminus of the growing polypeptide chain is recognized by a receptor in the RER
membrane as soon as it emerges from the ribosome and triggers membrane binding. The
nascent secretory polypeptide would then be transferred across the phospholipid bilayer
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through a tunnel formed by the transient association of transmembrane proteins. Chain
elongation would be strictly coupled to translocation. During or shortly after completion of
the protein, the signal peptide is cleaved off by an enzyme called signal peptidase which is
located at the luminal side of the RER membrane. When the ribosome reaches the stop
codon on the mRNA, the ribosome is released from the membrane and the pore in the
membrane disappears.

This scheme of events is supported by the following observations:

1.  Cell-free translation of mRNA coding for immunoglobulin light chain yielded a product
which was some 20 amino acid residues longer at the N-terminus than the mature
polypeptide.?*-> Similar extensions were found subsequently for many other secretory
proteins and the precursors were called ‘‘preproteins’’ (some bacterial precursors are
called *‘proproteins’"). Contrary to the original expectation,* a common amino acid
sequence for the cleaved-off peptide was not observed even for related proteins or
proteins from the same cell.?®

2. When rough microsomes (isolated from dog pancreas) were present during cell-free
translation, the mature immunoglobulin light chain was synthesized and the product
was inside the membrane vesicles as judged from its protection against the action of
added proteases. Degradation occurred if detergents were also added to disrupt the
membranes.'’-'® If the membranes were added after translation, no translocation or
cleavage of the precursor polypeptides occurred. This result cannot be taken as a direct
proof for an obligatory cotranslational mode of protein transport (see Reference 27).
However, in later synchronized translation experiments, it was found that microsomes
can only be added up to the point where about 70 to 100 amino acid residues are
synthesized in order for translocation to occur; later addition only yields the nontrans-
located precursor.??* Cleavage in vitro of the precursor polypeptides by the signal
peptidase was at the correct site. These data indicated the successful in vitro recon-
stitution of the translocation process. Szczesna and Boime* confirmed these obser-
vations by the use of ascites tumor microsomes.

3. When polysomes (isolated from myeloma cells and detached from the membranes by
detergent treatment) were allowed to complete their nascent chains in vitro, mature
light chains were found after short incubation times, and after longer times, precursors
were found. This was consistent with the idea that ribosomes close to the 5’ end of
the mRNA carry nascent chains not yet cleaved by the signal peptidase, whereas those
towards the 3’ end carry processed nascent chains.'® This experiment proved not only
the cotranslational cleavage of the signal peptide, but also that the synthesis of pre-
cursors is not an in vitro artifact.

4. Coupling of translocation and elongation of the polypeptide chain is indicated by the
fact that nascent polypeptide chains are protected against proteolytic attack when they
are longer than about 50 residues.®' Furthermore, in synchronized translation exper-
iments, it was found that core glycosylation at Asn-residues, which occurs in the lumen
of the RER, proceeds in vitro at the time expected from the extent of elongation of
the polypeptide chain;*®2° this argues for a residue-by-residue transfer. Also, the
disulfide-bridge formation in the immunoglobulin light chain appears to occur at a
time point consistent with a rather extended conformation of the nascent polypeptide
during passage through the membrane.3?

5. Cleavage of the precursor polypeptides could be carried out in vitro in the absence of

protein synthesis by disrupting microsomal vesicles with suitable detergents.33-3

6.  The postulated time-dependent association of the ribosomes with the RER membrane

was proved directly.'®® Also, ovalbumin mRNA became membrane bound only after
some time of synthesis.>'
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FIGURE 2. Schematic representation of the present view on the mechanism of protein transfer across the en-
doplasmic reticulum membrane. The scheme shows the early steps in the biosynthesis of a secretory protein.
According to the loop model (Section II.F.3), it was assumed that the nascent polypeptide chain crosses the
membrane with a hairpin structure. The existence of an aqueous tunnel in the membrane through which the
polypeptide is transported is also assumed (see Sections II.F.4 and 11.G). The involvement of ribosome receptor(s)
is also largely hypothetical as yet. For details see text. (Modified after Walter, P. and Blobel. G., J. Cell Biol.,
91, 557, 1981.)

7. The demonstration of circulation of ribosomes between a free and membrane-bound
state,>® as well as the fact that cytoplasmic and secretory proteins are equally translated
in cell-free systems and that only the addition of microsomes is required for translo-
cation of the latter, indicates that ribosomes per se are not specialized in the synthesis
of certain classes of proteins.

In the next section we shall discuss a current state model. Some parts of the original
scheme have to be changed and others can be detailed (Figure 2). Still other predictions,
including the transient formation of a tunnel, are under dispute as yet (see Section 1I.F.4).
However, the signal hypothesis has been a stimulating guideline for many experiments and
its general ideas remain valid.

2. An Updated Scheme of Translocation Across the RER Membrane

Figure 2 summarizes the present view of the translocation of proteins across the RER
membrane. 3>

The process starts as in the older scheme (Figure 1) with a free ribosome initiating
translation at the 5’ end of the mRNA. As soon as the signal peptide has completely emerged
from the ribosome, it is recognized by a ribonucleoprotein particle, named signal recognition
particle (SRP). SRP can be either free in solution or already bound to the ribosome before
binding to the signal peptide. The elongation of the polypeptide chain is arrested, i.e.,
translation stops. The complex is then bound via SRP to its receptor (docking protein) present
in the RER membrane. Simultaneously, the ribosome becomes membrane bound and SRP
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is released from the ribosome. This completes the initiation of the translocation process;
SRP can now bind to another signal peptide and begin a new cycle. The actual translocation
proceeds without participation of SRP or its receptor. Details of this part of the process are
as unclear as before (Figure 1). After reaching the termination codon, the ribosome falls off
from the membrane, and thus a ribosome cycle is completed. For the last step, a protein
factor may be required.’® The signal peptide is cleaved off by the signal peptidase at the
luminal side of the membrane and the peptide is degraded rapidly by peptidases. The final
tertiary structure of the protein is probably achieved after removal of the signal peptide.>®

We shall discuss the various aspects of this scheme in more detail in the following sections.
However, one point should be mentioned here: the mechanism proposed assumes that each
ribosome needs SRP to direct it to the membrane. It has not been excluded, however, that
SRP is only required once to direct the mRNA to the RER membrane. In this case, only
the first ribosome translating the mRNA would require SRP, but further ribosomes starting
translation on the already membrane-bound mRNA may not need SRP for initiation of
translocation.

B. Bacteria May Not Be Too Different from Mammals

Prokaryotic signal peptides were discovered much later than eukaryotic ones.***' The first
example was the major outer membrane lipoprotein, which was shown to have a cleaved-
off N-terminal signal peptide. Signal peptides were subsequently found for the majority of
exported proteins, which in Gram-negative bacteria include polypeptides of the cytoplasmic
membrane, periplasm, and outer membrane. Rare cases of secretion across two membranes
have also been reported.®¢® In Gram-positive bacteria, which lack an outer membrane,
proteins are secreted directly into the medium.

It appears that the processes of translocation across the RER membrane and the cytoplasmic
membrane in bacteria are basically similar. An a priori justification for our attempt to discuss
both systems together is provided by the observation that rat proinsulin is secreted into the
periplasm of E. coli with a prokaryotic or eukaryotic signal peptide,*>** and similar results
have been obtained for ovalbumin*-*¢ and carp proinsulin.®” Although the efficiency of
secretion appears to be low in these cases, and there are even examples where the mature
eukaryotic proteins could not be detected in the periplasm (fibroblast interferon*® and rat
growth hormone), it is evident that eukaryotic signal peptides may function in bacteria.
The reverse has also been shown: the signal peptide of B-lactamase directs the prokaryotic
protein across the RER membrane in vitro and in vivo.***' Based on the ubiquitous rec-
ognition of signal peptides, we shall discuss similarities and differences of the translocation
systems in more detail in the following sections.

C. Incorporation of Proteins into Membranes
1. Initiation of Translocation Appears ldentical for Membrane and Secretory Proteins

Although originally proposed for eukaryotic secretory proteins, it is now clear that some
membrane proteins are transported in a similar manner as suggested by the signal hypothesis.
Many membrane proteins are synthesized in membrane-bound polyribosomes, and plasma
membrane proteins have an overall pathway similar to that of eukaryotic secretory proteins
(see References 52 to 54).

The first direct evidence for a signal peptide directing membrane proteins across the RER
membrane came from studies on the G-protein of the vesicular stomatitis virus (VSV),28:29.35.5¢
This protein is originally inserted into the RER membrane before being transported to the
plasma membrane of the infected cell. It was shown to have an extension at its N-terminus
by 16 amino acids when synthesized in vitro. If dog pancreatic membranes were present,
the signal peptide was cleaved off and most of the protein was protected against added
proteases with the exception of about 30 amino acid residues at the C-terminus which were
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accessible. This is, in fact, the orientation and arrangement of the mature G-protein, which
is known to span the membrane once with a sequence close to its C-terminus.**” The identity
of the cleaved-off peptide with a signal peptide of a secretory protein was shown by com-
petition in vitro for segregation into microsomes under conditions in which there was no
limitation of translation of the two mRNAs. %

Nature itself has provided the most convincing proof that signal peptides directing secretion
and membrane-incorporation are functionally the same. Secreted and membrane-bound IgM
are synthesized from mRNAs derived from the same gene by differential splicing.’**° The
coded amino acid sequence differs at the C-terminus, but the signal peptide for both proteins
is the same.

Similar conclusions could be drawn from genetic manipulations of viral membrane pro-
teins. If the membrane-spanning polypeptide segment was removed from the hemagglutinin
of the influenza virus®-*' or from the G-protein of the VSV, the shortened proteins were
secreted rather than membrane incorporated. If, on the other hand, the N-terminal signal
sequence was removed, neither secretion nor membrane insertion occurred.

These data show that at least some parts of the translocation of the polypeptides are the
same for secretory and some membrane proteins. The examples also demonstrate that in-
formation contained in the C-terminus of these membrane proteins prevents their secretion.
It therefore appears that initiation of translocation and final membrane anchoring are con-
secutive events and independent of each other (see also References 56, 63, and 64).

Since initiation of translocation is similar for membrane and secretory proteins, we shall
deal with them jointly. Further evidence for the similarity of the processes in molecular
details is discussed in Section I1.D through F.

2. Different Types of Membrane Proteins
a. Imbedding or Translocation?

As mentioned before, many integral membrane proteins require signal peptides for transfer
of large structural domains to be exposed to the aqueous phase on the transverse side.

There exists a second class of integral membrane proteins which have large structural
domains deeply incorporated into the phospholipid bilayer, with only small parts in the
aqueous phase at the ectoplasmic side. This class includes many transport and channel-
forming proteins. The structure of these proteins is poorly known (see next section), but
they may span the membrane several times. Although not immediately obvious, these proteins
appear to need signal peptides and use a translocation machinery for membrane insertion,
as is the case for the simple membrane-spanning proteins. It is conceivable, however, that
some parts of the polypeptide chain are only imbedded in the membrane (see below).

There is a third class of integral membrane proteins which do not need a signal peptide
for their membrane incorporation. They have specialized ‘‘imbedding’’ domains (or se-
quences) which interact with the phospholipid bilayer and allow their membrane insertion
without need of a translocation apparatus. It is likely that proteins of this class do not have
major folded domains in the ectoplasmic aqueous phase. Nevertheless, they could conceiv-
ably span the membrane.

Of course, both translocation and imbedding could occur in a single polypeptide chain."!
It may also be possible that a protein is first completely transferred across a membrane and
then imbedded from the ectoplasmic side into the bilayer.

How can one distinguish between the two modes of membrane incorporation — trans-
location and imbedding? The best criterion for translocation of a protein across the RER
membrane is certainly the requirement of SRP for its membrane incorporation. For example,
cytochrome P-450, a protein of the ER membrane, is incorporated into microsomes only in
the presence of SRP.** By contrast, cytochrome b, another protein of the ER membrane,
is imbedded into natural and artificial membranes in the absence of SRP.**%*
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Indeed, cytochrome b, is the best known example of an imbedded protein. The data
already mentioned indicate that cytochrome b, does not carry a signal peptide that would
trigger translocation. Furthermore, cytochrome b; is made without a precursor, synthesized
in free polyribosomes, and appears to be post-translationally incorporated into mem-
branes.® 7 Its N-terminus is hydrophilic and stays in the cytoplasm, whereas a C-terminal
domain of 35 mostly hydrophobic amino acids serves as membrane anchor.®-"'-7? In Stritt-
matter’s laboratory, evidence was accumulated that indicated no part of the membrane-
incorporated C-terminus reaches the other side of the bilayer (see Reference 73). Although
the C-terminus of cytochrome b, resembles signal peptides in hydrophobicity, it does not
compete with them even in a 1000-fold molar excess.®” This result further supports the
assumption that cytochrome b, does not carry a C-terminal signal peptide which, because
of its location in the protein chain, could not support the translocation of the protein across
the membrane. Rather, the C-terminus appears to interact directly with the phospholipid
bilayer and may therefore be called an ‘‘imbedding’’ sequence.

Based on the information on the structural features of cytochrome b, we have tentatively
proposed that for imbedding a protein must have a separately folded domain which is highly
structured and has a hydrophobic surface.®” If such a globular structure approaches a phos-
pholipid bilayer, the latter may be perturbed, allowing the spontaneous incorporation without
mediation of a membrane protein. Such a model would predict that an imbedded protein is
found on the cytoplasmic face of all cellular membranes. Indeed, cytochrome b, has been
found in different compartments.”™ However, its concentration in the smooth ER membrane
is much higher than anywhere else, and a cytochrome species with a different amino acid
sequence has been found in mitochondria.” One feels therefore inclined to invoke further
factors determining the concentration of a protein in a membrane, such as transmembrane
(translocated) proteins with binding affinity for cytochrome b5 or differences in the accessible
lipid domains.

How general is the case of cytochrome bs? Cytochrome b, reductase may be a second
example of an imbedded protein in eukaryotes.”7® Other examples are the two main mem-
brane proteins synthesized by rabbit reticulocytes, which are synthesized in free polyribo-
somes and incorporated into the plasma membrane without reaching the outside of the cell.”
Most inner membrane proteins of E. coli are made without precursor. Immunological studies
show that most of the proteins of the inner membrane are only exposed on the cytoplasmic
face (see Reference 80). These proteins are therefore candidates for imbedded polypeptides.

b. Structure of Membrane-Spanning Domains

It is appropriate to distinguish between simple membrane segments which span a mem-
brane once and more complex structures which involve extensive intramolecular protein-
protein interactions typical for tertiary structures within the phospholipid bilayer.

The amino acid sequences of simple membrane segments have been determined for many
proteins (for a rather comprehensive list, see von Heijne®'). All these segments consist of
a long hydrophobic amino acid sequence (about 20 residues) flanked by charged residues.
If the membrane segment is at the C-terminus of a protein, the charged residues staying in
the cytoplasm are, in general, basic. Charged amino acid residues and amide groups (Gln
and Asn) are excluded from the hydrophobic domain except at its boundaries, where they
sometimes occur but might reach the aqueous phase. These features indicate that complete
intrachain saturation of all H-bonds of the protein segments within the membrane prevails.
It is therefore likely that these simple membrane-spanning segments adopt a helical, pre-
sumably alpha-helical structure. Indeed, about 20 residues would be required to span a
phospholipid bilayer in an alpha-helical conformation. The rarity of Pro-residues in the
peptides may also be taken as supporting evidence for this assumption.
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Things might be different for complex membrane proteins, although structural information
is scarce as yet. Bacteriorhodopsin, the best known example so far, is believed to be composed
of seven helical rods traversing the membrane almost perpendicularly®?-** (see, however,
Jap et al.® for an alternative view). Although the amino acid sequence®*-# can be fitted into
the structural model so that most charged amino acid residues are located in the links between
the helixes in the agueous phases to both sides of the membrane, there are still charged
residues which must be buried in the bilayer. It has been postulated that these helixes form
a channel with the charged residues, oriented toward its interior away from contact with the
lipid.** The nonpolar amino acid residues would be directed outward to the surrounding
hydrophobic environment. Such a structure has been called ‘‘inside-out’” since it is the
reverse of what is typical for soluble proteins.

A completely different structure is evolving for other complex membrane proteins. The
channel-forming proteins phoE and ompF of the outer membrane of E. coli do not possess
a hydrophobic amino acid sequence longer than 5 residues in their mature chains and are
nevertheless deeply incorporated in the bilayer. The pore-forming proteins appear to have
almost entirely beta-structures.®”-#° These data indicate that folded domains within the phos-
pholipid bilayer may have different structures. Of course, very serious constraints are exerted
by the hydrophobic environment: shielding of charged residues and saturation of H-bonds
are likely to be basic principles in the structure building of membrane proteins. Conceivably,
however, these requirements are met in part by association of different polypeptide chains.

It is obvious from this short discussion that many more structures of complex membrane
proteins have to be known before generalizations can be made. The progress in the crys-
tallization of membrane proteins will hopefully permit the more widespread application of
the powerful X-ray-, neutron-, and electron-diffraction methods.*

Do membrane proteins assume the thermodynamically most stable state as generally
accepted for soluble globular proteins? As far as the limited knowledge on the structure of
membrane-incorporated domains goes, the answer is affirmatory. Furthermore, denaturation-
renaturation experiments carried out for bacteriorhodopsin also support this conclusion.®!
However, it should be kept in mind that the asymmetrical arrangement of a protein in the
membrane may be kinetically rather than thermodynamically determined: if both sides of
the membrane were absolutely symmetrical (including the aqueous compartments) it would
be thermodynamically the same if the orientation of a protein were reversed. The fact that
the natural orientation of polypeptides can be reproduced faithfully by in vitro transiation
experiments in the presence of microsomal vesicles which are leaky to small molecules,
certainly argues in favor of a kinetic model determining the sidedness of protein incorporation.

Consequences of these structural considerations for models on the biosynthesis of integral
membrane proteins will be discussed in Section 11.G.

3. The Membrane-Trigger Hypothesis — An Alternative to the Signal Hypothesis?
Whereas the signal hypothesis implicates a translocation system of growing complexity,
Wickner® proposed in his ‘‘membrane-trigger hypothesis’’ that a soluble precursor protein
could spontaneously traverse a phospholipid bilayer by a conformational change, and that
the signal peptide would merely alter the folding pathway of a protein. The model is based
mainly on results from Wickner’s laboratory on the M13 coat protein, a small polypeptide
(50 amino acid residues) of the inner membrane of infected E. coli cells with its C-terminus
spanning the phospholipid bilayer.®® Experiments in vivo indicated that the pulse-labeled
procoat protein (the precursor with a signal peptide at the N-terminus) was soluble in the
cytoplasm and could be chased into the transmembrane coat protein.***” A membrane po-
tential was required for the insertion of the procoat protein into the bilayer (see Section
II.F.1). Membrane insertion of the coat protein could be mimicked in vitro using purified
components.®® ' The signal peptidase was incorporated into liposomes, and enzyme located
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outside the vesicles was proteolytically degraded. When procoat protein was added, it gained
access to the internal signal peptidase and was cleaved to coat protein.'?''®2 The protein
appeared to be correctly inserted into the membrane. It remains obscure why in the in vitro
reaction a membrane potential was not required for membrane incorporation of the coat
protein. In fact, Russel and Model'® have claimed that procoat protein is not soluble but
represents an integral membrane protein in pulse-labeled intact cells, but the conclusion has
been doubted.® It remains a possibility that procoat protein can spontaneously traverse the
membrane, but that the process would be made more efficient in vivo by the help of a
proteinaceous translocation machinery. It is also possible that the coat protein is an exception
since it is inserted spontaneously into the target membrane during the infection of a cell
with the M13 phage.'® There is, however, evidence that the precursor of the E. coli ompA-
protein may follow a similar pathway of membrane insertion.'** In any case, some steps
involved in the procoat assembly pathway appear to be common to other exported proteins:
the signal peptidase I is known to cleave several other precursors and a membrane potential
is required for export of some proteins.'®*'® It would be interesting to know whether procoat
protein accumulates in E. coli cells defective in secretion (e.g., sec mutants or in malE-
lacZ and lamB-lacZ fusion strains, see Section I1.D). Such experiments could perhaps clarify
whether procoat protein really takes the same route as other exported proteins. In general,
the involvement of protein factors other than the signal peptidase I in the translocation
process of bacteria is beyond any doubt (see Section I1.E).

D. Molecular Features of Signal Peptides

This section deals with the requirements within the polypeptide itself for translocation
across the RER membrane or across the bacterial membrane. Section 2.E. is devoted to the
components of the transporting apparatus.

1. Are Signal Peptides Necessary and Sufficient for Protein Export?

There is little doubt that signal peptides are absolutely required for protein translocation
across the RER membrane or cytoplasmic membrane in bacteria.

If the nucleotide sequence coding for the signal peptide is removed, the shortened gene
codes for a cytoplasmic protein both in eukaryotes and in prokaryotes.*2%!%7 Deletions in
the signal peptides of bacterial proteins also block their export,'%8-!10

Point mutations and deletions affecting the export of individual polypeptides in E. coli
generally map in the signal peptide (see Table 3) (for an exception see below). Furthermore,
if the signal peptide is modified by site-directed mutagenesis, some changes affect the
translocation of the protein.'''-''2 Of course, these results cannot be taken as direct proof
for the role of signal peptides in protein transport.

Nature itself has provided an example which is more convincing. There are two forms
of yeast invertase, a secreted one and a cytoplasmic one, which are coded by two different
mRNAs originating from the same gene.''*-''* The only difference is that the signal peptide
coding sequence is absent for the cytoplasmic protein, in accordance with its assumed role
in protein translocation.

Actually, the most convincing proof for the essential role of a signal peptide would be if
one could show that addition of such a peptide to the N-terminus of a protein normally
located in the cytoplasm directs it across the membrane. Such an experiment has been carried
out successfully by Lingappa et al.'”” These authors have constructed a plasmid which
contained a globin gene preceded by nucleotides coding for a signal peptide. By use of in
vitro transcription and translation, they showed that the globin polypeptide was entirely
segregated into dog pancreatic microsomes. This result also indicates that secretory proteins
need not require special properties to be compatible with the translocation system of the
RER.
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Similar experiments had been undertaken for -galactosidase in the E. coli system, but
with unexpected results. The work, which was originated in Beckwith’s laboratory, dealt
mainly with two proteins, the periplasmic maltose-binding (malE) protein and the lambda
phage receptor (lamB) protein of the outer membrane.

Different portions of the N-termini of these proteins were fused with the $-galactosidase
protein and they strongly influenced the location of the fusion proteins. The fusion poly-
peptides were divided into up to five classes, depending on the size of the exported protein
in them and on their properties (see Table 2). Several conclusions could be drawn from
these results:

1. No construction without signal peptide was exported (class I).

2. A signal peptide does not appear to be sufficient for protein export since fusion of a
short piece of the lamB protein, including the entire signal sequence, with the (-
galactosidase yielded a protein located exclusively in the cytoplasm (class II).''*

3. It appears that protein translocation was in fact initiated in some cases even though
the fusion product was not entirely transported to the expected site. Induction of the
synthesis of some of these polypeptides severely inhibited the export of many other
proteins''® and evidence exists that the fusion products were located in the cytoplasmic
membrane.''” B-Galactosidase may in fact have several parts in its polypeptide chain
which are difficult to translocate across a phospholipid bilayer.''®:''° One may therefore
assume that secretory proteins in bacteria need a permissive information within their
mature amino acid sequence.

Sequence parts within the mature exported proteins may influence the efficiency of the
export and may even be decisive for the outer membrane localization of the lamB protein.
The longer the portion of the exported protein in the fusion polypeptide, the more efficient
is the process. For example, class III fusions of the malE and lacZ appear to be translocated
much more slowly than class IV fusions (upper part of Table 2).''° Similarly, class II fusions
of the lamB and lacZ are found in the cytoplasm, class III in the cytoplasmic membrane,
and class IV in the (actually expected) outer membrane location.'¥-12!

Recently, the segments of the polypeptides carrying this additional information have been
identified more precisely. In the case of the lamB protein, an important sequence appears
to be located within the first 39 residues of the mature protein.'?? A hybrid protein that
includes an intact signal peptide and 27 residues of the mature lamB protein remains cy-
toplasmic, whereas a fusion product containing 39 residues of the mature protein is inserted
into the inner membrane, at least partially. A second sequence appears to be located between
residues 39 and 49 since a hybrid which includes the first 49 residues of the mature lamB
protein is partially transported to the outer membrane with a similar efficiency as the original
class III fusions (containing 173 residues of the mature part). The region between residue
39 and 49 corresponds to one which is homologous among various major outer membrane
proteins.'? It has therefore been termed the *‘outer membrane signal’’'* and can be con-
sidered as a sorting sequence. Finally, residues 235 to 240 of the mature lamB protein appear
to be helpful since deletions comprising this region significantly reduce the efficiency of
hybrid protein export.'

Even more convincing concerning the actual translocation process are results obtained for
the maltose-binding protein. Signal peptide mutants of the malE protein (see next section)
appear to interfere with the export of normal envelope proteins. This effect is not apparent
in the growth properties of the cells, but can be seen in pulse-chase experiments where
precursors were found to accumulate.''® Since the mutant proteins are not translocated by
themselves, the interference must occur prior to translocation. It appears that the phenomenon
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is not related to the accumulation of mutant pre-maltose-binding protein, but rather to the
concomitant synthesis of the export-defective polypeptide. Most importantly, interference
was observed with a mutant lacking seven amino acid residues of the signal peptide (see
Table 3). Furthermore, if this mutation was present in a hybrid gene of class II, class III,
and class IV malE-lacZ fusion, only the latter showed the interference. These data indicate
that interference is caused by a sequence present in class IV, but not in class I, i.e.,
between residues 23 and 189 of the mature maltose-binding protein. This region could be
more confined with a deletion mutant lacking residues — 20 to 89 which still interfered with
the export of envelope proteins. Thus, the important sequence is believed to be somewhere
between residues 89 and 189 of the mature malE protein. It should be stressed again, however,
that export, albeit inefficient and slow, can be seen with shorter sequence segments (e.g.,
see Reference 125).

There also has been found a second site mutation in the amino acid residue 19 of the
mature malE protein which partially restores the export of a mutant carrying a deletion of
seven amino acid residues in the signal peptide.''® The mutated amino acid may be part of
another region which is involved somehow in protein translocation.

All these data show that sequence parts in mature exported proteins influence the efficiency
of the translocation process. It should be noted, however, that one possible interpretation
of the results is the assumption that the mutated signal peptides still contain some information
which is recognized by the system, and that proper folding of the polypeptide chain is
required for efficient translocation across the membrane.

Summarizing the discussion, it can be concluded that all data are compatible with the
idea that signal peptides are essential for protein translocation. However, more experiments
on artificially designed export proteins would be desirable to further prove this important
point. Data for bacterial proteins definitely show that a signal peptide is insufficient infor-
mation and point to an active role of internal sequence parts. Similar evidence for the
eukaryotic system is not available.

2. Features of Signal Peptides Required for Translocation

Most secretory proteins and many membrane precursor proteins contain cleavable signal
peptides at their N-terminus (for exceptions see Section I1.D.4). The signal peptides bear
no sequence homology and are variable in length from 15 to 35 amino acid residues. The
variability is found even if the proteins stem from a single cell. Studies on the evolutionary
tree of preproinsulin showed that the divergence in the signal peptide is no less than in the
C-peptide, indicating few constraints on its primary structure.'26-'2” The most striking com-
mon feature of signal peptides is their hydrophobicity, or more precisely, a stretch of
consecutive hydrophobic amino acid residues. This hydrophobic core is uninterrupted and
has a minimum length of six to seven residues. Things may be different, however, for
extreme conditions, as in halophilic bacteria. Bacteriorhodopsin has a N-terminal peptide
which is cleaved off, but is not particularly hydrophobic.'*® Many, but not all, signal peptides
have basic amino acid residues at their extreme N-terminus preceding the hydrophobic
domain. Prokaryotic signal peptides appear a little less hydrophobic than eukaryotic ones
and always have at least one basic residue at their N-terminus.?'-!?

The great variability of the signal peptides raises the question whether they all function
in the same manner. Competition experiments carried out in vitro-'3%-132s and the fact that
SRP functions with all exported proteins tested so far (see Section II.E} argues in favor of
a common recognition mechanism. In bacteria, a single point mutation affects the export of
many proteins (see Section II.E). Furthermore, the recognition mechanism of signal peptides
appears to be ubiquitous in nature. Not only can eukaryotic signal peptides direct secretion
in E. coli (e.g., see Reference 42) and a prokaryotic one effect segregation into mammalian
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microsomes,® but also cell-free translation systems derived from mammalian or plant cells
can be supplemented with microsomes from a variety of sources. '8:30-133.13¢

Xenopus leavis oocytes can secrete proteins from many different origins when injected
with the corresponding mRNA (for a review see Lane'*®). Thus, it is likely that all signal
peptides are recognized by the same ubiquitous mechanism.

What feature of the signal peptides is recognized given their large differences in length
and amino acid sequence? Several lines of evidence point to the importance of the hydro-
phobic core for the function of the signal peptide. Hortin and Boime'*® have shown that
incorporation of B-hydroxy-leucine (HO-Leu) instead of leucine into secretory polypeptides
containing signal peptides with many leucine residues prevents translocation across the RER
membrane. Signal peptides with few leucine residues were not impaired.

It is therefore possible that the reduced hydrophobicity is responsible for the effect ob-
served. Simulation of evolution on a computer indicated that signal peptides may have been
selected on the basis of hydrophobicity with few other rules of constraint.*” Most evidence
for the role of the hydrophobic core is derived from bacterial exported proteins. Table 3
lists some point mutations in signal peptides of the four proteins best analyzed (the maltose-
binding protein, the lambda-receptor protein, the alkaline phosphatase, and the outer mem-
brane lipoprotein of E. coli). Deletion mutants of the maltose-binding protein and of the
lambda-receptor protein and pseudorevertants of them are also included in the table. The
following conclusions emerge from these data:

1. In the majority of cases, the mutation abolishing the function of the signal peptide is
a change of a hydrophobic residue in the core to a charged residue. This clearly
underlines the importance of the hydrophobic domain for protein translocation. The
deletion of residues from this region has also a deleterious effect, as expected.

2. Changes of a hydrophobic residue to a Pro-residue or a hydrophilic, but uncharged,
one (where these have been found) have a moderate effect on the function of the signal
peptide. A change of a Thr-residue to a Lys-residue (mutant 16-1 of the maltose-
binding protein) has only a slight effect. These data are in line with the conception
that hydrophobicity is the main requirement.

3. Pseudorevertants of deletion mutants mostly map in the signal peptide and appear to
elongate the hydrophobic portion of the remaining signal peptide. Mutations in which
the charged Arg-residue at position — 19 of the pre-maltose-binding protein is removed
(R2 and R3) or three hydrophobic residues between residue — 8 and — 7 are introduced
(R1), are stronger suppressors of the export deficiency than mutations in which an
Ala-residue is changed for a Val-residue or an extra Leu-residue is added (see Table
3.

4. Not all residues within the hydrophobic core of the signal peptide appear of equal
importance. Examples include a mutation at position — 11 of the pre-maltose-binding
protein (mutant 14-1) in which introduction of a Lys-residue has only a slight deleterious
effect, and even more impressive, the silent mutations found at position —9 of the
pre-lamB protein in which introduction of a charge has no effect, whereas mutation
at position — 7 to a charged residue interferes strongly with the function of the signal
peptide (see Table 3).

Are there any parts in the signal peptides of importance for translocation other than the
hydrophobic core? Inouye's group has addressed the question as to whether or not the basic
residues at the N-terminus of the precursor of the lipoprotein have a role in protein transport.
The two lysine residues were systematically altered to change the charge from +2to +1,
0, —1, and —2.!""11212 No change in the rate of translocation was observed for a charge
of +1 and 0, indicating that a basic residue is not absolutely required for translocation. The
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Table 4
SIGNAL SEQUENCE OF CARP PREPROINSULIN AND VARIATIONS OF IT
WHICH ARE FUNCTIONAL IN E. COL[36-138

Wild Type:
-20 -15
Met-Ala-Val-Trp-Ile-Gln-RAla-
Variants:
-30 -25 -20 -18
Met-Thr-Met-Ile-Thr-Pro-Ser-Leu-Rla-Rla-Gly-Arg-Arg-Ile-Gln-Ala-
-25 -20 -15

Met-Ser-Ile-Gln-Ala-Ala-Gly-Rrg-Arg-Ile-Gln-Ala-
Continuation of the Sequences:

-10 -5 -1 +1
Gly-Ala-Leu-Leu-Phe-Leu-Leu-Rla-Val-Ser-Ser-Val-Asn-Rla-Asn-Ala-Gly
1

Note: The cleavage site is indicated by an arrow.

rate of export was, however, significantly slowed down if the N-terminus had a negative
charge. In all mutants, the rate of synthesis was reduced, perhaps indicative for a coupling
between synthesis and transport. In agreement with the nonessential role of the positive
charges, we found carp proinsulin to be secreted into the periplasm of E. coli cells even
though it has no basic amino acid residue in its signal peptide (Table 4). Introduction of
positive charges does not affect the efficiency of protein export.'*®

Summarizing this discussion, it appears that the hydrophobic core of the signal peptides
is of overwhelming importance for directing translocation. Taking into account the great
variability of the amino acid sequences of the signal peptides, a direct interaction with the
phospholipid bilayer has been proposed.''®-'*® This assumption was strongly supported by
the results of Wickner’s group on the spontaneous insertion of the M13 procoat protein into
membranes (see Section I1.C.3). On the other hand, evidence against a direct interaction of
signal peptides with the phospholipid bilayer was provided by the use of preproteins syn-
thesized in vitro in a cell-free system.®”'3%-13! It was found that completed carp preproinsulin
and human placental prelactogen are bound by RER membranes and compete with each
other, whereas proinsulin or globin are not bound. Binding of the precursor blocked the
sites for cotranslational translocation of nascent secretory proteins across the membrane.
There was a saturable number of binding sites which were sensitive to trypsin. Binding was
observed only for RER membranes, not for smooth membranes or artificial phospholipid
bilayers.%” Similar results were obtained with preproparathyroid hormones using a synthetic
peptide containing a signal sequence.'*?'*** More recently, a synthetic peptide containing
typical features of signal sequences was shown to block cotranslational translocation of
secretory proteins and to bind in a saturable manner to RER membranes.'*** If a photoreactive
group was introduced into the radioactively labeled peptide, a 45-K cross-linking product
could be seen after irradiation of the membrane-signal peptide complex. The interacting
component appeared to be an integral membrane protein.'**®

These results indicate that there is a protein receptor in the RER membrane which rec-
ognizes signal sequences. It is, however, unlikely that the binding entity is identical to SRP.
Perhaps this poorly characterized receptor is involved in later steps of the translocation
process.

The discovery of the SRP has provided proof for a signal peptide receptor involved in
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the initiation of translocation in higher eukaryotes. In bacteria, the existence of a similar
particle is also likely (see Section IL.E.1). Although the possibility that some proteins, like
the M13 procoat protein, use a different pathway cannot be dismissed, most signal peptides
appear to be recognized by a common receptor (SRP). How is this possible if the sequences
are so different?

It has been repeatedly suggested that they all preform a common secondary struc-
ture.''®-140142 However, contradictory results were obtained by the use of the rules of Chou
and Fasman;'** a common structure could not be predicted for all signal peptides, as is also
found with a different prediction method. '** Experiments on a synthetic peptide also yielded
ambiguous results for the secondary structure of a signal peptide.'** On the other hand, a
correlation was found between the export of the lamB protein and the predicted tendency
of signal sequence mutants to adopt an alpha-helical conformation.'*® For example, the
potential for formation of an alpha-helix was predicted to be in the order wild type >
revertants of S78 (R2 and R1) > deletion mutant (S78) (see Table 3). The secondary structure
prediction has been confirmed experimentally by CD-spectra of synthetic peptides.’'*” How-
ever, it was also found that the signal peptides contain little secondary structure in aqueous
solution but that it can be induced in micellar solutions of SDS or lysolecithin.

Contrary to the idea of a preformed alpha-helix in signal peptides, the introduction of
charged residues into the hydrophobic core generally does not change the predicted secondary
structures. We have therefore proposed that the structure of the signal peptide is not pre-
formed, but induced by deep immersion of the hydrophobic core into a hydrophobic pocket
of SRP.'** The hydrophobic environment imposes saturation of all H-bond donors and
acceptors. If the pocket itself does not present any hydrophilic groups, H-bond formation
must occur within the signal sequence alone and a helical, presumably a-helical, confor-
mation is induced. If the pocket contains polar groups, H-bonds may be formed with the
signal peptide and a different structure can be induced. In any case, identical backbone
conformations are induced for all sequences.

It is assumed that immersion into a hydrophobic environment is so deep — and this is
only possible for entirely apolar sequences — that side-chain interactions are unimportant.
Of course, the differences in the side chains would prohibit complete complementarity
between the interacting molecules. However, a similar case has been proposed for inter-
mediates in the unfolding of proteins in which the van der Waals contacts are loosened while
water is still excluded from the interior of the molecule so that the hydrophobic interactions
remain.'*® The proposed mechanism differs from other known ligand-receptor interactions
for which side chains of amino acid residues play an important role.

The hypothesis of deep immersion of the hydrophobic core of signal peptides into a
hydrophobic pocket of the receptor could explain several facts: (1) the sequence variability;
(2) the effect of introduction of hydrophilic or charged residues into the hydrophobic domain;
(3) the effect of more specific changes in this region if interaction by H-bonds with the
receptor is essential; and (4) the minimum length of the uninterrupted stretch of hydrophobic
residues is estimated to be six to seven amino acid residues,'* in agreement with the actual
data.

It should be noted that it is conceivable that signal peptides may play a role beyond the
initial recognition step as well. For example, a direct interaction of the signal peptide with
the lipid phase is possible for a later step of the translocation process.

3. Cleavage of Signal Peptides

As stated before, most signal peptides are cleaved by signal peptidases. Is this a necessary
requirement for their function? It appears that translocation and cleavage of the signal peptide
are not strictly coupled. Mutants of secretory and membrane proteins have been found or
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constructed which are transported, but not cleaved.'**'** Many membrane proteins and some
secretory proteins are synthesized without precursor but appear to contain signal sequences
(see Section I1.D.4). In fact, one may raise the question as to why cleavage of the signal
peptide is so often observed. Several ideas have been put forward:

1. Cleavage of the signal peptide may be one mechanism to make the translocation process
unidirectional.

2. Signal peptides may serve as membrane anchors and prevent complete detachment of
the polypeptide, if not cleaved off.

3. The long hydrophobic sequence may be without function in the mature protein and
difficult to shield from the water environment.

In eukaryotes, cleavage of the signal peptides usually occurs during the synthesis of
the protein so that preproteins can only be found in very small amounts in pulse-labeled
cells.'**!137 Cleavage of precursors may occur post-translationally in eukaryotes if a Thr-
analog is incorporated into the secretory protein.'*® Preproteins appear to be rapidly degraded
if present in the cytoplasm.'*® In prokaryotes, processing of the precursors can be either co-
or post-translational, depending on the specific protein.'s0-'®!

Signal peptidases appear to be very specific endopeptidases (see Section II.E.3). How do
these enzymes recognize the cleavage site given the extreme sequence variability of the
signal peptides? It is immediately obvious that these peptidases are basically different from
other endopeptidases which recognize a specific amino acid sequence close to the site of
cleavage. For signal peptidases, the only rule so far established is the presence of a small
aliphatic amino acid residue, in most cases alanine, at the — 1 position. This feature may
be essential for cleavage since its substitution by Thr abolishes processing.'*® Of course, a
single residue is insufficient to determine specificity. ‘‘Consensus’’ sequences of many signal
peptides have been proposed, but the mechanism by which the enzyme recognizes its substrate
remains unclear.®'-'¢'* It is known that even the amino acid residues flanking the cleavage
site are not the only determinants. When the glycine at the —1 position of prolipoprotein
was replaced by an alanine residue, no effect on the processing was seen. If the — 1 position
was deleted, the mutant prolipoprotein was not cleaved, although the residue at the —2
position is again alanine.'s? In carp preproinsulin, the sequence around the cleavage site is
Asn-Ala-Asn-Ala, but cleavage is exclusively after the first alanine residue of the tetrapeptide
sequence'?¢-'¢2 (see Table 4). These data suggest that not only the immediate vicinity of the
cleavage site is of importance. How distant can a residue be to have an influence on the
cleavage reaction? It appears that cleavage mutants map to both sides of the splitting point.
A —7 position deletion affected the cleavage of prolipoprotein.'?

Taking the facts together, it is likely that not a precise amino acid sequence but rather a
specific conformation, comprising perhaps up to ten amino acid residues, acts as recognition
marker for a signal peptidase. The existence of a beta-turn close to the cleavage site is
predicted by the rules of Chou and Fasman,'*? but such a structure can only be marginally
stable if formed by the signal peptide alone. Nevertheless, the rule that small, neutral residues
are abundant at positions —1 and —3 can be used as the empirical method for prediction
of the cleavage site.'6

4. Position of Signal Sequences in Polypeptides

It came as a great surprise when Palmiter et al.'¢* discovered that ovalbumin, a secreted
protein, is synthesized without a cleavable signal peptide. Studies in vitro showed, however,
that ovalbumin was sequestered into microsomal vesicles and competed for translocation
with other secretory proteins with a N-terminal, cleavable signal sequence.'®*-'** At first,
the possibility was considered that a N-terminal signal peptide was just not cleaved off.
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However, ovalbumin is not conspicuously hydrophobic at its N-terminus and has a charged
residue at position 9. The first four amino acid residues are not required for secretion in E.
coli.** Lingappa et al.'® claimed that the signal peptide of ovalbumin is internally located
on the tryptic peptide 229 to 276. However, their synchronization experiments were later
shown to be faulty.'®” Revision of the data placed the signal peptide within the first 150
residues. Meek et al.*' provided evidence that initiation of translocation of ovalbumin started
already when the nascent chains had a length of 45 to 90 amino acid residues. They proposed
that the signal peptide in ovalbumin is located between position 26 and 45, a stretch which
is indeed hydrophobic.

Recently, more direct support for this hypothesis was provided. '*’*'¢”* Plasmids containing
modified ovalbumin genes or fusions between ovalbumin and alpha-globin sequences were
injected into Xenopus oocytes nuclei, and the localization of the translation products was
investigated. It was found that ovalbumin lacking either 8 or 21 N-terminal amino acid
residues was sequestered in the ER, although the latter product was not secreted out of the
cells and was strongly associated with membranes. Also, deletion of the amino acid residues
231 to 279 did not affect translocation across the ER membrane, but affected secretion.
Most importantly, fusion polypeptides of residues 9 to 41 or 22 to 41 of ovalbumin with
alpha-globin were sequestered in the ER, but not secreted. One may conclude from the data
that ovalbumin contains a signal peptide between residues 22 and 41. The sequence between
residues 9 and 21 may be important for membrane detachment of the hydrophobic signal
peptide and therefore for completion of the translocation process. It is also evident that
secretion from a cell exerts further constraints on the sequence of the protein.

So far ovalbumin has remained an exception for eukaryotic secretory proteins. In pro-
karyotes, colicin E1 may be a secretory protein with an internal signal peptide.'®® The only
hydrophobic sequence is located close to the C-terminus.'®® Genetic engineering experiments
have provided evidence that this region is required for export and mediates the initial
membrane attachment.'” Colicin E1 is unusual since it is secreted post-translationally at a
very slow rate. Furthermore, another gene product appears to be required for its secretion. '
Nevertheless, its pathway may be similar to that of other exported proteins since it also
accumulates inside the cytoplasm in secretion-blocked E. coli cells.'

An internal signal peptide was constructed by Talmadge et al.'”? by placing nucleotides
coding for a few residues of the f-galactosidase and some linker residues in front of a
slightly shortened rat preproinsulin gene. The length from the expected site of start of
translation up to the cleavage site of preproinsulin was 39 amino acid residues. Proinsulin
was found in the periplasm of E. coli cells, but whether the signal peptide was indeed
internally located in the polypeptide chain during its function remained unresolved. Similar
results were obtained by Rapoport et al.,*” who constructed a plasmid in which the signal
peptide of carp preproinsulin was preceded by 54 amino acid residues. In the case of the
E. coli lipoprotein, the signal peptide was fully active if preceded by 145 amino acid
residues.'” By inhibiting the action of the lipoprotein signal peptidase by globomycin,'™
the authors were able to provide evidence that the fusion gene, containing the signal peptide
as an internal sequence, is the precursor for the exported lipoprotein,

These data give preliminary evidence that signal peptides, normally located at the N-
terminus, remain active after internalization. Things may be different, however, in eukar-
yotes. Kozak'”® placed repeats of a sequence in front of the signal peptide of rat preproinsulin
and tested for secretion of insulin-like material from mammalian cells. It appears from her
results that internalized signal peptides no longer were functional in secretion. It is, however,
unclear where interference occurred.

Whereas uncleaved and internal signal sequences appear to be exceptions in secretory
proteins, they may be frequent in membrane proteins, at least in eukaryotes. Some examples
are listed in Table 5. In all these cases, precursor polypeptides do not exist. This raises the
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Table 5
SOME EXPORTED PROTEINS WITHOUT PRECURSORS
CONTAINING PRESUMED UNCLEAVED AND INTERNAL
SIGNAL PEPTIDES

Location of the signal
Protein peptide Ref.

Eukaryotic Secretory Proteins
Ovalbumin Translocated 163
Procaryotic Secretory Proteins

Colicin El Translocated 168, 169,
171

Eukaryotic Membrane Proteins

p62-Protein of Sindbis Translocated 350, 351
and Semliki Forest virus

Opsin Translocated (?) 352—354

Cytochrome P-450 Membrane-spanning 355

Epoxide hydratase Membrane-spanning 356

Isomaltase Membrane-spanning 357

Ca?*-ATPase ? 358

BandlIl of erythrocytes Membrane-spanning 359, 360

MP26 of lens membranes ? 361
3-subunit of histocompatibility Membrane-spanning 64
antigen

Neuraminidase Membrane-spanning 278, 362,

363
Procaryotic Membrane Proteins
Signal peptidase | Membrane-spanning (?) 229

(leader peptidase)
LacY-protein (E. coli)

Membrane-spanning (?) 364, 364a
question whether they contain signal sequences at all. For some proteins the requirement of
SRP for their membrane incorporation in vitro has been demonstrated which provides good
evidence for the existence of signal peptides (see Section II.E.1). For the band Il protein
of erythrocytes, it has been shown that dog pancreatic membranes can be added much later
than for proteins with N-terminally located signal peptides (up to the point where about 500
amino acid residues were synthesized), and translocation still occurs.'” Indeed, the N-
terminus of this protein remains in the cytoplasm, and a membrane-spanning segment has
been localized close to residue 500.'77

For some of the proteins listed in Table 5, the amino acid sequences are known and
contain hydrophobic segments reminiscent of signal peptides. However, definite proof for
their function is lacking as yet. The sequence in question should transport a cytoplasmic
polypeptide when added to its N-terminus and should replace a cleavable signal peptide in
its function, and certain mutations in it should affect the translocation process. The size of
an SRP-arrested polypeptide fragment, if it exists, may also indicate the location of a signal
peptide in a protein. Nevertheless, the data already existing indicate that signal peptides
need not be located at the N-terminus of a polypeptide chain and therefore in that case they
are not cleavable.
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E. Components of the Translocation Apparatus

The requirement of a translocation apparatus for protein transport across membranes
remains a matter of dispute in some cases (see Section II.B.3). It is, however, beyond any
doubt that in general a number of proteins are instrumental in the translocation process. This
section discusses the various components known so far.

1. The Signal Recognition Particle (SRP)

The discovery of SRP can be considered to be a milestone in the elucidation of the
molecular details of the translocation process across the RER membrane.¢-!78-1€0

The basic observation was that extraction of rough microsomes with high concentrations
of KCI rendered the membranes inactive for protein segregation, but that readdition of the
salt extract reconstituted their function.'®' Initial confusion was created by the fact that high
salt-washed rough microsomes {(K-RMs) were active in the reticulocyte lysate system (see
Reference 182) until it was realized that it contains, unlike the wheat germ system, SRP.'%¢
Furthermore, Jackson et al.,'® in early experiments, were unable to inactivate RER mem-
branes by extraction with high salt, even though they used the wheat germ system for assay
and thought that the deviating results of Warren and Dobberstein'®' were due to proteolysis.
It is now clear that both KCI and protease (+ KCl—) treatment abolish the translocation
competence of rough microsomes.

Walter and Blobel'®® isolated a protein complex from the high salt extract of RER
membranes by hydrophobic chromatography and sucrose gradient centrifugation and showed
that it is the only component required to reactivate K-RMs. It was later realized that the
complex also contained a 7S-RNA; it was therefore renamed signal recognition particle
(SRP), '8¢

SRP from dog pancreas has a sedimentation coefficient of 11S and contains 6 polypeptide
chains of molecular mass 72, 68, 54, 19, 14, and 9 kdalton.'®* The 7S-RNA was shown to
be identical with the 7SL-RNA known before as a metabolically stable RNA-species. More
than 75% of the total cellular 7SL-RNA is contained in the SRP.'®” The 7SL-RNA has a
unique structure: it contains, at both ends, segments which correspond to highly repetitive
sequences of the genome (Alu-sequences) and a middle part (S-sequence) which is repeated
less frequently in the genome or is unique.'®’- '8

The RNA is relatively well protected in the particle against the action of nucleases justifying
the practice to lower the endogenous mRNA-content of rough microsomes by treatment with
low concentrations of micrococcal nuclease. A detailed analysis with micrococcal nuclease
indicated that the SRP on treatment with high concentrations of the enzyme separates into
two domains, one containing the four largest polypeptides associated with the S-segment of
the 7S-RNA and the other containing the two smallest bound to the Alu-fragments.'* It
appears therefore that the 7SL-RNA folds back in the particle allowing the 5'- and 3'-Alu
segments to pair bases with each other.

The structure of SRP is stabilized by Mg?* ions and can be disrupted by lowering their
concentration. In this manner, Walter and Blobel'®' dissassembled the particle into native
protein and RNA components. When recombined under suitable conditions, the original
structure and function of SRP was reconstituted. A highly cooperative process of self-
assembly was found, similar to that observed for the reconstitution of ribosomal subunits.
By modifying isolated components and reconstituting into SRP, it should be possible to
probe their role in the particle. Such an approach has already been taken by reassociation
of 7SL-RNA from different species with the polypeptides from dog pancreas. Xenopus leavis
and Drosophila 7SL-RNA yielded functional particles with sedimentation coefficients of
about 118, although the latter RNA does not cross-hybridize with mammalian 7SL-RNA'9!.192
E. coli 65-RNA, the possible equivalent of the eukaryotic 7S-RNA (see below), does not
reconstitute SRP. It is an intriguing possibility that the 7SL-RNA interacts with other RNA-
species of the translocation apparatus, but experimental evidence is lacking as yet.
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Although originally purified on the basis of its ability to reactivate K-RMs in their trans-
location competence, SRP turned out to have a second function: in the absence of K-RMs,
the addition of SRP to the wheat germ cell-free translation system led to a severe inhibition
of the translation of preprolactin and pregrowth hormone, whereas alpha- and beta-globin
synthesis remained unaffected.”” The inhibition was released by addition of K-RMs to the
assay. This indicated a role for SRP in the coupling of synthesis and translocation of secretory
proteins. This conclusion was clearly borne out by synchronized translation of pituitary
mRNA in the presence of SRP.** A 70-amino acid residue long peptide fragment accu-
mulated, but disappeared when K-RMs were added. The processed and translocated poly-
peptides were synthesized simultaneously, indicating a precursor-product relationship. It
remains to be directly shown by sequencing that the arrested peptide fragment is related to
preprolactin, the main translation product of the pituitary mRNA. The length of the arrested
fragment may be explained by a direct interaction of SRP with the signal peptide: about 40
amino acid residues would be buried within the ribosome'*'** and 30 would have emerged
from it, including the complete signal peptide.

It has been shown that the two smallest polypeptides of SRP are responsible for the
translational arrest of the particle and dispensable for its function in translocation.**%*

An interaction between SRP and the nascent chain was further supported by binding
experiments.'” SRP binds to polyribosomes synthesizing secretory proteins, but not to those
synthesizing globin. It binds to monosomes by four orders of magnitude less strongly. The
binding of SRP to the signal peptide of the growing secretory polypeptide is mainly suggested
by the effect of HO-Leu incorporation: not only was the translocation abolished,'*¢ but also
binding of SRP to polyribosomes and the translational arrest exerted by SRP.** It was
therefore concluded that SRP recognizes the Leu-rich signal peptide. Of course, HO-Leu is
incorporated throughout the protein and its effect may not be entirely due to a change in
the signal peptide. Also, these data do not exclude the possibility that other parts of the
nascent chain, which are somehow influenced by the signal peptide, contribute to the rec-
ognition process. It therefore appears that more definitive proof for the interaction of SRP
with the signal peptide is still desirable. Nevertheless, the data provide most convincing
evidence for an interaction of SRP with the nascent polypeptide chain as opposed to a
recognition of the mRNA-template.

Although SRP was originally purified from rough microsomes, this cannot be its exclusive
location in a cell. Indeed, cell fractionation studies indicate that SRP can be found in various
fractions, depending on the concentration of KCI in the homogenization buffer.'*” At low
salt concentration, SRP is primarily located in the microsomal fraction. With rising KCl
concentrations, SRP is found on free ribosomes until, at high concentrations, it is entirely
in the supernatant fluid. At physiological salt concentrations, SRP is present in all three
compartments, indicating its potential to circulate between them. All these data led to the
scheme shown in Figure 2 and explained in Section I.A.2.

The role of dog pancreatic SRP for the segregation of proteins into microsomal vesicles
in vitro is now well established for secretory proteins from various sources. Examples include
apolipoprotein Al,'** immunoglobulin light chain, ' human placental lactogen,'*” carp proin-
sulin,®' and B-lactamase.* Storage globulin polypeptides from legumes (Bassuener et al.)'’
and lysosomal enzyme precursors (Erickson et al.)'** also require SRP for membrane transfer.
Membrane proteins for which the essential function of SRP for membrane insertion has been
shown include the 8-subunit of the acetylcholine receptor,'® the y-subunit of the histocom-
patibility antigen,* cytochrome P-450,%* the major lens membrane protein (MP26), and the
Ca?* -ATPase of the sarcoplasmic reticulum.®® In the latter two cases, however, a translational
arrest by addition of SRP alone to the cell-free translation system was not observed (to be
further discussed in Section 11.F.2). It can be concluded from these examples that proteins
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in general require SRP for translocation across the RER membrane. The data also provide
indirect evidence for the existence of SRP in lower eukaryotes and even prokaryotes.

Does SRP exist in bacteria? A search comparable to the approach taken for the eukaryotic
system cannot be made as yet for bacteria since an efficient in vitro translocation system
does not exist. Only partial processing of precursor polypeptides could be obtained with
inside-out E. coli plasma membrane vesicles.?’-** Recently, some progress has been made
in the improvement of a prokaryotic in vitro system, but the translocation efficiency still
did not exceed 25%.2%%

The genetic approach, however, has proved very powerful for E. coli, although definite
identification of polypeptides contained in the bacterial SRP or functioning as docking protein
has not yet been achieved.

Based on the observation that some fusion polypeptides of the maltose-binding protein
and the B-galactosidase were held up in the membrane and conferred a lac-minus phenotype
to the bacteria (Reference 201, see also Table 2), temperature-sensitive mutants mapping
outside this gene were looked for, which prevented initiation of translocation and therefore
caused a lac-plus phenotype (presumably the lac-minus phenotype is caused by inhibition
of tetramerization of the B-galactosidase if the enzyme is incorporated into membranes).
The mutants mapped in two loci, called secA and secB. When present in otherwise wild-
type E. coli cells, they lead to growth inhibition at 42°C, and precursors to some proteins
accumulate. When both mutations were present simultaneoustly, the effects were enhanced."
However, some periplasmic proteins were normally secreted in these mutants.?®' Neverthe-
less, the pleiotropic phenotype of the sec mutants suggests that the genes play a role in
protein export. When amber (peptide-chain terminating) mutants in the secA gene were
analyzed, it turned out that complete absence of the gene product did not lead to the
accumulation of some precursors but to a total block in the synthesis of exported proteins.
Other proteins were not affected.?%® It was recently demonstrated that signal sequence mu-
tations in the maltose-binding protein precursor, which were previously shown to abolish
the secretion of this protein,2%¢-2% also prevented the blocking of synthesis when introduced
into the secA amber strain.?® These data clearly indicate that the signal sequence interacts
with a protein factor either directly or indirectly involving the secA gene product. This is,
of course, consistent with the SRP-model for protein secretion in eukaryotes. In favor of
this idea, the secA gene product has been identified as a 92-kdalton protein associated with
the periphery of the cytoplasmic membrane of E. coli.?**2%" Antibodies raised against the
secA protein were claimed to precipitate a portion of the 65-RNA** from cell homoge-
nates.?*® However, by using a reconstituted cell-free system, a soluble activity was recently
described that is required for the export of proteins in E. coli. This factor sediments at about
128, but does not contain the 6S-RNA.2°® These data may suggest the presence of a SRP-
like factor in bacteria, but the possibility remains that some exported proteins take another
route since they are not affected by the sec mutations.

Extragenic suppressor mutations of the secA-ts mutants were recently found which restored
normal growth of the bacteria at 37°C.2!° They were called secC and showed a cold-sensitive
phenotype. At 23°C, there was a defect in the synthesis of exported proteins, whereas
cytoplasmic ones remained unaffected. A marked allele specificity was found with different
secA alleles, which was taken as evidence for a direct interaction of the secA and secC
proteins.

A different genetic approach has led to other candidates of constituents of SRP. Starting
with a mutant with a deletion in the signal sequence of the lambda-phage receptor (lamB
protein), second site mutations were searched for, in which the export of this protein was
restored.?'" Three loci were found, called prlA, B, and C (the prIB mutant most likely does
not affect any component of the export machinery).'® The prlA mutants, which have been
most extensively studied, restored the translocation of many export-deficient signal peptide
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mutations including those of the maltose-binding protein and alkaline phosphatase.?''-2}3
They appeared to have no effect on normal signal peptides.?'> The mutation maps on the
promotor-distal end of the ribosomal protein gene cluster, which suggests that it is regulated
in coordination with the synthesis of ribosomes.?'* Different alleles of the prlA locus showed
different efficiency of suppression of signal peptide mutations. Furthermore, selectivity with
respect to the various signal peptide mutations was observed. Again, these data may be
interpreted as a direct interaction of the prlA protein with the signal peptide. Another locus,
very close to that of prlA, but not identical with it, has recently been found with a similar
selection procedure using a deletion mutant of the maltose-binding protein (delta 12 to 18,
see Table 3).2'* This gene (prlD1) is only a weak suppressor, but if present simultaneously
with the prlA mutation, there is a strong growth defect and many precursors of exported
proteins accumulate.''® Again, allele selectivity was found, indicative of an interaction of
the prlA and priD1 proteins.

The secY gene described by Ito et al.>'” most likely is identical to the prlA gene locus.
Mutations were found, however, either in a preceding gene, which had a polar effect on
the prlA protein,?'” or in the protein itself,?'® which affected the export of many proteins.
These experiments clearly show that the prlA protein is involved in the normal export process
of cells rather than providing an alternative route. It should be noted that suppression of the
signal-peptide mutations by the prl mutations, though restoring the export process in prin-
ciple, led to significant retardation of translocation.''®

A number of recent results indicate that synthesis and translocation are coupled in E. coli
as they are in the eukaryotic system. Mutational alterations in the hydrophilic segment of
the E. coli lipoprotein''' or of the lamB protein?'®-%*° significantly reduce the translation
efficiency. Total lack of the secA protein stops the synthesis of the maltose-binding protein,
but cytoplasmic proteins remain unaffected.*® The secC mutants are defective in the synthesis
of exported proteins at the nonpermissive temperature, but again other proteins are still
synthesized. These data suggest that a SRP-induced translational arrest is also operational
in E. coli.

2. The Docking Protein — the SRP-Receptor

It was predicted by the signal hypothesis that integral membrane proteins would be
required for recognition and translocation of proteins across the RER membrane.' It was
therefore a logical attempt to proteolytically dissect and reconstitute microsomal vesicles.
If RER membranes are incubated with low concentrations of trypsin or elastase, a component
is cleaved off which can be removed from the membranes by raising the KCl concentration
above 0.2 M. When added back to protease-inactivated membranes, the extract restores the
translocation activity.'®>'84-22) The active component in the extract was purified and was
shown to be a 60-kdalton polypeptide.??? The original component in the membrane, giving
rise to the 60-kdalton fragment after proteolysis, was identified as a 72-kdalton protein. It
appears that this protein consists of two domains, a membrane and a cytoplasmic (60-kdalton)
one. Functional reconstitution only requires an ionic interaction, but it has not been proved
that the 60-kdalton fragment interacts with the residual peptide in the membrane to yield
translocation competence.

The function of the polypeptide was demonstrated by use of the SRP-induced arrest of
translation as an assay. Meyer et al.'* found that the purified 60-kdalton fragment released
the translational arrest as did the K-RMs from which it is derived. They named the peptide
**docking protein’’ on the assumption that it binds (docks) SRP to the membrane.

A similar, but not exactly identical, conclusion was reached by Gilmore et al.??*-?*¢ These
authors isolated the 72-kdalton protein from a detergent extract of salt-extracted rough
microsomes by affinity chromatography with SRP coupled to Sepharose. Identity with the
72-kdalton protein of Meyer et al.?*?> was shown by peptide mapping and immunological
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means. However, Gilmore et al.*** found that only the 72-kdalton protein and not the 60-
kdalton fragment was able to release the translational arrest exerted by SRP. They explained
the deviating results of Meyer et al.'% by contamination of their 60-kdalton preparation with
the 72-kdalton protein. This assumption has been confirmed by Dobberstein’s group, who
showed that the 72-kdalton protein is more active than the 60-kdalton fragment.*** On the

receptor’’. Such a receptor has been predicted before.*

A SRP-receptor has not yet been identified in bacteria. Any of the genes found to influence
the protein export in E. coli could in fact be either a constituent of SRP or the receptor.
One possibility, for example, would be that secA is the bacterial docking protein, whereas
secB, secC, prlA, and priD1 could be constituents of the SRP.'™ It is obvious that identi-
fication of the polypeptide chains and antibodies raised against them would greatly contribute
to further progress.

3. Signal Peptidases

The signal peptidase(s) from eukaryotes has not been completely purified as yet. Assay
of the enzyme, although possible after treatment of microsomes with detergent and completed
preproteins as substrate,*>-* is complicated by the requirement of testing by sequence analysis
for correct cleavage. Using prepromellitin as a model, Mollay et al.?*® achieved a separation
of the signal peptidase from signal peptide-degrading enzymes and proved thereby that the
former enzyme is a neutral endopeptidase of a specific type. Neither the molecular weight
nor the amino acid residues constituting the active center are known.

The signal peptidase is probably located at the luminal side of the RER membrane since
it is resistant to extensive proteolysis.>* The signal peptidase not only requires detergent for
its solubilization, but also for the assay.??¢

In E. coli, it is clear that there exist at least two signal peptidases, called signal peptidase
I and I1.'* Signal peptidase II is apparently specific for precursors of lipoproteins, whereas
signal peptidase I (also called *‘leader peptidase’’)** is believed to be required for all other
precursors of export proteins in E. coli.

The signal peptidase I is coded by the gene lepl located in the E. coli map at a place not
identical to any other known component of the translocation apparatus.??’-?*® The amino acid
sequence of the signal peptidase I predicted from the nucleotide sequence of the gene agrees
with the amino acid composition of the purified enzyme.2* Its molecular mass is about 35
kdalton. By proteolytic digestion of E. coli spheroplasts, it was shown that the majority of
the polypeptide chain is exposed to the outside and that the amino terminus anchors the
enzyme in the membrane. Interestingly enough, the signal peptidase I, which is itself an
exported protein, does not possess a cleavable signal peptide.??° The enzyme is mostly found
in the cytoplasmic membrane, although a small percentage may also be present in outer
membranes.?%92%

It has been shown that the signal peptidase I cleaves a variety of secretory precursor
proteins, including some from eukaryotes.®® Conversely, the eukaryotic signal peptidase
cleaves pre-B-lactamase correctly.*®

The gene for the signal peptidase II has also been sequenced recently and is unrelated to
that of signal peptidase 1.2*'-23? This fact is demonstrated further by the isolation of a
temperature-sensitive signal peptidase II mutant in which the processing of prolipoprotein
can be blocked, but not that of other secretory proteins.?3-23 Interestingly enough, the
promotor of the gene also controls a tRNA synthetase gene (Ile-tRNA), but its relation to
protein export, if any, remains unclear.?** The signal peptidase II is predicted to contain
164 amino acid residues. The amino acid sequence contains several hydrophobic domains,
but the orientation of the enzyme in the membrane is not yet known. The enzyme cleaves
prolipoprotein only after addition of glycerine to the cysteine residue at position + 1, which
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is a prerequisite for attachment of fatty acids.>**-**” Treatment of E. coli cells with globomycin
leads to accumulation of the glycerine-modified prolipoprotein.'”*-** Globomycin does not
inhibit the signal peptidase 1. The signal peptidase Il appears to be temperature-stable (up
to 80°C) when assayed in vitro.” This permitted the detection of the cleaved-off signal
peptide of prolipoprotein since the signal peptide-degrading enzymes were inactivated under
these conditions. The degradation of the signal peptide could be prevented in vitro by addition
of antipain or other peptide aldehydes which inhibit proteases.>** The intact signal peptide
was found in the membrane fraction. Signal peptide degradation cannot be prevented in a
similar way in the eukaryotic system.

4. Ribosome Receptors

Both the synthesis of secretory and some membrane proteins in membrane-bound poly-
ribosomes and the cotranslational mode of transfer across the RER membrane suggest an
active role of ribosomes. Evidence for a specific binding of ribosomes to the RER membrane
is 01d.2*%-2*3 Ribosomes were found to bind only to the rough and not to the smooth ER.
Binding was saturable and sensitive to protease treatment of the microsomes. The interaction
was sensitive to high salt concentrations. It appears from electronmicroscopic data that the
large ribosomal subunit contains the interaction site.?**-** However, the exit site of the
nascent protein chain on the ribosome, which should be close to the binding site to the RER
membrane, seems to be in the neighborhood of the interface between the two ribosomal
subunits.?** The ribosomal protein(s) interacting with the membrane is not known as yet.
Two membrane proteins of the RER, termed ribophorins I and II, have been suggested as
ribosome receptors.24¢-2%® This hypothesis is based on their occurrence in rough, but not
smooth, ER membranes of different cell types, their close association with ribosomes, and
their ability to be cross-linked to ribosomal proteins. However, direct evidence for an
interaction of the ribophorins with ribosomes during the translocation process is lacking as
yet.

One may raise the question as to whether ribosomes are linked to the membrane via SRP
which is known to interact both with ribosomes and the membrane (see Section IL.LE.1).
This possibility can be excluded since there are about tenfold more membrane-bound ri-
bosomes per cell than SRP and SRP-receptor molecules.?* Furthermore, Gilmore and Blobel*’
have shown that SRP is released from the ribosomes when K-RMs are added, even in the
absence of chain elongation. Since the SRP-receptor does not have a measurable affinity to
ribosomes, the result indicates that the ribosomes are transferred to a different membrane
receptor.

The role of ribosomes in bacteria is less clear. Membrane-bound ribosomes do exist and
appear to play a role in protein export.**-2* This conclusion has been strengthened recently
by showing that the signal peptide mutants of the maltose-binding protein and alkaline
phosphatase are primarily synthesized in free polyribosomes in the cytoplasm,’'® whereas
the wild-type proteins are synthesized in membrane-bound polyribosomes.*® The result
demonstrates that, as in eukaryotes, the signal peptide directs the ribosome to the translocation
competent membrane.

In contrast to the eukaryotic system, there is no firm binding of ribosomes to the cyto-
plasmic membrane.?*' Whereas there is little doubt that translocation across the RER mem-
brane is strictly cotranslational, for bacteria, conflicting data exist. Some proteins can be
translocated late in their biosynthesis or even after their completion.®0-232-233 In Bacillus
subtilis, a protein of molecular mass 64 kdalton has been identified which is associated with
the inside of the cytoplasmic membrane.?* In the absence, but not in the presence, of
ribosomes this protein was sensitive to proteases and accessible to antibodies prepared against
it. These data would be compatible with its presumed role as a ribosome receptor.
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5. What Role Do the Phospholipids Play?

This question cannot be answered yet and has not been studied extensively. It is clear
that lipids play at least a permissive role. In bacteria, changes in the composition of the
phospholipids and their mobility influence the process of protein export.?>2*” However, it
is possible that this is an indirect effect on membrane proteins involved in translocation. It
cannot be excluded at the moment that special areas of the membrane with nonbilayer
structure of the phospholipids (inverted micelles) could be the sites of protein transfer. These
regions could provide an internal, hydrophilic environment within the membrane equally
favorable as a protein channel for transport of the growing polypeptide.

F. Functional Aspects of the Translocation Process
1. Where Does the Energy Come From?

The source of the energy for protein translocation is not yet established for the eukaryotic
system. In bacteria, however, the post-translational export of some proteins can be inhibited
by drugs which dissipate the electrochemical potential across the inner membrane.%** ATP
itself does not appear to be required. By use of specific drugs, it was further shown that
the asymmetrical charges at both sides of the membrane are required rather than a proton
gradient.'®-2>® How a membrane potential influences protein transfer across a bilayer is not
clear. It is conceivable that a *‘protein pump’’ is coupled to an ion pump in a comparable
manner as is known for the coupling of transport systems of small molecules. A membrane
potential is also required for the post-translational import of many proteins into mitochondria
(see Section II1.D.4). On the other hand, evidence has been provided recently that ATP is
needed for protein translocation in E. coli in vitro.?%®

The transport system across the RER membrane almost certainly cannot take the energy
from a membrane potential. It is doubtful that an ion gradient can be built up in microsomal
vesicles which are leaky for small molecules, including many ions. Thus, a membrane
potential, if it exists, must be small. Uncouplers and ionophores have no effect on protein
translocation in vitro.2*® It is possible that in eukaryotes the mechanical link between the
ribosome and the RER membrane pushes the growing chain. In fact, calculations by von
Heijne'" based on this assumption explained fairly well why certain amino acid sequences
are translocated across the bilayer, whereas others are not. Arguments were provided that
it is probably not the translation energy per se which is used to ‘‘push’’ the polypeptide
across the membrane. It should be noted that the energy required for the initial establishment
of a transmembrane orientation of the growing polypeptide chain should be much greater
than for the subsequent residue-by-residue transfer. Significant energy compensation is
expected for the latter process since for each amino acid residue incorporated into the
membrane, another residue would appear in the luminal aqueous phase of the RER. If an
aqueous tunnel is transiently formed within the membrane through which the polypeptide
is transported, there would be even less energy required once the pore has been established
(see Section I1.G).

Perhaps the energy is provided by an as yet unknown modification mechanism. For
example, it is conceivable that SRP is modified, e.g., by phosphorylation or adenoribosy-
lation, and thereby activated for signal recognition and membrane binding. Demodification
at the membrane could provide the energy required for the initiation of translocation.

2. Regulation of Protein Transfer — Obligatory Coupling of Synthesis and Translocation?

The discovery of the SRP-induced translational arrest by Walter and Blobel*¢-'* raises
the interesting question as to whether protein transfer could be regulated. It was proposed
that the chain elongation arrest would prevent the misdirection of proteins destined for
export, in the case where membrane-binding sites are limiting.>¢ One could also imagine
that synthesis and export of a translocated protein are regulated at this level. Of course, in
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the latter case, a special mechanism for discrimination among different translocated proteins
has to be postulated.

Does a translational arrest occur in vivo? The answer is not yet known with certainty.
Data by Richter and Smith?*° and Richter et al.’® do not support this assumption. mMRNA
coding for secretory proteins is found in the postribosomal supemnatant when injected in
excess into Xenopus oocytes. The high salt extract of rough microsomes rather than K-RMs
stimulated the synthesis of secretory proteins. These data indicate that membrane-binding
sites are not limiting and that an insignificant amount of mRNA carries elongation-arrested
ribosomes. A translational arrest has not been observed in vitro in the reticulocyte lysate
system which contains low amounts of endogenous SRP,'®® even if more SRP is added.*s?
The same observation has been made with a Hela-cell-free system.??* Two membrane proteins
with uncleaved signal peptide, the MP26 of the eye lens and the Ca®*-ATPase of the
sarcoplasmic reticulum, require SRP for membrane incorporation in vitro, but a translational
arrest is not found in the wheat germ system in the absence of microsomes.%® Ovalbumin
only shows a transient SRP arrest.?®® Perhaps the absence of a translational arrest is related
to the presumed internal location of the signal peptide in these cases. Recently, a partially
reconstituted SRP-molecule was constructed which lacked the two smallest polypeptides of
the original particle, but showed nevertheless full translocation activity. The translational
arrest was, however, abolished.?*®* All these observations cast doubt on the idea of an
obligatory coupling of translational arrest and translocation. Conversely, it is possible that
other factors, e.g., other RNPs, interact with the ribosome at the same regulatory site as
used by SRP, without playing a role in the translocation process.

Recently, we have theoretically analyzed factors which could dissociate the translational
arrest from the translocation process.?*®® A mathematical model which faithfully describes
available experimental data (Figure 3) was used to analyze the following parameters: con-
centrations of SRP, of microsomal SRP-receptor, of ribosomes and mRNA, location of the
signal peptide in a protein chain, and size of the ‘‘window’’ during which SRP can interact
with the nascent polypeptide chain. The *‘window’’ is defined as the distance in amino acid
residues between the initial and final point for an interaction of SRP with the growing chain
emerging from the ribosome.

As expected, the size of the ‘‘window’’ is important for the extent of the translational
arrest and of protein translocation: the longer the chance for SRP to interact with the nascent
chain, the more SRP is bound. It should be noted that, depending on the size of the
“‘window’’, the translational arrest is more pronounced at shorter times than after longer
periods of incubation (ribosomes are slowed down by the continuous interaction with SRP),
i.e., inhibition is partially released with time. The size of the *‘window’’ may be a specific
property of a given polypeptide. It could depend, for example, on the folding of the protein
chain. One may speculate that the *‘window’’ may be greater for N-terminally located signal
peptides that for internal ones since in the latter case the peptide may be rapidly buried in
the already synthesized protein part. For very small proteins, like prepromellitin (73 amino
acid residues) the ‘‘window’’ must be small and the translational arrest should be weak.
Indeed, this is observed.?**

Since the inhibitory effect of a small ‘*window’’ can be overcome by a moderate increase
of the concentration of membrane receptors for SRP, a case may exist in which the trans-
lational arrest is absent, but translocation (and signal peptide removal) occurs. An example
is given in Table 6.

Another important factor influencing the translational arrest and the translocation to a
different extent is the constant for the binding of SRP to ribosomes carrying an exposed
signal peptide. If the constant is lowered, the arrest is reduced more than the translocation
efficiency (calculations not shown). This result may explain different efficiencies of signal

peptides.

.
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FIGURE 3. Mathematical modeling of the effect of SRP and its receptor on the in vitro synthesis and translocation
of a secretory protein. In the figure, experimental data are compared with predictions made on the basis of a
mathematical model.** The upper panel shows the inhibitory effect of SRP on the translation of preprolactin mRNA
in the absence of microsomal membranes. In the presence of KCl-washed membranes (K-RMs) (middle panel).
addition of SRP leads to the conversion of precursor molecules (triangles) to transiocated and processed ones
(circles). Squares give the total protein synthesized. The lowest panel shows the effect of addition of K-RMs on
the total protein synthesis in vitro. The release of the translational arrest exerted by SRP is clearly seen. The
experimental data (filled symbols) are taken from the literature. '™ '*23* Calculated steady-state data (open symbols)
were obtained by the use of the following parameter values:** concentrations of mRNA and ribosomes: 1 and 100
nmoles per liter, respectively: rate constants of initiation, elongation, and termination of translation: 0.012 ¢/min
x nmol, 20 min~', and 20 min-', respectively: association constant for binding of SRP to ribosomes carrying
exposed signal peptides: 2.5 ¢/nmol; association constant for binding of the complex to the SRP-receptor (docking
protein): 0.03 ¢/nmol; number of codons occupied by a ribosome: 12; and size of the **window’": 10 amino acid
residues. D, gives the concentration of the docking protein. Equivalents of K-RMs and units of SRP are defined
in Reference 179.
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Table 6
MODELING OF A CASE WHERE DISSOCIATION OF SRP-
INDUCED TRANSLATIONAL ARREST AND
TRANSLOCATION OCCURS

Translocation
(docking protein = 5)

Translational arrest

(docking protein = 0) Synthesis of
synthesis of precursor mature protein
SRP concentration (nmoles X 100/¢ Synthesis of (nmoles x
(nmoles per liter) X min) precursor 100/¢ x min)
0 3.26 3.26 0
1 3.26 2.42 0.84
2 3.26 1.91 1.35
4 3.25 1.34 1.92
8 2.75 0.83 2.43

Note: The values given in the table are steady-state rates obtained after integration
of a system of more than 200 differential equations. The mathematical mode!
is based on the treatment of Heinrich and Rapoport** as extended recently.**
The following parameter values were used for the calculations: size of the
“‘window'": | amino acid residue; residue at which SRP binds to the nascent
polypeptide chain: 70; concentrations of mRNA and ribosomes: 1 and 100,
respectively; number of codons occupied by a ribosome: 12; association con-
stants for binding of SRP to ribosomes carrying nascent chains: 2.5; and as-
sociation constant for binding to the SRP receptor (docking protein): 0.03. All
concentrations are expressed in nmoles per liter.

The position of the signal peptide in a protein chain should not per se dissociate the two
effects (calculations not shown). An increase of the mRNA-concentration, however, weakens
both the extent of the arrest of translation and of translocation, and the latter process can
be made more efficient by higher levels of SRP-receptors, leading again to a dissociation
of the two processes. It may be concluded that dissociation of the two effects need not be
caused by specific properties of the polypeptide in study.

In general, processing and translocation of a polypeptide can be observed even at low
concentrations of SRP where a translational arrest in the absence of microsomes is insig-
nificant (see Table 6). This is easily explained: a SRP arrest requires that ribosomes pile up
in front of the arrest site at the mRNA so that eventually the initiation site where translation
starts becomes blocked. Translocation, on the other hand, only depends on the situation at
the arrest site and can occur when the piling up of ribosomes does not extend all the way
back.

Rough extrapolations to the situation in a cell show that inhibition of translation by SRP
is negligible and translocation essentially complete. Such a situation appears sensible and
is in agreement with the preliminary data discussed above.

An exciting new perspective in the regulation of protein synthesis by SRP has been opened
recently. Proinsulin biosynthesis in pancreatic B-cells is known to be stimulated by glucose
at the translational level during the first hour.?®' Welsch et al.?? recently gave preliminary
evidence that glucose increases the percentage of SRP bound to microsomal membranes. If
these findings can be verified, they may indicate that SRP, its receptor, or some other part
of the translocation machinery can be modified and is subject to regulatory influences.
Furthermore, one may raise the question as to whether the translocation of all proteins is
blocked in the absence of glucose (which seems unlikely) or whether and how preproinsulin
synthesis is affected specifically.
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3. The Loop Model — a Likely Hypothesis

How does the signal peptide cross the membrane? According to the signal hypothesis in
its original form, its N-terminus should cross the membrane first (Figure 1).'® In this manner,
positively charged residues usually located at the terminal part of the signal peptide would
have to pass the hydrophobic lipid environment first. Furthermore, the succeeding hydro-
phobic domain, which has a high affinity for the lipid environment, would have to be
translocated entirely across the membrane so that the mature peptide can follow. Obviously,
translocating the signal peptide to the other side of the lipid bilayer in this manner would
require a great deal of energy. In order to circumvent these difficulties, a loop model was
proposed,'4#!-!4! according to which the N-terminal, hydrophilic, or charged part of the
signal peptide would stay in the cytoplasm (Figure 2). Several predictions of the loop model
have been verified in prokaryotes, these include:

1. If signal peptide cleavage is prevented, the resulting precursor protein should be
anchored with its uncleaved signal peptide in the membrane. Indeed, prolipoprotein,
accumulated in the presence of globomycin, was located in the cytoplasmic membrane
of E. coli cells; most of the protein was translocated through the bilayer and lysine
residues — 19 and — 16 were inaccessible to modification from outside unless the cells
were disrupted. 26263

2. Signal peptides transposed to an internal location are functional in E. coli for protein
secretion.*”-'717* Obviously, such results are difficult to explain if the hydrophilic N-
terminus were to cross the membrane first. However, a direct demonstration that the
N-terminal part stays in the cytoplasm is missing as yet.

3. The location of the cleaved-off signal peptide in the membrane fraction and the fa-
cilitating role of the positive charges at the N-terminus of prolipoprotein are consistent
with the loop model.'!!-!!2

For eukaryotes, evidence for the loop model is scarce. Internal signal peptides would fit
the loop model. Some membrane proteins have a N-terminal membrane-anchoring sequence
presumed to be the uncleaved signal peptide (see Table 5) and most of their polypeptide
chain translocated across the RER membrane. Again, such an orientation would be difficult
to explain on the basis of a linear extrusion model. »

Other preliminary evidence indicated that the hydrophilic extreme N-terminal part of signal
peptides of eukaryotic secretory proteins stays in the supernatant fluid of microsomal vesicles
after translocation in vitro.?¢

Taking evidence and plausibility together, the loop model appears an attractive hypothesis
which needs, however, more experimental support, particularly for eukaryotic systems.

4. Tunnel vs. Direct Transfer Across the Phospholipid Bilayer

Blobel and Dobberstein'® have proposed that the growing polypeptide chain is transferred
across a hydrophilic pore transiently formed in the RER membrane. Theoretical arguments,
on the other hand, indicate that the transport could proceed directly through the phospholipid
bilayer without excessive energy demand!'®-'*® (see also Section II.B.3).

At present there are no data which prove or disprove the existence of tunnel proteins.
Recently, Ferro-Novick et al.2¢7-2%8 have found a new class of secretory mutants in yeast
(sec53 and sec59) in which the translocation process appears to be halted after shift to the
nonpermissive temperature and the protein is completed in the cytoplasm. If the transmem-
brane orientation of the secretory proteins can be convincingly demonstrated, these data
would provide evidence for the involvement of a protein component in the translocation
process itself, but not necessarily for a tunnel protein. Another promising approach should
be the cross-linking of nascent polypeptide chains with membrane components during their
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transport across the RER membrane. It is also conceivable that the opening of an aqueous
tunnel could be monitored by an increase of conductivity across the bilayer or by an increased
ion exchange, provided that suitable experimental conditions can be worked out.

It is obvious that the actual mode of protein transfer across membranes is a crucial point
not yet solved. It is not even known whether the protein chain meets a hydrophobic or
hydrophilic environment during passage.

5. Linear or Domain Transfer?

Translocation across the RER membrane is believed to proceed linearly as the nascent
chain is elongated.?®?°*-*2 It is conceivable, however, that larger parts of the growing poly-
peptide are buried within a tunnel in the membrane (see Section I1.G). For E. coli, evidence
exists that entire polypeptide domains can be translocated at once across the membrane.
Randall*** has used the accessibility of nascent chains of periplasmic proteins to externally
added protease as a criterion for the transport across the inner membrane of E. coli. Limited
proteolysis was employed to identify specific regions of the polypeptide chain. It was
concluded that translocation of the polypeptide is a late event relative to the extent of chain
elongation, occurring in some cases only after completion of the protein. It appears that this
important result should be further strengthened by classical peptide mapping experiments.

Late cotranslational or post-translational transport of proteins appears to be quite usual in
E. coli and may reflect the efficiency of translocation.80-2000-252.233 Eysions of the malE and
lacZ gene have recently been shown to be transported post-translationally if they contain
only short portions of the mature exported polypeptide (class II and III, see Table 2) and
cotranslationally, if the portion is long (class IV and V).""™ Mutations in the positively
charged segment of the lipoprotein signal peptide lead to a slow, post-translational trans-
port."""-"'2 It is possible that in these cases folded polypeptide domains cross the phospholipid
bilayer.

It should be pointed out that post-translational membrane transfer of a protein does not
exclude the possibility that a cotranslational event is required. For example, a pore in the
membrane could be opened which is used by the exported protein only after its completion.
Signal recognition may also be a cotranslational event. Nevertheless, the requirement of a
membrane potential for protein export and the possible domain transfer are clearly properties
distinct from those known for the eukaryotic system.

G. Sequential Insertion Model and Amphipatic Tunnel Hypothesis — Two Extensions
of the Signal Hypothesis
1. Description of the Models

Both extensions of the signal hypothesis have been suggested in order to explain, in
particular, the biosynthesis of complex membrane proteins. In both models, it is assumed
that signal peptides initiate translocation of a polypeptide by the transient involvement of
integral membrane proteins. An aqueous tunnel, through which the nascent chains are
transported across the membrane, is postulated as before in the signal hypothesis.'® In the
requirement of a complex translocation system, both models differ from the membrane-
trigger hypothesis®® (see Section I1.B.3).

The model, which we shall call “*sequential-insertion model’’, has been proposed by
Blobel'! and Sabatini et al.26% It extends the signal hypothesis by making two assumptions:

1. A second type of topogenic sequence is postulated: stop-transfer peptides. These
sequences are assumed to trigger a translocation stop, i.e., reverse the previous function
of a signal peptide.
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2. ltis postulated that more than one signal peptide can be present in a single polypeptide
chain. Assuming the presence of alternating signal and stop-transfer sequences, the
polypeptide would be incorporated in a stepwise manner by repeated initiation and
termination of translocation.

In its simplest formulation, the model assumes that each topogenic sequence determines
the location of the following, not the preceding, part of the nascent polypeptide chain. Some
hypothetical examples are shown in the schemes of Figure 4. It should be noted that after
each stop-transfer sequence the synthesis of the protein would continue with a free ribosome
until a following signal peptide redirects it to the membrane. If a second signal peptide
existed, the protein would span the membrane twice, and so on. The membrane-spanning
segments would be signal and stop-transfer peptides in an alternating manner. In a more
sophisticated version of the model, it is assumed that a signal peptide may also transport a
polypeptide segment previously synthesized. In this case, a stop-transfer peptide may precede
a signal peptide (see Figure 4, Case 1d).

Finally, the model may be supplemented by assuming the existence of imbedding se-
quences in a polypeptide chain (see Section II.B.2) in addition to signal and stop-transfer
peptides (Figure 4, Case 2b).

The recently proposed amphipatic tunnel hypothesis,?*® assumes only the presence of one
signal peptide in an exported polypeptide chain, regardless of its complexity. No other
topogenic sequences triggering the translocation process are postulated.

The model is an extension of the signal hypothesis by making more specific assumptions
on the properties of the transient tunnel in the membrane. It is assumed that it contains an
aqueous environment but that its inner surface has both hydrophilic and hydrophobic areas.
The tunnel would provide binding sites for parts of the polypeptide chain transported through
it. Hydrophobic portions would have a tendency to be retained at the hydrophobic surface
area. Hydrophilic portions would normally not be retained unless a special charge distribution
or H-bonding pattern would be complementary to the polar parts of the channel. Binding is
assumed to be in equilibrium after each step of elongation of the polypeptide chain. If several
parts of a protein retained within the tunnel can interact with each other so as to form a
hydrophilic surface, they are able to pass through it without further hindrance. When the
protein is completed, the ribosome falls off from the mRNA and dissociates into subunits.
It is assumed that, concomitantly, the tunnel is disassembled. Any parts of the polypeptide
retained within the tunnel during its biosynthesis are then being tested for compatibility with
an absolutely hydrophobic environment. If charges cannot be compensated or H-bonds cannot
be formed between donors and acceptors, the polypeptide segment(s) is (are) expelled from
the membrane. Expulsion would occur so as to minimize the energy demand, i.c., the
segment would generally be liberated to the aqueous phase where most of the polypeptide
chain is already located. If compatibility is achieved, the protein will be retained in the
membrane. Compatibility requires hydrophobicity of the surface of the membrane-incor-
porated polypeptide domain. It should be noted that the constraints on membrane compat-
ibility are greater than for retainment in the tunnel: a short hydrophobic sequence may be
bound to the tunnel, but could be expelled from the phospholipid bilayer.

It should also be noted that a special case exists when the ribosome has reached the
termination codon of the mRNA. In general, the segment of the polypeptide chain actually
in the tunnel will not be compatible with the hydrophobic environment and will be expelled.
A membrane anchor which is able to interact with the phospholipid bilayer in a stable manner
may still be buried in the ribosome and could stop *‘pulling’’ the polypeptide chain across
the membrane.

The application of the hypothesis to several cases is illustrated in Figure 5. Different
secretory proteins could have different modes of membrane transfer. They could be trans-
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FIGURE 5. Translocation of proteins across membranes according to the amphipatic tunnel hypothesis. The
schemes show the cotranslational translocation of hypothetical polypeptides. The hydrophobic and hydrophilic parts
of the presumed tunnel in the membrane are indicated by dotted and blank areas, respectively. Cylinders indicate
portions of the polypeptide chain retained in the tunnel. Hydrophobic and hydrophilic parts of the retained segments
are indicated in grey and black, respectively. Si denotes the signal peptide, N and C the NH,- and COOH- termini,
respectively. The filled circles are the ribosomes which remain membrane bound until completion of the polypeptide
chain (see Figure 4). The signal peptide is either cleaved off ()a) or translocated across the membrane (1b) since
it is not compatible with membrane insertion (the hydrophobic portion is too short). (1c) and (1d): The protein
contains several segments transiently retained in the tunnel. These parts fold into a hydrophilic globular structure
capable of traversing the membrane either before (Ic) or after (Id) completion of the protein. (2a): The signal
peptide is compatible with membrane insertion (the hydrophobic portion is long enough, (cf. Ib) and serves as a
membrane-spanning segment (2b) and (2c): The signal peptide is- followed by a second hydrophobic segment
retained in the tunnel. The signal peptide can be either cleaved off or translocated across the membrane. In both
cases, the C-terminus would remain in the cytoplasm. (3): One example of a complex membrane protein is considered
with several segments retained in the amphipatic tunnel. These parts of the protein could fold to yield a hydrophobic
surface compatible with the hydrophobic membrane environment. Note that the incorporated polypeptide segments
need not traverse the membrane perpendicularly. For further discussion see text.
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located linearly through the membrane (Case 1a or b) or even after completion of the protein
if the parts transiently retained in the membrane remain unstable in the bilayer (Case 1d).
It is also obvious that the segments of the polypeptide retained in the tunnel could associate
in a very complex manner typical for tertiary structure formation, both for formation of a
hydrophilic or of a hydrophobic surface.

It should be emphasized that we have adopted the loop model for all schemes in Figures
4 and 5. Fixation of the signal peptide in this manner defines the final orientation of a protein
in the membrane: the N-terminus should be in the cytoplasm unless the signal peptide is
cleaved off or is translocated across the bilayer.

2. Comparison of the Models

Both models are obviously able to cope with simple cases such as proteins having a N-
terminal, cleaved signal peptide, and a C-terminal membrane-spanning segment {Figures 4
and 5). Difficulties arise, however, for the sequential-insertion model if the amino acid
sequence staying in the cytoplasm is very short (for example, immunoglobulin M has only
three amino acid residues following the membrane anchor).*® Since about 20 to 40 amino
acid residues are buried within the ribosome,'*3-'** translocation would occur in some cases
after termination of the polypeptide synthesis. Such a post-translational positioning would
be fully compatible, on the other hand, with the amphipatic tunnel hypothesis. It is striking
that many simple membrane proteins have 20 to 40 amino acid residues staying in the
cytoplasm, which would correspond to an almost simultaneous stop of translocation and
protein synthesis. There are, however, exceptions where the C-terminal tail in the cytoplasm
is long.?’?"! Furthermore, Yost et al.?”' have inserted the nucleotide sequence coding for
the membrane-spanning segment of immunoglobulin M between sequences coding for the
B-lactamase and alpha-globin, and showed that after translation in vitro, the artificial protein
had the expected orientation, with the B-lactamase part in the lumen of RER vesicles and
the a-globin part outside. This experiment shows that the membrane anchor need not be
located at the C-terminus. This result is, however, compatible with both models.

A touchstone for the models is provided by complex membrane proteins spanning the
membrane more than once. According to the sequential-insertion model, multiple signal and
stop-transfer sequences should exist. However, the presence of only one signal peptide, as
postulated in the amphipatic tunnel hypothesis, is supported by the occurrence of cleaved-
off peptides in complex membrane proteins. For example, the major envelope proteins of
E. coli ompA,?"? ompF,?’* and lamB?™ possess cleaved signal peptides with typical structures.
Bacteriorhodopsin also has a cleaved-off peptide which, although not particularly hydro-
phobic, may be the signal peptide in the halobacterium.'?® There is no reason to believe that
further signal peptides are required for membrane insertion. Indeed, for the lamB protein it
is clear that mutation of the cleaved-off signal peptide converts the protein into a cytoplasmic
one (see Section I11.D). If there were additional signal peptides, one would expect a protein
partially incorporated into the membrane.

According to the sequential-insertion model, at least some of the seven helixes of bac-
teriorhodopsin, which traverse the membrane almost perpendicularly, should be alternating
signal and stop-transfer peptides. Functional differentiation between the different helixes is,
however, difficult to justify by their primary structures. According to the amphipatic tunnel
hypothesis, they are all merely membrane-spanning segments. In other membrane proteins,
there are no long hydrophobic or uncharged segments capable of spanning a membrane so
that internal signal and stop-transfer peptides cannot be identified.?7*2"*

According to the sequential-insertion model, the folding pathway of a complex membrane
protein would be determined by the order of the topogenic sequences. Each membrane-
spanning segment, or at most two consecutive ones, would be incorporated separately into
the membrane. This follows from the assumption that the translocation system disassembles
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after each stop-transfer sequence. The intermediates should be stable in the phospholipid
bilayer.

On the other hand, according to the amphipatic tunnel hypothesis, folding would generally
yield a membrane-compatible structure only when all sequence parts required for the final
conformation have been synthesized. Such a folding pathway is more similar to that of
typical soluble, globular proteins. In fact, there is no reason to assume that sequential insertion
will result in a structure corresponding to a global energetic minimum. It appears, however,
that the final conformation of complex membrane proteins is thermodynamically determined
(see Section I1.B.2.b).

As discussed before (Section II.F.5), evidence exists for a domain transfer across the
cytoplasmic membrane in E. coli.?** Such data are difficult to reconcile with the sequential
insertion model but are compatible with the amphipatic tunnel hypothesis. The requirement
of sequences in the mature part of an exported protein for efficient transport (see Section
[1.D.1) is easily understood within the framework of the amphipatic tunnel hypothesis, in
contrast to the sequential-insertion model. On the other hand, the fact that a cytoplasmic
protein (globin) can be translocated across the RER membrane would be more consistent
with the sequential-insertion model, although it does not contradict the alternative model.

The amphipatic tunnel hypothesis also provides a clue as to why some hydrophobic
amino acid sequences are able to cross the membrane. For example, the hydrophobic peptides
of some viral envelope proteins which are responsible for fusion of the virion with cellular
membranes (e.g., hemagglutinin HA2 of the influenza virus) are transferred across the RER
membrane during biosynthesis of the proteins in the infected host cell.?’*2’® Some fusion
peptides are known to be buried in the interior of the protein molecule until activated by
low pH.?"*-2®* We would predict that these hydrophobic sequences are transiently retained
within a tunnel in the membrane and transferred across it when folding of the polypeptide
permits shielding of the hydrophobic regions by hydrophilic residues. The sequential insertion
model would assume that stop-transfer sequences must have additional features besides
hydrophobicity and length.

As mentioned before, many membrane proteins have uncleaved signal peptides which
are either serving as a membrane-spanning segment or translocated across the bilayer (see
Tables 5 and 7). The amphipatic tunnel hypothesis makes specific predictions on the structural
differences between membrane-spanning and translocated signal peptides: the latter ones
should be incompatible with membrane incorporation. As shown in Table 6, such peptides
appear to have shorter hydrophobic and uncharged regions or proline residues within them.
Furthermore, in some examples of translocated signal peptides, there is a carbohydrate chain
attached to a neighboring amino acid residue. These features may indeed prevent a stable
membrane anchoring of these sequences.

The two models of protein translocation must also explain the results obtained in E. coli
with fused polypeptides of exported proteins and B-galactosidase (see Section I1.D.1).

Why is a signal peptide insufficient for protein export in some cases? This fact appears
difficult to explain by the sequential insertion model. On the other hand, according to the
amphipatic tunnel hypothesis, the amino acid sequence of the -galactosidase, which is not
designed to be transported across a membrane, may contain many parts transiently retained
within the tunnel, so that only small portions of the protein are translocated. After dissas-
sembly of the tunnel, the incompatible parts are expelled from the membrane into the
cytoplasm.

The fact that some fusion polypeptides interfere with normal export of the cell and remain
in the membrane could be explained by the sequential-insertion model by assuming that the
B-galactosidase part does not contain a stop-transfer sequence so that disassembly of the
tunnel cannot occur. This would eventually use up all the tunnel proteins available in the
cell and stop protein export. It is less obvious why interference is dependent on the length
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of the portion of the exported protein in the fusion protein (see Table 2). According to the
amphipatic tunnel hypothesis, the N-terminal part would be translocated with increasing
efficiency the longer it is, whereas the C-terminal (3-galactosidase) part may have 100 many
segments retained within the tunnel. After completion of the fusion protein, it would be
forced into a transmembrane orientation which does not allow a stable membrane anchoring.
Such a situation may alter the membrane structure and interfere with protein export of the
cell. In the case of the lamB protein, beyond a certain length of the portion of the exported
protein, a stable membrane incorporation would be possible and the B-galactosidase part
would be expelled into the cytoplasm. Such a situation would not interfere with normal
protein export (see Table 2).

How could one distinguish experimentally between the sequential insertion and the am-
phipatic tunnel hypothesis? According to the latter hypothesis, SRP would be needed only
once, whereas according to the alternative model, it would be required as many times as
there are signal peptides in a polypeptide chain. The dependence on SRP may be testable
in synchronized translation experiments. The cycling of ribosomes between a free and a
membrane-bound state during the synthesis of a membrane protein, postulated in the se-
quential-insertion model, could also be tested in experiments.

In summarizing, it appears that the amphipatic tunnel hypothesis provides a better un-
derstanding of several facts, but that crucial assumptions remain to be verified. It should be
noted that the model can also be used to explain the post-translational transport of proteins
across membranes other than the RER membrane and the cytoplasmic membrane of bacteria.

III. PROTEIN IMPORT INTO MITOCHONDRIA

A. An Organelle with Different Compartments — Additional Problems for Protein
Sorting

The mitochondrial genome encodes only a small number of polypeptides. The majority
of mitochondrial polypeptides are encoded on nuclear DNA, synthesized in the cytoplasm,
and transported into the organelle.*®-28! How is this large group of different proteins directed
specifically to the mitochondria? Further differentiation is also needed since mitochondria
are delimited by two membranes giving rise to two aqueous compartments: the matrix and
the intermembrane space. Specific sets of proteins are found in all four possible compart-
ments: matrix, inner membrane, intermembrane space, and outer membrane. Furthermore,
membrane proteins can have all conceivable orientations in at least the inner and, possibly
also, the outer membrane. They can be anchored, for example, to the inner membrane from
either side, or they can traverse the membrane more than once. Obviously, one would like
to know not only the signals directing a protein to a specific mitochondrial compartment,
but also the mechanism by which these polypeptides selectively and vectorially traverse one
or two membranes. Compared with the protein transport across the RER or the cytoplasmic
membrane of bacteria, relatively little is known concerning the molecular details of the
transport into mitochondria, but progress is quickly being made. We shall discuss shortly
the present stage (for more comprehensive reviews see Hay et al.?*2 and Reid?*?).

B. Post-Translational Import

It was initially believed that the import of mitochondrial proteins occurs cotranslationally,
mainly based on data showing the attachment of cytoplasmic 80S ribosomes to mitochondria
of yeast.?®#2®? However, although there was enrichment found in mRNA coding for some
mitochondrial proteins in the mitochondria-bound polysome fraction,?®® at most, 60% of the
total mRNA for a mitochondrial polypeptide is recovered, and some imported proteins were
entirely synthesized in free polysomes.?*
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It is clear now that there is no obligatory coupling of protein synthesis and translocation.
Mitochondrial polypeptides completed in vitro in cell-free translation systems can be post-
translationally taken up by isolated mitochondria.*'**? Post-translational import has also
been described in vivo. Cytoplasmic precursor polypeptides can be found in pulse-chase
experiments in Neurospora and yeast,**-** and reversible inhibition of the import process
permits the accumulation of precursor polypeptides in the cytoplasm and their post-trans-
lational uptake into mitochondria.?®* Post-translational import of proteins into mitochondria
of higher eukaryotes has also been amply described.***-2% Whether it is the exclusive way,
or whether post- and cotranslational import coexist is not certain as yet.

C. Most Imported Proteins Have Precursors — Do These Contain Signal Peptides?

The majority of imported mitochondrial proteins, with the exception of those located in
the outer membrane, are synthesized as larger precursors. The extension has been found
invariably at the N-terminus for all cases so far studied, although additiona! extensions at
the C-terminus which are cleaved cannot yet be excluded. The size difference between the
precursor and the mature form can be as large as 10 kdalton.

On the other hand, there exist proteins in all mitochondrial compartments which are not
synthesized as larger precursor polypeptides. Examples include the 2-isopropyl-malate syn-
thase located in the matrix,*® the ADP/ATP-translocator located in the inner membrane,*%
and cytochrome ¢**-*'! and adenylate kinase,*” components of the intermembrane space.

Of course, based on the knowledge of protein translocation across the RER membrane
one would be inclined to assume that the N-terminal extensions normally found are signal
peptides guiding the polypeptide to the mitochondrial compartment. In the exceptional cases,
where proteolysis is not required for protein import, the signal peptide could remain with
the mature protein.

A number of nuclear genes coding for mitochondrial proteins have recently been cloned
and sequenced. A list of deduced amino acid sequences of the N-termini is given in Table
8, together with the cleavage sites so far determined. Even this limited information indicates
that there is no obvious common sequence property among N-terminal extensions even if
the proteins are transported to the same submitochondrial compartment and presumably carry
functionally identical signal peptides. It appears, however, that the N-terminal peptides are
predominantly basic. The i7-kdalton subunit of the cytochrome c¢ reductase seems to be an
exception with a high content of acidic amino acid residues (see Table 8). The import of
this polypeptide has not yet been studied in detail. Unfortunately, the limited number of
representatives for each group and the unknown location of the cleavage site in some cases
do not yet permit the deduction of further regularities.

Once the mitochondrial genes have been cloned, the way is open to manipulate them by
in vitro mutagenesis and gene fusion. This is particularly easy for yeast for which plasmid
vectors and mutants are available. Douglas et al.** have constructed a fusion protein between
the N-terminal part of the B-subunit of the FI-ATPase and a major portion of the f3-
galactosidase, an approach which proved successful for the study of protein transport in
bacteria (see Section IL.D). The artificial protein was found at the location of the natural
mitochondrial polypeptide, arguing for the existence of some topogenic information in the
N-terminal portion of its sequence. However, it appears that at least 139 residues of the F1-
ATPase are required to target the fusion protein into the mitochondria, although the cleaved-
off peptide only comprises about 20 amino acid residues. Parts of the mature B-subunit may
therefore be required for the targeting process.

Convincing evidence for a cleavable signal peptide in the precursor of yeast cytochrome
oxidase subunit IV was provided recently by Hurt et al.**** A fusion protein was constructed
by gene technology, containing 22 (out of 25) amino acid residues from the cleavable prepiece
of the subunit IV precursor and the entire polypeptide chain of the cytosolic mouse dihy-
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drofolate reductase. The fusion protein was imported into the mitochondria and cleaved by
the matrix protease (see Section III.D.3). These results show that the cleavable prepiece
contains all the necessary information for importing an attached cytosolic protein into mi-
tochondria. Also, the cleavage site appears to be determined by the conformation of the
signal peptide rather than by a specific amino acid sequence, since the fusion protein lacks
the cleavage site of the authentic subunit IV precursor.

Recently, Hurt et al.>®® have extended their work and have shown that even the first 12
amino acid residues of the subunit IV precursor are sufficient to guide the protein to the
matrix in vitro and in vivo. Cleavage does not occur, however, if only 12 or 16 amino acid
residues are linked to the dihydrofolate reductase. Similar results were obtained for the
alcohol dehydrogenase. Again, the cleavable presequence directed the linked cytosolic en-
zyme to the matrix space.

Even more exciting are experiments with the inner membrane protein cytochrome c,.3"%
If the entire presequence (61 amino acid residues) was fused with the dihydrofolate reductase,
the enzyme was correctly transported to the inner membrane. If only the first 32 residues
were used, the enzyme ended up in the matrix space. These data indicate that a signal
sequence (guiding the protein to the matrix) is followed by a stop-transfer signal, keeping
the polypeptide in the inner membrane. A similar case, except that the stop occurs already
in the outer membrane, is the likely mechanism of biosynthesis of outer membrane proteins
(see below).

An ‘‘addressing signal’’ for mitochondrial import appears to be located in cytochrome ¢
close to its C-terminus, comprising the heme-attachment region.**

The proteins of the outer membrane of the mitochondria appear to be generally made
without precursor. This has been clearly demonstrated for the pore-forming polypeptide
porin, a protein of about 30-kdalton mass. There is no shift in the electrophoretic mobility
when the primary translation product is compared with the mature, membrane-bound form,
and the N-terminal methionine residue remains uncleaved.*'#*'* At least three additional
outer membrane proteins of unknown function are also not proteolytically processed.*'* On
the other hand, a 35-kdalton polypeptide of rat liver outer mitochondrial membranes has
been described to be synthesized via a precursor (35.5 kdalton).*'* It is not yet clear whether
this small size difference reflects proteolytic processing of the protein.

For the 70-kdalton protein of the outer mitochondrial membrane of yeast, it is likely that
the membrane-anchoring sequence is at the N-terminus. It has a long stretch of uncharged
amino acid residues (residues 10 - 37),%'” and removal of 203 amino acid residues from the
C-terminus does not prevent its import into mitochondria.*'®

Recently, it has been shown that a fusion protein consisting of the first 12 residues of the
70-kdalton protein and the dihydrofolate reductase is partially targeted to the matrix and
inner membrane.*** It therefore appears that even an outer membrane protein contains a
signal sequence for targeting to the matrix space and that a stop-transfer sequence keeps it
in the outer membrane.

In summary, it can be concluded that a positively charged N-terminal amino acid sequence
functions as a signal for import into mitochondria and is sufficient information. Import does
not depend on cleavage, which is specified by another sequence part (possibly overlapping
with the targeting signal).

Directing a protein to the correct mitochondrial compartment may not be the only function
of the N-terminal extensions. For example, the subunit 9 of the ATP-synthase of Neurospora
is an extremely hydrophobic protein of 81 amino acid residues.*** The N-terminal extension,
on the other hand, is remarkably polar, comprising 66 mostly hydrophilic amino acid res-
idues.?®* Since the precursor is soluble in the cytoplasm, it may be suggested that one role
of the extension is 10 keep the protein in solution.**-°” Interestingly enough, this subunit
is synthesized in yeast inside the mitochondria without precursor.’®** Nevertheless, yeast
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mitochondria can import and process the Neurospora polypeptide.*’® Presumably, the Neu-
rospora precursor carries a signal similar to that of imported yeast precursor polypeptides.

In keeping with the membrane-trigger hypothesis of Wickner,” several precursors of
mitochondrial proteins appear to be different in conformation from their mature counterparts.
Such changes have been documented for the Neurospora ATP/ADP-translocator,”® cyto-
chrome ¢, rat ornithine transcarbamylase,' and the a- and B-subunits of the F1-ATPase
of yeast (cited in Reference 283).

D. Components Involved in Protein Import
We shall now summarize the knowledge on the protein components involved in recog-
nition, membrane transfer, and proteolytic processing of imported proteins.

1. Receptors for Mitochondrial Precursor Polypeptides

It appears plausible to assume the presence of receptor proteins which guide precursor
polypeptides into the mitochondria. The best example is the import receptor for apocyto-
chrome c¢. This apoprotein can be prepared in milligram amounts by chemically removing
the heme group from cytochrome c, or in trace amounts by cell-free translation.*'*-3*° Labeled
apocytochrome c is very tightly bound to mitochondria, but is not internalized if the at-
tachment of heme is inhibited by addition of deuterohemin. The labeled precursor can be
specifically removed from the mitochondria by excess of unlabeled protein. Furthermore,
the bound precursor can be converted to holocytochrome c if the inhibitory effect of deu-
terohemin is abolished by addition of protohemin,** indicating that binding is indeed essential
for the import process. There is a limited number of binding sites and they are sensitive to
proteases. Import of apocytochrome ¢ was also studied with rat liver mitochondria.>* Similar
import receptors have been found for other precursor proteins. If oxidative phosphorylation
is inhibited, many precursor polypeptides accumulate at the outer surface of the mitochondria
and can be internalized when the block is released.*?' It could be shown that dilution of the
mitochondria did not slow down the import of the ADP/ATP-translocator, indicating that
the protein does not dissociate from the binding sites before being imported.

Further evidence was provided by Riezman et al.,>'¢322 who isolated right-side-out vesicles
of the outer mitochondrial membrane which were able to bind various precursors including
precytochrome b,, but not cytosolic enzymes. Mature cytochrome b, was not bound. Vesicles
isolated from the inner mitochondrial membrane did not show the binding phenomenon.

Do all precursor polypeptides bind to the same receptor? The answer is probably ‘‘no’’.
Addition of excess of unlabeled apocytochrome ¢ did not affect the uptake of the ADP/
ATP-translocator or of the subunit 9 of the ATP-synthase under conditions in which the
import of labeled apocytochrome c is completely prevented.*2* Even more interestingly, the
import of cytochrome c, is not blocked by excess of cytochrome ¢, although both proteins
end up in the same submitochondrial compartment, the intermembrane space.3?* It appears
at present that apocytochrome c uses a pathway different from that of all other precursors.
Unfortunately, similar competition experiments have not been feasible as yet for other
precursor proteins due to the lack of sufficient material. Some precursors may, however,
be obtained in vivo in substantial amounts if their processing is prevented.?**?* The recent
cloning of genes for some imported proteins also provides the possibility of synthesizing
sufficient amounts of these polypeptides.

The apocytochrome ¢ receptor has been purified recently as a 20-kdalton protein.32%
Surprisingly, the receptor appears to be located in the intermembrane space; this is not in
contradiction to the protease experiments cited above, since relatively high concentrations
of trypsin had to be used in order 10 inactivate the receptor. It is possible that apocytochrome
¢ dissolves into the outer membrane and is ‘‘pulled’’ into the intermembrane space by its
receptor.
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2. Soluble Factors in the Cytosol

Recent studies indicate that soluble factors present in reticulocyte lysates and yeast cytosol
stimulate the in vitro import of proteins into mitochondria.***** Indeed, it has been known
for some time that uptake of proteins synthesized in the wheat germ cell-free system is
inefficient in comparison with the reticulocyte lysate. The soluble factor in the yeast cyto-
plasm has a molecular mass of 40 kdalton.*** The function of these factors in the translocation
process is unknown as yet. Recently, evidence was provided that in addition to the mentioned
proteins, a cytosolic RNA-species present in a ribonuclear protein particle is required for
the import of several precursor proteins into mitochondria.**™* After cell-free translation, the
precursors were found in a 400-kdalton complex in close association with a RNAse-sensitive
component. In analogy to SRP, such a factor may recognize the signal peptides in mito-
chondrial precursors and guide them to *‘docking protein(s)’” in the outer membrane.

3. Proteolytic Processing of Mitochondrial Precursors

As stated before (Section [11.C), most mitochondrial polypeptides (with the exception of
those destined to the outer membrane) are synthesized as larger molecules which have to
be processed proteolytically.

In most cases, there is a single cleavage event: removal of the N-terminal extension by
an endopeptidase. This enzyme has been identified as a soluble component of the matrix in
yeast, rat, and maize mitochondria.****** It appears to be a neutral metalloprotease which
can be inhibited by chelators of divalent metal ions such as 1,10-phenanthroline or EDTA.
The inhibition can be reversed by addition of Zn**, Co*>*, or Mn?* ions, but it is not known
which ion is the physiological cofactor of the enzyme.***-*33-33¢ The protein appears to be a
dimer of molecular mass of 110 to 115 kdalton. The partially purified enzyme cleaves many
different mitochondrial precursors in the absence of mitochondria, yielding the correct N-
terminus of the mature forms.**® On the other hand, it exhibits a remarkable substrate
specificity as it does not cleave nonmitochondrial proteins nor denatured precursors. It
appears therefore that the enzyme recognizes some spatial structure in the precursor molecules
rather than a specific amino acid sequence or peptide bond.

At least one further protease is required for the processing of some intermembrane proteins.
Cytochrome b,, cytochrome ¢, and cytochrome c peroxidase appear to be processed in two
steps. The matrix protease cleaves these polypeptides not to the mature forms, but to
intermediates.?®’-*337 The same intermediates have been found in vivo under certain
conditions®*® and in vitro with isolated mitochondria.***-**® For cytochrome b,, it has been
shown that the intermediate is membrane bound in contrast to both the precursor and the
final form which are soluble. Similarly, cytochrome ¢ peroxidase precursor which had been
taken up by the mitochondria appears membrane bound. For cytochrome c,, which is an-
chored in the outer surface of the inner membrane, it has been shown that covalent attachment
of a heme group is a prerequisite for the action of the second protease.*’” The enzyme is
most likely located in the intermembrane space.

A two-step processing for the precursor of rat liver omithine transcarbamulase, which is
a matrix enzyme, has been described by Mori et al.,**' but is under dispute (see Reid).?**
A two-step processing of the precursor of the subunit 9 of the ATPase has also been described
recently, but the similarity of the sequences around the two cleavage sites may suggest that
the matrix enzyme does both jobs.**8

Is proteolysis coupled to translocation or is it a subsequent step? Proteolytic processing
is in general a rapid reaction with a half-life in the order of 0.5 to 2 min. The only exception
is cytochrome ¢ peroxidase which is only slowly processed so that intramitochondrial pre-
cursor polypeptides could be observed.?** Precursors apparently localized inside the mito-
chondrion have also been found for other cases in vitro.>*® These results would indicate that
translocation and processing are not necessarily coupled, a fact which might have been
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anticipated from the existence of uncleaved precursors. On the other hand, these cases may
be exceptional or in vitro artifacts. It has been shown recently that rhodamin G, which
inhibits the matrix protease, prevents the in vivo uptake of a subunit of the F1-ATPase, but
not of the ADP/ATP-translocator which is not proteolytically cleaved.** These results would
therefore suggest that in cases where proteolysis occurs, uptake and processing are tightly
coupled. Itis, however, not known whether imported mitochondrial proteins can be processed
during their translocation.

4. Energy Requirement of Protein Import

The import of proteins to the matrix or to the inner membrane of mitochondria requires
energy. This was first shown by Nelson and Schatz?' on intact cells. On the basis of results
with inhibitors of oxidative phosphorylation, and with a rho-minus mutant of yeast which
lacks a functional ATP-synthase, it was claimed that ATP, and not an electrochemical
gradient across the inner mitochondrial membrane, is required. However, later work both
with yeast and Neurospora demonstrated that this conclusion was erroneous.**2*43 Oligo-
mycin, an inhibitor of the proton-translocating ATPase, blocks the protein import in vitro,
although the ATP-concentration is expected to increase inside the mitochondrion. This result
was confirmed with a combination of different inhibitors and substrates of respiration,
showing that even if the ATP-concentration remained unchanged, variation of the electro-
chemical gradient influenced the protein import. The original error may be explained by the
ability of rho-minus mutants to generate a significant membrane potential by the action of
the electrogenic ADP/ATP-translocator, which may have been sufficient to support protein
import into the organelle. The energy appears to be required for the translocation process
and not for proteolytic processing. Accordingly, the import of several proteins which are
not cleaved is also dependent on the electrochemical gradient. Also, the matrix protease is
able to catalyze the cleavage reaction in a partially purified form. Furthermore, the precursor
of cytochrome c peroxidase is taken up by an energy-consuming step before it is cleaved,**®
and precursors of the mitochondrial proteins accumulate outside the mitochondrion if oxi-
dative phosphorylation is inhibited.?*

At present, it is not clear whether energy is actually consumed or if energy is needed to
keep the membrane in a certain state.>** The need for a membrane potential has been
mentioned before the export of proteins across the cytoplasmic membrane in bacteria (Section
II.F.1). The polarity of the potential is, however, reversed: in mitochondria, transport occurs
towards the more negatively charged matrix and in bacteria, towards the more positively
charged periplasm. Proteins transported to the outer membrane of mitochondria do not require
a membrane potential, as clearly shown for porin which is incorporated into isolated vesicles
of the outer mitochondrial membrane. The insertion cannot be prevented by inhibitors of
oxidative phosphorylation under conditions in which the import of matrix and inner membrane
proteins is blocked.?'**'* The outer mitochondrial membrane itself is unable to generate a
membrane potential since it is leaky to small ions.

Proteins located in the intermembrane space fall into two classes. Cytochrome b,, cyto-
chrome c,, and cytochrome c peroxidase do require a membrane potential for im-
port,297:324.336.338.341.342 O the other hand, cytochrome ¢ does not require an electrochemical
gradient.*” Taking into account that the former class is initially processed by a matrix
protease (Section II1.D.3) and has membrane-bound intermediates, it is very likely that they
are translocated in part across the inner mitochondrial membrane. In contrast, cytochrome
¢ would reach the intermembrane space by a pathway which does not involve the inner
membrane, and therefore a membrane potential is not required.
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E. Different Pathways for Different Mitochondrial Proteins
Figure 6 summarizes our present knowledge on different pathways for protein import into
mitochondria. There are at least three, and their characteristics are as follows

1. Transport of proteins to the outer mitochondrial membrane — these proteins may carry
a targeting sequence for mitochondrial import followed by a stop-transfer signal which
keeps them in the outer membrane. They do not need energy for membrane incor-
poration. Generally, there is no proteolytic processing involved.

2. Import of cytochrome ¢ — this protein appears to take a route different from that of
all other proteins so far tested. It uses a separate receptor probably located in the
intermembrane space, does not require a membrane potential for its import, and is not
proteolytically processed. Since it ends up in the intermembrane space. one may assume
that it only crosses the outer membrane.

3. Transport of proteins to the matrix, inner membrane, and intermembrane space —
this, the largest group of proteins, crosses (at least in part) both the outer and inner
mitochondrial membrane. They appear to have targeting signals at their N-terminus.
All these proteins appear to require a protease-sensitive receptor on the surface of the
mitochondria, an electrochemical potential difference across the inner membrane, and
usually a matrix-located protease. Some proteins will cross the inner membrane com-
pletely and therefore become constituents of the matrix. Others will get stuck in the
inner membrane and become components of it. Further sorting may occur if a mem-
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brane-bound protein is cleaved by a protease located in the intermembrane space so
that parts of these proteins would become constituents of this compartment. It has
been suggested that junctions between the inner and outer membrane may be the sites
of protein import.''-*** The polypeptides would thereby cross both membranes simul-
taneously rather than one after the other. Direct evidence for this assumption has been
provided recently by the demonstration that the precursor of the B-subunit of the F,-
ATPase can be trapped in an intermediate state where the N-terminus is already
accessible to the matrix protease while the majority of the polypeptide chain is still
located outside the mitochondrium. Energy is only required for the transmembrane
transposition, not for the import of the major domain of the protein.?*%

IV. FINAL REMARKS

It is obvious that great progress in the understanding of intracellular protein transport has
been made during the last decade. In particular, we are approaching a detailed knowledge
of the translocation of secretory proteins across the ER membrane. The discoveries of SRP
and its receptor (docking protein) have provided important proof for predictions of the signal
hypothesis. It is likely that other constituents of the transport machinery will be discovered
during the next few years, eventually leading to the in vitro reconstitution of the translocation
process by use of purified components. Hopefully, we shall also be able to elucidate the
molecular mechanism by which a protein traverses a membrane, a question, which appears
most challenging at present. New assay systems have to be developed in order to study the
steps beyond the initiation of translocation. Chemical cross-linking with the nascent poly-
peptide chain and the search for mutants in membrane components involved in the process
will probably be of great significance toward this goal.

The knowledge on membrane proteins clearly lags behind that of secreted proteins as
indicated by the speculative nature of the models and the many open questions. In particular,
the structure of complex membrane proteins is insufficiently known and the mechanism of
their membrane incorporation has not yet been studied in depth. It is likely that DNA-
recombinant technology and kinetic studies in vitro using purified components of the trans-
location apparatus and drugs or antibodies interfering at certain stages of the process will
greatly contribute to the progress in the field. Such methods will allow the testing of the
importance of a given sequence for the topology of a membrane protein.

It appears of general importance that protein transport across the RER membrane, the
cytoplasmic membrane in bacteria, and the mitochondrial membrane(s), although distinct
in several aspects, share similarities. The transported proteins appear to have signal peptides
usually located at the N-terminus and cleaved off after their transfer across the membrane.
Receptors recognizing the signal peptides also appear to be a general feature. One may
speculate that in all cases where translocation of proteins across membranes occurs (as
opposed to imbedding), there is a receptor-mediated transient formation of an aqueous tunnel
in the membrane through which the polypeptide is transported, as suggested by the amphipatic
tunnel hypothesis put forward in Section II.G. Such a model could also explain processes
excluded from the present review, such as the import of toxins into cells where one of the
subunits interacts with the membrane while the other penetrates into the interior.**

ACKNOWLEDGMENTS

I gratefully acknowledge the great help of M. Wiedmann in the search for references
and also thank him for valuable comments. [ am very indebted to J. Winkler for support in
programming the word processor. The expert technical help by S. Liebs is also gratefully
acknowledged. I particularly thank S. M. Rapoport and H. Welfle for critical reading of
the manuscript. Finally, I should like to express my gratitude to all colleagues who com-
municated their results prior to publication.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

6a.

6b.

10a.
1.

12.
13.

16.

17.

18.

19.
20.

21,

22,

23.

24,

25.

26.

Volume 20, Issue 1 123

REFERENCES

. Farquhar, M., Bergeron, J. J. M., and Palade, G. E., Cytochemistry of Golgi fractions prepared from

rat liver, J. Cell Biol., 60, 8, 1974.

. Little, J. S. and Widnell, C. C., Evidence for the translocation of 5’-nucleotidase across hepatic membranes

in vitro, Proc. Natl. Acad. Sci. U.S.A., 72, 4013, 1975.

. Lazarow, P., Properties of the natural precursor of catalase: implications for peroxisome biogenesis, Ann.

N.Y. Acad. Sci., 343, 293, 1980.

. Fujiki, Y., Rachubinski, R. A., and Lazarow, P. B., Synthesis of a major integral membrane polypeptide

of rat liver peroxisomes on free polysomes, Proc. Nail. Acad. Sci. U.S.A., 81, 7127, 1984.

. Ellis, R. J., Chloroplast proteins: synthesis, transport and assembly, Annu. Rev. Plant Physiol., 32, 111,

1981.

. Michaelis, S. and Beckwith, J., Mechanism of incorporation of cell envelope proteins in Escherichia coli,

Annu. Rev. Microbiol., 36, 435, 1982.

. Lory, S., Tai, P. C., and Davis, B., Mechanism of protein excretion by gram-negative bacteria: Pseu-

domonas aeroginosa exotoxin A, J. Bacteriol., 156, 695, 1983.

Wagner, W., Vogel, M., and Goebel, W., Transport of hemolysin across the outer membrane of Esch-
erichia coli requires two functions, J. Bacteriol., 154, 200, 1983.

Howard, S. P. and Buckley, J. T., Intracellular accumulation of extracellular proteins by pleiotropic
export mutants of aeromonas hydrophila, J. Bacreriol., 154, 413, 1983.

. Baglioni, C., Bleiberg, 1., and Zauderer, M., Assembly of membrane-bound polysomes, Nar. New Biol.,

232, 8, 1971.

. Mechler, B. and Vassalli, P., Membrane-bound ribosomes of myeloma cells. IIl. The role of messenger-

RNA and the nascent polypeptide chain in the binding of nbosomes to membranes, J. Cell Biol., 67, 25,
1975.

. Lande, M. A., Adesnik, M., Sumida, M., Tashiro, Y., and Sabatini, D. D., Direct association of

messenger RNA with microsomal membranes in human diploid fibroblasts, J. Cell Biol., 65, 513, 1975.

. Cardelli, J., Long, B., and Pitot, H. C., Direct association of messenger RNA labeled in the presence

of fluoroorotate with membranes of the endoplasmic reticulum in rat liver, J. Cell Biol., 70, 47, 1976.
Richter, J. D., Evers, D. C., and Smith, L. D., The recruitment of membrane-bound mRNAs for
translation in microinjected Xenopus oocytes, J. Biol. Chem., 258, 2614, 1983.

Blobel, G., Intracellular protein topogenesis, Proc. Natl. Acad. Sci., U.S.A., 77, 1496, 1980.

Hasilik, A., Biosynthesis of lysomal enzymes, Trends Biochem. Sci.. 5, 237, 1980.

Rothman, J. E., Katz, F. N,, and Lodish, H. F., Glycosylation of a membrane protein is restricted to
the growing polipeptide chain but is not necessary for insertion as a transmembrane protein, Cell, 15, 1447,
1978.

. Inouye, M. and Halegoua, S., Secretion and membrane localization of proteins in Escherichia coli, CRC

Crit. Rev. Biochem., 7, 339, 1980.

. Schmidt, M. F. G., Acylation of proteins — a new type of modification of membrane glycoproteins,

Trends Biochem. Sci., 7, 322, 1982.

Schwartz, R. T. and Datema, R., Inhibitors of protein glycosylation, Trends Biochem. Sci., 5, 65, 1980.
Blobel, G. and Dobberstein, B., Transfer of proteins across membranes. I. Presence of proteolytically
processed and unprocessed nascent immunoglobulin light chains on membrane-bound ribosomes of murine
myleoma, J. Cell. Biol., 67, 835, 1975.

Blobel, G. and Dobberstein, B., Transfer of proteins across membranes. 11. Reconstitution of functional
rough microsomes from heterologous components, J. Cell Biol., 67, 852, 1975.

Palade, G., Intracellular aspects of the process of protein synthesis, Science, 189, 347, 1975.

Redman, C. M., Siekevitz, P., and Palade, G. E., Synthesis and transfer of amylase in pigeon pancreatic
microsomes, J. Biol. Chem., 241, 1150, 1966.

Redman, C. M. and Sabatini, D. D., Vectorial discharge of peptides released by puromycin from attached
ribosomes, Proc. Nail. Acad. Sci. U.S.A., 56, 608, 1966.

Sabatini, D. D. and Blobel, G., Controlled proteolysis of nascent polypeptides in rat liver cell fractions.
I1. Location of the polypeptides in rough microsomes, J. Cell Biol., 45, 146, 1970.

Milstein, C., Brownlee, G. G., Harrison, T. M., and Mathews, M. B., A possible precursor of
immunoglobulin light chains, Nar. New Biol., 239, 117, 1972.

Swan, D., Aviv, H., and Leder, P., Purification and properties of biologically active messenger RNA
for a mycloma light chain, Proc. Natl. Acad. Sci. U.S.A., 69, 1967, 1972

Blobel, G. and Sabatini, D. D., Ribosome-membrane interaction in eukaryotic cells, in Biomembranes,
Vol. 2, Manson, L. A., Ed., Plenum Press, New York, 1971, 193.

Schechter, 1., McKean, D. J., Gujer, R., and Terry, W., Partial amino acid sequence of the precursor
of immunoglobulin light chain programmed by mRNA in vitro, Science, 188, 160, 1975.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

124

27.

28.

29.

29a.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

41.

42,

43,

45.

46.

47.

48.

49,

50.

CRC Critical Reviews in Biochemistry

Goodman, J. M., Watts, C., and Wickner, W., Membrane assembly: posttranslational insertion of M13
procoat protein into E. coli membranes and its proteolytic conversion to coat protein in vitro, Cell, 24,
437, 1981.

Katz, F. N., Rothman, J. E., Lingappa, V. R., Blobel, G., and Lodish, H. F., Membrane assembly
in vitro: synthesis, glycosylation and asymmetric insertion of a transmembrane protein, Proc. Natl. Acad.
Sci. U.S.A., 74, 3278, 1977.

Rothman, J. E. and Lodish, H. F., Synchronised transmembrane insertion and glycosylation of a nascent
membrane protein, Naiure (London). 269, 775, 1977.

Glabe, C. G., Hanover, J. A., and Lennarz, W. J., Glycosylation of ovalbumin nascent chains; the
spatial relationship between translation and glycosylation, J. Biol. Chem., 255, 9236, 1980.

Szczesna, E. and Boime, ., mMRNA-dependent synthesis of authentic precursor to human placental lactogen:
conversion to its mature hormone form in ascites cell-free extracts, Proc. Natl. Acad. Sci., U.S.A., 73,
1179, 1976.

. Meek, R. L., Walsh, K., and Palmiter, R. D., The signal sequence of ovalbumin is located near the

NH2-terminus, J. Biol. Chem., 257, 12245, 1982.

Bergman, L. W. and Kuehl, W. M., Formation of an intrachain disulfide bund on nascent immunogobuline
light chains, J. Biol. Chem., 254, 8869, 1979.

Jackson, R. C. and Blobel, G., Post-translational cleavage of presecretory proteins with an extract of
rough microsomes from dog pancreas containing signal peptidase activity, Proc. Natl. Acad. Sci. U.S.A.,
74, 5598, 1977.

Kreil, G., Suchanek, G., Kaschmitz, R., and Kindas-Muegge, 1., The biosynthesis of melittin: from
the primary product of translation to the lytic peptide, FEBS Proc., 11th, 47, 79, 1977.

Borgese, D., Blobel, G., and Sabatini, D. D., In vitro exchange of ribosomal subunits between free and
membrane-bound ribosomes, J. Mol. Biol., 74, 415, 1973.

Walter, P. and Blobel, G., Translocation of proteins across the endoplasmic reticulum. III. Signa) Rec-
ognition Protein (SRP) causes signal sequence-dependent and site-specific arrest of chain elongation that
is released by microsomal membranes, J. Cell Biol., 91, 557, 1981,

Gilmore, R. and Blobel, G., Transient involvement of signal recognition particle and its receptor in the
microsomal membrane prior to protein translocation, Cell, 35, 677, 1983.

Blobel, G., Extraction from free ribosomes of a factor mediating ribosome detachment from rough micro-
somes, Biochem. Biophys. Res. Commun., 68, 1, 1976.

Lomedico, P. T., Chan, S. J., Steiner, D. F., and Saunders, G. F., Immunological and chemical
characterization of bovine preproinsulin, J. Biol. Chem., 252, 7971, 1977.

- Halegoua, S., Sekizawa, J., and Inouye, M., A new form of structural lipoprotein of outer membrane

of Escherichia cali, J. Biol. Chem., 252, 2324, 1976.

Inouye, S., Wang, S., Sekizawa, J., Halegoua, S., and Inouye, M., Amino acid sequence for the peptide
extension on the prolipoprotein of the Escherichia coli outer membrane, Proc. Nail. Acad. Sci. U.S.A.,
74, 1004, 1977,

Talmadge, K., Stahl, S., and Gilbert, W., Eukaryotic signal sequence transports insulin antigen in
Escherichia coli, Proc. Natl. Acad. Sci. U.S.A., 77, 3369, 1980.

Talmadge, K., Kaufman, J., and Gilbert, W., Bacteria mature preproinsulin to proinsulin, Proc. Natl.
Acad. Sci. U.S.A., 77, 3988, 1980.

- Mercereau-Puijalon, O., Royal, A., Cami, B., Garapin, A., Krust, A., Gannon, F., and Kourilsky,

P., Synthesis of an ovalbumin-like protein by Escherichia coli K 12 harbouring a recombinant plasmid
Nature (London), 275, 505, 1978.

Fraser, T. H. and Bruce, B. J., Chicken ovalbumin is synthesized and secreted by Escherichia coli, Proc.
Natl. Acad. Sci. U.S.A., 75, 5936, 1978.

Baty, D., Mercereau-Puijalon, O., Perrin, D., Kourilski, P., and Lazdunski, C., Secretion in the
bacterial periplasmic space of chicken ovalbumin synthesized in Escherichia coli, Gene, 16, 79, 1981.
Rapoport, T. A., Huth, A., Proesch, S., Bendzko, P., Kaeaeriaeinen, L., Bassuener, R., ManteufTe!,
R., and Finkelstein, A., Transport of proteins and signal recognition, in Protein Synthesis, Translational
and Post-Translational Events, Abraham, A. K., Eikhom, T. S., and Pryme, 1. F., Eds., Humana Press,
Clifton, N.J., 1983, 81.

Taniguchi, T., Guarente, L., Roberts, T. M., Kimelman, D., Duchan, J., IIl, and Ptashne, M.,
Expression of the humnan fibroblast interferon gene in Escherichia coli, Proc. Natl. Acad. Sci. U.S.A., 77,
5230, 1980.

Seeburg, P. H., Shine, J., Martial, J. H., Ivarie, R. D., Morris, J. A., Ulirich, A., Baxter, J. D.,
and Goodman, H. M., Synthesis of growth hormons by bacteria, Nature (London), 276, 795, 1978.
Mueller, M., Ibrahimi, L., Chang, C. N., Walter, P., and Blobel, G., A bacterial secretory protein
requires Signal Recognition Particle for translocation across mammalian endoplasmic reticulum, J. Biol.
Chem., 257, 11860, 1982.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

51.

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

67.

68.

69.

70.

7t.

72.

73.

74.

75.

76.

Volume 20, Issue 1 125

Wiedmann, M., Huth, A., and Rapoport, T. A., Xenopus oocytes can secrete bacterial beta-lactamase,
Nature (London), 309, 637, 1984.

Strous, G. J. A. M. and Lodish, H. F., Intracellular transport of secretory and membrane proteins in
hepatoma cells infected by vesicular stomatitis virus, Cell, 22, 709, 1980.

RoTundo, R. L. and Fambrough, D. M., Secretion of acetylcholinesterase: relation to acetylcholine
receptor metabolism, Cell. 22, 595, 1980.

Gumbiner, B. and Kelly, R. B., Two distinct intracellular pathways transport secretory and membrane
glycoproteins to the surface of pituitary tumor cells, Cell, 28, 51, 1982.

Toneguzzo, F. and Ghosh, H. P., Synthesis and glycosylation in vitro of glycoprotein of vesicular stomatitis
virus, Proc. Natl. Acad. Sci. U.S.A., 74, 1516, 1977.

Lingappa, V. R., Katz, F. N., Lodish, H. F., and Blobel, G., A signal sequence for the insertion of a
membrane glycoprotein. Similarities to the signals of secretory proteins in primary structure and function,
J. Biol. Chem., 253, 8667, 1978.

Rose, J. K., Welch, W. ]J., Sefton, B. M., Esch, F. S., and Ling, N. C., Vesicular stomatitis virus
glycoprotein is anchored in the viral membrane by a hydrophobic domain near the COOH terminus, Proc.
Natl. Acad. Sci. U.S.A., 77, 3884, 1980.

Alt, F. W., Bothwell, A. L. M., Knapp, M., Siden, E., Mather, E., Koshland, M., and Baltimore,
D., Synthesis of secreted and membrane-bound immunoglobulin mu heavy chains is directed by mRNAs
that differ at their 3'-ends, Cell, 20, 293, 1980.

Rogers, J., Early, P., Charter, C., Calame, K., Bond, M., Hood, L., and Wall, R., Two mRNAs
with different 3’ ends encode membrane-bound and secreted forms of immunoglobulin mu chain, Cell, 20,
303, 1980.

. Gething, M.-J. and Sambrook, J., Construction of influenza haemagglutinin genes that code for intra-

cellular and secreted forms of the protein, Nature (London), 300, 598, 1982.

Sveda, M. M., Markoff, L. J., and Lai, C.-J., Cell surface expression of the influenza virus heamag-
glutinin requires carboxy-terminal sequences, Cell, 30, 649, 1982.

Rose, J. K. and Bergmann, J. G., Expression from cloned cDNA of cell-surface secreted forms of the
glycoprotein of vesicular stomatitis in eukaryotic cells, Cell, 30, 753, 1982.

Wirth, D. F., Katz, F., Small, B., and Lodish, H. F., How a single Sindbis virus mRNA directs the
synthesis of one soluble protein and two integral membrane glycoproteins, Cell, 10, 253, 1977.

. Dobberstein, B., Garoff, H., Warren, G., and Robinson, P. J., Cell-free synthesis and membrane

insertion of mouse H-2Dd histocompatibility antigen and beta2-microglobulin, Cell, 17, 759, 1979.
Sakaguchi, M., Mihara, K., and Sato, R., Signal Recognition Particle is required for co-translational
insertion of cytochrome P-450 into microsomal membranes, Proc. Natl. Acad. Sci. U.S.A., 81, 3361, 1984.

. Strittmatter, P., Rogers, M. J., and Spatz, L., The binding of cytochrome b5 to liver microsomes, J.

Biol. Chem., 247, 7188, 1972.

Bendzko, P., Prehn, S., Pfeil, W., and Rapoport, T. A., Different modes of membrane interactions of
the signal sequence of carp preproinsulin and of the insertion sequence of rabbit cytochrome bS, Eur. J.
Biochem., 123, 121, 1982.

Anderson, D. J., Mostov, K. E., and Blobel, G., Mechanism of integration of de novo-synthesized
polypeptides into membranes: signal recognition particle is required for integration into microsomal mem-
branes of calcium ATPase and of lens MP26, but not of cytochrome b5, Proc. Natl. Acad. Sci. U.S.A.,
80, 7249, 1983.

Rachubinski, R. A., Verma, D. P. S., and Bergeron, J. J. M., Synthesis of rat liver microsomal
cytochrome bS5 by free ribosomes, J. Cell Biol., 84, 705, 1980.

Okada, Y., Frey, A. B., Guenthner, T. M., Oesch, F., Sabatini, D. D., and Kreibich, G., Studies
on the biosynthesis of microsomal membrane proteins, Eur. J. Biochem., 122, 393, 1982.

Takagaki, Y., Gerber, G. E., Nihei, K., and Khorana, H. G., Amino acid sequence of the membraneous
segment of rabbit liver cytochrome bS. Methodology for separation of hydrophobic peptides, J. Biol. Chem.,
255, 1536, 1980.

Kondo, K., Tajima, S., Sato, R., and Narita, K., Primary structure of the membrane-binding segment
of rabbit cytochrome b5, J. Biochem., 86, 1119, 1979.

Strittmatter, P. and Dailey, H. A., Essential structural features and orientation of cytochrome b5 in
membranes, in Membranes and Transport, Vol. |, Martonosi, A. N., Ed., Plenum Press, New York, 1982,
71.

Oshino, N., Cytochrome b5 and its physiological significance, Pharmac. Ther., A2, 477, 1978.
Lederer, F., Ghrir, R., Guiard, B., Cortial, S., and Ito, A., Two homologous cytochrome b5 in a
single cell, Eur. J. Biochem., 132, 95, 1983.

Spatz, L. and Strittmatter, P., A form of reduced nicotinamine adenine dinucleotide-cytochrome bS
reductase containing both the catalytic site and an additional hydrophobic membrane-binding segment, J.
Biol. Chem., 248, 793, 1973.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by 89.163.34.136 on 01/06/12
For personal use only.

126

77

78.

79.

80.
81.

82.

83.

84.

8s.

86.

87.

88.

89.

91.

92.

93.

94.

95.

97.

98.

101.

102.

103.

CRC Critical Reviews in Biochemistry

. Mihara, K., Sato, R., Sakakibara, R., and Wada, H., Reduced nicotinamide adenin dinucleotide-
cytochrome b5 reductase: location of the hydrophobic, membrane-binding region at the carboxyl-terminal
end and masked amino terminus, Biochemisiry, 17, 2829, 1978.

Borgese, N., Pietrini, G., and Meldolesi, J., Localization and biosynthesis of NADH-cytochrome b5
reductase, an integral membrane protein, in rat liver cells. III. Evidence for the independent insertion and
turnover of the enzyme in various subcellular compartments, J. Cell Biol., 86, 38, 1980.

Lodish, H. F. and Small, B., Membrane proteins synthesized by rabbit reticulocytes, J. Cell Biol., 65,
51, 1975.

Wickner, W., M3 coat protein as a model of membrane assembly, Trends Biochem. Sci., 8, 90, 1983.
von Heljne, G., Structural and thermodynamic aspects of the transfer of proteins into and across membranes,
Curr. Top. Membr. Transp., 24, 151, 1985.

Henderson, R. and Unwin, P. N. T., Three-dimensional model of purple membrane obtained by electron
microscopy, Nature (London), 257, 28, 1975.

Engelman, D. M. and Zaccai, G., Bacteriorhodopsin is an inside-out protein, Proc. Nail. Acad. Sci.
U.S.A.. 77, 5894, 1980.

Jap, B. K., Maestre, M. F., Hayward, S. B., and Claeser, R. M., Peptid-chain secondary structure of
bacteriorhodopsin, Biophys. J., 43, 81, 1983.

Ovchinnikov, Yu. A., Abdulaev, N. G., Feigiva, M., Kiselev, A. V., and Lobanov, N. A., The structural
basis of the functioning of bacteriorhodopsin: an overview, FEBS Len., 100, 219, 1979.

Khorana, H. G., Gerber, G. E., Herlihy, W. C., Gray, C. P., Anderegg, R. J., Nihei, K., and
Biemann, K., Amino acid sequence of bacteriorhodopsin, Proc. Natl. Acad. Sci. U.S.A., 76, 5046, 1979.
Garavito, R. M. and Rosenbusch, J. P., Three-dimensional crystals of an integral membrane protein: an
initia} X-ray analysis, J. Cell Biol., 86, 327, 1980.

Schindler, H. and Rosenbusch, J. P., Matrix protein in planar membranes: clusters of channels in a native
environment and their functional reassembly, Proc. Natl. Acad. Sci. U.S.A., 78, 2302, 1981.

Schindler, M. and Rosenbusch, J. P., Structural transitions of porin, a transmembrane protein, FEBS
Lent., 173, 85, 1984.

. Michel, H. and Oesterhelt, D., Three-dimensional crystals of membrane proteins: bacteriorhodopsin,
Proc. Natl. Acad. Sci. U.S.A., 77, 1283, 1980.

Huang, K.-S., Bayley, H., Liao, M.-]J., London, E., and Khorana, H. G., Refolding of an integral
membrane protein. Denaturation, renaturation, and reconstitution of intact bacteriorhodopsin and two pro-
teolytic fragments, J. Biol. Chem., 256, 3802, 1981.

Meissner, G. and Allen, R., Evidence for two types of rat liver microsomes with differing permeability
to glucose and other small molecules, J. Biol. Chem., 256, 6413, 1981.

Wickner, W., Assembly of proteins into biological membranes. The membrane trigger hypothesis, Annu.

Rev. Biochem., 48, 23, 1979.

Date, T., Zwizinski, C., Ludmerer, S., and Wickner, W., Mechanisms of membrane assembly: effects

of energy poisons on the conversion of soluble M 13 coliphage procoat to membrane-bound coat protein,

Proc. Natl. Acad. Sci. U.S.A., 77, 827, 1980.

Date, T., Goodman, J. M., and Wickner, W., Procoat, the precursor of M13 coat protein, requires an

electrochemical potential for membrane insertion, Proc. Nail. Acad. Sci. U.S.A., 77, 4669, 1980.

. Zimmermann, R., Watts, C., and Wickner, W., The biosynthesis of membrane-bound M13 coat protein:

energetics and assembly intermediats, J. Biol. Chem., 257, 6529, 1982.

Ito, K., Mandel, G., and Wickner, W., Soluble precursor of an integral membrane protein: synthesis of

procoat protein in Escherichia coli infected with bactriophage M13, Proc. Natl. Acad. Sci. U.S.A., 76,

1199, 1979.

Wolfe, P. B., Silver, P., and Wickner, W., The isolation of homogeneous leader peptidase from a strain

of Escherichia coli which overproduces the enzyme, J. Biol. Chem., 257, 7898, 1982.

. Stlver, P., Watts, C., and Wickner, W., Membrane assembly from purified components. 1. Isolated Mi3
procoat does not require ribosomes or soluble proteins for processing by membranes, Cell, 25, 341, 1981.

. Zwizinski, C. and Wickner, W., The purification of M13 procoat, a membrane protein precursor, EMBO

J.. 1, 573, 1982.

Watts, C., Silver, P., and Wickner, W., Membrane assembly from purified components. II. Assembly
of M13 procoat into liposomes reconstituted with purified leader peptidase, Cell, 25, 347, 1981.
Ohno-Iwashita, Y. and Wickner, W., Reconstitution of rapid and asymmetric assembly of M13 procoat
protein into liposomes which have bacterial leader peptidase, J. Biol. Chem., 258, 1895, 1983.

Russel, M. and Model, P., Filamentous phage pre-coat is an integral membrane protein: analysis by a
new method of membrane preparation, Cell, 28, 177, 1982.

. Wickner, W., Ito, K., Mandel, G., Bates, M., Nokelainen, M., and Zwizinski, C., The three lives of
M13 coat protein: a virion capsid, an integral membrane protein and a soluble cytoplasmic proprotein, Ann.
N.Y. Acad. Sci., 343, 384, 1980.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

104a.

10S.

107.

108.

109.

110.

110a.

11,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Volume 20, Issue |1 127

Zimmermann, R. and Wickner, W., Energetics and intermediates of the assembly of protein ompA into
the outer membrane of Escherichia coli. J. Biol. Chem., 258, 3920, 1983.

Enequist, H. G., Hirst, T. R., Harayama, S., Hardy, S. J. S., and Randall, L. L., Energy is required
for maturation of exported proteins in Escherichia coli, Eur. J. Biochem., 116, 227, 1981.

. Daniels, C. J., Bole, D. G., Quay, S. C., and Oxender, D. L., Role for membrane potential in the

secretion of proteins into the periplasm of Escherichia coli, Proc. Nail. Acad. Sci. U.S.A.. 78, 5396, 1981.
Lingappa, V. R., Chaidez, J., Yost, C. S., and Hedgpeth, J., Determinants for protein localization:
beta-lactamase signal sequence directs globin across microsomal membranes. Proc. Natl. Acad. Sci. U.S.A..
81, 456, 1984.

Emr, S. D. and Silhavy, T. J., Molecular components of the signal sequence that function in the initiation
of protein export. J. Cell Biol., 95, 689, 1982.

Silhavy, T. J., Benson, S. A., and Emr, S. D., Mechanism of protein localization, Microbiol. Rev., 47,
313, 1983.

Bankiatis, V. A., Rasmussen, B. A., and Bassford, P. J., Jr., Intragenic suppressor mutations that
restore export of maltose binding protein with truncated signal peptide. Cell, 37, 243, 1984.

Bankiatis, V. A., Ryan, J. P., Rasmussen, B. A., and Bassford, P. J., Jr., The use of genetic techniques
to analyze protein export in Escherichia coli. Curr. Top. Membr. Transp., 24, 105, 1985.

Inouye, S., Soberon, X., Franceschini, T., Nakamura, K., Itakura, K., and Inouye, M., Role of
positive charge on the amino-terminal region of the signal peptide in protein secretion across the membrane.
Proc. Natl. Acad. Sci. U.S.A., 79, 3438, 1982.

Viasuk, G. P., Inouye, S., Ito, H., Itakura, K., and Inouye, M., Effects of the complete removal of
basic amino acid residues from the signal peptide on secretion of lipoprotein in Escherichia coli, J. Biol.
Chem., 258, 7141, 1983.

Carlson, M. and Botstein, D., Two differentially regulated mRNAs with different 5 ends encode secreted
and intracellular forms of yeast invertase, Cell, 28. 145, 1982.

Perlman, D., Halvorson, H. O., and Cannon, L. E., Presecretory and cytoplasmic invertase polypeptides
encoded by distinct mMRNAs derived from the same structural gene differ by a signal sequence. Proc. Nuil.
Acad. Sci. U.S.A., 79, 781, 1982.

Moreno, F., Fowler, A. V., Hall, M., Sithavy, T. }J., Zabin, 1., and Schwartz, M., A signal sequence
is not sufficient to lead beta-galactosidase out of the cytoplasm, Nawre (London), 286. 356, 1980.

Ito, K., Bassford, P. J., Jr., and Beckwith, J., Protein localization in E. coli: is there a common step
in the secretion of periplasmic and outer-membrane proteins?, Cell, 24, 707, 1981.

Bassford, P. J., Jr., Silhavy, T. J., and Beckwith, J. R., Use of gene fusions to study secretion of
maltose-binding protein into Escherichia coli periplasm. J. Bacteriol.. 139, 19, 1979.

von Heijne, G. and Blomberg, C., Trans-membrane translocation of proteins (the direct transfer model)
Eur. J. Biochem., 97, 175, 1979.

von Heijne, G., Transmembrane translocation of proteins, detailed physico-chemical analysis. Eur. J.
Biochem., 103, 431, 1980.

Silhavy, T. J., Bassford, P. J., Jr., and Beckwith, J. R., A genetic approach to the study of protein
localization in Escherichia coli, in Bacterial Outer Membranes: Biogenesis and Functions, Inouye, M.,
Ed.. John Wiley & Sons, New York, 1979, 203.

Emr, S. D., Hall, M. N., and Silhavy, T. J., A mechanism of protein localization: the signal hypothesis
and bacteria, J. Cell Biol., 86, 701, 1980.

Benson, S. A., Bremer, E., and Silhavy, T. J., Intragenic regions required for lamB export, Proc. Nail.

Acad. Sci. U.S.A.. 81, 3830, 1984,

Nikaido, H. and Wu, H. C. P., Amino acid sequence homology among the outer membrane proteins of
Escherichia coli, Proc. Natl. Acad. Sci. U.S.A., 81, 1048, 1984.

Benson, S. A. and Silhavy, T. J., Information within the mature lamB protein necessary for localization
to the outer membrane of E. coli K12, Cell. 32, 1325, 1983.

Ito, K. and Beckwith, J. R., Role of the mature protein sequence of maltose-binding protein in its secretion
across the E. coli cytoplasmic membrane, Cell, 25, 143, 1981.

Hahn, V., Winkler, J., Rapoport, T. A., Liebscher, D.-H., Coutelle, Ch., and Rosenthal, S., Carp
preproinsulin cDNA sequence and evolution of insulin genes, Nucl. Acids Res., 11, 4541, 1983.

Habhn, V., Karpfen Priproinsulin cDNA Sequenz und die Evolution der Insulingene (Promotion B), Doctoral
thesis (B), Akademie der Wissenschaften, Berlin, G.D.R.. 1984.

Dunn, R., McCoy, J., Simsek, M., Majumdar, A., Chang, S. A., RajBhandary, U. L., and Khorana,
H. G., The bacteriorhodopsin gene, Proc. Natl. Acad. Sci. U.S.A., 78, 6744, 1981.

Duffaud, G. D., Lehnhardt, S. K., March, P. E., and Inouye, M., Structure and functions of the signal

peptide, Curr. Top. Membr. Transp.. 24, 65. 1985,

Prehn, S., Tsamaloukas, A., and Rapoport, T. A., Demonstration of specific receptors of the rough
endoplasmic membrane for the signal sequence of carp preproinsulin, Eur. J. Biochem.. 107, 185, 1980.

RIGHTS

i,



128

131.

132.

132a.

133.

135.
136.

137.
138.
139.
13%a.
13%b.
140.
141.

142.

143.

For personal use only.

144.

145.

146.

147.

148.

149.

150.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12

151.

152.

153.

154.

155.

CRC Critical Reviews in Biochemistry

Prehn, S., Nuernberg, P., and Rapoport, T. A., A receptor for signal segments of secretory proteins in
rough endoplasmic reticulum membranes, FEBS Len., 123, 79, 1981.

Majzoub, J. A., Rosenblatt, M., Fennick, B., Marnus, R., Kronenberg, H. M., Potts, J. T., Jr.,
and Habener, J. F., Synthetic pre-proparathyroid hormone leader sequence inhibits cell-free processing
of placental parathyroid and pituitary prehormones, J. Biol. Chem., 255, 11478, 1980.

Habener, J. F., Rosenblatt, M., Kemper, B., Kronenberg, H. M., Rich, A., and Potts, J. T., Jr.,
Pre-proparathyroid hormone: amino acid sequence, chemical synthesis, and some biological studies of the
precursor region, Proc. Nail. Acad. Sci. U.S.A., 75, 2616, 1978.

Kreibich, G., Bar-Nun, S., Ozako-Graham, Mok, W., Nack, E., Okada, Y., Rosenfeld, M. D., and
Sabatini, D. D., The role of free and membrane-bound polysomes in organeile biogenesis, in Biologica!
Chemistry of Organelle Formation, Bucher, Th., Sebald, W., and Weiss, H., Eds., Springer-Verlag, Berlin,
1980, 147.

. Thibodeau, S. N. and Walsh, K. A., Processing of precursor proteins by preparations of oviduct micro-

somes, Ann. N.Y. Acad. Sci., 343, 180, 1980.

Lane, C. D., The fate of foreign proteins introduced into Xenopus oocytes, Cell, 24, 281, 1981.
Hortin, B. and Boime, L., Inhibition of preprotein processing in ascites tumor lysates by incorporation of
a leucine analog, Proc. Natl. Acad. Sci. U.S.A., 77, 1356, 1980.

von Heljne, G., On the hydrophobic nature of signal sequences, Eur. J. Biochem., 116, 419, 198].
Schlenstedt, G. and Rapoport, T. A., unpublished results.

Engelman, D. M. and Steitz, T. A., The spontaneous insertion of proteins into and across membranes:
the helical hairpin hypothesis, Cell, 23, 411, 1981.

Austen, B. M. and Ridd, D. H., Studies on the binding of a signal peptide to pancreatic rough microsomal
membranes, Biochem. Soc. Trans., 11, 160, 1983,

Robinson, A., Kaderbhai, M. A,, and Austen, B. M., Identification of signal binding proteins in the
endoplasmic reticulum membrane, Biochem. Soc. Trans., 13, 24, 1985.

Austen, B. M., Predicted secondary structures of amino-terminal extension sequences of secreted proteins,
FEBS Lerr., 103, 308, 1979.

Steiner, D. F., Quinn, P. S., Chan, S. J., Marsh, J., and Tager, H. S., Processing mechanism in the
biosynthesis of proteins, Ann. N.Y. Acad. Sci., 343, |, 1980.

Garnier, J., Gaye, P., Mercier, J.-C., and Robson, B., Structural properties of signal peptides and their
membrane insertion, Biochemie, 62, 231, 1980.

Chou, P. Y. and Fasman, G. D., Empirical predictions of protein conformation, Annu. Rev. Biochem.,
47, 251, 1978.

Finkelstein, A. V., Bendzko, P., and Rapoport, T. A., Recognition of signal sequences, FEBS Len.,
161, 176, 1983.

Rosenblatt, M., Beaudette, N. V., and Fasman, G. D., Conformational studies of the synthetic precursor-
specific region of preproparathyroid hormone, Proc. Natl. Acad. Sci. U.S.A.. 77, 3983, 1980.

Emr, S. D. and Silhavy, T. J., Importance of secondary structure in the signal sequence for protein
secretion, Proc. Nail. Acad. Sci. U.S.A., 80, 4599, 1983.

Briggs, M. S. and Gierasch, L. M., Exploring the conformational roles of signal sequences: synthesis
and conformational analysis of lambda-receptor protein wild-type and mutant signal peptids, Biochemistry,
23, 3111, 1984.

Dolgikh, D. A., Gilmanshin, R. 1., Brazhnikov, V. E., Bychkova, V. E., Semisotnov, G. V., Ven-
yaminov, S. Yu., and Ptitsyn, O. B., Alpha-lactalbumin: compact state with fluctuating tertiary structures?,
FEBS Len., 136, 311, 1981.

Lin, J. J. C., Kanazawa, H., Ozols, J., and Wu, H. C., An Escherichia coli mutant with an amino
acid alteration within the signal sequence of outer membrane prolipoprotein, Proc. Natl. Acad. Sci. U.S.A..
75, 4891, 1978.

Russel, M. and Model, P., A mutation downstream from the signal peptidase cleavage site affects cleavage
but not membrane insertion of phage coat protein, Proc. Nail. Acad. Sci. U.S.A., 78, 1717, 1981.
Koshland, D., Sauer, R. T., and Botstein, D., Diverse effects of mutations in the signal sequence on
the secretion of beta-lactamase in Salmonella ryphimurium, Cell, 30, 903, 1982.

Inouye, S., Franceschini, T., Sato, M., Itakura, K., and Inouye, M., Prolipoprotein signal peptidase
of Escherichia coli requires a cysteine residue at the cleavage site, EMBO J.. 2, 87, 1983.

Inouye, S., Hsu, T., Itakura, K., and Inouye, M., Requirements for signal peptidase cleavage of
Escherichia coli prolipoprotein, Science, 221, 59, 1983.

Habener, J. F., Potts, J. T., and Rich, A., Pre-proparathyroid hormone. Evidence for an early biosynthetic
precursor of proparathyroid hormone, J. Biol. Chem., 251, 3893, 1976.

Maurer, R. A. and McKean, D. ]., Synthesis of preprolactin and conversion to prolactin in intact cells
and a cell-free system, J. Biol. Chem., 253, 6315, 1978.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12

For personal use only.

156.

157.

158.

159.

160.

161.

161a.

162.

162a.

163.

164.

165.

166.

167.

167a.

[67b.

168.

169.

170.

171,

172.

173.

174.

175.

176.

177.

178.

179.

Volume 20, Issue 1 129

Patzelt, C., Labrecque, A. D., Duguid, J. R., Caroll, R. J., Keim, P. S., Heinrikson, R. L., and
Steiner, D. F., Detection and kinetic behaviour of preproinsulin in pancreatic islets, Proc. Narl. Acad.
Sci. U.S.A., 75, 1260, 1978.

Habener, J. F., Maunus, R., Dee, P. C., and Potts, J. T., Jr., Early events in the cellular formation
of proparathyroid hormone, J. Cell Biol., 85, 292, 1980. —

Hortin, G. and Boime, I., Miscleavage at the presequence of rat preprolactin synthesized in pituitary cells
incubated with a threonine analog, Cell, 24, 453, 198).

Lane, C. D., Champion, J., and Craig, R., Signal sequences, secondary modification and tumover of
miscompartmentalized secretory proteins in Xenopus oocytes, Eur. J. Biochem., 136, 14}, 1983,
Josefsson, L.-G. and Randall, L. L., Processing in vitro of precursor maltose-binding protein in Esch-
erichia coli occurs post-translationally as well as co-translationally, J. Biol. Chem., 256, 2504, 198].
Josefsson, L.-G. and Randall, L. L., Different exported proteins in E. coli show differences in the
temporal mode of processing in vitro, Cell, 25, 151, 198].

Periman, D. and Halvorson, H. O., A putative signal peptidase recognition site and sequence in eukaryotic
and prokaryotic signal peptides, J. Mol. Biol., 167, 391, 1983,

Makower, A., Dettmer, R., Rapoport, T. A., Knospe, S., Behlke, J., Prehn, S., Franke, P., Etzold,
G., and Rosenthal, S., Carp insulin: amino acid sequence, biological activity and structural properties,
Eur. J. Biochem., 122, 339, 1982.

von Heijne, G., How signal sequences maintain cleavage specificity, J. Mol. Biol., 173, 243, 1984,
Palmiter, R. D., Gagnon, J., and Walsh, K. A., Ovalbumin: a secreted protein without a transient
hydrophobic leader sequence, Proc. Narl. Acad. Sci. U.S.A., 75, 94, 1978.

Palmiter, R. D., Thibodeau, S. N., Rogers, D., and Boime, 1., Cotranslational sequestration of egg
white proteins and placental lactogen inside membrane vesicles, Ann. N.Y. Acad. Sci., 343, 192, 1980.
Lingappa, V. R., Shields, D., Woo, S. L., and Blobel, G., Nascent chicken ovalbumin contains the
functional equivalent of a signal sequence, J. Cell. Biol., 79, 567, 1978.

Lingappa, V. R., Lingappa, J. R., and Blobel, G., Chicken ovalbumin contains an internal signal
sequence, Nature (London), 281, 117, 1979.

Braell, W. H. and Lodish, H. F., Ovalbumin utilizes a NH2-terminal signal sequence, J. Biol. Chem.,
257, 4578, 1982.

Krieg, P., Strachan, R., Wallis, E., Tabe, L., and Colman, A., Efficient expression of cloned com-
plementary DNAs for secretory proteins after injection into Xenopus oocytes. J. Mol. Biol.. 180, 615,
1984.

Tabe, L., Krieg, P., Strachan, R., Jackson, D., Wallis, E., and Colman, A., Segregation of mutant
ovalbumins and ovalbumin-globin fusion proteins in Xenopus oocytes; identification of an ovalbumin signal
sequence, J. Mol. Biol., 180, 645, 1984.

Ebina, Y., Kishi, F., Miki, T., Kajamiyama, H., Nakazawa, T., and Nakazawa, A., The nucleotide
sequence surrounding the promotor region of colicin El gene, Gene, 15, 119, 198].

Yamada, M., Ebina, Y., Miyata, T., Nakazawa, T., and Nakazawa, A., Nucleotide sequence of the
structural gene for colicine E1 and predicted structure of the protein, Proc. Natl. Acad. Sci. U.S.A., 79,
2827, 1982.

Yamada, M. and Nakazawa, A., Factors necessary for the export process of colicine E1 across cytoplasmic
membrane of Escherichia coli, Eur. J. Biochem., 140, 249, 1984.

Yamada, M., Miki, T., and Nakazawa, A., Translocation of colicine E! through the cytoplasmic mem-
brane of Escherichia coli, FEBS Lern., 150, 465, 1982.

Talmadge, K., Brosius, J., and Gilbert, W., An “‘internal’’ signal sequence directs secretion and proc-
essing of proinsulin in bacteria, Nature (London), 294, 176, 1981.

Coleman, J., Inukai, M., and Inouye, M., personal communication.

Inukai, M., Nakajima, M., Osawa, M., Haneishi, T., and Arai, M., Globomycin, a new antibiotic
with spheroplast-forming activity. II. Isolation and physio-chemical and biological characterization, J.
Antibiot., 31, 421, 1978.

Kozak, M., Translation of insulin-related polypeptides from messenger RNAs with tandemly reiterated
copies of the ribosome binding site, Cell, 34, 971, 1983.

Braell, W. H. and Lodish, H. F., The erythrocyte anion transport protein is cotranslationally inserted into
microsomes, Cell, 28, 23, 1982.

Fukuda, M., Eschdat, Y., Tarone, G., and Marchesi, V. T., Isolation and characterization of peptides
derived from the cytoplasmic segment of Band 3. the predominant intrinsic membrane protein of human
erythrocyte, J. Biol. Chem., 253, 2419, 1978.

Dobberstein, B., Reassembly of functional rough microsomal membranes, Hoppe-Sevier's Z. Physiol.
Chem., 359, 1469, 1978.

Waiter, P., Ibrahimi, I., and Blobel, G., Translocation of proteins across the endoplasmic reticuium. L.
Signal Recognition Protein (SRP) binds to in vitro assembled polysomes synthesizing secretory protein, J.
Cell Biol., 91, 545, 1981.

RIGHTS

i,



130

180.

181.

182.

186.

187.

188.

191.

192.
193.

164,

For personal use only.

195.

196.

197.

198.

199.

200.

200a.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12

201.

202.

203.

204.

205.

206.

183.

184.

185.

189.

190.

CRC Critical Reviews in Biochemistry

Walter, P. and Blobel, G., Translocation of proteins across the endoplasmic reticulum. II. Signal Rec-
ognition Protein (SRP) mediates the selective binding to microsomal membranes of in-vitro-assembled
polysomes synthesizing secretory protein, J. Cell. Biol., 91, 551, 1981.

Warren, G. and Dobberstein, B., Protein transfer across microsomal membranes reassembled from
separated membrane components, Nature (London), 273, 569, 1978.

Walter, P., Jackson, R. C., Marcus, M. M., Lingappa, V. R., and Blobel, G., Tryptic dissection and
reconstitution of translocation activity for nascent presecretory proteins across microsomal membranes,
Proc. Natl. Acad. Sci., U.S.A., 76, 1795, 1979.

Meyer, D. 1. and Dobberstein, B., Identification and characterization of a membrane component essential
for the translocation of nascent proteins across the membrane of the endoplasmatic reticulum, J. Cell Biol.,
87, 503, 1980.

Jackson, R., Walter, P., and Blobel, G., Secretion requires a cytoplasmically disposed sulphydry! of the
RER membrane, Nature (London), 286, 174, 1980.

Walter, P. and Blobel, G., Purification of a membrane-associated protein complex required for protein
translocation across the endoplasmic reticulum, Proc. Natl. Acad. Sci. U.S.A., 77, 7112, 1980.

Walter, P. and Blobel, G., Signal Recognition Particle contains a 7S RNA essential for protein translocation
across the endoplasmic reticulum, Nature (London), 299, 691, 1982.

Walter, P. and Blobel, G., Subcellular distribution of Signal Recognition Particle and 7SL-RNA determined
with polypeptide-specific antibodies and complementary DNA probe, J. Cell Biol., 97, 1693, 1983.
Ullu, E., Murphy. S., and Melli, M., Human 7SL RNA consists of a 140 nucleotide middle-repetitive
sequence inserted in an Alu-sequence, Cell, 29, 195, 1982.

Li, W. Y., Reddy, R., Henning, D., Epstein, P., and Busch, H., Nucleotide sequence of 7 S RNA:
homology to Alu DNA and La 4,5 S RNA_ J. Biol. Chem., 257, 5136, 1982.

Gundelfinger, E. D., Krause, E., Melli, H., and Dobberstein, B., The organization of the 7SL-RNA
in the Signal Recognition Particle, Nucl. Acids Res., 11, 7363, 1983.

Walter, P. and Blobel, G., Disassembly and reconstitution of Signal Recognition Particle, Cell, 34, 525,
1983.

Ullu, E., personal communication.

Malkin, L. 1. and Rich, A., Partial resistance of nascent polypeptide chains to proteolytic digestion due
to ribosomal shielding, J. Mol. Biol., 26, 329, 1967.

Blobel, G. and Sabatini, D. D., Controlled proteolysis of nascent polypeptides in rat liver cell fractions.
I. Location of the polypeptides within ribosomes, J. Cell Biol., 45, 130, 1970.

Stoffel, W., Blobel, G., and Walter, P., Synthesis in vitro and translocation of apolipoproteins Al across
microsomal vesicles, Eur. J. Biochem., 120, 519, 1981.

Meyer, D. 1., Krause, E., and Dobberstein, B., Secretory protein translocation across membranes —
the role of the ‘*docking protein®’, Nature (London), 297, 647, 1982.

Bassuener, R., Wobus, U., and Rapoport, T. A., Signal recognition particle triggers the translocation
of storage globulin polypeptides from fields beans (Vicia faba L.) across mammalian endoplasmic reticulum
membrane, FEBS Lent., 166, 314, 1984.

Erickson, A. H., Walter, P., and Blobel, G., Translocation of lysosomal enzyme across the microsomal
membrane requires signal recognition particle, Biochem. Biophys. Res. Commun., 115, 275, 1983.
Anderson, D. J., Walter, P., and Blobel, G., Signal recognition protein is required for the integration
of acetylcholine receptor delta-subunit, a transmembrane glycoprotein, into the reticulum membrane, J.
Cell Biol., 93, 501, 1982.

Chang, C. N., Blobel, G., and Model, P., Detection of procaryotic signal peptidase in an Escherichia
coli membrane fraction: endoproteolytic cleavage of nascent fl pre-coat protein, Proc. Natl. Acad. Sci.
U.S.A., 75, 361, 1978.

Mueller, M. and Blobel, G., In vitro translocation of bacterial proteins across the plasma membrane of
Escherichia coli, Proc. Natl. Acad. Sci. U.S.A., 81, 7421, 1984,

Oliver, D. B. and Beckwith, J., E. coli mutant pleiotropically defective in the export of secreted proteins,
Cell, 25, 765, 1981.

Kumamoto, C. and Beckwith, J., Mutations in a new gene, secB, cause defective protein localization in
Escherichia coli, J. Bacteriol., 154, 253, 1983.

Oliver, D. B. and Beckwith, J., Regulation of a membrane component required for protein secretion in
Escherichia coli, Cell, 30, 311, 1982.

Bassford, P. and Beckwith, J., Escherichia coli mutants accumulating the precursor of a secreted protein
in the cytoplasm, Nature (London), 2717, 538, 1979.

Bedouelle, H., Bassford, P. J., Fowler, A. V., Zabin, 1., Beckwith, J., and Hofnung, M., Mutations
which alter the function of the signal sequence of the maltose-binding protein of Escherichia coli, Nature
(London), 285, 78, 1980.

Kumamoto, C. A., Oliver, D. B., and Beckwith, J., Signal sequence mutations disrupt feedback between
secretion of an exported protein and its synthesis in E. coli, Nature (London), 308, 863, 1984.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

207

208

208a
208b

209.
210.

211

212.

213.

214.

21S.

217.

218.

219.

220.

221.

222.

223.

224.

225.
226.

227.

228.

229.

230.

231.

232.

233.

234,

Volume 20, Issue | 131

. Oliver, D. B. and Beckwith, J., Identification of a new gene (secA) and gene product involved in the
secretion of envelope proteins in Escherichia coli. J. Bacteriol., 150, 686, 1982.

. Liebke, H., Oliver, D., Shultz, J., Sithavy, T., Beckwith, J., and Steitz, J., Identification of a 6S
RNA-protein complex as a possible Signal Recognition Particle of E. coli, in press.

. Brownlee, G. G., Sequence of 6SRNA of E. coli, Nat. New Biol., 229, 147, 1971.

. Miiller, M. and Blobel, G., Protein export in Escherichia coli requires a soluble activity, Proc. Nail.

Acad. Sci. U.S.A., 81, 7737, 1984.

Walter, P., personal communication.

Ferro-Novick, S., Honma, M., and Beckwith, J., The product of gene sec C is involved in the synthesis

of exported proteins in E. coli, Cell, 38, 211, 1984.

Emr, S. D., Hanley-Way, S., and Silhavy, T. J., Suppressor mutations that restore export of a protein

with a defective signal sequence, Cell, 23, 79, 198].

Emr, S. D. and Bassford, P. J., Jr., Localization and processing of outer membrane and periplasmic

proteins in Escherichia coli strains harboring export-specific suppressor mutations, J. Biol. Chem., 257,

5852, 1982.

Michaelis, S., Inouye, H., Oliver, D., and Beckwith, J., Mutations that alter the signal sequence of

alkaline phosphatase in Escherichia coli, J. Bacteriol., 154, 366, 1983.

Shultz, J., Silhavy, T. J., Berman, M. L., Fiil, N., and Emr, S. D., A previously unidentified gene

in the spc operon of Escherichia coli K-12 specifies a component of the protein export machinery, Cell,

31, 227, 1982.

Bankiatis, V. A. and Bassford, P. J., Jr., The synthesis of export-defective proteins can interfere with

normal protein export in Escherichia coli, J. Biol. Chem., 259, 12193, 1984.

Ito, K., Wittekind, M., Nomura, M., Shiba, K., Yura, T., Miura, A., and Nashimoto, H., A

temperature-sensitive mutant of E. coli exhibiting slow processing of exported proteins, Cell, 32, 789,

1983.

Shiba, K., Ito, K., Yura, T., and Cerretti, P., A defined mutation in the protein export gene within the

spc ribosomal protein operon of Escherichia coli: isolation and characterization of a new temperature-

sensitive sec Y mutant, EMBO J., 3, 631, 1984.

Hall, M. N., Gabay, J., Debarbouille, M., and Schwartz, M., A role for mRNA secondary structure

in the control of translation initiation, Nature (London), 295, 616, 1982.

Hall, M. N., Gabay, J., and Schatz, G., Evidence for a coupling of synthesis and export of an outer

membrane protein in Escherichia coli, EMBO J., 2, 15, 1983.

Meyer, D. 1. and Dobberstein, B., A membrane component essential for vectorial translocation of nascent

proteins across the endoplasmic reticulum: requirements for its extraction and reassociation with the mem-

brane, J. Cell Biol., 87, 498, 1980.

Meyer, D. 1., Louvard, D., and Dobberstein, B., Characterization of molecules involved in protein

translocation using a specific antibody, J. Cell Biol., 92, 579, 1982.

Gilmore, R., Blobel, G., and Walter, P., Protein translocation across the endoplasmic reticulum. I.

Detection in the microsomal membrane of a receptor for the Signal Recognition Particle, J. Cell Biol., 95,

463, 1982.

Gilmore, R., Walter, P., and Blobel, G., Protein translocation across the endoplasmic reticulum. II.

Isolation and characterization of the Signal Recognition Particle receptor, J. Cell Biol., 95, 470, 1982.

Dobberstein, B., personal communication.

Mollay, C., Vilas, U., and Kreil, G., Cleavage of honeybee prepromelittin by an endoprotease from rat

liver microsomes: identification of intact signal peptide, Proc. Nail. Acad. Sci. U.S.A., 79, 2260, 1982.

Date, T. and Wickner, W., Isolation of the Escherichia coli leader peptidase gene and effect of leader

peptidase overproduction in vive, Proc. Nail. Acad. Sci. U.S.A., 78, 6106, 1981.

Silver, P. and Wickner, W., Genetic mapping of the Escherichia coli leader (signal) peptidase gene (lep):

a new approach for determining the map position of a cloned gene, J. Bacteriol., 154, 569, 1983.

Wolfe, P. B., Wickner, W., and Goodman, J., Sequence of the leader peptidase gene of Escherichia

coli and the orientation of leader peptidase in the bacterial envelope, J. Biol. Chem., 258, 12073, 1983.

Zwizinski, C., Date, T., and Wickner, W., Leader peptidase is found in both the inner and outer

membranes of Escherichia coli, J. Biol. Chem., 256, 3593, 198].

Innis, M. A., Tokunaga, M., Williams, M. E., Loranger, J. M., Chang, S.-Y., Chang, S., and Wu,

H. C., Nucleotide sequence of Escherichia coli prolipoprotein signal peptidase (1sp) gene, Proc. Nail.

Acad. Sci. U.S.A., 81, 3708, 1984.

Yu, F., Yamada, H., Daishima, K., and Mizushima, S., Nucleotide sequence of the IspA gene, the

structural gene for lipoprotein signal peptidase of Escherichia coli, FEBS Lett., 173, 264, 1984,

Yamagata, H., Ippolito, C., Inukai, M., and Inouye, M., Temperature sensitive processing of outer

membrane lipoprotein in an Escherichia coli mutant, J. Bacteriol., 152, 1163, 1982.

Yamagata, H., Daishima, K., and Mizushima, S., Cloning and expression of a gene coding for the

prolipoprotein signal peptidase of Escherichia coli, FEBS Lern., 158, 301, 1983.

RIGHTS

i,



132

235

236.

237

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

257.

258.

258a.

258b.

259.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247,

248.

249.

250.

251,

252.

253.

254,

255.

256.

CRC Critical Reviews in Biochemistry

. Yamada, H., Kitagawa, M., Kawakami, M., and Mizushima, S., The gene coding for lipoprotein signal
peptidase (1spA) and that for isoleucyl-tRNA synthetase (ileS) constitute a cotranscriptional unit in Esch-
erichia coli, FEBS Lett., 171, 245, 1984,

Hussain, M., Ichihara, S., and Mitsushima, S., Accumulation of glyceride-containing precursor of the
outer membrane lipoprotein in the cytoplasmic membrane of Escherichia coli treated with globomycine, J.
Biol. Chem., 255, 3707, 1980.

Tokunaga, M., Tokunaga, H., and Wu, H. C., Post-translational modification and processing of Esch-
erichia coli prolipoprotein in vitro, Proc. Natl. Acad. Sci. U.S.A., 79, 2255, 1982.

Hussain, M., Ichihara, S., and Mitsushima, S., Mechanism of signal peptide cleavage in the biosynthesis
of the major lipoprotein of the Escherichia coli outer membrane, J. Biol. Chem., 257, 5177, 1982.
Hussain, M., Ozawa, Y., Ichihara, S., and Mitsushima, S., Signal peptide digestion in Escherichia
coli: effect of protease inhibitors on hydrolysis of the cleaved signal peptide of the major outer-membrane
lipoprotein, Eur. J. Biochem., 129, 233, 1982.

Adelman, M. R., Blobel, G., and Sabatini, D. D., An improved cell fractionation procedure for the
preparation of rat liver membrane-bound ribosomes, J. Cell Biol., 56, 191, 1973.

Borgese, N., Mok, W., Kreibich, G., and Sabatini, D. D., Ribosome-membrane interaction: in vitro
binding of ribosomes to microsomal membranes, J. Mol. Biol., 88, 559, 1974.

Rollestone, F. S. and Lam, T. Y., Dissociation constant of 60S ribosomal subunit binding to endoplasmic
reticulum membrane, Biochem. Biophys. Res. Commun., 59, 467, 1974.

Sabatini, D. D. and Krelbich, G., Functional specialization of membrane-bound ribosomes in eukaryotic
cells, in The Enzymes of Biological Membranes, Vol. 2, Martonosi, A., Ed., Plenum Press, New York,
1976, 531.

Unwin, P. N. T., Attachment of ribosome crystals to intracellular membranes, J. Mol. Biol., 132, 69,
1979.

Lake, J. A., Evolving ribosome structure: domains in archaebacteria, eubacteria, and eukaryotes, Cell,
33, 318, 1983.

Kreibich, G., Ulrich, B. L., and Sabatini, D. D., Proteins of rough microsomal membranes related to
ribosome binding. I. Identification of ribophorins I and II, membrane proteins characteristic of rough
microsomes, J. Cell Biol., 77, 464, 1978.

Kreibich, G., Freienstein, C. M., Pereyra, B. N., Ulrich, B. L., and Sabatini, D. D., Proteins of
rough microsomal membranes related to ribosome binding. 1. Cross-linking of bound ribosomes to specific
membrane proteins exposed at the binding sites, J. Cell Biol., 77, 488, 1978.

Macantonio, E. E., Grebenau, R. C., Sabatini, D. D., and Kreibich, G., Identification of ribophorins
in rough microsomal membranes from different organs of several species, Eur. J. Biochem., 124, 217,
1982,

Randall, L. L. and Hardy, S. J. S., Synthesis of exported proteins by membrane-bound polysomes from
Escherichia coli, Eur. J. Biochem., 15, 43, 1977.

Randall, L. L., Hardy, S. J. S., and Josefsson, L. G., Precursors of three exported proteins in Escherichia
coli, Proc. Natl. Acad. Sci. U.5.A., 75, 1209, 1978.

Davis, B. D. and Tai, P. C., The mechanism of protein secretion across membranes, Nature (London),
283, 433, 1980.

Koshland, D. and Botstein, D., Evidence for translocation of beta-lactamase across the bacterial inner
membrane, Cell, 30, 893, 1982.

Randall, L. L., Translocation of domains of nascent periplasmic proteins across the cytoplasmic membrane
is independent of elongation, Cell, 33, 231, 1983.

Horfuchi, S., Tai, P. C., and Davis, B, D., A 64-kilodalton membrane protein of Bacillus subtilis covered
by secreting ribosomes, Proc. Natl. Acad. Sci. U.S.A., 80, 3287, 1983.

Pages, C., Lazdunski, C., and Lazdunski, A., The receptor of bacteriophage lambda: evidence for a
biosynthesis dependent on lipid synthesis, Eur. J. Biochem., 122, 381, 1982,

DiRienzo, J. M. and Inouye, M., Lipid fluidity-dependent biosynthesis and assembly of the outer membrane
proteins of E. coli, Cell, 17, 155, 1979.

Halegoua, S. and Inouye, M., Translocation and assembly of outer membrane proteins of Escherichia
coli. Selective accumulation of precursors and novel assembly intermediates caused by phenylethy! alcohol,
J. Mol. Biol., 130, 39, 1979.

Pages, J. M. and Lazdunski, C., Maturation of exported proteins in Esckerichia coli. Requirement for
energy, site and kinetics of processing, Eur. J. Biochem., 124, 561, 1982.

Walter, P., Gilmore, R., and Blobel, G., Protein translocation across the endoplasmic reticulum, Cell,
38, 5, 1984.

Chen, L. and Tai, P. C., ATP is essential for protein translocation into Escherichia coli membrane vesicles,
Proc. Nail. Acad. Sci. U.S.A., 82, 4384, 1985.

Richter, D. J. and Smith, L. D., Differential capacity for translation and lack of competition between
mRNAs that segregate to free and membrane-bound polysomes, Cell, 27, 183, 1981.

RIGHTS

i,



259%a.

260.
261.

262.

263.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

281.

282

283,
284,

285.

264,

265.

266.

267.

268.

268a.

269.

270.

271.

272,

273.

274.

275.

276.

277.

278.

279.

279a.

280.

Volume 20, Issue 1 133

Siegel, V. and Walter, P., Elongation arrest is not a prerequisite for secretory protein translocation across
the microsomal membrane, J. Cell Biol., 100, 1913, 1985.

Rapoport, T. A., Heinrich, R., and Schulmeister, T., in preparation.

Itoh, N. and Okamoto, H., Translational control of proinsulin synthesis by glucose, Nature (London),
283, 100, 1980.

Welsch, M., Carroll, R., and Steiner, D. F., Evidence for Signal Recognition Particle (SRP) — mediated
translational control of insulin biosynthesis, Fed. Proc. Fed. Am. Soc. Exp. Biol., 43, 1481, 1984,
Inukat, M., Takeuchi, M., Shimizu, K., and Arai, M,, Existence of the bound form of prolipoprotein
in Escherichia coli B cells treated with globomycin, J. Bacteriol., 140, 1098, 1979.

Ichihara, S., Hussain, M., and Mitsushima, S., Mechanism of export of outer membrane lipoproteins
through the cytoplasmic membrane in Escherichia coli. J. Biol. Chem., 257, 495, 1982.

Inukai, M. and Inouye, M., Association of the lipoprotein accumulated in the presence of globomycin
with the Escherichia coli outer membrane, Eur. J. Biochem., 130, 27, 1983.

Steiner, D. F., Quinn, P., Patzelt, C., Chan, S., Marsh, J., and Tager, H., Proteolytic cleavage in
the postiranslational processing of proteins, in Cell Biology — A Comprehensive Treatise, Vol. 4. Gene
Expression, Translation and the Behaviour of Proteins, Prescott, D. and Goldstein, L., Eds., Academic
Press, New York, 1980, 175.

Ferro-Novick, S., Hansen, W., Schauer, 1., and Schekman, R., Genes required for completion of import
of proteins into the endoplasmic reticulum in yeast, J. Cell Biol., 98, 44, 1984.

Ferro-Novick, S., Novick, P., Field, C., and Schekman, R., Yeast secretory mutants that block the
formation of active cell surface enzymes, J. Cell Biol., 98, 35, 1984.

Sabatini, D. D., Kreibich, G., Morimoto, T., and Adesnik, M., Mechanisms for the incorporation of
proteins in membranes and organelies, J. Cell Biol., 92, 1, 1982.

Rapoport, T. A., in preparation.

Maostov, K. E., Kraehenbuhl, J.-P., and Blobel, G., Receptor-mediated transcellular transport of im-
munoglobulin: synthesis of secretory component as multiple and larger transmembrane forms, Proc. Nail.
Acad. Sci. U.S.A., 77, 7257, 1980.

Yost, C. S., Hedgpeth, J., and Lingappa, V. R., A stop transfer sequence confers predictable trans-
membrane orientation to a previously secreted protein in cell-free systems, Cell, 34, 759, 1983.

Movva, N. R., Nakamura, K., and Inouye, M., Gene structure of the ompA protein, a major surface
protein of Escherichia coli required for cell-cell interaction, J. Mol. Biol., 143, 317, 1980.

Inokuchi, K., Mutoh, N., Matsuyama, S., and Mizushima, S., Primary structure of the ompF gene that
codes for a major outer membrane protein of Escherichia coli K12, Nucl. Acids Res., 10, 6957, 1982.
Clement, J. M. and Hofnung, M., Gene sequence of the lambda receptor, an outer membrane protein of
E. coli K12, Cell, 27, 507, 1981.

Chen, R., Kraemer, C., Schmidmayr, W., and Henning, U., Primary structure of major outer membrane
protein 1 of Escherichia coli Bir., Proc. Natl. Acad. Sci. U.S.A., 76, 5014, 1979.

Gething, M..J., White, J. M., and Waterfield, M. D., Purification of the fusion protein of Sendai Virus:
analysis of the NH2-terminal sequence generated during precursor activation, Proc. Natl. Acad. Sci. U.S.A.,
75, 2737, 1978.

Ward, C. W. and Dopheide, T. A., Primary structure of the Hong Kong (H3) haemagglutinin, Br. Med.
Bull., 35, 51, 1979.

Min Jou, W., Verhoeyen, M., Devos, R., Saman, E., Fang, R., Huylebrueck, D., Fiers, W, Threlfall,
G., Barber, C., Carey, N., and Emtage, S., Complete structure of hemagglutinin gene from the human
influenza A/Victoria/3/75 (H3N2) strain as determined from cloned DNA, Cell, 19, 683, 1980.

Matlin, K. S., Reggio, H., Helenius, A., and Simons, K., Infectious entry pathway of influenza virus
in a canine kidney cell line, J. Cell Biol., 91, 601, 198}.

Helenius, A., Kartenbeck, J., Simons, K., and Fries, E., On the entry of Semliki Forest virus into
BHK-21 cells, J. Cell Biol., 84, 404, 1980.

Schatz, G. and Mason, T. L., The biosynthesis of mitochondrial proteins, Annu. Rev. Biochem., 43, 51,
1974.

Neupert, W. and Schatz, G., How proteins are transported into mitochondria, Trends Biochem. Sci., 6,
1, 1981.

Hay, R., Boehni, P., and Gassner, S., How mitochondria import proteins, Biochim. Biophys. Acta, 19,
65, 1983.

Reid, G. A., Transport of proteins into mitochondria, Curr. Top. Membr. Transp., 24, 295, 1985.
Kellems, R. E. and Butow, R. A., Cytoplasmic type 80 S ribosomes associated with yeast mitochondria.
I. Evidence for ribosome binding sites on yeast mitochondria, J. Biol. Chem., 247, 8043, 1972.
Kellems, R. E. and Butow, R. A., Cytoplasmic type 80 S ribosomes associate with yeast mitochondria.
H11. Changes in the amount of bound ribosomes in response to changes in metabolic state, J. Biol. Chem.,
249, 3304, 1974.

RIGHTS

i,



134

286.

287.

289.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by 89.163.34.136 on 01/06/12
For personal use only.

304.

305.

306.

307.

290.

291.

292.

293.

294.

295.

296.

297,

298.

299.

300.

301.

302.

303.

303a.

303b.

303c.

CRC Critical Reviews in Biochemistry

Kellems, R. E., Allison, V. F., and Butow, R. A., Cytoplasmic type 80 S ribosomes associated with
yeast mitochondria. II. Evidence for the association of cytoplasmic ribosomes with the outer mitochondrial
membrane in situ, J. Biol. Chem., 249, 3297, 1974.

Kellems, R. E., Allison, V. F., and Butow, R. A., Cytoplasmic type 80S ribosomes associated with
yeast mitochondria. IV. Attachment of ribosomes to outer membrane of isolated mitochondria, J. Cell Biol.,
65, 1, 1975.

Ades, I. Z. and Butow, R. A., The transport of proteins into yeast mitochondria. Kinetics and pools, J.
Biol. Chem., 255, 9925, 1980.

Suissa, M. and Schatz, G., Import of proteins into mitochondria. Translatable mRNAs for imported
mitochondrial proteins are present in free as well as mitochondria-bound cytoplasmic polysomes, J. Biol.
Chem., 257, 13048, 1982.

Harmey, M. A., Hallermayer, G., Korb, H., and Neupert, W., Transport of cytoplasmically synthesized
proteins into the mitochondria in a cell free¢ system from Neurospora crassa, Eur. J. Biochem., 81, 533,
1977.

Maccecchini, M.-L., Rudin, Y., Blobel, G., and Schatz, G., Import of proteins into mitochondria:
precursor forms of the extramitochondrially made F1-ATPase subunits in yeast, Proc. Natl. Acad. Sci.
U.S.A., 76, 343, 1979.

Hallermayer, G., Zimmerman, R., and Neupert, W., Kinetic studies on the transport of cytoplésmically
synthesized proteins into the mitochondria in the intact cells of Neurospora crassa, Eur. J. Biochem., 81,
523, 1977.

Reid, G. A. and Schatz, G., Import of proteins into mitochondria. Extramitochondrial pools and post-
translational import of mitochondrial protein precursors in vitro, J. Biol. Chem., 257, 13062, 1982.
Chien, S.-M. and Freeman, K. B., Import of rat liver mitochondrial malate dehydrogenase, J. Biol.
Chem., 259, 3337, 1984.

Ono, H. and Ito, A., Transport of the precursor for sulfite oxidase into intermembrane space of liver
mitochondria: characterization of import and processing activities, J. Biochem., 95, 345, 1984.

Gasser, S. M., Ohashi, A., Daum, G., Boehni, P. C., Gibson, J., Reid, G. A., Yonetani, T., and
Schatz, G., Imported mitochondrial proteins cytochrome b2 and cytochrome c1 are processed in two steps,
Proc. Natl. Acad. Sci. U.S.A., 79, 267, 1982.

Hampsey, D. M., Lewin, A. S., and Kohlhaw, G. B., Submitochondrial localization, cell-free synthesis,
and mitochondrial import of 2-isopropylmate synthase of yeast, Proc. Natl. Acad. Sci. U.5.A., 80, 1270,
1983.

Zimmermann, R. and Neupert, W., Transport of proteins into mitochondria. Posttranslational transfer
of ADP/ATP carrier into mitochondria in vitro, Eur. J. Biochem., 109, 217, 1980.

Korb, H. and Neupert, W., Biogenesis of cytochrome ¢ in Neurospora crassa. Synthesis of apocytochrome
c, transfer to mitochondria and conversion to holocytochrome ¢, Eur. J. Biochem., 91, 609, 1978.
Zimmerman, R., Paluch, U., and Neupert, W., Cell-free synthesis of cytochrome c, FEBS Len., 108,
141, 1979.

Watanabe, K. and Kubo, S., Mitochondrial adenylate kinase from chicken liver. Purification, character-
ization, and its cell-free synthesis, Eur. J. Biochem., 123, 587, 1982.

Douglas, M. G., Geller, B. L., and Emr, S. D., Intracellular targeting and import of an F1-ATPase beta-
subunit-beta-galactosidase hybrid protein into yeast mitochondria, Proc. Natl. Acad. Sci. U.S.A., 81, 3983,
1984.

Hurt, E. C., Pesold-Hurt, B., and Schatz, G., The cleavable prepiece of an imported mitochondrial
protein is sufficient to direct cytosolic dihydrofolate reductase into the mitochondrial matrix, FEBS Leu.,
178, 306, 1984.

Hurt, E. C., Presold-Hurt, B., Suda, K., Opplinger, W., and Schatz, G., The first twelve amino acids
(less than half of the pre-sequence) of an imported mitochondrial protein can direct mouse cytosolic
dihydrofolate reductase into the yeast mitochondrial matrix, EMBO J., 4, 2061, 1985.

Hurt, E., Signals directing proteins into mitochondria, Special FEBS-Meeting, Algarve, April 21 to 26,
198s5.

Matsuura, M., Arpin, C., Hannum, E., Margoliash, D., Sabatini, D. D., and Morimoto, T., In vitro
synthesis and posttranslational uptake of cytochrome c into isolated mitochondria: role of a specific addressing
signal in the apocytochrome, Proc. Nail. Acad. Sci. U.S.A., 78, 4368, 1981.

Viebrock, A., Perz, A., and Sebald, W., The imported preprotein of the proteolipid subunit of the
mitochondrial ATP synthase from Neurospora crassa. Molecular cloning and sequencing of the mRNA,
EMBO J., 1, 565, 1982.

Michel, R., Wachter, E., and Sebald, W., Synthesis of a larger precursor for the proteolipid subunit of
the mitochondrial ATPase complex of Neurospora crassa in a cell-free wheat germ system, FEBS Len.,
101, 373, 1979.

Schmidt, B., Henning, B., Zimmermann, R., and Neupert, W., Biosynthetic pathway of mitochondrial
ATPase subunit 9 in Neurospora crassa, J. Cell Biol., 96, 248, 1983.

RIGHTS

i,



308.

309.

310.

311.

N

—

)

S 312.

o

c

[}

(o)

9 313.

&

3 314.

=

8

> 315.

£

8 316.

[}

=

£

3 317.

®

£

o

E 318.

£

o¢

+— O

B8 319.

gx

=L 320

35 ’

[ag=}

x5

D

s+ 321.

2

g 322.

3

o

S 323,

o)

& 324.

>

B

g 325.

(]

°

£

% 325a.

&3 326.

©

S

= 327.

O
328.
328a.
329.
330.

Volume 20, Issue 1 135

Macino, G. and Tzagoloff, A., Assembly of the mitochondrial membrane system. The DNA sequence of
a mitochondrial ATPase gene in Saccharomyces cervisiae, J. Biol. Chem., 254, 4617, 1979.

Hensgens, L. A. M., Grivell, L. A., Borst, P., and Bos, J. L., Nucleotide sequence of the mitochondrial
gene for subunit 9 of yeast ATPase complex, Proc. Natl. Acad. Sci. U.S.A., 76, 1663, 1979.

Schmidt, B., Hennig, B., Koehler, H., and Neupert, W., Transport of the precursor to Neurospora
ATPase subunit 9 into yeast mitochondria. Implications on the diversity of the transport mechanism, J.
Biol. Chem., 258, 4687, 1983.

Miura, S., Mori, M., Amaya, Y., Tatibana, M., and Cohen, P. P., Aggregation states of precursors
for mitochondrial carbamoy!-phosphate synthase I and omithine carbamoyl-transferase, Biochem. Int., 2,
305, 1981.

Mihara, K., Blobel, G., and Sato, R., In vitro synthesis and integration into mitochondria of porin, a
major protein of the outer mitochondrial membrane of Saccharomyces cerevisiae, Proc. Natl. Acad. Sci.
U.S.A., 79, 7102, 1982.

Freitag, H., Janes, M., and Neupert, W., Biosynthesis of mitochondrial porin and insertion into the
outer mitochondrial membrane of Neurospora crassa, Eur. J. Biochem., 126, 197, 1982,

Gasser, S. M. and Schatz, G., Import of proteins into mitochondria. In vitro studies on the biogenesis
of the outer membrane, J. Biol. Chem., 258, 3427, 1983,

Shore, G. C., Power, F., Bendayan, M., and Carignan, P., Biogenesis of a 35-kilodalton protein
associated with outer mitochondrial membrane in rat liver, J. Biol. Chem., 256, 8761, 1981.

Riezman, H., Hay, R., Witte, C., Nelson, N., and Schatz, G., Yeast mitochondrial outer membrane
specifically binds cytoplasmically-synthesized precursors of mitochondrial proteins, EMBO J., 2. 1113,
1983.

Hase, T., Riezman, H., Suda, K., and Schatz, G., Import of proteins into mitochondria. Nucleotide
sequence of the gene for a 70kd protein of the yeast mitochondrial outer membrane, EMBO J., 2, 2169,
1983.

Riezman, H., Hase, T., van Loon, A. P. G. M., Grivell, L. A., Suds, K., and Schatz, G., Import of
proteins into mitochondria: a 70 kilodalton outer membrane protein with a large carboxyl-terminal deletion
is still transported to the outer membrane, EMBO J., 2, 216}, 1983.

Hennig, B. and Neupert, W., Assembly of cytochrome c. Apocytochrome ¢ is bound to specific sites on
mitochondria before its conversion to holocytochrome ¢, Eur. J. Biochem., 121, 203, 1981.

Hennig, B., Koehler, H., and Neopert, W., Receptor sites involved in post-translational transport of
apocytochrome c into mitochondria: specificity, affinity, and number of sites, Proc. Natl. Acad. Sci. U.S.A.,
80, 4963, 1983.

Zwizinski, C., Schleyer, M., and Neupert, W., Transfer of proteins into mitochondria. Precursor to the
ADP/ATP carrier binds to receptor sites on isolated mitochondria, J. Biol. Chem., 258, 4071, 1983.
Riezman, H., Hay, R., Gasser, S., Daum, G., Schneider, G., Witte, C., and Schatz, G., The outer
membrane of yeast mitochondria: isolation of outside-out sealed vesicles, EMBO J., 2, 1105, 1983.
Zimmermann, R., Hennig, B., and Neupert, W., Different transport pathways of individual precursor
proteins in mitochondria, Eur. J. Biochem., 116, 455, 198].

Teintze, M., Slaughter, M., Weiss, H., and Neupert, W., Biogenesis of mitochondrial ubiquinol:
cytochrome ¢ reductase (cytochrome bcl complex). Precursor proteins and their transfer into mitochondria,
J. Biol. Chem., 257, 10364, 1982.

Reid, G. A. and Schatz, G., Import of proteins into mitochondria. Yeast cells grown in the presence of
carbonyl cyanide m-chlorophenylhydrazone accumulate massive amounts of some mitochondrial precursor
polypeptides, J. Biol. Chem., 257, 13056, 1982.

Neupert, W., Biosynthesis of mitochondrial membrane proteins, Special FEBS-Meeting, Algarve, April
21 10 26, 1985.

Argan, C., Lusty, C. J., and Shore, G. C., Membrane and cytosolic components affecting transport of
the precursor for omithine carbamyltransferase into mitochondria, J. Biol. Chem., 258, 6667, 1983.
Miura, S., Mori, M., and Tatibana, M., Transport of omnithine carbamoyltransferase precursor into
mitochondria. Stimulation by potassium ion, magnesium ion and a reticulocyte cytosolic protein(s), J. Biol.
Chem., 258, 6671, 1983.

Otha, S. and Schatz, G., A purified precursor polypeptide requires a cytosolic protein fraction for import
into mitochondria, EMBO J., 3, 651, 1984.

Firgaira, F. A., Hendrick, J. P., Kalousek, F., Kraus, J. P., and Rosenberg, L. E., RNA required
for import of precursor proteins into mitochondria, Science, 226, 1319, 1984.

Boehni, P. C., Gasser, S., Leaver, C., and Schatz, G., A matrix-localized mitochondrial protease
processing cytoplasmically-made precursors to mitochondrial proteins, in The Organization and Expression
of the Mitochondrial Genome, Kroon, A. M. and Saccone, C., Eds., North-Holland, Amsterdam, 1980,
423.

McAda, P. C. and Douglas, M. G., A neutral metallo endoprotease involved in the processing of an Fl-
ATPase subunit precursor in mitochondria. J. Biol. Chem., 257, 3177, 1982.

RIGHTS

i,



136

331.

332.

333.

334.

342.

343.

For personal use only.

344.
345,

347.

348.

349.

350.

3s1.

352.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12

353.

354.

355.

356.

335.

336.

337.

338.

339.

340.

341.

CRC Ceritical Reviews in Biochemistry

Mori, M., Miura, S., Tatibana, M., and Cohen, P. P., Characterization of a protease apparently involved
in processing of pre-ornithine transcarbamylase of rat liver, Proc. Natl. Acad. Sci. U.S.A., 77,7044, 1980.
Miura, S., Mori, M., Amaya, Y., and Tatibana, M., A mitochondrial protease that cleaves the precursors
of omithine carbamoyltransferase. Purification and properties, Eur. J. Biochem., 122, 641, 1982.
Boehni, P. C., Daum, G., and Schatz, G., Import of proteins into mitochondria. Partial purification of
a matrix-located protease involved in cleavage of mitochondrial precursor polypeptides. J. Biol. Chem.,
258, 4937, 1983.

Conboy, J. G., Fenton, W. A., and Rosenberg, L. E., Processing of pre-ornithine transcarbamylase
requires a zinc-dependent protease localized to the mitochondrial matrix, Biochem. Biophys. Res. Commun.,
105, 1, 1982.

Cerletti, N., Boehni, P. C., and Suda, K., Import of proteins into mitochondria. Isolated yeast mito-
chondria and solubilized matrix protease correctly process cytochrome ¢ oxidase subunit V precursor at the
N-terminus, J. Biol. Chem., 258, 4944, {983.

Reid, G. A., Yonetti, T., and Schatz, G., Import of proteins into mitochondria. Import and maturation
of the mitochondrial intermembrane space enzymes cytochrome b2 and cytochrome ¢ peroxidase in intact
yeast cells, J. Biol. Chem., 257, 13068, 1982.

Ohashi, A., Gibson, J., Gregor, 1., and Schatz, G., Import of proteins into mitochondria. The precursor
of cytochrome cl is processed in two steps, one of them heme-dependent, J. Biol. Chem., 257, 13042,
1982.

Daum, G., Gasser, S. M., and Schatz, G., Import of proteins into mitochondria. Energy-dependent, two
step processing of the intermembrane-space enzyme cytochrome b2 by isolated yeast mitochondria, J. Biol.
Chem., 257, 13075, 1982.

Zwizinski, C. and Neupert, W., Precursor proteins are transported into mitochondria in the absence of
proteolytic cleavage of the additional sequences, J. Biol. Chem., 258, 13340, 1983.

Kolarov, J. and Hatalova, 1., Coupling between proteolytic processing and translocation of the precursor
of the F1-ATPase beta-subunit during its import into mitochondria of intact cells, FEBS Lerr., 178, 161,
1984.

Nelson, N. and Schatz, G., Energy-dependent processing of cytoplasmically made precursors to mito-
chondrial proteins, Proc. Natl. Acad. Sci. U.S.A., 76, 4365, 1979.

Gasser, S. M., Daum, G., and Schatz, G., Import of proteins into mitochondria. Energy-dependent
uptake of precursors by isolated mitochondria, J. Biol. Chem., 257, 13034, 1982.

Schleyer, M., Schmidt, B., and Neupert, W., Requirement of a membrane potential for the posttransla-
tional transfer of proteins into mitochondria, Eur. J. Biochem., 125, 109, 1982.

Schatz, G. and Butow, R. A., How are proteins imported into mitochondria?, Cell. 32, 316, 1983.
Pappenheimer, A. M., Interaction of protein toxins with mammalian cell membranes, Microbiology, p.
187, 1979.

Hall, M. N., Schwartz, M., and Silhavy, T. J., Sequence information within the lamB gene is required
for proper routing of the bacteriophage lambda-receptor protein to the outer membrane of Escherichia coli
K-12, J. Mol. Biol., 156, 93, 1982.

Benson, S. A., Bremer, E., and Silhavy, T. J., A signal within the lamB protein that specifies an outer
membrane location, Proc. Natl. Acad. Sci. U.S.A.. in press.

Emr, S. D., Hedgepeth, J., Clement, J.-M., Silhavy, T. J., and Hofnung, M., Sequence analysis of
mutations that prevent export of phage lambda receptor, an Escherichia coli outer membrane protein, Nature
(London), 285, 82, 1980.

Garoff, H., Simons, K., and Dobberstein, B., Assembly of the Semliki Forest Virus membrane glyco-
proteins in the membrane of the endoplasmic reticulum in vitro, J. Mol. Biol., 124, 587, 1978.

Bonatti, S. and Blobel, G., Absence of a cleavable signal sequence in Sindbis virus glycoprotein pE2, J.
Biol. Chem., 254, 12261, 1979.

Fung, B. K.-K. and Hubbell, W. L., Organization of rhodopsin in photoreceptor membranes. II. Trans-
membrane organization of bovine rhodopsin: evidence from proteolysis and lactoperoxidase-catalyzed io-
dination on native and reconstituted membranes, Biochemistry, 17, 4403, 1978.

Papermaster, D. S., Burstein, Y., and Schechter, 1., Opsin mRNA isolation from bovine retina and
partial sequence of the in vitro translation product, Ann. N.Y. Acad. Sci., 343, 347, 1980.

Goldman, B. M. and Blobel, G., In vitro biosynthesis, core glycosylation, and membrane integration of
opsin, J. Cell Biol., 90, 236, 1981,

Bar-Nun, S., Kreibich, G., Adesnik, M., Alterman, L., Negishi, M., and Sabatini, D. D., Synthesis
and insertion of cytochrome P-450 into endoplasmic reticulum membranes, Proc. Natl. Acad. Sci. U.S.A.,
77, 965, 1980.

DuBois, G. C., Appella, E., Armstrong, R., Levin, W., Lu, A. Y. H., and Jerina, D. M., Hepatic
microsomal epoxide hydrase. Chemical evidence for a single polypeptide chain, J. Biol. Chem., 254, 6240,
1979.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

357.

358.

359.

360.

361.

362.

363.

364.

364a.

365.

366.

367.

368.

369.

370.

371.

373.

374.

37s.

376.

377.

378.

379.

380.

381.
382.

Volume 20, Issue ] 137

Frank, G., Brunner, J., Hauser, H., Wacker, H., Semenza, G., and Zuber, H., The hydrophobic
anchor of small-intestinal sucrase-isomaltase. N-terminal sequence of the isomaltase subunit, FEBS Letr.,
96, 183, 1978.

Mostov, K. E., DeFoor, P., Fleischer, S., and Blobel, G., Co-translational membrane integration of
calcium pump protein without signal sequence cieavage, Narure (London), 292, 87, 1981.

Sabban, E., Marchesi, V., Adesnik, M., and Sabatini, D. D., Erythrocyte membrane proteins, Band
3: its biosynthesis and incorporation into membranes, J. Cell Biol.. 91, 637, 1981.

Braell, W. H. and Lodish, H. F., Biosynthesis of the erythrocyte anion transport protein, J. Biol. Chem.,
256, 11337, 1981.

Paul, L. D. and Goodenough, D. A., In vitro synthesis and membrane insertion of bovine MP26, an
integral protein from lens fiber plasma membrane, J. Cell Biol., 96, 633, 1983.

Fields, S., Winter, G., and Brownlee, G. G., Structure of the neuraminidase gene in human influenza
virus A/PR/8/34/, Nature (London), 290, 213, 1981}.

Blok, J., Air, G. M., Laver, W. G., Ward, C. W,, Lilley, G. G., Woods, E. F., Roxburgh, C. M.,
and Inglis, A. S., Studies on the size, chemical composition and partial sequence of the neuraminidase
(NA) from type A influenza virus shows that the N-terminal region of the NA is not processed and serves
to anchor the NA in the viral membrane, Virology, 119, 109, 1982.

Buechel, D. E., Groneaborn, B., and Mueller-Hill, B., Sequence of the lactose permease gene, Nature
(London), 283, 541, 1980.

Ehring, R., Beyreuther, K., Wright, J. K., and Overath, P., In vitro and in vivo products of £. coli
lactose permease gene are identical, Narure (London), 283, 537, 1980.

Heinrich, R. and Rapoport, T. A., Mathematical modelling of translation of mRNA in eukaryotes; steady
states, time-dependent processes and application to reticulocytes, J. Theor. Biol., 86, 279, 1980.

Shaw, M. W,, Lamb, R. A, Erickson, B. W., Briedis, D. J., and Choppin, P. W., Complete nucleotide
sequence of the neuraminidase gene of influenza B virus, Proc. Nail. Acad. Sci. U.S.A.. 79, 6817, 1982.
Van Rompuy, L., Min Jou, W., Huylebroeck, D., and Fiers, W., Complete nucleotide sequence of a
human influenza neuraminidase gene of subtype N2 (A/Victoria/3/75/), J. Mol. Biol., 161, 1, 1982,
Haugen, D. A., Armes, L. G., Yasunobu, K. T., and Coon, M. J., Amino terminal sequence of
phenobarbital-inducible cytochrome P-450 from rabbit liver microsomes: similarity to hydrophobic amino-
terminal segments of pre-proteins, Biochem. Biophys. Res. Commun., 77, 967, 1977.

Botelho, L. H., Ryan, D. E., and Levin, W., Amino acid compositions and partial amino acid sequences
of three highly purified forms of liver microsomal cytochrome P-450 from rats treated with polychlorinated
biphenyls, phenobarbital, or 3-methylcholanthrene, J. Biol. Chem., 254, 5635, 1979.

Garoff, H., Frischauf, A. M., Simons, K., Lehrach, H., and Delius, H., Nucleotide sequence of cDNA
coding for Semliki Forst Virus membrane glycoproteins, Nature (London), 288, 236, 1980.

Rice, C. M. and Strauss, J. H., Nucleotide sequence of the 26S mRNA of Sindbis virus and deduced
sequence of the encoded virus structural proteins, Proc. Nail. Acad. Sci. U.S.A., 78, 2062, 1981.
Lederer, F., Simon, A.-M., and Verdiere, J., Sacchomyces cerevisiae iso-cytochrome c: revision of the
amino acid sequence between the cystein residues, Biochem. Biophys. Res. Commun., 47, 55, 1972.
Kaput, J., Goltz, S., and Blobel, G., Nucleotide sequence of the yeast nuclear gene for cytochrome ¢
peroxidase precursor. Functional implications of the pre-sequence for protein transport into mitochondria.
J. Biol. Chem., 257, 15054, 1982.

De Haan, M., van Loon, A. P. G. M., Kreike, ]., Vaessen, R. T. M. J., and Grivell, L. A., The
biosynthesis of the ubiquinol-cytochrome c¢ reductase complex in yeast. DNA sequence analysis of the
nuclear gene coding for the 14kDa subunit, Eur. J. Biochem., 138, 169, 1983.

van Loon, A. P. G. M., de Groot, R. J., de Haan, M., Dekker, A., and Grivell, L. A., The DNA
sequence of the nuclear gene coding for the 1 7kd subunit VI of the yeast ubiquinol-cytochrome ¢ reductase:
a protein with an extremely high content of acidic amino acids, EMBO J., 3, 1039, 1984,

Nagata, S., Tsunetsugu-Yolota, Y., Naito, A., and Kaziro, Y., Molecular cloning and sequence deter-
mination of the molecular gene coding for mitochondria elongation factor Tu of Saccharomyces cerevisiae,
Proc. Nail. Acad. Sci. U.S.A., 80, 6192, 1983.

Suissa, M., Suda, K., and Schatz, G., lsolation of the nuclear yeast genes for citrate synthase and fifteen
other mitochondrial proteins by a new screening approach, EMBO J., 3, 1773, 1984,

Horwich, A. L., Fenton, W. A., Williams, K. R., Kalousek, F., Kraus, J. P., Doolitle, R. F.,
Konigsberg, W., and Rosenberg, L. E., Structure and expression of a complementary DNA for the nuclear
coded precursor of human mitochondrial omithine transcarbamylase, Science, 224, 1068, 1984.
Mclntyre, P., Graf, L., Mercer, J., Peterson, G., Hudson, P., and Hoogenraad, N., A highly basic
N-terminal extension of the mitochondrial matrix enzyme omithine transcarbamylase from rat liver, FEBS
Len., 177(1), 41, 1984.

Rapoport, T. A., unpublished results.

Rapoport, T. A., unpublished resuits.

RIGHTS

i,





