
Chapter 10 

Membrane Biogenesis 

10.1 Overview 

In this chapter we examine how membranes are made. First, the individual protein 
and lipid components must be synthesized, and then they must be delivered to 
their final destination. Considering all the distinct membranes within a typical 
eukaryotic cell, this is a prodigious task, requiring highly accurate and remarkable 
mechanisms. 

In the first part of this chapter, membrane protein biogenesis will be discussed. 
Conceptually, there are two major problems to consider relating to membrane 
protein assembly. 

(1) Since all nuclear-encoded proteins are synthesized by a common pool of 
ribosomes, how are individual membrane proteins directed to their proper des
tination? What distinguishes a plasma membrane protein from one which resides 
in the inner mitochondrial membrane or one one which is resident in the endo
plasmic reticulum? This is a complex sorting problem, and must require distinct 
signals within each polypeptide as well as recognition apparatus. 

(2) How are membrane proteins actually inserted into the membrane to attain 
the proper topology with respect to the membrane bilayer? Do insertion and 
orientation also require special signals and apparatus and, if so, what are they? 
What are the requirements for membrane proteins to attain their proper tertiary 
folding and their quaternary structures in the case of multi subunit assemblies? 

The last decade of research has seen rapid progress relating to all of these 
questions, and this is proceeding at an accelerating pace, in large measure due 
to the ability to utilize recombinant DNA technology to explore the roles of 
specific polypeptide sequences as signals in these processes. Although not all the 
answers are known, there has been a satisfying trend toward the realization that 
seemingly quite different systems actually have substantial common features. For 
example, it was realized rather early (see 1268) that the mechanism of how 
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proteins are secreted had much in common with the mechanism of how plasma 
membrane proteins are synthesized. More recently, the common aspects of how 
proteins are translocated across the mitochondrial membranes, the endoplasmic 
reticulum, and the membranes of gram-negative bacteria have been more fully 
appreciated (1576, 1136, 1288). These are the experimental systems which have 
been most intensively studied. Although there are significant differences between 
these processes, there are important common features: 

(1) There is an identifiable portion of the polypeptide sequence which serves 
as a recognition site or "signal," directing the individual polypeptide to the 
membrane into which it is inserted. Often, these signals are at the amino terminus 
of the newly synthesized polypeptide, and they are often cleaved off by specific 
signal peptidases following insertion into or translocation across the target 
membrane. The terms signal peptide, signal sequence, transit peptide, leader 
peptide, and pre-sequence have all been used to refer to that amino-terminal 
signal. 

(2) The processes of translation and of insertion into the membrane are 
experimentally separable. The assembly of membrane proteins, in most cases, 
requires energy input distinct from that required by the ribosome during trans
lation. It is noted that in vivo translation and translocation are often closely 
coupled temporally. 

(3) Once associated with the target membrane, the polypeptide must still be 
competent for translocation or insertion in order for the process to proceed. 
Protein translocation across membranes appears to proceed, in many cases, from 
the amino terminus to the carboxyl terminus and requires that the protein be at 
least partially unfolded or loosely folded during this process. The polypeptide may 
be translocated in an extended form in an energy-requiring step (1252). 

The first set of questions we will address deals with protein sorting during 
biogenesis and assembly. Figure 10.1 summarizes the complexity ofthis problem 
for eukaryotic cells and for gram-negative bacteria. A hierarchy of signals encoded 
within each polypeptide must be involved in directing each protein to its correct 
destination. For example, most proteins which are directed to either the endo
plasmic reticulum or the mitochondrion are synthesized as larger precursors (pre
proteins) with amino-terminal extensions which are subsequently removed by 
proteolytic enzymes within these organelles. These primary signals are very 
different and are required for these polypeptides to be recognized by the translo
cation machinery via specific receptors in the organelles. The association with 
the mitochondrion occurs after the completion of translation, but this is not the 
case for most proteins directed to the mammalian endoplasmic reticulum. As 
shown in Figure 10.1, further sorting is necessary once the proteins have become 
associated with the appropriate organelle. This requires additional information 
which must also be encoded within each polypeptide sequence, and these can be 
termed secondary signals. In some cases, these have been defined and are physically 
separable from the primary signal, though this may not always be the case. 
Specific examples will be described later in this chapter to illustrate how these 
signals are utilized for protein sorting. 

Our concerns are specifically directed at how membrane proteins are as-
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Figure 10.1. Protein sorting in eukaryotic cells and in gram-negative bacteria. Primary 
sorting signals direct the polypeptide to the correct organelle and are necessary for translo
cation. Secondary signals determine the final destination. The exocytic pathway is indi
cated. 

sembled, but this must be examined in the context of protein sorting. Figure 10.2 
shows schematically three commonly invoked mechanisms for the insertion of 
a precursor polypeptide into a membrane. Mechanisms A and B are variants of 
a linear extrusion scheme in which it is imagined that the signal directs the 
polypeptide to the translocation apparatus, which includes a water-filled channel. 
The signal might go directly through (model A) or remain tethered, as indicated, 
to form a loop (model B). In the absence of any signal to stop the translocation 
process, the entire polypeptide will be transported across the membrane. How
ever, if a second signal, called a stop-transfer signal, is located within the 
polypeptide, the process is halted and the stop-transfer signal becomes a trans
membrane segment of the mature membrane protein. By fixing the protein in the 
membrane, a stop-transfer signal acts as a sorting signal (1491). Additional 
transmembrane segments would be formed if there were additional start-transfer 
and stop-transfer signals within the protein. Figure 10.3 illustrates how a small 
number of kinds of signals can instruct the translocation apparatus in a sequential 
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Figure 10.2. Three general models of how proteins might assemble in a membrane. The 
first two models (A and 8) assume that the protein is transported in a linear fashion through 
a protein channel. The presence of a stop-transfer signal halts the process; otherwise the 
protein is translocated entirely across the membrane. Model C assumes that hydrophobic 
elements of the polypeptide spontaneously insert into the lipid bilayer. The hydrophobic 
element may be a single helix or a higher-order structure. This process could also be 
protein-mediated. 

manner to produce a wide variety of protein folding patterns across the endoplas
mic reticulum membrane. Note that signals that are not removed proteolytically 
usually remain as transmembrane segments and can be used to initiate the trans
port of the flanking polypeptide domains on either the amino or carboxyl sides. 
Unfortunately, this simple view is insufficient, and there are examples where it 
appears that the signals change their function depending on their context (51, 
1000) or that interactions between putative signals within a polypeptide may be 
important to direct proper insertion into the membrane (365, 275). 

Model C in Figure 10.2 illustrates a possible role for the spontaneous insertion 
into the membrane bilayer of hydrophobic elements of a precursor polypeptide. 
This mechanism can be invoked only when membrane insertion occurs after the 
translation of the polypeptide. The prime example supporting this mechanism is 
the M13 procoat protein, which is discussed in Section 10.31. The spontaneous 
insertion model can be invoked to explain how amphipathic a-helices or B-sheet 
can be inserted across a membrane. This could, of course, also be a protein
mediated process. 

The next two sections in this chapter review the exocytic pathway in eukaryotic 
cells and discuss how and where membrane proteins are assembled and trans
ported within the cell. Little is known about how the biosynthesis of membrane 
lipids and proteins is coordinated in either prokaryotic or eukaryotic cells, al-
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Figure 10.3. Models used to explain a variety of folding patterns of membrane proteins 
with cleaved signals, uncleaved amino-terminal signals, and internal signals. If assembly 
is directed by a linear sequence of signals, then three types are required: (1) a signal causing 
the translocation of the carboxyl-terminal flanking domain (a, b, c, d, g, h), (2) a signal 
causing the translocation of the amino-terminal flanking domain (e, f), and (3) stop-transfer 
signals (b-h). 
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though there are several examples where the overproduction of a particular 
membrane protein results in the elaboration of intracellular membranes containing 
lipids and, predominantly, the overproduced protein (1588, 383, 768). The last 
portion of this chapter focuses on lipid biogenesis. The fact that the lipid 
compositions of each of the various membranes within a eukaryotic cell are very 
distinct (see Chapter 1) raises the question of how these different compositions 
are created and maintained. One aspect considered is how rapidly lipid species 
are exchanged between different membranes and what mechanisms facilitate the 
transfer of lipids from their site of synthesis to their destinations. Finally, the lipid 
composition of the membranes of numerous organisms have been shown to vary 
in an adaptive response to environmental alterations. The nature of this adaptive 
response in membrane lipid biogenesis is discussed in the final section. 

10.2 General Features of the Exocytic Pathway (for 
reviews, see 966, 738, 552, 358, 1153, 634) 

The exocytic pathway in eukaryotic cells defines the trail followed by proteins 
which are secreted or are incorporated in the cytoplasmic membrane. Secreted 
proteins are synthesized by membrane-bound ribosomes on the cytoplasmic surface 
of the rough endoplasmic reticulum and are translocated into the lumen by the 
same mechanism used to generate membrane proteins in the endoplasmic reticu
lum (Figure 10.3). If a water-soluble protein in the lumen lacks any secondary 
sorting signals, it is transported to the cell surface and secreted by the "consti
tutive" pathway (1580). This pathway for exocytosis has been characterized by 
a combination of cytochemical methods, genetics, and cell-free biochemical 
techniques. A protein following this pathway proceeds sequentially from the 
endoplasmic reticulum, through the various compartments of the Golgi apparatus, 
and eventually is delivered to the cell surface (Figure 10.4). Membrane proteins 
following this pathway can become components of the cytoplasmic membrane 
or, due to the presence of secondary sorting signals, remain behind as either 
residents of the endoplasmic reticulum (e.g., ribophorin, cytochrome P450) or 
residents of the Golgi apparatus (e.g., various glycosyltransferases). In the Golgi, 
further protein sorting distinguishes proteins to be secreted by the constitutive 
pathway (the default pathway) from those which are directed to the lysosome or 
those which are concentrated in secretory granules, which then are used to secrete 
the protein upon appropriate cellular stimulation (i.e., the regulated secretory 
pathway). It has been noted, in addition, that the outer membrane of the nuclear 
envelope also may be a locus for the synthesis of membrane glycoproteins which 
subsequently are transported via the exocytic pathways (1465). 

As proteins are transported through the exocytic pathway, they are subject to 
a series of post-translational modifications, in particular, glycosylation reactions 
(see 358, 1245). The compartmentalization of N-linked oligosaccharide process
ing is well defined (Figures 10.4 and 10.5) and has been very useful in defining 
distinct compartments constituting the Golgi (cis, medial, and trans cisternae). 
The high-mannose oligosaccharide precursor (see Figure 3.16) is assembled at 
the glycosidation sites on the polypeptide (asparagine residues) while the protein 
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Figure lOA. Schematic of the exocytic pathway, following a membrane protein (arrow) 
from its insertion in the endoplasmic reticulum to the plasma membrane. The distinction 
between the trans Golgi and the trans Golgi network is tentative (see II). It is assumed 
that transport is mediated by vesicles. GlcNAc, N-acetylglucosamine. Adapted from ref. 
552. Copyright 1986 by the AAAS. 

is within the endoplasmic reticulum. This is then processed by a series of enzymes 
that are compartmentalized (552, 358, 1153,634, 1245), allowing one to monitor 
the progress of proteins through the system by analyzing their glycosylation 
status. Figure 10.5 illustrates some pathways for the processing of the high
mannose precursor oligosaccharide. 

Studies on the exocytic pathway have benefited from the use of enveloped 
viruses, in particular, vesicular stomatitis virus (VSV). The mode of entry of the 
enveloped viral genome by membrane fusion with the animal cell membrane has 
already been discussed (Section 9.52), as has the budding of newly synthesized 
viral particles from the animal cell membrane (Section 4.53). The viral spike 
glycoprotein, called the G protein for the vesicular stomatitis virus, is a trans
membrane protein which is synthesized by membrane-bound ribosomes on the 
endoplasmic reticulum following infection. The G protein utilizes the cellular 
exocytic pathway and is brought to the plasma membrane, where it helps to form 
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Figure 10.5. Pathways of Golgi-associated processing of high-mannose precursor oligo
saccharides. Three glucose residues and at least one mannose residue are removed in the 
endoplasmic reticulum to yield the precursor at the top left. Steps A and B show how a 
mannose residue is phosphorylated, as occurs for lysosomal enzymes. Steps 1-6 show how 
a two-branched (biantennary) oligosaccharide is made. The enzymes are (I) Golgi 
mannosidase I, (2) GlcNAc transferase, (3) mannosidase II, (4) GlcNAc transferase II, (5) 
galactosyltransferase, and (6) sialyltransferase. M, mannose; GlcNAc, N-acetylglucosam
ine; Gal, galactose; SA, sialic acid; P, phosphate; R, (GlcNAc)2-asparagine-(protein). 
Adapted from ref. 358. © 1985 by Cell Press. 

the framework of the budding virus (Figure 4.9). By infecting cells with this virus, 
one can follow the progress of the virally encoded G protein to examine the 
exocytic pathway (e.g., 1250,61, 1099, 168,60). This approach has been exploited 
to define vesicles involved in intracellular transport (1099), to examine the effects 
of glycosylation on delivery to the cell surface (168), to examine the energetics 
of exocytic transport (60), and, most important, to construct a cell-free system 
for vesicle-mediated intracellular transport (1250, 61). 

Several salient features of the exocytic transport system have emerged from 
these studies. 

(1) The transport between various organelle compartments is mediated by 
vesicles which bud off the "donor" and subsequently fuse with the "acceptor" 
membranes. The vesicles mediating transport between Golgi compartments have 
been shown to be "coated" vesicles, but the protein coat is not clathrin, as in 
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Box 10.1 An In Vitro Assay for Vesicle-Mediated Intracellular Transport 

Figure 10.6 illustrates an in vitro assay for transport of the viral G protein between 
successive Golgi compartments. This kind of assay is important in that it allows 
one to define biochemically the components required for the process. Membrane 
fractions containing Goigi are prepared from two cells, termed the "donor" and 
"acceptor." The donor fraction is prepared from mutant cells which lack the enzyme 
UDP-GIcNAc glycosyitransferase I and which have been infected with vesicular 
stomatitis virus. Processing of the oligosaccharide on the G protein in these cells 
is, thus, blocked. The acceptor Goigi fraction is prepared from wild-type, uninfected 
cells. The addition of [3H]GlcNAc to the newly synthesized G protein requires the 
transfer of the G protein from the donor Goigi to that of the acceptor which contains 
the required enzyme. Incorporation of the PH]GlcNAc is quantified after im
munoprecipitation. This particular assay measures transport from the cis to the 
medial Goigi compartment (61), and similar studies observing the addition of sialic 
acid have demonstrated transport in vitro between trans Golgi elements (1250). 

endocytic vesicles (1099). Considerable evidence indicates that clathrin is not an 
essential component of the exocytic pathway (344, 1254), although it does appear 
to be essential for the normal growth of some yeast strains (832). The extent to 
which the endocytic and exocytic pathways share components is not clear, though 
some vesicles appear to function as parts of both systems (433). 

(2) Intracellular transport requires A TP (1250, 61, 60) as well as cytosolic 
protein components (1558). It has also been shown that fatty acyl-CoA is a 
required cofactor for vesicle-mediated transport between Golgi cisternae (520, 
1250). The specific roles these play in the mechanism of vesicle budding and 
fusion are not known. 

(3) The role of the oligosaccharide as a sorting signal for the newly synthesized 
glycoproteins appears to vary. In some cases, processing of the N-linked carbo
hydrate is clearly not required for a plasma membrane protein to be expressed 
at the cell surface (285, 168). However, in some examples, glycosylation is 
essential for delivery to the cell surface (557) and, for example, is required for 
opsin to be incorporated in the retinal rod outer segment membrane (440). In 
many mammalian cells, mannose-6-phosphate acts as a sorting signal for protein 
to be directed to the lysosomes (see 778 for review). However, this is not true 
for yeast (1485, 711). In those mammalian cells where mannose-6-phosphate acts 
as a sorting signal, two membrane-bound receptors with a high affinity for 
glycoproteins containing mannose-6-phosphate have been characterized and the 
genes cloned (1385, 869,1168). These are evidently critical to targeting particular 
polypeptides to the lysosomes, and one of these receptors appears to function 
in both the endocytic as well as the exocytic pathway (1385, 139). 

As shown by the cell-free assay depicted in Figure 10.6, the availability of 
specific mutants can be particularly valuable in the study of such a complex 
system. Numerous other mutants defective in various stages of the exocytic 
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Figure 10.6. Schematic of the assay used to monitor transport of protein between Goigi 
compartments in vitro. In order for [3H)GlcNAc to be added to the core oligosaccharide, 
the viral G protein from the Goigi from infected donor cells must be transferred to the 
Goigi obtained from cells which have an activeN-acetylglucosamine transferase I. GlcNAc, 
N-acetylglucosamine. Adapted from ref. 61. © 1984 by Cell Press. 

pathway have been characterized in yeast (326, 421) and, to some extent, exploited 
to develop a cell-free interorganelle transport assay (599). The yeast and mammalian 
systems appear to be quite similar (359), and one can anticipate further progress 
utilizing the yeast mutants. Finally, it is noted that numerous enveloped viruses 
bud from membranes other than the plasma membrane and, thus, are potentially 
useful for studying other aspects of intracellular protein sorting and membrane 
traffic (1240). 

10.3 General Features of Membrane Protein 
Biosynthesis (for reviews see 1268, 1576, 1195) 

The essential question of interest to us is how membrane proteins are assembled. 
As we will see in this section, this does not typically occur as a spontaneous event 
due to the interaction between a nascent polypeptide and a lipid bilayer. Rather, 
this process is energy-requiring and is mediated by protein structures which are 
not yet well defined. The experimental data justify the view that the translocation 
of proteins entirely across a particular membrane (e.g., into the lumen of the 
endoplasmic reticulum) and the assembly of intrinsic membrane proteins are 
closely related variations of the same process. It would seem logical that there 
might be a universal solution to the problem of how to transport proteins across 
or into membranes. Before proceeding to summarize those features which the 
membrane assembly processes in various systems have in common, it will be 
useful to review how this is examined experimentally. 
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Those systems which are best defined have advanced due to the availability 
of cell-free systems to observe and quantify protein translocation and proteolytic 
processing. These systems all involve the use of membrane vesicle or organelle 
preparations in which the cytosolic surface is facing outward, since protein 
translocation proceeds from the cytoplasm. Microsomes prepared from the 
endoplasmic reticulum of secreting cells provide such a system, as do mitochon
dria and chloroplasts. Inverted vesicles from E. coli membrane preparations can 
be prepared which have their cytosolic surface facing outside and which are 
suitable for cell-free studies of protein translocation (1034, 204, 500). 

When a precursor polypeptide is present in the external medium, and all the 
conditions are properly adjusted, the polypeptide will be translocated into or 
across the membrane vesicle or organelle. This is most frequently monitored by 
adding proteases to the external medium. The degree of protection against 
proteolysis indicates the extent to which the polypeptide has been transported to 
the inside of the vesicle or organelle. As shown schematically in Figure 10.7, 
proteolytic processing by the signal peptidase, if it occurs, can also be observed 
by SDS-PAGE. If one is studying the translocation into microsomal vesicles, 
glycosylation can also be monitored in some cases. One can distinguish proteins 
which have become assembled in the membrane by an alkaline extraction. 
Presumably, proteins which bind to the membrane surface will be removed by 
this treatment. However, this need not always be the case, so results obtained by 
alkaline extraction should be interpreted with caution. 

With these cell-free systems one can examine the biochemical requirements 
for protein translocation and identify required soluble components. In addition, 
the nature of the polypeptide "substrate" which is translocated can be varied. 
Similar studies can also often be done in vivo by pulse-label techniques, and these 
methods avoid the possibility of artifacts due to the artificial conditions of the 
cell-free systems (e.g., 1345, 1497, 275). 

Several important conclusions about the requirements for protein translocation 
have been derived from cell-free assay systems. 

(1) Post· translational vs. co-translational translocation: It is now accepted 
that in all the systems examined, the process of translocation into or across 
membranes can be carried out independently of translational elongation (see 
1288). This has always been clearly demonstrable for chloroplast and mitochon
drial protein translocation and, though long debated, for translocation across the 
bacterial membrane as well. Although protein translocation into or across the 
endoplasmic reticulum of eukaryotes was thought for many years to be an 
obligately co-translational process, this has been clearly demonstrated not to be 
the case. Post-translational transport which is ribosome-independent has been 
demonstrated into yeast micro somes in at least one case (prepro-a factor) (1555, 
589). It has also been shown that, although protein elongation is not required for 
translocation across the endoplasmic reticulum in higher eukaryotes (1136, 1029, 
1028), in most cases, protein translocation is still ribosome-dependent and must 
occur while the nascent polypeptide is still tethered to the ribosome (1136). The 
important conclusion is that the energy required for the translocation process is 
not derived from the ribosomal biosynthetic apparatus. 
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Figure 10.7. Schematic showing an in vitro assay for protein insertion into or across a 
vesicle membrane. The assay is based on protection against proteolytic degradation, 
assuming that protection is due to import of part or all of the polypeptide into the lumen 
of the vesicle. The proteins are usually prepared in radioactive fonn, immunoprecipitated, 
and analyzed by SOS-polyacrylamide gel electrophoresis. An 50S-PAGE profile is shown 
for each of the three examples. The signal peptide will not be observed by this method. 

Note that these data merely state that translocation and translation are experi
mentally separable. In the cell, translocation is closely coupled to translation, at 
least for proteins directed into the endoplasmic reticulum of mammalian cells and 
for many E. coli proteins (83). 

(2) Energy requirements for translocation: As a general rule, protein translo
cation into or across membranes is energy-requiring. The common feature in both 
the prokaryotic and eukaryotic systems appears to be a requirement for ATP (or 
nucleoside triphosphate) hydrolysis. This has been demonstrated for (a) import 
of proteins into the chloroplast stroma (1117, 442); (b) import of proteins into 
the mitochondrial matrix (371, 1149, 207), inner membrane (1149), and outer 
membrane (76); (c) translocation of a protein across the yeast endoplasmic reticulum 
(589, 1555) and post-translational insertion of a membrane protein into the 
mammalian endoplasmic reticulum (1028); and (d) translocation of proteins across 
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the E. coli cytoplasmic membrane (204, 1612, 500, 1151). The ATPase activity 
required is not due to the Flo-type ATPase in either the mitochondria or E. coli 
membranes, and the role of the ATPase activity is not to generate a potential 
across the membranes. 

An independent requirement has been demonstrated for a transmembrane 
potential across the mitochondrial inner membrane in order to import proteins 
into the matrix (371, 1149, 207) and into the inner mitochondrial membrane 
(1149). This potential is apparently required for an early step in the import 
process, probably relating to the initial binding to the mitochondrion. This does 
not appear to be the case for the import of at least some proteins into the 
chloroplast (1117). However, optimal translocation across the E. coli cytoplasmic 
membrane also has an independent requirement for a proton motive force across 
the membrane (1612, 500, 204, 308). Note that the direction of protein translo
cation with respect to the polarity of d\jf is opposite in E. coli in comparison to 
the mitochondrion, whereas the endoplasmic reticulum membrane is not known 
to have a transmembrane potential. 

(3) Competence of the precursor for translocation (see 1252): Considerable 
evidence indicates that the tertiary conformation of the protein to be translocated 
is a critical factor for successful translocation. The most obvious explanation is 
that the signal sequence(s) recognized by the translocation apparatus must be 
accessible. Hence, the protein must be in a "loosely folded" or partially unfolded 
conformation in order to be competent for translocation. In addition, if proteins 
are translocated in an extended conformation across the membrane, then the 
translocation apparatus must be capable of unfolding proteins during the actual 
transport process. Some precursor proteins, if allowed to acquire a stable tertiary 
conformation, would be difficult to unfold and, hence, would not be translocation 
competent. 

The best evidence that proteins are translocated in an extended conformation 
comes from the work of Schleyer and Neupert (1298), who trapped intermediates 
in the translocation of two different proteins into the mitochondrial matrix. These 
intermediates were shown to have their amino termini exposed to the matrix, 
while the bulk of each polypeptide was outside of the mitochondrion. Hence, the 
intermediates must span both the inner and outer mitochondrial membranes, 
strongly suggesting that their site of entry is located at the junction of these two 
membranes (see 1307). 

Box 10.2 The Transport of Proteins Across a Membrane Requires an Unfolded 
Conformation 

Schatz and his co-workers (370, 1514) have studied an artificial fusion protein in 
which a mitochondrial signal sequence was linked to a protein which is not normally 
imported into the mitochondrion, tetrahydrofolate reductase. The resulting protein 
is imported into the mitochondrial matrix, where the signal sequence is removed 
by a signal peptidase. In order to test whether the protein could be translocated in 
a folded conformation across the mitochondrial membranes, import was measured 
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in the presence of methotrexate, an inhibitor which binds with high affinity to the 
native form of tetrahydrofolate reductase. It was found that the binding of metho
trexate abolished import into the mitochondrion, presumably because it trapped the 
protein in a tightly folded conformation, stabilized by the binding of the inhibitor. 
Unfolding of the precursor of the B-subunit ofthe Flo-ATPase has also been shown 
to be required for its import into the mitochondrial matrix (206). 

Truncated versions of the mitochondrially directed tetrahydrofolate reductase 
precursor have also been studied (1514). These have the mitochondrial signal 
sequence, but translation is interrupted before the synthesis of the full polypeptide 
is complete. These truncated precursors cannot bind methotrexate or, presumably, 
fold into a native-like conformation. However, they are imported into mitochon
dria. Of particular interest is the fact that the transport of these incomplete precursors 
does not require ATP, whereas import of the completed precursor is ATP-dependent. 
This strongly suggests that the ATP is needed to unfold the polypeptide, prior to 
or concomitant with its transport into the mitochondrion. Figure 10.8 schematically 
illustrates a working model of the steps involved in mitochondrial import, showing 
distinct points requiring a transmembrane potential and ATP. 

Studies on the import of porin into the outer mitochondrial membrane have 
yielded similar conclusions regarding the role of ATP (1612, 1147). This protein 
does not have a cleaved signal sequence, and the mature protein has encoded within 
it all the required signal information for mitochondrial import. The protein has been 
isolated in a water-soluble form which is presumably partially denatured, and this 
form is competent for translocation. Import of this water-soluble precursor does not 
require ATP, in contrast to the import of the protein when it is imported directly 
after synthesis in an in vitro expression system. Again, it is most reasonable that 
the ATP is required in some active process to unfold the protein during the translo
cation process. 

The translocation of the maltose-binding protein across the E. coli cytoplasmic 
membrane into the periplasm has also been shown to be dependent on the confor
mation of the precursor (1191). A mutant with an altered signal sequence which 
is not translocated was shown to exist as a precursor which is less susceptible to 
proteolytic degradation, i.e., more "tightly" folded. A conformation more accessible 
to proteases is competent for translocation, consistent with the mitochondrial examples. 
Presumably, the presence of the amino-terminal signal peptide retards the folding 
into a native-like conformation. Of interest is the fact that the mutation in the signal 
peptide which prevents translocation can be suppressed by a second mutation within 
the mature protein (254). The precursor with both mutations was considerably less 
stable in the cytoplasm than the species with only the signal sequence mutation, 
possibly reflecting a more open conformation. 

The possibility that a soluble protein cofactor may be required to prevent the 
precursor from folding into a native-like conformation has also been addressed. The 
precursor for the E. coli outer membrane protein OmpA has been isolated in a water
soluble form (259), similar to the mitochondrial porin. However, in the case of the 
E. coli protein, it is not efficiently translocated across the cytoplasmic membrane 
in the absence of a cytosolic protein, termed a "trigger factor." It has long been 
known that the translocation of proteins across or into the mammalian endoplasmic 
reticulum requires a soluble cofactor, the signal recognition particle (1312) (see 
Section 10.34). Possibly a function of this factor is to prevent folding of the 
precursor polypeptide and maintain competence for translocation (1547). 
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Figure 10.8. Working model for post
translational protein transport into the 
mitochondrial matrix. The signal or pre
sequence is indicated by the three posi
tive charges. Some steps may occur 
simultaneously (e.g., 3 and 4 or 5, 6 and 
7). Step 5 can be bypassed if the precur
sor is incompletely folded. Adapted from 
ref. 1514. 

10.31 Are Channels Needed for Protein Translocation? 

There are no experimental data absolutely proving the existence of channels 
mediating the assembly of membrane proteins or the complete translocation of 
proteins across a membrane. Certainly the existence of membrane-bound recep
tors which specifically recognize proteins to be translocated has been demon
strated both on the mitochondrial surface (1147) and in the endoplasmic reticulum 
(1578). Conceivably, these proteins could be part of a complex translocation 
apparatus which could include a channel through which the protein is extruded 
(1350). 

In order for protein translocation to proceed at a rate approximating polypep
tide synthesis (1-10 residues per sec) the kinetic free energy barrier can be no 
greater than about 18 kcal/mol (388). Engelman and Steitz (388) estimated that 
two nearby helices could be expected to partition spontaneously into the bilayer 
in the form of a helical hairpin with a favorable free energy component as large 
as 60 kcal/mol and that this hydrophobic driving force could essentially be used 
to "drag" polar and even charged groups into the lipid bilayer to some extent. 
However, as discussed in Chapter 3, the transfer of ionizable and polar groups 
from an aqueous environment into the lipid bilayer has a considerable free energy 
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cost (389, 646). It is not reasonable, based on simple energetic considerations, 
to expect the spontaneous insertion model be generally applicable, because in the 
assembly of many membrane proteins, it is necessary to transport long, often 
highly charged, stretches of polypeptide across the membrane. 

However, several small membrane proteins have been shown to insert spon
taneously into lipid bilayers, including cytochrome bs' which has a single 
hydrophobic anchor at the carboxyl terminus (see Section 4.22), and the bacterio
phage M 13 procoat protein, which has a pair of putative transmembrane helices 
which could potentially penetrate the bilayer as a helical hairpin or loop. The 
procoat protein has a 23-residue signal sequence which is normally cleaved off 
during assembly in the E. coli cytoplasmic membrane. The mature coat protein 
(50 amino acid residues) contains an acidic amino terminus which is periplasmic, 
a transmembrane segment, and a basic carboxyl terminus which faces the cyto
plasm (Figure 10.9). The procoat inserts spontaneously into phospholipid liposomes 
(501). Furthermore, the rate of assembly in vivo has been shown to be grossly 
retarded if mutations are located either within the transmembrane region or in 
the carboxyl terminus of the mature protein (798, 797), consistent with a model 
in which the two hydrophobic segments spontaneously insert as a hairpin or loop 
(388, 796). Figure 10.9 summarizes a model of the membrane insertion of this 
protein. Interestingly, the MI3 procoat also is assembled by mammalian micro
somes, and this assembly requires ATP, possibly to maintain a transport-com
petent conformation (1577). It should be pointed out that the M13 procoat is not 
typical of proteins assembled in the E. coli cytoplasmic membrane in that it has 
a cleaved signal sequence, and assembly is independent of the functions of genes 
[secA, secY (prIA)] which are required for the translocation of proteins into or 
across the cytoplasmic membrane (1600; see 84). 

I. Electrostatic 
Binding I 

Periplasm 

Cytoplasm 

N' 

IV. Cleavage by 
leader Peptidase 

Figure 10.9. Working model for the spontaneous insertion of the M13 procoat in the inner 
membrane of E. coli. Adapted from ref. 798. Reprinted by permission from Nature, vol. 
322, p. 336. Copyright © 1986 Macmillan Magazines Limited. 
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The M 13 procoat studies provide the strongest supporting evidence for a 
spontaneous insertion mechanism requiring no protein-mediated assistance. The 
water-soluble precursor is presumed to fold in a conformation competent for 
membrane insertion. Insertion requires a major conformational change in the 
precursor which occurs upon interaction with the bilayer. This general model has 
been proposed as part of the "membrane trigger hypothesis" (1575), and a similar 
mechanism has been proposed for the assembly of at least portions of more 
complicated membrane proteins such as the glucose transporter (1028). Note that 
spontaneous insert mechanisms involving loops or helical hairpins can be invoked 
only in cases where translocation is not tightly coupled to polypeptide translation. 

Apocytochrome c, which is the precursor for mitochondrial cytochrome c, 
provides another example where spontaneous insertion into the lipid bilayer has 
been proposed to play an important role in translocation (90, 1067). This precursor 
does not differ in length from mature cytochrome c, but it lacks the covalently 
attached heme c, which is added only after the protein has been transported across 
the mitochondrial outer membrane. The mature protein is located in the intermem
brane space of the mitochondrion (see Figure 10.1). It has been shown that 
apocytochrome c binds to anionic lipids in pure phospholipid vesicles, can penetrate 
into the lipid bilayer, and can actually traverse a pure phospholipid bilayer (90). 
The mechanism for this remarkable activity is totally unknown but one would 
expect substantial rearrangement of the lipids. The polypeptide has no significant 
stretch of contiguous hydrophobic residues and 40% of its amino acids are 
charged! 

It is not clear whether the observations with artificial phospholipid vesicles 
are relevant to the physiological mechanism of import, but one proposed model 
requires that apocytochrome c penetrate the outer membrane sufficiently to bind 
to a specific protein receptor on the inner surface of the outer membrane (1067). 
Conceivably, this could involve a channel, however. In vivo, the covalent attach
ment of heme effectively traps the mature protein in the intermembrane space 
and, perhaps, induces a conformational change needed for complete translocation 
(1067). 

There are many other examples of water-soluble proteins which spontaneously 
insert into lipid bilayers and biomembranes, though in no case is the mechanism 
known. The predominant examples are provided by toxins and pore-forming 
proteins, mentioned in Section 8.61. The conceptual models offered usually 
involve postulated conformational changes in which hydrophobic residues which 
are facing the protein interior in the water-soluble conformation became exposed 
to the lipid bilayer interior upon contact with the bilayer. Examples include the 
Staphylococcus aureus a-toxin (1457), complement component C9 (1380), and 
colicin A (75). In many cases, such as Pseudomonas exotoxin A (413) and 
diphtheria toxin (343), a low pH is required for the conformational transition to 
be triggered. Presumably, this delays membrane penetration until the toxin is 
within the acidic endocytic vesicles following endocytosis (see Section 9.4). It 
is doubtful that these toxins and pore-forming proteins are relevant models for 
the assembly of many membrane proteins, but they do provide clearcut examples 
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where water-soluble precursors can spontaneously assemble within a bilayer to 
form complex, transmembrane, biochemically active species. 

In summary, if translocation occurs by transporting the extended polypeptide 
linearly from the amino terminus to the carboxyl terminus, then energetic con
siderations would demand a water-filled pore or channel to provide a hydrophilic 
environment for the charged or polar groups (1350). This is a reasonable working 
model for most proteins, though there are numerous examples, like the M13 
procoat, where spontaneous insertion of individual helices or of domains into the 
lipid bilayer can occur. If specific channels for protein translocation do exist, they 
must be remarkable structures, insofar as they allow the passage of virtually any 
polypeptide chain, without being leaky to ions and small metabolites. No attempts 
to observe such pores by patch-clamping techniques have been reported. 

10.32 Polypeptide Signals Which Direct Protein Sorting and 
Membrane Insertion (see 1528, 1289, 237, 1352) 

Although very little is known about the translocation apparatus or mechanism, 
quite a bit is known about the codes or signals present within the polypeptides 
which direct each protein to its proper location. Much of the progress has resulted 
from the use of recombinant DNA techniques to generate hybrid or chimeric 
polypeptides in which a particular amino acid sequence to be tested is taken from 
one protein and fused to another protein. Hence, one can examine the effect of 
a putative signal sequence on the localization of a "passenger protein." This 
approach can be used to great advantage only if the information determining the 
localization of the final product is entirely contained in the primary sequence of 
the signal and if the passenger protein is just a neutral participant and, essentially, 
will go where it is instructed. In many examples, this is precisely what is observed 
(see 1291), but there are examples where translocation efficiency is dependent 
on the passenger protein (1497, 1554, 798) or the final localization may even 
depend on the passenger protein (689). Poor translocation of a chimeric protein 
could result if the passenger protein is in a conformation that is not competent 
for translocation. In addition, the function of some signal sequences is dependent 
on their position within the polypeptide or on interactions with other portions of 
the polypeptide (e.g., 234, 51, 1345, 365). Despite these complications, much has 
been learned about a variety of signal sequences. (see Table 10.1, p. 393). 

The Signal Sequence for Insertion into the Endoplasmic Reticulum (see 
1528 for review) 

Most proteins which are inserted into or across the membrane of the endoplasmic 
reticulum are guided there by a transient signal peptide (15 to 30 residues) located 
at the amino terminus of the polypeptide. This signal sequence directly interacts 
with at least two receptors, one soluble (signal recognition particle) and the other 
in the membrane (see 1312, 1547, 1578)(see Section 10.34). It might be expected 
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that this signal peptide would have a highly conserved sequence shared by all 
the translocated proteins, but this is not the case. Neither the length nor the amino 
acid sequence is conserved among these signal sequences, and numerous mut
agenesis studies have demonstrated that considerable structural variations are 
tolerated. That signal peptides contain all the information required to direct 
proteins across or into the endoplasmic reticulum membrane is demonstrated by 
the generation of chimeric polypeptides in which the fused amino-terminal signal 
sequence results in the import of normally cytoplasmic passenger proteins, such 
as globin, into the endoplasmic reticulum lumen (e.g., 1345). 

The "comparative anatomy" of the amino-terminal signal sequences suggests 
three structurally distinct regions: (i) a positively charged amino-terminal region 
(n-region); (ii) a central hydrophobic core of 7 to 15 residues (h-region); (iii) a 
carboxyl-terminal region which is polar and defines the cleavage site recognized 
by the signal peptidase which is on the lumenal side of the endoplasmic reticulum 
(c-region) (1528). It has been demonstrated that numerous randomly generated 
sequences are able to replace the normal signal sequence of yeast invertase and 
direct its export from the cell (720). Analysis of the random sequences which 
can function as signal sequences in this experiment indicated that overall hydro
phobicity is a critical structural feature. Figure 10.10 compares the hydrophobicity 
and length of the hydrophobic segments of known eukaryotic signal peptides to 
the most hydrophobic segments found in eukaryotic cytosolic proteins, many 
being at the amino terminus, and to known transmembrane anchor segments of 
membrane proteins. This plot shows that the characteristics of the h-region are 
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Figure 10.10. Scatter plot of total hydrophobicity versus length. (1) Eukaryotic signal 
peptides (filled circles); (2) carboxyl-terminal transmembrane anchor segments (open 
circles); (3) the most hydrophobic segments of a set of cytosolic proteins (triangles). The 
two lines encompass 92% of the signal peptides, 20% of the anchor segments, and 4% 
of the cytosolic sequences. Adapted from ref. 1528. 
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intennediate between those of the segments in cytosolic proteins and those of 
typical transmembrane segments. 

Obviously, the structural specificity for recognition by the translocation 
machinery is quite low. Nevertheless, it should be remembered that a factor of 
1,000-fold in affinity corresponds to a free energy difference of less than 5 kcal/ 
mol, which is approximately the stabilization provided by a single hydrogen bond. 
Rather subtle differences between functional and nonfunctional signal sequences 
can easily amount to such a difference in affinity. A model for what the signal 
peptide receptor might look like is provided by the structure of the soluble 
fragment of the class I histocompatibility antigen, HLA-A2, whose three-dimen
sional structure is known (104). This protein binds to peptides derived from 
foreign antigens as part of the immune response (see Section 9.34). The peptide 
binding site is a large groove, which is open on one end and which can accom
modate a 20-residue peptide if it is a-helical. Although little is known about the 
peptides that can bind to HLA-A2, the closely related class II histocompatibility 
antigen shows a high affinity for a wide variety of peptide sequences. Secondary 
structure and amphipathic character appear to be the most important common 
features of the peptides that can bind with high affinity. Numerous interactions 
at loci within the binding site can contribute to stability of the complex. 

Relatively subtle differences among signal sequences are known to result in 
quite different behavior. For example, if the signal sequence is not recognized 
by the signal peptidase, the protein usually remains bound to the membrane rather 
than secreted (Figure 1O.3b) (861), though this is not always the case (1345, 608). 
Generally, the signal sequences that also serve as amino-tenninal anchors of this 
type have a longer hydrophobic h-segment, around 20 residues long, which must 
be necessary to stop the translocation and/or form a stable anchor in the membrane 
bilayer (1528). An example of one such signal/anchor sequence is in the trans
ferrin receptor (Figure 10.11). Note that in this example, the signal sequence is 
not located at the amino tenninus but is internal, located more than 50 amino 
acid residues from the amino end of the polypeptide. 

There are also several examples of proteins where the signal sequence anchors 
the mature protein with the opposite orientation, i.e., amino tenninus facing the 
extracytoplasmic surface (1528). These include rat microsomal cytochrome P450 
(108; see Figure 3.11), the invariant chain of mouse class II histocompatibility 
antigens (862), several viral proteins (1589), and the H-subunit of the R. viridis 
reaction center (Figure 3.6). In some way, these signal/anchor sequences have 
flipped their amino tenninus across the membrane and function to stop translo
cation so that the bulk of the protein remains cytoplasmic (Figure 10.3e). It has 
been noted (1528) that in several of these examples, the "start/stop" signals have 
at least one negative charge in the n-region (see Figure 10.11 for example). 
However, the same translocation apparatus (signal recognition particle) appears 
to be required for insertion of this class of membrane protein as for the more usual 
type (1274, 862). Possibly, the negative charge facilitates a spontaneous or 
protein-mediated translocation of the amino-tenninal residues across the mem
brane. 
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Figure 10.11. Selected examples of several amino-terminal signal sequences which direct 
protein transport across or into the eukaryotic endoplasmic reticulum (a and b) or the 
cytoplasmic membrane of a gram-negative bacterium. The signal sequences in band c 
also act as stop-transfer signals and membrane anchors, but they have the opposite ori
entation in the bilayer. 

Signal sequences, as pointed out above, need not be located at the amino 
terminus and, in fact, can direct the translocation of both of the flanking protein 
domains, at least in an artificial hybrid (1345, 1137). Ovalbumin is a unique 
example where an uncleaved, interior signal appears to direct secretion of the 
entire polypeptide (423). There are many examples of membrane proteins as
sembled in the endoplasmic reticulum which have uncleaved signal sequences 
which are internal and which also function as transmembrane anchors (Figure 
1O.3h). The asialoglycoprotein receptor is one example (641, 1372). The internal 
signal sequence of this protein requires the same translocation apparatus as do 
the amino-terminal signal sequences, and, in fact, the internal signal sequence will 
function as a normal amino-terminal signal sequence in artificial constructs (1372). 
The glucose transporter and Band 3 anion transporter are examples of proteins 
with internal, uncleaved signals that have multiple transmembrane segments and 
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have their amino termini on the cytoplasmic side of the membrane (see 1268, 
1576, 1028) (Figure 1O.3g). In contrast, opsin is an example of a membrane 
protein with an internal, uncleaved signal peptide with the amino terminus on the 
extracytoplasmic side of the membrane (51) (Figure 1O.3f). The internal signal 
(presumably, the first transmembrane segment) directs the hydrophilic amino
terminal domain (36 amino acids) across the membrane and, thus, has the opposite 
orientation to that in the more common examples where translocation of the 
polypeptide to the carboxyl side is mediated by the signal. The reason why opsin 
assembles in this manner is not known, though the nature of the amino-terminal 
peptide may be important (51). 

In summary, subtle variations in signal sequences determine whether the 
"passenger protein" is secreted into the lumen of the endoplasmic reticulum or 
remains anchored in the membrane and determine the orientation of the amino 
terminus of the membrane protein. All possible topogenic variations have been 
shown to exist (Figure 10.3). One important point is that the assembly appears 
to be mediated by the same translocation apparatus. 

Stop-Transfer Sequences 

As pointed out in the previous section, those signal sequences which are not 
cleaved and which serve as amino-terminal anchors of the resulting membrane 
protein tend to have longer hydrophobic regions (1528). This suggests that the 
requirement to stop translocation may simply be a matter of having a sufficiently 
long hydrophobic segment which is capable of forming an a-helix across the 
membrane. Other data support this notion. Recombinant DNA techniques were 
used to introduce a hydrophobic segment into the middle of an E. coli protein 
which is normally secreted across the cytoplasmic membrane (295). Artificial 
hydrophobic domains, at least 16 residues long, successfully halted translocation 
and anchored the protein in the cytoplasmic membrane. This is a bacterial system, 
but, presumably, the translocation mechanisms in the prokaryotic and eukaryotic 
systems are related (see section on bacterial signals below). In contrast, variants 
of the vesicular stomatitis G protein were made with altered membrane-spanning 
domains. The length of the hydrophobic segment could be reduced from 20 to 
as small as eight residues and still produce a transmembrane polypeptide, though 
transport to the plasma membrane was blocked (2). Hence, what constitutes a stop 
transfer element is not well defined. Two issues need to be clarified: (1) Is the 
stop-transfer event mediated by specific proteins in the translocation apparatus? 
(2) Is the stop-transfer signal itself simply a matter of hydrophobicity or are more 
subtle factors involved? It has been shown that stop-transfer segments that halt 
translocation across the endoplasmic reticulum do not necessarily halt translo
cation across the chloroplast envelope (878). This suggests significant differences 
in these two processes. 

The definition of "start transfer" and "stop transfer" assumes a linear scheme 
of translocation starting at the amino terminus, and this is justified by the behavior 
of simple systems. However, it has been shown that sequences which function 
to halt transfer in one context can initiate translocation in another (51, 1000). 
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Hence, not only is the nature of the stop or start transfer sequences themselves 
important, but also the surrounding polypeptide can be equally important. 

Secondary Signals of the Exocytic System 

The function of the signal peptide is to direct proteins to the endoplasmic reticu
lum and to initiate translocation. As shown in Figure 10.1, there are several final 
destinations for membrane proteins as well as soluble proteins which are imported 
into the lumen. Somehow information is encoded in the mature polypeptide which 
directs proper localization. In the absence of any secondary signal, water-soluble 
proteins are secreted by the "constitutive" secretory system (1249). Progress is 
being made to determine the signals responsible for directing other soluble proteins 
to Iysosomes or to secretory granules or retaining such proteins in the endoplasmic 
reticulum or the Golgi (see Table 10.1). It is likely that regions of these polypep
tides are involved in interactions with membrane-bound receptors so that their 
export through the system is retarded (1249). 

Little is known about the signals that are responsible for the localization of 
integral membrane proteins within the exocytic system. A short sequence at the 
carboxyl terminus of the El9 protein of adenovirus appears to be entirely respon
sible for the retention of this protein in the endoplasmic reticulum membrane 
(1115). This protein has a single transmembrane segment and a IS-residue 
cytoplasmic tail at the carboxyl terminus. Shortening this cytoplasmic tail by only 
8 amino acids results in the intracellular transport of this protein out of the 
endoplasmic reticulum. Presumably the signal region binds either directly or 
indirectly to some cytoplasmic structure, thus maintaining the EI9 protein as a 
resident of the endoplasmic reticulum. Work on the El glycoprotein of coro
navirus indicates that the signal that is required for this protein to remain in the 
Golgi is located in one of the three putative transmembrane helices (899). 

A related sorting problem is to elucidate the secondary signals responsible for 
directing membrane proteins to the correct plasma membrane domain in polarized 
epithelial cells (see 937). Most of this work has utilized enveloped viruses which 
bud specifically from either the apical or basolateral surfaces of cultured epithelial 
cells. For example, the G protein of vesicular stomatitis virus is localized exclu
sively in the basolateral membrane from which the virus buds, whereas the 
hemagglutinin (HA) glycoprotein is transported to the apical membrane. A chimeric 
hybrid consisting of the extracytoplasmic domain of the HA protein and the 
membrane-spanning segment plus cytoplasmic tail of the G protein was localized 
exclusively in the apical membrane. These and other experiments suggest a 
critical role for the extracytoplasmic domain in localization (958,959). However, 
evidence also suggests that the cytoplasmic domain may also have important 
sorting determinants (1186, 958). Sorting of plasma membrane proteins in polarized 
epithelial cells appears to take place in the Golgi, but this may not be the case 
in rat hepatocytes, where all the plasma membrane proteins appear to go first to 
the basolateral domain (72). 

An important point is that the secondary sorting determinants are contained 
within the mature polypeptide and do not appear to be related to or even con
tiguous with the primary signal peptide responsible for the initial localization to 
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the endoplasmic reticulum. This is quite different from most of the mitochondrial 
and chloroplast secondary sorting signals (237) and, perhaps, sorting in the 
bacterial envelope. 

Bacterial Signals for Translocation and Sorting (see 1192, 1352, 83) 

Most studies on prokaryotic membrane protein assembly and translocation have 
been with E. coli. Protein synthesized in the cytoplasm can be directed into the 
cytoplasmic membrane, the peripJasmic intermembrane space, or the outer 

Table 10.1. Signals for protein sorting in eukaryotic cells. 

(A) Primary signals (eukaryotic cells) 

Organelle or membrane Signal 

(1) Endoplasmic (I) Usually at the extreme amino terminus and 
reticulum usually removed by signal peptidase. 

(2) Mitchondrion 

(3) Chloroplast 

(4) Nucleus 

(5) Microbodies 
(peroxisomes, 
glyoxysomes, 
glycosomes) 

(2) No conserved sequence per se, but overall 
hydrophobic character is critical. 

(3) Three regions: n-region - short, positively 
charged at 
amino terminus 

h-region - 7 to 15 residues, 
hydrophobic core 

c-region - defines the cleavage 
site by the signal 
peptidase, at 
carboxyl terminus 

(4) Signal peptide can also serve as an amino
terminal anchor for mature protein with the 
amino end either cytoplasmic or extracytoplasmic. 

(I) Usually at the extreme amino terminus and 
usually removed by proteolysis, unless the 
final destination is the outer membrane. 

(2) No conserved sequence per se, but conserved 
characteristic is positively charged, 
amphiphilic helix. Can be as short as 9 
residues. 

Similar to mitochondrial signal. 

Short sequence ProLysLysLysArgLysValGiu 
identified in SV40 large T antigen responsible 
for nuclear localization. Original site includes 
Lys-128, but it also works when at the amino 
terminus. 

No cleaved signal sequence. Nature of 
the signal is not known. 
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Table 10.1 continued 

(B) Secondary signals in the exocytic pathway 

Destination 

(1) Lysosome 

(2) Endoplasmic 
reticulum 
residents 

Signal 

Mannose-6-phosphate in most mammalian cells but 
not in yeast. Amino acid sequence determinants 
are not known. 

Short sequence(s) in the carboxyl terminus 
causes retention of some lumenal and membrane 
components of the endoplasmic reticulum. 

(3) Golgi residents Signal is within one of the transmembrane 
segments of E 1 glycoprotein of coronavirus. 

(4) Apical vs. Extracytoplasmic (lumenal) domain in some cases 
basolateral contains a signal determining final localization 
plasma membrane but cytoplasmic domain can also play a role. 

(5) Secretory Signal for trypsinogen shown not to require the 
granules signal peptide (primary signal) or first 12 

amino acid residues at the amino terminus of 
the native protein. 

(6) Constitutive Default pathway if no secondary signals 
secretion are present. 
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membrane (see Figure 10.1). The translocation of proteins across the inner 
membrane to either the periplasm or the outer membrane is often referred to as 
"export." In addition, several proteins are translocated across both membranes 
and either are secreted to the external medium or become components of the pili 
(1352). Most ofthe research activity has focused on bacterial export (l192), which 
has many features in common with import into the endoplasmic reticulum. 

As a rule, proteins translocated into the periplasm or to the outer membrane 
have transient amino-terminal signal peptides which are very similar to those 
found on secreted proteins imported into the endoplasmic reticulum of eukaryotic 
cells. In fact, to a certain extent, the prokaryotic and eukaryotic signal peptides 
are interchangeable and recognized in heterologous systems (493). For example, 
the signal peptide of the outer membrane lipoprotein of E. coli promotes protein 
translocation across mammalian microsomes (493). As shown for the eukaryotic 
signal peptides, there is no evident sequence homology between known prokar
yotic signal peptides (1352). With only a few exceptions, cytoplasmic membrane 
proteins do not have a cleaved signal peptide (1352). The exceptions include the 
M13 coat protein (798), which is not indigenous to E. coli, and penicillin binding 
proteins, which apparently are not localized uniquely in the cytoplasmic mem
brane (67). Genetic evidence suggests that, in general, the translocation of exported 
proteins and the assembly of cytoplasmic membrane proteins share some common 
biochemical apparatus (1600) and have similar mechanistic features (1601). 
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In contrast, the secretion of proteins across both the cytoplasmic and outer 
membranes can be quite different. In the case of haemolysin, for example, it has 
been shown that the secretion signal is within the last 27 amino acids at the 
carboxyl terminus of the polypeptide and not at the amino terminus (901). 
Remarkably, the secretion of the cholera toxin across the outer membrane of the 
gram-negative Vibrio eholerae is claimed to occur after the polypeptides have 
folded into their tertiary and quaternary conformation within the periplasm (635). 

Genetic analysis indicates at least four genes whose products are required for 
the translocation of most, but not all, envelope proteins across the cytoplasmic 
membrane: seeA, seeB, seeY (or prIA), and seeD (83,495). The seeA and seeY 
gene products are also required for the assembly of at least some cytoplasmic 
membrane proteins such as the leader peptidase, but not the M13 coat protein 
(1600). The functions of these gene products are not known, but it seems likely 
that they are directly involved in mediating protein translocation. Biochemical 
studies (1034) have proved to be much more difficult than the genetics. Although 
the available mutants which are defective in protein secretion have not resulted 
in any mechanistic insights, the data do suggest a close coupling in vivo between 
protein secretion and translation (1398, 864). Biochemical studies also suggest 
that membrane translocation and translation are often closely coupled in vivo, 
though in some cases, including the M13 coat protein, post-translational insertion 
into the membrane occurs in vivo (1192). However, the seeY gene product has 
been shown to be able to function post-translationally (55). This gene product 
(10) may be a membrane-bound receptor or channel protein which interacts with 
the bacterial signal peptide. 

Additional Primary Signal Determinants (see 417 for review) 

The signal peptide of exported proteins has been shown in several cases to be 
sufficient to direct the translation of passenger proteins across the cytoplasmic 
membrane. An example is the OmpA signal sequence (900). On the other hand, 
transport of the LamB outer membrane protein appears to require a portion of 
the mature polypeptide (85). Randall and her colleagues showed that the maltose
binding protein, though synthesized on membrane-bound ribosomes, is not translo
cated into the periplasm until translation is about 80% complete (see 1192). This 
suggests a possible role for parts of the mature sequence in initiating translation, 
though other explanations are possible. 

Studies on two proteins in the cytoplasmic membrane, the M 13 coat protein 
and leader peptidase, show that they presumably require structural determinants 
in addition to the amino-terminal signal sequence. The assembly of the M13 coat 
protein (Figure 10.9) has already been discussed (Section 10.32). More represen
tative of proteins in the cytoplasmic membrane is the leader peptidase, whose 
proposed topology is shown in Figure 10.12. This is the enzyme responsible for 
the proteolytic cleavage of the signal peptide from most exported proteins in E. 
coli, and its active site is located on the periplasmic surface of the cytoplasmic 
membrane. This protein (323 amino acids) has two putative transmembrane 
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Figure 10.12. A model of the topography 
of the leader peptidase from E. coli. Amino 
acid residues are numbered. The rectangles 
represent hydrophobic segments. The first 
hydrophobic span has not been demonstrated 

Periplasm experimentally, but is surmised from its 
hydrophobicity. The existence and orienta
tion of the second hydrophobic span have 
been experimentally verified and this seg-
ment appears to function as an internal signal 

Cytoplasm sequence. The third hydrophobic segment 
is only weakly hydrophobic and is part of 
the peri plasmic domain. Adapted from ref. 
1013. 

segments and a large carboxyl-terminal domain in the periplasm (275, 10l3). 
Deletion of residues 142-323 prevents translocation of the truncated polypeptide 
across the cytoplasmic membrane (277), consistent with some important role of 
the carboxyl half of the molecule for translocation (see Figure 10.12). In addition, 
a construct in which residues 4-50, containing the first transmembrane segment, 
are deleted assembles normally in the membrane, and the second transmembrane 
segment has been shown to act as a signal peptide (275). 

In summary, studies on several E. coli proteins suggest that information 
encoded in the structure of the protein beyond the recognized signal sequence 
is required for translocation across the cytoplasmic membrane. This may simply 
reflect the fact that the artificial constructs used in these studies are in a confor
mation incompetent for translocation, e.g., occluding the signal peptide, or it may 
indicate specific sequence determinants needed to interact with parts of the 
translocation machinery. 

Secondary Signals 

What guides proteins to the inner membrane, periplasm or outer membrane? The 
answer is not known. Genetic studies (83, 1600) as well as competition studies 
(192, 62) suggest that many of these proteins share some common biochemical 
translocation apparatus. An analysis of the signal peptides suggests that subtle 
variations of hydrophobicity and size may result in different localization of the 
translocated protein (1352). On the other hand, the signal sequence of a periplas
mic protein can successfully replace that of an outer membrane protein (1462), 
suggesting that the assembly information is incorporated in the mature outer 
membrane protein. Perhaps sorting to the cytoplasmic membrane is simply due 
to the presence of a stop-transfer sequence. Recall that the major outer membrane 
proteins, including the porins, lack hydrophobic transmembrane segments (see 
Figure 8.7). 
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Studies with Synthetic Signal Peptides and Lipid Partitioning 

Peptides corresponding to the wild-type as well as mutated signal peptides of the 
outer membrane LamB protein have been synthesized, and their interactions with 
model phospholipid membranes and E. coli vesicles have been examined (205, 
148, 147). The peptide corresponding to the wild-type signal sequence effectively 
inhibits the translocation of precursors of both a periplasmic and outer membrane 
protein in vitro. A peptide corresponding to a mutated signal sequence which is 
export-defective does not inhibit translocation in the cell-free assay. This suggests 
that the signal peptides recognize a common receptor in either the cytosolic or 
membrane fraction (205). In addition, the ability of these peptides to bind to model 
membranes (monolayer and bilayer) also correlates to their effectiveness to function 
as translocation signals. Studies on the maltose-binding protein precursor also 
indicate a correlation between the hydrophobic partitioning of the signal and the 
ability to act effectively to initiate translocation (334). 

These data are consistent with a model where the primary signal sequence 
serves to localize the precursor polypeptide in the membrane by nonspecific 
interactions with the lipid bilayer, followed by a more specific interaction with 
a protein receptor. A similar model has been proposed for amphipathic peptide 
hormones (see Section 3.71). Note, however, that the signal peptide in mammalian 
cells is known to interact first with a soluble receptor before it interacts with the 
membrane (see Section 10.34). The significance of the lipid-binding properties 
of the signal peptide is unclear. 

Other Bacterial Signal Sequences 

Some data are available for bacterial signals other than from E. coli. Of particular 
interest is the unique kind of signal present in bacteriorhodopsin, synthesized in 
H. halobium. This protein (Figure 3.8) is synthesized in vivo with an amino
terminal signal which is 13 residues long and which has the potential to form 
an amphipathic a-helix (1531). This is very different from the E. coli signal 
sequence, and little is known about how it functions. 

Signals for Mitochondrial Import and Sorting (see 1289, 237) 

Nuclear-encoded mitochondrial and chloroplast proteins are synthesized as water
soluble precursors on free ribosomes, and are translocated post-translationally in 
vivo. Sorting places mitochondrial proteins either in the outer membrane, the 
intermembrane space, the inner membrane, or the matrix (Figure 10.1). Many 
experiments with chimeric constructs or with gene deletions have demonstrated 
that, in general, sufficient information for both import and sorting is present in 
the amino terminus. Most mitochondrial and chloroplast proteins are synthesized 
with amino-terminal pre-sequences which are removed by signal peptidases during 
or after the translocation steps. These pre-sequences contain the information 
required for import and sorting. For example, the first 22 amino acids of cyto-
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chrome c oxidase subunit IV bound to mouse dihydrofolate reductase result in 
the import of this cytosolic enzyme into the mitochondrial matrix (371). In 
general, if no additional signals are present, the mitochondrial import signal will 
direct the passenger protein ihto the matrix. This is the "default" pathway, 
analogous to constitutive secretion for proteins imported into the endoplasmic 
reticulum. When additional sorting signals are present, they are, as a rule, also 
in the pre-sequence, just downstream of the signal for mitochondrial import. For 
example, if the pre-sequence of cytochrome c[ (Figure 10.13) is fused to tetrahy
drofolate reductase, the passenger protein is localized in the intermembrane space 
(1289). Even in those few examples where there is no cleaved signal (ADP/ATP 
translocator) import and sorting signals are located at the amino terminus of the 
polypeptide. It should be noted, however, that several studies do suggest a role 
in the import of mitochondrial proteins for sequences other than those near the 
amino terminus (1148, 1150). 

Figure 10.13 summarizes the signal sequence structure of representative 
mitochondrial proteins. All have a matrix-targeting sequence at the extreme amino 
terminus and additional signal information as required. 

Outer Membrane Proteins 

The best studied example is the 70-kDa outer membrane protein of yeast (see 
1289). As is the case with other outer membrane proteins, there is no cleaved 
signal peptide, but the amino terminus of the polypeptide is a matrix-targeting 
signal. This was demonstrated by fusing the first 12 amino acids of the 70-kDa 
protein to a cytosolic protein and demonstrating that the passenger protein is 
imported into the mitochondrial matrix. The sorting signal that causes the 70-kDa 
proteins to localize in the outer membrane is apparently a stretch of 28 uncharged 
amino acids which is adjacent to the matrix-targeting signal. Deletion of as few 
as two of these uncharged residues results in translocation into the matrix. Note 
that mitochondrial import is thought to occur via channels located at the junctions 
of the inner and outer membranes (1298,1307), as shown in the model in Figure 
10.8. Unlike the example shown in Figure 10.8, the assembly of the 70-kDa 
protein does not require a transmembrane potential, which is typical for outer 
membrane proteins. 

The simplest model for the assembly of the 70-kDa protein is that the hydro
phobic stretch which causes retention of the protein in the outer membrane acts 
as a stop-transfer signal, leaving the bulk of the protein in the outer surface of 
the mitochondrion. Another outer membrane protein which has been studied, 
porin from Neurospora crassa, is probably sorted by a different mechanism. This 
protein has no stretch of hydrophobic amino acids and, like bacterial porins, may 
be predominantly transmembrane B-sheet (761). 

Intermembrane Space 

Cytochrome b
2 

is a representative of a class of proteins within the intermembrane 
space (596). The pre-sequence is 80 residues long and contains two distinct 



Im
po

rt
ed

 P
ro

te
in

 
Lo

ca
tio

n 
of

 t
he

 
F

un
ct

io
na

l 
D

om
ai

ns
 in

 A
m

in
o-

T
er

m
in

al
 (

P
re

) 
S

eq
ue

nc
es

 
Im

po
rt

ed
 P

ro
te

in
 

M
at

rix
-T

ar
ge

tin
g 

C
le

av
ag

e 
I 

. -
, 

A
lc

oh
ol

 
M

at
rix

 
1

0
0

 
c=

s0
 

0 
0 

I 
D

eh
yd

ro
ge

na
se

 I
II 

. .. 
. 

. 
. 

.. 
M

L
R

T
S

S
L

F
T

R
R

V
Q

P
S

L
F

S
R

N
IL

R
L

Q
S

T
 

1 
10

 
20

 

M
at

rix
-T

ar
ge

tin
g 

C
le

av
ag

e 
I 

I 
I 

S
ub

un
it 

IV
 o

f 
In

ne
r 

1
0

0
 

0
0

 
0 

0 
I 

C
yt

oc
hr

om
e 

c 
O

xi
da

se
 

M
em

br
an

e 
. 

. 
. .

 . .
 . 

• 
, 

, 
M

L
S

L
R

Q
S

IR
F

F
K

P
A

T
R

T
L

C
S

S
R

Y
L

L
 

1 
10

 
20

 

M
at

rix
-T

ar
ge

tin
g 

C
le

av
ag

e 
S

or
tin

g 
(I

nn
er

 M
em

br
an

e)
 

C
le

av
ag

e 
I 

...
 r

-
-
-
-
-
-
-
-
-
-
-
-
, 

I 
""

"n
 

, 
, 

C
yt

oc
hr

om
e 

c,
 

In
te

rm
em

br
an

e 
10

 
c=

s0
 

0 
0 

CB
CB

 
~W

ll
ll

}J
.l

1J
JJ

Jl
JJ

)B
 

B
0

 I
 

S
pa

ce
 

. 
. 

. .
 . 

.. 
. 

. .
 

. 
. 

. .
. 

. .
 •

 . , 
M

F
S

N
L

S
K

R
W

A
Q

R
T

L
S

K
S

F
Y

S
T

A
T

G
A

A
S

K
S

G
K

L
 T

Q
K

L
V

T
A

G
V

A
A

A
G

IT
A

S
T

L
L

 Y
A

D
S

L
 T

A
E

A
M

T
A

 
1 

10
 

20
 

30
 

40
 

50
 

60
 

M
at

rix
-T

ar
ge

tin
g 

S
or

tin
g 

(O
ut

er
 M

em
br

an
e)

 
I 

",
 

70
-k

D
a 

O
ut

er
 

O
ut

er
 

IGX
±>

 0
C

i
J
.
.
.
_

0
J
)
 I 

M
em

br
an

e 
P

ro
te

in
 

M
em

br
an

e 
..

 
. 

. 
..

 
M

K
S

F
IT

R
N

K
T

 A
IL

A
T

V
A

A
T

G
T

A
IG

A
Y

Y
Y

Y
N

Q
L

Q
Q

Q
Q

Q
R

G
K

K
 

1 
10

 
20

 
30

 
40

 

F
ig

ur
e 

10
.1

3.
 

A
m

in
o-

te
rm

in
al

 s
ig

na
ls

 w
hi

ch
 d

ir
ec

t 
th

e 
so

rt
in

g 
o

f 
nu

cl
ea

r-
en

co
de

d 
pr

ot
ei

ns
 w

it
hi

n 
th

e 
m

it
oc

ho
nd

ri
on

. 
T

he
 (

+
) 

an
d 

(-
) 

de
no

te
 c

ha
rg

ed
 

am
in

o 
ac

id
s,

 a
nd

 t
he

 d
ot

s 
in

di
ca

te
 h

yd
ro

xy
la

te
d 

am
in

o 
ac

id
s.

 T
he

 c
oi

l 
re

pr
es

en
ts

 a
 p

ut
at

iv
e 

m
em

br
an

e-
sp

an
ni

ng
 s

to
p-

tr
an

sf
er

 s
eq

ue
nc

e 
w

hi
ch

 a
ct

s 
as

 a
 s

or
ti

ng
 s

ig
na

l. 
P

ro
te

ol
yt

ic
 c

le
av

ag
e 

si
te

s 
ar

e 
in

di
ca

te
d 

by
 a

rr
ow

he
ad

s.
 A

da
pt

ed
 f

ro
m

 r
ef

. 
12

89
. 

o W
 

C
l g '" a ~
 2 (l
 '" o ....,
 

~
 '" :3 c:r
 ~ i :0;- o:

l 
~.
 

'<
 

::>
 

8- '" '" ;n"
 

W
 

\0
 

\0
 



400 10: Membrane Biogenesis 

portions. The amino-tenninal part of the pre-sequence is a matrix-targeting signal, 
and this directs the entire polypeptide into the matrix. This step is dependent on 
a membrane potential across the inner membrane. Proteolytic processing by the 
signal peptidase within the matrix removes the amino-tenninal portion of the pre
sequence and reveals the second part of the signal, which directs the polypeptide 
back across the inner membrane and into the intennembrane space. This step does 
not require a membrane potential. A second proteolytic event occurs at the outer 
surface of the inner membrane, yielding the water-soluble, mature fonn of the 
protein. The import of the Rieske iron-sulfur subunit of the bc, complex follows 
a similar pathway, but in this case all the proteolytic processing occurs inside 
the matrix (Figure 10.14) (595). Note that the translocation of proteins out of the 
matrix is very similar to bacterial export of proteins (596). 

Two mechanisms have been proposed for the import of cytochrome C I' another 
subunit of the be I complex. One mechanism is similar to that described above 
for cytochrome b

2 
(596). A different mechanism, illustrated in Figure 10.14, has 

also been proposed (1491, 1490). The pre-sequence is long (61 residues, Figure 
10.13) and very similar to that of cytochrome b2• It has been proposed that the 

(1) 70-kOa Outer Membrane Protein 

(3) Fe-S Subunit of 
bC1 Complex 

~ 

1. Insert and stop transfer in the outer membrane 
(no Il'lt required) 

1. Insert and stop transfer in the inner membrane 
(Il'lt required) 

2. First cleavage in matrix 

3. Second cleavage in intermembrane space 

4. Assembly into bC1 complex 

1. Full translocation into matrix (Il'lt required) 

First cleavage exposes secondary signal 

3. Second cleavage, translocation back into 
intermembrane space and assembly 
into bC1 complex (no Il'lt required) 

Figure 10.14. Working models of how several mitochondrial proteins are imported from 
the cytoplasm and sorted. Note that the mechanism proposed for cytochrome c

i 
is in dispute 

(596). Adapted from ref. 1491. 
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matrix-targeting signal at the amino terminus directs the protein into the matrix 
until translocation is apparently stopped by a hydrophobic segment containing 
19 uncharged residues at the carboxyl terminus of the pre-sequence. This fixes 
the protein in the inner membrane, as shown schematically in Figure 10.14. Once 
cytochrome c I translocation has been halted, two signal peptidases, One in the 
matrix and the second in the intermembrane space, cleave the pre-sequence, 
resulting in the mature protein, which assembles in the multi subunit bC

I 
complex. 

The mature protein is probably anchored to the inner membrane by a carboxyl
terminal hydrophobic helix. 

Note that the import mechanism of cytochrome c to the intermembrane space 
appears to be unique. There is no cleaved pre-sequence and this protein appears 
to have its own specific receptor (1067). 

Inner Membrane 

It is possible that the sorting signal for many inner membrane proteins which are 
imported from the cytoplasm may be an appropriately placed stretch of hydro
phobic residues that can serve as a stop-transfer signal. This is suggested by the 
localization of a hybrid protein in which a matrix-targeting signal was fused to 
the carboxyl half of the vesicular stomatitis G protein (1064). The protein is 
imported into mitochondria in vitro and anchored in the inner membrane by the 
transmembrane domain of the G protein. The ADPj ATP translocator also contains 
a segment within its amino-terminal end which functions as a stop-transfer signal 
in the inner but not the outer membrane (4). 

Chloroplast Signals 

The primary sorting signals of nuclear-encoded chloroplast proteins are similar 
to those for mitochondrial proteins (237, 1356). In fact, in one case, the pre
sequence of a chloroplast protein was shown to direct passenger proteins into 
yeast mitochondria (237). It is not clear what features allow the cells to route 
proteins to the proper organelle when both chloroplasts and mitochondria are 
present. The sorting of chloroplast proteins within the organelle is an even more 
complicated problem than for the mitochondrion. Chloroplast proteins can be 
localized On either of the two membranes of the envelope or in the stroma and 
can also incorporate in the thylakoid membrane or cross it completely to the 
thylakoid lumen (Figure 10.1). The secondary signals appear to be localized 
within the amino-terminal pre-sequence in a series of separable domains, similar 
to the mitochondrial sorting signals (237). Thus, for a nuclear-encoded protein 
to get to the thylakoid lumen, at least two signals are required, One to cross the 
envelope to form a soluble precursor in the stroma and a second signal for 
transport across thylakoid membrane. 

Structural Characteristics of the Matrix-Targeting Sequence 

A comparison of mitochondrial targeting sequences reveals nO specific sequence 
conservation but rather a commOn structural motif which suggests that these 
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signals can fonn positively charged amphipathic helices (1527). Typically, these 
signals have no or few negative charges and have lysines and arginines spaced 
so that if an a-helix were fonned they would be largely on one side, resulting 
in a large hydrophobic moment (see Section 3.62). Such amphipathic sequences 
are fairly common within soluble proteins. It has been shown that internal sequences 
from the cytosolic enzyme dihydrofolate reductase, as well as sequences gener
ated randomly from the E. coli genome, when fused to a passenger protein, result 
in transport of that protein into the mitochondrion (667, 59). A variety of artificial 
sequences were also shown to function as matrix-targeting signals (21). It is 
interesting to note the similarity between the mitochondrial targeting signal and 
the putative amphipathic helix which is postulated to form the voltage sensor in 
voltage-regulated ion channels (see Section 8.25). Evidently, some features of the 
secondary structure, rather than specific amino acid residues, are sufficient for 
recognition by the receptors mediating import into mitochondria. As discussed 
previously, the histocompatibility antigen HLA-A2 provides a good model of a 
receptor which can bind a wide variety of different peptides (104). 

Chemically synthesized peptides corresponding to mitochondrial signals have 
been shown to interact with lipid bilayers and mono layers and have been shown 
to form a helix in the presence of some phospholipids and detergents (1239, 394, 
1046). In addition, a synthetic peptide will block the import of mitochondrial 
precursor proteins, presumably by interaction with specific receptors (514). 
Possibly, the signal sequence results first in concentrating the precursor in mem
branes and, second, binding to a specific receptor in the outer membrane. As 
depicted in Figure 10.8, the binding step requires a transmembrane potential 
across the inner membrane. One model which has been proposed (1527, 1239) 
is that the amphipathic signal peptide initially binds to the surface of the membrane 
and then is moved into or across the membrane by virtue of the electric potential, 
which is negative inside. This proposed transient structure of the positively 
charged helix buried in the membrane is certainly unstable. However, if the free 
energy barrier to forming this state is less than about 18 kcal/mol, this still might 
cross the membrane at a reasonable rate (1 amino acid per sec). This is unlikely, 
especially considering the high density of hydroxylated amino acids typically 
present in the pre-sequences in addition to the positive charges. An alternative 
model is that the transmembrane voltage influences the receptor proteins or 
putative channel within the membrane which mediates translocation. It should 
be noted that the translocation into the chloroplast stroma does not require a 
transmembrane potential, though the organelle targeting signals are similar. 

10.33 Signal Peptidases 

Specific proteins are required to remove the transient amino-terminal signal 
peptides. The signal proteases from E. coli are the best characterized. Most 
exported proteins in E. coli have their signal peptide cleaved at the periplasmic 
surface of the inner membrane by the leader peptidase, whose structure is illus-
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trated in Figure 10.12. This peptidase is not required for protein translocation 
across the inner membrane but is necessary to release the exported protein from 
the cytoplasmic membrane (276). The enzyme has been purified and functions 
in vitro when incorporated into liposomes (1090). The specificity of cleavage is 
largely but not entirely determined by residues near the cleavage site (333, 1530). 
The signal peptidase in the endoplasmic reticulum has the same specificity as that 
of E. coli (1530), which is not surprising considering the similarity of the signal 
sequences. The eukaryotic microsomal signal peptidase has also been purified and 
shown to be associated with other polypeptides, possibly related to the translo
cation machinery (400). 

E. coli has a second signal peptidase which processes prolipoproteins. These 
polypeptide components of the E. coli envelope are unique in that their amino 
termini are modified by a glyceride during maturation (see Section 3.8). The 
pro lipoprotein signal peptidase is also located in the cytoplasmic membrane (679). 
After cleavage, the signal peptide remains in the cytoplasmic membrane, where 
it is degraded by a second membrane-bound enzyme, protease IV (674). 

More than one signal peptidase must be present within mitochondria and 
chloroplasts since processing occurs in more than one compartment (Figure 
10.14). A soluble peptidase has been partially purified from the mitochondrial 
matrix but has not been extensively characterized (see 1289). 

10.34 Soluble and Membrane-Bound Proteins Required for 
Translocation 

Several cytosolic and membrane-bound protein components which are required 
for translocation have been identified. Best characterized by far are the protein 
factors required for translocation across and incorporation into the mammalian 
endoplasmic reticulum (see Figure 10.15). 

(1) Signal recognition particle (SRP): This is a soluble ribonucleoprotein 
complex consisting of six different proteins plus a 7S RNA molecule (207,1548). 
The SRP is required to initiate translocation. It binds to the signal sequence of 
the nascent polypeptide as it is being synthesized by the ribosome. For pre
prolactin, for example, the dissociation constant is estimated to be 1 nM (1196). 
Photochemical crosslinking has identified one of the polypeptides (54 kDa) as 
directly interacting with the signal sequence ofthe precursor (1579). In some cell
free assays, the SRP-signal interaction inhibits translation or causes a translational 
pause (elongation arrest), but this might be an experimental artifact (see 1288) 
and, in any event, has been shown in modeling studies to be unnecessary to 
explain the kinetics of protein translocation in vivo (1196). One likely role of 
the SRP is to prevent the nascent polypeptide from folding in such a way as to 
become incompetent for translocation, by, for example, occluding the signal 
sequences. The retardation of translational elongation would, presumably, reduce 
the chances of such aberrant folding and, thus, increase the efficiency of protein 
translocation. 
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Ia-
Membrane-Bound 
Signal Receptor 
(Part of Channel ??) 

(1) Nascent chain binds to SRP 
to form soluble 
SRP /ribosome/nascent 
chain complex. 

(2) SRP binds to membrane-bound (3) Signal peptide shifts 
SRP receptor (docking protein). to membrane-bound 

signal receptor. 

Figure 10.15. Schematic showing the early steps in the co-translational translocation of 
a polypeptide across the mammalian endoplasmic reticulum. The signal recognition particle 
(SRP) and SRP receptor (docking protein) are well characterized. The membrane-bound 
signal receptor has been drawn as a component of a channel across the membrane, but 
the existence of such channels and the role of the signal receptor are both speculative. 
After the formation of the complex between the signal peptide and the membrane-bound 
receptor in step 3, the SRP and docking protein can dissociate and recycle, leaving a 
membrane-bound ribosome and the nascent chain bound to the translocation apparatus. 

Some small proteins «8.5 kDa) will be translocated into the endoplasmic 
reticulum independently of the SRP. These include frog prepropeptide GLa 
(1297), prepromelittin (1033), which are both precursors of secreted proteins, and 
the M13 procoat protein (1577). In all these examples, the conformation of the 
precursor is such that they must remain competent for translocation even in the 
absence of the SRP and ribosomes (1033). 

(2) SRP receptor or docking protein: The complex containing the SRP/ribo
some/nascent chain is targeted to the rough endoplasmic reticulum through a 
strong interaction between the SRP and a membrane-bound SRP receptor, also 
called the docking protein (656, 823 1419). The SRP receptor contains a 73-kDa 
subunit which has an amino-terminal anchor in the membrane. Presumably, the 
ribosome also binds to specific receptors present in the membrane (1620). 

(3) Signal-sequence receptor: The signal sequence on the nascent polypeptide 
chain moves from the SRP to a second receptor present in the membrane called 
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the signal-sequence receptor (1578, 1547). This has tentatively been identified 
by photochemical crosslinking using a label attached to the preprolactin signal 
sequence. The putative membrane-bound receptor is a glycoprotein with a 
molecular weight of 35,000. Possibly, this forms part of the translocation channel, 
but this is not known. Another candidate for a signal sequence receptor (45,000 
Da) has also been found by the same crosslinking approach, but using a synthetic 
signal peptide (1233). The relationship between the two proteins is not known, 
nor have the functions of these polypeptides been demonstrated. Once the nascent 
chain is associated with the membrane-bound receptor, the SRP and SRP receptor 
can be released from the membrane-bound ribosome and can be recycled. Nothing 
is known about the putative channel which mediates translocation, and the isolation 
of such a species is the goal of considerable research effort. 

Soluble factors have also been shown to be required for translocation across 
the yeast endoplasmic reticulum (589, 1556), though they have not been shown 
to be like SRP. Translocation of various secreted proteins in yeast can occur post
translationally, so possibly the nascent chains, in these cases, can interact directly 
with the membrane-bound signal sequence receptor (1547). Soluble protein factors 
appear to be required for the export of proteins in E. coli (1034) and also for 
the import of proteins into the mitochondrion (1152), but these have not been 
well characterized. The secY gene product, required for protein export in E. coli, 
has been shown to be membrane-bound, but its function is unknown (10). 

Some progress has been made identifying a receptor in the mitochondrial outer 
membrane that is required for protein import. Binding studies with porin have 
shown that there is a high-affinity receptor (dissociation constant _10-8 M) which 
is also required for the import of the ADP/ATP transporter, an inner membrane 
protein (1147). Two different polypeptides have been implicated as being 
components of an outer membrane signal sequence receptor (513, 1089). These 
have been found by using antibodies which block protein import (1089) or by 
using chemical crosslinking to a synthetic signal peptide (513). Interestingly, 
import into mitochondria can reportedly bypass the outer membrane entirely if 
it is stripped off to form mitoplasts. This observation suggests that another signal 
sequence receptor is in the inner membrane (1088). 

10.35 Assembly of Multisubunit Complexes and Membrane 
Protein Turnover 

Once a membrane polypeptide has been inserted into the membrane, it still must 
attain the proper conformation required for biological activity and, in the case 
of multisubunit complexes, bind to other proteins. In eukaryotes, in particular, 
these processes require covalent modifications such as glycosylation, acylation, 
sulfation, or the formation of disulfide bonds. Even when such modifications 
are not necessary, the conformational maturation process can be slow and temporally 
separable from insertion into the membrane. 
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In E. coli, for example, the assembly of stable trimers of both proteins LamB 
(1533) and OmpF (66) can be observed well after the insertion of monomers into 
the outer membrane. For LamB, this maturation takes about 5 min. In eukaryotic 
cells, it has been shown that in order to be transported from the endoplasmic 
reticulum to the Golgi, the influenza hemagglutinin glycoprotein must attain the 
properly folded trimeric quaternary structure corresponding to the mature form 
(509). Unfolded molecules of hemagglutinin are retained in the endoplasmic 
reticulum. Trimer formation takes about 7-10 min (509). A similar requirement 
for oligomerization has also been shown for the vesicular stomatitis G protein 
(785). 

The assembly of many multi subunit complexes containing different kinds of 
subunits also appears to occur within the endoplasmic reticulum. An example is 
the nicotinic acetylcholine receptor (1359), which contains two copies of an a 
subunit and one copy each of 6, y, and 0 subunits (see Figure 8.8). Antibodies 
can distinguish distinct forms of the a subunit: (I) the initial product inserted 
into the endoplasmic reticulum which cannot bind the antagonist a-bungarotoxin; 
(2) a form of the a subunit that can bind to a-bungarotoxin that forms several 
minutes after translation within the endoplasmic reticulum; (3) assembled recep
tor, containing all the subunits (a26yO), which can be observed 15 minutes after 
translation within the endoplasmic reticulum; (4) the final receptor on the cell 
surface, which appears about 2 hours later. Complete maturation includes the 
formation of disulfide bonds, oligosaccharide processing, and fatty acylation. 
Phosphorylation of the subunits appears to playa role in subunit assembly, which 
has also been observed to take place in the Golgi (1243). 

The stability of stoichiometric complexes such as the acetylcholine receptor 
appears to be a critical aspect of the assembly process. In several systems, it 
appears that individual subunits are synthesized in substantial excess, and that 
subunits that are not assembled into stable complexes are proteolytically degraded 
(see 887 for review). This has been shown for several multi sub unit complexes, 
including the T cell antigen receptor (994). 

Maturation and assembly of the sodium channel has also been studied (1300). 
The mature channel requires a disulfide linkage between the a and 62 subunits 
(see Section 8.25). The formation of this covalent link, however, occurs about 
I hour after translation and occurs after the subunits have been transported to 
the Golgi. The receptor appears on the cell surface 4 hours after translation. In 
this case, free a subunits are not rapidly degraded but are maintained in an 
intracellular pool, possibly to be used as precursors for channel assembly in 
growing neurons. 

Once membrane proteins have fully matured, they undergo turnover at varying 
rates. The sodium channel, for example, has a half-life of about 30 hr (1300), 
which is typical for surface proteins. In growing cultured cells, the large subunit 
of the Na/K-ATPase has a half-life of about 20 to 40 hr (727, 1429). It is likely 
that at least some, if not all, membrane protein degradation occurs in the lysosome. 
This has been shown for cytochrome P450, for example, which is located in the 
endoplasmic reticulum (931). 
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Box 10.3 Two Interesting Examples of Membrane Protein Turnover 

Many different factors determine the stability of individual proteins within a cell 
(see 1205). A particularly interesting example of membrane protein degradation is 
HMG CoA reductase (512, 768). This enzyme is in the smooth endoplasmic reticu
lum, and it regulates the endogenous synthesis of cholesterol. It has been shown 
that degradation of this protein is rapid (2-4 hr) and that it is accelerated by an 
interaction with cholesterol. The membrane-bound domain of the enzyme is required 
for this acceleration of degradation (512). Under certain conditions, a strain of 
Chinese hamster ovary cells will be induced to overproduce this enzyme 500 times 
above the normal levels. This causes the formation of membrane tubules occupying 
15% of the cell volume and containing, in addition, lipids as well as other membrane 
proteins (768). The addition of cholesterol causes the rapid degradation of this 
excess membrane, indicating both coordinate synthesis and degradation of the 
membrane components. 

Another interesting example of selective turnover of a membrane protein is the 
32-kDa herbicide-binding protein (also called the DI and Q

B 
protein) from chlo

roplast thylakoids. This protein is synthesized as a precursor, processed within the 
unstacked thylakoid lamellae, and assembled as part of photosystem II in the stacked 
thylakoid lamellae (940). In the presence of light, the rate of turnover of this 
polypeptide is much faster than other proteins in the membrane (630). The reason 
for this is not known, but it may be caused by light-induced damage within 
photosystem II. 

10.4 Membrane Lipid Biosynthesis and Distribution 
(see 298 for review) 

As pointed out in Chapter 1, an enormous number of different lipids are found 
in the membranes of a single eukaryotic cell. These lipids are not uniformly 
distributed among the various cell membranes, however. This applies to the 
distribution in terms of the polar headgroup (Table 1.3) as well as the acyl chains 
(Table 1.6). For example, the degree of unsaturation of the phospholipids gen
erally decreases as one proceeds from the endoplasmic reticulum to the Golgi and 
then to the plasma membrane (298). Whereas the average molar ratio of choles
terol/phospholipid is 0.3-0.4 for an animal cell, the ratio is much higher (0.8-0.9) 
in the plasma membrane than in other membranes, such as the rough endoplasmic 
reticulum (cholesterol/phospholipid -0.1). In addition to this obvious uneven 
distribution of lipid components among the various membranes, in many membranes 
the two halves of the bilayer are asymmetric with respect to lipid composition, 
as discussed in Chapter 4. 

The problem of how these compositional differences are established and 
maintained is extraordinarily challenging. It must be recalled that many of the 
membranes in eukaryotic cells participate in the endocytic and exocytic path
ways, in which vesicles are constantly budding off one membrane and fusing with 
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another. This process is selective for those proteins which are transported by the 
vesicles, but somehow the system does not result in identical lipid compositions 
of the various membranes involved. The way in which this is accomplished is 
not known, but at least some aspects of the problem have been clarified. To start, 
let us first see where membrane lipids are synthesized and then discuss how they 
may be transported to their destinations. 

10.41 Where are Membrane Lipids Synthesized? (see 298, 
1498, 1235) 

Prokaryotes 

In E. coli, all the phospholipid synthesis occurs in the cytoplasmic membrane (see 
1235). The general features of the biosynthetic pathway are shown in Figure 
10.16. Fatty acids are synthesized as precursors covalently attached to the acyl 
carrier protein and are then incorporated in the membrane by acylation reactions 
to form CDP-diacylglycerol. The two acylating enzymes (Figure 10.16) have 
substrate specificities resulting in the preponderance of unsaturated fatty acyl 
groups being in the sn-2 position. The CDP-diacylglycerol is a branchpoint, from 
which either phosphatidylserine or phosphatidylglycerol is made, as shown in 
Figure 10.16. Regulation of the balance of phospholipids in the membrane is 
poorly understood. Strains that overproduce the enzyme required for cardiolipin 
biosynthesis by 10-fold have only a marginal increase in the amount of this 
phospholipid in the membrane (1091). Similar results have been obtained for the 
phosphatidylserine synthase (step 4, Figure 10.16) and phosphatidylglycerol
phosphate synthase (step 5, Figure 10.16) (see 687). Overproduction of these 
enzymes has little influence on the phospholipid composition of the membrane. 
On the other hand, the complete elimination of phosphatidylglycerolphosphate 
synthase is lethal, probably because the acidic phospholipids are required to 
provide precursors for other biosynthetic pathways or because they are important 
for regulation (610). Strains can be produced in which phosphatidylethanolamine 
is the only major phospholipid in mutants where the level of phosphatidylgly
cerolphosphate synthase is greatly reduced (999). Several enzymes in the biosyn
the tic pathway have been purified, including CDP-diglyceride synthase (step 3) 
(1366) and phosphatidylserine synthase (step 4) (1188). The former, not unex
pectedly, is a membrane-bound enzyme, but phosphatidylserine synthase is 
associated with ribosomes in cell-free extracts of E.coli. 

Eukaryotes (see 1498) 

Figure 10.17 summarizes the more complex biosynthetic network for phospho
lipid biosynthesis in eukaryotic cells. Fatty acid elongation occurs in both the 
endoplasmic reticulum and the mitochondrion. Fatty acyl CoA is used as a 
substrate, since animal cells do not have an equivalent of the acyl carrier protein. 
Most of the enzymes for phospholipid biosynthesis are located on the cytoplasmic 
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Figure 10.16. General scheme for phospholipid biosynthesis in E. coli. CDP-diacylgly
cerol is a branchpoint, leading to the synthesis of either phosphatidylethanolamine or 
phosphatidylglycerol and cardiolipin. The percentages of the lipids in the membrane are 
indicated. Note that phosphatidic acid and phosphatidylserine are necessary intermediates 
but do not accumulate in wild-type cells. The enzymes which catalyze each step are as 
follows: step 1, sn-glycerol-3-phosphate acyltransferase; step 2, l-acyl-sn-glycerol-3-
phosphate acyltransferase; step 3, CDP-diacylglycerol synthase; step 4, phosphatidylserine 
synthase; step 5, phosphatidylglycerol phosphate synthase; step 6, phosphatidylserine 
decarboxylase; step 7, phosphatidylglycerol phosphate phosphatase; step 8, cardiolipin 
synthase. See ref. 1235. 

side of the endoplasmic reticulum membrane, but there are interesting exceptions. 
Eukaryotic cells can make phosphatidylglycerol and cardiolipin via the CDP
diacylglycerol pathway, as in E. coli. However, the enzymes required for this are 
located in the mitochondrial inner membrane and these phospholipids are uniquely 
found in the mitochondrion. Lower eukaryotes, such as yeast, can also make 
phosphatidylserine by the same pathway as found in E. coli, but this enzyme 
(1069) is found in the endoplasmic reticulum as well as in the mitochondrion. 
In yeast, phosphatidylserine constitutes only about 5% of the total phospholipid, 
but it is the precursor for both phosphatidylethanolamine and phosphatidylcholine. 

Eukaryotes, including yeast, can make phosphatidylethanolamine and phosphati-
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Figure 10.17. General scheme for phospholipid biosynthesis in eukaryotic cells. Note that 
there are essentially two pathways into the network of reactions. CDP-diacylglycerol, on 
the left, and diacylglycerol, on the lower right, are precursors. Although most of the 
enzymes catalyzing these reactions are in the endoplasmic reticulum, the enzymes required 
for the synthesis of phosphatidylglycerol and cardiolipin, as well as phosphatidylserine 
decarboxylase, are in the mitochondrion. In yeast, the synthesis of phosphatidylserine is 
from CDP-diacylglycerol, as in bacteria. In higher eukaryotes, phosphat idyl serine is made 
primary from either phosphatidylethanolamine or phosphatidylcholine by the base-ex
change enzymes. 

dylcholine by a reaction with I, 2-diacylglycerol (see Figure 10.17). This is the 
major pathway for phospholipid synthesis in animal cells. Base-exchange en
zymes (794) located in the endoplasmic reticulum of higher eukaryotes (but not 
yeast) then catalyze a headgroup exchange to form phosphatidylserine. Higher 
eukaryotes require this exchange reaction to make phosphatidylserine. Once 
formed in the endoplasmic reticulum, phosphatidylserine is then decarboxylated, 
at least in some cells, to reform phosphatidylethanolamine. The enzyme that 
catalyzes this reaction, phosphatidylserine decarboxylase, is located in the mi
tochondrion. Hence, phosphatidylserine can be a major precursor for all of the 
phosphatidylethanolamine in the cell (794, 1521). This series of reactions requires 
transfer of the lipids between the endoplasmic reticulum and the mitochondrion. 
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Phosphatidylethanolamine can be converted to phosphatidylcholine by one or two 
methylases located in the endoplasmic reticulum (1118, 769), but this is usually 
not a major pathway. 

Two lipid components which are predominately localized in the plasma 
membrane are sphingomyelin and cholesterol. Sphingomyelin appears to be made 
in some cells by the transfer of the phosphorylcholine group from phosphati
dylcholine to ceramide by an enzyme located in the plasma membrane. In contrast, 
even though cholesterol is most concentrated in the plasma membrane, it is 
synthesized by enzymes located in the smooth endoplasmic reticulum and, possibly, 
in peroxisomes (1451). 

10.42 Transport of Lipids from Their Site of Synthesis (see 

298, 1520) 

In order for membrane lipids to get from their place of synthesis to their des
tination, two processes are implied: (1) transbilayer flip-flop and (2) interbilayer 
transport. The rate of flip-flop across a bilayer is discussed in Section 4.43 in 
the context of membrane asymmetry. The rate of phospholipid flip-flop is 
particularly fast across membranes where lipid biosynthesis occurs, with half
times on the order of several minutes. There is some indication that this may be 
protein-mediated and possibly even an active process, driven by ATP hydrolysis. 
Cholesterol has also been shown to be able to spontaneously flip-flop very rapidly 
across membranes (see 298). Hence, moving from the cytosolic side of the 
endoplasmic reticulum to the lumenal side is a rapid process. 

In considering the movement of lipids from one cellular membrane to another, 
several possible processes need to be considered. Each may contribute in par
ticular situations. 

1. Spontaneous lipid transfer by diffusion of monomeric lipid species through 
the aqueous phase. 

2. Lipid diffusion through direct contact of the two membranes via either per
manent or transient junctions. 

3. Protein-mediated transport, catalyzed either by proteins which facilitate the 
desorption of lipids out of the donor membrane or by lipid-binding proteins. 

4. Vesicle-mediated transport in which lipids are moved between membranes 
much as membrane proteins are thought to be transported by continuous 
budding and fusion of intracellular vesicles. This could be energy requiring. 

Let us first consider what is known about the movement of membrane lipids 
by spontaneous diffusion between membranes (see 1154,298). Numerous studies 
have demonstrated that lipids can spontaneously transfer between unilamellar 
vesicles or between phospholipid vesicles and biomembranes. In most cases, but 
not all (1044), the mechanism appears to involve the desorption of monomeric 
lipids from the surface of the donor membrane, and free diffusion through the 
aqueous medium to the acceptor membrane. The rate-limiting step is the removal 
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from the donor membrane, at least under conditions where the acceptor mem
brane is in excess. The half-times for transfer are, under these conditions, dependent 
on the height of the free energy barrier for desorption (Figure 10.18). Not 
surprisingly, lipids which are less water-soluble (i.e., low critical micelle con
centration), as a rule, have a higher barrier to desorption and, thus, a longer half
time for transfer. Transfer rates depend not only on the hydrophobicity of the lipid 
being transferred but also on the composition and physical state of the donor 
bilayer (153, 63, 1618). For example, the ganglioside GM

1 
exists in a monodis

perse state when present in phosphatidylcholine vesicles. Due to the hydrophilic 
polar groups, GM

1 
will not flip-flop across the vesicle membrane, but it will 

transfer between vesicles with a half-time of about 40 hr at 45°C (153). In contrast, 
neutral gangliosides lacking the sialic acid residues, such as asialo-GM

1
, form 

a gel-like cluster in these vesicles, and their half-time for transfer is about 500 
hours. Vesicles containing mixtures of cholesterol and phospholipids also form 
complex phases (see Section 2.42) and this phenomenon might also be important 
in determining the transfer kinetics of cholesterol (63). The relative stability of 
cholesterol within a membrane could be determined by favorable interactions with 
specific phospholipids (1618, 1557) such as sphingomyelin. 

Table 10.2 lists some values for the interbilayer transfer half-times of several 
membrane lipids. At one extreme are cholesterol esters which are very nonpolar 
and, essentially, do not transfer between membranes by the monomer diffusion 
mechanism. At the other extreme are Iysophospholipids which very rapidly move 
between membranes. Cholesterol, typically, has a half-life for transfer of 1-2 hr. 
Hence, a pertinent question concerning cholesterol is how the unequal distribution 
in the different membranes is maintained. 

~----~ ----

~ 

~ 

Figure 10.18. Free energy dia
gram for the rate-limiting desorp
tion of a lipid from a bilayer. Note 
that other things being equal, the 
activation barrier to solubilization 
will increase in proportion to the 
standard state transfer free energy 
into water, which is related to the 
critical micelle concentration (see 
Section 2.32). Adapted from ref. 
1154. 
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Table 10.2. Half-times for phospholipid transfer from phospholipid 
vesicles l (see 1154, 153) 

Compound 

Cholesterol oleate 
Cholesterol 

Dipalmitoyl phosphatidylcholine 
1-Palmi toy 1-2-oleoy I phosphatidy lcholine 
Dimyristoyl phosphatidylcholine 
Palmitoyl lysophosphatidylcholine 

Ganglioside GM, 
Asialo-GM, 

Half-time 

107 hr (calculated) 
1-2 hr 

83 hr 
63 hr 

2 hr 
< 0.05 hr 

40 hr (45°C) 
580 hr (45°C) 

'Experiments were performed at 3TC unless otherwise noted. The compositions 
of the donor vesicles are not identical for these measurements. The half-times 
are characteristic of the rate-limiting desorption of lipid from the donor vesicle. 
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Transit times as short as 10 min have been reported for the transfer of newly 
synthesized cholesterol from the endoplasmic reticulum to the plasma membrane 
(see 298). The process is sensitive to reagents such as cyanide which block 
bioenergetic reactions within the cell. These and other data suggest an energy
requiring, vesicle-mediated intracellular transport mechanism for cholesterol. In 
principle, this could overcome any scrambling due to spontaneous transfer. 
However, there is no consensus about this. One serious problem is that there are 
large inconsistencies in the literature in estimating the fraction of the total cellular 
cholesterol which is present in the plasma membrane (25% to 95%) (1493). 
Although it seems likely that the flux of cholesterol into and out of some cells 
can be understood using spontaneous monomeric diffusion rates (1154), the 
relevance of these rates and of the spontaneous transfer mechanism inside the cell 
is not known. 

The transfer half-times of phospholipids from phospholipid vesicles are much 
longer than for cholesterol (Table 10.2). For example, dipalmitoyl phosphati
dylcholine has a half-time for transfer of 83 hr at 37° from vesicles prepared from 
dimyristoyl phosphatidylcholine (1154). The rate of transfer of phospholipids by 
this mechanism is much too slow to be relevant for the interbilayer transport that 
occurs in vivo. 

Prokaryotes 

Let us first discuss phospholipid transfer in gram-negative bacteria, where the 
problem is relatively simple since there are only two membranes (see 1235). The 
phospholipids are synthesized in the cytoplasmic membrane and must be trans
ported to the outer membrane (for review see 1520). Several experiments indicate 
rapid exchange of the lipids in these two membranes. Phosphatidylethanolamine 
gets to the outer membrane with a half-time of about 3 min. This process does 
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not depend on protein, lipid, or ATP synthesis but is dependent on a proton motive 
force in an unknown way. Lipids fused into the outer membrane can also rapidly 
move to the inner membrane, even phosphatidylcholine, which is not normally 
found in E. coli. Hence, the process seems nonspecific. However, in a mutant 
which has a defective diacylglycerol kinase, diacylglycerol accumulates in the 
cytoplasmic membrane and is not transported to the outer membrane. 

The mechanism of lipid exchange between these two membranes is not known, 
but it is generally believed that there are junctions or zones of adhesion between 
the inner and outer membranes. These junctions may serve as sites for diffusion 
of lipids between the two membranes. Conceivably, proteins exported to the outer 
membrane could also be assembled at these junctions. 

Eukaryotes 

The mechanism by which phospholipids are distributed in eukaryotic cells presents 
a much more complicated situation. Cardiolipin is the only phospholipid which 
is localized uniquely at its site of synthesis in the mitochondrion. Intracellular 
transport of phospholipids has been shown in numerous experiments to be 
considerably faster than can be accounted for by spontaneous diffusion through 
the aqueous medium (see 298, 1520). For example, the transfer of newly syn
thesized phospholipid from the endoplasmic reticulum to the mitochondrion in 
rat liver takes only minutes. Since the decarboxylase that converts phosphatidyl
serine to phosphatidylethanolamine is located in the mitochondrion (Figure 10.17), 
the rate of this reaction can be used to monitor the net transfer of phosphatidyl
serine from the endoplasmic reticulum to the mitochondrion. Results show not 
only that transfer is rapid but also that it is inhibited by azide and agents that 
block bioenergetic reactions. Studies have also indicated rapid transfer of newly 
synthesized phospholipids to the plasma membrane in just a few minutes, though 
this is very dependent on the lipid and the cell type (see 298, 1520). In some 
examples, lipid transport is blocked by inhibitors of bioenergetic reactions (energy 
poisons) and/or by agents which disrupt the cytoskeleton. The main point of 
agreement is that the rates are fast relative to spontaneous diffusion. 

One possible mechanism to facilitate phospholipid transfer between mem
branes is for proteins to mediate the process. A number of water-soluble proteins 
called phospholipid transfer proteins have been isolated which mediate the 
intermembrane transfer of phospholipids in vitro (see 200 for review). These 
proteins all have lipid binding sites and form water-soluble phospholipid-protein 
complexes. They facilitate the one-to-one exchange of lipids between membranes 
by carrying monomeric species back and forth. In some cases, such as the 
phosphatidylcholine-specific transfer protein from bovine liver, the lipid binding 
is specific and the affinity high (1492). In other cases, the binding affinity and 
specificity are relatively low (1066). A low affinity, in principle, would facilitate 
the ability of the protein to catalyze the net transfer of lipids from one membrane 
to another, because the protein could return to the donor membrane with an empty 
lipid binding site. Phospholipid transfer proteins have been isolated from bacteria 
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(1418) and plants (126), in addition to animal cells. Similar proteins have been 
isolated that bind to glycolipids (1284) and to long-chain fatty acids (141). 

Unfortunately, the function of phospholipid transfer proteins has never been 
demonstrated in vivo, so it remains an open question whether they are physio
logically important for the intracellular flux of phospholipids. Alternatively, 
vesicle-mediated processes are likely candidates, though both mechanisms may 
be operative. 

It is important to realize that, ultimately, the distribution of phospholipids 
among the various cellular membranes must rely on proteins. If the distribution 
of lipids represents equilibrium, then their distribution is determined by the lipid
binding affinities of membrane proteins which are present in the various membranes. 
A bias in the distribution of some lipids due to interaction with proteins could 
influence the partitioning of other lipids, such as cholesterol (1557, 1618). If the 
lipid distribution is not at equilibrium, then the different compositions among the 
various membranes must be determined by different rates of delivery and removal 
of the lipid species from each membrane (see 1006). In this case, proteins once 
again must be responsible for this differential kinetics. 

10.43 Phospholipid Turnover (see 298, 1235) 

Little is known about phospholipid turnover, except that it is rapid. In animal cells, 
half of the total phospholipid is turned over everyone or two cell divisions. The 
rates of turnover for the polar and nonpolar portions of phospholipids are dif
ferent. This appears to be a manifestation of the reactions of extralysosomal 
phospholipases and acyltransferases which function to remodel intracellular 
phospholipids in situ. Sphingolipids are degraded in the lysosomes. Disease states 
result when sphingolipid degradation is impaired. For example, in Niemann-Pick 
disease there is an accumulation of sphingomyelin due to the lack of a lysosomal 
enzyme, sphingomyelinase. The degradation of glycosphingolipids also occurs 
in the lysosome in vivo and is thought to be mediated by proteins called sphin
golipid activator proteins (SAPs) which bind to and presumably solubilize specific 
lipids such as OM

I 
ganglioside (1611). 

In E. coli, there are at least ten degradative enzymes which could play roles 
in phospholipid turnover (1235). Little is known about the functions in vivo, 
however. During exponential growth, the phospholipids exhibit little turnover 
of their glycerol backbone or fatty acids, and acyl exchange also appears to be 
quite slow (1235, 1234). The turnover of the glycerolphosphate headgroup of 
phosphatidylglycerol, however, has been demonstrated to be unusually rapid. This 
results from the utilization of phosphatidylglycerol to donate sn-glycerol-l
phosphate for the synthesis of membrane-derived oligosaccharides (686). These 
oligosaccharides are located in the periplasm and playa role in osmotic adaptation 
of the organism. The reaction results in the conversion of phosphatidylglycerol 
to diacylglycerol, which is then salvaged by diacylglycerol kinase (1545), which 
converts it to phosphatidic acid. 
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10.5 Adaptation of Membrane Lipid Composition 
in Response to Environmental Changes (see 252 for 
review) 

From the previous discussion, it is clear that little is known about how the lipid 
composition of individual cellular membranes is controlled. Obviously, one minimal 
requirement is that the membrane lipids must form a stable bilayer in a liquid 
crystalline (fluid) state. A number of organisms have adaptive mechanisms to alter 
their lipid composition in response to changes in the environment, most notably 
temperature and pressure. Several examples illustrate the phenomenon. The 
mechanism for the thermal adaptation of E. coli is best understood. 

(1) Thermal adaptation of E. coli (see 1235). When E. coli is grown at low 
temperatures, the fatty acid composition changes to favor a higher proportion of 
unsaturated fatty acids. This maintains the overall fluidity of the membrane and 
permits the cells to survive at temperatures which would otherwise be lethal. This 
has been termed homeoviscous adaptation. The predominant fatty acids in E. coli 
(see Figure 10.16) are palmitoyl (16:0), palmitoleoyl (16:1), and cis-vaccenoyl 
(18: I). At low temperatures, more cis-vaccenic acid is incorporated in the bilayer, 
whereas the amount of palmitoleic acid is constant. The explanation lies in the 
activity of one of the two enzymes which catalyze the elongation of fatty acids. 
At low temperatures the enzyme 3-ketoacyl-ACP synthase II is more active in 
the conversion of palmitoleic acid to cis-vaccenic acid, resulting in an increase 
in the pool size of unsaturated fatty acids to be incorporated into the phosphol
ipids. 

(2) Organisms at high pressure: The fatty acid composition of the barophilic 
marine bacterium (NPT3) varies as a function of pressure (321). Pressure can also 
induce a deleterious phase transition in membranes, and this adaptation response, 
as in the previous example, allows the organism to survive. At high pressures, 
the proportion of unsaturated fatty acids increases, as one would expect. The 
packing properties of the unsaturated fatty acids maintain the membrane in the 
liquid crystalline state. Similar results have been obtained in examining the liver 
mitochondrial phospholipids of deep-sea fish obtained from different ocean depths 
(251). 

(3) Studies with Acholeplasma laidlawii: This organism is a mycoplasma 
which has no cell wall and a single plasma membrane. It is particularly useful 
for laboratory study because it will readily incorporate exogenous fatty acids into 
its membrane, which can be easily isolated and examined. The major lipid 
components are monoglucosyldiglycerides (MGDG) and diglucosyldiglycerides 
(DGDG). As explained in Chapter 2, because of the difference in the size of the 
polar headgroup, isolated MGDG forms a reverse hexagonal phase, whereas 
DGDG forms a stable bilayer. The phase properties of A. laidlawii membranes 
are determined primarily by the MGDG/DGDG ratio (1582). The lipid compo
sition has been examined when the organism is grown in particular fatty acids 
and temperatures (1219) or in the presence of membrane perturbants such as 
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alcohols and detergents (1582). In these examples, a simple consideration of 
membrane viscosity is not sufficient to explain the adaptive response, since the 
equilibrium between the lamellar and nonlamellar phases must also be important. 
The results can generally be interpreted in terms of lipid packing parameters as 
they influence the phase properties of the membrane lipid mixture (see Chapter 
2). The mechanisms by which the organism adapts to its environment by altering 
its lipid composition are not known. 

10.6 Chapter Summary 

A eukaryotic cell contains many membranous organelles and many distinct 
intracellular membranes, each with a unique protein and lipid composition. Any 
membrane protein which is nuclear-encoded must be properly directed from its 
site of synthesis on a ribosome in the cytoplasm to its final destination. This 
requires a complex series of signals contained within either the mature form of 
the polypeptide or a precursor, as well as receptors within the cell to recognize 
these signals. Although some membrane proteins have been shown to spontane
ously insert into a lipid bilayer, in most cases proper assembly of a protein within 
a cellular membrane is an energy-requiring process which is mediated by spe
cialized apparatus. It is likely that proteins cannot be inserted into a cellular 
membrane unless they are in a partially unfolded conformation. ATP hydrolysis 
as well as the binding of specific proteins in the cytoplasm may help to attain 
or maintain the unfolded conformations that are competent for membrane translo
cation. 

In a eukaryotic cell, most of the lipids are synthesized in the endoplasmic 
reticulum. Interbilayer transport is required to get the lipids to their final desti
nations. The nature of the transport mechanisms is not known, although vesicle
mediated transport and protein-mediated transport via soluble lipid-binding proteins 
are two possibilities that are prominently discussed. The manner by which the 
distinct compositions of the various intracellular membranes are maintained is 
not known. 


