
Chapter 8 

Membrane Fusion, 
Formation and Flow 

A membrane's composition undergoes constant change due to the insertion and removal 
of its components. For example, bacteria alter their membranes' fatty acyl composition 
in response to temperature shifts. Another example of membrane restructuring is the 
turnover of membrane proteins as they become worn out. Changes in membrane 
composition are achieved by the direct insertion of a new component into a membrane 
or a fusion event between two membranes. This chapter will begin by considering simple 
fusion events in vitro. We will then discuss direct membrane insertion and a few complex 
fusion events observed in vivo. 

8.1. FUSION 

Membranes are said to fuse when two separate bilayers become one. Many in vivo 
and in vitro examples of membrane fusion are discussed in the following paragraphs. 
Membrane fission also takes place. During fission one membrane becomes two; 
pinocytosis is a good example of membrane fission. Figure 8.1 illustrates the processes 
of fusion and fission. Since membrane fusion, but not fission, is readily accomplished in 
vitro, most research has focused on fusion reactions. This section describes studies 
aimed at understanding and using membrane fusion. 

8.1.1. An Overview of Biological Fusion 

Fusion is a primary means of changing a membrane's composition both in vitro and 
in vivo. For example, in vivo myoblasts fuse to become skeletal muscle fibers, macro
phages fuse to become giant multinucleated cells, some viruses fuse with cells to cause 
infections, and a sperm cell fuses with an egg during fertilization. In addition to fusion 
events at plasma membranes, eukaryotic cells possess endomembranes that also undergo 
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Figure 8.1. Membrane fusion and fis· 
sion. The processes of membrane fusion 
and fission are illustrated. The time
dependent events of fusion and fission 
proceed from steps a to d. 

fusion. The assembly of a nuclear envelope after mitosis and phagosome-to-Iysosome 
fusion are two examples of endomembrane fusion. Fusion also occurs between certain 
endomembranes and plasma membranes. The visualization of synaptic vesicles fusing 
at a presynaptic membrane (Figure 4.24) is a particularly good example of a secretory 
fusion event. Although there are many examples of biological fusion, one must 
remember that it is a highly regulated and comparatively rare event. It is the inability of 
membranes to fuse that allows the formation of distinct organelles and cells. Although 
the mechanism of in vivo fusion is poorly understood, the events accompanying in vitro 
fusion are becoming well defined. 

8.1.2. Fusing Membranes 

The development of new molecular and cellular techniques allows us to artificially 
change the composition of a living cell's plasma membrane. In doing so, one can tailor a 
membrane to a particular experimental question. In this section we will explore some 
of the methods and applications of in vitro membrane fusion. In vitro fusion can occur 
between two plasma membranes, two lipid vesicle membranes, or a plasma membrane 
and a vesicle membrane. Membrane fusion is promoted by four methods: (1) chemical 
treatment, (2) vesicle phospholipid composition, (3) the presence of viral fusion 
proteins, and (4) electrofusion techniques. 

8.1. 2.1. Chemical Fusion 

Kao and Michayluk (1974) introduced the use of polyethylene glycol (PEG) as a 
membrane fusion-promoting agent or fusogen for higher plant protoplasts. It has since 
been used to fuse many cells including yeast protoplasts, erythrocytes, and mammalian 
cells. When protoplasts of two higher plant species are fused, the hybrid cells develop 
into complete hybrid plants. PEG is also routinely used to create hybridomas, cell lines 
derived from the in vitro fusion of lymphocytes and tumor cells, that produce mono
clonal antibodies. 
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Chemical fusogens such as PEG, glycerol, dimethyl sulfoxide (DMSO), and 
poly histidine decrease the surface potential of membranes (Maggio et at., 1976). The 
reduction in surface charge density decreases the electrostatic contribution to cell-cell 
repulsion. In general, chemical fusogens are also capable of hydrogen bonding. This 
property of fusogens likely disorganizes ordered water layers near membranes to 
diminish hydration pressure and potentiate fusion between bilayers. Since DMSO and 
glycerol-mediated fusion require calcium, fusion will be enhanced due to the additional 
reduction in hydration pressure and the presence of calcium ion-correlation effects 
(Rand and Parsegian, 1986). Therefore, the physicochemical properties of fusogens 
diminish repulsive intermembrane forces and augment attractive forces. 

In some cases PEG is poorly fusogenic (Schramm, 1979). The fusogenic activity 
of PEG is influenced by the composition of a recipient cell's plasma membrane (Roos 
and Choppin, 1985). The variability in fusogenic potential is apparently due to the 
ability of certain head groups and fatty acyl chains to form inverted micellar intermedi
ates (IMI) (Section 8.1.2.4). The inclusion of lyso-PC, which destabilizes bilayers, 
potentiates PEG-mediated fusion of resistant recipient cells (Schramm, 1979). Freeze
fracture electron microscopy has shown that intramembrane particles aggregate when 
cell membranes are treated with DMSO or glycerol. There is evidence indicating that 
fusion often occurs between the intramembrane particle-free zones during in vitro 
but not necessarily in vivo membrane fusion. However, we do not know if bringing two 
particle-free cell membranes into very close proximity is sufficient to induce chemical 
fusion. For example, chemical fusogens also destabilize a bilayer's structure. 

8.1.2.2. Phospholipid-Enhanced Fusion 

A lipid vesicle's phospholipid composition regulates its ability to fuse with other 
vesicles or cells. For example, lipid vesicles composed of PE and PS (3:1) destabilize 
and fuse on addition of Ca2+ (Duzgunes et at., 1981). This property of lipid vesicles 
can be exploited to enhance vesicle-to-cell fusion. Correa-Freire et at. (1984) showed 
that liposomes composed of PE and PS (1:1) fuse readily with cell membranes in the 
presence of Ca2+. This system effectively delivers exogenous membrane proteins into 
the plasma membranes of recipient cells. The fusogenic potential of this lipid composi
tion can be understood based on the physical properties of their head groups. PE is the 
least hydrated phospholipid head group; consequently, the hydration repulsion of PE 
bilayers is substantially less than that of other phospholipid compositions. Furthermore, 
PE molecules easily form the hexagonal (HII) phase, a presumed intermediate step 
during fusion (Section 8.1.2.4). PS is capable of tight Ca2 + binding. Membrane-bound 
Ca2+ reduces net surface charge density and hydration repulsion and potentiates 
intermembrane van der Waals attraction (Rand and Parsegian, 1986). 

8.1. 2 . 3 . Viral Fusion 

Viruses must gain access to a cell's cytosol to cause an infection. Some viruses 
accomplish this by membrane fusion. These viruses possess an outer bilayer that 
contains membrane proteins which recognize and then fuse with a target membrane. The 
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envelope proteins required for influenza, Sendai, Semliki Forest, and vesicular stoma
titis virus (VSV) fusion with cells are hemagglutinin, F protein, spike glycoprotein, and 
VSV G protein, respectively. This discussion will focus on influenza virus's hemagglu
tinin, which is one of the most fully characterized membrane proteins. 

As we learned in Section 4 .1.3, the mature hemagglutinin of influenza virus 
consists of two domains, HAl and HA2. The HAl domain contains a recognition site that 
binds to sialic acid at a target cell's surface. The transmembrane HA2 subunit is bound 
to the viral envelope via its COOH-terminus. Its NHrterminus inserts into a target 
membrane upon activation by low pH. About 1000 hemagglutinin molecules are found in 
one influenza virus envelope. Hemagglutinin is a trimeric molecule (Figures 4.4 and 
8.2). After binding, influenza viruses accumulate at coated pits followed by internaliza
tion within coated vesicles. The low pH of the vacuolar system triggers an irreversible 
conformational change in hemagglutinin. This conformational change has been verified 
by measuring alterations in its antigen exposure, protease sensitivity, and spectral 
properties. During its conformational change, each of hemagglutinin's monomers 
spreads apart, as schematized in Figure 8.2, panel b. This exposes the NHrterminal 
domains of the HA2 subunits, which are normally buried within the trimers. The 
hydrophobic NHrterminal domains insert into a target membrane. This brings the viral 

a 
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Figure 8.2. Early events in hemagglutinin-induced membrane fusion. As panel a illustrates, the HAl subunit 
of influenza virus's hemagglutinin binds to a target's membrane. When exposed to a low pH such as that within 
an endosome, hemagglutinin's trimer unfolds like the petals of a flower (panel b). The hydrophobic NH2-

terminal domain of HA2 becomes anchored in the target's membrane . 



Membrane Fusion, Formation, and Flow 301 

and target membranes to within about 3 nm. This explains how the virus adheres and 
brings two membranes to within a few hydration layers. However, the events causing 
membrane destabilization are unknown. 

Viruses or viral fusogenic proteins can be used to artificially induce fusion. When 
reconstituted into lipid vesicles, viral fusogenic proteins mediate lipid vesicle-to-cell 
fusion. This approach has been employed to insert many kinds of membrane proteins 
(e.g., band 3, adrenergic receptors, and histocompatibility antigens) into foreign cell 
types (Volsky et ai. , 1979; Schramm, 1979; Prujansky-lakobovits et ai., 1980). 

8.1.2.4. Fusion Intermediates 

In the preceding paragraphs we discussed how chemicals, lipids, and viral proteins 
potentiate membrane fusion. We focused on how two membranes adhere and/or ap
proach one another to within 2 or 3 nm. We have not yet touched on how two apposed 
bilayers become one. Although the mechanism(s) of membrane fusion has not been 
established with certainty, recent studies have provided insight into its details. After 
stable short-range binding is achieved, both membranes must become destabilized. 
Bilayer perturbations have been observed by various techniques, such as freeze-fracture 
electron microscopy. Model membranes are believed to form IMls during fusion. Figure 
8.3 shows a series of likely events participating in membrane fusion . Two membranes 
adhere tightly to one another, undergo destabilization (including IMI formation), and 
then fuse. As two model membranes are brought together, the energy required to remove 
intermembrane water generates sufficient tension to rupture a bilayer (Rand and 
Parsegian, 1986). 

IMls (Figure 8.3, panel c) are believed to be an intermediate state during fusion 
(Rand and Parsegian, 1986). IMls represent a phase (and gross structural) change from 
a lamellar to hexagonal (HII) packing. Siegel's analysis shows that the IMls formed 
during membrane destabilization could: (1) reform bilayer structures making leaflets I 
and 4 continuous and thereby fusing the membranes or (2) aggregated IMIs would lead 

IMI 

V \Wi 
~ - Fusion 

n ft 
a b cl d 

Hexagonal phase 

Figure 8.3. Molecular events participating in fusion. The leaflets of the two bilayers are labeled I through 4 as 
shown on the left. Two bilayers approach (a) and then adhere tightly (b). The bilayers become destabilized and 
then form IMIs (c). The destabilized region can spontaneously form a single bilayer (d). Courtesy of Dr. V A. 
Parsegian. 
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to extensive hexagonal structures that disrupt the bilayers (Siegel, 1984). Destabiliza
tion occurs only at points of contact and dehydration. Although it may not be an abso
lute requirement, the presence of hexagonal phase-forming lipids such as PE facilitate 
fusion. Alterations in fatty acyl composition may also enhance IMI formation. Re
gions of membrane contact and IMI formation are likely enriched in PE. At local con
tact sites, hydration repulsion may be sufficient to force other more hydrated lipids 
away. 

The regulation of biological fusion in vivo likely involves both protein and lipid 
interactions. Although biological fusion is poorly understood, attractive speculations 
may provide important leads for future study. Rand and Parsegian (1986) have suggested 
that PI turnover could be physically linked to membrane fusion. Earlier studies have 
shown that secretory phenomena and myoblast fusion are associated with increases in PI 
turnover. Diacylglycerol (DAG), a membrane-bound product of PI turnover and intra
cellular messenger, is uncharged and much more hydrophobic than PI. Therefore, 
cleavage of PI to DAG simultaneously eliminates electrostatic repulsion and decreases 
hydration pressure. Furthermore, DAG perturbs bilayer structure. Consequently, sites 
of PI turnover may greatly accelerate membrane adhesion and destabilization leading to 
fusion. 

8.2. BIOSYNTHESIS OF MEMBRANE LIPIDS, PROTEINS, AND 
CARBOHYDRATES AND THEIR TRANSLOCATION ACROSS 
MEMBRANES 

The biosynthetic assembly of membranes is an essential feature of life. Further
more, to remain viable, living membranes must regularly replace worn or lost compo
nents. Typically, membrane lipids and proteins of active cells have half-lives of only 
a few days. Occasionally, cells must alter their membrane composition to compensate 
for environmental stresses or nutrient supply or to respond to intercellular signals. 
In this section we shall focus on the biosynthetic machinery of membranes and the 
biosynthesis and translocation mechanisms of membrane lipids, proteins, and carbo
hydrates. 

8.2.1. Lipid Biosynthesis 

In Section 2.1 we learned about the great variety of lipids found in cells. However, 
these many lipid molecules are made from a rather small number of precursor molecules. 
Figure 8.4 shows a survey illustration of mammalian phospholipid biosynthetic path
ways. In addition to the qualitative structural differences among types of lipids, there are 
quantitative differences among various membranes in their lipid compositions. For 
example, plasma membranes are enriched in glycosphingolipids, PS, SM, and choles
terol whereas endoplasmic reticulum membranes contain very little if any of these lipids. 
In this section we will explore some of the terminal steps in lipid biosynthesis and 
the origins of transmembrane lipid asymmetry in cells. 
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8.2.1.1. PC Biosynthesis 

The primary synthetic route of PC is the CDP-choline or Kennedy pathway (Vance, 
1986). A series of three enzymatic reactions [Eqs. (8.1) to (8.3)] catalyze the transfer of 
choline to DAG. 

choline kinase 
choline + ATP ) phosphocholine + ADP (8.1) 

CfP:phosphocholine cytidylyltransferase 
phosphocholine + CTP ) CDP-choline + PPi (8.2) 

CDP-choline:l,2-DAG phosphocholine transferase 
CDP-choline + DAG ) PC (8.3) 

We will now examine these reactions in greater detail. 
Choline enters cells via a high-affinity transporter (Km = 10 J.LM). The cytosolic 

enzyme choline kinase catalyzes the formation of phosphocholine [Eq. (8.1)]. It has a 
mass of 120 to 160 kDa. Its Km's for choline and ATP are 0.03 and 2 mM, respectively 
(Vance, 1986). The higher value for ATP is likely a manifestation of ATP's higher 
cytosolic concentration. The rate-controlling step in PC biosynthesis is catalyzed by 
CTP:phosphocholine cytidylyltransferase [Eq. (8.2)]. It is a dimer of 45-kDa subunits. 
Cytidylyltransferase activity is found in both the cytosol and endoplasmic reticulum 
(ER). The relative amounts of cytosolic and ER-associated enzyme are a reflection of PC 
synthetic activity. When PC synthesis is activated, the enzyme is translocated from the 
cytosol to the ER's membrane. It catalyzes the local formation of CDP-choline, which 
participates in PC synthesis. 

CTP:phosphocholine cytidylyltransferase activity is regulated by intracellular 
signaling molecules. Protein kinases (Sections 7.3 and 7.6) playa major role in 
regulating cytidylyltransferase activity (Bishop and Bell, 1988). PKA-mediated phos
phorylation reactions release cytidylyltransferase from ER membranes. On the other 
hand, when cells are treated with PKC-activating phorbol esters, cytidylyltransferase is 
simultaneously activated and translocated to ER membranes. These regulatory events 
make sense from a physiological perspective. As previously mentioned (Section 7.3.1), 
one role of l3-adrenergic receptor stimulation of PKA is to mobilize energy reserves. 
Consequently, anabolic pathways such as PC synthesis are shut down. Alternatively, 
some growth-promoting substances are believed to act through PKC stimulation. Since 
the assembly of new membrane is required for cell growth, PC synthesis is stimulated 
by this message. 

The last step in PC synthesis is the delivery of a choline group to DAG. This is 
catalyzed by CDP-choline:1,2-diacylglycerol phosphorylcholine transferase. This en
zyme is an integral membrane protein whose active site resides at the ER's cis face. Little 
else is known about this enzyme's structure or mechanism. After their synthesis, PC 
molecules become incorporated into the ER membrane's cis face. Newly synthesized PC 
molecules have several potential fates. They could be delivered from the ER to the 
cytosolic faces of other organelles or the plasma membrane. They could also be flip
flopped to the luminal ER membrane face. We shall return to these possibilities in the 
following section. 
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In addition to the CDP-choline pathway, yeast cells are known to synthesize PC by 
methylation of PE. This is accomplished by the sequential transfer of methyl groups 
from three S-adenosylmethionine (AdoMet) molecules to PE. The reactions are: 

PE methyltransferase 
PE + AdoMet ) N-methyl-PE + AdoHCy (8.4) 

phospholipid methyltransferase 
N-methyl-PE + AdoMet ) N,N-dimethyl-PE + AdoHCy (8.5) 

phospholipid methyltransferase 
N,N-dimethyl-PE + AdoMet ) PC + AdoHCy (8.6) 

where AdoHCy is the reaction product S-adenosylhomocysteine. As Eqs. (8.4) to (8.6) 
indicate, at least two methyltransferases can participate in PC biosynthesis from PE in 
yeast. The yeast genes encoding these enzyme activities have been cloned (Kodaki and 
Yamashita, 1987). These methyltransferases are hydrophobic integral membrane pro
teins of the ER. The PE methyltransferase (Mr = 101,202) and phospholipid methyl
transferase (Mr = 23,150) possess five and three putative transmembrane domains, 
respectively. These two membrane proteins are homologous to one another, suggesting 
that they evolved by gene duplication. Regions of both methyltransferases are homolo
gous to other methyltransferases that use AdoMet as the methyl donor. These homolo
gous regions are very likely in the AdoMet binding site; therefore, they should be 
exposed at the ER's cytosolic face. The membrane topology of these methyltransferases 
is not known. However, it seems likely that the phospholipid methyltransferase's NH2-

terminal domain is exposed at the ER's trans face since this would position the apparent 
AdoMet binding site at the cis face. Moreover, it is interesting to note that the 
phospholipid methyltransferase's first hydrophobic domain overlaps the AdoMet bind
ing site by about ten amino acids. Presumably, the intercalation of a portion of the active 
site into the ER's bilayer enhances both the binding and release of phospholipid 
intermediates. 

Hepatocytes of vertebrates also synthesize PC by methylation of PE. A single 
enzyme of 18 kDa catalyzes all three steps [Eqs. (8.4)-(8.6)]. Although its deduced 
amino acid sequence is unavailable, functional studies have shown that its active site is 
expressed at the ER's cytosolic surface. 

8.2.1.2. Membrane Trafficking of PC Molecules 

Since phospholipids are exclusively synthesized on the ER's cis face, a mechanism 
must be available to move some newly synthesized lipids to the trans bilayer leaflet. This 
movement is provided by phospholipid transporters or flippases. Although PC does not 
spontaneously flip from one membrane face to the other (flip-flop) at an appreciable 
rate on plasma membranes, it rapidly (t1l2 < 2 min) flip-flops across ER membranes 
(Bishop and Bell, 1985). This is apparently catalyzed by a membrane protein. In 
microsomal membranes flip-flop is inhibited by proteases and certain chemical reagents. 
Although microsomal lipids are unable to support flip-flop when reconstituted in 
vesicles, reconstituted microsomal proteins can catalyze flip-flop (Backer and Dawido-
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wicz, 1987). Therefore, the ER's membrane is believed to contain proteins that catalyze 
the rapid transbilayer migration of phospholipids. 

As Figure 8.5 illustrates, PC could leave the ER by several pathways. PC at either 
the cis or trans faces could meander along the secretory pathway through the Golgi, 
secretory vesicles, and eventually reach the plasma membrane. This pathway is most 
important for PC at the trans face since there is no other pathway for lipid movement 
from the ER to a plasma membrane's trans face. 

PC is also transported from the ER's cytosolic face to cytosolic faces of other 
organelle membranes and the plasma membrane by translocation proteins. Since PC is 
insoluble in water, transport through the cytosol in a monomeric form is very, very slow. 
An attractive possibility that may account for the shuttling of PC and other lipids among 
membranes are phospholipid transfer proteins. 

Although PC accounts for 39% of mitochondrial lipids, it cannot be synthesized by 
mitochondria. Therefore, mitochondrial membranes are a particularly good system to 
study PC transport pathways. Newly synthesized PC is transported from ER to mito
chondria with a t1l2 < 30 min. Cytosolic phospholipid transfer proteins may partici
pate in PC's movement. Transfer proteins have been isolated from numerous cell types 
and shown to promote the exchange or net transfer of lipids in vitro. However, 
phospholipid transfer proteins have not yet been shown to play a role in vivo. After 
the genes encoding these proteins have been cloned, it may be possible to sort out their 
functions by gene disruption experiments in yeast. 

Phospholipid transfer proteins may also contribute to the transport of PC to the 
plasma membrane's cytosolic face. Kaplan and Simoni (1985) have shown that PC can be 
rapidly transported to plasma membranes in a vesicle-independent fashion. As van Meer 

l·~··········· 

Monomer 
•• ·traffic .... /' \ 

Figure 8.5. Potential phospholipid trafficking pathways among endomembranes. Lipids synthesized in the 
ER must be translocated to other membranes. Cells handle lipid sorting and transfer by several mechanisms. 
Secretory vesicular traffic, phospholipid transfer proteins, and monomer traffic are illustrated. The mito
chondria and Golgi also participate in the synthesis of essential lipids. Local lipid synthesis and modification 
are not shown. 
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(1989) points out, there are two plasma membrane PC pools corresponding to each of a 
bilayer's leaflets. The rapidly and slowly exchanging pools could be the cis and trans 
membrane faces. The exchange of PC at the cytosolic face may be mediated by transfer 
proteins whereas the trans PC molecules may arrive via the energy- and temperature
dependent secretory pathway. 

8.2.1. 3 . Synthesis and Intracellular Transport of PS and PE 

PS is synthesized by two fundamentally distinct pathways in higher eukaryotes 
versus lower eukaryotes and prokaryotes. In higher eukaryotes, PS is formed by a base 
exchange reaction catalyzed by PE:serine O-phosphatidyltransferase: 

PE:serine O-phosphatidyltransferase 
PE + serine ) PS + ethanolamine (8.7) 

This reaction primarily takes place at the ER's cis face, although limited activity has 
been found in other membranes. Although PE is the preferred substrate for this reaction 
(Vance, 1986), it also synthesizes PS by base exchange with PC (Bishop and Bell, 1988). 
Experiments with cultured cell lines have shown that base exchange reactions are 
essential for the growth of higher eukaryotes. 

In prokaryotes and lower eukaryotes, PS is directly synthesized from CDP-DAG 
and serine: 

CDP-DAG:L-serine O-phosphatidyltransferase 
CDP-DAG + serine ) PS + CDP (8.8) 

The reaction is catalyzed by the PS synthase (CDP-diacylglycerol:L-serine O-phospha
tidyltransferase). This enzyme is found in bacteria and yeast, but never in animals or 
plants (Vance, 1986). It was first purified by affinity chromatography on resins made 
of DAG covalently linked to Sepharose beads. Early experiments showed that the 
enzyme was an integral membrane protein of the ER. The PS synthase gene (chol) has 
been cloned from yeast. It encodes a very hydrophobic membrane protein with four 
potential transmembrane domains (Nikawa et al., 1987a). Although the gene encodes 
an Mr = 30,804 molecule, the mature protein may be somewhat smaller. 

In prokaryotes and yeast, PS is a vital precursor of PE and PC: 

decarboxylation N-methylations 
PS ) PE ) PC (8.9) 

Therefore, PS production in these cells can regulate the production of other phospho
lipids (Vance, 1986). One important pathway of PE biosynthesis is via the decarboxyla
tion of PS. This is catalyzed by PS decarboxylase, an enzyme residing in the mito
chondrial inner membrane. Due to the locations of PS synthase and PS decarboxylase, 
PS and PE must be shuttled to and from mitochondria. In contrast to the rapid trans
port of PC to mitochondria, PS has a transit time of 7 hr (van Meer, 1989). The 
mechanism of transport is unknown, but it is thought to require the formation of a special 
class of intracellular transport vesicles. After decarboxylation, the newly formed PE is 
transported to the ER by a rather obscure energy-dependent mechanism. 

Higher eukaryotes synthesize PE by three distinct mechanisms. First, these cells 
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biosynthesize PE by the decarboxylation of PS, as we described in the preceding 
paragraph. In addition, higher eukaryotes synthesize PE by de novo synthesis and base 
transfer reactions. The steps involved in these processes are analogous to those described 
above for the CDP-choline pathway of PC synthesis and the base transfer reaction 
producing PE is just the reverse of Eq. (8.7). These pathways are schematically 
illustrated in Figure 8.6 

8.2.1.4. Genesis and Maintenance of Asymmetric Biological Membranes 

As previously described (Section 2.1.7), amino lipids are preferentially located 
at the plasma membrane's cis face whereas choline lipids are primarily found at the trans 
face. This asymmetry might be explained by the asymmetry of phospholipid synthesis. 
For example, phospholipids are synthesized at the ER's cis face whereas SM and 
glycosphingolipids are assembled at the Golgi's trans face. Since PS and PE are not flip
flopped to the trans face, biosynthesis may contribute to the initial asymmetry of lipids. 
However, biosynthesis alone cannot account for the maintenance of phospholipid 
asymmetry. Although ESR spectroscopy has shown that spontaneous PC flip-flop is very 
slow in erythrocytes, PS and PE spontaneously flip to the trans face with t1/2'S of 5 
min and 1 hr, respectively (Devaux, 1988). Since flip-flop is much faster than the 
erythrocyte's 120-day lifetime, additional factors must contribute to the maintenance of 
lipid asymmetry in erythrocyte membranes. 

A cell surface aminophospholipid flippase is believed to account for the lipid 
asymmetry ofRBC membranes (Devaux, 1988). This flippase activity is mediated by an 
ATP-driven membrane protein. PS and PE compete for the flippase's binding site. 
Since PS has the higher flippase binding affinity, it has the faster rate of translocation. 

8.2.1.5. Biosynthesis of PI 

Although PI accounts for only a small fraction of total membrane lipid, it is a vital 
regulatory molecule. We previously learned that PI and its phosphorylated derivatives 

rOAG~ COP-choline COP-ethanolamine 
~hway ~hway 

PC ... Methylation PE 

Figure 8.6. Interrelationships among phos
pholipid biosynthetic routes in eukaryotes. 
Substrate-product relationships and reaction 
pathways are shown for PC, PE, DAG, and 
PS. The complex interactions suggest com
plex regulatory mechanisms. 
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PIP and PIP2 play important roles in transmembrane signaling (Section 7.6). We 
will now consider the synthesis of PI. 

PI is synthesized directly from CDP-DAG and inositol by PI synthase (CDP
diacylglycerol:inositol 3-phosphatidyltransferase): 

CDP-DAG + inositol~PI + CM 

PI + ATP~PIP + ADP 

PIP + ATP~PIP2 + ADP 

(8.10) 

(8.11) 

(8.12) 

The phosphorylated derivatives PI-4-phosphate (PIP) and PI-4,5-bisphosphate are 
synthesized by the sequential phosphorylation of PI by ATP. 

In analogy with other phospholipids, PI synthesis takes place at the ER's cis face. 
The PI synthase (Mr = 24,823) of yeast has been cloned (Nikawa et at., 1987b). Its 
deduced amino acid sequence revealed two potential transmembrane domains and 
sequence homology to PS synthase (Section 8.2.1.3). Since both enzymes utilize the 
substrate CDP-DAG, this homologous region may correspond to a substrate binding site. 
Several cellular membranes participate in the conversion of PI to PIP and PIP2. 

PI, PIp, and PIP2 are rapidly transported and turned over within cells. For example, 
PI is transported to mitochondria within minutes of synthesis (van Meer, 1989). This is 
likely mediated by a PI/PC transfer protein. The transfer protein is probably responsible 
for replenishing plasma membrane PI molecules spent during transmembrane signaling. 

8.2.1.6. Synthesis of Sphingolipids 

Sphingosine is believed to be synthesized at the ER membrane's luminal face. SM, 
one of its derivatives, is assembled at the Golgi's luminal surface (Pagano and Sleight, 
1985). The following base exchange reaction takes place: 

PC:Cer phosphorylcholine transferase 
PC + Cer )SM + DAG (8.13) 

This enzyme-catalyzed reaction does not require energy. SM's membrane asymmetry is 
established by its biosynthesis since it is unable to flip-flop across bilayers. It is 
apparently transferred to other membranes by vesicles since it can only be found in 
membranes associated with the Golgi, cell surface, secretory vesicles, and endosomes. 
The assembly of glycosphingolipids will be presented in Section 8.2.3.3. 

8.2.2. Cotranslational Insertion of Proteins into the ER's Membrane 

All nuclear DNA-directed protein synthesis begins in the cytosol. However, many 
of a cell's roughly 2000 proteins must be directed to their appropriate organelle. This 
targeting is accomplished during (cotranslational) or after (posttranslational) protein 
synthesis. We will now explore the cotranslational biosynthetic delivery of membrane 
and secretory proteins to the ER; Section 8.2.4 will consider posttranslational movement 
across membranes. In Section 8.2.5 we will discuss how bacteria utilize both co- and 
posttranslational membrane insertion. 
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8.2.2.1. Sequences That Signal: Their Recognition and Targeting 

Early in vitro translational studies of secretory, lysosomal, and integral membrane 
proteins found that these proteins possessed 20 to 40 unexpected amino acids at their 
NH2-termini. These residues are not found after in vivo biosynthesis or in vitro synthe
sis in the presence of unmodified microsomes. This string of about 25 amino acids, or 
signal sequences, specifies the delivery of a nascent polypeptide and its ribosome to 
the ER's membrane. If these residues are removed or substantively altered by experi
mental tampering, these proteins accumulate in the cytosol. All signal sequences display 
considerable hydrophobicity. However, no unambiguous consensus sequence of amino 
acids that represent an ER signal has been found. 

The signal sequence is recognized by the signal recognition particle (SRP). When 
SRP binds to a signal sequence emerging from a free ribosome, translation is abruptly 
halted or at least slowed dramatically (Walter and Lingappa, 1986). This allows time 
for the ribosome-SRP complex to find a binding site on the ER's membrane (Figure 8.7). 

SRP is a rod-shaped cytosolic ribonucleoprotein. It consists of a 7 S RNA molecule 
and six proteins (Figure 8.7). The 300-nucleotide RNA strand possesses considerable 
secondary structure. Proteins of 9, 14, 19, 54, 68, and 72 kDa are associated with each 
RNA molecule. The 19- and 54-kDa proteins are monomers whereas the other four 
proteins exist as two dimers (9 + 14 kDa and 68 + 72 kDa). Purified SRPs can be 
disassembled and reassembled in vitro. This allows the functions of individual proteins 
to be tested in reconstitution assays. These experiments have defined three regions 
within SRPs: (1) signal sequence binding, (2) inhibition of protein synthesis (elongation 
arrest), and (3) membrane docking. 

SRP binds very weakly to resting ribosomes. This affinity increases thousands of 
fold when a signal sequence emerges from a ribosome's active site. SRP's 54-kDa 
subunit binds to signal sequences. Direct photochemical cross-linking experiments have 
shown the molecular proximity of the 54-kDa subunit and a signal sequence. The 
deduced amino acid sequence of the 54-kDa SRP protein has recently been obtained 
(Romisch et al., 1989; Bernstein et al., 1989). These studies revealed that the 54-kDa 
protein is a G protein. GTP is apparently used to switch the protein between two 
conformations. It also contains a Met-rich domain. The Met-rich domain is apparently 
comprised of three 25-residue amphipathic a-helices. The hydrophobic faces of these 
helices are largely made up of Met, Ile, and Leu residues (Bernstein et al., 1989). The 
helices may form a groove or cavity at the protein's surface. When the hydrophobic 
signal sequence leaves a ribosome's active site, it may fit into this cavity in a lock-and
key fashion. Since Met residues are quite flexible, they may be able to accommodate the 
many structurally heterogeneous yet hydrophobic signal sequences found in nature. 

The SRP's 9- and 14-kDa dimer halts protein synthesis. If the 9- and 14-kDa 
proteins are deleted in SRP reconstitution experiments, the signal sequence is still 
recognized and some of the new proteins are targeted to the ER. However, since protein 
synthesis continues, some proteins mature too quickly to be delivered to the ER. Earlier 
studies have shown that SRP is only able to functionally bind to certain lengths of 
nascent polypeptides. Therefore, SRP's elongation arrest function increases the effi
ciency of protein delivery to the cis face of the ER's membrane. 
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Figure 8.7. Protein synthesis at the ER surface. The signal sequence is recognized by the SRP (upper 
illustration). After cytosolic movement, the complex becomes bound to ER membranes (lower illustration). 
This shows a hypothetical model of protein synthesis on the ER's cytosolic face. Several of the participating 
components are labeled. 

8.2.2.2. Delivery of Proteins to the ER's Membrane 

Although both the large and small ribosome subunits are near the ER's membrane, 
only the large subunit is physically linked to the membrane (Unwin, 1977). This link
age is mediated at least in part by the ribosome-associated SRP which binds to SRP 
receptors of ER membranes. SRP's 68- and 72-kDa proteins act as ligands for the SRP 
receptor (or docking protein) present in ER membranes. SRP's receptor was first 
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identified by cross-linking experiments (Wiedmann et al., 1987). It soon became 
apparent that the SRP receptor is composed of at least two subunits, a and 13. 

Lauffer et al. (1985) cloned a cDNA sequence encoding the SRP receptor's 
a-subunit gene. The deduced amino acid sequence revealed several interesting struc
tural features. The a subunit is a 69-kDa integral ER membrane protein. It is attached to 
membranes via two putative transmembrane a-helices. A charged residue is apparently 
buried within the membrane's hydrophobic core. In analogy with many integral 
membrane proteins participating in transport, such as lactose permease, bacterio
rhodopsin, and band 3, this residue may playa direct functional role or trigger specific 
interactions among other transmembrane domains. A large COOH-terminal domain 
at the ER's cis face possesses many charged residues. A portion of this domain is 
homologous to nucleic acid binding proteins. This suggests that SRP's 7 S RNA binds 
to this region of the SRP receptor. 

In addition to possible nucleic acid-protein interactions, protein-protein inter
actions between SRP's 68- and 72-kDa proteins and the SRP receptor also contribute 
binding affinity. Recent studies have shown that the a subunit binds GTP (Connolly and 
Gilmore, 1989) and that GTP is necessary for signal sequence release from SRP. 
Bernstein et al. (1989) have speculated that homotypic interactions between SRP's 
54-kDa G protein and the SRP receptor's G protein may take place. The coordinated 
interaction of these G proteins is important in delivery of proteins to the ER. Multiple 
physical interactions between SRP and its receptor apparently take place. 

The SRP receptor's 13 subunit is a 30-kDa integral protein. It has two or three 
transmembrane strands. A gene that may correspond to a yeast cell's SRP receptor 13 
chain has been cloned (Deshaies and Schekmann, 1989). This protein contains an 
unusually basic COOH-terminus. In analogy with the receptor's a subunit, this basic 
region may potentiate the binding of the acidic 7 S RNA molecule of SRP to its receptor. 

The SRP receptor is believed to mediate the delivery of ribosomes and nascent 
polypeptide chains to the ER. However, the receptor per se is not thought to form the 
transmembrane channel that allows polypeptide passage across the ER's membrane 
(Walter and Lingappa, 1986). The SRP receptor alternatively cycles through SRP 
binding and delivery of the nascent protein to the transmembrane delivery channel, 
which is the subject of the following section. 

8.2.2.3. Transmembrane Migration of Proteins 

Few areas of modern biology are as poorly understood as protein translocation 
across ER membranes. One of the difficulties in this area of research has been an 
inability to reconstitute membrane translocation in a completely defined in vitro system. 
There are two basic approaches used to attack the problem: biochemical and genetic. 
We will now discuss what these approaches have contributed to our understanding of 
protein translocation. 

After arrival at an ER membrane, a signal sequence is inserted into a translocation 
pore complex. Translocation pores are made of proteins; this has been shown by their 
sensitivity to proteolysis and alkylation (e.g., Nicchitta and Blobel, 1989). A protein-



Membrane Fusion, Formation, and Flow 313 

aceous transmembrane channel also finds support in extraction studies. These experi
ments indicated that translocation intermediates could be extracted from membranes 
without perturbing the lipid bilayer. This suggests that during translocation nascent 
chains reside in a polar transmembrane environment, presumably a channel or pore 
constructed from an integral membrane protein(s). Electrophysiological studies using 
ER components reconstituted in black lipid bilayers have shown the presence of a 
ribosome-dependent protein translocation pore (Simon and Blobel, 1991). Unfortu
nately, we do not know the identity of this protein(s) or how it functions. 

Krieg et al. (1989) have identified a potential protein component of the transloca
tion pore. They constructed an in vitro translation system that inserts photoaffinity labels 
along the entire length of a nascent polypeptide chain. Preprolactin mRNA was 
truncated at many points along its length. These messages were translated in vitro using 
ribosomes, SRPs, microsomes, aminoacyl tRNAs, and other cofactors. Most impor
tantly, a lysine analogue containing a photoreactive moiety attached to its epsilon amino 
was included in the translation broth. During translation reactions the photoaffinity 
group was incorporated into the nascent protein's covalent structure. When photoacti
vated during translocation, this group became attached to a 39-kDa integral membrane 
protein (mp39). mp39 was covalently tagged by the photoaffinity group at all of its 
positions along the secretory protein's length. This suggests that mp39 is in close contact 
with growing polypeptide chains as they cross the ER's membrane. 

The identity and molecular features of mp39 have not been elucidated. Its 
molecular weight suggests that it may be the SRP receptor's l3-subunit. Proteolytic 
maps of the SRP receptor's l3-chain and mp39 should help resolve this issue. It is 
interesting to note that intramembrane l3-structure may be present in the SRP receptor's 
l3-chain; we have previously encountered transmembrane l3-sheets within many mem
brane pores. This possibility is not inconsistent with the hypothesis that the SRP 
"receptor" only performs a delivery function. The receptor's a-chain has a high affinity 
for both SRP and its l3-subunit. It is possible that the a-subunit's primary function 
is binding and delivery whereas the l3-subunit is responsible for translocation. These 
and related issues should be sorted out within a few years. 

Several proteins, in addition to mp39, may participate in membrane translocation 
(Walter and Lingappa, 1986). For example, the eUkaryotic signal peptidase is composed 
of six proteins. Ribophorins (I and II) have been identified as ER-specific membrane
bound ribosome-binding proteins. Their deduced amino acid sequences have shown that 
ribophorins I and II each possess a single transmembrane domain and a large luminal 
domain (Harnik-Ort et al., 1987; Crimaudo et al., 1987). The ribophorins may allow a 
ribosome to "push" the nascent polypeptide into a translocation pore. Although 
ribophorins form complexes with other translocation proteins and participate in trans
location (Yu et al., 1990), they may not line the translocation channel. 

Chirico et al. (1988) have shown that a 70-kDa heat shock protein (hsp70) 
participates in protein translocation across ER membranes. This protein has also been 
linked to posttranslational import of proteins into mitochondria (Section 8.2.3.3). hsp70 
uses ATP to unfold proteins. This protein was first identified in yeast cytosol extracts as 
a factor that increased the rate of protein translocation across ER membranes. hsp70 is 
composed of two very similar proteins encoded by SSAl and SSA2 genes. These genes 
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are constitutively expressed by cells. The hsp70 proteins apparently use ATP to 
straighten proteins prior to entry into a translocation channel. The slow translocation 
rate found in the absence of hsp70 is likely due to the presence of kinks that cannot easily 
pass through the channel's opening. 

After emerging at the translocation pore's luminal face, nascent polypeptide chains 
interact with BiP (binding protein), which is homologous to hsp70 and a member of the 
hsp70 family of proteins. A groove at BiP's surface, similar to that of HLA (see Figure 
4.5), binds to peptide sequences of about seven aliphatic residues (Flynn et al., 1991). 
Multiple BiPs bind to each protein (Kim et al., 1992), thus preventing protein aggrega
tion and premature folding. BiP is required for membrane translocation (Nguyen et al., 
1991). As we will discuss below, BiP also regulates protein retention in the ER. 

8.2.2.4. Membrane Proteins: Assumptions of Their Topographies 

As Table 2.3 indicates, the NH2- and COOH-termini of various transmembrane 
proteins can be found at either the cis or trans membrane faces. This may seem a bit odd 
because protein biosynthesis is always in the NH2~COOH direction. However, the 
distribution of positive charges in the nascent membrane protein's covalent sequence, 
not its direction of biosynthesis, directs the NH2-terminus's membrane orientation. The 
orientation of any additional transmembrane domains within the same protein are likely 
determined by the orientation of the first domain. Analyses of prokaryotic and eukary
otic transmembrane proteins have shown that amino acid sequences at their cis faces are 
highly enriched in positively charged Arg and Lys residues (von Heijne, 1986, 1988; 
Hartmann et al., 1989). In contrast, these residues are largely absent from translocated 
protein domains. Therefore, as we previously encountered (e.g., Section 2.3.5.1), 
clusters of positive charges are generally found at a membrane protein's cis face. The 
location of a protein's NH2-terminus at the cis or trans membrane faces depends on the 
presence and positions of positively charged clusters of amino acids. 

If positive charges regulate NH2-terminal position, it should be possible to alter 
transmembrane orientation by changing a protein's sequence. Data consistent with this 
hypothesis have been obtained during export targeting studies of alkaline phosphatase 
(Li et al., 1988) and a fusion protein constructed from the ~-lactamase signal sequence 
and triose phosphate isomerase (Pluckthun and Knowles, 1987). These studies support 
the idea that positive charges near the signal sequence regulate secretion and NH2-

terminal position. 
Recently, von Heijne (1989) has prepared mutants of the E. coli membrane protein 

leader peptidase to directly test the relationship between positive charges and protein 
topography. Under normal conditions the NH2-terminus is found at the cytoplasmic 
membrane's trans face. However, when four Lys residues are added to the NH2-terminal 
region, it remains at the cis face. The entire topography of the protein is flipped, thereby 
putting the peptidase's active site at the cis face. This experiment provides a clear 
indication that positive charges can affect the location of a membrane protein's NH2-
terminus. The orientation of any additional transmembrane domains are therefore set in 
alternating fashion (trans-cis-trans-cis ... ) until all transmembrane domains 
have been woven into the membrane. 
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A more fundamental issue is: how do positive charges trigger retention at the cis 
face? The positive charges do not seem to be recognized by a specific retention receptor. 
Furthermore, the heterogeneity in the position, composition, and neighboring and 
intervening sequences make retention receptors an unlikely option. The retention of 
positive charges at the cis face may be explained on simple physicochemical grounds. 

To understand how elementary physical forces may influence membrane protein 
topography, we must identify the physical limitations of translocation. Positively 
charged clusters are hydrophilic. However, the hydrophilic nature of the positive charges 
per se must be unimportant because negatively charged residues are equivalent to neutral 
residues in membrane polypeptide translocation. A transmembrane potential must 
also be an unimportant factor since: (1) the ER does not have a significant trans
membrane potential and (2) potential-destroying ionophores have no effect on NHr 
terminal disposition. The dipoles of integral membrane proteins may not be important in 
determining NH2-terminal disposition. This is likely since: (1) the positive-cis rule 
would suggest that other ER membrane proteins should also have any positive clusters 
at the cis face (just the reverse of how an ER protein dipole should catalyze insertion) 
and (2) translocation-associated membrane proteins are thought to have positive charges 
at their cis face to facilitate the binding of SRP. Acidic RNA molecules and phospholipids 
may contribute to the retention of positively charged membrane protein domains in the 
cytosol. 

Internal membrane potentials, particularly dipole potentials, may contribute to the 
retention of positively charged domains at a membrane's cis face. To cross an entire 
bilayer, each translocated amino acid must pass by the bilayer's center. However, due 
to the spatial orientation of lipid head groups, carbonyl carbons, and neighboring water 
molecules, a dipole potential of roughly +250 mV is present at the center of all 
phospholipid bilayers (Honig et al., 1986)! Hydrophobic anions diffuse across bilayers 
whereas hydrophobic cations cannot. Furthermore, the ability of a nascent polypep
tide to pass the center dramatically rises as two or more positive charges simultaneously 
experience a dipole potential. As ER membrane-bound ribosomes extend a growing 
polypeptide chain, the nascent chain's positive charges will feel a large repulsive 
force due to the dipole potential. The nascent polypeptide will follow the path of least 
resistance back to the membrane's cis face. In the absence of positive charges, the NH2-

terminus is predicted to follow a "default" pathway to the trans membrane face. 
Although experimental tests of this hypothesis are necessary, the dipole potential may 
explain the selective barrier for positive charges and the heterogeneity in type and spatial 
arrangement of positive charges. 

8.2.3. Assembly and Addition of Carbohydrates to Membrane Proteins 

In Section 3.1 we discussed membrane carbohydrates. Membrane oligosaccharides 
are assembled in a stepwise fashion on ER and Golgi membranes. N-linked glycosylation 
begins in the ER during membrane protein synthesis (Rothman and Lodish, 1977). 
O-linked oligosaccharide chains are constructed in the Golgi. This section will ex
plore the biosynthesis of membrane carbohydrates. 
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8.2.3.1. Construction and Transfer of the N-linked Oligosaccharide Precursor on 
ER Membranes 

All N-linked oligosaccharide chains of membrane proteins are initially assem
bled on the carrier lipid dolichol (Dol) in the ER (Hirschberg and Snider, 1987; 
Chojnacki and Dallner, 1988). Dolichol is synthesized by ER membrane-bound en
zymes. It is an unsaturated long-chain isoprenoid alcohol built from 15-21 isoprene 
units. Yeast cells typically have fewer isoprene units than higher eukaryotes. Dolichol's 
long axis extends for up to 92 carbon atoms, sufficient to traverse a bilayer's hydrophobic 
core three times. However, its membrane-bound conformation is unknown. A dolichol 
molecule attached to the precursor oligosaccharide chain (Glc3Ma~GlcNAc2-PP-Dol) is 
shown in Figure 8.8. 

Dolichol's unusual covalent structure endows it with some special physicochemical 
properties (Lennarz, 1987). For example, it abolishes the phase transition of DMPC 
bilayers. Dolichol also increases the fluidity of PE bilayers and promotes formation of 
the hexagonal II phase. Membrane destabilization brought about by dolichol may 
promote the passage of certain carbohydrate chain lengths across a membrane via local 
discontinuities or defects in bilayer structure, particularly near proteins. 

The biosynthetic pathway of Glc3Man9GlcNAcrPP-Dol is shown in Figure 8.9. 
The enzyme UDP-GlcNAc:Dol-P transferase catalyzes the transfer of GlcNAc-P from 
UDP-GlcNAc to Dol-P' This reaction is inhibited by the antibiotic tunicamycin. Al
though this reaction is known to be carried out by ER membranes, it is not known which 
side ofthe ER's membrane is involved. Yeast's UDP-GlcNAc:Dol-P transferase has been 
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Figure 8.8. N-linked precursor oligosaccharide. The complete dolichol-linked pre
cursor oligosaccharide chain is shown. The dolichol pyrophosphate moiety is shown 
on the right. The oligosaccharide chain on the left is transferred to sites of N-linked 
glycosylation. 
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cloned (Kukuruzinska et al., 1987). It has two putative membrane-spanning domains. 
When this enzyme's active site and topology are known with certainty, it should be 
possible to unambiguously determine the location of GlcNAc2-PP-Dol formation. This 
transferase's function is absolutely essential since prolonged exposure to tunicamycin 
or disruption of its gene is lethal. 

The enzyme 13-1,4 mannosyltransferase catalyzes the reaction: 

GlcNAc2-PP-Dol + GDP-Man ~ Man131~4GlcNAc2-PP-Dol (8.14) 

This enzyme also possesses two apparent transmembrane domains. Four additional Man 
residues are then transferred to the precursor oligosaccharide chain. These reactions are 
thought to occur at the ER membrane's cis face since: (I) biochemical studies have 
localized Man3-5GlcNAc2-PP-Dol to the cis face and (2) GDP-Man cannot be transported 
across the ER's membrane. 

The Man5GlcNAcrPP-Dol molecule flip-flops from the cis to the trans face of the 
ER's membrane. Although Man5GlcNAc2-PP-Dol is found at the cis face, all subsequent 
forms are exclusively found at the trans face. Since saccharide-Dol molecules are unable 
to spontaneously flip-flop across phospholipid vesicles as measured by ESR spectros
copy, their movement is likely catalyzed by a flippase. When Man5GlcNAcrPP-Dol 
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reaches the ER's trans face, additional Man and Glc residues are donated by Man-P-Dol 
and Glc-P-Dol, respectively. 

Man-P-Dol is synthesized by Dol-P-mannosyltransferase, an essential integral 
membrane protein (30 kDa) of the ER. The deduced amino acid sequence of this enzyme 
revealed a single transmembrane domain and a potential site for PKA-mediated phos
phorylation (Orlean et al., 1988). The COOH-terminal side of its transmembrane 
domain is exclusively composed of bulky hydrophobic residues. This region has been 
suggested to interact with the dolichol chain. One of the most interesting aspects of 
Dol-P-mannosyltransferase is that Man-P-Dol is synthesized at the cis face but utilized 
at the trans face. Although the topology of the transferase is uncertain, its active site is 
presumably exposed at the ER's cis face. This suggestion is based on the observations 
that: (1) transferase activity is sensitive to proteases at the cis face, (2) the substrate GDP
Man is only available at the cis face, and (3) the consensus PKA phosphorylation site, 
which is on the same side of the transmembrane domain as the catalytic site, must be 
on the cis face to be functional. After Man-P-Dol is synthesized, the mannosyl
transferase is believed to flip-flop it to the trans ER face (Haselbeck and Tanner, 1982). 
These investigators showed that the transferase catalyzes Man-P-Dol flip-flop when 
reconstituted into lipid vesicles composed of PC and dolichol. When Man-P-Dol is 
released at the trans face, it participates in the addition of Man to precursor oligosac
charide chains. 

The formation of Man-P-Dol and Glc-P-Dol are regulated by cAMP (Banerjee et 
al., 1987). The l3-adrenergic receptor stimulates the Dol-P-mannosyltransferase activ
ity of several cell types by 40% to 80%. Its Km is unchanged while the V max doubles. The 
effect is due to phosphorylation since enzyme activity can be increased or decreased 
in vitro by phosphorylation or dephosphorylation reactions, respectively. Extracellular 
signaling events regulate PKA, phosphorylation patterns, and consequently Man-P-Dol 
and N-linked oligosaccharide synthesis. 

As described in the preceding paragraphs, the first seven carbohydrate residues are 
thought to be added to dolichol at the ER's cis face. The last seven residues of the 
precursor oligosaccharide are added at the trans face (Figure 8.9). Four Man-P-Dol 
molecules donate their Man residues to MansGlcNAcz-PP-Dol to form Man9GlcNAc2-
PP-Dol. A variety of studies have indicated that these Man additions only occur at 
the ER's trans face (Hirschberg and Snider, 1987). Three Glc molecules are then 
linked to Man9GlcNAc2-PP-Dol to form Glc3Man9GlcNAc2-PP-Dol (Figure 8.9). Glc 
residues donated by Glc-P-Dol are added by two enzymes to the growing oligosaccharide 
chain. Although the mechanism of Glc-P-Dol synthesis is uncertain, it is presumed to be 
similar to that of Man-P-Dol. These Glc molecules are added when the Man additions are 
finished or nearly finished. The series of membrane reactions leading to Glc3Man9Glc
NAc2-PP-Dol are common to all eukaryotes. The great evolutionary pressure that has 
maintained this rather inelegant biosynthetic route has not been adequately explained. 

The oligosaccharide precursor is now ready to be transferred to a protein. The 
enzyme oligosaccharide transferase catalyzes the en bloc transfer of Glc3Man9GlcNAc2 
from Dol-pyrophosphate to a peptide chain at the ER's trans surface. A phosphatase 
cleaves Dol-PP to Dol-P which then begins another round of oligosaccharide precursor 
assembly. 
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This oligosaccharide chain is added at the amino acid acceptor sequence Asn
X-Ser(Thr) (Section 3.1). The X represents any amino acid residue with the possible 
exceptions of Asp and Pro (Hubbard and Ivatt, 1981). The carbohydrate chain is usually 
cotranslationally added to a nascent polypeptide, although posttranslational transfer has 
been observed in a few exceptional cases. As we have previously observed, not all 
consensus N-linked acceptor sites become glycosylated. Steric factors are believed to 
account for the consistent glycosylation of certain acceptor sites but not others. The 
small hydrophobic tripeptide acetyl-Asn-Leu-Thr-NHCH3 diffuses across the ER mem
brane where it becomes glycosylated and trapped in the lumen (Welply et al., 1983). 
This result indicates that: (1) oligosaccharide transferase is functionally active at the 
luminal face and (2) the tripeptide sequence is the signal for oligosaccharide addition, 
not just the position of linkage. Since there are no steric constraints on the tripeptide, 
they are good substrates for glycosylation. However, some N-linked acceptor sites 
may be sterically excluded from the oligosaccharide transferase's active site. This is 
supported by the fact that nonglycosylated acceptor sites can become glycosylated after 
protein denaturation. Furthermore, when the glycosylation sites and x-ray crystal 
structures of several proteins were compared, the glycosylation sites were generally 
found at l3-turns or loops. Therefore, N-linked acceptor sites are glycosylated when 
they are accessible to the active site of oligosaccharide transferase. 

The oligosaccharide transferase's active site interacts with both the Asn and 
Ser(Thr) residues. When translation occurs in the presence of l3-hydroxynorvaline, an 
analogue of Thr without a methylene, glycosylation is reduced. This suggests that the 
distance of the Ser or Thr residue's OH group from the peptide backbone is an important 
factor in forming N-linkages (Hubbard and Ivatt, 1981). Similarly, minor modifica
tions of Asn abolish N-linked glycosylation. For example, in a methylamine derivative 
of Asn a hydrogen atom is replaced by a methyl, thereby resulting in an absence of 
activity (see Welply et al., 1983). Severe structural restrictions are placed on the 
oligosaccharide acceptor's site, which contributes to a substrate's steric constraints 
discussed above. 

8.2.3.2. Processing of N-linked Oligosaccharides 

After the oligosaccharide precursor is linked to a protein, it is trimmed. Yeast cells 
remove three Glc and one Man residue whereas higher eukaryotes cleave three Glc and 
six Man residues away. Integral membrane enzymes exposed at the trans face carry out 
these reactions. The Glc molecules are removed first within the ER by glucosidase I 
which cleaves the precursor's terminal Glc and glucosidase II-III which cleaves the two 
remaining Glc residues. In yeast, an ER membrane-bound mannosidase removes the last 
trimmed residue. Higher eUkaryotes remove six Man residues from the precursor with 
mannosidase I and mannosidase II, two enzymes associated with the Golgi. Golgi 
enzymes sculpt the remaining common core oligosaccharide into its many mature forms. 

Glycosyltransferases at the Golgi's trans face synthesize glycolipids, O-linked 
oligosaccharides of glycoproteins, and the terminal portion of N-linked glycoproteins. 
The Golgi's many glycosyltransferase activities are all exposed at its luminal surface. 



320 Chapter 8 

Many independent lines of investigation support this conclusion (Hirschberg and Snider, 
1987). Moreover, this enzyme topography is almost expected because the oligosac
charide chains undergoing modification face the lumen. However, the membrane 
topography of these enzymes requires that their nucleotide-sugar substrates be trans
ported into the lumen. 

With the exception of CMP-NANA, which is synthesized in the nucleus, all 
nucleotide-sugars are made in the cytosol. To participate in oligosaccharide synthesis, 
these nucleotide-sugars must be transported into the Golgi. Double radiolabeling 
experiments have shown that both the nucleotide and sugar moieties are translocated 
into the Golgi's lumen. Several integral Golgi membrane proteins catalyze the facilitated 
diffusion of nucleotide-sugars. These trans locators act as antiports; for example, the 
GDP-fucose translocator exchanges GDP-fucose for GMp, a molecule derived from 
glycosylation reactions. These translocators are highly specific and saturable carriers 
with Km's of about 1 to 10 f.LM. Their activities are decreased or abolished by reduced 
temperatures or protease treatments (Hirschberg and Snider, 1987). In vitro transport is 
inhibited by adding free nucleotide phosphates but not sugars. When these nucleotide
sugars reach the lumen, their carbohydrate moiety is added to a growing chain by a 
gl ycosy ltransferase. 

One cycle of a transport-glycosylation process of the trans Golgi is illustrated in 
Figure 8.10. In a living cell many different kinds of chemical reactions, including 
glycosylation reactions, occur simultaneously in the Golgi. Glycosyltransferases are 
heterogeneously distributed in Golgi membranes. For example, fucosyltransferase and 
sialyltransferase are predominantly found in the trans Golgi stack whereas N-acetyl
glucosamine-l-phosphotransferase is found in the cis Golgi. It has been speculated that 

Fucosyt 
transferase '-...-:rr---. 
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Figure 8.10. Fucosylation in the 
Goigi . The coupling of transport and 
glycosylation for fucose, a representa
tive glycosylation substrate, is shown. 
A Goigi membrane translocator cata
lyzes the exchange of GMP for GDP
Fuc. A fucosyltransferase catalyzes 
the addition of fucose to an oligosac

~ charide chain. GDP is cleaved to 
GMP and Pi' The GMP promotes the 
entry of additional substrate. 
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some glycosyltransferases may form multienzyme complexes, much like some proteins 
of the mitochondrial inner membrane, to facilitate substrate glycosylation. 

8.2.3.3. Biosynthesis of O-linked Oligosaccharides of Glycoproteins and 
Glycolipids 

The two preceding sections described the assembly of N-linked carbohydrates. In 
addition, O-linked glycosidic bonds between a saccharide's anomeric (number 1) carbon 
atom and a hydroxyl group of a membrane-associated lipid or protein are also observed. 
As previously described (Sections 2.1.3 and 2.1.4), this type of linkage is found in 
glycosyl diacylglycerols of plants and glycosphingolipids of animals. O-glycosidic 
linkages are also found between oligosaccharide chains and membrane proteins. We 
shall begin by considering the synthesis of the carbohydrate chains of glycolipids. 

All glycosphingolipids are derived from the cerebrosides GalCer and GlcCer. 
These molecules are synthesized in the ER by the transfer of Gal or Glc from its 
nucleotide sugar to Cer (Sweeley, 1986). For example, the enzyme UDP-Glc:ceramide 
glycosyltransferase catalyzes the synthesis of GlcCer [Eq. (8.15)] with inversion of the 
asymmetric carbon's configuration (ex --.? [3). 

UDP-Glc + Cer --.? Glc([31--.?l')Cer + UDP (8.15) 

This reaction has not been definitively localized in cells. The enzyme has been reported 
in both the ER and Golgi compartments; its topography (cis or trans) is unknown. 

Most common glycosphingolipids are derived from LacCer (Figure 2.6). UDP
Gal:glucosylceramide galactosyltransferase, a Golgi enzyme, catalyzes the synthesis of 
LacCer from UDP-Gal and GlcCer: 

UDP-Gal + GlcCer --.? Gal([31--.?4)GlcCer + UDP (8.16) 

The product, LacCer, is a substrate for other glycosyltransferases within the Golgi. 
These several glycosyltransferases account for the variety of glycolipids encountered in 
cell membranes. Some glycosyltransferases append sugars to both lipid and protein 
oligosaccharide chains. This explains why some membrane glycolipids and glyco
proteins possess ABO(H) blood group antigens (Section 8.2.3.4). 

O-type glycosidic linkages are almost always found between GalNAc and either Ser 
or Thr (Figure 3.3). A small fraction (~5 %) of O-linkages found in higher eukaryotes 
utilize the sugar GlcNAc. The O-linkage in yeast is always formed with mannose. The 
rare modified amino acids hydroxylysine and hydroxyproline can be found glycosylated 
in animals and plants, respectively. We will now consider the biosynthesis of O-linked 
oligosaccharide chains. 

In yeast O-linked oligosaccharide synthesis begins in the ER. This conclusion is 
supported by the fact that a secretory temperature-sensitive mutant (secl8) deficient in 
ER-to-Golgi transport supports chain initiation at a nonpermissive temperature (Kuku
ruzinska et al., 1987; Sections 8.3.6 and 8.3.8). In addition to its role in N-linked chain 
assembly, Man-P-Dol also donates its mannose moiety to a Ser or Thr residue with 
inversion of the anomeric carbon's configuration. Mannose is apparently cotransla-
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tionally added to polypeptide chains. Additional mannose residues are then linked to this 
saccharide moiety in the Golgi's lumen. 

Oligosaccharides of O-linked glycoproteins in higher eukaryotes are more complex 
than the simple mannose chains of yeast. They are often composed of GaINAc, Gal, 
NANA, and Fuc. O-linked chains tend to be shorter thanN-linked oligosaccharides with 
less branching. O-linked oligosaccharide chains are assembled at the Golgi's luminal 
face by glycosyltransferases. Some of these glycosyltransferase activities may be shared 
among the various pathways of glycolipid and glycoprotein synthesis. In contrast to 
N-linked oligosaccharides, O-linked chains of higher eukaryotes are assembled post
translationally in the Golgi without the participation of lipid intermediates. The same 
pool of nucleotide sugars are utilized for both N-linked chain extension and O-linked 
chain synthesis. 

The primary O-linked chains of glycophorin were previously discussed (Section 
3.1.3). Its simplest chain, Gal([31--73)GalNAc-Ser/Thr is synthesized by the sequential 
actions of two glycosyltransferases. This disaccharide can be further modified by the 
addition of one or two NANA residues. In the following section we will discuss the 
ABO(H) blood group system, a family of O-linked membrane oligosaccharide struc
tures. 

Steric factors apparently contribute to the selection of O-linked glycosylation sites. 
Young et al. (1979) have studied the O-linked glycosylation of myelin basic protein, a 
peripheral protein of myelin sheaths, and synthetic oligopeptides corresponding to 
portions of its covalent structure. These investigators found that O-linked glycosylation 
reactions were sensitive to an acceptor's covalent structure. Just as in the intact protein, 
certain residues could or could not be glycosylated. The residues at a peptide's NHz
terminus were not glycosylated. Moreover, residues with surrounding prolines were 
more readily modified. Presumably, acceptor accessibility is a key determinant of 
O-linked glycosylation. 

8.2.3.4. Golgi Glycosyltransferases Determine Blood Group Specificity 

Individuals within and among species vary in the glycosyltransferases they inherit 
and express. Consequently, secretory and membrane-associated oligo saccharides of 
different individuals can vary in structure. This is best illustrated by human blood group 
antigens. 

At the turn of the century Ehrlich and Landsteiner discovered the presence of blood 
group antigens in animals and people, respectively. Blood group antigens are important 
in many medical circumstances such as blood transfusion and tissue transplantation. The 
principal blood group type is the ABO(H) antigen system which is present on almost all 
human cells. These antigens represent different oligosaccharide structures expressed at 
cell surfaces. One should bear in mind that these antigens are not restricted to: (1) any 
particular type of cell or tissue or (2) any particular glycoprotein or glycolipid. 

Figure 8.11 shows several glycosphingolipids of the LacCer family that possess A 
blood group activity (Sweeley, 1986; Hughes, 1983). This illustrates that different 
kinds of glycosphingolipids possess blood group antigens. The physiologically impor
tant structural difference between blood group substances is their terminal residue: 
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Figure 8.11. Oligosaccharide structures of blood group substances. Three type A blood-group-active 
glycosphingolipids are shown (a-c). The blood-group-active regions are at the left-hand sides of the dotted 
lines. If the structures within the brackets are replaced by those given at the bottom of the figure, the type B or 
o phenotypes are observed. 

GalNAc for blood group A or Gal for blood group B (Figure 8.11, insert). When this 
terminal position is vacant, the blood type 0 is found. lYpe 0 individuals synthe
size only the immediate oligosaccharide precursor of the A and B antigens. 

Nearly everyone has H genes which encode the physical precursor H structure; 
phenotypically it is the absence of A and B. Some individuals inherit the A gene which 
encodes an N-acetylglucosaminyltransferase. When present, this Golgi enzyme cata
lyzes the addition of GalNAc to the H structure. The B gene is an allele of the A gene that 
encodes a galactosyltransferase. This enzyme's action leads to an alternate structure 
(Figure 8.11, insert) that is the B blood group antigen. An individual's blood group is a 
reflection of his or her glycosyltransferase activity. In addition to their presence on 
glycolipids, ABO blood group antigens are found on secretory proteins such as those 
found in serum or milk and, occasionally, on membrane proteins. 

8.2.4. Posttranslational Protein Transport across Mitochondrial Membranes 

Most mitochondrial proteins are synthesized in a cell's cytosol and then escorted to 
mitochondria by molecular chaperones. Chaperones, such as hsp70, prevent mitochon
drial precursor proteins from prematurely folding in the cytosol. Mitochondrial pro
teins of the matrix, intermembrane space, and inner membrane must first be translocated 
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from the cytosol to the outer membrane and then to these final destinations. We will now 
discuss how proteins cross the mitochondrial permeability barrier. 

8.2.4.1. Mitochondrial Binding 

The first step in mitochondrial membrane translocation is the association of a 
precursor protein with a mitochondrion. An NH2-terminal signal sequence of 20-80 
amino acids directs a protein to a mitochondrion. Deletion studies have shown that the 
initial 12 residues are absolutely required for transport. Genetically engineered fusion 
proteins containing this signal peptide and a nonmitochondrial "passenger" protein 
have shown that the signal peptide's presence is a sufficient condition for mitochondrial 
protein import. 

The mitochondrial signal peptide is rich in hydrophobic and basic amino acid 
residues. When this sequence forms an a-helix, the basic residues extend from one 
side of the helix while the hydrophobic residues extend from the opposite face. The 
positive side of an amphipathic signal sequence may bind to anionic lipids on the outer 
mitochondrial membrane. Initial binding is purely electrostatic in nature and has been 
reconstituted in lipid vesicles and lipid monolayers containing anionic lipids (Myers 
et at., 1987; Tarnm, 1986). Lipid vesicles composed of 5:1 DPPC:DPPG demonstrate a 
Kd of 0.43 /-LM for the mitochondrial signal sequence, although binding to mitochondrial 
membranes may be of lower affinity. The spatial arrangement of the presequence's 
positive charges allows for high-affinity receptor-like binding to simple model mem
branes. The binding of the presequence to lipid membranes affects the packing of nearby 
hydrocarbon chains. This interaction enhances the rate of mitochondrial protein trans
location by: (1) increasing the local concentration of pre sequence-containing proteins 
about the outer membrane and (2) restricting the presequence to a two-dimensional 
surface and thus increasing greatly its rate of engaging the receptor/translocation 
machinery. This binding reaction may also potentiate protein unfolding. 

After binding to a mitochondrion's outer membrane, a protein rapidly migrates 
along this surface. Mitochondrion-targeted proteins accumulate at contact sites between 
the inner and outer membranes. These contact sites participate in protein translocation 
into the mitochondrial matrix. Translocation intermediates spanning the contact site 
have been observed by both electron microscopic and biochemical methods (e.g., 
Schleyer and Neupert, 1985). Membrane proteins at contact sites are believed to be 
responsible for translocation. 

8.2.4.2. General Insertion Sites 

General insertion sites are composed of a set of membrane proteins found at contact 
sites. To date, four of these proteins have been identified: ISP42 , p32, MAS70, and 
MOM17 (Kiebler et at., 1990; Baker and Schatz, 1991). These membrane proteins are 
assembled to form a hetero-oligomeric complex capable of mediating mitochondrial 
protein recognition and translocation at contact sites. Figure 8.12 shows a hypothetical 
model of a mitochondrial contact site. 
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Figure 8.12. Mitochondrial membrane passage. A protein possessing an amphipathic sorting signal binds to 
the outer mitochondrial membrane (left). It accumulates at general insertion sites where it is unwound and 
translocated into the mitochondrial matrix (center). The protein's signal sequence is removed by a signal 
peptidase in the matrix, where it refolds. 

Two integral membrane proteins of the outer mitochondrial membrane (p32 and 
MAS70) are receptors for mitochondrial precursor proteins. p32 recognizes immature 
mitochondrial proteins possessing an NH2-terminal amphipathic signal sequence (Pain 
et al., 1988; Baker and Schatz, 1991). The rat's mitochondrial signal sequence receptor 
binds with a Kd of 2 f..LM (Gillespie, 1987); it retains binding ability when reconstituted in 
liposomes. The MIRI gene of yeast encodes the p32 receptor. Its deduced amino acid 
sequence is similar to the mitochondrial phosphate transporter of mammals. MAS70 is 
also an apparent translocation receptor in outer mitochondrial membranes. However, 
only one protein, the ADP/ATP translocator, is known to be targeted via this receptor 
(Sollner et al., 1990). It recognizes an internal signal sequence of its precursor pro
tein, not an amphipathic sequence. Its deduced amino acid sequence suggests that it is 
attached to outer membranes by a single transmembrane domain. 

Another protein, MOMI9, (mitochondrial outer membrane; N. crassa nomencla
ture), is also a component of general insertion sites. It is apparently anchored to the outer 
membrane by one transmembrane domain (Schneider et al., 1991). It is linked tightly to 
MOM38 (or ISP42 of yeast). MOM19 may participate in precursor recognition, trans
location, and/or the assembly of general insertion sites. 

ISP42 (import site protein) is a 42-kDa integral membrane protein of outer 
mitochondrial membranes. It is another component of general insertion sites. ISP42 
plays a central role in import. ISP42 gene disruption experiments have shown that its 
product is absolutely required for cell viability. Biochemical studies using genetically 
engineered precursor proteins containing a photo affinity label have demonstrated that 
these proteins pass ISP42 on their journey across the outer membrane. The deduced 
amino acid sequence of ISP42 indicated the presence of a region containing many 
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negative charges; this domain might interact with the positively charged signal sequence 
of mitochondrial precursor proteins. However, the deduced sequence did not reveal an 
unambiguous transmembrane domain. As mentioned above, one might expect ~ struc
ture, not transmembrane a-helices, in proteins performing a pore-like function. It will 
be interesting to compare the sequences ofISP42 (or its homologue MOM38) with mp39 
and SRP's ~ subunit when they become available. 

8.2.4.3. Membrane Passage 

Membrane translocation requires a large inside-negative electrochemical potential 
gradient. Although a transmembrane potential is not a sufficient condition to trigger 
translocation, the inner membrane's potential will attract the signal sequence's high 
positive charge. Although membrane translocation is not simple electrophoretic migra
tion, this attraction will at least substantially lower the energy barrier for translocation 
across a membrane. 

Proteins cannot be translocated across mitochondrial membranes in their native 
three-dimensional globular state; they must first be unwound and then threaded across a 
general insertion site. There is now compelling evidence indicating that only unfolded 
proteins are translocated. As mentioned above, mitochondrion-targeted proteins have 
translocation intermediates with domains in both the cytosol and mitochondrial matrix. 
This suggests that proteins are translocated in a piecemeal fashion. To demonstrate the 
importance of unfolding, Eilers and Schatz (1986) used genetic engineering to prepare a 
fusion protein containing sequences derived from a mitochondrial signal sequence and 
dihydrofolate reductase. When the fusion protein was mixed with energized mito
chondria in vitro, it was translocated into the mitochondrial matrix. Methotrexate is 
a drug that binds to dihydrofolate reductase with high affinity. When this ligand is bound 
to the fusion protein, it cannot undergo translocation. Since methotrexate stabilizes the 
conformation of dihydrofolate reductase, it is unable to unfold, thus inhibiting transloca
tion. On the other hand, if a protein's conformation is destabilized by the introduction of 
point mutations, its translocation is accelerated (Vestweber and Schatz, 1988). There
fore, protein unfolding is an integral part of protein translocation across mitochondrial 
membranes. 

Cytosolic ATP participates in moving proteins across mitochondrial contact sites. 
Its role, however, seems to be limited to protein unfolding. Unfolded proteins are able to 
cross mitochondrial contact sites in the absence of ATP. For example, nascent unfolded 
proteins still attached to tRNA do not require ATP for mitochondrial entry. Cytosolic 
ATP is used by hsp70 and to unfold mitochondrial precursor proteins (Deshaies et ai., 
1988; Kang et ai., 1990). Cells genetically deficient in hsp70 are unable to translocate 
proteins into their mitochondria. 

We have identified the energy sources required for precursor protein unfolding in 
the cytosol and pre sequence entry into the matrix. However, this does not explain why 
proteins continue to move across a contact site. Why don't proteins just stop when the 
signal arrives in the matrix? Matrix proteins, including a mitochondrial version of 
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hsp70, and matrix ATP molecules may provide an additional driving force for transloca
tion and ensure the proper folding of delivered proteins. 

8.2.4.4. Matrix Proteins Participating in Translocation and Folding 

In addition to the outer membrane proteins discussed above, matrix proteins are 
also involved in precursor protein translocation and folding. Figure 8.12 shows matrix 
proteins known to participate in translocation. These include hsp70, hsp60, and a signal 
peptidase. 

Mitochondrial hsp70 is nearly identical to cytosolic hsp70, except that its precursor 
contains an amphipathic mitochondrial targeting sequence. It is encoded by the nuclear 
SSe1 gene. hsp70 is the first matrix protein to bind precursors as they emerge from a 
contact site; it is required for both translocation and folding (Kang et al., 1990). hsp70 
releases bound precursors in the presence of ATP. It may participate in pulling a 
precursor protein across a membrane and in maintaining a precursor's loose conforma
tion prior to delivery of hsp60. 

Another heat shock protein, hsp60, participates in precursor folding. hsp60 is an 
oligomer of 14 identical subunits. It maintains precursors in loose conformations within 
the matrix and releases them in an ATP-dependent manner that may help catalyze 
appropriate precursor folding. During or after hsp60 binding, the amphipathic signal 
sequence is removed by a signal peptidase. The mitochondrial signal peptidase is a 
heterodimer of two - 50 kDa hydrophilic proteins encoded by the unlinked nuclear 
genes MAS1 and MAS2 (Yang et al., 1991). Both genes are required for cell viability. 
In the presence of Mn2+, these two proteins form a functional signal peptidase. 

8.2.5. Cotranslational and Posttranslational Protein Insertion in Bacterial 
Membranes 

We have deferred our discussion of bacterial membrane protein insertion to this 
point since bacteria exhibit a wide range of insertion mechanisms, including all of those 
previously discussed for eukaryotes. These insertion mechanisms include cotransla
tional, posttranslational, and, apparently, some insertion mechanisms unique to bacte
ria. In addition to their cytoplasm, gram-negative bacteria must route proteins to the 
inner membrane, the periplasmic space, the outer membrane, and the extracellular 
environment (Figure 8.13, panel a) (Saier et al., 1989; Hirst and Welch, 1988). This 
section examines some bacterial membrane protein insertion mechanisms. 

Periplasmic, outer membrane, and most secretory protein precursors are synthe
sized with a signal sequence. These signal sequences are a string of 20 hydrophobic 
amino acids with a positively charged NH2-terminus. In addition to a signal sequence, 
protein translocation requires an electrochemical membrane potential, ATp, and several 
proteins which participate in translocation. 

Several components of the membrane translocation machinery have been identified 
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Figure 8.13. Translocation into and across bacterial membranes. A survey of potential protein insertion 
mechanisms is presented. Panel a illustrates two mechanisms of protein secretion. Panels b, c, and d show 
conventional cotranslational insertion, loop cotranslational insertion, and posttranslational trigger insertion. 

by studying temperature-sensitive mutants of E. coli. The protein secAp has been 
identified in secA mutants. (sec mutants of prokaryotes are indicated with a letter 
whereas those of eukaryotes are identified with a number.) The deduced amino acid 
sequence of this protein (Mr = 101,902) indicates that it does not have an apparent 
transmembrane domain (Schmidt et al . , 1988). This is in agreement with the identifica
tion of secAp as a peripheral membrane protein (Saier et al., 1989). secAp binds to 
membranes and translocates pro-porin molecules across inner membranes in the pres
ence of ATP and trigger factor, a protein that unfolds nascent polypeptides. 

secYp is an integral cytoplasmic membrane protein of bacteria. Its deduced amino 
acid sequence suggests that it has ten transmembrane domains (Cerretti et al., 1983). 
This protein apparently interacts with signal sequences. It has been suggested that sec Yp 
forms a translocation channel. secYp is homologous to sec61p of eukaryotes. 
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In Sections 8.2.2.3 and 8.2.4.2 we discussed how protein unfolding is an integral 
part of protein translocation across ER and mitochondrial membranes. Three unfolding 
proteins have been identified in E. coli. Trigger factor, a 63-kDa protein, was previously 
mentioned. The protein secBp is a 90-kDa oligomer built from 17-kDa subunits. A third 
protein, GroEL, is a tetradecamer composed of 65-kDa subunits. GroEL is an ATPase 
that resembles hsp60. These three proteins participate in nascent polypeptide unfolding 
in bacteria. These functionally similar proteins appear to act on distinct nascent chains. 

A few secretory proteins of E. coli do not possess an apparent signal sequence. 
On the basis of indirect evidence, it has been suggested that secretory proteins without 
signal sequences are translocated across bacterial membranes at zones of adherence 
between the inner and outer membranes (Hirst and Welch, 1988). This has some 
similarity with translocation across mitochondrial membranes. 

Most of the E. coli inner membrane proteins lack recognizable signal sequences. 
These include, for example, lactose permease, ATP synthase's Fo subunits, photosynthe
tic pigment proteins, bacteriorhodopsin, secYp, signal peptidase, and others. Inter
estingly, mannitol permease has an amphipathic signal sequence resembling those found 
for mitochondrial proteins. Bacteriorhodopsin has a short unique NHrterminal exten
sion whose function is unknown. secAp and sometimes secYp are required for insertion 
of cytoplasmic membrane proteins. The detailed mechanism(s) of protein insertion is 
uncertain. 

Several models of inner membrane protein insertion have been proposed (Reith
meier, 1985). Since these models may apply to different proteins or circumstances, more 
than one model may be operational in vivo. Periplasmic, outer membrane, and most 
secretory proteins must first insert into the cytoplasmic membrane. Inouye and col
leagues proposed a loop model to account for the insertion of the E. coli lipoprotein into 
cytoplasmic membranes (Figure 8.13, panel c). This model suggests that the positive 
charge of the NH2-terminal amino acids remains at the inner surface of the cytoplasmic 
membrane. As the protein is synthesized, a loop is extended across the inner membrane. 
The signal sequence is cleaved at the periplasmic surface of the cytoplasmic membrane. 
It has been suggested that outer membrane proteins such as lipoprotein migrate from the 
inner to the outer membranes via zones of adherence between the two membranes. 
Wickner has proposed the trigger hypothesis of protein insertion into the cytoplasmic 
membrane (Figure 8.13, panel d). This hypothesis suggests that the signal sequence's 
principal role is to alter a protein's folding pathway. The protein spontaneously inserts 
into the cytoplasmic membrane co- or posttranslationally. Several lines of evidence 
suggest that this may be an important means of insertion for the bacteriophage M -13 coat 
protein into the E. coli inner membrane (Wickner, 1979; Kuhn et al., 1986; Wickner and 
Lodish, 1985). 

Although the insertion of secretory, periplasmic, and outer membrane proteins has 
been explored in some detail, the insertion of resident cytoplasmic membrane proteins 
is not well understood. Gene fusion studies (e.g., Silhavy et al., 1983) indicate that 
information contained within a membrane protein, other than an NH2-terminal signal 
sequence, is required for its routing. Presumably, internal "signals" are important in the 
insertion of many proteins into the cytoplasmic membrane. 
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8.3. BIOSYNTHETIC MEMBRANE FLOW 

Most of a typical cell's membranes are on the move. One of the best examples of 
membrane flow is found in the biosynthetic secretory apparatus of eukaryotes. In 
contrast to a prokaryote's cytoplasmic membrane, the components of eukaryotic mem
branes are generally constructed at distant sites and then translocated to their final 
destinations. After their synthesis in the ER, membrane proteins and some lipids must 
navigate through numerous membrane-bound compartments and domains to reach their 
prescribed locations. This section will focus on the properties of secretory endo
membranes and membrane flow during biosynthetic and secretory processes. We shall 
begin by considering the origins of this line of investigation back in the 1960s. 

8.3.1. Palade's Paradigm: Biosynthetic Flow among Cell Compartments 

The introduction of electron microscopy to cell biology brought many new insights 
in cell structure. One outstanding contribution to our understanding of cell structure and 
function was Palade's subcellular analysis ofbiosynthetic flow. He studied the pancreatic 
exocrine cell because it specializes in protein biosynthesis and secretion. Its very 
structure suggests the biosynthetic secretory pathway. The organelles' spatial locations 
suggest a flow of secretory molecules from the ER~Golgi~secretory granules~ 
plasma membrane and the extracellular environment. Palade's work proved this pathway 
of biosynthetic flow (Palade, 1975). 

Figure 8.14 shows a map of the biosynthetic flow among cell compartments. 
Although Palade's work focused on the secretion of luminal proteins, membrane
associated components are also translocated along this pathway. Palade (1975) has 
recognized the six major steps of secretion as synthesis, segregation, transport, concen
tration, storage, and release. The subcellular pathway and kinetics of secretory flow 
were established using radioisotopic pulse-chase experiments. Cells, tissues, or animals 
were briefly exposed to a radiolabeled precursor, such as an amino acid. The samples 
were then "chased" with unlabeled precursors. After various lengths of time individual 
organelles were isolated by ultracentrifugation. The temporal order of appearance of 
radioactive secretory proteins in each cell fraction revealed the route they followed. After 
fixation, electron microscopic autoradiography was used to morphologically identify the 
subcellular compartments containing radiolabel. In this way biochemical and ultrastruc
tural approaches were combined to characterize the mechanism of secretion. 

8.3.2. Defining Organelles and Their Membranes: Where to Draw the Line 
between the ER and Golgi? 

Organelles are distinct membrane-bound compartments. They are defined accord
ing to their structural and biochemical characteristics. However, the morphological and 
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Figure 8.14. Organization and components of the biosynthetic endomembrane system. The organization of 
the biosynthetic organelles is shown. The organelles are identified on the left and their principal functions are 
listed on the right. The several proteins known to participate in endomembrane trafficking within the secretory 
apparatus are listed (see text for details). The components are not drawn to scale. 

biochemical boundaries of the ER and Golgi overlap. Careful experiments showed that 
"purified" Golgi contained high levels of ER-"specific" marker enzymes. To simul
taneously probe the biochemical and structural properties of Golgi, Palade and co
workers (for a review see Farquhar and Palade, 1981) combined traditional biochemical 
and electron microscopic approaches. Antibodies directed against ER enzymes, such as 
glucose-6-phosphatase and NADPH-cytochrome P450 reductase, were covalently at
tached to polyacrylamide beads. Purified Golgi cisternae and vesicles bound to these 
beads. Bead-associated materials were indeed elements of the Golgi because: (1) they 
were obtained from the Golgi fraction after ultracentrifugation, (2) they contained Golgi 
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marker enzymes, and (3) when bead-associated material was examined by electron 
microscopy, it looked like Golgi. Yet this same material contained enzymes and antigens 
specific for the ER. Therefore, the Golgi must contain regions that are very similar in 
composition to the ER. The Golgi cisternae generally bound to the beads via their dilated 
rims, thus suggesting that these areas contain ER components. These ER-like regions 
of the Golgi likely communicate with the ER through vesicles that shuttle membrane and 
luminal components between these organelles. 

8.3.3. The Rate of Flow among Biosynthetic Compartments 

Secretory materials and membrane components flow along the biosynthetic path
way as outlined above. Pulse-chase experiments indicated that "typical" secretory 
proteins require about 2 hr to complete their biosynthesis and extracellular release. 
However, these experiments measured the overall rate of release of all biosynthesized 
materials. More recent studies have measured these rates for individual proteins (Pfeffer 
and Rothman, 1987). These rates vary significantly between different cell types and 
secretory materials. For example, under certain conditions albumin leaves the ER with a 
half-time of only 30 min whereas complement component C3 lingers, with a t1/2 = 2t hr 
in this organelle. Before we address the heterogeneity of individual transport rates, we 
must understand the bulk flow rate among biosynthetic organelles. 

Wieland et al. (1987) devised an approach to measure the bulk flow rate through the 
biosynthetic apparatus based on earlier studies of N-linked glycosylation (Section 
8.2.3.1). The N-acyltripeptide N-acyl-Asn-[I25I]-'JYr-Thr was synthesized with various 
short fatty acyl chains. Due to their hydrophobicity, these compounds enter cells by 
simple diffusion. They contain the N-linked glycosylation site sequence of Asn-X-Thr/ 
Ser. As N-acyl tripeptides diffuse into the ER they become glycosylated and trapped 
within this organelle. By measuring the efflux of125I-labeledN-acylglycotripeptides, the 
rate of bulk flow through the secretory apparatus can be inferred. The measurement of 
N-acylglycotripeptide flow through these organelles is very much like using a free buoy 
to measure the speed of a river's current. Wieland et al. (1987) found that the half-time 
for peptide transport from the ER to the extracellular environment was 5-10 min. This 
suggests that the fluxes of many luminal proteins are retarded by other factors. The 
surface-to-volume ratios of the ER, Golgi, and transport vesicles are similar (roughly 80 
to 100 f.1M-1; Wieland et al., 1987). This suggests that the kinetics of membrane flux 
should be similar to that of volume flux. Kaplan and Simoni (1985) have measured the 
transport rate of cholesterol from its site of synthesis in the ER to the plasma membrane. 
They found that cholesterol's half-time for transport was 10 min. Cholesterol flux 
required an energy supply. When metabolic poisons such as potassium cyanide are 
added, cholesterol transport rapidly stops. Cholesterol could leave the ER by several 
potential pathways (e.g., Figure 8.5). Since cholesterol transport is abolished by energy 
poisons, it is likely moving through the secretory endomembrane system. The bulk flow 
rate of both luminal components and membrane cholesterol through the secretory 
apparatus is about 10 min. 
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Proteins are slowed in their secretory migration by a variety of factors. Several ER 
luminal proteins retain secretory proteins while they encourage secretory proteins to 
adopt their physiologically relevant conformations. Furthermore, glycosylation, proteo
lytic processing, receptor binding events, and aggregation may all contribute to the 
reduced transport rates of secretory proteins. These several factors will be considered in 
the following paragraphs. 

8.3.4. KDEL Spells Protein Retention in the ER's Lumen 

If matter is continually flowing among secretory organelles, how do these compart
ments retain their unique identities? Receptor-like interactions provide one means of 
maintaining the unique protein compositions of organelles. 

Several membrane-bound and luminal proteins are known to be retained within the 
ER. Two well-studied luminal ER proteins are BiP and protein disulfide isomerase. BiP 
binds to newly synthesized proteins and is believed to promote their proper folding. 
When the sequences of several luminal ER proteins were compared, a common sequence 
of four amino acids, KDEL (Lys-Asp-Glu-Leu), was found at the COOH-termini 
(Pelham, 1989). The KDEL sequence (or HDEL in yeast) has been shown to promote 
protein retention in the ER. When the KDEL sequence is deleted from Bip, it behaves 
like a secretory protein. Conversely, when KDEL is added to the COOH-terminal 
domain of the secretory protein lysozyme, it remains in the ER. This indicates that the 
KDEL sequence is a sufficient condition to keep soluble proteins in the ER. Further
more, it indirectly suggests that specific signaling is not required for protein secretion 
since KDEL-deletion mutants of Bip, which should not possess such a signal, are 
secreted proteins. 

KDEL-containing proteins are not anchored to the ER's trans face. Ceriotti and 
Colman (1988) have shown that BiP and BiP's KDEL-deficient mutant both diffuse in the 
ER's lumen. Furthermore, electron microscopic cytochemistry has shown that BiP is not 
associated with the ER's membrane. These results suggest that BiP is not physically 
held in the ER. Alternatively, KDEL-containing proteins are immediately returned to 
the ER when they enter the cis Golgi. Pelham (1988) has demonstrated this by expressing 
a genetically engineered protein in cells. The KDEL sequence was attached to the 
lysosomal enzyme cathepsin D. Cathepsin D and many other lysosomal enzymes are 
immediately modified by the addition of mannose-6-phosphate upon entry into the Golgi 
(Section 8.3.9). When KDEL-Iabeled cathepsin D is expressed, it becomes modified by 
mannose-6-phosphate. This result indicates that KDEL-containing cathepsin D is 
retrieved from the Golgi's cis side. Therefore, as shown in Figure 8.14, KDEL
containing proteins flow from the ER to the Golgi (anterograde transport) but are then 
recycled back to the ER (retrograde transport). The recycling of certain ER components 
from the Golgi accounts for the overlap in the biochemical and morphological bound
aries of these organelles. 

A receptor for the KDEL sequence is believed to be responsible for recognizing 
KDEL-containing proteins near the cis Golgi and returning them to the ER. A putative 
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KDEL receptor has recently been identified by Vaux et al. (1990). These investigators 
prepared antibodies against peptides possessing a COOH-terminal KDEL sequence. A 
second set of antibodies recognizing the KDEL binding site of the anti-KDEL antibodies 
was prepared. These anti-anti-KDEL antibodies, or anti-idiotype antibodies, bind to 
KDEL receptors just like the KDEL sequence but with a higher affinity. These anti
idiotype antibodies recognize a 72-kDa transmembrane protein that is found at the 
interface between the ER and Golgi. The purified KDEL receptor binds physiological 
KDEL-containing substrates with a Kd of 23 J.LM. Therefore, this 72-kDa integral 
membrane protein displays all of the properties expected for a KDEL receptor. The 
identification of the KDEL receptor raises the next important questions: how does the 
KDEL receptor with its bound KDEL-containing ligand know where to go and how 
does it avoid the massive flow of material exiting the ER? 

8.3.5. Maintaining Organelle Membrane Composition: The Retention of 
Resident ER and Golgi Membrane Proteins 

Investigators have only recently begun to study the mechanism of membrane 
protein retention in the ER and Golgi. Using an adenovirus model system, Nilsson et al. 
(1989) have reported that the COOH-terminal sequence DEKKMP (Asp-Glu-Lys-Lys
Met-Pro) at a membrane protein's cis face potentiates ER retention. Adenoviruses escape 
immune defense mechanisms because they produce an ER membrane protein, E3/19, 
that traps HLA class I molecules in the ER. E3/19's ability to remain in the ER depends 
critically on its COOH-terminus. Deletion experiments have shown that the DEKKMP 
hexapeptide participates in ER membrane retention. Recent site-directed mutagenesis 
studies (Gabathuler and Kvist, 1990) have shown that the Met-Pro sequence at the 
COOH-terminus and a Ser-Phe-Ile (SF!) sequence preceding the DEKKMP sequence 
also contribute to ER retention. Furthermore, Shin et al. (1991) have shown that two 
positive charges near the COOH-terminus (e.g., -KKXX and -RKXX) are essential 
in ER membrane protein retention. The twin positively charged COOH-terminal motif 
has only been found on transmembrane proteins known to be retained in the ER. 
Therefore, these positively charged sequences form another type ofER retention signal. 
Although the manner in which this sequence confers retention is unknown, it is believed 
to be physically restrained in ER membranes in contrast to the rapid recycling of KDEL 
proteins. Perhaps this signal pattern binds to cytosolic proteins that anchor ER mem
brane proteins in place. The close association between the ER and microtubules raises 
the possibility that some ER membrane proteins may be tethered to these tubules. 
However, the KDEL sequence is not used by ER membrane proteins. This raises the 
question of how other ER membrane proteins not possessing two positive charges near 
their COOH-terminus (e.g., ribophorins) are held in the ER. 

Specific sequences of Golgi membrane proteins contribute to their retention in this 
organelle. Golgi retention signals have been associated with the cytoplasmic face of 
Golgi membranes (e.g., Kex2p and DPAP A). A putative Golgi retention sequence has 
been identified in the El protein of avian infectious bronchitis virus (IBV) (Machamer 
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and Rose, 1987). IBY, like other studied coronaviruses, buds from the Goigi. This 
provides coronaviruses with the ability to evade immune destruction by accumulating 
in the very hospitable environment of a cell's cytosol. Therefore, the El protein which 
collects in the Goigi after infection or transfection is a useful model of Goigi membrane 
retention. The El protein contains three transmembrane domains. When the first two 
transmembrane domains of the El protein are removed by mutagenesis, the altered 
protein flows into the plasma membrane. In contrast, if the second and third trans
membrane domains are removed, the protein is retained by the Goigi. This suggests that 
something special about the first transmembrane domain of El allows its retention in the 
Goigi. Since El is not detected at plasma membranes, it seems that its most likely 
mechanism of retention is physical restraint. Whether El interacts with proteins such as 
clathrin is unknown. 

Recently, Aoki et al. (1992) have identified a specific Goigi retention sequence 
within the Goigi enzyme galactosyltransferase, which has a single transmembrane 
domain. The retention sequence was localized to the cytoplasmic side of its trans
membrane domain. Within this region, Cys and His residues are necessary but insuffi
cient for Goigi retention. For example, after site-directed mutagenesis of Cys-2~ 
Ser-29 or His-32~Arg-32, galactosyltransferase was not retained in the Goigi. Further
more, introduction of the Cys-X-X-His sequence into the transferrin receptor did not 
cause Goigi retention. However, some Goigi retention could be observed when the 
cytoplasmic half of galactosyltransferase's transmembrane domain was inserted into the 
transferrin receptor. In the next few years Goigi retention sequences and their trans
membrane links to clathrin or nonclathrin coats should be clarified. 

A clear link between membrane skeletal proteins and endomembrane protein 
retention has been obtained for the Goigi. Payne and Schekman (1989) have studied a 
mutant yeast cell deficient in clathrin's heavy chain (chcJ/j.). These cells secrete an 
immature form of a-factor, a pheromone. In wild-type cells the a-factor is proteolyti
cally processed by the endoprotease Kex2p, a 120-kDa transmembrane enzyme found in 
the trans Goigi. However, in clathrin-deficient cells this enzyme is found in plasma 
membranes, thus accounting for the secretion of a-factor's precursor. Clathrin could 
mediate Kex2p retention by physically anchoring it to Goigi membranes or it could be 
rapidly retrieved from plasma membranes by clathrin-coated vesicles. To help distin
guish between these possibilities, Seeger and Payne (1992) examined chcJ-ts cells, 
which carry a temperature-sensitive allele of CHCl. When shifted to a nonpermissive 
temperature, the Goigi membrane proteins Kex2p and dipeptidylaminopeptidase A 
(DPAP A) rapidly appeared at the plasma membrane of chcJ-ts, but not wt, cells. Two 
lines of evidence support the idea that the temperature-sensitive clathrin molecule 
releases the proteins from the Goigi. Although the trafficking of Goigi proteins is 
affected rapidly after a temperature shift, vacuolar protein trafficking-which would be 
expected to participate in the endocytotic recycling of plasma membrane proteins-was 
unaffected for 2 hr. Second, in cells expressing the double mutant secJchcJ-ts, which 
interfere simultaneously with both exocytotic secretion and clathrin function, Kex2p and 
DPAP A do not appear at the plasma membrane. Therefore, clathrin molecules hold 
these Golgi-specific proteins in the Goigi. 

The role of clathrin and nonclathrin membrane-associated proteins in maintaining 
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Golgi identity and endomembrane trafficking in higher eukaryotes finds support in a 
second independent line of research using the drug brefeldin A (BFA), a fungal 
metabolite. Clathrin is linked to membranes of the trans Golgi network via HA-l 
adaptors, which include the "y and 13' -adaptins. The protein [3-COp, which is homolo
gous to [3-adaptin (Duden et al., 1991b), likely plays a similar role in linking nonclathrin 
coats to the cis medial, and trans regions of the Golgi. BFA interacts with an as yet 
undefined site thus blocking "y-adaptin and [3-COp, but not u-adaptin of plasma 
membranes, from binding to their membrane sites (Wong and Brodsky, 1992). Within a 
few seconds: protein transport through the secretory apparatus stops, the Golgi disap
pears, and the Golgi's components redistribute and mix with those of the ER (Doms et 
aZ., 1989). The redistribution process requires energy and microtubules, further support
ing the idea of retrograde transport from the Golgi to the ER (Lippincott-Schwartz et aZ., 
1990). Coat proteins are therefore thought of as a framework which maintains the 
structure of the Golgi (Duden et aZ., 1991a). 

8.3.6. Genetic Dissection of the Secretory Pathway: ER-to-Golgi Transport 

The molecular mechanisms responsible for secretory flow are largely unknown. To 
identify proteins participating in the secretory pathway, secretory mutants of yeast 
(Saccharomyces cerevisiae) were selected (e.g., Novick et aZ., 1980). Eukaryotic yeast 
cells were chosen because they are easy to grow and can be subjected to genetic 
manipulation. They were mutagenized with nitrous acid or ethyl methane sulfonate 
(EMS). Temperature-sensitive secretory mutants were isolated by density gradient 
centrifugation. At the restrictive temperature (37°C) the mutants failed to secrete 
proteins such as invertase and acid phosphatase; these proteins accumulated in cyto
plasmic vesicles and thereby increased a mutant cell's density. Genetic analyses of 
hundreds of separate mutant clones have shown that 27 or more different genes are 
involved in secretion. The gene products participating in the secretory pathway and their 
physiological roles are beginning to be described. 

In Section 8.2.2 we described how proteins were delivered to the ER's lumen. After 
their biosynthesis and folding, secretory and membrane proteins must be shuttled 
from the ER to the Golgi. Genetic selection experiments have shown that about a dozen 
genes participate in ER-to-Golgi communication. 

Some of the vesicle membrane proteins participating in ER-to-Golgi transfer have 
been identified. Genetic studies have identified two proteins, sec12p and sarlp, that play 
essential roles in secretory flow from the ER to the Golgi (Nakano et al., 1988; Nakano 
and Muramatsu, 1989). At their nonpermissive temperatures, these mutant yeast cells 
accumulate material in cytoplasmic vesicles. These two membrane proteins directly 
interact to bring about secretory flow between the ER and Golgi. 

sec12p* is an integral membrane protein of the ER and Golgi. Its deduced amino 
acid sequence indicates that it is a 70-kDa protein with a single transmembrane domain. 

'We will follow the uniform conventions in this field when referring to mutations, genes, and gene products. 
For example, seeJ2 is a mutation, SEeJ2 is a gene, and secl2p is a gene product. 
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It has a large domain exposed at the ER membrane's cytosolic face. This domain could, 
for example, playa role in recognizing cis stacks of Golgi membranes. sec12p closely 
collaborates with at least one other protein, sar1p, to affect transport. The SARI gene has 
also been cloned (Nakano and Muramatsu, 1989). It encodes an Mr = 21,450 protein 
with two putative transmembrane domains. Interestingly, sar1p is another G protein. 
This is consistent with the finding that nonhydrolyzable GTP analogues (e.g., GMPPCp, 
compound 5 of Chapter 7) block transport between the ER and Golgi. Although these 
experiments have been of a descriptive nature, it is tempting to make mechanistic 
inferences. The broad features of ER-to-Golgi transport may be analogous to the 
behavior of RGC receptors (Section 7.3). sec12p could carry out the recognition/binding 
functions while its G-protein partner performs a regulatory role. This speculation may 
or may not pan out on close scrutiny. 

Another protein, sec18p, is required for ER-to-Golgi transport. Wilson et al. (1989) 
have identified this yeast protein as a homologue of the mammalian NEM-sensitive 
fusion (NSF) protein. NSF functions in several types of endomembrane fusion events. 
We will return to this protein in Section 8.3.8. 

Our next stop along the secretory membrane pathway is the Golgi's cis face. 
Transitional vesicles containing membrane-bound sec12p/sar1p are charged with secre
tory materials and membrane components destined for other organelles. Specific 
recognition and triggering events are thought to bring out their fusion with the Golgi. 
One Golgi membrane component important in this process has been identified by the 
sec23 mutant of yeast. Since transitional vesicles cannot interact with sec23 mutants at 
their nonpermissive temperature, it is hypothesized that the SEC23 gene product is 
important in this process. After dumping their secretory materials in the Golgi, sec12p 
and sar1p are thought to be recycled to the ER, although the recycling of ER membrane 
proteins, in contrast to ER luminal proteins, is not well understood. 

8.3.7. Genetic Analysis of Golgi-to-Plasma Membrane Transport 

As mentioned above (Section 8.2.3), the Golgi is actively engaged in the processing 
of secretory and membrane proteins. The Golgi is comprised of several compartments 
with distinct enzyme activities and functions. Golgi-associated vesicles are believed to 
mediate the molecular communication within a Golgi's stacks. Genetic studies have 
identified the YPTI gene as a key participant in vesicle transport through the Golgi 
(Segev et al., 1988). At a nonpermissive temperature these yeast cells glycosylate and 
secrete invertase very slowly. Morphological studies have shown that this secretory 
inhibition is accompanied by the cytoplasmic accumulation of Golgi-derived vesicles. 
There is complete confidence that this phenotype is linked to YPTI since YPTJ
containing plasmids restore the wild-type phenotype. Yeast's YPTJ gene is located on 
chromosome VI between the j3-tubulin and actin genes; it encodes a 23-kDa G protein. 
This is not surprising since nonhydrolyzable GTP analogues also block intra-Golgi 
transport. Two COOH-terminal Cys residues, an unusual feature of proteins, are found 
on yptlp. The loss of these residues is a lethal mutation. The Cys residues may be 
linked to a membrane by fatty acylation (Section 2.3.1). In addition, anti-yptlp 
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antibodies have identified a similar protein in the Golgi of murine cells. yptlp is 
apparently exposed on a Golgi vesicle's cis face where it participates in membrane 
trafficking. 

The genetic analysis of secretory mutants has been extended to temperature
sensitive mutants of exocytosis. At a nonpermissive temperature, sec4 mutants accumu
late large numbers of secretory vesicles and are deficient in invertase secretion 
(Salminen and Novick, 1987). The SEC4 gene has been unambiguously linked to these 
phenotypic properties. SEC4 encodes a 23.5-kDa G protein, highly homologous to 
yptlp. The protein sec4p is found at the cis face of secretory vesicles. Its deduced amino 
acid sequence revealed no apparent transmembrane domain. It shares double Cys 
residues at its COOH-terminus with yptlp. Sec4p is likely associated with membranes 
via fatty acyl groups. Both yptlp and sec4p must be covalently modified by the BET2 
gene product, a protein prenyltransferase, for functional activity (Rossi et al., 1991). 

Salminen and Novick (1989) have identified another structural gene, SEC15, whose 
product is a late participant in secretion. Furthermore, genetic studies indicate that SEC4 
duplication can compensate for mutant sec15p proteins with diminished activities. Based 
on this and other evidence, Salminen and Novick suggest that sec4p, a putative G 
protein, regulates the functional activity of sec15p. SEC15 encodes a lOO-kDa protein 
with no apparent transmembrane domain. However, sec15p is a peripheral protein that 
associates with membranes in a pH-dependent fashion. Although its putative regulatory 
partner sec4p cycles between secretory and plasma membranes, sec15p is not associated 
with plasma membranes. The biochemical role of sec15p is unknown. 

Although genetic studies have identified many proteins participating in secretion, 
they have not yet passed the descriptive stage. Since other G proteins are regulatory in 
nature, putative biosynthetic G proteins (Table 8.1) are presumed to be regulatory 
elements. With the exceptions of sec18p and sec17p, the physiological roles of these 
proteins (e.g., sec12p and sec15p) are unknown. Are these proteins similar to ligands 
and receptors or perhaps homophilic receptors (like NCAM) for cell compartments? 
Alternatively, might these proteins function like viral fusion proteins (e.g., Section 
8.1.2.3) or control phospholipases to potentiate fusion? The number of interesting new 

Table 8.1. 
G proteins in Biosynthesis and Secretion 

Gene product(s) 

Ribosome 

SRp, 54-kDa subunit 
SRP receptor, Ct subunit 
sarlp 
yptlp 
sec4p 
Gp 

Ge 

Initiation 
Elongation 

Function( s) 

Signal sequence binding/delivery to ER 
SRP binding 
ER-to-Golgi flow 
Intra-Golgi flow 
Constitutive secretion 
Regulated secretion 
Regulated secretion 
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mutants is beginning to wane; attention should now be focused on what these proteins 
do. Additional studies combining information from these genetic approaches with the 
cellular reconstitutions discussed in the following section will help identify the func
tional roles of these gene products. 

8.3.8. Subcellular and Cellular Reconstitutions of Secretory Flow 

Although a complete in vitro reconstitution of a single fusion step in secretory 
transport is a few years away, subcellular and cellular reconstitutions of individual steps 
have been successful. The objective of these reconstitution experiments is to identify the 
functional components of the secretory pathway. During subcellular reconstitutions, 
individual organelle fractions or their subfractions are tested for their ability to support 
protein maturation in vitro. The aims of cellular reconstitution are the same; however, 
these experiments use permeabilized or semi-intact cells to study the requirements of 
secretory transport. 

Semi-intact cells were prepared by osmotic shock or mechanical disruption 
(Beckers et al., 1987). Large holes were torn in the cell's plasma membranes. CHO cells 
with temperature-sensitive ER export were infected by VSv. At a nonpermissive 
temperature these cells incorporated radioactive amino acids into VSV G protein but 
did not transport them to the Golgi. Semi-intact cells were then prepared to test the 
conditions required for ER-to-Golgi transport. VSV G protein arrival at the cis Golgi 
was detected by the formation of MansGlcNAc2 from its high-mannose precursor on the 
VSV G protein. At a nonpermissive temperature no transport in these semi-intact 
cells was detected, in agreement with the cells' phenotype. At a permissive temperature, 
transport required ATP and cytosolic factors, primarily proteins. Therefore, ER-to-Golgi 
transport is an energy-dependent process that requires cytosolic factors. 

Rothman and colleagues have developed a subcellular in vitro system to study the 
intercisternal transport of proteins within the Golgi (e. g., Wattenberg et al., 1986). Golgi 
were isolated from mutant and wild-type CHO cells. The donor Golgi fraction was 
isolated from VSV-infected CHO cells deficient in GlcNAc transferase activity. Since 
these cells were unable to incorporate GlcNAc into oligosaccharides, glycoproteins were 
unable to mature. Acceptor Golgi cisternae were isolated from uninfected wild-type 
cells. When incubated with [3H]-GlcNAc, the transfer of VSV G protein from donor to 
acceptor could be measured by its uptake of radioactivity. During the transport process 
vesicles coated with an unidentified protein other than clathrin bud from the donor Golgi 
membrane. The nonclathrin coat disassembles followed by smooth vesicle binding and 
fusion with the acceptor Golgi membrane. Early experiments with this assay showed that 
ATP and cytosol were required for intercisternal transport. The cytosol was found to 
contain several activities that contribute to transport. 

One protein participating in intercisternal transport was identified by exploiting its 
sensitivity to N-ethylmaleimide (NEM). NEM did not block the budding of vesicles 
from donor Golgi. In the presence of NEM, uncoated vesicles accumulated about the 
periphery of acceptor Golgi cisternae. To identify the NEM-sensitive factor (NSF), 
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fractions of unmodified cytosolic extracts were added to NEM-inactivated Golgi mem
branes. In this way a 76-kDa NSF required for vesicle-to-Golgi membrane fusion was 
found. This protein exists as a tetrameric complex in cells. 

A cDNA containing the NSF gene has been isolated (Wilson et ai., 1989). The 
cDNA sequence revealed a protein of 83 kDa with no apparent transmembrane domains. 
Its lack of transmembrane domains is consistent with the relative ease with which it 
can be dislodged from membranes. NSF contains a consensus ATP-binding sequence. 
Several structural and functional criteria have established that NSF of mammals is 
secl8p of yeast (Wilson et ai., 1989). In addition to its role in intercisternal transport in 
the Golgi, NSF is also required for ER-to-Golgi transport in semi-intact cells (Beckers 
et ai., 1989). Therefore, NSF appears to be of broad importance in promoting fusion 
events between endomembranes. 

In addition to NSF, several additional participants in endomembrane fusion have 
been identified. NSF binds to Golgi membranes in a specific and saturable manner. 
Weidman et ai. (1989) have defined some of the requirements for the specific reassocia
tion of purified NSF to Golgi membranes. At least three additional proteins participate 
in the NSF-membrane binding interaction. These are: (1) the NSF receptor, (2) SNAp, a 
series of three soluble NSF attachment proteins, and (3) factor B, another protein 
promoting NSF-membrane binding (Weidman et ai., 1989). SNAP proteins, which have 
been linked with secl7p in genetic studies, are peripheral membrane proteins that link 
NSF to membranes (Clary et ai., 1990). NSF and SNAP are present at about 105 copies/ 
cell. About 200,000 NSF receptors are present in each cell. These three components 
form a high-affinity ternary prefusion complex on Golgi membranes. Under these 
conditions the affinity of NSF for Golgi membranes is very high (Kd = 6 X 1O- 11 or 
lower). This high-affinity complex triggers endomembrane fusion, although the mecha
nism of fusion remains unknown. 

Recently, vesicle release from the trans Golgi network has been reconstituted in 
an in vitro system (de Curtis and Simons, 1989). Cells were virally infected for 3! hr, 
pulse-labeled for 5 min with [35S]-Met, and then incubated at 19°C for a hr. Incuba
tions at 19°C dramatically decrease the rate of protein export from the trans Golgi 
network, thus inhibiting secretory transport at this point. Since infection diverts protein 
synthesis to the viral proteins, the incubations tend to clear nonviral proteins from the 
secretory pathway. The cells were then fractionated by ultracentrifugation. In the 
presence of ATP and cytosol at 37°C, vesicles bud from the Golgi membranes. These 
vesicles contain a post-Golgi (mature or processed) form of the viral glycoproteins. 
These vesicles can be further purified by density gradient centrifugation and immuno
adsorption on substrates containing antiviral antibodies. These vesicles do not contain 
the trans Golgi markers galactosyltransferase and sialyltransferase. In addition to viral 
proteins, eight prominent proteins were observed. This vesicle protein pattern is much 
simpler than that of other endomembranes. The Golgi proteins enriched in the vesicles 
may participate in translocation. These experiments have begun to define the conditions 
and participants in constitutive secretion. Further studies should define the function of 
vesicle components and reconstitute membrane fusion between vesicles and plasma 
membranes. 
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8.3.9. Sorting Things Out at the Golgi's Trans Face 

The heterogeneous collection of materials reaching the Golgi's trans face must be 
sorted out to ensure that they arrive at their correct destinations. In a typical cell, 
materials are sorted into at least three types of packages. This sorting function is 
performed by Golgi membrane-associated transport receptors. The three principal types 
of export packages are: (1) materials such as hormones destined for regulated secretion, 
(2) enzymes targeted to the lysosomes, and (3) constitutively secreted materials. 

Chung et al. (1989) have identified some of the components that sequester proteins 
participating in regulated secretion. These Golgi membrane transport receptors specifi
cally recognize proteins of the regulated secretory pathway. Polypeptide hormones 
such as prolactin were covalently coupled to Sepharose beads. Instead of isolating 
plasma membrane-bound receptors, as we described in the preceding chapter, these 
investigators fractionated cells and then discarded the plasma membrane fraction. The 
purified Golgi membranes were solubilized in nonionic detergent and then passed over a 
prolactin-conjugated affinity chromatography column. When a loaded column was 
eluted with an acidic buffer, several proteins of about 25 kDa were obtained. These 
proteins are called HBP25s (hormone binding proteins). HBP25s do not bind to affinity 
columns prepared from constitutively secreted proteins (albumin and immunoglobulin) 
or nonsecreted proteins (hemoglobin and myoglobin). However, they do bind to insulin
Sepharose affinity columns. This result was expected since insulin, like prolactin, is 
secreted via the regulated pathway. These results suggest that the HBPs of Golgi 
membranes recognize various types of regulated secretory proteins. 

During sorting in the trans Golgi, regulated secretory proteins bind to the mem
brane's luminal face and then aggregate into clusters. Since clustering is a way to sort 
out molecules, it is important to understand how it happens. We have previously seen that 
receptor cross-linking induces patching of ligands and receptors (see Con A, Section 
3.1). To test the role of membrane cross-linking in Golgi sorting, Chung et al. (1989) 
bound HBP25 to insulin-Sepharose affinity columns. When prolactin was then added 
to the column, it became specifically bound to the HBP25. Since the HBP25s were 
simultaneously bound to the insulin-containing matrix and prolactin, they must be 
multivalent. Therefore, the segregation of regulated secretory proteins in the Golgi's 
trans cisternae may be due to the cross-linking of multivalent receptors. In many cases 
the lower pH of the trans compartment and/or the high local concentrations of secretory 
proteins such as insulin will cause their spontaneous oligomerization. Therefore, protein 
sorting, a complex physiological process, can be understood by the biochemical and 
biophysical principles we have already encountered. 

HBP25s apparently recognize a particular region or sequence of regulated secretory 
proteins. Moore and Kelly (1986) have used gene fusion experiments to show that a 
secretory protein's destination can be altered by changing its primary structure. A fusion 
protein was constructed from genes encoding the human growth hormone (hGH) and 
VSV G protein. When a truncated VSV G protein is expressed in transfected cells, it is 
secreted in a constitutive fashion. When separately transfected into cells, hGH collects in 



342 Chapter 8 

regulated secretory granules. The fusion protein was composed of the truncated VSV 
G protein and hGH's COOH-terminal domain. When the fusion protein is expressed 
in cells, it accumulates in regulated secretory granules. After the addition of cAMP 
analogues the fusion protein is exocytosed. This shows that the COOH-terminal domain 
of a regulated secretory protein can reroute a constitutively secreted protein to the 
regulated pathway. The molecular interactions between this domain and its putative 
binding protein are unknown. 

As briefly mentioned above, proteins destined for the lysosomes are covalently 
modified in the cis Golgi by the addition of mannose-6-phosphate (M-6-P). Lysosomal 
proteins possess a tertiary structural feature or signal patch that triggers the addition 
ofM-6-P This has been suggested by experiments showing that M-6-P addition is highly 
sensitive to a target protein's conformation, although the precise nature of this signal 
patch is unknown. Lysosomal enzymes enter the cis Golgi with attached high-mannose 
residues. The enzyme N-acetylglucosamine-l-phosphotransferase transfers N-acetyl
glucosamine-l-phosphate from UDP-G1cNAc to certain mannose residues of lysosomal 
enzymes. The enzyme N-acetylglucosamine phosphodiesterase then cleaves the 
N-acetylglucosamine away, leaving a M-6-P moiety on the lysosomal enzyme. The M-6-
P-tagged lysosomal enzyme is then sequentially transferred among the Golgi's compart
ments until it reaches the trans Golgi network. 

The trans Golgi network contains two types of M-6-P receptors. Deduced amino 
acid sequences have been obtained for both receptor types (Dahms et ai., 1987; Lobel 
et ai., 1988). These receptors can be distinguished by their divalent cation requirements. 
The cation-independent (CI) M-6-P receptor has a mass of 270 kDa whereas the cation
dependent (CD) receptor is a 30-kDa protein. Both receptors have a single trans
membrane domain and homologous luminal-facing ligand binding domains. These 
receptors are cycled through the trans Golgi network, coated vesicles, endosomes, and 
plasma membranes. When M-6-P-tagged enzymes reach the trans Golgi network, they 
bind to the M-6-P receptors. 

Several factors may contribute to the sorting of lysosomal enzymes within the trans 
Golgi network. Receptor cross-linking is likely one important contributor to sorting. 
Receptor cross-linking and aggregation are thought to occur because: (1) the CD M-6-P 
receptor spontaneously dimerizes or oligomerizes, (2) each lysosomal enzyme generally 
contains multiple M-6-P moieties, and (3) the slightly acidic environment of the trans 
Golgi network stimulates enzyme aggregation. Golgi membrane-associated clathrin also 
contributes to lysosomal enzyme sorting. The cytosolic tail of the CI M-6-P receptor 
specifically binds HA-I adaptors, which are in turn linked to clathrin (see Section 6.2.1.3 
for a discussion of HA-2 adaptor linkages to plasma membranes). HA-l adaptors are only 
found on Golgi membranes (Glickman et ai., 1989); they promote the delivery of certain 
membrane proteins into their domain within Golgi membranes. M-6-P receptors can be 
clustered at several cellular membrane sites by either HA-l or HA-2 adaptors. There
fore, at least four different factors contribute to the sorting of lysosomal enzymes. 

Clathrin-coated vesicles loaded with lysosomal enzymes bud from the Golgi's 
membrane. These vesicles discharge their contents into an acidic prelysosomal compart
ment. M-6-P receptors are not found in mature lysosomes. When M-6-P receptors 
originating from the Golgi or recycled from the plasma membrane encounter the acidic 
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environment of a prelysosomal or endosomal compartment, their conformation changes 
and thereby releases the lysosomal enzymes. The enzymes' M-6-P residues are then 
removed within lysosomes. 

The sorting of lysosomal enzymes and regulated secretory proteins is affected by 
drugs and in certain genetic diseases. The antimalarial drug chloroquine causes both 
lysosomal enzymes and regulated secretory proteins to be released in a constitutive 
fashion (e.g., Moore et al., 1983). This may be due to chloroquine's ability to neutralize 
acidic cell compartments. Lysosomal enzymes are also constitutively secreted in a 
genetic disorder called I cell disease. These patients are deficient in N-acetylglucosarnine 
phosphotransferase. Consequently, lysosomal enzymes are neither tagged by M-6-P nor 
sorted into their appropriate compartment. 

Under certain conditions lysosomal enzymes behave as regulated secretory pro
teins. In some diseases such as arthritis, vasculitis, and nephritis, antibody molecules 
are deposited at local tissue sites or surfaces. When immune cells such as neutrophils 
recognize these bound antibodies, they attempt to phagocytose the tissue (see Section 
6.2.1). Unable to internalize the surface, neutrophils discharge their hydrolytic en
zymes in an attempt to kill the false target. This response causes the tissue damage and 
inflammation seen in these diseases. 

Intracellular sorting and delivery are affected by hormone binding. Glucocor
ticoids, a family of steroid hormones, regulate the ability of murine mammary tumor 
virus (MMTV) membrane protein to leave the trans Golgi (Haffar et al., 1988). In a 
normal state, rat cells infected with MMTV do not allow the transport of MMTV's gp70 
membrane protein to the plasma membrane. The presence of glucocorticoids stimulates 
the release of gp70 to cell surfaces. The molecular explanation of this regulatory pro
cess is not certain. However, it seems likely that other signaVregulation pathways will be 
uncovered. 

When secretory proteins are not sorted out, they flow to the cell surface by the 
constitutive pathway. Constitutive secretion is therefore considered as a "default" 
pathway. If a luminal protein does not possess a retention or sorting signal, it must be a 
constitutively secreted molecule. We have encountered this rule in many different 
contexts above. For example, experiments concerning glycotripeptide flow, KDEL 
sequence deletion, E1 transmembrane domains, E3/19 sequences, HBP25s, and M-6-P 
receptors all support a default constitutive flow pathway for luminal and membrane 
proteins (Sections 8.3.3, 8.3.4, 8.3.5, and this section). 
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