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Abstract 

SEC18 gene function is required for secretory protein transport between the endoplas­

mic reticulum and the Golgi complex. We have cloned the SEC18 gene by complementa­

tion of the sec18-1 mutation. Deletion/disruption of this gene has shown that SEC18 is 

essential for yeast cell growth. Sequence analysis of the gene revealed a 2271 bp open 

reading frame which would code for a protein of 83.9 kd. The predicted protein sequence 

showed no significant homology to other known protein sequences. In vitro transcription 

and translation of SE Cl 8 led to the synthesis of two proteins of approximately 84 and 82 

kd. Antisera raised against a Sec18-~-galactosidase fusion protein, detects two proteins 

from in vivo 35S labeled yeast cells identical in size to those seen by in vitro translation. 

Although potential sites for N-linked glycosylation are present in the Sec18p sequence, the 

sizes of the in vivo SEC18 gene products are unaffected by the drug tunicamycin. Hy­

drophobicity analysis indicated that the protein is hydrophilic in nature and lacks any region 

that would be predicted to serve as a signal sequence or transmembrane anchor. These 

results suggest that the Sec18p resides in the cell cytoplasm. Pulse-chase experiments 

indicate that the two forms of Sec18 protein are not the result of post-translational 

processing. Mapping of the 5' end of the SEC18 mRNA revealed only one major start site 

for transcription, which indicates that the multiple forms of Sec 18 protein do not arise from 

mRNAs with different 5' ends. We suggest that translation initiating at different in-frame 

AUG start codons is likely to account for the presence of two forms of the Sec18 protein. 

While cell fractionation studies show that the Secl8p are not associated with ER or Golgi 

compartments, association with a 100,000 xg pellet fraction has been observed suggesting 

that Sec18p may bind transiently to small vesicles such as those presumed to participate in 

ER to Golgi transport. 
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Introduction 

As little as 30 or 40 years ago, a "yawning gulf between morphology and biochem­

istry" (1) existed in our understanding of biology. Living organisms could be described in 

terms of the morphologies and behavior of cells and organs, or the chemical makeup of cell 

constituents and the biochemical reactions that took place. The biochemistry of the 

synthesis of many cellular components such as amino acids, proteins and lipids was 

understood in detail. Yet one could not begin to tell how these pieces were assembled into 

functional units. While subcellular organelles could be observed with the light microscope, 

it was virtually impossible to assign particular functions to an organelle or to determine the 

ways in which organelles interacted. Many of the important activities of the cell, such as 

locomotion, cellular division, and the assembly and function of intracellular organelles, lie 

in this gap of our understanding of events on a molecular level and a morphological level. 

Eukaryotic cells contain a number of morphologically and biochemically distinct sub­

cellular organelles. These compartments provide the cell with different environments 

which are specialized for performing particular cellular functions. Many of the important 

processes in eukaryotic cells depend as much on the structural organization of the cell as 

they do on the chemical reactions involved. For example, the generation of ATP by mito­

chondria is dependant as much upon the structural features of the mitochondria which form 

separate compartments with different pHs, as the enzymatic reactions of electron transport 

and the chemiosmotic generation of ATP. The production of enzymes that are potentially 

deleterious to the cell, such as lysosomal proteases, again requires that they be segregated 

in a separate compartment before they are activated. The ordered nature of biochemical 

events, such as the generation of complex patterns of protein gylcosylation, means that 

substrates must be exposed to a progression of different compartments each containing dif-
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ferent enzymes. In all of these cases, the cell's ability to generate different environments 

with specific sets of proteins is crucial to the functional process. This raises a daunting 

question for cellular biologists, namely, how are the components of each compartment di­

rected to their correct locations within the cell? 

Much of what we know about the process of protein localization has developed from 

the study of how proteins are secreted from eukaryotic cells. Certain cells in higher eu­

karyotes, such as the exocrine cells of dog pancreas and liver, are highly specialized for the 

production and extracellular secretion of large amounts of particular proteins. Yet this 

posed a fundamental problem - these proteins were unable to cross cellular membranes 

spontaneously (at least in their secreted form) while protein synthesis was known to be a 

cytoplasmic process. The initial characterization of the secretory pathway revealed that 

proteins were extruded across the membrane as they were being synthesized, and passed 

through multiple distinct subcellular compartments before their release from the cell by ex­

ocytosis. This description was a product of the correlation of information from multiple 

levels: correlating morphological and molecular information by following the progress of 

newly synthesized proteins through intracellular structures using electron microscopy and 

autoradiography; correlating biochemical and morphological information by the characteri­

zation of the chemical activities associated with subcellular structures isolated by cell frac­

tionation. 

In my view, science is driven by the techniques and methodologies available for look­

ing at a problem. While a large part of science involves the application of established tech­

niques to a spectrum of subjects, rapid progress in understanding comes with the develop­

ment of new techniques for addressing a problem. At the same time, it is a truism that what 

we see is a function of how we look; that the limitations of techniques themselves play a 

part in what is observed and must be carefully considered in the experimental interpretation. 

We live in a time where rapid advances in technology have led to equally great advances in 
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. our understanding of biology. Yet, this advance also places greater burdens on the scien­

tist, who must be able to utilize an ever greater spectrum of techniques, and evaluate and 

correlate an ever wider range of information. Even so, it is still true that "gaps" remain 

between our ability to characterize components on different levels - molecular, biochemical 

and morphological - and our ability to correlate the information so as to understand the 

functional significance of these different pieces. 

This study of the SEC18 gene illustrates that this problem is still the basic challenge of 

our science. The SEC18 gene was first isolated as a genetic lesion that caused a temper­

ature sensitive block in the cellular process of protein localization through the traditional 

secretory pathway of eukaryotic cells. With the tools available to us, we have been able to 

isolate this gene and characterize both the gene and its protein product in great detail, i.e., 

the DNA sequence of the gene, the start and stop positions of the mRNA transcribed from 

the gene, and the amino acid sequence and general characteristics of the proteins made by 

this gene. These tools have also allowed us to examine certain aspects of the Sec 18 pro­

teins in vivo, their production by the yeast cell, and something of their intracellular loca­

tion. Likewise, other studies have been able to characterize many facets of the overall pro­

cess of cellular secretion. Only recently, however, have techniques become available to 

specifically address the nature of the vesicular transport of proteins from the endoplasmic 

reticulum to the Golgi apparatues. Thus, a real understanding of the functional role of the 

SEC18 gene product and the mechanisms that drive secretory transport, still lies in this 

"gap" where we cannot yet see. Rapid progress on many fronts, however, suggests that 

this will not long remain true. 

Reference. 

1. de Duve, C. Exploring cells with a centrifuge. Science 189:186-189 1975. 
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Chapter 1: Protein Secretion 

The pathway of organellar traffic, which eukaryotic cells use to secrete proteins from 

the cell, was worked out in the 1950s and 1960s, largely by George Palade and co-workers 

(1-6). By detailed microscopic examination of pancreatic exocrine cells, which are highly 

specialized for the production and secretion of proteins, they discovered that secretory pro­

teins follow a defined ordered pathway through a number of distinct subcellular structures. 

Using a combination of electron microscopy and autoradiography, they found that the 

radiolabeled secretory proteins, identified by exposed silver grains, first appeared in the 

lumen of the endoplasmic reticulum (ER). Pulse-chase experiments showed that these 

proteins were later passed to the Golgi complex, and finally to secretory or zymogen gran­

ules before being secreted from the cell. These results were later confirmed by subcellular 

fractionation of cells, and characterization of the covalent modifications of secretory pro­

teins that take place as they pass through the secretory organelles. 

In contrast to cytoplasmic proteins, which are synthesized on free ribosomes, secretory 

proteins are synthesized on ribosomes tightly bound to the endoplasmic reticulum (ER) of 

the cell. The ER is a membrane-bound organelle that forms networks of flattened vesicles 

or tubules, some studded with ribosomes on their cytoplasmic surface (rough ER) and 

some without (smooth ER). In addition to being a major site of protein synthesis within 

the cell, the ER is also the principal site of membrane phospholipid synthesis and assembly 

(7). At the ER, secretory proteins are co-translationally translocated across the membrane 

and released into the lumen. From the ER, proteins transit to the Golgi apparatus by the 

formation and transfer of vesicles. Covalent modifications to the structure of secretory 

proteins, particularly the addition of carbohydrates, occur in both the ER and Golgi. The 

Golgi apparatus is a series of stacked disc-shaped organelles that are ordered from the cis 

side where proteins from the ER enter, to the trans side where they are sorted and packaged 
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for export. In exocrine cells, secretory proteins are stored intracellularly in the form of 

condensed zymogen granules, and finally discharged from the cell by exocytosis. 

The processes involved in this basic pathway of secretion have come to be recognized 

as important not just for the secretion of a few proteins from higher eukaryotic cells, but as 

basic processes in the localization of proteins to many destinations inside and outside of all 

cells. A closer examination of what is known about the individual steps in this pathway 

shows that while much is known about the basic pathways followed by secretory proteins, 

little is known about the molecules that form the machinery guiding protein localization and 

how they function. 

Targeting of Proteins to the Secretion Pathway. 

The initial step in protein localization involves the specific targeting of secretory pro­

teins to the proper membrane and initiating the process of protein transfer across the lipid 

barrier. Secretory proteins are synthesized selectively on ribosomes tightly bound to the 

ER membrane (8). Release of these ribosomes requires both high salt and puromycin, a 

drug that terminates protein synthesis and breaks down the structure of the translating ri­

bosome. This suggests that ribosomes are held in place both by ionic interactions with the 

membrane and by the nascent chain of the translated protein being threaded across the 

membrane. What is the signal that directs secretory proteins to the ER membrane? 

In vitro translation of mRNA for the light chain of immunoglobulins showed that they 

encoded a protein that was larger than the mature form secreted from the cell (9). This 

precursor had an amino acid extension at its amino terminus. Blobel and Dobberstein 

showed that both the precursor and mature forms of lg light chain could be observed in ex­

tracts from the completion of nascent chains formed on polysomes isolated from detergent­

treated rough microsomes (10). In contrast, only mature proteins were observed during 
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translation in the presence of intact microsomes. This showed that the extra amino acids at 

the amino-terminus of the precursor form of the protein were proteolytically removed even 

before the completion of protein synthesis. This amino terminal extension was dubbed the 

signal sequence (10), and was hypothesized to be a unique amino acid sequence, which 

was responsible for attachment of the ribosome to the ER. The formation of a membrane 

pore was postulated through which the nascent chain passed during transfer into the lumen 

of the ER. 

The presence of an amino terminal extension on the mature domain of a secreted pro­

tein, which functions in targeting the protein to the proper membrane and is then prote­

olytically removed after membrane insertion/translocation has begun, has become a general 

rule for secretory proteins. However, far from being a unique sequence of amino acids, 

which would be recognized by a specific receptor, signal sequences have been shown to 

vary widely in their primary amino acid sequence (11,12). Two general structural motifs 

have come to be recognized (13) - signal sequences that target proteins to the ER in eu­

karyotes and the plasma membrane in prokaryotes, and leader peptides that target proteins 

to mitochondria and chloroplasts. 

Signal Sequences. 

The first motif is that of the signal sequence, which is found on secretory and integral 

membrane proteins in both prokaryotes and eukaryotes. In prokaryotes, this signal serves 

to mark a protein for insertion into the inner plasma membrane of the cell, and initiates the 

process of translocation across the membrane for periplasmic and outer membrane proteins. 

(see review 11) In eukaryotes, the signal sequence is present not only on secreted proteins, 

but also on proteins that follow the secretory pathway to a number of intracellular or­

ganelles including the ER, Golgi, lysosomes (14) and integral membrane proteins of the 

cell's plasma membrane (15). The common nature of the eukaryotic and prokaryotic signal 

sequence has been demonstrated in a number of ways. When eukaryotic secreted proteins 
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are expressed in prokaryotes, they are targeted to the inner membrane and often secreted 

(16,17). Likewise, when prokaryotic secreted proteins are expressed in eukaryotes, they 

are targeted to the lumen of the ER. In addition, signal sequences of prokaryotic proteins 

have been shown to interact with purified components of the mammalian signal sequence 

recognition machinery (18). 

Fusion of DNA segments coding for various domains of cytoplasmic and secretory 

proteins to create hybrid genes, has been an important tool for investigating the targeting 

properties of particular protein sequences (19). The fusion proteins produced from such 

hybrid genes can be localized either by the enzymatic activity or immunological properties 

of one of the protein domains. Fusion proteins comprised of a eukaryotic signal sequence 

fused to a prokaryotic enzyme (or vice versa) are targeted to the inner membrane when ex­

pressed in prokaryotes or to the ER when expressed in eukaryotes (17), again demonstrat­

ing the functional homology between these segments. In a few cases, mature domains of a 

hybrid protein appeared to be necessary for signal sequence function (21,22). These can 

now be explained by improper folding of the hybrid protein so as to mask the signal se­

quence. In most cases, however, the signal sequence regions have been shown to be both 

necessary and sufficient for membrane targeting. 

The basic structure of the signal sequence contains three regions (12). At the amino­

terminus, there are usually 2-4 positively charged amino acids that may interact with the 

negatively charged head groups of membrane phospholipids. This region is followed by a 

central core region of at least 9 hydrophobic amino acids that appears to be most critical to 

signal sequence function. Finally, the C-tenninal region of the signal sequence contains 

more polar amino acids and defines a site for the cleavage of the signal sequence to form 

the N-terminus of the mature protein. A great deal of effort has gone into characterizing the 

important features of the signal sequence, by the selection of mutants which block export 

and further selection of pseudorevertantsthat restore export (22,23). The overwhelming 

majority of mutants and pseudorevertants obtained were found to be altered in the signal 
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sequence region. Insertion of random sequences in place of the signal sequence of the 

yeast periplasmic enzyme, invertase, indicates that a wide variety of primary sequences will 

suffice if the structural motif of a signal sequence is maintained (24). In particular, the hy­

drophobic core region of the signal sequence appears to be critical for function. A mini­

mum signal sequence seems to require a hydrophobic domain of at least 9 amino acids in 

length, with no charged residues, that is able to fold into a stable alpha helical conforma­

tion. The importance of this structural motif may reflect a functional role that the signal 

sequence plays in the insertion/translocation across the membrane barrier. Both chemically 

synthesized signal peptides, and precursor secretory proteins which still have their signal 

peptide region, have been shown to spontaneously insert into and in some cases partially 

cross lipid bilayers (25, 26). Also, the lack of specific sequence requirements may reflect 

the diversity of proteins which need to be inserted into or translocated across the mem­

brane, and thus the need for a generalized recognition system rather than a specific recep­

tor. 

Leader Sequences. 

The second structural motif of an amino terminal protein extension, which directs 

membrane targeting, is that of the leader peptide regions of mitochondrial and chloroplast 

proteins that are encoded by nuclear genes and subsequently imported into the organelle. 

Like signal sequences, sequence comparisons of the leader regions for a number of these 

proteins do not reveal primary sequence similarity, however they are able to form similar 

secondary structures (27). The structural motif in this case, is that the leader region forms 

an amphiphilic alpha helix with hydrophobic amino acids on one face and positively 

charged residues on the other. Here too, mutational studies and the insertion of random 

sequences has demonstrated the importance of maintaining the structural motif rather than 

demanding a particular sequence of amino acids (28,29). The functional homology be­

tween mitochondrial and chloroplast leader sequences has been demonstrated by the fusion 
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of a chloroplast leader sequence to both a cytoplasmic protein (DHFR) or a mitochondrial 

protein (Cox IV) (30). In both cases, the chloroplast leader was able to direct targeting to 

the mitochondrial matrix (DHFR) or inner membrane (COX IV), although with reduced 

efficiency. This targeting raises interesting questions of how proteins produced in the 

cytoplasm are correctly sorted to mitochondria and choloroplasts, which are both present in 

plant cells (see 31). The evolutionary model that chloroplasts and mitochondria both 

evolved as intracellular symbionts (32) may shed light on why they share a similar type of 

targeting signal. 

Chemically synthesized leader peptides have also been shown to insert spontaneously 

into lipid bilayers (33). Like signal sequences, this suggests a functional role for the leader 

peptide regions in targeting to the mitochondrial or chloroplast membrane and initiating im­

port. However, the fact that this structure is very different from that of ER signal se­

quences suggests that there may be basic differences in the mechanisms involved in import 

in these two systems. Both mitochondria and chloroplasts have very complex membrane 

topologies, and an imported protein may need to cross a membrane barrier two or three 

times to arrive at its proper destination. Protein import at contact sites between inner and 

outer membranes is thought to accomplish this feat (34). In a similar vein, systems of 

protein export directly from the cytoplasm of bacteria to the extracellular medium through 

both the bacterial inner and outer membranes, are beginning to be characterized (35). It is 

possible that the mitochondrial import system evolved from the reversal of a direct protein 

export system in their bacterial ancestors. Further characterization of these systems may 

shed light on the evolutionary origins of mitochondria and chloroplasts. 

Variability in Membrane-Targeting Signals. 

While a cleaved amino-terminal signal or leader sequence is the most common targeting 

signal for membrane translocation, there are variations of this signal that function in both 

prokaryotic and eukaryotic export. In some cases, the N-terminal signal sequence is not 
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proteolytically removed and the protein becomes anchored in the membrane rather than 

translocated across, as in the case of influenza neuraminidase (36). A wide variety of inte­

gral membrane proteins are known to initially insert in the ER membrane and are then 

transported to the cell surface via the secretory pathway (37). Some secretory proteins, 

such as ovalbumin, lack an amino-terminal signal sequence, but are secreted none the less 

(38). Here, a signal sequence-like region internal to the mature domain of the protein is 

responsible for membrane translocation (39,40). It is interesting to note that the placement 

of a signal sequence type region internal to a protein can, in some cases, allow the transfer 

of domains _on both sides of the signal sequence (e.g., ovalbumin), while in other cases 

only domains C-terminal to the region are translocated across the membrane (see 41). 

There are no cases where an internal signal is known to direct the translocation of protein 

domains only N-terminal to that signal. The presence of charged residues next to the signal 

sequence may be important in determining which domains are translocated. Another pos­

sibility is that this "sidedness" results from the folding of N terminal domains into translo­

cation-incompetent forms before the translocation signal emerges from the ribosome, while 

initiation of translocation may occur before a C terminal domain has a chance to fold up 

completely. Translocation of protein domains on only one side of the signal results in the 

insertion of a protein into the membrane with a specific membrane orientation (42). 

Structural Signals that Determine the Membrane Topology of a Protein. 

The precise topology with which an integral membrane protein is inserted into the lipid 

bilayer is often critically important for function (see reviews 11,37). A protein may tra­

verse the membrane multiple times, with functional domains on both sides of the lipid bi­

layer. For example, the band III anion transport protein of erythrocytes has a large cyto­

plasmic domain at its amino terminus and is anchored in the membrane by carboxy-terminal 

domains that cross the membrane multiple times (43). Complex topologies such as this are 

thought to be generated by structural motifs within the protein, which govern its insertion 
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into the membrane (44). Stop-transfer sequences were originally postulated by Blobel and 

Dobberstein (10) to interact with the proposed translocation pore and cause its dissociation, 

leaving the protein anchored in the membrane with an untranslocated C-terminal tail. 

However, the N-terminus of the protein can also remain on the cytoplasmic side of the 

membrane if translocation is initiated by an internal signal sequence. In this case, a later 

stop-transfer sequence would give a protein that crosses the membrane twice with both ter­

mini on the cytoplasmic side. For proteins that cross the membrane multiple times, a suc­

cession of signal sequences and stop-transfers can generate any desired topology ( 45). 

Signal sequences in this context have often been considered as insertion sequences, that 

appear not to require cellular machinery to insert and initiate translocation, as opposed to 

the original signal sequences that do require cellular machinery (44). 

The nature of topology signals such as insertion sequences and stop-transfer sequences 

is unclear. In both cases, these sequences are highly hydrophobic and lack charged amino 

acids in their hydrophobic domains, similar to signal sequences (although they may be 

slightly longer in length than signal sequences). Like signal sequences, insertion signals 

and stop-transfer domains are often flanked by positively charged amino acids. Here too, it 

appears that maintaining a structural motif like the signal sequence is more important than 

the primary sequence of amino acids. The hydrophobic nature of these signals suggests that 

they function by directly interacting with the hydrophobic domain of the lipid bilayer, either 

by halting further transfer through the membrane or re-inserting naturally into the mem­

brane. Recent work suggests that the exact function of such sequences may be due in part 

to the context in which they are seen, and may depend on whether translocation has been 

previously initiated or not (41,46,47). In one case, the C-terminal transmembrane seg­

ments that normally serve as stop transfer signals, were found to function as internal signal 

sequences when they replaced this region in the human transferrin receptor ( 46). In an­

other study, hybrid proteins were generated using the stop transfer region from the 

membrane form of IgM, and hydrophilic domains of B-globin, lactamase ( with and without 



12 

its signal sequence region), and prolactin in various ordered combinations (41). They 

found that the stop transfer region would halt translocation of a hybrid protein previously 

initiated by an amino-terminal signal sequence. However, if no signal sequence was pre­

sent on the hybrid protein, the stop transfer region would serve as an internal signal se­

quence causing protein domains on both sides of the region to be translocated across the 

membrane. In a similar fashion, hydrophobic domains in the targeting regions of imported 

mitochondrial proteins are thought to interrupt transfer and thus sort proteins between the 

inner and outer mitochondrial membranes (34). In general, hydrophobic domains could be 

thought of as on/off switches for translocation, either causing the nascent chain to interact 

with the membrane and engage the machinery to initiate translocation, or causing the 

nascent chain to disengage from the machinery and halting translocation. 

The Membrane Translocation Machinery - Protein and RNA Components 

That Function in Secretion. 

Some proteins, such as bacterial toxins and the components of the complement path­

way, are able to spontaneously insert into or cross biological membranes (11). The inser­

tion of these proteins requires neither energy nor a cellular machinery for inser­

tion/translocation. However, with the exception of these few proteins, the lipid bilayer is 

an absolute barrier that proteins are unable to cross spontaneously. In general, the process 

of the insertion of proteins into membranes and/or the translocation of proteins across 

membranes, is an active process that requires a source of biological energy either in the 

form of ATP or an electrochemical gradient across the membrane. This process has been 

shown to require a translocation machinery composed of both cytosolic and integral mem­

brane components. A number of proteins have been identified, which form part of the cel­

lular translocation machinery in various systems. Still others have been inferred from the 
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sensitivity of unfractionated components in in vitro translocation assays to agents that 

modify or degrade proteins. In some instances, an RNA species has also been shown to be 

an integral part of a component of the translocation machinery. 

The original observations of the process of secretion in pancreas or liver cells showed 

that secreted proteins are synthesized selectively on ribosomes tightly bound to the ER 

membrane. Blobel and Dobberstein were able to reconstitute the process of membrane 

translocation in vitro (48). By adding stripped ER microsomes at various times after 

translation was initiated, they showed that the process of translocation was obligately co­

translational in this system. That is, if membranes were added too late after protein 

synthesis had begun, yet still before synthesis of the nascent chain was completed, proteins 

would remain outside the lumen of ER microsomes. This led them to propose that when 

the signal sequence emerged from the ribosome, it was recognized by a receptor protein in 

the membrane of the ER that caused the formation of a transient proteinaceous membrane 

pore through which the nascent chain passed. They theorized that the process of passing 

the nascent chain across the membrane barrier was driven by the energy of protein elon­

gation from the ribosome that is tightly coupled to the membrane. 

The Signal Recognition Particle and Its Receptor. 

A detailed picture has emerged in the past few years of the initial steps of targeting and 

transport across the ER membrane in higher eukaryotes, including the isolation and bio­

chemical characterization of some of the cellular components for this process. As the signal 

peptide of the targeted protein emerges from the ribosome, it is recognized by a macro­

molecular complex known as the signal recognition particle (SRP). The SRP is a macro­

molecular complex of 6 peptides and a 7S RNA, which was first isolated from a salt wash 

of microsomal membranes from dog pancreas ( 49). The SRP binds selectively to ribo­

somes synthesizing a secreted protein (50). In early work using a wheat germ translation 

extract, the SRP was shown to cause the process of protein translation to arrest (51). Later 
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studies have shown that translation arrest is peculiar to the combination of mammalian SRP 

and wheat germ ribosomes (52); SRP present in reticulocyte or HeLa cell-free systems 

does not arrest translation of secretory proteins. However, translation arrest by SRP in the 

wheat germ system has been an important assay for the purification of the SRP and its re­

ceptor. 

After binding to ribosomes synthesizing secretory proteins, the SRP mediates their 

binding to the membrane of the ER (53), by interacting with a 72 kd integral membrane 

protein present in the ER, known as the docking protein (54) or the SRP receptor (55). In 

this system, the ribosome is unable to bind to the ER membrane or translocate the nascent 

chain without the presence of SRP and its receptor. Interaction of the SRP with its receptor 

removes the translational arrest by releasing both components from interacting with the ri­

bosome (56). At the same time, the ribosome becomes bound to the ER membrane, and 

insertion and cotranslational translocation of the nascent chain proceeds. An integral 

membrane protein has been tentatively identified by photo-crosslinking between the signal 

sequence of a nascent chain and the protein, which may function as a receptor for the signal 

sequence during membrane insertion (57). The endopeptidase activity responsible for re­

moving signal peptides from the mature domain of the protein has also been purified (58). 

It consists of a membrane protein complex that contains six polypeptides between 12 and 

25 kd, two of which are glycosylated. The subunit responsible for signal peptide cleavage 

has not yet been identified. 

The structure of the SRP and its receptor have been extensively studied, along with the 

interactions between the ribosome and the SRP, and the SRP and its receptor. The SRP 

itself has been dissected into different functional components by disassembly of the com­

plex into its individual molecules, chemical modification of these components, and subse­

quent assay of the reassembled particle for its different activities (59). The SRP complex 

has 6 different polypeptides: monomer proteins of 19 kd and 54 kd, heterodimers com­

posed of a 9 kd and a 14 kd polypeptide, and a 68 kd and a 72 kd polypeptide (49). In 
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addition, there is a 300 nucleotide RNA that is identical to the small cytoplasmic 7SL RNA, 

a relatively abundant small RNA species found throughout the cell (60). The RNA is 

essential for SRP activity and serves as the structural backbone of the SRP (61). The RNA 

has a domain that is homologous with the Alu-family of repetitive sequences (62). Di­

gestion of the SRP with micrococcal nuclease removes the Alu-like domain along with the 

9/14 heterodimer. This subparticle no longer arrests elongation, but is able to promote 

translocation across the membrane if it is present early in translation (63). The 54 kd pro­

tein has been implicated in the recognition of the signal sequence, since it has been shown 

to cross link to the signal sequence of the nascent chain of preprolactin by photoaffinity la­

beling (64). In addition, chemical modification of the 54 kd protein by alkylation leads to 

an SRP that fails to recognize the signal sequence (65). Similar alkylation of the 68/72 kd 

heterodimer gives an SRP that can arrest translation of the secreted protein, but no longer 

interacts with the SRP receptor and thus fails to mediate translocation (65). 

The SRP receptor was first identified as a 60-kd protein fragment that could be re­

moved from microsomal membranes by limited proteolysis and high salt (66). Addition of 

this purified fragment to stripped membranes showed that it could reconstitute translocation 

across the ER membrane. This fragment represents the cytoplasmic domain of a 72 kd 

integral membrane protein of the ER (67). This protein has been shown to bind to the 

SRP, release its elongation arrest of secretory protein translation (54), and promote the co­

translational translocation of the nascent chain. The SRP receptor has been cloned and se­

quenced (55), and contains regions with a high density of basic amino acids that could 

possibly interact with nucleic acid. Other components of an SRP receptor complex have 

been tentatively identified by their co-purification with the SRP receptor (68), including a 

30 kd protein subunit that is tightly associated with the receptor. 

The SRP was first purified as a peripheral membrane complex associated with the ER 

membrane of dog pancreas cells (49). However, the SRP complex is also present in the 

post-microsomal supernatant of dog pancreas, and is found cytoplasmically in rabbit 
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reticulocyte in vitro translation extracts (54,69). Thus, the SRP is thought to cycle on and 

off the ER membrane, first binding ribosomes synthesizing secretory proteins, then 

interacting with the SRP receptor at the ER membrane and being released (70). SRP 

receptor, on the other hand, does not interact directly with the ribosome. Instead it binds to 

the SRP complex on the ribosome (56). In the initial studies, interaction of the SRP with 

its receptor was required to release elongation arrest and resulted in displacement of the 

SRP from the ribosome (56). 

Despite the intense characterization of the SRP and its receptor, it is unclear whether 

they play functional roles in the insertion of the signal peptide into the membrane, and in 

the initiation of the process of translocation. It is possible that SRP mediated targeting 

serves primarily to selectively target secretory proteins to the ER membrane with high 

fidelity. For a long time, the translation arrest caused by SRP was thought to be an integral 

part of the mechanism of translocation, coupling the process to that of translation and al­

lowing the energy of protein elongation to drive the nascent chain across the membrane. 

However, removal of the Alu-domain of the SRP showed that elongation arrest was not 

required for protein translocation (71 ). Later studies showed that elongation arrest is an 

artifact of the interaction of mammalian SRP with the wheat germ translation system 

(52,63). The demonstration that translocation can occur post-translationally in another eu­

karyotic system (yeast - 72,73) suggests that translocation into the ER is not obligately co­

translational, and that the energy driving translocation comes from the hydrolysis of ATP 

(73,74). Termination of translation and release of the nascent chain from the ribosome 

removes the ability of proteins to be post-translationally imported into mammalian micro­

somes (75,76). This suggests that SRP mediated targeting to the ER is still required in 

higher eukaryotes even if elongation of the nascent chain is complete. Translocation into 

dog pancreas microsomes in a post-translational fashion is possible if sufficient dithiothre-
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itol is present in the translation reaction (77) 1 • Thus, protein folding and the formation of 

disulfide bonds may be the major barriers to post-translational translocation in the in vitro 

mammalian system. 

Is SRP Mediated Targeting Present in Lower Organisms? 

The similar nature of prokaryotic and eukaryotic signal sequences, and their ability to 

functionally substitute for one another both in vitro and in vivo, suggests that components 

similar to the SRP and SRP receptor should be present in these systems. However, ho­

mologous proteins to the SRP and SRP receptor have yet to be identified in either prokary­

otic secretion, or ER targeting in lower eukaryotic organisms such as yeast2 . SRP medi­

ated targeting may have evolved from simpler systems seen in bacteria and yeast, as the 

need for cells specialized in the production and secretion of proteins evolved in higher or­

ganisms. The high level of secretory protein production in these cells may have evolved 

beyond the cell's tolerance for mis-targeted proteins, necessitating a more stringent target­

ing system. One piece of evidence that SRP targeting may differ from targeting in 

prokaryotic secretion, is that mutant signal sequences that greatly delay protein export in E. 

coli are recognized and translocated in an SRP-dependent system with the same efficiency 

as the wild-type signal sequence (18). This suggests that SRP mediated targeting may be 

specialized to more closely couple the processes of translation and translocation, perhaps to 

give the cell a greater tolerance for signal sequence mutations. Once in place, this system 

1 The authors suggest that such a reducing environment more closely resembles in vivo 

conditions created by the high concentration of glutathione in the cellular cytoplasm (77). 

2 One recent report suggests that an RNA homologous to the 7SL RNA of the SRP has 

been identified in Schizosaccharomyces pombe (78). 



18 

also could relieve the cell's requirement for cytosolic factors which keep the nascent chain 

from folding into translocation incompetent forms. A variety of such factors, many of that 

are related to the heat shock family of proteins, have recently been demonstrated to be pre­

sent throughout the cell and appear to have roles in translocation and protein assembly (see 

below). 

Other Membrane Components. 

The mechanism of how the ribosome is bound to the ER membrane, and how translo­

cation is initiated remains unclear. Two ER transmembrane glycoproteins called ribophorin 

I and II have been characterized by cross-linking to 80S ribosomes (79). This may be 

artifactual, however, since protease treatment of microsomal membranes suggests that 

protein translocation activity is abolished long before ribophorins are subject to significant 

degradation (80). In these studies, in vitro translocation could be reconstituted by adding 

back the cytoplasmic fragment of the SRP receptor to ER membranes that had been stripped 

of this component. Further controlled proteolysis of these stripped membranes abolished 

the ability of the cytoplasmic fragment of SRP receptor to bind to the membranes and 

restore translocation. In addition, treatment of stripped membranes with N-ethylmaleimide 

resulted in membranes that were still capable of binding the cytoplasmic SRP receptor 

fragment and ribosomes, but were unable to initiate translocation (80). These results sug­

gest that other components of the translocation machinery, particularly integral membrane 

components, remain to be identified. Whether these components form a pore with an 

aqueous channel for the translocation of the nascent chain, or function in unfolding the 

nascent chain and assisting its passage directly through the membrane remains to be de­

termined. Characterization of these components will greatly clarify the biophysical mecha­

nism(s) used in membrane translocation. 
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Trans location in Yeast. 

Recently, in vitro systems of protein translocation into yeast ER microsomes have been 

established using protein translation extracts from wheat germ (73) and yeast (73,74,81). 

In contrast to the higher mammalian system, post-translational translocation of secretory 

proteins was easily demonstrated. Translocation into yeast microsomes was independent 

of the presence or absence of canine SRP. Furthermore, yeast ER microsomes were un­

able to release the translational arrest imposed by mammalian SRP on the wheat germ 

translation system. These results suggest that components homologous to SRP and SRP 

receptor are not present in yeast (73). Translocation required the hydrolysis of ATP 

(73,74), while ionophores and uncouplers of membrane potential had no effect (72,73). 

Translocation activity of yeast microsomes was sensitive to proteolysis and alkylation by 

N-ethylmaleimide (73), indicating that integral membrane proteins of the yeast ER were re­

quired. 

A requirement for cytosolic components for translocation into yeast ER has also been 

demonstrated (82). These components are sensitive to protease, alkylation and heat treat­

ment, but not to RNase (82). At least some of these soluble factors appear to be common 

to both prokaryotes and eukaryotes, since post-ribosomal supematants from either E.coli 

or S. cerevisiae can stimulate post-translational translocation across both yeast microsomes 

and inverted vesicles of the E. coli plasma membrane (83). Purification of one of these 

cytosolic factors revealed that it consists of two constitutively expressed yeast proteins, 

which are both 70 kd in size (84). These proteins are identical to members of the hsp70 

heat shock proteins (hsps) in yeast (84 ). 

Heat Shock Proteins Modulate Folding During Translocation. 

Heat shock proteins form a large family of genes, which are highly conserved through­

out evolution in both their protein-coding and regulatory sequences (for review see 85). 

While some hsps are constitutively expressed, others are induced in response to environ-
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mental stress. Hsp70 is the most highly conserved of the hsps, and has been found in all 

organisms studied so far including E. coli (dnaK gene product), yeast, Drosophila, hu­

mans, and plants. In yeast, there are at least 8 genes coding for members of the hsp70 

family, of which six are constitutively expressed. In addition to their biochemical purifi­

cation from yeast as cytosolic translocation factors, genetic tests also indicate that these 

gene products are involved in translocation of both secretory proteins into the yeast ER, 

and of precursor proteins into yeast mitochondria (86). Hsp70 proteins are found not only 

in the cytoplasm, but also in the nucleus, particularly in the nucleolus, and the ER in the 

case of immunoglobulin binding protein (BiP) (87). Hsp70 proteins have been shown to 

bind to abnormal or incompletely assembled proteins in an ATP-reversible manner (87). 

Current models suggest that hsp70 proteins are involved in unfolding and renaturation of 

proteins damaged by temperature elevation (88). Under normal conditions, hsp70 proteins 

might function either to prevent folding of translocated proteins in the cytoplasm and/or to 

unfold such proteins as they are passed across the membrane. Within the ER, hsp70 pro­

teins might serve to correctly fold translocated proteins and assemble them into multi-sub­

unit complexes (89). Homologues from another highly conserved family of heat shock 

proteins, termed chaperonins, are found in E.coli (groEL), mitochondria and chloroplasts 

(90). Like hsp70s, these proteins bind to newly synthesized unassembled subunits of 

oligomeric complexes. In a similar fashion, chaperonins are thought to assist in the correct 

folding of proteins and their assembly into multisubunit complexes (90). Other cytosolic 

factors for protein translocation remain to be characterized. However, protein folding and 

assembly before, during, and after membrane translocation is coming to be recognized as 

an important part of localization. This data suggests that many proteins may require an 

active mechanism for correct folding and assembly, instead of such processes occurring 

spontaneously as had long been thought . 
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Genetic Approaches to the Study o/Translocation. 

There have been a number of attempts to genetically identify proteins that play func­

tional roles in translocation. In yeast, a series of conditional lethal mutants in the secretion 

process have been isolated by their increase in density upon shift to the non-permissive 

temperature (91). Using an easily assayed secretory enzyme, invertase, these mutants have 

been classified into those that accumulate active enzymes internally (class A SEC mutants) 

and those that accumulate inactive enzymes internally (class B SEC mutants) (91). 

Invertase requires the addition of carbohydrates for its activity (92), a function carried out 

in the lumen of the ER (93). Thus, class B sec mutants are candidates for components of 

the ER membrane targeting and translocation machinery. To date, four complementation 

groups of Class B sec mutants have been identified- sec53, sec59, sec61 and sec62 

(94,95,96). The most thoroughly characterized of these is the sec53 mutation. The SEC53 

gene was cloned by complementation in yeast (97). It encodes a 29 kd protein, which is 

thought to be located in the cell cytoplasm (97) or loosely attached to the cytoplasmic face 

of the ER (98). However, secretory proteins are fully translocated into the lumen of the 

ER in sec53 and sec59 mutants (as shown by the removal of their signal sequences), 

suggesting that these genes may encode products that function in the maturation of proteins 

rather than their translocation into the ER (99). The SEC53 gene is allelic to the yeast alg4 

mutation, and encodes the phosphomannomutase enzyme that is involved in the 

glycosylation of proteins within the ER (100,101,102). The sec61 and sec62 mutations 

were identified by selection for cytoplasmic localization of an enzyme that had been engi­

neered to localize to the ER by the addition of a signal sequence (96). These mutants ac­

cumulate precursor forms of a number of secretory enzymes which, although associated 

with the ER membrane, remain sensitive to exogenous proteases. (96) The fact that secre­

tory proteins retain their signal peptides in sec61 and sec62 mutants suggests that they have 

a direct role in translocation. The addition of the power of genetic selection to the efforts at 
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biochemical characterization and reconstitution of in vitro translocation, should greatly 

enhance progress in this area. 

In E.coli, signal sequence mutations and gene fusions that block export of a secretory 

protein required for growth on a substrate have been used to select for compensating mu­

tations in components of the translocation machinery. For example, a fusion of the signal 

sequence of maltose binding protein to f3-galactosidase created strains that were unable to 

grow on lactose (Lac-) because of low uninduced levels of f3-gal activity (103). Selection 

of these strains for the Lac+ phenotype led to the identification of 2 loci, secA and secB, 

which accumulate precursor forms of a number of secreted proteins at 300 (104). SecA 

encodes a 92,000 dalton protein, which appears to be loosely associated with the cy­

toplasmic face of the plasma membrane (105,106). There is data that the E.coli secB gene 

product (a 12 kd protein) performs functions similar to hsp70s in delaying protein folding 

until secretory proteins are translocated across the bacterial membrane (107). Other genetic 

loci have been identified, which cause pleiotropic defects in protein secretion including 

secC, secD, pr/A (secY) and pr/D (see review 108). One of the surprising results in this 

system is that these mutations appear to affect different subsets of secreted proteins, sug­

gesting that there may be multiple pathways for export. Similarly, the overproduction of 

certain secretion defective proteins will interfere with the normal export of only a subset of 

other secretory proteins (108). In light of the recent data on the role of cytosolic factors in 

preventing folding of precursor proteins prior to translocation, these effects on subsets of 

secretory proteins may reflect substrate specificities of such "unfoldases." 

Other potential components of the E coli secretory machinery include the pr/A (secY) 

gene, located in the spc operon, which codes for ribosomal subunits (109,110). Both bio­

chemical and sequence data indicate that the secY gene product is a 49,000 dalton integral 

membrane protein in the E coli plasma membrane (111,112). SecY is one of the more 

promising candidates for a component of a translocation pore. The E.coli leader peptidase 

that removes signal peptides from most secreted proteins has been purified biochemically 
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and characterized in detail (114,115). A second endopeptidase, which is specific for the 

signal peptides of lipoproteins, has also been characterized (see 108 for references). 

In Vitro Translocation in E, coli. 

In vitro systems of protein translocation across the plasma membrane of E. coli have 

also been established (115,116). These systems require the production of inverted vesicles 

of the E. coli plasma membrane, and translocation is demonstrated by removal of the signal 

peptide and protection from externally added proteases. Precursor proteins can be 

translocated into such vesicles either co-translationally or post-translationally (115,116). 

Translocation is sensitive to protease treatment, N-ethylmaleimide, and requires ATP 

hydrolysis (117). An electrochemical gradient is necessary for optimal activity (118). 

Using these in vitro systems, a 12S complex of 4 proteins has been identified from both 

E.coli (119) and B. subtilis (120) that interacts with the ribosome and is required for 

translocation. While this complex is a good candidate for a bacterial homologue of the 

mammalian SRP, it does not contain the bacterial 6S RNA that was thought to be a homo­

logue of the mammalian 7SL RNA (119). A soluble protein (trigger factor) has also been 

identified, which is required for in vitro translocation of pro-OmpA (121). This protein 

must be complexed with the denatured precursor in order to have activity, suggesting that it 

is involved in preventing the precursor from folding into a translocation incompetent form 

(121). The relationship of this factor to the heat shock proteins, which perform similar 

functions, remains to be seen. 

In Vitro Import into Mitochondria and Chloroplasts. 

In vitro import of nuclear-encoded proteins into mitochondria and chloroplasts has also 

been used to characterize the components involved in these processes. In addition to the 

hsp70 proteins, which have been shown to stimulate import into yeast mitochondria 

(discussed above, see 86), a cytoplasmic RNA species (122) and a protein factor of ap-
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proximately 40,000 daltons (123) are also required for import into mitochondria. While 

protease treatment of isolated organelles demonstrated early on that integral membrane 

proteins were necessary for import (124,125), characterization of these components has 

proven extremely difficult An interesting approach has recently led to the identification of 

an integral membrane protein, which serves as the leader sequence receptor for protein im­

port into chloroplasts (126). Antibodies were raised against a 30-residue peptide corre­

sponding to the leader segment for the small subunit of ribulose-1,5-biphosphate car­

boxylase (Rubisco-S). By molecular complementarity, the binding site of these antibodies 

should resemble the binding site for the chloroplast leader sequence receptor. Anti-idio­

typic antibodies, raised against the first antiserum, should subsequently be able to bind the 

receptor itself. A 30-kd integral membrane protein was identified, which specifically binds 

the precursor form of Rubisco-S. Using immuno-electron microscopy, this receptor has 

been localized to contact zones between the inner and outer chloroplast membranes (126). 

Import at these sites has long been hypothesized to account for protein import into the inner 

matrix, rather than a mechanism that requires multiple membrane translocation steps (127). 

These in vitro systems have also shown that ATP hydrolysis is required for import into 

both mitochondria (125,128) and chloroplasts (129,130). Part of this ATP requirement 

may be for use by cytosolic factors, which maintain the precursors in a translocation 

competent form and/or unfold the precursor prior to translocation (see review 131, also 

90,132,133,134). However, the requirement for an internal chloroplast ATPase (130) 

suggests that hydrolysis may also be required for translocation itself. While an 

electrochemical gradient is not necessary for import into chloroplasts (130), the presence of 

a membrane potential across the inner membrane is required in mitochondria (126,129). 
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The Mechanism of Translocation Across the Membrane Barrier. 

The biophysical mechanism whereby hydrophilic domains of a protein are transported 

across the hydrophobic barrier of a membrane has been the subject of intense speculation 

and investigation. The original signal hypothesis proposed that a proteinaceous membrane 

pore structure assembled in the ER membrane at the site of ribosome binding (10). This 

pore would shield the nascent chain from the hydrophobic domain of the lipid bilayer, al­

lowing it to be translocated across. The energy from elongation of the nascent chain during 

translation was thought to be the driving force for translocation and thus the reason that 

translocation was only seen co-translationally. The importance of the co-translational na­

ture of ER import was reinforced by the finding that components that target secretory pro­

teins to the ER membrane (the SRP) arrest translation of cytoplasmic ribosomes in the 

original in vitro system, and that this arrest is relieved upon interaction with the membrane 

and initiation of translocation (135). 

Most of the proteins in mitochondria and chloroplasts are encoded by nuclear genes 

(136), translated by cytoplasmic ribosomes (137,138), and must be subsequently imported 

post-translationally into these organelles. Such post-translational import would rule out 

elongation of the nascent chain as the driving force for translocation, suggesting that a very 

different mechanism is at work here. Post-translational import into mitochondria and 

chloroplasts has been demonstrated both in vitro (see reviews 139,140) and in vivo (141). 

Like secretory proteins, most mitochondrial proteins are synthesized in a precursor form 

with an amino-terminal extension that is removed during or shortly after 1.mport. However, 

while the import signal varies widely between mitochondrial proteins, it is structurally dis­

tinct from the signal peptides of secretory proteins (142). These results led to a general 

belief that protein import into mitochondria and chloroplasts is fundamentally different from 

the process that translocates secretory proteins across the membrane of the ER. 



26 

Early work on protein translocation across the E.coli plasma membrane showed that 

post-translational translocation was also possible in this system (119,143). While similar 

in this aspect to mitochondrial import, the signal peptide regions of exported bacterial pro­

teins were structurally and functionally like those of eukaryotic secretory proteins. This led 

people to question if the mechanism of bacterial secretion was like mitochondrial import or 

like ER translocation. The relevance of post-translational translocation in vivo in bacteria 

has also been questioned, since many bacterial secretory proteins are preferentially synthe­

sized on membrane-bound polysomes (144) and co-translationally exported (115,145). In 

some cases, particularly with signal sequence mutants, it has been difficult to distinguish 

whether export is proceeding post-translationally or is initiated co-translationally and pro­

ceeds with very slow kinetics. 

The significance of co-translational versus post-translational translocation, and the 

translocation mechanism(s) used in different systems have been widely debated. The view 

that translocation proceeds by fundamentally different mechanisms in these different sys­

tems has been challenged recently (146). The demonstration that post-translational import 

of secretory proteins into yeast ER is possible (73,74,81), has shown that ER import is not 

obligately co-translational. Earlier work had proven that protein elongation is not necessary 

for translocation into mammalian ER (71), and thus that the energy for translocation is not 

derived from protein translation. While attachment of the ribosome to the nascent chain still 

appears to be required for import into mammalian ER (75), this seems to be for the purpose 

of membrane targeting rather than translocation itself. In addition, cytosolic factors have 

been characterized that are able to stimulate both mitochondrial import and ER translocation 

(84,86). Cytosolic factors such as these are common to both prokaryotes and eukaryotes 

(83) suggesting a high degree of conservation in both structure and function. It is starting 

to become clear that while there may be unique facets to the translocation process in all 

these systems, at least some of the components and the underlying mechanisms may be 

common to all systems. 
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A number of different models have been proposed for how proteins are translocated 

across membranes. One of the first alternatives to the model of nascent chain translocation 

through a membrane pore proposed in the signal hypothesis (10) was the membrane trigger 

theory proposed by Widener (147). Comparison of signal sequences from a number of 

different proteins led to the recognition that the signal sequence was not a specific array of 

amino acids, suggesting that recognition was not mediated by a specific receptor. The 

structural characteristics of signal sequences suggested that they might spontaneously 

associate with the hydrophobic domain of the lipid bilayer and thus initiate insertion. This 

led Wick:ner to propose that as the nascent chain emerged from the ribosome, it folded into 

a configuration that spontaneously inserted the signal peptide into the membrane. Pre­

sumably as it did so, hydrophilic domains of the protein were pulled across the membrane. 

Further folding of the nascent chain on the opposite side of the membrane provided the 

energy for continued translocation. Cleavage of the signal peptide and the folding of the 

protein into its mature form rendered the process of translocation unidirectional and ir­

reversible. The key features of this hypothesis are 1) the lack of a membrane transport 

system or pore complex for the process of translocation and 2) that the structural features of 

the signal peptide and the folding of the nascent chain are functionally important for driving 

the process of translocation rather than the process of elongation. 

The signal hypothesis and the membrane trigger hypothesis represent the extremes in 

the spectrum of thought on the process of translocation ranging from a spontaneous pro­

cess driven by the process of protein folding and requiring no cellular machinery, to a 

highly mechanistic, enzymatically driven process. The difficulty in demonstrating the ex­

istence of a membrane pore complex has led to a number of proposed mechanisms where 

the nascent chain interacts directly with the membrane (13,148-151). Like the membrane 

trigger hypothesis, the helical hairpin model postulates that insertion and translocation are 

spontaneous processes that do not require additional cellular machinery (151). In this 

model, the hydrophobic signal sequence and adjacent sequences of the mature portion of 
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the protein form a pair of alpha-helices that spontaneously insert into the membrane. Hy­

drophilic domains of the protein are threaded across the membrane as an alpha helix, re­

maining in contact with the alpha helix of the signal peptide. The direct transfer model 

(150) invokes the tight attachment of the ribosome to the membrane, along with the energy 

of protein elongation, as providing sufficient energy to force strongly hydrophilic residues 

through the membrane. Both of these models include a "pulling" force generated by the 

folding of the nascent chain on the opposite side of the membrane as contributing to further 

translocation. Folding and cleavage of the signal sequence are presumed to make the pro­

cess irreversible. There is general agreement that peptide sequences within the translocated 

protein itself can halt and/or re-initiate membrane transfer. The order in which these occur 

on the protein is presumably responsible for the final topology of the protein in the mem­

brane (11,37 ,149). 

Experiments have shown that there is wide variation in the time frame in which 

individual proteins cross the membrane (152), and in their requirements for energy and 

accessory molecules. A number of proteins, such as bee venom mellitin, will sponta­

neously insert into membranes or even into artificial liposomes totally lacking in proteins 

(11). In general, however, most translocated proteins have been shown to require both 

cytosolic and integral membrane factors to transfer hydrophilic domains across the mem­

brane barrier (above). The specificity of such factors for the proteins they assist and 

differences in their kinetics may result in the appearance of different requirements or ki­

netics in the translocation of particular proteins even though the basic mechanism of 

translocation is largely the same. Likewise, ATP hydrolysis is, in general, required for 

translocation (131). Whether ATP is used for the unfolding of a translocated protein or is 

directly used by a pore complex to pass the protein across the membrane will probably be 

difficult to distinguish. In mitochondria, an electrochemical potential across the inner 

membrane is also required for import into the matrix. Similarly, in bacteria, proton-motive 

force is required for optimal rates of protein export. 
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The existence of a membrane pore complex to shield the nascent chain from the hy­

drophobic environment of the lipid bilayer remains an open question. The importance of 

the hydrophobic nature of signal/leader regions and membrane topology signals strongly 

suggests that they interact directly with the membrane. However, there is still disagreement 

about whether it is energetically possible to pass hydrophilic protein domains across the 

bilayer without a pore of some type. Likewise, any mechanism for translocation must also 

be able to account for those proteins with uncleaved internal signal sequences such as oval­

bumin (39,40), or other large hydrophobic domains such as E. coli hemolysin (154), 

which are translocated completely across the membrane. How are the hydrophobic do­

mains of these proteins either prevented from interacting from the membrane, or actively 

removed from the membrane during translocation? The importance of cytosolic and/or in­

tegral membrane factors in translocation, and an understanding of their role in unfolding the 

translocated protein prior to passage across the membrane is only starting to emerge. New 

studies looking at the folding state of a protein indicate the importance of maintaining the 

protein in an unfolded or loosely folded configuration before translocation (77,108,154-

156). Likewise, recent evidence suggests that proteins within the lumen of the ER, (for 

example BiP) or the matrix of mitochondria and chloroplasts (chaperonins) may be actively 

involved in re-folding proteins after membrane translocation and assembling them into 

larger complexes. The role of such "unfoldases," particularly if any are found which are 

integral membrane proteins, may be difficult to distinguish from that of a membrane pore 

for translocation without a crystal structure of the membrane translocating complex. 

While similar in their use of cytoplasmic factors for unfolding translocated proteins, 

pathways of translocation that pass proteins across more than one membrane at a time may 

be very different in some aspects. Import into the mitochondria or chloroplast matrix in­

volves a dual membrane translocation, which occurs at contact sites between the inner and 

outer membranes (126,157). Likewise, recent studies have begun to suggest that bacteria 

are able to export proteins directly from the cytoplasm to the extracellular medium 
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(35,153). Here too, export is thought to occur at contact points between the inner and 

outer membranes. The structure of such contact regions, and mechanisms of how they are 

generated and maintained, is not understood. One well-studied example of import at such 

sites involves the Fe/S protein of the ubiquinol-cytochrome c reductase complex, which is 

localized to the outer surface of the mitochondrial inner membrane (158). A prokaryotic 

homologue of this protein is made in the bacterial cytoplasm, contains a typical signal se­

quence, and is translocated to the outer surface of the bacterial inner membrane. The eu­

karyotic protein has an amino-terminal leader sequence attached to the signal peptide re­

gion. This conformation was thought to function by first using the leader sequence to insert 

through the mitochondrial outer membrane, and then halting translocation at inner 

membrane by using the signal sequence region as a stop transfer sequence (34). However, 

studies indicate that this protein is translocated completely across the mitochondrial outer 

and inner membranes in a process that is dependent on a membrane potential across the in­

ner membrane (158). The signal sequence in this case does not halt translocation, sug­

gesting that it is not allowed to interact directly with the lipid bilayers. Once in the mito­

chondrial matrix, the leader region of the Fe/S protein is then proteolytically removed, ex­

posing the signal peptide region. This protein is further translocated back across the mito­

chondrial inner membrane, like the translocation of the prokaryotic homologue, with the 

concomitant removal of the signal peptide region. The authors suggest that such a two step 

process may reflect the evolutionary origins of mitochondria (158). It is possible that the 

import step in this case may have evolved from a prokaryotic pathway of export directly 

from the cytoplasm to the extracellular medium. In both cases, an electrochemical potential 

seems to be utilized in the translocation process. Shielding of hydrophobic domains from 

interaction with the lipid bilayers is also common to both systems (153,158), suggesting 

the involvement of a membrane pore at sites of contact between the two membranes. In a 

similar vein, when stop transfer regions are engineered into a chloroplast matrix protein 
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they do not cause a halt in translocation. This suggests that they, too, are shielded from 

interaction with the membrane (159). 

Passage Through the Organelles of the Eukaryotic Secretory Pathway. 

Compared to the large volume of detailed information on the initial membrane targeting 

and translocation steps of secretion, relatively little is known about how proteins are trans­

ported from compartment to compartment within the cell to finally arrive at their correct 

destinations. There are primarily two recognized functions performed by the remaining 

secretory compartments; the modification and processing of proteins to their final structural 

conformations, and the task of sorting proteins for delivery to their correct final destination 

inside or outside of the cell. Both of these activities are accomplished with a high degree of 

fidelity. Individual proteins are correctly modified to their final forms through a precise 

ordered sequence of covalent modifications such as proteolytic cleavages and 

oligosaccharide additions. Likewise, subcellular organelles have distinctive subsets of 

proteins in their membranes and enclosed within their lumenal space, a process crucial to 

forming functionally differentiated compartments within the cell. This implies the ability to 

precisely sort both integral membrane and membrane bound proteins, as well as those 

proteins that are free in the lumen of secretory organelles. Indeed, sorting by the secretory 

pathway is probably an integral part of the process of organelle biogenesis. 

The processing pathways of a number of individual proteins have been characterized in 

detail. Both the kinds of modifications that occur, and the extent to which they occur, are 

often unique to individual proteins and the type of cell in which synthesis occurs. Little is 

currently known about the mechanism(s) that determines which modifications will occur on 

a particular protein, or what determines the extent of modification of a particular protein. 

However, studies that detail the kinds of modifications, the order in which they occur, and 
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the locations where they take place, have provided useful model systems for looking at 1) 

the number and kinds of compartments that make up the secretory pathway and 2) the 

transfer of proteins from one compartment to the next. In particular, the addition of 

oligosaccharides to the side chains of asparagine residues and subsequent maturation of the 

glycosidic side chains has been well studied and provides useful markers for progress 

along the secretory pathway. Through use of recombinant DNA and gene expression tech­

niques, progress has also been made in studying the sorting of proteins to particular com­

partments and the signals that mark proteins for their final destinations. 

Since the initial characterization of the secretory pathway, which followed the progress 

of in vivo labeled proteins through organelles by electron microscopy, autoradiography and 

cell fractionation ( 1-6), characterization of the individual transport steps that make up the 

pathway has proven difficult. Some progress has been made by in vivo studies, which 

utilize cell fusions to characterize transport between successive compartments. In vitro 

systems, which reconstitute transfer between the ER and Golgi complex, or between suc­

cessive compartments in the Golgi, have only recently been established. These systems 

hold the promise of being able to biochemically dissect the process of secretion. Finally, a 

system of conditional-lethal mutations that disrupt the secretion process in yeast have been 

characterized. This adds the power of genetic selection to identify components of the se­

cretion machinery, and the ability to easily clone and characterize the products of these 

genes, to the efforts aimed at achieving a functional understanding of the secretion process. 

Protein Maturation During the Process of Secretion. 

Glycosylation. 

Beyond the proteolytic removal of the signal sequence, which usually occurs during the 

process of translocation across the ER membrane, proteins can undergo a variety of cova-
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lent modifications as they progress through the eukaryotic secretory pathway. One of the 

most thoroughly studied of these modifications is the addition of complex carbohydrates in 

an N-linked fashion to asparagine side-chains of the protein (reviewed 93,160-162). For 

the most part, the significance of glycosylation - the diversity of carbohydrate structures 

and the precise way that individual proteins are modified - remains somewhat enigmatic 

since many of these modifications can be eliminated in mutant cell lines with no detectable 

defect in cell growth (163). However, some of the roles that carbohydrate side chains serve 

in glycoprotein structure and function are known. For some proteins, such as 

carboxypeptidase Y and invertase in yeast, glycosylation is required for enzymatic function 

(93). The function of insulin receptors in higher eukaryotes is also dependent upon 

glycosylation (164). Glycosylation also plays roles in the targeting and secretion of pro­

teins. Mannose-6-phosphate residues on lysosomal enzymes are used as a sorting signal 

for correct localization (165). In some cases, the effects of glycosylation on secretion may 

be more subtle. N-linked glycosylation has been shown to be important for the formation 

of octamers of invertase (166). Lacking the correct quaternary structure, unglycosylated 

invertase is secreted very slowly and is not properly retained in the periplasmic space be­

tween the yeast plasma membrane and its outer cell wall (166). In higher eukaryotes, gly­

coproteins are thought to play important roles in mediating cell-cell interactions during de­

velopment (167). A general role for glycosylation in cell-cell recognition has been pro­

posed, with differences in outer chain structures forming the signals that are communi­

cated. However, the inability to modulate particular glycosylation events in a controlled 

fashion has made this a difficult subject to approach. 

The addition of N-linked oligosaccharides begins in the ER. A core oligosaccharide 

complex of 14 monosaccharides attached to a dolichol-phosphate carrier 

[Glc3Man9GlcNAc2-P-P-Dol] is synthesized on the membrane of the ER (162). This 

structure is transferred as a unit to asparagine side-chains of secretory proteins once they 

reach the lumen of the ER. The sequence -Asn-X-Ser/Thr-, where X can be any amino 
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acid except Asp or Pro (168), serves as the structural determinant on the secretory protein 

which is recognized by the oligosaccharide transferase. While this sequence is required for 

N-linked glycosylation, only about 1/3 of such sites are actually glycosylated (169). 

Experiments in vitro with denatured proteins and oligopeptide fragments suggest that pro­

tein folding around the site can inhibit its recognition as a substrate (see 160 for discus­

sion). The transfer reaction is restricted to the lumen of the ER (170), and in most cases 

occurs concomitant with the processes of protein translation and membrane translocation 

(160,161). The role, if any, that glycosylation plays in the translocation process is unclear. 

In some cases, defects in glycosylation have been shown to affect the folding of secretory 

proteins and their transit from the ER (94,166,170); however, the processes of translation 

and translocation are not directly affected (94). In fact, when glycosylation is either inhib­

ited by mutation (99,170) or saturated by overexpression of a glycoprotein (95), unglyco­

sylated precursors can be detected that are then glycosylated in a post-translational, post­

translocational fashion. Thus, the processes of translation/translocation and glycosylation 

do not appear to be mechanistically linked. 

Following transfer to the peptide chain, a trimming process begins that eventually re­

duces the core oligosaccharide structure to Man3GlcNAc2 in higher eukaryotes (160) or 

MangGlcNAc2 in yeast (171). First, the three outer glucose residues are removed from the 

core oligosaccharide unit. This appears to be counter-productive; however the glucosylated 

Glc3Man9GlcNAc2 oligosaccharide is highly preferred over Glc2Man9GlcNAc2 or 

GlcMan9GlcNAc2 as the donor oligosaccharide for transfer to proteins (172). The glu-

cosidases that are responsible for glucose removal have been shown ·to be integral mem­

brane proteins in the ER of a number of different eukaryotic cells from yeast to human fi­

broblasts (161). Following glucose removal, the four outer mannose units that are linked 

in an a-1,2 fashion are removed to leave a Man5GlcNAc2 structure. The removal of the 

first a-1,2 Man residue occurs in the ER (173), while the remaining a-1,2 Man residues 

are removed in the Golgi compartment. A kinetic delay between the removal of the first 
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mannose residue and the remaining a-1,2 mannose residues has been observed (174), 

which presumably corresponds to the time for transfer between the ER and Golgi. 

At this stage, the processing of Asn-linked carbohydrate chains begins to diverge, 

leading to heterogeneous populations of glycosylated molecules. In higher eukaryotes, this 

process generally leads to two major types of outer chain oligosaccharide structures: a 

"high mannose" type of structure that has only mannose residues added to form the outer 

chains, and a "complex" type to which the sugars N-acetylglucosamine, fucose, galactose 

and sialic acid are added (in roughly that order - see 161,175) to form outer chain branches. 

The sequential nature of these processing steps, and localization of the corresponding en­

zymes to particular stacks within the Golgi, has been important in dividing the Golgi into 

three subcompartments - cis, medial, and trans (see reviews 163,175). In yeast, the trim­

ming process removes only the outer three glucose residues and one of the mannose 

residues (171), and only the "high mannose" type of outer chain structures are formed 

(93). Other types of modifications to N-linked oligosaccharides also occur along this 

pathway. For example, lysosomal enzymes are phosphorylated at the MangGlcNAc2 stage 

shortly after arrival at the cis Golgi compartment (176). Outer chain mannose residues are 

first modified with GlcNAc-phosphate, followed by removal of the GlcNAc residue, leav­

ing Man-6-phosphate (176,177). A receptor for Man-6-P has been characterized, which is 

largely responsible for sorting lysosomal enzymes for transport to that compartment (see 

review 165). The addition of sulfate residues to certain secretory and membrane glycopro­

teins is another important process, which also takes place during Golgi transit (6,161,175). 

Both the extent and kinds of outer chain additions that occur are dependent on a variety 

of factors. While a wide variety of final structures are possible, a given glycoprotein usu­

ally contains only one or a limited subset of oligosaccharide outer chains (161). The pro­

tein structure itself appears to be the major factor determining the structure of the outer 

chain that is formed. Whether this involves the recognition of protein determinants by par­

ticular oligosaccharide processing enzymes, or is simply due to steric interference of the 
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protein structure with the site of addition probably varies from case to case (161). Sorting 

processes may also prevent certain proteins, such as those retained in the ER, from being 

exposed to enzymes responsible for certain outer chain additions that occur later in the 

pathway (161). Finally, in different cell types and under different growth conditions, the 

reactions that occur on a particular protein substrate can vary in a stochastic fashion; i.e., 

only 80% of the core units may have the final a-1,4 Man residue removed, mannotrans­

ferases may add only 5-10 outer chain mannoses or up to 50- 100 mannoses. This 

variability may reflect the availability of enzymes and substrates for particular reactions, as 

well as the substrate preferences of particular enzymes. The heterogenity that arises from 

these variations is cumulative, and can lead to a very diverse population of final products, 

such as those seen in the case of yeast invertase (178). 

Another covalent modification that occurs during passage through the secretory path­

way is the O-linked addition of oligosaccharides, primarily mannose residues, to serine or 

threonine side-chains of a protein. While O-linked oligosaccharides are approximately as 

prevalent as N-linked oligosaccharides (179), the process of their formation has been less 

thoroughly studied. The features that mark a Ser or Tor residue for O-linked mannose 

addition are currently unknown (180). The first mannose residue of the chain is transferred 

from Dol-P-Man to the acceptor side chain in the ER. In the Golgi, up to four additional 

mannose residues are transferred from GDP-Man. While only mannose residues are found 

in O-linked oligosaccharides in yeast, higher eukaryotes often have sialylated O-linked 

chains (93). 

Proteolytic Maturation. 

Proteolytic cleavages, which are necessary to mature a protein to its active form, also 

occur during passage through the secretory pathway. A number of proteases, which are 

targeted to the lysosome, are synthesized with a pro-segment that keeps the enzyme inactive 

during its passage through the ER and Golgi. During or shortly after transit to the 
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lysosome, this pro-segment is cleaved off to convert the enzyme to its active conformation. 

In a similar fashion, an internal pro-segment of insulin is proteolyticly removed once the 

protein is packaged into secretory granules (181). A number of peptide hormones such as 

a-factor and killer toxin in yeast (182,183) and enkephalins in mammals, are synthesized 

as larger precursor proteins containing either multiple copies of the active peptide, or as a 

precursor from which several different active peptides are evolved (184). Maturation of 

most of these peptides involves specific endopeptidase cleavage at pairs of basic residues 

(commonly Lys-Arg), as well as cleavage by amino- or carboxy- peptidases to give the 

correct termini (182). These enzymes are thought to act late in the Golgi (185) or in secre­

tory granules (181). 

Using Protein Maturation to Study Secretion. 

The processing steps, which occur during transit through the secretory pathway, pro­

vide a number of structural intermediates that can be used to follow the progress of proteins 

from compartment to compartment. In particular, changes in molecular weight that ac­

company proteolytic cleavage events, or the addition and modification of oligosaccharides, 

are usually easy to observe as differences in the mobility of the protein on SDS-PAGE. 

The enzymatic reactions of processing are usually fast compared to transport between com­

partments. Thus, intermediate structures representing the final modified form that a protein 

achieves in a particular compartment often appear as a single discrete band. Kinetic studies 

of the transport and maturation of pulse-labeled prot~ins often can be easily followed by 

looking at the appearance and disappearance of different molecular weight forms during a 

"chase" with unlabeled substrates. 

Another method of detecting transport into a particular compartment, or the stage at 

which a particular carbohydrate addition occurs, is by the incorporation of specific radiola­

beled sugars such as [3H]GlcNAc or [3H] sialic acid (186). Lectins, such as Con A or 

wheat germ agglutanin, are able to bind glycoproteins that have specific kinds of carbo-



38 

hydrates and oligosaccharide linkages. These, too, have been used to characterize the 

compartments where particular carbohydrate additions occur, as well as to confirm the 

structures present on a given glycoprotein intermediate. The enzyme endo-f3-N-acetylglu-

cosaminidase H (EndoH), which cleaves between the GlcNAc residues by the Asp side 

chain, is specific for high mannose-type oligosaccharides (160). Conversion of the initial 

core oligosaccharide unit to complex-type outer chains in higher eukaryotes confers EndoH 

resistance to the oligosaccharide structure. This is used as a marker for transport into the 

medial Golgi compartments where these modifications take place (163). Finally, mutants 

that are defective in particular glycosylation events have been used to generate "donor" 

compartments both in vivo and in vitro (187,188). Transfer to a wild-type "acceptor" 

compartment, either in vivo by cell fusion or in vitro, then is detectable by the restoration of 

normal processing of intermediates. 

Compartmental Organization of the Golgi Complex. 

Until the advent of electron microscopy in the 1950s, the existence of the Golgi appa­

ratus as a morphologically distinct cellular compartment was widely debated (6). Now, it 

is clear that the Golgi is comprised of at least three functionally distinct subcompartments 

(163). The Golgi complex plays a central role in the protein processing, sorting, and 

membrane transport activities within the cell (6,164,189). In addition to the question of 

how secretory proteins are efficiently passed from compartment to compartment during 

transfer through the Golgi, the complex structure of the Golgi and the many different 

vesicular transport events that occur in the Golgi raise questions of how such subcompart­

ments are generated and maintained as separate entities. 
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Golgi Structure. 

In higher eukaryotes, the Golgi complex usually appears as a stack of 4-10 smooth­

surfaced platelike cisternae ("rigid lamellae") with dilated rims (6). This structure is gen­

erally located between the ER and the plasma membrane, and has a distinct polarity with 

larger cisternae on the ER side (cis side) usually wrapping around the smaller cisternae on 

the plasma membrane side (trans side) to form a concave-shaped structure. This orientation 

would suggest that newly synthesized secretory proteins enter the Golgi at the cis face and 

are packaged into secretory vesicles at the trans face. A profusion of small vesicles ( 40-50 

nm) is usually present on the cis side of the Golgi, while the trans face is often distorted 

into an array of tubules and sacs (the trans-Goigi network - 190) with secretory granules 

commonly found condensing here. Somewhat larger vesicles (60-70 nm) are commonly 

seen at the dilated rims of cisternae (6). While the number of cisternae, their exact size, and 

shape vary in different types of eukaryotic cells, the general features of the Golgi complex 

are discernable in most cases. 

Cisternal Progression Vs. Vectorial Transport. 

The morphological characteristics of the Golgi complex suggested that individual cis­

ternae were initially formed by condensation of vesicles at the cis face, progressed as dis­

tinct entities through the stack, and were finally used up in packaging proteins into secre­

tory vesicles (191). This "cisternal progression" model for Golgi function would imply 

that the secretory contents of a given cistemae remain constant, and that most components 

would be common to all cistemae. Early histochemical studies, however, showed that cis­

ternae vary histochemically from cis to trans. For example, osmium tetroxide was found to 

stain only 1-2 cisternae at the cis Golgi face in many different cell types. Likewise, stains 

for thymidine pyrophosphatase (TPPase) usually detect only the trans-most 1-2 cisternae. 

This heterogenity suggested that different cisternae are maintained as distinct subcompart­

ments within the Golgi rather than progressing through the stack as a unit. Characterization 
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of the processes of protein maturation that talces place within the Golgi, and localization of 

the corresponding processing enzymes has, indeed, shown that different cisternae within 

the Golgi are functionally specialized. In addition, Golgi membrane proteins have been 

shown to tum over at a much slower rate than is required for secretory protein passage 

through the Golgi (192). This provided strong evidence against the cistemal progression 

model for secretory protein passage through the Golgi. Instead, a vectorial transfer model 

for Golgi function (6,193) has come to be widely accepted, that postulates that secretory 

proteins enter at the cis face of the Golgi, are passed directionally from cis to trans cis­

temae, and are finally packaged into secretory vesicles at the trans Golgi face. Small vesi­

cles are thought to mediate transfer between compartments. 

Subcompartments Within the Golgi. 

Current evidence indicates that there are at least three functionally distinct subcompart­

ments within the Golgi complex (163), usually called cis, medial, and trans in agreement 

with the histological designations of cistemal orientation. In addition to the early histo­

chemical evidence for different compartments, a number of different lines of evidence have 

come to show that these compartments comprise functionally distinct domains with differ­

ent biochemical activities. Characterization of the glycosylation process has given workers 

a number of enzymatic markers for Golgi compartments (6). Localization of such enzymes 

within the Golgi by subcellular fractionation on sucrose density gradients showed that dif­

ferent activities were present in compartments of different densities (194). These were 

found to correspond to different cistemae within the Golgi, with vesicles of higher density 

corresponding to cis Golgi and lighter vesicles corresponding to trans Golgi (see review 

163). Enzymes responsible for modifications that occur late in the glycosylation pathway, 

such as the addition of galactose and sialic acid, were present in fractions of light density 

corresponding to the trans-most cistemae of the Golgi (194). These could be separated 

from enzymes responsible for earlier modifications in the glycosylation pathway, such as 
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Golgi mannosidase I and GlcNAc transferase, which were present in fractions of some­

what higher density (medial Golgi - 163,194). Enzymes responsible for the modification 

of lysosomal enzymes with Man-6-P were present in even denser fractions corresponding 

to the cis most cisternae of the Golgi (195). These results have been confirmed by local­

ization of these enzymes using immuno-electron microscopy and correlations of im­

munolocalization with earlier methods of histochemical characterization (163). Further 

evidence for the compartment structure of the Golgi comes from the use of lectins to iden­

tify the compartments where particular sugar linkages are present in oligosaccharide side 

chains. This evidence also confirms the existence of three Golgi subcompartments 

(reviewed 163). Overall, there is an excellent correlation between the processes of protein 

maturation that occur during passage through the Golgi, with the order of enzymatic ac­

tivities present in Golgi subcompartments arranged cis to trans. 

The Role of Vesicles in the Secretory Transport. 

Membrane enclosed vesicles are generally present in profusion throughout the cyto­

plasm of eukaryotic cells, and form a diverse spectrum in terms of their size, shape, mem­

brane characteristics, and contents. While the role of some of these vesicles in endocytosis 

and exocytosis is well established, many others are present whose functions are difficult to 

discern. As characterization of the secretion process has progressed, it is increasingly clear 

that small vesicles are a general means of transport between cellular compartments (i.e., ER 

to Golgi transport - 196), and even between subcompartments such as the cis, medial and 

trans Golgi cisternae. While the role of small vesicles in such transport has long been 

widely accepted, direct evidence for vesicle-mediated transport is sparse. Because of the 

diversity of small vesicles within the cell and the large number of different possible trans-
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port routes between compartments, little progress has been made in characterizing the fea­

tures that target a vesicle to a particular destination. 

The process of vesicle mediated transport presumably generates a net flow of mem­

branes to the cell surface or other terminal compartments (1), which must be balanced either 

by degradation or recycling of membranes to the ER and Golgi. While recycling of 

membrane receptors (and presumably membranes also) between the cell surface and lyso­

some during endocytosis is well documented (197,198), there is currently little evidence 

for membrane recycling to the Golgi and ER. Experiments have shown some evidence for 

recycling between the cell surface and Golgi. Briefly, transferrin and transferrin receptors 

that have been desialyted in vitro, can be shown to bind to the plasma membrane of cells 

and can be recycled between the lysosome and cell surface. At a very slow rate, transferrin 

and transferrin receptors become resialyted; a function that occurs in the trans Golgi 

(199,200). Because of the rate at which this occurs, it is unclear if this represents a 

significant membrane recycling or if it is indicative of a low degree of mistargeting. 

The role of small vesicles in transport between the ER and Golgi has long been inferred 

from morphological studies (1-5) and is generally well accepted. Vesicles budding off 

from the smooth ER have been shown to contain secretory products by autoradiographic, 

cytochemical and immunocytochemical means (175). Likewise, the budding of secretory 

vesicles from the trans face of the Golgi is well established (6), and the role of vesicles in 

exocytosis is also well accepted. Lysosomal enzymes are transported through the secretory 

pathway (201), and in at least some cases, are known to pass through the trans Golgi 

subcompartment because they are modified with complex type outer chain oligosaccharides 

(165). Like secreted proteins, protein transport between the Golgi and lysosomes is pre­

sumed to be mediated by small vesicles (190,201). However, some disagreement exists 

over whether all lysosomal proteins are exported from the trans Golgi (190), or if some 

proteins are transported directly from cis or medial Golgi to lysosomes (202). 
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The role of vesicles in intra-Golgi transport has been more difficult to demonstrate. 

The stacked structure of successive Golgi compartments makes it difficult to exclude the 

possibility that there are direct means of secretory protein transfer between cisternae 

through membrane pores. However, efficient transport between entirely separate Golgi 

stacks has been demonstrated in vivo, using cell fusions between a mutant cell line with 

Golgi that is incapable of terminal glycosylation (donor) and a cell line with wild type Golgi 

(acceptor) (187). Control experiments show that the two Golgi structures are not inter­

mingled during cell fusion (188). Thus, the transfer process definitely involves both exit 

from the donor compartment and entry into an acceptor compartment that is not contiguous 

with the donor (187). Kinetic studies of such transfer both in vitro and in vivo demonstrate 

that if labeled proteins are allowed to progress too far within the donor Golgi, they are un­

able to transfer to an exogenous Golgi acceptor compartment (187,188,203). This sug­

gests that secretory protein traffic is uni-directional, i.e., that incompletely modified pro­

teins cannot return to the medial Golgi compartment of the wild-type acceptor once they 

have entered the trans Golgi compartment of the donor (187). A similar assay for intra­

Golgi transport has been established in vitro (203), and has shown that the conditions that 

support transfer in vitro lead to budding of small vesicles at the rim of Golgi cisternae 

(204 ). The dissociative, uni-directional nature of vesicular transport between cellular com­

partments is generally well accepted. However, whether the uni-directional nature of such 

transport is absolute, or instead reflects a higher probability of transport in one direction is 

still debatable. Resolution of this question will undoubtedly require further ·characterization 

of such transport vesicles and some elucidation of the signals that mediate their target 

recognition. 
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Protein Sorting During Secretory Transport. 

Besides lysosomal and secreted proteins, plasma membrane proteins and proteins that 

reside in the ER and Golgi all enter the secretory pathway at the same point. To date, there 

is no evidence that subdomains exist with the ER where proteins destined for different tar­

gets might be pre-sorted for delivery by, for example, translocation into a particular sub­

domain. In fact, all current evidence suggests that these proteins enter the ER compartment 

randomly and are transported together through most of the secretory pathway (190). Thus, 

mechanisms must exist that cause a protein to be selectively transported to its correct or­

ganelle, or retained in its correct compartment as in the case of ER and Golgi proteins. 

Several features of the sorting process are apparent from the studies of secretion (189). 

Protein secretion in some cell types is highly regulated both in terms of when a particular 

protein is secreted (i.e., hormones such as insulin) and also the precise location where a 

particular protein is secreted (i.e., neurotransmitters in neIVe cells). Such regulation can be 

quite dramatic, as in the case of polarized epithelial cells that are present in many different 

types of tissues (see reviews 205,206). Tight gap junctions formed between these cells 

differentiate their plasma membranes into apical and basolateral domains. These cells are 

able to sort specific proteins for delivery to each surf ace, while other proteins are delivered 

non-specifically to both. In some cases, these delivery processes are thought to work in 

concert with intracellular transport systems that take up materials at one surf ace and deliver 

them to another (206). In a similar fashion, secretion in S. cerevisiae appears to be regu­

lated in a spatial fashion since it is restricted to the bud site during most of the division cy­

cle (207). 

Besides these regulated pathways, constitutive pathways must be present within the 

same cell (189) to deliver proteins to the plasma membrane and lysosomes in order to 

maintain cellular function. Thus, sorting must not only separate proteins on the basis of 

their target destination, but also must be able to separate products whose release is regu-
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lated from constitutively expressed proteins (189). Furthermore, the amount of time it 

talces for different proteins to move from compartment to compartment can vary widely 

(208). In particular, transport from the ER to Golgi is the rate-limiting step for most se­

cretory proteins (209,210). There is currently a debate as to whether such differences in the 

rate of protein secretion reflect a positive selection for the fastest moving proteins, utilizing 

some type of "export receptor" to facilitate transport, or some negative selection against 

more slowly moving proteins such as an inhibitory protein conformation or aggregation 

(see review 211). 

The sorting process is undoubtedly intimately involved with the processes of vesicle 

formation and targeting, which operate in secretory transport. The basic process of vesicle 

formation is beginning to be understood in some detail, at least in the case of clathrin coated 

vesicles formed during receptor-mediated endocytosis (212,213). There is evidence to 

suggest that the endocytosis and exocytosis pathways may share some of the same func­

tional components. Conditional yeast mutants, which appear to affect specific steps in the 

secretory pathway, are also temperature sensitive for endocytosis of a fluid phase marker 

that accumulates in the yeast vacuole. (214) However, the degree of similarity between 

secretory vesicle formation and clathrin coated vesicle formation, which has been described 

for receptor-mediated endocytosis, is unknown. Both clathrin coated and non-clathrin 

coated vesicles have been observed budding from the trans-Golgi network (190). Secre­

tory products that are released in a regulated fashion, such as insulin, are found concen­

trated in clathrin coated secretory granules (215). However, yeast mutants, which delete 

the clathrin gene (216), demonstrate that a basal level of secretion that allows cell viability 

and growth is possible even in its absence. There is evidence that proteins that follow the 

constitutive secretion pathway from the Golgi to the cell surface are not clathrin coated 

(217). Intra-Golgi transport appears to be meaiated by a coated vesicle that does not con­

tain clathrin, based on both morphology and inability to react with anti-clathrin antibodies 

(218). Recently, the isolation of vesicles that are involved in transport from ER to Golgi 
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has been reported (196). However, there is no characterization yet of whether these vesi­

cles are clathrin coated or not. Practically nothing is known about the mechanisms that 

selectively sort ( or exclude) both membrane bound and soluble proteins for packaging into 

secretory transport vesicles. Finally, little is known about the mechanisms that mediate the 

processes of vesicle transport from donor to acceptor compartments, making the transfer 

specific and uni-directional. 

An excellent theoretical framework has developed for looking at protein sorting in the 

secretion process (reviewed by Pfeffer and Rothman - 211). Overall, the default route that 

most proteins follow after entering the ER is considered to be a "bulk flow" pathway from 

the ER through the cis, medial, and trans Golgi compartments finally reaching the cell sur­

face. This bulk flow pathway is thought to be responsible for cell surface delivery of con­

stitutively expressed secretory and plasma membrane proteins. Proteins that are destined 

for any other compartment must presumably have some kind of sorting signal responsible 

for their targeting; generally thought to be some kind of conformational domain of the pro­

tein or glycoprotein structure (211). The main site of secretory protein sorting has long 

been thought to be the trans Golgi compartment (176,190), primarily because this is the fi­

nal compartment where proteins destined for the different sorting pathways can be co-lo­

calized. However, direct evidence for this has been obtained only recently (219). Sorting 

also occurs in the compartments prior to the trans Golgi, in that there is specific retention of 

those proteins that are resident in the ER and Golgi subcompartments (220). 

Bulk Flow to the Cell Surface. 

Initially, the processes of protein transport and sorting within the secretory pathway 

were thought to be mediated by transport receptors at each stage (44), similar in nature to 

the receptors that mediate endocytosis. This model presumes that there are positive sorting 

signals present on all secreted proteins, or on assembled multi-protein complexes, which 

are required for transport from the ER. The finding that different proteins move from the 



47 

ER to the Golgi at different characteristic rates (209,210), was taken as support for the 

concept that different integral membrane transport receptors are present in the ER that 

specifically mediate the transport of one or a few proteins ( 44 ). 

The concept that proteins, once having entered the ER, are swept along by the bulk 

flow of materials through the secretory pathway, was developed from the characterization 

of deletion mutants (220). Deletion of an internal hydrophobic domain that serves as the 

membrane anchor of a viral glycoprotein that normally resides in the ER, resulted in its 

passage through the Golgi apparatus and secretion from the cell (221). This suggested that 

rather than requiring a positive signal for export, the protein was swept along the constitu­

tive secretion pathway. Since the wild type protein had no positive signal that led to its ex­

port, the membrane domain presumably served as a signal for ER retention. A similar re­

sult was shown in the case of adenovirus E19 (222). However, in this case only a cyto­

plasmically oriented tail of the protein was deleted, with the resulting membrane-bound 

protein found in the plasma membrane. Thus, membrane-bound proteins as. well as pro­

teins that are soluble in the lumen of the ER are subject to bulk flow transport. 

Convincing evidence of bulk flow was shown with the use of a small tripeptide (N­

acyl-Asn-Tyr-Thr-NH2) that can readily diffuse across membranes (223). When incubated 

with isolated ER microsomes, such a peptide becomes core glycosylated and is trapped 

inside. Since this small glycopeptide structure is found in both secreted and retained 

proteins, it presumably carries no transport signals itself. When this peptide is incubated 

with CHO cells in vivo, glycosylated forms of the peptide rapidly begin appearing in the 

medium. Analysis of the glycosylation inclicates that the peptide entered the ER, was core 

glycosylated, and was transported through the Golgi apparatus (receiving Endo H resistant 

modifications to the oligosaccharide) en route to the cell surface (223). The half-time for 

secretory transport was about 10 minutes, much faster (2-3x) than that of other known 

proteins in this system (223). It has been suggested that the slower secretion kinetics seen 

for most proteins reflect the recent findings that proteins require significant re-folding and 
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subunit assembly after translocation into the ER, before they are ready for export to the 

- Golgi (220). These bulk flow experiments suggest that transport along the constitutive 

secretion pathway is an unselective process resulting in the default delivery of most 

products to the cell surface. Deviations from this pathway, such as retention in the ER or 

packaging into regulated secretory vesicles, thus requires a positive signal on the protein 

structure. 

Protein Determinants Responsible for Targeting - Sorting Signals. 

Most attempts at identifying sorting signals have looked at modifications of protein 

structure that alter intracellular targeting, such as deletions, point mutations, and the gener­

ation of protein fusions between a targeted protein and one that presumably lacks targeting 

signals (224). For example, deletion mutants that remove a targeting signal and lead to 

constitutive secretion, such as those discussed above in regard to the recognition of bulk 

flow in the secretion pathway, have suggested that these amino acids are part of the 

targeting domain of the protein (221,222). However, these studies are complicated by their 

unknown effects on overall protein structure, which may lead to grossly abnormal protein 

conformations that could interfere with protein targeting in a number of ways. For exam­

ple, the fusion of invertase with E. coli ~-galactosidase results in a protein that fails to be 

transported from the ER (225). It has been suggested that this is due to mis-folding and 

protein aggregation that prevents ER export (225). Changes in protein structure can also 

lead to kinetic defects in transport, which may prove misleading in determining localization 

(226). In other cases, altering the position of a targeting signal may cause it to be masked 

by the folding of adjacent sequences (227). Sorting signals may also be contained in 

"patches" of structure on the surface of the folded molecule, comprised of amino acid 

residues which are not contiguous in the primary structure (211). Thus, deletions or alter­

ations in widely spaced parts of the sequence could conceivably lead to similar defects. In 
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these studies, it has been important to verify the effects of changes in protein structure on 

intracellular targeting in multiple ways, before conclusively identifying a sorting domain. 

Comparisons of the primary amino acid sequence of proteins that are retained in the 

ER, identified a common C-terminal tetrapeptide [Lys-Asp-Glu-Leu] (228). The function 

of this sequence in targeting proteins for retention in the ER has been convincingly 

demonstrated (227). Deletion or mutation of these amino acids in the grp78 protein, which 

normally resides in the lumen of the ER, led to its secretion into the medium. Likewise, 

the addition of this sequence to a constitutively secreted protein (lysozyme) led to its reten­

tion in the ER (227). The carboxy-terminal location of this sequence appears to be essen­

tial, since the addition of as little as two amino acids to the carboxy-terminus led to efficient 

secretion. 

Certain disease states, which arise from incorrect targeting, such as the deficiency of 

lysosomal enzymes seen in I-cell disease, have led to characterization of the sorting signal. 

For most lysosomal enzymes, the presence of mannose-6-phosphate residues on outer 

chain oligosaccharides is used to mediate the targeting process for both protein transport 

from the Golgi to the lysosome and receptor-mediated endocytosis of exogenous lysosomal 

enzymes (reviewed 165). Two receptors have been identified; one is a 215-kd glycoprotein 

that functions in receptor-mediated endocytosis (165), and the other is a 46-kd protein 

thought to function primarily in Golgi to lysosome targeting (229). However, other 

lysosomal enzymes have been characterized that lack phosphorylated residues altogether 

(165). Presumably, other sorting signals are used in these cases. 

The delivery of hydrolases to the yeast vacuole, the compartment that is presumed to be 

the yeast equivalent of a lysosome, occurs efficiently even in the absence of oligosaccharide 

addition (230). The sorting signal for the yeast vacuolar protease carboxypeptidase Y 

(CPY), has been identified by the analysis of point mutations and deletions (226) and 

generation of protein fusions between CPY and yeast invertase (231). Both of these 

studies indicate that amino acids in the pro-segment of the enzyme, which keeps the pro-



50 

tease inactive until its removal in the vacuole, are important for targeting. Similar results 

from a study of yeast proteinase A (232), suggests that the use of targeting signals within 

the pro-region of a zymogen may be a common theme in yeast vacuolar targeting. 

Characterization of Secretory Transport In vitro. 

Early work, which defined the secretory pathway ( 1-6), provided little insight into the 

biochemistry of vesicular transport between secretory compartments. Secretory transport 

was shown to be an active process, which requires a continuing supply of ATP, by treat­

ment of cells with inhibitors of oxidative phosphorylation such as CCCP. This resulted in 

the accumulation of secretory proteins in transitional regions of the smooth ER where se­

cretory vesicles bud (5). However, inhibition of protein synthesis with cycloheximide did 

not interrupt secretory transport ( 4 ), indicating that this process is not driven by continuing 

protein synthesis. 

A biochemical characterization of secretory transport is only starting to emerge, with the 

generation of in vitro systems that can serve as assays for characterizing the requirements 

for transport. There have been several barriers to in vitro characterization. Because of the 

precise ordered fashion in which secretory proteins are passed through successive com­

partments, there were expectations that cytoskeletal elements might be involved in secretory 

transport. Thus, reconstitution of transport in vitro might not occur after disruption of the 

subcellular structure during cell fractionation. Another major problem in establishing in 

vitro transport systems, is the difficulty involved in isolating a well characterized, homoge­

neous population of donor compartments that contain a suitable marker substrate to monitor 

transport. Methods that separate ER and Golgi microsomes on sucrose density gradients 

unfortunately still give significant cross-contamination between the fractions (see 203). 

Thus, an inefficient transport system could not necessarily be distinguished from contami-
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nation. As discussed above, there are a number of covalent modifications that can serve as 

assayable markers for transport between compartments. However, strategies must insure 

that the assayed modifications of the substrate are not simply the result of fusion between 

donor and acceptor compartments that might occur during cell lysis and fractionation. 

In vitro Transport Within the Golgi Complex. 

In higher eukaryotic cell lines, the vesicular stomatitis virus (VSV) G protein provides a 

good marker substrate because it is the only glycoprotein synthesized in VSV -infected 

cells. A mutant cell line (clone 15B) of Chinese hamster ovary (CHO) cells exists, which 

lacks UDP-GlcNAc glycosyltransferase (233). This enzyme, present in the medial com­

partment of the Golgi, confers EndoH resistance to core oligosaccharides that were added 

to proteins in the ER. Fries and Rothman were able to show that a crude cellular lysate 

containing newly synthesized G protein, which had been labeled by a brief pulse of [35s]­

methionine in vivo in clone 15B CHO cells, could subsequently be modified to EndoH re­

sistance in vitro by the addition of a wild-type membrane fraction (234). There were sev­

eral lines of evidence that this reaction resembles the in vivo process of vesicle mediated 

secretory transport. First of all, both the EndoH sensitive form of G protein (which served 

as the starting substrate) and the EndoH resistant form (which marked transport to a new 

compartment) were insensitive to exogenous trypsin digestion, indicating that they re­

mained within sealed vesicles (234). Secondly, the conversion to EndoH resistance re­

sembled transfer in vivo in that it required ATP, UDP-GlcNAc, and cell cytosol. The 

reaction was also sensitive to ionophores, which halt secretory transport in vivo, and pro­

ceeded with similar kinetics to G protein maturation in vivo (234,235). 

Initially, this conversion to EndoH resistance was thought to represent transfer between 

the ER and Golgi (234). However, later experiments showed that transfer was taking place 

between successive compartments within the Golgi (203). Experiments where cells were 

chased for brief periods (0-20 min) after labeling, showed that there was a window of time 
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during which the substrate became available for transfer, and after which it was unable to 

be transferred. Extracts from cells, which had no chase in vivo after the 5 minute labeling 

period, could not serve as substrate donors and suggested that transport did not involve ER 

vesicles. Likewise, extracts from cells after 20 minutes of chase, by which time most of 

the G protein was delivered to the plasma membrane, were also incapable of serving as 

donors. These results indicate that modification to EndoH resistance does not result simply 

from non-specific fusion of donor and acceptor vesicles, and that ER and plasma mem­

brane vesicles do not function as donors (203). The characterization of the donor as an 

early Golgi compartment was indicated by the fact that the time of chase where there is 

maximal donor activity (10 min) correlates to the time in vivo that it talces for passage to the 

Golgi (203,236). Closer examination of G protein within a functional donor compartment 

suggested that it had undergone trimming modifications of the core oligosaccharide, which 

accompany transfer to the cis Golgi (203). Finally, fractionation of donor vesicles on a 

sucrose density gradient showed that donor activity coincided with Golgi markers (203). 

Subsequently, this assay system has been refined by procedures, which achieve ap­

proximately a 20 fold purification of both the donor and acceptor Golgi compartments on 

sucrose density step gradients (237). In addition, instead of looking at the conversion of 

EndoH sensitivity to EndoH resistance on a labeled G protein substrate, donor Golgi with 

unlabeled G protein is isolated and transfer to the acceptor compartment is measured by the 

incorporation of [3H]-GlcNAc. These results provide further evidence that this system ef­

ficiently reconstitutes transfer from the cis to the medial Golgi subcompartments. Exami­

nation of the Golgi fractions, using electron microscopy and autoradiography (238), indi­

cate that only a subpopulation of intact Golgi stacks are radiolabeled. Using rat liver Golgi 

as the acceptor compartment, which can be distinguished by its smaller median size, Braell 

and colleagues have shown that it is specifically the acceptor Golgi fraction that becomes 

radiolabeled (238). 
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Biochemical characterization of this assay has revealed that at least three successive 

steps are involved in the vesicular transport process by looking at the kinetics of transfer 

and the sensitivity to NEM (204). Preincubation of the donor compartment with ATP and 

cytosol, "primes" the reaction and significantly reduces the lag observed in incorporation 

following the addition of acceptor membranes. This priming step has been correlated by 

electron microscopy with the appearance of vesicle buds at the rim of donor Golgi cister­

nae. A second stage in the transfer process presumably involves completion of vesicles 

and their transfer by diffusion to acceptor membranes. This step requires cytosolic 

components and is sensitive to NEM treatment. Finally, there appears to be a significant 

delay in the fusion of transfer vesicles with the acceptor compartment. A pre-fusion state 

can be demonstrated, which no longer requires cytosol and is NEM insensitive, requiring 

only ATP to complete delivery (204,239). Balch et al suggest that recognition events, 

which specifically insure fusion with the correct acceptor subcompartment, may be respon­

sible for the delay between vesicle binding to the acceptor Golgi stack and membrane fu­

sion (204). 

Fractionation of the cytosol required for transfer, has shown that there are multiple 

components that are transport-active (240). A 25-kd component, isolated from calf brain 

cytosol, has been identified that functions in a late stage of transport, just prior to fusion 

with the target cisternae (240). A role for fatty acyl-coenzyme A has also been proposed, 

with ATP dependent acylation and deacylation of an NEM sensitive protein required for 

each cycle of transport (241). Use of cytosol from a variety of different eukaryotic organ­

isms has demonstrated that the cytosolic components required for intra-Golgi transport in 

vitro are highly conserved between mammals, yeast (242), and even plants (243). Trans­

port from the medial to the trans Golgi has also been demonstrated recently , using a similar 

in vitro system that incorporates terminal sialic acid resides (a trans Golgi function) on the 

VSV G protein (186). In addition, each of the compartmental transfer reactions, from the 
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ER to the Golgi, through the Golgi subcompartments, and from the Golgi to the cell sur­

face, have been shown to require ATP in vitro (244). 

Reconstitution of ER to Golgi Transport In vitro. 

The development of a similar in vitro system, which reconstitutes ER to Golgi trans­

port, has been particularly slow in coming. There are a number of possible approaches to 

generating an ER donor fraction containing a suitable marker substrate, either in vitro by 

co- or post-translational translocation of newly synthesized proteins into ER microsomes, 

or in vivo utilizing temperature sensitive mutants that accumulate proteins at the ER level. 

However, it appears that disruption of the ER cisternal structure, which occurs during mi­

crosome isolation, destroys their ability to accomplish vesicle mediated transport to ex­

ogenous Golgi. One report of ER microsomes, isolated from a secl 8ts yeast mutant, 

showed some evidence of in vitro transport to Golgi (245). However, the efficiency of this 

transfer was extremely poor ( <5%) suggesting that it may be the result of non-specific 

vesicle fusions. 

Balch and co-workers have found that ER microsomes, isolated from a synchronized 

culture of CHO cells during mitosis, will support in vitro transport from the ER to the 

Golgi (246,247). Using a temperature sensitive mutant of VSV whose G protein accu­

mulates in the ER at the non-permissive temperature (248), transport from the ER to the 

Golgi was monitored by the trimming of the [Man9] core-glycosylated G protein to the 

[Man5] form. Transfer in this system is remarkably efficient (80-90%) and depends on cy­

tosol and ATP. The difference between this system and earlier attempts at reconstitution 

using ER microsomes is the use of cells in mitosis where the nuclear envelope, ER and 

Golgi are disassembled before cell homogenization. The authors suggest that such disas­

sembled ER may be able to reassemble in vitro, and thus may be able to reconstitute a 

functional compartment (247). However, differences between transport in this in vitro 

system and in vivo transport, particularly that the transport of the ts form of G protein is 
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just as efficient at the non-permissive temperature, suggests that this system may be subtly 

different from normal secretory transport (247). In addition, it is not clear whether bio­

chemical requirements in this system represent those involved in secretory transport or 

those involved in organelle re-assembly after mitosis. 

The key to the establishment of other in vitro ER to Golgi transport assays has been the 

development of new techniques, which permeabilize the plasma membrane of whole cells 

to create "semi-intact" cells (see 249). While these methods release the cytosolic contents 

of the cell, intracellular organelles including the ER and Golgi are left largely intact (as 

judged by electron microscopy) and the plasma membrane remains permeable to macro­

molecules (250,251). Balch and Beckers have shown that CHO cells, which are first 

swollen in hypotonic buffer and then scraped from the culture dish, have their plasma 

membranes sheared open (250). Simons and Virta have been able to selectively perforate 

the apical membrane of polarized epithelial cells by laying a sheet of nitrocellulose on a 

confluent lawn of cells, drying and removing it carefully (251 ). Both of these methods re­

sult in approximately 95% of the cells being lysed. Likewise, yeast spheroplasts that are 

gently lysed by freeze thawing (252) or osmotic shock (253) become permeablized and are 

able to support ER to Golgi transport. 

In CHO cells, a temperature sensitive form of VSV G protein that accumulates in the 

ER at the non-permissive temperature (248) has been used to monitor transport to the 

Golgi. Infected cells are first labeled with [35s]-Met at the non-permissive temperature, 

permeablized, and washed. Transfer to the Golgi is monitored by the modification of core 

glycosylated [Mang_9] EndoD-resistant G protein to a [Man5] EndoD-sensitive structure by 

the trimming of oligosaccharides, which occurs upon transfer to the cis Golgi (250). This 

reaction is sensitive to 1-deoxymannorjirimycin, an inhibitor of the a-mannosidase I 

enzyme responsible for trimming in the cis Golgi (247). As in intra-Golgi transport, G 

protein is inaccessible to exogenous trypsin digestion both before and after the reaction in­

dicating that it remains with sealed, membrane bound compartments (250). ER to Golgi 
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transport in this system requires the addition of cytosol and ATP (250). In addition, here 

the ts form of G protein remains temperature sensitive for in vitro ER to Golgi transport 

(250). Using a CHO cell line, which is deficient in the cis Golgi enzyme cx-1,2-mannosi­

dase I, responsible for conversion to the EndoD-sensitive form, transport from the ER of 

semi-intact cells to exogenously added Golgi isolated from wild-type cells has been 

demonstrated (250). Thus, transport of vesicles between the two compartments by simple 

diffusion is possible; structural elements such as microtubules do not appear to be required 

for vesicle transport. Finally, these results suggest that structural elements of ER cistemae,. 

which are disrupted during homogenization, are important components in the process of 

vesicle formation. 

In vitro ER to Golgi transport has also been demonstrated using semi-intact cells of the 

yeast Saccharomyces cerevisiae (252,253). In both cases, the oligosaccharide processing 

of [35s]-Met labeled, in vitro translated, yeast prepro-cx-factor was used to follow both 

translocation into the ER (by the addition of core glycosylation) and transport to the Golgi 

(by modification to high mannose outer chains - see 182). The discovery that prepro-cx­

factor can be efficiently translocated into ER post-translationally (72-74) allows the labeled 

substrate to be loaded into the ER under conditions, such as low temperature (lOOC-252), 

which are not able to support transport to the Golgi. Thus, the requirements for transport 

can be examined independently of translation and translocation. Transfer to the Golgi, in 

these yeast systems, has been shown to require cytosolic components, ATP, and can be 

inhibited by GTPyS (252,253). Both cytosolic and membrane components of this trans­

port have been shown to be sensitive to agents that modify or degrade proteins such as 

NEM or trypsin (252,253). Like the mammalian systems, transport here involved sealed 

compartments, which were inaccessible to exogenous proteases both before and after the 

reaction (252,253). 

Eleven complementation groups of temperature sensitive yeast sec mutants have been 

characterized, which appear to specifically block secretory transport from the ER to the 
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Golgi (91,254). Semi-intact cells from one of these strains (sec23) are also temperature 

sensitive for secretory transport in vitro and can be complemented by the addition of cy­

tosol (100,000 xg supernatant) from a sec23 yeast strain containing the wild-type SEC23 

gene on a single copy plasmid (252). Somewhat surprisingly, if sec23 cells are incubated 

at the non-permissive temperature (37°C) before lysis, they are unable to support transport 

from the ER to the Golgi (252). Many of the sec mutants undergo extensive morphological 

alterations in vivo at the non-permissive temperature (252), suggesting that these mutations 

may have pleotropic effects on cellular structure and metabolism. Semi-intact cells from 

other yeast sec strains are often unable to support in vitro ER to Golgi transfer even when 

manipulated at the permissive temperature at all times (252). 

In another report (253), in vitro transfer from ER was shown to be directed to the ex­

ogenous Golgi present in a 3,000 xg supernatant of a yeast lysate. In contrast to other 

systems, the donor ER compartment could be provided by isolated yeast microsomes 

(253). Here, too, components from a sec23 mutant were temperature sensitive for trans­

port in vitro. However, in contrast to the other report, the sec23 defect was associated with 

the acceptor Golgi compartment (253) rather than the cytosolic fraction (252). 

Finally, it is hoped that separate characterizations of the processes of vesicle formation 

at a donor compartment, and vesicle fusion at the acceptor compartment, will eventually be 

possible. A recent report of the isolation of vesicles containing secretory proteins in transit 

from the ER to the Golgi could perhaps serve as a starting point for the study of vesicle 

target binding and fusion reactions alone (255). 
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Secretion in Yeast: A Genetic System for Identifying and Characterizing 

Components of the Secretion Machinery. 

The lower eukaryote yeast (Saccharomyces cerevisiae) has recently become a popular 

system for studies of the secretory process (see reviews 207,256). However, until the 

characterization of yeast secretory mutants a few years ago, the existence of a eukaryotic 

secretory pathway in yeast was debated. There were several reasons for this. First of all, 

secretion is not a primary function of yeast cells as it is in pancreatic exocrine cells. There 

is no evidence for a regulated secretory pathway in yeast that releases products stored in 

secretory granules in response to environmental stimuli. Changes in the levels of secreted 

proteins by yeast cells in response to environmental stimuli must be accompanied by in­

creases in protein synthesis. Thus, only low concentrations of secretory precursors are 

normally found within yeast cells. Secretory organelles are, likewise, not found in abun­

dance. Moreover, the capacity of the yeast secretory system to adjust for increased levels 

of secretory protein production seems somewhat limited, since for example overexpression 

of the vacuolar protein CPY leads to missorting and secretion (257). 

Second, yeast are generally poor subjects for morphological examination by techniques 

such as electron microscopy. The outer cell wall is thick, inhibiting fixative agents, and its 

disruption requires forces that can obliterate internal organelles. The high density of 

cytoplasmic ribosomes in yeast also tends to obscure structures (207). Later work with 

yeast secretory mutants has shown that the characteristic morphologies of secretory or­

ganelles, especially the Golgi complex (91), do not seem to be the same in yeast as those 

seen in higher eukaryotes. Thus, yeast often show little direct morphological evidence of 

secretory organelles. 

Third, the process of protein glycosylation in yeast is different from higher eukaryotes, 

with yeast forming only high-mannose outer chain oligosaccharides (see above). Many of 

the activities involved in formation of complex-type outer chains - associated with mam-
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malian Golgi - are not found in yeast. While the existence of an ER-like vesicle fraction 

could be demonstrated in yeast lysates, there was little evidence for a yeast Golgi compart­

ment (207). 

The isolation of conditional yeast mutants, which appear to block the process of secre­

tion at specific stages in the transport between compartments, has been the key to demon­

strating the existence of a eukaryotic secretory pathway in yeast and characterizing the 

maturation of secretory proteins that occurs in transit. The mutant genes themselves, which 

presumably provide components of the secretion machinery, are only starting to be 

characterized. This, along with the development of in vitro transport systems, holds great 

promise for advancing the understanding of the secretory process. 

Isolation Class A ~ Mutants and Characterization of Phenotypes. 

In 1979, Novick and Schekman first reported the isolation of two conditional yeast 

mutants (secl-1 and sec2-1) which appeared to specifically block the secretory process 

(258). These two sec mutants were found from a screen of only 87 clones that were first 

identified as being temperature-sensitive for growth. In addition to the growth defect, these 

mutants were also temperature-sensitive for secretion of acid phosphatase and invertase, as 

well as the incorporation of sulfate permease into the plasma membrane (98). At the non­

permissive temperature, these mutants continued protein synthesis and accumulated active 

forms of the secreted enzyme markers intracellularly (98). These intracellular pools could 

be secreted later, when cells were shifted back to the permissive temperature and cy­

cloheximide was added to block new protein synthesis. Finally, these mutants showed a 

marked accumulation of small vesicles (50-70nm) at the non-permissive temperature, 

which stained for the acid phosphatase marker (258) and resembled secretory vesicles -

rarely seen in yeast 

In a later paper, Novick et al (91) found that these secretory mutants showed an in­

crease in density at the non-permissive temperature and could be selectively enriched on a 
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Luddox density gradient. Using this method, a total of 485 secretion-defective temperature 

sensitive mutants were isolated and put into three classes. In one class, protein synthesis 

was shown to be temperature-sensitive (class C). In another, cells accumulated inactive 

forms of the secreted enzymes intracellularly. These class B mutants formed two 

complementation groups (sec53 and sec59), initially thought to be involved in the 

translocation of proteins across the ER membrane (see above and 95,96). Finally, 188 

mutant alleles were designated as class A sec mutants which, like the earlier sec 1 and sec2 

mutants, accumulated active secretory proteins intracellularly at the non-permissive temper­

ature (91). These mutations fell into 23 complementation groups (secl-23). Again, like 

sec 1 and sec2 mutants, representative alleles of most of these sec mutants were able to re­

sume secretion of intracellular pools, accumulated at the non-permissive temperature, upon 

return to the permissive temperature and in the presence of cycloheximide to inhibit new 

protein synthesis (91). 

Electron microscopy of sec mutants suggested that they could be divided into three sub­

groups based on the morphologies of the intracellular structures that they accumulated at the 

non-permissive temperature (91). Nine complementation groups (sec12, sec13, sec16, 

sec17, sec18, sec20, sec21, sec22, sec23) accumulated ER, which was seen as single thin 

tubules that were often contiguous with the nuclear membrane. Two additional comple­

mentation groups with this phenotype have been generated using a [3H] mannose suicide 

selection (betl and bet2 - 254). Ten complementation groups (secl, sec2, sec3, sec4, 

sec5, sec6, sec8, sec9, seclO, sec15) accumulated numerous small vesicles. Two com­

plementation groups (sec?, sec14) showed a previously unseen bulbous structure, which 

the authors named a Berkeley body (91). The two remaining complementation groups 

(secll, sec19) showed an indeterminant morphology. The authors suggested that the 

Berkeley body structure represented the yeast equivalent of the Golgi apparatus. Further­

more, they postulated that these mutants defined a pathway of ER-> Berkeley body-> 

vesicles -> cell surface, completely analogous to the secretion pathway in higher eukaryotes 
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(91). The order of these subgroups in the secretion pathway was confirmed by further 

morphological studies of the phenotypes of double sec mutants (259). In addition, these 

studies confirmed that the order in the pathway of these mutants also correlates to the 

process of protein maturation that rakes place during secretion. For example, the subgroup 

of sec mutants, which appear to accumulate ER morphologically, likewise accumulate only 

core-glycosylated forms of invertase (259,260). The other subgroups, which are later in 

the pathway, accumulate invertase whose outer chains have been hyper-glycosylated 

(259,260) analogous to the maturation of outer chain oligosaccharides, which rakes place in 

the Golgi of higher eukaryotes. Finally, under certain conditions (0.1 % glucose) one of 

the mutants that accumulated Berkeley bodies at the non-permissive temperature(sec7), 

shows the presence of Golgi bodies with normal eukaryotic morphology (259). This sup­

ports the hypothesis that the secretory pathway of higher eukaryotes is conserved in yeast. 

The yeast sec mutants have been used extensively to examine the processing events, 

which modify proteins as they follow the secretory pathway in yeast (see reviews 93,256). 

These studies have shown that, in addition to plasma membrane and secreted proteins, 

vacuolar proteases such as CPY (261) are also targeted through the yeast secretory 

pathway. This is analogous to the delivery of hydrolases to the lysosome, through the 

secretory pathway in higher eukaryotes. The sec mutants have proven invaluable in nu­

merous studies for interrupting the secretory process at particular stages and allowing char­

acterization of processing intermediates (i.e., 182). In particular, the sec18 and sec? mu­

tants are widely used as representative sec mutants to characterize the ER and Golgi stages 

of the secretory pathway (respectively), because they provide a rapid and complete block in 

the secretory process. 

Cloning and Cha,racterization of SE£:,. Genes. 

The temperature-sensitive growth phenotype of sec mutants has been·used to clone a 

number of the sec genes. This is done by transformation of a sec mutant strain with a Ii-
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brary of wild-type yeast genomic fragments, and subsequent selection for growth at the 

non-permissive temperature indicating complementation of the sec mutation. To date, 

genes for at least 7 of the 25 complementation groups of Class A sec (and bet) mutants 

have been cloned and characterized to various degrees. These include the genes for the ER 

accumulating mutants sec 12 (262), sec18 (263), and sec23 (264); the Golgi accumulating 

mutants sec? (265) and sec14 (266); and the secretory vesicle accumulating mutant sec4 

(267,268). The SECll gene, corresponding to a mutant whose order in the secretion 

pathway was not clear from earlier studies, has also been cloned and sequenced (269). 

Gene disruption has shown that all of the sec genes cloned so far are essential for yeast cell 

growth (262-269). 

The most thoroughly characterized SEC gene is SEC4. This gene codes for a 23,479 

kd protein that shows significant homology to the G-protein (or ras) gene family. This 

gene family is known to function in signal transduction and the regulation of cellular 

metabolism (270). Upon stimulation, G-proteins have been shown to bind GTP and acti­

vate an effector enzyme such as adenylate cyclase. Inactivation, then, involves the slow 

hydrolysis of GTP. Different G-proteins can be permanently activated or inactivated by 

non-hydrolyzable GTP analogs, such as GTPyS, which subsequently has been shown to 

inhibit secretory transport in vitro (252,253,271). Sec4p shares homology with G proteins 

in regions of the proteins thought to constitute a GTP binding site (267), and has been di­

rectly shown to bind [32P]GTP (268). These similarities have led to suggestions that 

Sec4p may regulate the secretory process in yeast (267,268). There are indications that 

members of the G protein family may commonly function in the regulation of secretion 

(272,273), including evidence that inhibition of G protein function by GTPyS halts transfer 

between Golgi subcompartments in vitro and leads to accumulation of non-clathrin coated 

buds on Golgi cisternae (271). 

From the DNA sequence, the predicted SEC4 protein structure is uncharged at neutral 

pH and contains no long hydrophobic stretches of amino acids suggesting that the protein 
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should remain soluble in the cellular cytoplasm (267). However, characterization of the 

intracellular location of Sec4p by cell fractionation and immunofluorescence, indicates that 

it associates primarily with the cytoplasmic face of secretory vesicles and the plasma mem­

brane (268). Kinetic studies suggest that newly synthesized Sec4p becomes rapidly 

associated with the membrane (t1/2 S 1 min.) (268). The authors suggest that this associa-

tion may be the result of some covalent modification such as the fatty acid acylation, like 

that seen at the carboxy-terminus of the ras protein (274). In spite of this, a significant 

portion of the total pool of Sec4p (15 % ) remains in the cytoplasm at steady state, suggest­

ing the protein may function by cycling on and off the membrane of transport vesicles 

(268). 

Another yeast gene (yptl) has been identified that codes for a member of the G-protein 

family, and causes defects in secretion somewhat similar to the sec mutants (275). Like 

Sec4p, the YPTl protein binds GTP and appears to associate with intracellular membrane 

bound structures. Mammalian homologs of the YPTl protein have been identified that are 

over 70% homologous to the yeast protein (276). Immunofluorescence using YPTl antis­

era to stain mammalian cells shows that it is associated with the Golgi apparatus, which 

suggests that it may perform a function similar to Sec4p at an earlier point in the secretion 

pathway (275). 

Preliminary characterizations of genes corresponding to the Golgi accumulating mutants 

sec7 and sec14 are in progress (265,266). The DNA sequence for the SEC7 gene has an 

exceptionally long open reading frame (2008 aa), which could encode a 230 kd protein. 

One stretch of 125 amino acids within this predicted sequence contains approximately 70% 

negatively charged amino acids (265). The sequence of the SEC14 gene predicts that it 

would encode a 35 kd hydrophilic protein. Antibodies raised against a Sec14-T4 lysozyme 

fusion protein have identified an unglycosylated 37 kd protein in yeast (266). 

While the initial studies of the sec mutants were unable to clearly identify the position of 

the secl 1 defect in the secretory pathway (259), further characterization of secl 1 mutants 
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indicate that they are defective in the removal of the signal peptide from the amino-terminus 

of soluble secretory proteins (269). The DNA sequence of the SECl 1 gene shows that it 

codes for an 18.8 kd protein that is very basic (pl= 9.5) and has an amino-terminal hy­

drophobic domain, which may serve as a membrane anchor. The size and charge charac­

teristics of the predicted Sec 11 p are similar to subunits of the canine and hen oviduct signal 

peptidases (269). 

Finally, three of the SEC genes from ER accumulating yeast mutants have been char­

acterized. The SEC23 gene encodes an abundant 84 kd protein in yeast (264). In contrast, 

the SEC12 and SEC18 genes are only expressed at very low levels (262,263). A 70 kd 

glycoprotein has been identified using antibodies to a Sec12p-f3-galactosidase fusion pro­

tein. This protein appears to be an integral membrane protein, consistent with the presence 

of a possible membrane-spanning hydrophobic domain predicted by the DNA sequence 

(262). The data suggest that Sec12p is an integral membrane protein of the yeast ER (262). 

Our lab has been involved with the characterization of the SEC18 gene. While there is only 

a single open reading frame in the DNA sequence of SEC18, two Sec18p protein products 

(82 and 84 kd) have been identified both in vitro and in vivo. Both Sec18p proteins remain 

cytoplasmic, but there appears to be some association of Sec 18p with a low density fraction 

of cellular vesicles (263), suggesting that Sec18p may function by interacting with 

transport vesicles between the ER and Golgi. 
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ABSTRACT 

SECJ 8 gene function is required for secretory protein transport between the endoplas­

mic reticulum (ER) and the Golgi complex. We have cloned the SEC18 gene by comple­

mentation of the secl 8-1 mutation. Gene disruption has shown that SEC 18 is essential for 

yeast cell growth. Sequence analysis of the gene revealed a 2,271-base-pair open reading 

frame, which could code for a protein of 83.9 kilodaltons. The predicted protein sequence 

showed no significant similarity to other known protein sequences. In vitro transcription 

and translation of SECJ 8 led to the synthesis of two proteins of approximately 84 and 82 

kilodaltons. Antisera raised against a Sec18-~-galactosidase fusion protein also detected 

two proteins (collectively referred to as Sec18p) in extracts of 35S-labeled yeast cells iden­

tical in size to those seen by in vitro translation. Mapping of the 5' end of the SECJ 8 

mRNA revealed only one major start site for transcription, which indicates that the multiple 

forms of Sec18p do not arise from mRNAs with different 5' ends. Results of pulse-chase 

experiments indicated that the two forms of Sec18p are not the result of post-translational 

processing. We suggest that translation initiating at different in-frame AUG start codons is 

likely to account for the presence of two forms of Sec18p. Hydrophobicity analysis 

indicates that the proteins were hydrophilic in nature and lacked any region that would be 

predicted to serve as a signal sequence or transmembrane anchor. Although potential sites 

for N-linked glycosylation were present in the Sec18p sequence, the sizes of the in vivo 

SEC18 gene products were unaffected by the drug tunicamycin, indicating that Sec18p 

does not enter the secretory pathway. These results suggest that Sec18p resides in the cell 

cytoplasm. While preliminary cell fractionation studies showed that Sec 18p is not 

associated with the ER or Golgi complex, association with a 100,000 xg pellet fraction was 

observed. This suggests that Sec18p may bind transiently to small vesicles such as those 

presumed to participate in secretory protein transport between ER and the Golgi complex. 
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INTRODUCTION 

The temperature conditional yeast sec mutants define a set of functions required for se­

cretory protein transport (20, 25). Nine sec genes, including secl 8 have been shown to 

cause a block in the transport of secretory proteins between the yeast endoplasmic reticulum 

(ER) and the Golgi complex (7, 19). In sec18-l mutant yeast cells, secretory protein traffic 

is blocked at the level of the ER on a shift to the nonpermissive growth temperature 

(370C). This is true for both secreted enzymes, such as invertase, and vacuolar proteases, 

like carboxypeptidase Y (CPY), which use the secretory pathway for intracellular localiza­

tion (28). In secl 8 mutant cells, ER function per se is not impaired. Protein translocation 

across the ER membrane continues at the nonpermissive temperature, as do secretory pro­

tein processing activities such as signal sequence cleavage and core oligosaccharide addi­

tion. However, protein modifications characteristic of the Golgi complex, such as the ad­

dition of outer chain mannose residues, are not observed on the accumulated secretory 

proteins (7, 19). Electron microscopy has shown that secl8 mutant cells accumulate exag­

gerated forms of the ER (19, 25). When secl 8 mutant cells are returned to the permissive 

temperature (23°C), accumulated secretory proteins undergo transport and processing 

through the remainder of the secretory pathway (20). Accumulated invertase is released at 

the cell surface as the normal, active, highly glycosylated enzyme. Together, the specificity 

of the secl 8-1 defect as well as its reversibility indicate that the secl 8 mutant accumulates 

an authentic intermediate in the protein secretion pathway. Because interorganelle traffic 

between secretory compartments likely occurs via vesicle carriers, the SEC18 gene is pre­

sumed to encode a function involved either in the selective packaging of secretory proteins 

into carrier vesicles, or the transport and fusion of such vesicles with the correct Golgi 

complex target membrane. 

We report the cloning and sequencing of the SECJ 8 gene. In addition, we have char­

acterized both the mRNA and protein products (referred to collectively as sec18p) encoded 
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by this gene. Together, our observations suggest that Sec18p acts on the vesicle carriers 

that shuttle membrane and protein between ER and Golgi complex compartments. 

MATERIALS AND METHODS 

Strains. Escherichia coli strain MC1061 [F- araD139 fl(araABOIC-leu)7679 

fllacX74 galU galK rpsL hsdR) (3) was used for cloning and fusion protein production, 

and JM101 was used for Ml3 phage growth for sequencing. Saccharomyces cerevisiae 

strains used were SEY2101 (MATa ura3-52 leu2-3,112 suc2-fl9 ade2-l) (6), SEY5186 

(MATa secl8-l ura3-52 leu2-3,112) (6), and SEY6201 (MATa ura3-52 leu2-3,112 his3-

&00 trpl-L190lsuc2-L19 ade2-101) (this study). Strains were grown in ~tandard media 

preparations (16,27). 

Materials. Restriction enzymes, T4 DNA ligase, Ba/31 nuclease, mung bean nucle­

ase, and 5-bromo-4-chloro-3-indolyl-~-D-galactoside (XGal) were purchased from either 

New England Biolabs, Inc. (Beverly, Mass.) or Bethesda Research Laboratories 

(Gaithersburg, Md.) and were used as recommended by the suppliers. Deoxy and 

dideoxynucleotides were purchased from Pharmacia Fine Chemicals (Piscataway, N. J.). 

Universal sequencing primer was a gift from M. Simon. [32P]dATP, [cx-thio- 35s]dATP, 

Na 35so4, and Trans 35s label (a hydrolysate of E. coli grown in 35so4 containing 

~70% [35s]~methionine and 20% [35s] cysteine) were purchased from ICN Biochemicals 

(Irvine, Calif.). GeneScreen was purchased from Dupont, NEN Research Products 

(Boston, Mass.). Sodium dodecyl sulfate (SDS) Polyacrylamide gel electrophoresis 

(PAGE) supplies and Western blot reagents (horseradish peroxidase [HRP] system) were 

from Bio-Rad Laboratories (Richmond, Calif.). The RNA cap analog 

[m7G(5')ppp(5')G], ribonucleotides, and yeast translation extracts were a gift from E. 

Greyhack. SP6 RNA polymerase and RNasin were from Promega Biotech. Oxylyticase 

was purchased from Enzogenetics (Corvalis, OR). Antiserum against ~-galactosidase was 
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a gift from T. Silhavy. Antiserum against the ~ subunit of mitochondrial F 1-A TPase was a 

gift from M. Douglas. Antiserum against CPY was from Klionsky et. al. ( 10). 

Recombinant DNA constructions. Preparation of DNA, restriction digestions, 

agarose gel electrophoresis, and cloning of DNA fragments were done as described previ­

ously (14). 

DNA sequencing. DNA sequencing was done by standard dideoxy chain termina­

tion methods (24) using Ba/31 deletion subclones of SEC18 in M13mp19. DNA and 

protein sequences were compiled and analyzed with computer programs written by K. 

Eakle (unpublished data). Homology searches of the National Biomedical Research Foun­

dation Protein Sequence data base were done on BIO NET using the XF ASTP program 

(13). 

Antisera production. SECJ8-lacZ fusions were generated by cloning Bal 31 nu­

clease digestions of the 3.0 kilobase (kb) BamHI-Hind III fragment into SmaI cut pORF5. 

Clones were screened for overproduction of ~-galactosidase activity on ampicillin-contain­

ing plates with Xgal. Plasmid DNA was prepared from candidate clones and checked for 

SEC18 inserts by restriction mapping. Whole cell extracts of E.coli with candidate plas­

mids were run on SDS-polyacrylamide gels (11) and evaluated by both Western blotting 

(30) with primary antisera against ~-galactosidase (visualized by the HRP color reaction 

system), and staining with Coomassie blue to identify fusion protein bands and estimate the 

extent of overproduction. 

Fusion proteins were purified by growing E. coli with the fusion construction 

pORF18-40 to the stationary phase. Cells (250 OD600 units; 1 OD6QO unit of cells equals 

the cells in 1 ml of a culture grown to an optical density at 600 nm of 1.0) were pelleted and 

suspended at 10 OD600 units per ml in 50 mM Tris (pH 8.0)-10 mM EDTA-10 mM 

dithiothreitol. Cells were lysed with a French press and spun at 6000 xg for 20 min at 4°C 

in a rotor (JA-20), and the supernatant wa~ spun at 170,000 xg for 30 min at 15°C in a 

rotor (Ti70.l). Membrane pellets were suspended in a small volume of buffer, and sam-
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ples of the fractions were assayed for .13-galactosidase activity at appropriate dilutions (16). 

Greater than 50% of the total .13-galactosidase activity of the fusion proteins was associated 

with the membrane pellet, which yielded the equivalent of 2 to 3 mg of .13-galactosidase ac­

tivity. The largest fusion band was fragment purified from 5% SDS-polyacrylamide 

preparative gels that were stained with Coomassie blue. Commercially available .13-galac­

tosidase was also run on the preparative gels and was used to estimate the amount of fusion 

protein recovered. Fusion bands were homogenized, dialysed against phosphate-buffered 

saline, and mixed with an equal volume of 1 % agarose in phosphate-buffered saline. Ap­

proximately 50µg of fusion protein was injected subcutaneously into young New Zealand 

White male rabbits weekly for 4 weeks, and then once every two weeks for 4 months. 

Antisera were initially evaluated for their ability to react in a Western blot procedure to the 

Secl8-.l3-galactosidase fusion protein that was present in a whole cell SDS-polyacrylamide 

extract E.coli Mcl061 transformed with the pORF18-40 fusion construct. Attempts at 

identifying the yeast SECJ 8 gene product in a similar fashion from extracts of whole yeast 

cells by Western blotting were unsuccessful. Following identification of the Sec18 protein 

by in vitro translation, the antisera were found to specifically immunoprecipitate the [35s]­

methionine-labeled in vitro translation product, as well as proteins with the same mobility 

on the SOS-PAGE from extracts of yeast cells labeled with 35s04. A titration curve was 

generated for the SEC18 antisera, as well as other antisera used in this study, by immuno­

precipitating 35SO4 labeled whole yeast cell extracts (1 OD600 unit per sample) with in-

creasing amounts of antiserum. With this information, levels of antiserum were chosen 

that were in excess over the amount of the labeled proteins to be precipitated along with an 

amount of protein A-Sepharose CL4B sufficient to bind all the antiserum present, in order 

to insure quantitative recovery. Precipitation using this same amount of antiserum against 

the Sec18p produced in yeast cells containing the SECJ 8 gene on a multicopy plasmid 

with a 2µm origin of replication, showed that this level of antiserum was sufficient to pre-

cipitate an eightfold excess of labeled SEC 18 gene product. Greater amounts of antiserum 
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showed that the total level of Sec18p overproduction was about 20-fold with the SEC18 

gene on a multicopy plasmid. 

Northern blot and S' and 3' end mapping. Yeast RNA was prepared by a 

modification of a previously described procedure (4). Yeast cells were grown in YNB­

glucose medium (27) to mid-log phase. Yeast (50 OD600 units) were pelleted, washed 

with distilled H2O and suspended in 2 ml of 0.5M NaCl-0.2M Tris-hydrochloride (pH 

7.5)-10 mM EDTA-1 % SOS. Cells were added to 15-ml polypropylene tubes with 2 g of 

acid-washed glass beads and 2 ml of phenol-CHCl3 (1:1 [vol/vol]). Cells were chilled on 

ice, vortexed extensively, and spun at 12000 xg, 4°C for 10 min in a rotor (JA-20). The 

supernatant was re-extracted twice more with phenol-CHC13 and the RNA was precipitated 

with 2.5 volumes of cold ethanol. Pellets were washed with 70% ethanol, dried, and 

redissolved in 10 mM Tris-hydrochloride (pH 7.5)-1 mM EDTA (TE). RNA recovery was 

measured by determining the optical density at 260nm. Sodium acetate was added to 0.3 

M, ethyl alcohol was added to 70%, and RNA was stored at -SOC. Poly(A)+ RNA was 

isolated by binding to oligo(dT)-cellulose (Sigma Chemical Co., St. Louis, Mo.) in the 

presence of 0.5 M LiCl, washing extensively with the high salt buffer, and eluting with 

TE. RNA was run on formaldehyde 1 % agarose gels and transferred to GeneScreen (14). 

Size standards were generated by 32p end-labeling lambda DNA, which was cut with 

EcoRI and Hind m. [32P]RNA probes were made by transcribing the noncoding strand of 

our SEC 18 clone in pSP64 with SP6 RNA polymerase using [32P]UTP and were 

hybridized to the blot as described previously (15). 

Mapping at the 5' end was done using a 32P-end-labeled oligonucleotide (5'­

GGGAAATCAITrGGT-3', complementary to bases 681 to 695 of the DNA sequence), 

which was hybridized to a single stranded M13-SECJ 8 subclone and extended using the 

Klenow fragment of E. coli DNA polymerase I. The reaction was then digested with Hind 

m, and the probe was fragment purified on a 6 M urea-5% acrylamide gel. The probe (105 

cpm) was hybridized to 25 µg of total yeast RNA in 80% formamide-40 mM PIPES 
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[piperazine-N, N'-bis(2-ethanesulfonic acid); pH 6.8]-400 mM NaCl-1 mM EDTA in a to­

tal volume of 25 µl overlaid with 50 µl mineral oil. The hybridization reaction mixture was 

heated at g5oc for 5 min and then incubated at 42°C overnight (12). The reaction mixture 

was diluted with 400 µl of 50 mM sodium Acetate (pH 5.0)-10 mM NaCl-1 mM ZnSO4 

and digested with 50 U of mung bean nuclease for 1 hr at 37°C (8). The reaction was 

phenol extracted twice and ethanol precipitated with glycogen as a carrier. To identify the 

size of the digestion products of the hybridization reaction, dideoxy sequencing reactions 

were carried out with the 32P-end-labeled oligonucleotide as the primer and label in the re­

actions. The sequencing reactions and the digestion products of the hybridization reaction 

were run on a 6% sequencing gel. 

Mapping at the 3' end was performed as described above for the mapping of the 5' end. 

The probe was a [32P]UTP-labeled SP6 RNA polymerase transcript labeled from the Hind 

III site of our SECJ 8 clone to the PstI site at position 2235. Hybridization was done as 

described above for the 5' end mapping, except that overnight incubation was done at 

500C. Samples were digested with mung bean nuclease as described above and run on 5% 

sequencing gel, with 32P-end-labeled lambda phage fragments and undigested probe as 

size standards. 

In vitro transcription and translation. Yeast in vitro translation extracts were 

prepared as described previously (31) and treated with micrococcal nuclease. RNA was 

generated by SP6 RNA polymerase runoff transcription of the minimum complementing 

subclone of SECJ 8 cloned in pSP65 using ribonucleotide mixes with and without 0.5 mM 

m7G(5')ppp(5')G to give a capped mRNA (15). In vitro translation was performed as de­

scribed previously (31) with 10 to 15 µCi of [35s]methionine per reaction. Translation 

products were run on SDS-12%-polyacrylarnide gels (5% stacking gel). Gels were fixed, 

stained, treated with AutoFlour (National Diagnostics, Somerville, N. J.), and dried before 

autoradiography on XAR film (Eastman Kodak Co., Rochester, N. Y.). 
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Immunoprecipitation. Yeast cells were grown to the mid-log phase in a defined 

medium (10) containing 100 µM SO4. One OD600 unit of cells per immunoprecipitation 

sample were pelleted, washed with distilled H2O, and suspended in 0.5 ml of sulfate-free 

medium-1 mg of bovine serum albumin per ml. Samples were incubated for 30 min at 

300c with shaking, and 100 to 200 µCi 35sO4 per OD600 units of cells was added. 

Cells were labeled for 30 min, 30°C with shaking and unlabeled SO4 was added to a final 

concentration of SO mM. Labeling or chase was stopped by the addition of trichloroacetic 

acid to 5%, and samples were put on ice for 20 min. Samples were pelleted in the mi­

crofuge for 5 min, and the pellets were washed twice with cold acetone and dried. SDS 

Boiling Buffer (1% SDS, 50 mM Tris [pH 7.5], 1 mM EDTA, 100 µl per sample) and 

glass beads were added, and the samples were vortexed extensively and boiled for 3 min. 

One milliliter of Tween-IP buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.1 mM EDTA, 

0.5% [wt/vol] Tween-20) was added. Samples were vortexed and microfuged for 15 min 

in the cold. Supernatant (0.9 ml) was carefully removed and 1 to 20 µl of appropriate an­

tiserum was added. Samples were rocked gently at 4°C for 3 hr and 100 µl of 3.6% 

(wt/vol) protein A-Sepharose CL4B slurry was added. Samples were rocked an additional 

0.5 h 4°C and pelleted. The pellets were washed (1 ml per wash) twice with Tween-IP 

buffer, twice with Tween-urea buffer (100 mM Tris [pH 7.5], 200 mM NaCl, 0.5% 

[ wt/vol] Tween-20, 2 M urea), once with 1 % B-mercaptoethanol, and once with 0.1 % 

SDS. SDS-PAGE sample buffer (50 µl) was added, and the samples boiled for 5 min be­

fore they were loaded onto an SDS-8% polyacrylamide gel (4% stacking gel). 

Fractionation. Yeast cells to be labeled were pelleted, washed with distilled HzO, 

and incubated with 100 mM Tris (pH 8.5)-25 mM dithiothreitol for 5 min at 30°C. Cells 

were pelleted, washed with distilled H20 and spheroplasted with 1 µg of oxylyticase per 

OD600 units of cells in sulfate-free medium, which was adjusted to pH 7 .5 and which 

contained 1.2 M sorbitol for osmotic support (22). Spheroplasts were pelleted gently, 

washed and suspended with sulfate-free medium (pH 5.5) containing 1.2 M sorbitol, and 
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labeled with 50 to 100 µCi of Trans 35s label per OD600 units of cells for 30 min at 30°C. 

Cells were pelleted at 500 xg, suspended gently in 100 µl of 1.2 M sorbitol-100 mM 

KPO4 (pH 7.5)-10 mM EDTA, and lysed by rapid dilution with 1 ml 0.25 M sucrose-10 

mM Tris (pH 7 .5)-10 mM EDTA-1 mM phenylmethylsulfonyl fluoride-I mg bovine serum 

albumin per ml. One OD600 unit of the lysed cells was precipitated with trichloroacetic 

acid for a whole cell sample. Unlysed cells were pelleted at 2000 xg for 2 min, and the 

supernatant was centrifuged at 13000 xg for 15 min at 4°C. Supernatant (0.8 ml) from the 

microfuge spin was carefully removed and spun at 100,000 xg in a rotor (Ti70.l). Excess 

supernatant was removed carefully from the microfuge pellet, which was suspended in 100 

µl SDS boiling buffer, and boiled for 3 min. The supernatant from the 100,000 xg spin 

was precipitated with trichloroacetic acid on ice 20 min, and the 100,000 xg pellet was 

suspended in 100 µl SDS boiling buffer and boiled for 3 min. Samples were 

immunoprecipitated as described above. 

RESULTS 

Characterization and cloning of the SEC18 locus. The secl8-1 mutation S. 

cerevisiae has been shown to cause a block in the transfer of proteins from the ER to the 

Golgi complex apparatus on a shift to the nonpermissive temperature. This block results in 

the accumulation of ER, as identified by thin section electron microscopy (19, 20, 25). 

Proteins that transit the secretory pathway also accumulate with modifications that are con­

sistent with their presence inside the ER, that is, with signal sequences removed and only 

core glycosylation units added to the protein backbone. This block is also reversible. The 

invertase accumulated under these conditions has been shown to resume transport through 

the secretory pathway when it is returned to the permissive temperature (20). The speed 

with which ER transport is blocked by the sec18-1 mutation is demonstrated in Fig. 1. 

Invertase has been immunoprecipitated from secl 8-1 yeast cells that were grown under 
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various conditions. In Fig. 1, lane 1 shows the size of unglycosylated invertase produced 

at the permissive temperature in the presence of tunicamycin. To determine the rate of on­

set of the block in secretory protein traffic in secl 8-1 mutant yeast cells, we shifted cells to 

370c for only 10 minutes before they labeled with 35sO4. Under these conditions, in-

vertase accumulates as three distinct bands between 78,000 and 84,000 daltons (Fig; 1, 

lane 2). These bands corresponded to invertase, which varies in the total number of core 

oligosaccharide units added to the protein backbone (each core increases the apparent 

molecular weight of the protein by 2-2.5 kilodaltons). At the permissive temperature (Fig. 

1, lane 3), sec18-l mutant cells process the labeled invertase to its highly glycosylated se­

creted form during passage through the Golgi complex. Thus, the sec18-1 mutation results 

in a rapid block in secretory protein traffic at some stage after ER translocation and core 

oligosaccharide modification of secretory proteins. 

Based on the results of morphology studies, the rapid and specific block in secretory 

protein movement, as well as the reversibility of the secl 8 mutant block, we reasoned that 

the SEC18 gene is likely to code for a function that is directly involved in protein transfer 

between the ER and Golgi complex. To investigate this function, the SECJ 8 gene was 

cloned by complementation of the sec18-l mutation with a genomic library of yeast DNA 

fragments in the multicopy vector YEp13 (18). Subcloning and further complementation 

analysis showed that the complementing activity resides on a 3.0 kb BamID-Hind III frag­

ment. Because of a lack of restriction sites on one side of the clone, a library of Ba/31 

deletion subclones was constructed, which extended from either end of the Bamffi-Hind 

III fragment. Complementation analysis with these fragments cloned into the low copy 

number shuttle vector pSEYC58 (CEN IV, ARS I) revealed that 500 base pairs of DNA at 

the Bamm side of the fragment could be deleted without destroying the complementing 

activity (Fig. 2B). Deletion of as little as 200 bp from the Hind III side of the fragment 

was sufficient to destroy complementing activity. 
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To confirm that our clone carried the authentic SECJ 8 gene and not a suppressor locus, 

we substituted the LEU2 gene on a 2.1 kb Hpal fragment for a 300 bp Hpal fragment in 

the central region of the clone. A linear fragment with SECJ 8 homology at both ends was 

transformed into the diploid strain SEY6201/SEY5186 (a/a. leu2-3, l 12/leu2-3, 112 

SEC18/sec18-l) and Leu+ transformants were selected. Approximately 50% of the Leu+ 

transformants simultaneously acquired the recessive Ts phenotype, indicating that the 

SEC18 gene of one homolog was disrupted (23). Tetrad dissections of spores from the Ts 

diploid strains showed 2:2 segregation of sec] 8(Ts)/Leu- : dead(Leu+) spores per tetrad 

(n=7). In addition, viable random spores from such diploids were all found to be 

secl 8(Ts)/Leu- (200 haploid spores). These results indicated that our clone maps to the 

SEC18 chromosomal locus and thatSEC18 is an essential gene. Examination of the dead 

spores showed that although many germinated and went through one cell division, none 

grew beyond the two cell stage suggesting that the intracellular pool of SEC18 gene prod­

uct is sufficient for spore germination but not large enough to sustain vegetative growth. 

Further evidence that our clone contains the SEC 18 gene was obtained by transforming 

secl8-l mutant yeast with a yeast integrating plasmid (Ylp5 vector) containing a noncom­

plementing fragment of the SEC18 clone. This plasmid was restricted within the SEC18 

DNA to direct integration to the homologous chromosomal region (21). Following selec­

tion of Ura+ transformants (all of which remained temperature-sensitive), genomic DNA 

was prepared from integrants and restriction digested with an enzyme (EcoRI), which was 

expected to release the Ylp5 vector together with adjacent SECJ 8 sequences. The resulting 

DNA fragments were then ligated in dilute solution to recircularize the DNA, transformed 

into E. coli, and selected on the basis of ampicillin resistance. Restriction mapping of the 

resultant clones showed that they had, in fact, captured the entire secl 8 locus. These 

clones were shown to contain a functional temperature-sensitive allele of the secl 8 gene by 

transferring the gene to a yeast replicating vector (pSEYC58) and transformation into the 

SEC] 8::LEU2/secl 8(Ts) diploid strain. These transformants remained temperature sensi-
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rive and upon sporulation were now able to give Leu+, Ura+, (Ts) haploids, indicating 

functional expression of a temperature-sensitive copy of secl 8 from the plasmid. To 

identify the approximate position of the temperature-sensitive lesion in the secl 8-1 mutant 

gene, restriction fragments were exchanged between the wild-type and temperature-sensi­

tive sec18(Ts) clones. After transformation into sec18-1 mutant yeast cells, the hybrid 

gene constructs were scored for whether they encoded a temperature-sensitive or wild-type 

form of Sec18p. Based on these studies, the secl 8-1 mutation was found to unambigu­

ously map to a 351 bp ClaI fragment (Fig. 2A). This clearly placed the Ts mutation within 

our SECJ 8 clone. 

DNA sequence of SEC18. The entire 3,042 bp BamHI-Hind III SEC18 comple­

menting DNA clone was sequenced using standard dideoxy sequencing techniques and the 

library of Bal31 deletion subclones described above (Fig. 2C). The sequence (Fig. 3) re­

vealed a 2,271-bp open reading frame, which could potentially code for a protein product 

of 83,903 daltons. A search of the NBRF protein sequence database showed no significant 

similarity between the predicted protein sequence and other known proteins (13). The 

position of the start of the smallest complementing subclone was only 35 bp upstream of 

the first ATG codon of the open reading frame, leaving little room for a SEC 18 promoter. 

Yeast gene promoters normally consist of a TATA sequence element usually 40 to 120 

bases upstream from the site of transcription initiation and an additional enhancerlike ele­

ment (upstream activating sequence) 5' to the TATA box (29). Possible TATA sequences 

are found at positions 516 to 522 and 529 to 533, which are only 10 to 20 bp upstream of 

the open reading frame. No candidate sequences corresponding to an upstream activating 

sequence element in the region 5' to the TATA boxes included in the smallest complement­

ing clone were identified. Two additional A TG codons were present in the open reading 

frame 54 and 63 bp downstream of the first A TG codon. Combined, this information led 

us to question whether the transcriptional start point for the gene included the first A TG of 

the open reading frame. 
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Analysis of SEC18 mRNA. Northern blots (Fig. 4A) with single-stranded probes 

from either strand of the SECJ 8 clone confirmed that the only transcript from this region of 

DNA was a poly(A)+, 2,500-nucleotide mRNA in the orientation of the open reading frame 

seen in the DNA sequence. End mapping experiments of the 5' end of the the SECJ 8 

transcript were done using a 32P-end-labeled single stranded probe and mung bean 

nuclease (Fig. 4B). Results of these experiments revealed that there was only one major 

initiation point for genomic transcription, beginning almost exactly at the position of the 

start of the smallest complementing subclone. This places our predicted TAT A sequences 

within the transcribed region. Only the DNA that corresponds to the transcribed region 

appears to be necessary for complementation of the secl 8(Ts) defect. Because other sin­

gle-copy and multi-copy vectors were used to test complementation of this subclone, it 

seems unlikely that complementation was due to run-on transcripts from other genes on our 

initial yeast shuttle vector. While aberrant expression of SECJ 8 on a plasmid vector cannot 

be ruled out, the observation that a complementing subclone contained so little upstream 

sequence suggests that sequences that function in transcription initiation may be located 

within the transcript or may not be necessary for weak expression. The latter might be ex­

plained if only very low levels of SEC18 transcription are required for complementation of 

the sec18(Ts) defect. 

End mapping of the 3' end of the gene (data not shown) showed two major sites of 

transcription termination at approximately positions 2942 and 2956. Analysis of the se­

quence downstream from the termination of the open reading frame showed that this region 

conforms well to the consensus sequence ( [T-rich region] ... TAG ... TAGT/fATGT ... 

[AT-rich region]) for yeast termination and polyadenylation (32). The presence of three 

TAGT-like sequences suggests that these may function as two overlapping pairs of tran­

scription terminators and, thus, lead to the two major sites of termination. Note also that 

both transcription termination sites are well beyond the TAA codon at position 2812, which 

would terminate translation of the open reading frames. 
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Identification of Sec18p in vitro and in vivo. The protein products of the 

SEC18 gene were identified by in vitro translation using a yeast translation extract and an 

SP6 RNA polymerase-generated template RNA corresponding to the minimum comple­

menting SEC18 subclone. Two protein products (sec18p) were detected, one of 84,000 

daltons and one of 82,000 daltons (Fig. 5). The larger product corresponds well to the size 

predicted for translation of our entire open reading frame. The smaller translation product 

may result either from premature termination of protein translation or initiation of transla­

tion at one of the two A TGs located at positions 54 bp and 63 bp downstream from the start 

of the open reading frame. From the DNA sequence, these smaller open reading frames 

were predicted to encode proteins of 82,024 or 81,678 daltons. The yeast extract transla­

tion system we used does not normally perform any posttranslational modifications of the 

protein products such as signal or prosequence cleavages or addition of core oligosac­

charides, which could account for the multiple forms of proteins that were produced. 

Transcription by SP6 RNA polymerase also has high fidelity in terms of the site of tran­

scription initiation, so variation in the 5' end of the RNA template does not seem likely 

(15). 

In order to test if the protein(s) produced from the SEC18 open reading frame are also 

produced in vivo, we raised antisera to the SEC18 protein. A gene fusion of the SEC18 

open reading frame to the 5' end of the E. coli lacZ gene was generated by ligating random 

Ba/31 digestions of the 3.0 kb BamHI-Hind m fragment into the vector pORF5 (27) (Fig. 

6A). Clones that overproduced P-galactosidase activity were initially picked by screening 

on Xgal plates. Plasmids from these clones were screened for inserts corresponding to the 

SEC18 gene by restriction site analysis. In addition, SOS-PAGE of whole cell E.coli ex­

tracts expressing high levels of f3-galactosidase activity were stained with Coomassie Blue 

to visualize the extent of overproduction and to identify the size of the hybrid proteins (see 

Figure 6B). Western blotting of these gels using p-galactosidase- specific antibodies con­

firmed the identity of hybrid protein bands. Several gene fusions were created that over-
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produced fusion proteins in E.coli up to 40,000 daltons larger than p-galactosidase itself. 

The fusion joints between five of these clones and the lacZ sequences were determined by 

DNA sequencing, which confirmed that the large open reading frame of SECJ 8 was being 

utilized. The largest fusion protein was purified using preparative SDS-P AGE and injected 

into rabbits to raise anti.serum that was reactive to Sec18p. Anti.sera were tested initially for 

reaction to the Sec18-P-galactosidase fusion protein on Western blots, and later confirmed 

to react with the in vitro translation products of SEC18. 

Immunoprecipitati.on from extracts of 35s-labeled whole yeast cells with the Sec18p 

anti.serum was able to detect in vivo production of the putative SECJ 8 gene products. The 

in vivo forms of Sec18p are identical in size to those seen by in vitro translation (Fig. 5). 

Tunicamycin, which inhibits N-linked glycosylation, had no effect on the size of the in 

vivo proteins that were observed, even though potential sites for glycosylation were present 

in the predicted amino acid sequence at amino acid positions 13, 36, 455, 474, and 689. 

This suggests that Sec 18p is not translocated across the ER membrane into the secretory 

pathway, and thus, it never comes in contact with the oligosaccharide transferase enzyme. 

This is further supported by the hydrophobicity profile for the predicted Sec18p sequence 

(Fig. 7), which shows no evidence for a characteristic hydrophobic signal sequence at the 

amino terminus of either the full length protein or a protein whose translation began at one 

of the two downstream ATG codons at the 5' end of the open reading frame. In addition, 

the hydrophobicity profile did not show any internal regions that would be predicted to 

span a membrane or function as internal signal sequences. These data are most consistent 

with the fact that Sec18p remained in the cell cytoplasm. However, these results do not 

exclude the association of Sec18p with the cytoplasmic face of an intracellular organelle 

membrane. 

The two forms of Sec18p seen in vivo could also result from a posttranslational pro­

cessing event other than glycosylation. To address this question, yeast cells were pulse-la­

beled for 20 min with 35sO4 and chased for various times following the addition of excess 
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cold SO4. Whole-cell extracts were immunoprecipitated using antisera directed against 

both Sec 18p and CPY, a vacuolar protease that undergoes processing in the ER, Golgi 

complex, and vacuole to give forms that can be distinguished on SDS-polyacrylamide gels 

(28). The results (Fig. 8) indicated that while CPY is processed normally with a half-time 

of approximately 5 min, the two forms of Sec18p are maintained in a constant ratio. This 

is true for chase periods up to 2 h (data not shown). Thus, the two forms of Sec18p do not 

appear to result from posttranslational processing of the larger form into the smaller form 

or vice versa It appears that messages containing the entire open reading frame are leading 

directly to the production of two forms of the same protein. It is reasonable to propose that 

the two forms arise from translation initiating at different points in the open reading frame 

ofthemRNA. 

Results of this study indicate that Sec 18p represents a relatively minor fraction of the 

total protein production in yeast cells. From quantitation of the relative levels of production 

of Sec18p and CPY by densitometry, we estimate that Sec18p is produced at only 115th to 

1/l0th of the level of CPY. Twentyfold overproduction of Sec18p was observed in cells 

harboring the SEC18 gene on a multicopy plasmid (pSEY8). This suggests that Secl8 is 

expressed constitutively and is subject to simple gene dosage control. Experiments looking 

at the production of Sec18p from the mutant secl8-l(Ts) allele show that the temperature­

sensitive defect does not result from a decrease in Sec 18p expression. In addition, the 

temperature-sensitive forms of the protein appear to show the same stability at 

nonpermissive temperaµrre as wild-type proteins in pulse chase labeling experiments (data 

not shown). 

Intracellular location of Secl8p. Our data predict that Sec 18p is probably a cy­

toplasmic protein. To determine this directly, we used cell fractionation techniques with 

differential centrifugations to separate yeast cells into membrane enclosed and cytoplasmic 

compartments. Because of its role in transport between the ER and Golgi complex, we 

were especially interested to see whether Seel Sp might be associated with these compart-
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ments. A procedure giving gentle osmotic lysis was developed, which appeared to main­

tain the integrity of small organelles such as mitochondria, ER and the Golgi complex. 

Cells were spheroplasted extensively before they were labeled, and then they were washed 

and labeled with Trans 35s label in the presence of full osmotic support (1.2 M sorbitol). 

To lyse the cells osmotically, cells were pelleted gently, suspended in a small volume of 

buffer with full osmotic support and then quickly diluted in a buff er with partial osmotic 

support (0.25 M sucrose). After an initial low-speed spin to pellet any unlysed cells, the 

cleared lysate was centrifuged sequentially in the microfuge (13,000 xg for 15 min) and the 

ultracentrifuge (100,000 xg for 30 min). Judging from trichloroacetic acid-precipitable 

counts, only 30 to 50% of cells were lysed by the procedure. However, no enhancement 

of any particular form of the markers used was observed, which suggests that the cleared 

lysate is representative of the contents of the cell. 

Fractions were immunoprecipitated with Sec18p antisera under conditions of antibody 

excess to ensure that comparisons of the level of Sec 18p present in the various fractions 

were valid. Likewise, intermediates in the maturation of CPY were monitored using CPY­

specific antisera to give markers for the ER, Golgi complex and vacuolar compartments 

(28). Immunoprecipitation with antisera against the ~-subunit of F 1-A TPase was also 

done to assess the fractionation and intactness of mitochondria in this procedure. Figure 9 

shows an autoradiograph of immunoprecipitates of CPY and Sec 18p from such an experi­

ment, which is quantitated in Table 1. The pl and p2 forms of CPY, which should be lo­

calized within the ER and Golgi complex, respectively, were mainly present (80%) in the 

13,000 xg pellet A small amount of pl and p2 (20%) was found in the 100,000 xg pellet 

fraction, perhaps due to some fragmentation of these compartments or the material present 

in small vesicles in transit between secretory organelles. Greater than 95% of the ~-subunit 

of mitochondrial F 1-A TPase was also pelleted in the microfuge. These results indicate that 

organelles such as ER, Golgi complex, and mitochondria appear to remain largely intact 

with this lysis procedure and are recovered predominantly in the 13,000 xg pellet. In con-
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trast, lysis of whole cells by a more vigorous procedure (vortexing in the presence of glass 

beads) led to 60 to 80% release of the ER, Golgi complex, and mitochondrial markers into 

the supernatant fraction ( data not shown). Very little ( <5%) of the mature CPY, a protease 

present in the lumen of the yeast vacuole, was associated with the 13,000 xg pellet frac-

tion. The yeast vacuole is a very fragile compartment which we would expect to be lysed 

without full osmotic support. This was confirmed by the presence of mature CPY pre­

dominantly (>95%) in the 100,000 xg supernatant fraction. 

Sec18p was found in significant amounts in both the 100,000 xg pellet (44%) and su­

pernatant (56%) fractions. Little (<l %), if any, of Sec18p was associated with the mi­

crofuge pellet fraction. Since Sec18 is implicated in transport between the ER and the 

Golgi complex, it is somewhat surprising that it would be found in a high speed pellet 

fraction in which small vesicles would presumably be recovered and yet not be associated 

with a fraction (the 13,000 xg pellet) in which the bulk of the ER and the Golgi complex 

are represented. The fact that mature CPY is not associated with the high speed pellet frac­

tion indicates that the Sec18p found in the pellet is not the result of nonspecific trapping. 

The data would suggest that Sec18p does not interact directly with ER or the Golgi com­

plex within the cell, or does so only very transiently. The presence of significant amounts 

of Sec18p in the 100,000 xg pellet fraction, along with a small proportion of the ER and 

Golgi complex forms of CPY, suggests that Sec18p may associate with small vesicles in 

transit from the ER to the Golgi complex. It is also possible that Sec18p binds to some 

large macromolecular complex such as the cytoskeletal network, which could be pelleted at 

the higher g force. Of course, the possibility remains that the association of Sec 18p with 

the 100,000 xg pellet may be an artifact due to aggregation of the protein or binding to 

membrane fragments. Nevertheless, the association of Sec18p with the high speed pellet 

may provide a clue to the functional role of Sec18 within the cell. Note also that there is 

not a preferential association of one or the other form of Sec18p with the pellet fraction, 

which suggests that the two protein forms may be functionally equivalent. 
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DISCUSSION 

As a first step in understanding the role of the yeast SEC 18 gene product in secretory 

protein transport between the ER and the Golgi complex, we cloned and sequenced the 

gene. A single 3.0-kb DNA fragment was isolated that complements the temperature- sen­

sitive defect exhibited by secl8-l mutant yeast cells. This DNA segment mapped geneti­

cally to the SEC] 8 locus. RNA probes derived from the cloned segment detected one ma­

jor 2,500-nucleotide poly(A)+ mRNA on Northern blots (Figure 4A). Consistent with 

this, the major open reading frame (2,271 bp) in the SECJB clone was predicted to encode 

a protein of 84 kilodaltons. Somewhat surprisingly, two protein products of this open 

reading frame were observed both from in vitro translation extracts programmed with 

SECl 8 mRNA and from in vivo 35s-labeled yeast cells extracts (Figure 5). Disruption of 

this open reading frame indicates that the function of Sec18p is essential for cell viability. 

Spores containing a disrupted SECJ 8 gene are able to germinate but only undergo, at most, 

one round of cell division in the absence of SEC18 expression. 

Several aspects of SEC18 gene expression are novel and unexpected. First, sequences 

upstream from the site of transcription initiation did not appear to be necessary for SECJ 8 

expression. A subclone, which contained only five nucleotides preceding the start point of 

transcription, was sufficient for the expression of adequate levels of Sec18p for the com­

plementation of the secl8-l mutation. Complementation with this subclone was observed 

when several different high- and low-copy number yeast shuttle vectors were used, sug­

gesting that aberrant expression of this subclone in a particular plasmid context is not the 

cause of the observed complementation. 

Second, there were two sequences just upstream of the open reading frame, TATA TT 
-

at bases 516 to 522 and TATAAA at 529 to 535, which could possibly function as TATA 

elements for transcriptional control. Yet, these sequences are actually within the tran­

scribed region itself rather than the normal position TATA elements usually occupy 40 to 

120 bp 5' of the site of transcription initiation (29). This, along with the fact that the tran-



123 

scribed region alone appears to be sufficient for gene expression, raises the possibility that 

SECJB promoter elements may function from within the gene itself. Alternatively, these 

TATA elements formed part of a cryptic promoter leading to expression of the minimum 

complementing fragment. 

Third, the SECJB gene produced two proteins from transcripts that appeared to start at 

a single site. Other cases of the expression of multiple forms of protein from a single yeast 

gene have been observed, such as the production of cytoplasmic and secreted forms of in­

vertase from the yeast SUC2 gene (2). However, these were caused by multiple sites of 

transcription initiation leading to messages that have different AUG codons of the open 

reading frame at their 5'-ends. There is a precedent for translation initiating at multiple 

AUG codons in a yeast mRNA. The GCN4 gene of S. cerevisiae, whose protein product 

controls the transcription of a large number of amino acid biosynthesis genes, uses transla­

tion initiation at multiple AUG codons in the mRNA as a translational control of its expres­

sion (17). Four short open reading frames of an AUG codon followed by two to three 

codons are present in a ~600 nucleotide leader region of the GCN4 mRNA and act to in­

hibit the translation of GCN4 under non-starvation conditions (17). In contrast, SEC18, 

appeared to have only one major class of mRNA with a short 5'-untranslated leader and a 

set of three AUG codons early in the mRNA that were all in frame with the major open 

reading frame of the gene, yet two forms of the same protein with different sizes were 

produced (see Figs. 4 and 5). The two forms of the protein did not appear to be the result 

of posttranslational processing events (Fig. 8). The size of the smaller protein product 

corresponded well to the predicted size of translation products initiated from AUGs that 

were 19 or 21 codons downstream of the first AUG codon of the open reading frame, 

leading us to suggest that the smaller protein product arises from translation initiating at one 

of these downstream codons. In vitro mutagenesis of the different AUG codons in SECJ 8 

should reveal if translation is indeed started at more than one site or whether another mech­

anism is responsible for the multiple forms of protein being produced. In addition, such in 
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vitro mutagenesis should permit one to test whether the two Sec18 proteins are functionally 

equivalent It is tempting to speculate that the two isoforms of Sec 18p could have different 

functional roles in directing secretory protein traffic. 

The intracellular location of Sec18p was analyzed to gain insight into the functional role 

the Sec18 plays in the secretory pathway. The predicted amino acid sequences of Sec18 

proteins did not indicate any targeting signal that would allow Secl8p to be translocated 

across the ER membrane. The conclusion that Sec 18p remains cytoplasmic was reinforced 

by the observation that Sec18p was not modified with core oligosaccharides (Fig. 5), a 

function that is carried out within the ER, even though potential sites for N-link.ed glyco­

sylation are present in the amino acid sequence. Results of cellular fractionation experi­

ments by an osmotic lysis procedure, which was able to maintain the integrity of organelles 

such as mitochondria, ER, and the Golgi complex, indicated that Sec 18p is not tightly as­

sociated with the bulk of ER and the Golgi complex (Fig. 9). However, centrifugation at 

higher g forces revealed a distribution of Sec 18p between the pellet and soluble fractions. 

This observation suggests that Sec18p may be associated with small vesicles or a macro­

molecular complex that is important in intracellular secretory protein transport. 

The phenotype of secl8-l mutant yeast cells suggests a direct role for Sec18p in the 

transport of secretory proteins between the ER and the Golgi complex. At the nonpermis­

sive temperature, there was a rapid accumulation of newly synthesized secretory proteins 

that undetwent all of the modifications characteristic of the ER (signal sequence cleavage 

and addition of core oligosaccharides). No modification or processing events known to 

occur after that of the ER are observed in the secl 8-1 mutant. Therefore, it appears that a 

block exists in the transfer of secretory proteins from the ER to the Golgi complex. Possi­

ble functions for Sec18p might include the packaging of proteins into transport vesicles, a 

role in the budding of such vesicles, the transport of vesicles to the target organelle, 

recognition or fusion of these vesicles with the Golgi complex, or the recycling of transport 

components back to the ER. The cytoplasmic location of Sec18p rules out any direct role 
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in the sorting and selection of proteins from the lumen of the ER for transport to the Golgi 

complex. Our data, which show an association of Sec18p with a high-speed pellet frac­

tion, suggest that Sec18p may function in the formation of small transport vesicles at the 

ER or in their transport and targeting to Golgi complex membranes. The recent develop­

ment of efficient in vitro transport assays for ER to Golgi complex protein traffic (1) may 

provide a means to directly examine the functional role of Sec18p in this critical interor­

ganelle transport event, potentially in both yeast and mammalian reconstituted systems. 
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Figure 1. sec18-1 mutant cells were grown in 100 µM SO4 medium with 2% glucose. 

Cells were pelleted, washed with distilled H20, and suspended in sulfate-free medium with 

0.2% glucose for 30 min before they were labeled, to induce invertase production. Cells 

were labeled with 0.5 mCi/ml 35so4 per ml for 20 min and chased for 20 min following 

the addition of (NH4)2SO4 to 50 mM. 
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Figure 2. (A) Restriction map of SECJ 8 clone showing the position of the open reading 

frame as determined by DNA sequencing. Restriction enzymes B, BamHI; P, Pstl; K, 

Kpnl; Hp, Hpal; H, Hind ill; C, Clal; R, EcoRI. The position of the mutation leading to 

the temperature sensitive phenotype of sec18-l is indicated with double arrows. (B) 

Complementation analysis of SEC18 subclones. Restriction fragments or Ba/31 deletions 

were cloned into pSEYC58 (CENIV-ARSI, URA3) and transformed into strain SEY5186 

by LiCl yeast transformation. Transformants were selected for Ura+ and tested for growth 

at 25 and 37°C. A plus sign indicates temperature-resistant transformants, and a minus 

sign indicates temperature-sensitive transformants. (C) Sequencing strategy used for DNA 

sequencing. Each arrow indicates independent subclones obtained by Bal3 I digestion of 

the 3.0 kb Bamffi-Hind Ill from either end cloned into M13mpl9. The entire BamHI­

Hind ill SECJ 8 fragment was cloned into M13mp8 and M13mp9 to obtain sequence from 

the BamHI site at the 5' end of the clone and from the Hind ill site at the 3' end of the 

clone, respectively. (D) Comparison of the results of end mapping of the SEC18 mRNA 

with the open reading frame of the DNA sequence. Numbers in parenthesis represent the 

position in the nucleotide sequence. The position of the 5' end is mapped to ±2 nu­

cleotides, the position of the 3' ends are ±15 nucleotides. 
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169 Leu LY• Ile Ar9 A■n Val Gln Al• Ue A■p L•u Cly Aap U• Glu Pro 1'br SH AU Val Al• Thr Gly u~ Clu Thr LY• Cly 196 

1129 ATT TTG ACA AAA CAA ACA CAA A1'1' AAT TTT ffC AAA GGA AGA GAT GGT TTA C!'T .UT '!"TC AAA TCA TCA AAT TCA TTA A.GA CCA 1212 
l.91 Ile Leu ThT LY• Gln Thr Gln U• A■n Pb• Ph• Ly• Gly Arg A•P Gly Leu val A•n Leu Ly• Set Ser Aan ser Leu Arg Pro 224 

1213 AGA TCA AAT GCT GTG ATC A.GA. CCG GAT TTC AAG TT1' GAA GAT TTG GGT CTC GGT GGT TTG GAT AAA GAG TTT ACT AAA AT'T 1'TC 1296 
225 Arq Ser Aen Ah V•l Ile Arq Pro Aap Phe LY• Phe Glu A•p Leu Cly V•l Cly Gly Leu ll,ap Lya Glu Ph• Th.r Lya lle Phe 2!12 

1297 A.GA. A.GA GCG TTT GCA A.GT CGA. AT'C TTT CCT CCT TCA GTT ATA GAA AAA CTG GGT AT1 TCT CAT GTT AAA GCT HG CTA TTC TAC 1388 
253 Arg Arg Al ■ Phe A.la Ser A.rg Ile Phe Pro Pro Ser V•l Ile Glu Ly• t.eu Cly Ile Ser Hu Val Lys Cly Leu t.eu Leu 'l'yc 289 

1311 GGT CM CCA CGT ACT GCT AAG ACC TTA ATT GCA AGA AAG AT'T GGT A.CA ATG CTG .\AT GCC AAA GAG CCC AAA ATC GTC AAT GGT lf64 
281 Cly Pro Pro Cly Thi' Cly Lya Thr Leu Ile Al• Arg Lya Ile Gly Tbr Net Leu A■n Ala Lya Gll.1 Pro Lya Ile Val Aan Gly JIB 

U65 CCA GA.A ATT 'M"G A.GT AAG TAC GTT GGT TCT TCA GAA GAA AAC ATT CCT AAT HA TTT AAG CAT GCA. GAA GCA CAA. TAT A.GG GCC 1548 
319 Pro Glu Ile L•1i1 &er Lya Tyr Val Cly Ser Ser Glu Glu Aan Ue Arg Aan t.eu Phe Lya Aap AU Clu Ala Clu Tyr Arg Ah 336 -· 1S49 A.AG GGT GAG GM TCT TCC TTA CAT A.TT A.TT A.TT TTC GAT GAG CTG GAT TCT GTT TTC MG CA.G AGA GGT TCA AGA GGT CAT GGT 1632 
337 Lys Cly Glu Gl1i1 Ser &er Leu HU Ile Ile Ile Phe A.ap Glu Leu Aap Ser Val Phe LY• Gln A.rig Cly Ser Arq Cly Asp Gly 364 

1633 ACC GGT CTA GGG GAC AAT GTA GTT AAT CAA. TTG TTA GCT AAA ATC GAT GTT CAT CM TTG .UT A.AT A.TT TTG GTT ATT GGT ATG 1716 
3'5 Thr Cly Val Cly Aap Aan Val Val Aan Gln Leu Leu Ah LY• Net Aap Val A■p Gln Leu Aan A.an Ue Leu Val Ile Cly Met 392 

1717 ACC A.AT CGT AAA CAT TTA. ATA GAC ACT GCT CTT TTG CGT CCA. GGT AGA TTT CAA CTC CA.A. GTT GAA A.TT CAT TTA CCC CAT GAA UH 
393 Tbt A■n Arg LY• Aap lAu Ile A.ap Ser A.la L•u Leu A.rg Pro Cly Arg Phe Clu Val Gln Vel Cha Ue Hu Leu Pro Aap Glu 428 -1 1181 A.AA CG.A AGA. C'f'C CAA A.1'T 1'TC CAC A.TT CAG ACG AAC AAA A.TC: AGG GAA A.AT AAT A.TC ATG A.CC GAC CAT GTT AAC TT.A GCT GAG 1884 
421 Ly• Gly Arg U•u Gln I le Phe A.ap I le Cln Tbr LY• Lye Met At9 Clu Aan ,\an Net Net: Ser Asp A.ap Val Aan Leu Ah Clu ue -· 1885 TTA GCT GCG TTA ACA AAA AAC TTC TCT GCT GCT GAG ATT GAG GGT TT.A GTG AAG AGT GCA ACT TCT TTT GCA ATC .UC AAA ACC 1968 
449 L•u Ah Ah (AU Thr Ly• A.an Phe Ser Cly ua Glu Ile Cl12 Gly t.eu Val Ly• &•l' A.la sez SH Ph• Ala Ue Aan Ly• Thr 676 

1969 GTC AAC ATC GGG A.AA GGT GCC ACA AAA CTT A.AC ACT AAA. GAT A.TA GCA AAA CTT AAA. GT.A ACA A.CA GAA GAC TTT TTA. AAT GCA 2f52 
477 Val Aan Ile Cly Lya Gly Ala Tbl' LY• Leu A.an Thr LY• A•P Ile Al• Lys LtrU Lya V•l Thr Arg Glu Asp Pb• Leu Aan Ala 514 

2153 CTC AAC GAT GTT ACT CCC GCT TTT GGG ATT ACT GA.A CAA CAT TTG AAA ACA 'fflT GTG CAA GCT CGA ATC ATC Cff TAT TCC CAA 2136 
515 Leu A.an Aap Val Thr Pro A.la Phe Cly I le Ser Glu Gl1,1 Aap Leu Lye Thr Cya Vel Glu Cly Cly Net Net Leu Tyz Ser Glu 532 -· 2137 CGA GTT A.AC TCA ATA. TTG AAG AAC GGA CCC CGT TAC GTC CGC CAA GTT CGC GAG ACT CAT AAA TCC AGG TTA. GTA. TCT CT.A ffA 2221 
533 Arg Val Aan S•r ll• Leu LY• A•n Gly Ah Arq Tyr Val Arq Gln Y•l Arq Glu &er Acp t.y• Set Arq '-9:u Val &u· Leu. L•u ~,, 

... I 
2221 ATC CAC GGC CCT GCA GGG 'fCC GCT A.AA ACA GCT TTA GCC GCT CAA ATT GCT TTA. AAA TCT GGA TTC CC.A TTC ATC AGC TTA. ATT 2314 

5,61 u. Mu Cly Pro Ah Cly Ser Gly Ly• thr Al• Leu Al• Ala Clu Ile Ah IAU Ly• &er Gly Pb• Pro Phe Ue A.rg Leu Jle SIB 

2315 TCT CCC AAC GAG TTG TC.A GGC A.TC TCA GAA AGC GCA AAA ATT GCC TAT ATT GAT A.AC ACT TTC AGA GA.T GCG TAT AAA TCT CCA 2318 
589 Ser Pro Aan Glu Leu &er: Gly Net Set Gl1,1 Ser Al• Lye th Ala Tyr Ile r.ap Aan Thz: Ph• Arg Aap Ah Tyr Lya Sez: >ro 6l6 -1 2389 CTA AAC ATT CT'f CTT A.'l'T GAT TCC ffA GAG ACT CTA CTT GAT TGG GTA CCA AT'!' GGT CCA AC.A TTC TCT AAT A.AC ATT ffA CAA 2472 
617 Leu Aan ll• Le-u Vel 11• Aap Ser Leu Clu Thr Leu Val A.■P Trp Val Pro Ile Cly Pro Arg Phe Ser Aan Aan Ile 1.-U Gln 644 

2473 ATG CTA AAC G!'1' CC.A T1"C AAC CGT AAA CCC CCA CAA CAC CGT CCT TTA TTG ATC A.TC ACT A.CT AC.A TCA GCT TAT TCC CTA. C1'T 2556 
64S Met. t.eu LY• Val Ala t.eQ Ly• r.1:g Lya Pz:o Pz:o Gln ••P A.rg Ar9 Leu l,eu I le N•t Tbr Tbr Tbr S•r A.la Tyr Ser Val Wu 672 

2557 CAA. CAA A.TG GA1' ATC TTG AGT TGC fl'C GAC .U1' GA.G ATA. GCA CTT CCA .UT ATC ACC .UT ffA GAT GAA T1'G AAC A.AC CTC ATC 260 
673 Gln Gln Net A&P Ile Leu Ser Cy• Pht! A■p Aan Glu 11• Al• Val Pro A&n llet. Tbr Aan lA:U Aap Clu t,eu A■ft Aan val Net , •• 

2641 AT.A CAA '!'CA A.AC TTT CTT CA.C GA.T GCT GCT A.CA GTT AAA Gff A.TT AAT GA.A TTA. TCA AGG AGC TCT CCT UC TTC A.AT GTC GGT 2724 
711 Ile Clu &er Aan Ph• Leu A•P A•P Ala Gly Ar9 Val LY• val 11• A■n Glu Leu Ser Ar9 Ser Cy• Pro A•n Pb• Aan V•l Gly 728 

2725 ATT AAA AAG A.CC 'l'TG ACC AAC ATT CAA ACC CCA AGC CAC CAT CA.A GAT CCC CTG AAC CAG CTT CTT GAG n'C ATG ACC CAA TCC 2118 
729 Ile Lya LY• Thr Leu Tbr A•n U• Clu Tbl' Ab Ar9 Hi• Aap Clu Aap Pro Val ••n C:lu (AU Val Glu Leu ... t Tht Gln Ser 756 

ftni-UH McOl)DitiOD 
2119 GCA TAA. ffAffT CUATTTTTC' A.TGTTCTTGT A.TTTT1'ATTC TTTATCCCff CCAATCACAA AGGATCTAGT GAACAAG'!'TC TTTCCTCTAT ZHI 

7S7 Ala ,_. 

.........,. .approat .. u poJ:,-w.■:,la~ton &ddlition sat-
2911 GC9'ATATAH TTACTGATAA ATTTTATAAA ATTATAAAAC CAAGGCATCC TTTCCTTTTA 'M'CTGTCATT GCATTCTCCC TGTCATAATT A.TCACCA.CCG 3111 

■tad UJ 
3111 CGTAAAGATG ATAATTTTTC' ACTCGCTTTG ccccaca.AGC TT )142 
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Figure 3. Nucleotide Sequence of SEC] 8. The nucleotide sequence with translation of 

the open reading frame. Positions of sites identified by restriction mapping prior to se­

quencing are indicated in bold face, as are the positions of initiator methionine codons at the 

5' end of the open reading frame, position of the start of the smallest complementing sub­

clone, position of the transcription start point for SEC] 8 mRNA, the translation termination 

codon (TRM), and the transcription recognition sequences and approximate poly-(A) 

addition sites at the 3' end of the clone. 
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Figure 4. (A) Northern blot of SEC18 mRNA. Poly(A)+ RNA (1 µg) from mid-log 

phase SEY2101 cells was run on a 1 % agarose formaldehyde gel, transferred to Gene­

Screen, and probed with an anti-sense SEC18[32p]RNA that was made with SP6 RNA 

polymerase. Standards (Stds.) were EcoRI-and Hind ill-cut lambda DNA that was end­

labeled by treating it with ['Y 32p]A TP and T4 polynucleotide kinase. Sizes (in nucleotides) 

are indicated to the left of the gel. (B) Mapping of the 5' end of SEC] 8 mRNA. An 

oligonucleotide complementary to bp 681 to 695 of the DNA sequence was end-labeled 

with 32p, hybridized to a single-stranded SECJ8-M13mp19 template, and extended with 

the Klenow fragment to the Bamiil site. The single-stranded probe was fragment purified, 

hybridized to 25 µg of total RNA, and digested with mung bean nuclease. The DNA lad­

der was obtained by deoxy- and dideoxy sequencing reactions by using the end-labeled 

oligo as primer. The positions of the first two A TG codons of the open reading frame of 

the DNA sequence are indicated to the left of the gel. 
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Figure 5. Identification of Sec18p in vitro and in vivo. (A) Immunoprecipitations of 

Sec18p from 35s-labeled whole-cell yeast extracts done with pre-immune or immune 

serum in the presence or absence of tunicamycin, as indicated. (B) Products of in vitro 

translation of SP6 RNA polymerase transcripts of the SEC18 open reading frame. RNAs 

were made with and without a mRNA cap analog [m7G(5')ppp(5')G] in the transcription 

reaction as indicated. Translation of the capped message proceeded with much higher effi­

ciency. kd, Kilodaltons. 
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Figure 6. Production of SECJB-lacZ fusion proteins. (A) Ba/31 digestions of the 3.0-kb 

Bamffi-Hind m fragment were cloned into the Smal site of pORF5, a Lacz fusion vector 

in which a EcoRI-SmaI-Bamm. polylinker has been inserted at the amino acid at position 7 

to interrupt the reading frame of the Lacz gene. The fragment marked with double aster­

isks is clone pORF18-40, which expressed the largest fusion protein observed. Restriction 

enzyme abbreviations: B, Bamm; P, PstI; K, KpnI; Hp, HpaI; H, Hind ill; C, ClaI; R, 

EcoRI. (B) Whole-cell extracts of E. coli Mc1061 with and without the pORF18-40 fusion 

plasmid, were run on SDS-polyacrylamide gels. A gel stained with Coomassie blue G-250 

is shown on the left, and the right is a Western blot of a gel identical to that shown on the 

left whose proteins were transferred to nitrocellulose by Western blot and probed with anti­

j3-galactosidase antisera. The largest fusion protein is marked with double asterisks. kd, 

Kilodaltons. 
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Figure 7. Hydrophobicity analysis of Sec18p. A hydrophobicity profile of the predicted 

protein sequence of the SECJ 8 open reading frame was calculated using the values of 

Hopp and Wood (9) and a window of six amino acids. The position of charged amino acid 

residues is indicated by tics at the bottom of the figure. Neither the entire open reading 

frame nor open reading frames starting at 19 or 21 amino acids into the protein sequence 

revealed a satisfactory signal sequence or membrane-spanning domain. 
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Figure 8. Pulse-chase labeling of Sec18p and CPY. Yeast cells (Strain SEY2101; 1 

OD600 unit per lane) were labeled for 30 min with 35so4 at 30°c and chased for the indi­

cated times following the addition of (NH4)2SO4 to a final concentration of 50 mM. La­

beling was stopped by the addition of trichloroacetic acid to 5%, and cell extracts were im­

munoprecipitated simultaneously with saturating amounts of both Sec18p and CPY antis­

era. (A) Two forms of Sec18p are not post-translationally modified into a single species; 

(B) pl (ER) and p2 (Golgi complex) forms of CPY are chased posttranslationally into the 

mature vacuolar form. In panel A, exposure of the gel was 2 times longer than that in panel 

B. From densitometry of the bands, we estimate that Sec 18 is produced at approximately 

1/10th the level of CPY. 
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Figure 9. Sec18p fractionates between a high-speed membrane and supernatant frac­

tions. Yeast cells (strain SEY2101) were spheroplasted with oxylyticase, labeled with 

Trans 35s label, and lysed osmotically. The lysate was pelleted at 2000 xg to remove any 

unbroken cells, and the supernatant was pelleted sequentially at 13,000 xg and 100,000 

xg. From left to right, the first lane of each panel shows immunoprecipitation from a frac­

tion of the whole-cell lysate, the second lane from a 13,000 xg pellet, the third lane from a 

100,000 xg pellet and the fourth lane from trichloroacetic acid-precipitated proteins from 

the 100,000 xg supernatant fraction. (A) Immunoprecipitation with Sec18p antiserum; (B) 

subsequent immunoprecipitation with CPY antiserum. pl and p2 represent the ER and 

Golgi complex intermediates, respectively, in the processing of CPY to its mature form. 

Extra bands that were present in the lane with the Sec 18p 100,000 xg pellet and the lane 

with the CPY whole-cell lysate were not reproducible and probably represented some non­

specific cross-reaction of the antiserum that was used for immunoprecipitation. kd, 

Kilodaltons. 
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Table 1. Quantitation of Cell Fractionation 

Fraction 

Sec18p 

pl andp2CPY 

Mature CPY 

Mitochondrial Fj_ -A TPase 13 

% of fraction inb: 

Pellet from: 

13,000 xg 
Centrifugation 

<1 

80 

<5 
>95 

100,000 xg 
Centrifugation 

44 

20 

<1 

<1 

Supernatant 
from 

100,000 xg 
Centrifugation 

56 

<1 

>95 

<5 

a Quantitation was done by scanning autoradiographs on a laser densitom­
eter (2202; LKB Instruments Inc., Rockville, Md.) and integration with a 
program (GelScan; LKB). 

bPercentages represent the amount present in a given fraction divided by 
the total of all three fractions. In all cases, the quantitative sum of all three 
fractions was within 10% of the quantitation of a similar whole-cell lysate 
sample. Samples which are <5% or <1 % were either too faint for accurate 
quantitation or difficult to resolve because of the presence of contaminating 
background bands. 




