
higher than the synthetic rate. Rapid 
transient rates of release are achieved by 
storing newly synthesized proteins in 

Pathways of Protein 
Secretion in Eukaryotes 

Regis B. Kelly 

The general pathway of protein secre- 
tion in eukaryotes has been clear for 
many years (I). It is possible to show by 
labeling experiments that secreted pro- 
teins pass from their site of synthesis in 
the rough endoplasmic reticulum (RER) 
to the Golgi apparatus, the stack of char- 
acteristic membrane cisternae where gly- 
cosylation takes place. From the Golgi, 

secretion is similar in many kinds of cells 
from yeast to mammalian cells, individ- 
ual steps along the pathway show vari- 
ability from cell type to cell type. As 
emphasized by Tartakoff and Vassalli 
(8), secretory cells fall into two classes, 
called here constitutive and regulated 
secretory cells (Fig. 1). Antibody-secret- 
ing lymphocytes are good examples of a 

Summary. Protein secretion from cells can take several forms. Secretion is 
constitutive if proteins are secreted as fast as they are synthesized. In regulated 
secretion newly synthesized proteins destined for secretion are stored at high 
concentration in secretory vesicles until the cell receives an appropriate stimulus. 
When both constitutive and regulated protein secretion can take place in the same 
cell a mechanism must exist for sorting the correct secretory protein into the correct 
secretory vesicle. The secretory vesicle must then be delivered to the appropriate 
region of plasma membrane. Transfection of DNA encoding foreign secretory proteins 
into regulated secretory cells has provided insight into the specificity of sorting into 
secretory vesicles. 

newly synthesized vesicles travel via 
transport vesicles to the cell surface. 
Protein secretion has been found in al- 
most every cell type and is consistent 
with the universal presence of RER and 
Golgi in nucleated cells. 

Until recently, it was believed that a 
cell secreted all its proteins by the same 
pathway. In exocrine cells and liver 
cells, all secretory products are found in 
all regions of the RER and Golgi, an 
indication that there is no regional spe- 
cialization (2, 3). In yeast, mutants in 
secretion affect the externalization of all 
known secreted proteins (4). Further- 
more, immunocytochemical studies indi- 
cated that the same pathway-RER to 
Golgi to surface-appeared to be taken 
by plasma membrane proteins (3, 5). In 
agreement with these observations, mu- 
tants in yeast that blocked protein secre- 
tion also blocked plasma membrane pro- 
tein externalization (6), and kinetic and 
pharmacological analyses showed that 
the routes of externalization of mem- 
brane and secreted proteins were not 
significantly different (7). 

Although the basic pathway of protein 

constitutive secretory cell. They do not 
have a large intracellular pool of antibod- 
ies. The newly synthesized proteins 
reach the cell surface minutes after leav- 
ing the Golgi. Since their transport vesi- 
cles have such a short half-time, they are 
hard to find in electron micrographs of 
the cell's cytoplasm. When they are 
found, they do not have the electron- 
opaque "dense core" found in electron 
micrographs of conventional secretory 
vesicles (9). Transport vesicles fuse with 
the plasma membrane constitutively to 
release their contents by exocytosis. 
There is no evidence that an external 
stimulus has to trigger exocytosis by 
altering the level of a cytoplasmic second 
messenger such as calcium (8). Constitu- 
tive secretory cells are probably the 
most common class and include liver 
cells, fibroblasts, muscle ceils, and per- 
haps yeasts. Alteration of the rate of 
protein secretion by constitutive secre- 
tory cells is effected by altering the rate 
of protein synthesis. 

Regulated secretory cells as a class are 
specialized to release, for a brief period, 
large amounts of protein at a rate much 

secretory vesicles that have a half-time 
of days. Because of the long half-life, the 
cytoplasm becomes filled with secretory 
vesicles, which provide one of the char- 
acteristic morphological features of 
these cells. Unlike the transport vesicles 
of constituti.ve secretory cells, secretory 
vesicles are prevented from fusing with 
the plasma membrane until the level of a 
cytoplasmic messenger, usually calcium, 
is altered. 

In most types of regulated secretory 
cell, the material inside the mature secre- 
tory vesicle is condensed to give the 
electron-opaque dense core in electron 
micrographs. The appearance of the 
dense core correlates with an increase in 
concentration of the secretory product. 
In endocrine cells the secreted proteins 
are concentrated as much as 200-fold 
(10) during their passage from the last 
cisterna of the Golgi to the mature secre- 
tory vesicle. In exocrine cells, concen- 
tration occurs in specialized condensing 
vacuoles, but may be more modest- 
only around ninefold relative to the RER 
level (2). The concept of a relation be- 
tween concentration and the formation 
of the dense core is strengthened by 
experiments in which the secretory prod- 
uct remained bound to the dense core 
after removal of the secretorv vesicle 
membrane by detergent (11). Although 
condensation occurs in the region of the 
Golgi, and exocytosis is regulated at the 
cell surface, it nonetheless appears a 
useful generalization that cells that regu- 
late their secretion also condense their 
secretory products, whereas those that 
secrete constitutively do not. 

Cells can regulate their sites of exocy- 
tosis as well as the rate. Cells such as 
fibroblasts do not regulate their site of 
secretion but may secrete components of 
the extracellular matrix anywhere on 
their cell surface. Mast cells or neutro- 
phils secrete the contents of their secre- 
tory vesicles toward any part of the 
plasma membrane that is stimulated. 
Such cell types can be considered non- 
polarized secretory cells. Epithelial 
cells, like liver, endocrine, or exocrine 
cells, secrete some of their ~ roduc t s  
through a specialized domain of their 
plasma membrane. Neurosecretory 
cells, such as the hypothalamic neurons 
that release hormones only from nerve 
terminals in the posterior pituitary, are 
extreme examples of this type of direct- 
ed or polarized secretion. Such cells can 
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be considered polarized secretory cells. 
A secretory cell, therefore, can be regu- 
lated or constitutive, polarized or nonpo- 
larized (Table 1). 

Sorting in Secretory Cells 

Both secreted proteins and lysosomal 
enzymes are made in the same RER, yet 
end up at different locations in the cell. 
The mechanisms by which newly synthe- 
sized lysosomal enzymes and secretory 
proteins are segregated from each other 
have been clarified in recent years. In 
one such mechanism the asparagine- 
linked high mannose sugars of lysosomal 
enzymes are selectively modified in the 
cis cisternae of the Golgi apparatus, the 
compartment first entered by proteins 
leaving the RER, to acquire a mannose 
phosphate group. Receptors for the man- 
nose phosphate group in the Golgi cister- 
nae bind the newly synthesized lysosom- 
a1 enzymes (12). Although the molecular 
nature of the sorting signal now seems 
clear, the site at which secretory and 
lysosomal proteins first segregate re- 
mains in dispute. There must also be 
alternative routes of lysosomal enzyme 
sorting in mammalian cells, since cells 
that lack the 215-kilodalton mannose 
phosphate receptors (13), or the transfer- 
ase that specifically phosphorylates lyso- 
somal enzymes (14), retain the capacity 
to store lysosomal enzymes. Yeast also 
provides an intriguing alternate sorting 
mechanism. Carboxypeptidase, a vacuo- 
lar enzyme in yeast analogous to a lyso- 
somal enzyme in mammals, is directed to 
the vacuole by information residing in 
the amino acid sequence of a carboxy- 
peptidase precursor, not the oligosac- 
charides (15). 

If newly synthesized lysosomal en- 
zymes in the lumen of the Golgi are 
recognized and sorted into lysosomes, 
there is no need, a priori, for a sorting 
mechanism for secretory proteins. If 

Table 1. A classification scheme for protein- 
secreting cells. While alternative classifica- 
tion schemes may exist, and cell classes may 
exist that do not readily fall into this classifi- 
cation, it is a convenient one for the viewpoint 
expressed in this article. Cells that have regu- 
lated secretion may also show constitutive 
secretion. Although there is no direct evi- 
dence yet available, polarized cells may also 
have nonpolarized secretion. 

Regulated Constitutive 

Polarized 
Neurons Liver parenchymal 
Endocrine 
Exocrine 
Spermatocytes 

(acrosome reaction) 

Nonpolarized 
Neutrophils Fibroblasts 
Mast cells and baso- Chondrocytes 

phils 
Platelets Macrophages 

B lymphocytes 
Egg cells during 

fertilization 

there is bulk flow from Golgi to surface, 
any protein in the lumen of the Golgi that 
lacks a lysosomal sorting domain would 
be transported out of the Golgi to the 
plasma membrane. 

In this article, the view is presented 
that the transport of secretory protein in 
constitutively secreting cells may indeed 
involve a passive, bulk flow mechanism 
in which no sorting is required. Regulat- 
ed secretory cells, however, do not al- 
ways lose the constitutive pathway when 
they acquire the regulated one. If two 
pathways exist to the cell surface and 
secreted proteins show a preference for 
one pathway over another, secretory 
protein sorting must occur. A plausible 
model is that the constitutive pathway 
remains bulk flow, while proteins des- 
tined for storage in regulated secretory 
cells carry targeting information. Final- 
ly, the coexistence of regulated and con- 
stitutive secretion in the same cell leads 
to speculation about the possible coexis- 

Fig. 1. Two pathways 
of protein secretion. 
(A) In constitutive se- 
cretion, newly syn- 
thesized molecules 
are not concentrated; 
there is no post-Golgi 
storage pool; and the 

2 t 112 > 10 hr. transport vesicle has 
a short transient time 
from Golgi to surface. 
(B) In regulated se- 

3 Ca2+ dense core forms (1); 
the dense core vesi- 

cles accumulate in the cytoplasm because they can have a half-life of many hours (2); and fusion 
requires altering the level of an intracellular messenger, such as calcium. 

tence of polarized and nonpolarized se- 
cretion. For example, polarized secre- 
tion may coexist with nonpolarized se- 
cretion. 

Evidence for More Than One 

Alternative Secretion Pathway 

A cell with regulated secretion (Table 
1) may also show constitutive secretion. 
On logical grounds alone it has been 
clear that there must be more than one 
pathway to the surface of cells. For 
example, polarized secretory cells, such 
as exocrine cells, secrete digestive en- 
zymes only from the apical surface, se- 
crete components of the extracellular 
matrix from their basolateral surface, 
and have different plasma membrane 
components in the two surfaces. Direct 
experimental evidence that all mem- 
brane proteins do not arrive at the plas- 
ma membrane in secretory vesicle mem- 
branes was obtained with the endocrine 
cell line AtT-20. Secretory vesicles con- 
taining newly synthesized adrenocorti- 
cotropin hormone (ACTH) did not con- 
tain any newly synthesized gp70 mem- 
brane protein, encoded by an endoge- 
nous murine leukemia virus (16). The 
AtT-20 cell line stored only mature 
ACTH in its secretory vesicles and re- 
leased only mature ACTH on exposure 
to an external stimulus. In the absence of 
stimulation, however, it "leaked" newly 
synthesized precursor to ACTH, pro- 
opiomelanocortin (POMC). Since the ki- 
netics of externalization of POMC were 
indistinguishable from the kinetics of ex- 
ternalization of the gp70 membrane pro- 
tein, it was speculated that each cell of 
this cell line has at least two pathways of 
protein secretion. In the regulated path- 
way, POMC precursor is stored in secre- 
tory vesicles, processed proteolytically 
to mature ACTH, and released only on 
stimulation. In the constitutive pathway, 
POMC precursor could be externalized 
in the absence of stimulation by the same 
route that carries membrane protein. 

Subsequent experiments have been 
consistent with this model. The initial 
comparison in AtT-20 cells was of a 
membrane protein and a secreted pro- 
tein. All newly synthesized proteins se- 
creted by AtT-20 cells, however, fall into 
either the rapidly released constitutive 
class or the regulated class in which they 
are stored in vesicles and released on 
stimulation (17). We have recently iden- 
tified one of the proteins secreted by the 
constitutive pathway as laminin (18). 
The two pathways could also be distin- 
guished pharmacologically since chloro- 
quine, a weak base known to raise the 
pH of intracellular organelles, blocked 



newly synthesized POMC from entering 
the regulated but not the constitutive 
pathway (19). That somatostatin inhibits 
growth hormone secretion but not mem- 
brane protein externalization can also be 
interpreted readily by assuming two 
pathways (20). 

Evidence for Sorting Domains in 

Pituitary Cells 

If two secretion pathways coexist in 
one cell type, a protein in the lumen of 
the Golgi apparatus may need to be 
assigned a route to the cell surface. Blo- 
be1 (21) has suggested that the molecular 
basis on which such choices may be 
made is a "sorting domain" on the se- 
creted protein and a "carrier" protein 
that transports the secreted protein to its 
correct secretory organelle (Fig. 2A). An 
alternative model (Fig. 2B) combines a 
carrier-mediated pathway with a pas- 
sive, bulk-flow process, analogous to 
fluid-phase endocytosis of horseradish 
peroxidase, which accompanies recep- 
tor-mediated endocytosis (22). Since 
membrane has to flow to the cell surface 
to allow cell growth and membrane turn- 
over, passive bulk phase flow would be 
mandatory for soluble proteins pinched 
off inside transport vesicles unless there 
is an exclusion mechanism. In the first 
two models, sorting is necessary. Anoth- 
er possibility is that soluble proteins in 
the lumen of the Golgi are not sorted but 
their probability of going by one pathway 
or the other is proportional only to the 
volume of the transport vesicles and the 
number that leave the Golgi per unit time 
(Fig. 2C). If the vesicles in different 
pathways have different surface-to-vol- 
ume ratios, the ratio of membrane to 
secretory proteins in the two pathways 
can differ. 

With the cloning of the genes for many 
secretory proteins and the availability of 
transfection procedures to introduce and 
express those genes in cultured cell 
lines, it has become possible to investi- 
gate models such as those in Fig. 2. DNA 
encoding rat or human proinsulin was 
first introduced into the COS cell line, in 
which transient expression is very high 
(23). The transformed cells synthesized 
proinsulin, and secreted it. According to 
the model we had presented, secretion of 
proinsulin by COS cells was constitutive 
and therefore analogous to the secretion 
of POMC and gp70 by AtT-20 cells. 
When stable lines of AtT-20 that ex- 
pressed human proinsulin as well as the 
endogenous ACTH were generated, 
proinsulin was packaged into secretory 
vesicles just as well as the ACTH (24). 
Furthermore, unlike the results with 

COS cells, the proinsulin was proteolyti- 
cally processed in the secretory vesicles 
to a form that migrated with authentic 
insulin during electrophoresis. This form 
of insulin was released along with mature 
ACTH when the cells were stimulated to 
secrete (24). Human growth hormone 
has also been expressed in AtT-20 cells 
(25) and parathyroid hormone in GH4 
cells (26). In all cases the foreign peptide 
is packaged into secretory vesicles and 
released on stimulation. It is possible 
therefore that all peptide hormone pre- 
cursors can be packaged into the secre- 
tory vesicles in any endocrine cells, in- 
dependent of their species of origin. 

The packaging of peptide hormones 

Fig. 2. Alternative sorting pathways when 
there is more than one pathway of protein 
secretion. (A) Both types of secreted protein 
have sorting domains that are recognized by 
an appropriate carrier molecule. (B) Only one 
type of protein has a sorting domain. Proteins 
that lack sorting domains or do not find the 
correct carrier escape to the surface by non- 
specific, fluid phase bulk flow. (C) There is no 
sorting. In this model, if there are two types of 
secretory vesicle, the amount entering a path- 
way depends on the internal volume of the 
vesicle and the number that form per unit 
time. To distinguish between the models, con- 
sider two secretory proteins X and Y. If the 
ratio of X to Y is different in the two path- 
ways, a bulk flow mechanism (C) is unlikely. 
If X takes exclusively the left pathway and Y 
the right, model A is favored. If X takes both 
pathways and Y only the left, a mixed model 
(B) is more likely, but whether the A or the B 
pathway is carrier-mediated is unresolved. In 
principle, the carrier-mediated pathway could 
be determined by constructing fusions of the 
A and B proteins. This model is for sorting 
events that occur at the same time. Neutro- 
phils have two forms of regulated secretory 
vesicle, but these are made sequentially dur- 
ing development. Such "temporal" as op- 
posed to "spatial" sorting might only be 
available to cells that do not regenerate their 
secretory vesicles after discharge. 

encoded by foreign DNA into AtT-20 
secretory granules could be interpreted 
by any of the three models in Fig. 2. A 
bulk flow argument can be eliminated 
only by showing that some identified 
molecule in the lumen of the Golgi is 
partitioned differently between the path- 
ways. If sulfated glycosaminoglycans are 
assumed to be synthesized in the lumen 
of the Golgi before sorting occurs, their 
preference for the constitutive pathway 
over the regulated one (27) is incompati- 
ble with an entirely bulk flow model (Fig. 
2C). We have also shown that endoge- 
nous laminin is sorted differently from 
endogenous ACTH (18). To determine 
whether all secretory proteins encoded 
by foreign DNA are packaged into regu- 
lated secretory vesicles, we introduced 
into AtT-20 cells DNA encoding a frag- 
ment of a viral membrane protein that 
had lost its hydrophobic tail (truncated 
G) (28). It was not packaged into secre- 
tory vesicles (25). Sorting of proteins in 
cells of the AtT-20 type must therefore 
require some type of sorting domain. 
Although not definitive, the evidence 
favors bulk flow of nonsorted proteins 
(Fig. 2B) over carrier-mediated sorting 
into both pathways (Fig. 2A). The obser- 
vation that newly synthesized ACTH 
precursor can take either route to the 
surface (1 7) is readily explained by ineffi- 
cient sorting and escape of the unsorted 
molecules by bulk flow. The alternative 
is to have carrier proteins for ACTH in 
both pathways. The ability of chloro- 
quine to divert newly synthesized ACTH 
precursor from the regulated pathway to 
the constitutive one (19) also makes it 
more likely that proteins are sorted into 
the regulated pathway and that no infor- 
mation is required to enter the constitu- 
tive one. Finally, an artificially gener- 
ated secretory protein such as truncated 
G, which might not be expected to have 
sorting information, escapes constitu- 
tively (25). Firmer evidence may result 
from in vitro mutagenesis of proteins 
secreted by both pathways, or the forma- 
tion of proteins that are hybrids of con- 
stitutively and regulated secretory pro- 
teins. 

Aberrant Secretion of Lysosomal 

Enzymes 

Additional support for the idea that the 
constitutive pathway of secretion may 
not need specific domains comes from 
the aberrant secretion of incorrectly tar- 
geted lysosomal enzymes. Although the 
correct destination of newly synthesized 
lysosomal enzymes is the lysosome, a 
considerable amount can be secreted 
from the cell. This secretion can usually 



Fig. 3 .  Carrier-mediated sorting can come before (A) or after (B) the condensation of secreted 
proteins to give a dense core. (A) A receptor picks up a single secretory protein from the lumen 
of a trans Golgi region. The transport vesicle carrying the newly synthesized protein recognizes 
the surface of an immature secretory granule and fuses with it. The secreted protein must then 
dissociate from its receptor perhaps in a low pH compartment. The dissociated receptor returns 
to the Golgi for a second cycle. (B) In the lumen of the trans Golgi regions, secreted proteins 
begin to self-aggregate (for simplicity, only two are shown, represented by open circles and 
dots). Receptors recognize the aggregate, which then buds out of the Golgi, like a virus budding 
from a cell. Some association of membrane protein and content is suggested on morphological 
grounds (33) and is to be expected since secretory vesicles have unique membrane proteins. 
Concentration often requires decreasing the surface-to-volume ratio, and so recycling of excess 
membrane is proposed. Co-aggregation models (B) suggest that genetic deletion of some 
secretory granule products could effect the secretion of normal proteins. 

be enhanced in mammalian cells by in- 
terfering with the ability of lysosomal 
enzymes to be recognized by the man- 
nose phosphate receptor, either by re- 
moving the receptor, eliminating the 
mannose phosphate residues on the lyso- 
soma1 enzymes, or by raising the p H  of 
intracellular compartments (29). Since 
this secretion is aberrant, it is unlikely 
that lysosomal enzymes carry a sorting 
domain for carrier-mediated secretion as 
described in Fig. 2A. These cells do not 
have a regulated secretory pathway; 
hence it is likely that secretion is by a 
constitutive pathway and involves pas- 
sive, fluid-phase flow to the surface (Fig. 
2B). 

Protein secretion by yeast cells also 
favors specific diversion away from a 
bulk phase constitutive pathway. Secre- 
tion of proteins in yeast probably paral- 
lels the constitutive secretion in mamma- 
lian cells since, by genetic arguments, 
membrane and secreted proteins take the 
same pathway and are externalized in 
the absence of any known stimulus (4). 
This pathway too does not seem to need 
a specific sorting domain since proteins 
diverted into it experimentally have no 
trouble being externalized. The vacuole 
in yeast, equivalent to the lysosome in 
other cells, contains the enzyme car- 
boxypeptidase. If the sorting mechanism 
for procarboxypeptidase is saturated by 
overexpressing the protein genetically, 
procarboxypeptidase does not accumu- 
late in the Golgi but is secreted from the 

yeast cell (30). At present, therefore, it 
may be appropriate to think of the con- 
stitutive pathway as an escape route for 
any soluble protein in the lumen of the 
Golgi that lacks the sorting domains 
characteristic of lysosomal enzymes and 
of proteins destined to be stored in regu- 
lated secretory vesicles. A similar com- 
bination of carrier-mediated and bulk 
flow transport has been suggested from 
the transport of secreted proteins from 
the RER to the Golgi (31). 

Extension of the Model to Other 

Secretory Proteins 

It is now possible to test directly the 
similarities between types of secretory 
cells by transfecting into one cell type 
the DNA encoding a secretory protein of 
a different cell type. Recently, a comple- 
mentary DNA (cDNA) encoding the rat 
exocrine protein trypsinogen has been 
expressed in AtT-20 cells (18). Trypsino- 
gen was packaged into the ACTH-con- 
taining secretory vesicles and released 
from the cells on stimulation. The impli- 
cation is that at least one protein found in 
exocrine secretory vesicles can be sorted 
into endocrine secretory vesicles. Neu- 
rons appear also to have a capacity to 
recognize and sort exocrine proteins. 
When cDNA encoding the human 
growth hormone was expressed in the 
pheochromocytoma cell line PC12, 
growth hormone was found to be pack- 

aged into synaptic vesicles having physi- 
cal properties similar to those that con- 
tain the neurotransmitter norepinephrine 
(32). On stimulation with carbachol, cells 
released both norepinephrine and human 
growth hormone rapidly and with the 
same kinetics. 

An implication of these DNA transfec- 
tion experiments is that the secreted 
proteins so far examined share a com- 
mon sorting mechanism. To date, no 
obvious consensus amino acid sequence 
has emerged that is shared by these 
proteins or by all endocrine or exocrine 
proteins. Moreover, the signal peptide, 
which directs newly synthesized pro- 
teins to the RER, has no obvious amino 
acid consensus sequence. Identification 
of shared endocrine and exocrine sorting 
domains, if they exist, may be possible 
by in vitro mutagenic techniques. 

Possible Carrier-Mediated Sorting 

Mechanisms for Secretory Proteins 

If sorting of secretory proteins occurs, 
it is reasonable to expect it to resemble 
protein sorting in other systems. The two 
well-characterized mechanisms of pro- 
tein sorting involve lysosomal enzymes 
[for review see (33)] and receptor-medi- 
ated endocytosis [for review see (22)l. 
Both processes share (i) membrane re- 
ceptors, (ii) concentration of receptors in 
coated pits, (iii) dissociation of ligand 
from the receptor in a compartment that 
is sensitive to lysosomotropic drugs such 
as ammonia or chloroquine (34), (iv) 
return of the receptor, either to the Golgi 
membranes for the mannose phosphate 
receptor or the cell surface in receptor- 
mediated endocytosis, and, in many cas- 
es, (v) delivery of the ligand, but not the 
receptor, to the lysosome. If we assume 
that the proteins on the regulated path- 
way are sorted into secretory vesicles, it 
is reasonable to expect that a similar 
sorting mechanism might hold for secre- 
tory proteins (Fig. 3A). The expectation 
is fulfilled for at least one aspect of the 
model, the involvement of a step sensi- 
tive to lysosomotropic drugs. When 
ACTH-secreting cells were exposed to 
chloroquine before being labeled, the 
newly synthesized precursor was not de- 
livered to the secretory granules but was 
secreted directly presumably by the con- 
stitutive pathway (19). 

Such a carrier-mediated model implies 
that one ligand is carried per receptor per 
cycle (35). A characteristic of the regu- 
lated pathway, however, is the concen- 
tration of secreted proteins and their 
condensation to form a dense core, even 
in the trans cisternae of the Golgi on 
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occasion (36,37). This leads to consider- 
ation of an alternative sorting model 
(Fig. 3B), in which proteins destined to 
be secreted together form aggregates in 
the Golgi cisternae. In a process that is 
analogous to virus budding from the 
plasma membrane the aggregate asso- 
ciates with secretory vesicle membrane 
proteins, some of which could be sorting 
proteins, and buds off. The aggregate 
must interact with a subpopulation of 
membrane proteins to permit specific 
vesicle membrane proteins to be in the 
same organelle as the vesicle contents. 
Excess membrane, and soluble material 
not included in the core, could be re- 
turned to the Golgi to effect condensa- 
tion and perhaps remove inappropriate 
proteins from the immature secretory 
granule. Morphological evidence in fa- 
vor of exactly such an association be- 
tween core and Golgi membranes has 
recently appeared for insulin-secreting 
cells (36) (Fig. 4). If a vesicle containing 
a carrier protein takes an aggregate to an 
immature secretory vesicle and then re- 
cycles to the Golgi for another round, 
and if the recycling is blocked by chloro- 
quine, then the two models in Fig. 3 
become formally the same except that 
one molecule (Fig. 3A) or many (Fig. 3B) 
can be taken at a time per receptor. 
Obviously, carrying more than one pro- 
tein per ligand per cycle is much more 
efficient. 

Besides its efficiency, a budding model 
has the advantage that it readily explains 
de novo biogenesis of secretory vesicles. 
If, as postulated, the regulated secretory 
pathway is a nonessential one that ap- 
pears during differentiation, then when, 
for example, a precursor cell becomes an 
endocrine cell, secretory vesicles must 
arise where none had existed before. The 
carrier model (Fig. 3A) suffers from the 
logical difficulty that the transit vesicle 
carrying the newly synthesized protein 
has to find a preexisting target organelle, 
the immature secretory vesicle. Models 
that invoke preexisting organelles are 
incompatible with de novo biogenesis. 
The generation of membrane-coated vi- 
ruses by specific self-assembly may be 
our best model for the de novo biogene- 
sis of an organelle. 

A common feature of both models is 
that a receptor analogous to the mannose 
phosphate recepton.resides in the Golgi, 
where it recognizes some common fea- 
ture of proteins that enter secretory vesi- 
cles. Such a receptor has not been identi- 
fied, but it may account for the binding 
of insulin to pancreatic membranes (38) 
and the association of insulin with the 
membranes of Golgi in immunoelectron 
microscopy (36). 

Fig. 4. Morphological evidence that conden- 
sation and sorting might occur simultaneous- 
ly. The above electron micrographs show two 
sections through the Golgi area of a pancreat- 
ic B cell, illustrating the types of immature 
organelles that accumulate in monensin-treat- 
ed cells. The vacuole V, has no dense core 
but has a clathrin-coated region indicated by 
the dashed line. The vacuole V, has a secre- 
tory granule core-like structure associated 
with the vacuolar membrane. [From (36), with 
the kind permission of L. Orci and the MIT 
Press] 

If a budding model is correct (Fig. 3B), 
the specificity of sorting could belong in 
part to molecules in the lumen of the 
Golgi that can co-aggregate with secret- 
ed proteins. There are certainly proteins 
in the lumen of secretorv vesicles that 
are candidates for aggregation-inducing 
molecules. These include, for example, 
the proteins common to chromatlin gran- 
ules, prolactin-containing granules, and 
the vesicles that contain parathyroid hor- 
mone, or the protein neurophysin in the 
hypothalamus, or the four proteins pres- 
ent in large amounts in ACTH-contain- 
ing granules (1 7,39). Sulfated proteogly- 
cans, which have an unusually high neg- 
ative charge, are found in a wide range of 
secretory vesicles, including cholinergic 
synaptic vesicles, and mast cell, zymo- 
gen, and chromatlin granules (40). Pro- 
teoglycans have been for many years a 
popular candidate for a condensing mol- 
ecule (1). Unfortunately, a recent at- 
tempt to establish directly that intrave- 
sicular proteoglycans are involved in 
sorting had a negative result. Reducing 
the amount of an intravesicular chon- 
droitin sulfate proteoglycan, either phar- 
macologically or by using a cell line 
deficient in its biosynthesis, had no de- 
tectable effect on sorting of ACTH in 
AtT-20 cells (41). 

If it turns out that thegame receptor 
can recognize a molecule either individ- 
ually (Fig. 3A) or as part of an aggregate 
(Fig. 3B), then whether a cell sorts and 
then condenses or condenses and then 
sorts could depend simply on the rate of 
protein synthesis relative to sorting. It 
may be noteworthy that the cases men- 
tioned above, in which dense cores were 
seen with high frequency in Golgi cister- 
nae, were from highly stimulated prepa- 
rations or after block of intracellular 
movement with monensin. 

Proteolytic Processing Is Not 

Involved in Sorting 

In many endocrine and neuronal cells, 
a peptide hormone precursor undergoes 
proteolytic cleavage before being pack- 
aged in secretory vesicles (42). A similar 
conversion is found for some granulo- 
cyte enzymes before they are delivered 
to granules (43) and in lysosomal en- 
zymes before they are delivered to the 
lysosomes (44). It is unlikely that proteo- 
lytic cleavage precedes sorting of pro- 
teins, since the proteolytic fragments of 
processed hormones are found in equi- 
molar stoichiometry in secretory vesi- 
cles (45). If processing came first, every 
fragment would require a sorting do- 
main. More direct support came from the 
observation that in the hypothalamus, 
cleavage of the oxytocin and vasopressin 
precursors came after the proteins had 
left the cell body and were being trans- 
ported down the axon (46). Proteolytic 
cleavage is not required for sorting, since 
not all regulated secretory proteins un- 
dergo proteolysis. In transfected AtT-20 
cells, human growth hormone is sorted 
normally even though it undergoes no 
known proteolytic processing in the cell. 
Inhibition of proinsulin conversion with 
amino acid analogs also had no effect on 
secretion (47). 

Proteolysis at dibasic amino acids is 
not an exclusive feature of the regulated 
pathway. Yeasts, which by present 
knowledge have only a constitutive se- 
cretory pathway, also have a peptidase 
that cleaves the a-factor precursor at 
dibasic amino acids (48). Proalbumin is 
converted to albumin in liver cells, also 
thought to lack the regulated pathway 
(42). In DNA transfection studies, pro- 
parathyroid hormone expressed in L 
cells (26) and prosomatostatin in COS 
(49) cells are cleaved at their dibasic 
amino acids. Perhaps the peptidase is 
more readily detectable in regulated se- 
cretory vesicles because the vesicles 
turn over much more slowly. An unre- 
solved puzzle of proteolytic processing 
is how proteolysis occurs in secretory 
vesicles of hypothalamic neurons (46) 
during axonal transport, while dense 
core granules form in the cell body. 

Regulated and Nonregulated 

Exocytosis in the Same Cell 

Secretory vesicles of regulated secre- 
tory cells fuse with the plasma mem- 
brane only when levels of intracellular 
calcium or an alternative second messen- 
ger are altered. Constitutive release ap- 
parently does not require a change in the 
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level of second messenger. The presence 
of both pathways in one cell raises the 
question of why one type of secretory 
vesicle fuses with the plasma membrane 
constitutively while another secretory 
vesicle in the same cell does not. 

Constitutive membrane fusion must be 
occurring constantly within cells. Mem- 
brane recycling occurs during receptor- 
mediated endocytosis, whether or not 
receptors are occupied (22). Transitional 
vesicles from the RER fuse with the 
Golgi membranes, and transport vesicles 
from the Golgi fuse with the plasma 
membrane. Indeed it is possible that all 
subcellular organelles are in a constant 
process of vesicle budding and fusing 
except, perhaps, during cell division 
(50). Implicit in this picture of frantic 
membrane pinching-off and fusing is that 
each membrane must have the means of 
recognizing the classes of membranes 
with which it can fuse. In view of the 
specificity of the interaction, fusion must 
involve target recognition proteins and 
cannot be a simple phospholipid bilayer 
interaction. Transport vesicles from the 
Golgi then would have surface proteins 
that specifically recognize and induce 
fusion with the plasma membrane. 

In this context, the surprising feature 
of mature secretory vesicles relative to 
constitutive transport vesicles is their 
remarkably low probability of fusing ei- 
ther with the plasma membrane or other 
mature vesicles (10) under resting condi- 
tions. Since the half-life of a secretory 
vesicle can be 20 to 100 times greater 
than that of a transport vesicle, the prob- 
ability of fusion per vesicle must be 
commensurately smaller. Either the 
plasma membrane fusion proteins found 
in constitutive secretory vesicles are ex- 
cluded from the membrane of the regu- 
lated secretory vesicle, or they are pres- 
ent but inhibited. If the latter, a constitu- 
tive secretory vesicle could be converted 
to a regulatory one by introducing regu- 
latory elements into the fusion machin- 
ery in such a way that fusion then re- 
quires an alteration in cytoplasmic calci- 
um or another cytoplasmic messenger 
molecule. 

Attempts have been made to study the 
putative regulatory elements. The in- 
volvement of calmodulin in calcium-me- 
diated exocytosis (51) has stimulated the 
search for calmoduliri binding sites on 
the membranes of secretory vesicles. 
Calcium-dependent and calcium-inde- 
pendent calmodulin binding sites have 
been found and in some cases character- 
ized (52). As yet, no evidence is avail- 
able--either from studies in which anti- 
bodies to the calmodulin binding sites 

are microinjected or those in which fu- 
sion is reconstituted in vitro-that the 
calmodulin binding sites are directly in- 
volved in fusion. 

Polarity of Exocytosis 

Because much is known about the 
regulation of secretion, the focus in this 
article has been on how regulated and 
constitutive pathways of secretion can 
exist at the same time. A second, but 
more poorly understood, difference be- 
tween secretory cell types is whether 
they are polarized or nonpolarized. Liv- 
er cells release albumin only at the sinu- 
soidal surface; exocrine cells release at 
their apical surfaces (away from their 
basal lamina), and endocrine cells, such 
as pancreatic islet cells, adrenal medul- 
lary cells, and mammatrophs (53), re- 
lease hormone at their basolateral sur- 
faces (toward the basal lamina). Other 
cell types show no evidence of polarized 
secretion. 

The nerve cell is the best understood 
example of polarized secretion. After 
leaving the Golgi apparatus, membrane 
vesicles targeted to the nerve terminal 
associate with microtubules in the axon. 
This causes movement at 2 to 5 pmlsec 

Fig. 5. Endocrine secretory vesicles can accu- 
mulate in specialized cytoplasmic regions. 
Giant AtT-20 cells were grown in culture 
medium containing 8-bromo-adenosine 3',5'- 
monophosphate for 1 week, permeabilized, 
and stained for immunofluorescence with rab- 
bit antibody to ACTH (courtesy of T. 
Schroer). Secretory vesicles detected by their 
ACTH content accumulate at the growing tips 
(arrows), a result confirmed by electron mi- 
croscopy (56). ACTH is also observed in a 
juxtanuclear region, presumably Golgi-associ- 
ated. 

in the correct direction. The vesicle- 
microtubule interaction can now be re- 
constituted in vitro to give adenosine 
triphosphate-dependent movement at 
approximately the correct rate (54). The 
example of the neuron emphasizes that 
polarized secretion can involve two 
steps: first, selective association of the 
secretory vesicle with the cytoskeleton 
to move to the correct secretion zone; 
then, insertion by exocytosis into the 
appropriate domain of plasma mem- 
brane. Accumulation of secretory vesi- 
cles around zones of secretion, so dra- 
matic in nerve cells, can also be seen in 
endocrine cells. For example, in the rare 
intermediate cells of the pancreas that 
have both zymogen granules and endo- 
crine-like dense core granules, the latter 
are excluded from the apical region (55). 
A second example of targeting secretory 
vesicles to specific cytoplasmic domains 
occurs when adrenal medullary cells or 
the ACTH-secreting cell line, AtT-20, is 
grown under conditions that favor long 
process formation. The secretory vesi- 
cles accumulate at the growing tips (56) 
(Fig. 5). 

The evidence that microtubules are 
involved in secretory vesicle movement 
in secretory cell types other than neu- 
rons is strong but circumstantial. The 
most common approach has been to dis- 
rupt microtubules with colchicine and 
similar antimitotic agents. In regulated 
polarized cells (Table I), including the 
endocrine and exocrine cells (57), and 
constitutive polarized cells, such as liver 
cells (58), exposure to antimitotic drugs 
leads to the accumulation of newly syn- 
thesized secretory vesicles in the region 
of the Golgi. The common view is that 
microtubules are required for intracellu- 
lar transport of vesicles carrying newly 
synthesized membrane and secretory 
proteins but are not required for exocy- 
tosis of mature vesicles. There are some 
intriguing reports, however, of external- 
ization that is insensitive to antimitotic 
drugs. Biochemical data and electron 
microscopy (59) suggest that while 
movement to the apical domain of epi- 
thelial cells is inhibited, movement to the 
basolateral domains is not. This is con- 
sistent with the tenfold higher concentra- 
tion of microtubules in the apical region 
than in the basolateral one (60). Exter- 
nalization of vesicular stomatitis virus G 
protein is not slowed down by colchi- 
cine, although polarity is lost in migrat- 
ing cells (61). Perhaps microtubules are 
involved in polarized insertion of mem- 
brane vesicles, but not in nonpolarized 
insertion (62). If both polarized and non- 
polarized secretion can take place in the 
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same cell then another exciting form of 
sorting must take place. Polarized and 
nonpolarized secretory vesicles must as- 
sociate differently with the cytoskeleton 
and have different cytoskeleton recogni- 
tion proteins on their surfaces. 

their contents? If membrane vesicles 
move in an orderly fashion in the cyto- 
plasm along different highways of cyto- 

(1984); M. L. Reitman, A. Varki, S. Kornfeld, J .  
Clin. Invest. 67, 1574 (1981); A. Hasilik, A. 
Waheed, K. von Figura, Biochem. Biophys. 
Res.  Commun. 98, 761 (1981); A. Gonzales- 
Noriega, J .  H. Grubb, V. Talkad, W. S. Sly, J .  
Cell Biol. 85, 839 (1980). 

. T. H. Stevens, G. Payne, R. Schekman, in 
preparation. 

, E. Fries, L. Gustafsson, P. A. Peterson, EMBO 
J .  3, 147 (1984); H .  F. Lodish, N. Kong, M. 
Snider, G. J. A. M. Strous, Nature (London) 
304, 80 (1983); C. A. Gabel and S. Kornfeld, J .  
Cell Biol. 99, 296 (1984). 

, E. S. Schweitzer and R. B. Kellv. J .  Cell Biol. 

skeleton, how do the cytoskeletal high- 
ways differ, and how do membrane vesi- 
cles recognize the differences? The an- 
swers to these auestions, now more 
accessible because of devklopments in 
molecular and cellular biology, will help 
us to outline the rules by which a cell 

Conclusion . . 
101, 667 (1985). 

, W. S. Sly and H. D. Fischer, J .  Cell Biochem. 
18, 67 (1982); A. Hasilik et al . ,  in Protein 
Synthesis, A. K. Abraham, T .  S. Elkhorn, J. F. 
Pryne, Eds. (Humana, Clifton, N.Y., 1983), pp. 
140-77n 

Because there are two pathways of 
protein secretion in the same cell, there 
must be sorting. As with endocytosis it 
may be possible to distinguish two types 
of transport, one carrier-mediated and 
one passive. Carrier-mediated mecha- 
nisms could be difficult to unravel if 
aggregation precedes sorting. The con- 
tinuous fusion of constitutive transport 
vesicles with the plasma membrane sug- 
gests that regulated secretory vesicle 
membranes may have placed their con- 
stitutive fusion apparatus under calcium 
regulation. Finally, the marked tendency 
of regulated secretory vesicles to accu- 
mulate in certain regions of the cyto- 
plasm and fuse with specialized regions 
of plasma membrane has drawn our at- 
tention to the specific membrane-cyto- 
skeleton interactions that must occur in 
these cells. 

The presence of two pathways of se- 
cretion in the same cell has altered some- 
what our ideas of how the pathways 
developed. Earlier it had been assumed 
that the regulated pathway of secretion 
was the normal pathway and that consti- 
tutively secreting cells, such as lympho- 
cytes, represented "a special variant of 
the model in which the secretory prod- 
ucts do not undergo concentration as a 
prerequisite for storage" (63). The posi- 
tion taken in this review is that constitu- 
tive secretion is the normal form present 
in most cells, and a regulated secretory 
cell derives from a precursor that does 
not lose the constitutive pathway on 
differentiation. Acquisition of regulated 
secretion is thus a developmental option 
for a precursor cell, analogous to the 
option to become a striated muscle cell. 
The DNA transfection experiments indi- 
cate that endocrine cells, exocrine cells, 
and neurons might make use of the same 
developmental option. 

The knowledge that there are diverse 
pathways of protein secretion within a 
single cell leads to a number of biological 
questions. Is it possible to identify sort- 
ing domains on secretory proteins that 
determine pathway, and if so, what pro- 
teins recognize the domains? How, in 
turn, are the sorting proteins targeted? 
Are the rules for sorting vesicle mem- 
brane proteins different from those for 

generates its internal order. 
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Structure of the GDP Domain of EF-Tu 
and Location of the Amino Acids 

Homologous to ras Oncogene Proteins 

Frances Jurnak 

During protein biosynthesis in Esche- 
richia coli, the elongation factor (EF-)Tu 
recognizes, transports, and positions the 
codon-specified aminoacyl-transfer RNA 
onto the A site of the ribosome (1). In 
this role, EF-Tu interacts with several 
cellular components, including guano- 
sine diphosphate (GDP) and guanosine 
triphosphate (GTP), which act as alloste- 
ric effectors to control the protein con- 
formation required during the elongation 
cycle. 

In comparison to adenosine-binding 
proteins, there are relatively few pro- 
teins that bind to guanosine, with EF-Tu 
being the most widely characterized. It 
was, therefore, of considerable interest 
when a family of ras oncogene proteins, 
termed p21, were found to be GDP- and 
GTP-binding proteins (2). In subsequent 
comparisons of the amino acid sequence 
of EF-Tu with the human Harvey C-H 
ras 1 gene product (H-ras) as well as 
with other known GDP-binding proteins 
(4 ,5) ,  four principal regions of homology 
were identified if conserved amino acid 
substitutions are included. In addition, 
several invariant amino acids were iden- 
tified in all GDP-binding proteins that 

have been sequenced (4). I now present 
my biochemical and preliminary high- 
resolution crystallographic results on a 
trypsin-modified form of EF-Tu-GDP. 
The locations of the amino acid sequence 
homology between EF-Tu and the H-ras 
p21 protein are described. 

EF-Tu-GDP was isolated from Esche- 
richia coli B cells and treated with 
TPCK-trypsin (TPCK, tosylamidophen- 
ylethyl chloromethyl ketone) (6). In all 
preparations, the protein was routinely 
passed over a G-100 Sephadex column 
after the trypsin digestion. A minor 
peak, trailing the major peak identified 
as trypsin-modified EF-Tu, was routine- 
ly detected by absorbance at 238 nm. In 
the original preparation, the minor peak 
was isolated and sequenced (7). The mi- 
nor peak contained a 14-amino-acid pep- 
tide, now known to be   la^^ to ~ r g ~ ~  (8). 
Not only had the minor peak been de- 
tected in the trypsin-modified EF-Tu- 
GDP preparations used for the crystallo- 
graphic study described below, but the 
sequences of the NH2-terminal frag- 
ments were determined (9). Sequencing 
was carried out on a Beckman 890M with 
the use of a 0.1M Quadrol program and 

platelets and neutrophils and resting mast cells 
synthesize little, if any, of their secretory prod- 
ucts, it is difficult to look at the fate of newly 
synthesized material. Secondly, in platelets and 
neutrophils, secretory vesicles do not fuse with 
plasma membrane at the periphery; they release 
their contents on stimulation into internal mem- 
branes. There is no need therefore for directed 
transport to the cell surface [J. G. White, in Cell 
Biology of the Secretory Process, M. Cantin, 
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2.0 mg of Polybrene as a carrier (10). The 
major NH2-terminal fragment was identi- 
fied as Gly-Ile-Thr-Ile-Asn and corre- 
sponds to residues 59 to 63 in the EF-Tu 
sequence. Less than 10 percent of the 
material contained a second NH2-termi- 
nal fragment, Leu-Leu-Asp-Glu, which 
corresponds to residues 264 to 267. As 
was expected, the acetylated NH2-termi- 
nus of the protein was not detected by 
this method. However, an NH2-terminal 
fragment, previously shown to corre- 
spond to residues 1 to 44 was detected by 
a sodium dodecyl sulfate (SDS) gel elec- 
trophoretic analysis (11). The NH2-ter- 
minus of the 14-amino-acid fragment, 
residues 45 to 58, produced by the tryp- 
sin digestion, was not detected by any 
method in the material that was used for 
crystallization. Therefore, the findings 
indicate that the trypsin-modified EF-Tu 
used in the x-ray diffraction analysis 
described below contained only two ma- 
jor fragments corresponding to residues 
1 to 44 and 59 to 393. A small portion of 
the latter fragment also contained a 
cleavage site at ~ y s ' ~ ~ .  Activity assays 
demonstrated that the trypsin-modified 
protein was fully active toward GDP and 
GTP exchange. 

The trypsin-modified EF-Tu-GDP was 
crystallized by vapor diffusion tech- 
niques, with the parameters described 
previously (6). Two heavy atom deriva- 
tives were identified, the sites were lo- 
cated and refined by conventional meth- 
ods, and the structure was solved at 5 A 
resolution in the space group P43212 as 
reported previously (7). As a result of a 
space group transformation promoted by 
contaminants in the polyethylene glycol 
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