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STUDIES ON THE STRUCTURAL ORGANIZATION OF GOLGI COMPLEX
by
Wei Yang
Dr. Brian Storrie, Chairman
Biochemistry and Anaerobic Microbiology
(ABSTRACT)

Golgi complex is a multi-compartmental organelle involved in posttranslational
modification and sorting of secretory proteins. We have characterized the distribution in
Vero cells of three Golgi cisternal membrane proteins, Sialyltransferase (SialylT, tans-
Golgi/TGN), galactosyltransferase(GalT, trans-Golgi/TGN), and N-
acetylglucosametransferase-1 (GIcNAcT-1, medial-Golgi), during the process of Golgi
disassembly and reassembly following the addition or removal of drugs. After 1 h
nocodazole (microtubule depolymerizer) treatment, SialylT and GalT were found in
scattered punctate structures that increased in number over time as less and less of these
proteins were found perinuclearly. Initially these punctate structures were often negative for
GIcNACT-1. Over a 2 to 3-fold slower time course, GIcNAcT-1 co-localized with SialylT
and GalT in the scattered punctate structures. Cis-Golgi network marker was found in a
separate set of scattered punctate structures from that of cisternae even at 4 h following
nocodazole addition. Following nocodazole removal, all the cisternal markers accumulated
perinuclearly into a reassembled Golgi at the same rate. After brefeldin A treatment (coat
protein inhibitor), all the cisternae markers dispersed to ER with similar kinetics, albeit, in
some cases by different tubular extensions of 'the Golgi. GIcNACcT-1 and GalT showed
similar kinetics of Golgi reassembly following BFA removal while SialyIT lagged
somewhat behind. Our data suggest that CGN, medial-Golgi and trans-Golgi/TGN are

distinct subcompartments that can be separated one from the other by drug treatment; any



exchange of components between the Golgi subcompartments must be slow with respect to
the observed kinetics of Golgi disassembly.

An epitope tagging approach was used to delineate the importance of the above
Golgi protein's cytoplasmic tail domain in Golgi targeting and retention. we found that the
cytoplasmic tail could be lengthened considerably (3-4 fold) and SialylT and GalT still
accumulated in a perinuclear, Golgi-like distribution with little ER background. One
construct, VSV-SialylT, localized essentially exclusively to the Golgi complex. For
SialylT, the longest constructs (40-42 amino acids) located relatively well to the Golgi
complex while for GalT, the longest constructs (32-34 amino acids) located exclusively to
the ER. Surprisingly, the epitope tags of several different GalT constructs was inaccessible
to antibody in fixed cells. Any lengthening of the cytoplasmic domain of GIcNAcT-1
resulted in considerable to exclusive accumulation of the chimeric proteins in ER. No cell
surface accumulation of any of the chimeric proteins was detected. The specific sequence of
the epitope tag was important; the neutral to positively charged VSV epitope tag was
preferred over negatively charged myc or FLAG tags. Depending on the exact tail
alteration, we found that all three transferases accumulated in the ER with no detectable
Golgi or cell surface accumulation. In some cases accumulation in the intermediate
compartment or CGN was observed. Most surprisingly, in the one homologous case
studied, expression of chimeric human GIcNAcT-1 in HeLa cells, ER accumulation of
GlcNACT-1 led to disruption of pre-existing Golgi. Based on these results, we propose, as
the simplest explanation of the data, that alteration of the cytoplasmic tail of Golgi resident
proteins can decrease their rate of exit from ER, presumably due to premature

oligomerization, and may lead to capture of Golgi proteins in the ER.
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Chapter 1. General Introduction
1.1. Eukaryotic cells are composed of a set of distinct compartments

Eukaryotic cells contain intracellular membranes that enclose nearly half of the cell's
total volume in separate intracellular compartments called organelles. The main types of
membrane-bounded organelles present in all eukaryotic cells are the endoplasmic reticulum
(ER), Golgi complex, nucleus, mitochondria, lysosomes, endosomes, and peroxisomes.
Although each organelle contains a distinct set of proteins that mediates its functions, most
organelles are related to each other by a process called membrane or protein traffic. For
example, the endoplasmic reticulum and the Golgi complex are functionally related by the
process of protein synthesis and modification. Newly synthesized proteins are
cotranslationally inserted into rough endoplasmic reticulum (RER) and transported to the
Golgi complex for modification before they reach their final destination. One consequence
of this multicompartment arrangement and interrelationship is that there must exist a
mechanism to deliver the protein components from one compartment to the correct acceptor
compartment. The most widely held view is this is achieved though transport vesicles that
bud from one organelle and then fuse with the next. (Farquhar et al., 1981)
1.2. Structure and function of Golgi complex

The Golgi complex was named after Camillo Golgi who discovered it in silver
stained brain tissue preparations in 1898. He observed a precipitated metallic silver in
network surrounding the nuclei. Although originally thought to be a "fixation artifact”, the
basic cisternal organization of the Golgi complex is now accepted as a certainty, owing to
improved methods of sample preparation and the application of phase contrast and electron
microscopy to cell biology (Dalton and Felix, 1954, 1956). The Golgi complex appears
centrally located in close proximity to the cell nucleus, and in animal cells it is often close to

the centrosome, or cell center. Its morphology varies in different cells and with different



preparation methods. Under the electron microscope, it is composed of a collection or stack
of flattened sacks termed cisternae along with tubular membrane structures at both sides.
The cisternae usually have a flattened, plate-like center and more dilated rims. Each
cisternae is bounded by a smooth membrane, is 0.5-1.0 pm in diameter, and is about 20
nm apart from the next cisternae in the stack. Each of these Golgi stacks usually consists of
four to multiple cisternae (Rambourg et al., 1990). The number of Golgi stacks per cell
varies greatly depending on cell type: most animal cells contain only one large stack, while
certain plant cells contain hundreds of 'small ones (Griffing et al., 1991).

The Golgi complex is organized in a polar fashion. It has two distinct faces: a cis
face (or entry face) and a trans (or exit face). At both cis and trans faces are network of
interconnected tubular structures. These are the cis Golgi network (CGN) and the trans
Golgi network (TGN). Proteins enter the stack at its cis face and depart at the opposite
trans face. This was best demonstrated by an immunoelectron microscopy study of a
synchronized wave of transported viral membrane protein, which entered the stack at one
side, the cis face and exited at trans face (Bergmann and Singer, 1983). Thus cis and trans
ends are biologically distinct, differing at the very least in the kinds of proteins responsible
for the entry and exit processes. The stacks between the CGN and TGN can be further
divided structurally and functionally into cis, medial and trans cisternae. The cis, medial
and trans cisternae host a different subsets of glycosidase and glycotransferase enzymes
that sequentially process the Asn-linked oligoscharides of proteins as they pass through the
compartments as well as other enzymes (Roth, 1987). Differences in lipid composition
among Golgi cisternae and CGN/TGN also exist. A gradient of cholesterol is known to
exist across the Golgi cisternae (Orci et al., 1981), and similarly, particular lipids are
thought to be enriched in either the cis or trans face of this organelle, with the cis part
having a lipid composition much like the ER and the trans part having a lipid composition

much like the plasma membrane (Van Meer, 1989)



The CGN which is located at cis side of Golgi functions in receipt of newly
synthesized material from ER. Structurally, The cis-most portion of Golgi is typically a
continuous array of tubules (Huttner and Tooze, 1989; Hsu et al, 1991; Pelham, 1991).
The CGN may also include the poorly understood but possibly interconnected system of
tubules between ER and Golgi referred as "salvage or intermediate compartment" (Warren,
1987; Pelham, 1991). In addition to serving as a site for entry into Golgi, recent evidence
suggests that the CGN functions in the recycling of protein and lipid components back to
the ER, while having a relatively limited role in glycosylation. Using both animal and yeast
cells, Pelham and colleagues have found that soluble ER proteins containing the KDEL (or
HDEL) ER retrieval signal are delivered to a post-ER site, in which limited "Golgi-like"
oligosaccharides processing occurs and from which these protein are returned to the ER by
KDEL receptor (Pelham, 1988, 1989; Dean and Pelham, 1990). In animal cells, when the
lysosomal enzyme cathepsin D was given a COOH-terminal KDEL tag and expressed in
cells, it was found not to receive any terminal sugar modification associated with Golgi-
liked glycosylation. However, mannose residues on the enzyme did receive a GIcNAc-
phosphate. Thus although the KDEL construct reached a GlcNAc-phosphotransferase-
containing compartment, it did not encounter phosphodiesterase, that would remove the N-
acetylglucoseamine that masks the mannose-6-phosphate residue. The KDEL receptor can
retrieve these proteins before they reach the bulk of the oligosaccharides transferases; thus
recycling is a function associated with CGN. In summary, CGN is viewed as a unique
Golgi compartment responsible for receiving and sorting components arriving from ER.
The Cisternal Golgi

The cisternal Golgi functions primarily as a glycosylation device. The cisternae of
the Golgi stack are not simply apposed replicas of identical units. For example, during

prolonged osmication at elevated temperature, one or two cisternae at the cis Golgi face



stain selectively (Friend and Murray, 1965). Uridine diphosphatase, which degrades the
UDP produced in many glycosylation reactions, is restricted to cisternae at the opposite
trans face (Cheetham et al., 1971). Several investigators (Smith, 1980: Amgermuller and
Fahimi, 1984) have localized a distinct phosphatase (NADPase) to the central cisternae.
The differential staining of the cisternae by the periodic acid-Schiff reagent (Rambourg and
Leblond, 1967) initially suggested that the structural heterogeneity of Golgi cisternae might
be related to a regionalization of the numerous glycosylations that occur in this organelle
(Neutra and Leblond, 1966). The later elucidation of the elaborate pathway by which N-
linked oligosaccharide chains are processed in Golgi (for review, see Kornfeld and
Kornfeld, 1985) has led to a detailed description of Golgi compartment function. The
construction of N-linked oligosaccharides in the Golgi complex is a three-stage process.
The first stage, thought to take place in the cis-cisternae, continues trimming of mannose
residues started in ER. The second stage, in medial-cisternae, involves addition of N-
acetylglucosamine, the removal of a further two mannose residues and the addition of
another N-acetylglucoseamine. Fucose may also be added at this stage. The third stage, in
trans-cisternae, involves addition of galactose followed by sialic acid. These activities
have been assigned to the different cisternae based on localization of different enzymes and
their products (for review, see Dunphy and Rothman, 1985). The first stage enzyme
mannosidase I is thought to reside in the cis-cisternae, because it acts on the
oligosaccharides attached to the proteins that have just left the ER (Balch et al., 1986) and
before the second stage enzyme, N-acetylglucosaminetransferase 1 (GIcNACT-1), which
has been immunolocalized to medial cisternae (Dunphy et al., 1985). Other second stage
enzymes including mannosidase II and GIcNACT-2 cofractionate with GIcNAcT-1 on
sucrose gradients. Since they cofractionate and can be partially separated from the third
stage enzymes (B-1,4-galactosyltransferase [GalT] and o.-2,6- sialytransferase [SialylT])

on the same gradients (Dunphy et al., 1981), they are assumed to occupy the medial-



cisternae. The third stage enzymes have been immunolocalized to the trans-cisternae and
TGN (for example, Roth and Berger, 1982; Nilsson et al, 1993). There is some data
suggesting that SialylT, unlike GalT, might be concentrated more in TGN than the trans-
cisternae (Roth et al., 1985). These data led to the view that enzymes involved in the three
stage of N-linked glycosylation in the Golgi are physically separated in cisternae that are
sequentially ordered in a stack. Recently by using double immuno-electron microscopy
Nilsson and colleagues (Nilsson et al., 1993) found the subcellular localization of GIcNAc
transferase 1 and galactosyltransferase are partially overlapped in Hela cells. GalT was
found in approximately equal amounts in trans-cisternae and TGN. Unexpectedly,
GIcNACcT-1 was found in both in the medial- and trans-cisternae, overlapping the
distribution of GalT. About one third of GIcNACT-1 and half of GalT were found in the
trans-cisternae.
TGN

The TGN is viewed as the compartment that mediates the sorting and final exit of
the material from the Golgi. Structurally, it is defined as the sacculotubular network located
on the trans side of the Golgi (Rambourg and Clermont, 1990). The TGN can be best
visualized by electron microscopy after labeling cells with C¢-NBD-ceramide (Pagano et
al., 1989), with C5-DMB-ceramide (Pagano et al., 1991), or after accumulation of
vesicular stomatitis virus (VSV) G protein at 20°C in the TGN (Griffith et al., 1985). The
TGN may also have a lower pH than the preceding compartments in the pathway
(Anderson and Pathak, 1985). The main function of the TGN is to sort proteins and lipids
leaving for different post-Golgi destinations (Griffiths and Simons, 1986). The TGN also
receives membrane traffic from endocytic the pathway (Kornfeld and Mellman, 1989).
Golgi Intercisternal Matrix

During purification, the Golgi stacks resist unstacking forces (Morre et al., 1970),

suggesting that there are links between adjacent cisternae, these links must be numerous



because the width of the intercisternal space is relatively constant (Cluett and Brown,
1992). Components of an intercisternal matrix have been visualized by several workers in a
variety of systems and appear either as inter-cisternal elements of electron-dense material
running between and parallel to the cisternae or as regularly spaced intercisternal cross-
bridges (for references see, Mollenhauer and Morre, 1975). Isolated Golgi stacks contain
similar cross-bridges which are sensitive to treatment with a variety of proteases (Cluett and
Brown, 1992). Since such treatment also causes cisternae to separate, the cross-bridges are
more directly implicated in the stacking mechanism. The isolation of intercisternal matrix
from detergent treated rat liver Golgi stacks has been reported by Slusarewicz et al.
(Slusarewicz et al., 1994). It is suggested to bind two medial Golgi enzymes (GIcNAcT-1
and mannosidase II) tightly, it may have a role in stacking.

1.3. Transport of proteins between Golgi cisternae

The extensive network of intracellular membrane bound organelles allows the
eukaryotic cell to carry out a variety of specialized tasks and increases its surface to volume
ratio. The existence of these organelles, however, raises a question of how proteins of
each compartment are targeted to their destination. Protein transport is necessary for
biogenesis of plasma membrane, lysosomes and endosomes, and uptake of external
molecules by endocytosis. Moreover, its specificity is harnessed to generate the distinct
apical and basal surface of the polarized cell type in most tissues.

The outline of the secretory pathway was delineated by Palade and his colleagues
thirty years ago (Palade, 1975). Nascent proteins are delivered to the lumen of the
endoplasmic reticulum cotranslationally, pass through Golgi for post-translational
modification, and are either secreted or stored in specialized secretory vesicles which fuse
with the cell surface upon receipt of a signal for exocytosis. Movement of proteins between

these compartments occurs by the budding and fusion of transport vesicles.



Machinery For Vesicular Transport

In the past ten years, the molecular basis for putative vesicular transport between
successive Golgi cisternae has been established. A cell free in vitro biochemical approach,
largely due to Rothman and his colleagues, established the principles and molecular
mechanisms underlying protein transport. A genetic approach, largely due to Schekman
and his colleagues, has contributed by establishing the in vivo relevance and overall
generality of the in vitro work. Transport between Golgi cisternae was reconstituted by
incubation of partially purified Golgi membranes with cytosol and a source of energy
(Balch et al., 1984). When a "donor" population of Golgi containing G protein of VSV is
incubated with an "acceptor” population of Golgi, containing an enzyme GIcCNACT-1 that
adds GIcNAc residue to oligosaccharides side chain, transfer of G protein from donor to
acceptor can be measured by addition of radioactive GIcNAc to G protein. Electron
microscopy revealed that the transport intermediates are vesicles with a diameter about 70
nm (Balch et al., 1984). Most of the fully formed vesicles, and all of the vesicles still in the
process of budding, have a distinct protein coat on the cytoplasmic face, which is now
called COP I (for coat protein I). COP I coated vesicles resemble clathrin coated vesicles
(Pears and Robinson, 1990). The newly found COP II proteins have a different molecular
weight and are proposed to function in ER-Golgi protein transport (Barlowe et al, 1994)

Purification of docked COP I coated vesicles that accumulate following treatment
with GTP-yS (Malhotra et al, 1989) shows that the coat contains eight polypeptides. One is
ADP-ribosylation factor (ARF) (Kahn et al., 1986), a GTP binding protein found mainly in
cytosol. The other seven are associated in an coatomer complex (Waters et al., 1991),
which contributes most of the mass to the coat. ARF and coatomer co-assemble on the
Golgi surface to form vesicles; their later release constitutes uncoating. The physiological
properties of ARF in the coating process suggests that GTP binding and hydrolysis may

trigger budding and uncoating. ARF is N-myristylated and its GDP bound form is water-



soluble; the GTP bound form, however is inserted into membrane in a myristic acid-
dependent manner (Kahn et al., 1991). A GTP-GDP conformational switch appears in this
process to modulate membrane insertion by controlling exposure of covalently attached
fatty acid.

An in vitro reconstitution system revealed that ARF can bind to membrane in the
absence of coatomer (Donaldson et al., 1992). Its binding to Golgi membrane is saturable
and specific. This implies the existence of an ARF receptor at Golgi membrane. Then the
coatomer binds to the membrane bound ARF(Donaldson et al., 1992). Coatomer binding
and assembly drives the budding, whereas ARF initiates budding by providing the binding
site for coatomer. The resulting complexes incases the coated buds, virtually completed
vesicles which are not yet pinched off at their base. With addition of long-chain fatty acyl-
CoA, fully formed coated vesicles capable of fusion are released from Golgi stacks. The
COP I coated vesicles diffuse to their target membrane. After binding to the target
membrane, the ARF-bound GTP is hydrolyzed to GDP before the protein coat can
dissociated from the vesicle. A clear conceptual outline of the core process of budding has
emerged: a coat acts as a mechanical device to shape the membrane into a bud that can pinch
off following membrane fusion at its base, and coat is then released, when previous bound
GTP is hydrolyzed.

When NEM is added to the in vitro transport assay, uncoated vesicles accumulate
on the acceptor Golgi membrane (Malhotra et al., 1989), indicating that NEM-sensitive
factor (NSF) must play a part in the next step. As transport can be restored to such
reactions by adding back fresh cytosol, this fusion factor must be cytosolic. Restoration of
fusion capability to NEM treated membrane preparations provided an assay that led to the
purification of NSF (Block et al, 1988). NSF has two homologous domains containing an
ATP binding site. Mutation of either site seriously reduces both ATPase activity and

fusion. Mutation of both sites eliminates ATPase activity and fusion (Whiteheart et al.,



1994). These results indicate that the intrinsic ATPase activity of NSF is necessary for
fusion. Binding of NSF to Golgi membranes requires addition of a cytosolic factor called
soluble NSF attachment protein (SNAP) (Clary et al., 1990). Of the three species of
SNAP, o—SNAP and y-SNAP have been found in all cell type examined so far, while B-
SNAP is confined to brain. SNAPs bind to Golgi membrane in the absence of NSF,
indicating SNAPs bind before NSF. Binding of SNAPs to Golgi membrane is saturable
and proteinase sensitive indicating that the SNAP receptor (SNARE) is a membrane
protein. SNAP proteins do not interact with NSF in solution, but once bound to SNARE
sites mediate saturable and stoichiometric NSF binding to Golgi membrane (Wilson et al.,
1992). On binding to SNAP-SNARE complexes, NSF hydrolyzes bound-ATP and
releases itself. It can be trapped in its membrane bound form by using non-hydrolyzable
ATP analog ATP-yS. A complex of NSF, SNAPs and SNARE can be purified from intact
Golgi membrane with non-ionic detergent. It sediments at 20 S. It forms the core of a
general "fusion machine" (Wilson et al., 1992). It is proposed that the hydrolysis of ATP
may create a "fusion active" conformation which facilitates bilayer fusion. It is not clear,
however, whether NSF, SNAPs and SNARE:s participate directly in membrane fusion, or
whether these proteins alone are sufficient for fusion.

Maintaining the identity of membrane bound compartments in the face of massive
flux between them requires a fusion mechanism with great specificity. Purification of
SNARE:s from bovine brain indicates that SNARESs themselves play a critical role in
determining docking of the vesicles to the correct target membrane (Sollner et al., 1993).
SNARE:s are composed of three polypeptides which were originally purified from synaptic
nerve endings. Two of these protein (syntaxin and synaptosome-associated protein-25) are
localized in presynaptic membrane. The other protein (VAMP) is confined to synaptic
vesicles, and was already known to play a role in neurotransmitter release, as it is

selectively cleaved by tetanus toxin, causing paralysis by blocking neurotransmission.



Thus the 20 S particle involved in the fusion of synaptic vesicles consists of NSF, SNAPs,
VAMP, syntaxin and synaptosome-associated protein-25. That fusion particles contain
both a protein derived from synaptic vesicle (VAMP) and two proteins derived from pre-
synaptic membrane (syntaxin and synaptosome-associated protein-25) suggests a
hypothesis for vesicle targeting in which each transport vesicle bears a unique address
marker consisting of one or more v-SNARESs (general VAMP homologues) obtained from
its parent membrane during budding, while each target membrane is identified by one or
more t-SNARES (generally syntaxin and synaptosome-associated protein-25 homologues).
Targeting specificity would thus be achieved by v-SNARE binding to matching t--SNARE.
Regulation of GTP Binding Proteins in Intracellular Protein Transport

The rab GTP binding proteins also play important roles in mediating correct
vesicular targeting (for review, see Pfeffer, 1994). Eukaryotic cells contain many types of
rab proteins, each associated with a particular membrane bounded organelle involved in
secretory or endocytic pathways. Each organelle has at least one kind of rab protein on its
cytoplasmic face. The first rab protein called Sec4 was identified by a mutant that interferes
with secretion at post Golgi stage. The Sec4 protein shares 30% amino acid sequence
identity with ras. Sec4 was subsequently shown to be a component of secretory vesicles
and required for their docking at plasma membrane. The amino acid sequences of rab
protein are most dissimilar near their carboxyl-terminal tail, and tail swapping experiments
indicate that it is the tail that determines the intracellular location of each family number.
Currently, rab proteins are believed to check the fit between a v-SNARE and a t-SNARE.
In this view rab proteins become attached to the surface of a budding coated vesicle. When
a vesicle encounters the correct target membrane, the binding of v-SNARE and t-SNARE
cause the vesicle to bind long enough to allow the rab protein to hydrolyze to its bound

GTP locking the vesicle to the target membrane and readying it for subsequent fusion.
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1.4. Retention and retrieval of resident proteins of the ER and the Golgi complex
Current opinion favors the idea that the newly synthesized proteins destined for
insertion into the plasma membrane or for secretion move though the Golgi apparatus en
route from ER to cell surface. These proteins are thought to move through the exocytic
pathway by default; thus not requiring signals for transport. This hypothesis has been
challenged by recent findings that cargo proteins are concentrated during their exit from the
ER and that they interact with transport machinery (Balch et al., 1994, Storrie, et al,.
1994). This default tfanspor’t, often referred as bulk flow, continues along the exocytic
pathway until the protein reaches the plasma membrane. A subset of molecules, however,
resist bulk flow. These include ER and Golgi enzymes involved in post-translational
modifications such as protein folding, glycosylation, sulfation and phosphorylation. Each
of these enzymes needs to be maintained at particular points along the exocytic pathway. At
least two types of signals are believed currently to ensure such compartmental localization.
The first, termed a retention signal, would permit movement along the secretory pathway
until the correct site has been reached. Forward movement would then be prevented by
denying the protein access to budding transport vesicles of the anterograde pathway. The
second type of signal, termed retrieval signal, will only act when the protein has left the
compartment in which it resides. The signal would depend on specific binding to the
components involved in retrograde transport. Resident proteins containing only retrieval
signals would be expected to cycle between two or more compartments. Most ER resident
proteins are found to maintain their residency by a retrieval signal, while the majority of
Golgi resident proteins are resident because of a retention signal. Some proteins like TGN
38 may contain both retrieval and retention signals.
Retrieval of ER Resident Proteins

The KDEL retrieval signal

11



The carboxyl-terminal tetrapeptide KDEL (single-letter code for amino acids) is found in
many resident in lumenal ER proteins. When transplanted onto various reporter molecules,
it localized them to ER, showing that it is both necessary and sufficient for this process
(Pelham, 1989). However the reporter molecules display post-translational modification by
enzymes which are located in the Golgi complex, showing that they have left the ER at least
once during their lifetime. This finding suggests proteins resident in ER escape it and enter
the Golgi, where they are sorted and returned to the ER (Pelham 1988). A retrieval receptor
was postulated and later identified both in yeast (Lewis et al., 1990a) and mammals (Lewis
et al., 1990b). At steady state, the receptor, termed erd2, localizes to the cis side of the
Golgi complex and upon ligand binding redistributes to ER (Lewis et al., 1992).
Biochemical characterization of the receptor shows that it specifically binds to the ligand
and does so in a pH-dependent manner, with an optimum around pH 5.0 (Wilson et al.,
1993). It has been observed that the pH along the exocytic pathway becomes increasingly
acidic towards the trans-Golgi network (TGN), and this likely allows erds to bind the
ligand with high affinity. The binding would then signal the receptor and its ligand to be
returned to the ER, where a neutral pH would release the ligand into the lumen. Erd2
would then return to its original location to await another round of ligand delivery. How
erd2 cycle between the ER and Golgi is still unknown.
The K(X)KXX and RR retrieval signals

Several ER resident membrane proteins have been shown to contain signals similar
to that of the KDEL motif in their cytoplasmic domain (Schutze et al., 1994). In resident
proteins with a type I topology (amino terminus is in the lumen), the signal has been shown
to consist of two critical lysine residues, which have to be in a -3 and a -4/5 position
relative to the carboxyl terminus [ -K(X)KXX, where X is any amino acid]; in type II
membrane proteins (carboxyl terminus is in the lumen), the signal consists of two critical

arginine (RR), which have to be in the first five amino-terminal residues of the protein.
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When transplanted to the reporter molecules, the motifs are both necessary and sufficient
for ER localization, yet allowed the reporter molecules to acquire Golgi modification
(Jackson et al., 1993). They are, therefore, similar to the KDEL motif in that they act as
retrieval signals, returning lost ER proteins from as far as TGN to ER. It is not clear,
though, whether these motifs are recognized by receptors similar to the one identified for
the KDEL motif or whether they interact directly with components of retrograde transport
machinery. Microtubules play an intrinsic role in retrograde transport, and K(X)KXX
motif can drive polymerization of microtubules in vitro (Dahllof et al., 1991). This motif
has recently shown to bind specifically to coatmer (Cosson and Letourner, 1994). Whether
or not binding to coatmer and microtubules negates the need for a receptor remains to be
seen.

It is becoming increasingly clear that the sole determinants for correct localization
cannot be the double lysine or the double arginine, nor can it be the KDEL retrieval motif,
as this motif can be found in proteins that are not residents of ER. For example, ER GIC
53, a type I membrane protein, and p63 a type Il membrane protein, contain the double
lysine and double arginine motif, respectively. But both of these molecules localize to the
intermediate compartment, as does the soluble KDEL-containing CaBP1 (Calcium binding
protein 1). Furthermore, removal of the K(X)KXX from the endogenous ER enzyme,
UDP glucuronyltransferase (UDP-GT), does not result in loss of ER retention.
Oligosaccharide analysis of some endogenous ER proteins has failed to detect any Golgi
modifications, suggesting that these endogenous ER proteins may never leave this
organelle. Therefore, retention signals, of unknown nature, must exist in endogenous ER
proteins and operate independently of ER retrieval signals.

1) CGN proteins
CGN proteins include KDEL receptor, erd2, and several non-characterized antigens

such as p53 (Schweizer et al, 1988) and p58 (Saraste et al, 1987). Some virus encoded
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membrane proteins, such as avian coronavirus, infectious bronchitis virus (IBV), M
protein (Machamer et al., 1991) are specifically targeted to the CGN. The intermediate
compartment proteins described above should also ascribed as CGN.
2) Cisternal proteins

In recent years the genes encoding a number of Golgi enzymes involved in
carbohydrate modification have been isolated and all encode membrane proteins with a type
II orientation (Paulson and Colley, 1989; Moreman and Robins, 1991; Shaper and Shaper,
1992). They all have a short NH)_terminal cytoplasmic tail (up to 30 amino acids), a 16-20
amino acid signal-anchor domain, and a extended stem region which is followed by a large
COOH-terminal catalytic domain. The signal-anchor domain acts as both a noncleavable
signal peptide and the transmembrane domain which orients the catalytic domain of these
glycotransylferases within the lumen of Golgi apparatus. Some viral type I proteins
including rubella virus E2E1 glycoproteins are targeted to cisternal Golgi (Hobman et al,
1993)
3) TGN proteins

Several prohormone-processing proteases that probably reside in the TGN have
been cloned. In yeast, Kex 1p and Kex 2p have a type I membrane topology. Dipeptidyl
aminopeptidase A has a type II membrane topology (Fuller et al, 1988). These enzymes are
believed to reside in the last Golgi subcompartment, but this classification is tentative due to
the difficulty in distinguishing yeast Golgi subcompartments morphologically. The
mammalian furin/PACE protease shares homology with Kex 2p and has the same
membrane topology (Barr, 1991). TGN 38, a protein of unknown function, has a type I

topology as well (Luzio et al, 1990).
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Targeting signals of resident Golgi proteins
1) CGN proteins

The first Golgi localization signal was identified on a viral membrane protein. The
avian coronavirus infectious bronchitis virus (IBV) M protein is targeted to CGN of Golgi
complex when expressed from cDNA in mammalian cells (Machamer et al., 1991). The M1
protein spans the membrane three times. Deletion analysis suggests that the information for
retention in the CGN is contained in the first membrane spanning domain. Work by Swift
et al (1991) has shown that this transmembrane domain does indeed contain a CGN
retention signal which is sufficient to retain two proteins that are normally transported to
plasma membrane in CGN/cis-Golgi when the transmembrane domain of these proteins are
replaced by the first transmembrane domain of M protein. One of these proteins is Gm1, a
type I membrane protein in which the transmembrane domain of VSV-G (a cell surface
membrane protein) protein is substituted by the first transmembrane segment of M protein.
Uncharged polar residues that line the one face of a predicted a-helix constitute the
important feature of the retention signal. When any of these key residues was mutated, the
reporter protein was transported to the cell surface (Swift et al., 1991). In contrast to the
avian IBV M protein, a related protein from a murine coronavirus is targeted to the trans
cisternae/ TGN when expressed from cDNA (Locker et al, 1992). Unlike the avian IBV M
protein, the first transmembrane domain of murine IBV fails to retain a reporter protein in
the Golgi stacks or TGN (Armstrong et al., 1991). The Golgi localization of this protein
requires the carboxyl-terminal 18 amino acids; although this sequence is not sufficient for
retention of a reporter protein. The targeting signal of two viral Golgi proteins thought to be

similar has been shown to reside in different domains of the molecules.
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2) Cisternal Golgi proteins

Several groups have recently examined the targeting signal of endogenous Golgi
glycosyltransferases (Shaper and Shaper, 1992: Machamer, 1993). Studies with GIcNACT-
1, GalT, and «-2,6 sialyltransferase (SialylT) have presented a general picture that
transmembrane domain in a proper sequence context is critical for the Golgi retention.
Sequences flanking the transmembrane domain are frequently necessary context for
efficient Golgi retention.

Colley et al (1989), first showed that SialylT, a transferase enriched in trans Golgi
and TGN in most cell types, was efficiently secreted from the transfected cells when a
cleavable signal sequence replaced the normal N-terminus (including cytoplasmic tail,
transmembrane domain and part of stem region). This localized the retention signal to
subregion of the protein which included the cytoplasmic tail, transmembrane domain and a
short portion of the lumenal part called stem. Later Munro (1991) found that only portion
of SialylT required to retain a type II plasma membrane protein in the Golgi complex was
its membrane spanning domain; although leaking to the cell surface was prevented when a
portion of stem was also included. At the same time Wang et al.(1992) showed Golgi
distribution of a chimeric protein in which the 17-amino acid SialylT transmembrane region
replaced the transmembrane region of a plasma membrane protein, dipeptidyl peptidase IV
(Wang et al., 1991). More recent work by Dahdal et al (1993) challenges the notion that
transmembrane domain of ST is the dominant targeting feature for Golgi localization.
Chimeric proteins consisting of SialylT cytoplasmic tail and transmembrane domain fused
to extracellular domain of two cell surface proteins (transferrin receptor and influenza
neuraminidase) demonstrated leaky Golgi retention. Their results suggest that appropriately
spaced short, a few amino acids, cytoplasmic and lumenal flanking sequences are important

elements of SialylT Golgi retention signal. Both the work of Munro (1991) and Dahdal and
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Colley (1993) indicates the actual sequence of the SialylT transmembrane domain is of little
importance in its retention in the Golgi..

The relative role of the transmembrane domain together with flanking sequences in
Golgi retention of both type I and type II Golgi proteins has been investigated in detail for
GIcNACT-1, GalT, and viral cisternal proteins (type I). Tang et al. (1992) demonstrated
that the transmembrane domain of GIcNACT-1 contained a Golgi retention signal that could
retain a reporter molecule in the Golgi. Further work by Burke et al. (1994) suggested that
besides the transmembrane domain of GIcNACT- 1 the cytoplasmic tail and lumenal domain
also contribute significantly to preventing the proteins leaking to the plasma membrane. In
the study, specific domain domains were swapped between GIcNAcT-1 and human
transferrin receptor which has cytoplasmic tail with seven amino acids. Russo et al. (1992)
showed that the cytoplasmic tail and transmembrane domain of GalT could retain the
marker protein pyruvate kinase in trans Golgi. Nilsson et al. (1991) showed that for a
chimera of GalT and a type II protein normally found at plasma membrane and in
endosomes, as few as 11 amino acid residues from lumenal side of the membrane spanning
domain of GalT were sufficient to retain the chimera in the Golgi. The Golgi targeting
signals of two viral cisternal proteins, rubella virus E2E1 glycoprotein (Hobman et al,
1995) and bunyavirus G1 glycoprotein (Matsuoka et al, 1994), have also been narrowed
down to the transmembrane and short, a few amino acids, proximal flanking sequences.

Thus retention signals for medial, trans-cisternae/TGN, and viral cisternal proteins
are all found within a small portion of the proteins, the transmembrane domain and
proximal flanking sequences.
Retention mechanism of Golgi resident proteins

Retention of Golgi membrane proteins (for review see Gleeson et al., 1994)
appears to operate by a non-satuable mechanism. Overexpression of Golgi membrane

proteins from their cDNAs does not lead to accumulation at the cell surface, rather the
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