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Golgi localization of glycosyltransferases: more questions than answers
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The structures of cellular oligosaccharides are determined
by a series of processing reactions catalyzed by Golgi gly-
cosidases and glycosyltransferases. While there are subtle
cell type differences in Golgi enzyme subcompartmenta-
tion, in general, glycosylation enzymes are localized within
the Golgi cisternae in the same sequence in which they act
to modify oligosaccharide substrates. The possibility that
this enzyme subcompartmentation may control the types of
oligosaccharides expressed by a cell has led to an interest in
the signals and mechanisms directing enzyme localization
in the Golgi cisternae. All glycosidases and glycosyltrans-
ferases characterized thus far have very little sequence ho-
mology that might suggest a common Golgi retention sig-
nal, but they do share a similar domain structure. They are
all type II transmembrane proteins consisting of an amino
terminal cytoplasmic tail, a signal anchor transmembrane
domain, a stem region, and a large luminal catalytic do-
main. Their lack of sequence homology suggests that these
proteins' Golgi retention signals are not linear amino acid
sequences, but most likely involve general characteristics
or conformations of larger protein domains. The peptide
sequences required for Golgi retention of the N-acetylglu-
cosaminyltransferase I (GlcNAcTT), pl,4-galactosyltrans-
ferase (GalT) and a2,6-sialyltransferase (ST) have been ex-
tensively studied. To do this, researchers created mutant
and chimeric proteins, expressed these in tissue culture
cells, and localized these proteins using immunofluores-
cence microscopy or immunoelectron microscopy. The cell
surface expression of deletion mutants suggested that the
deleted sequences were necessary for Golgi retention. Then,
if these sequences were fused to a non-Golgi reporter pro-
tein and this chimeric or hybrid protein was retained in the
Golgi, then these sequences were also sufficient for Golgi
retention. Due to differences in reporter proteins used to
construct these chimeric proteins, different cell types used
for protein expression, different levels of protein expres-
sion, and different methods of cell surface protein detec-
tion, these experiments have led to somewhat confusing
results. However, in general, it appears that the GalT relies
primarily on its transmembrane domain for Golgi reten-
tion, while the GlcNAcTI and ST have requirements for
their transmembrane regions, sequences flanking these re-
gions, and luminal stem sequences. Based on these results,
two potential Golgi retention mechanisms have been pro-
posed and are now being tested. The observation that gly-
cosyltransferase transmembrane domains are frequently
sufficient for Golgi retention has led to the first of these
models, the bilayer thickness model. This model proposes
that the shorter transmembrane domains of Golgi proteins

prevent them from entering cholesterol-rich transport
vesicles destined for the plasma membrane,.and that this
leads to Golgi retention. The second of these models is sup-
ported by the role of multiple protein domains in the Golgi
retention of some proteins. This model, the oligomerization/
kin recognition model of Golgi retention, proposes that the
formation of insoluble protein homo-oligomers or very
large hetero-oligomers prevents protein movement into
transport vesicles destined for later compartments. Initial
work suggests that the bilayer thickness mechanism may
play a role in the retention of some Golgi retained proteins;
however, it is not the sole retention mechanism. Other evi-
dence suggests that an oligomerization/kin recognition
mechanism may be more common, but definitive proof for
its general use in Golgi protein retention is lacking. More
research is required to further elucidate the sequences and
particularly the mechanisms of Golgi retention. In the fu-
ture, we hope to be able to explain the cell type differences
in glycosylation enzyme Golgi subcompartmentation, the
different sequence requirements for the Golgi retention of
the same enzyme in various cell types, and whether differ-
ences in glycosylation enzyme Golgi subcompartmentation
change the types of oligosaccharides made by a cell.
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Compartmentation of Golgi glycosylation enzymes

The specific Golgi compartmentation of the glycosidases and
glycosyltransferases associated with protein and lipid glyco-
sylation has functionally defined the different Golgi cisternae.
Several groups have localized these enzymes and their prod-
ucts in the subcompartments of the Golgi using both subcel-
lular fractionation of cellular membranes and immunoelectron
microscopy (reviewed in Roth, 1987). Early work suggested an
orderly compartmentation of glycosylation enzymes that mir-
rored the sequence of oligosaccharide chain modification
(Komfeld and Komfeld, 1985; Roth, 1987). This early view
suggested that the a-mannosidases I and II (MannI and Man-
nTT) were found in the cis and medial Golgi, the GlcNAcTI in
the medial Golgi, the GalT in the trans Golgi, and the ST in the
trans Golgi and trans Golgi network. This relatively strict com-
partmentalization of enzymes was thought to ensure the effi-
cient biosynthesis of oligosaccharide structures by providing
optimal contact between enzyme, glycoprotein substrate, and
sugar nucleotide donor. In addition, this organization was pre-
sumed to segregate competing enzyme reactions and thus di-
rect the structure of the oligosaccharides expressed by a cell.

With further investigation, it became apparent that many of
these glycosylation enzymes overlap in localization and that
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they demonstrate cell-rype-specific Golgi subcompartmenta-
tion. The MannI and Mannll enzymes, once believed to be
localized within the cis and medial Golgi cisternae, respec-
tively, have been found to overlap within the medial and trans
Golgi of most cell types (Velasco et al, 1993). In HeLa cells,
the GlcNAcTI and Mannll overlap in the medial and trans
Golgi cistemae, while the GalT and ST overlap in the trans
cisternae and trans Golgi network (Nilsson et al, 1993a;
Rabouille et al, 1995). Most striking are the differences in
glycosyltransferase localization in the absorptive columnar
cells and adjacent goblet cells of the intestine. Roth and col-
leagues (Roth et al, 1986; Taatjes et al, 1988) demonstrated
that the ST and the blood group A N-acetylgalactosaminyl-
transferase are restricted to the trans-most cisternae of the gob-
let cells. In contrast, these enzymes are found throughout the
Golgi stack except for the first fenestrated cis Golgi cistemae
in absorptive cells. In addition to Golgi staining, these enzymes
were found in the mucin droplets of goblet cells and on the
plasma membranes of both intestinal cell types. More recently,
similar staining patterns for both the MannI and Mannll en-
zymes in these intestinal cells have been documented (Velasco
et al, 1993). Cell surface staining has also been observed for
the GalT in a variety of cell types (Pestalozzi et al, 1982; Roth
et al, 1985a; Shaper et al, 1985; Lopez et al, 1991; Teasdale
et al, 1992; Evans et al, 1993; Youakim et al, 1994). This too
appears to be cell type specific since recent studies by Taatjes
et al. (1992) demonstrated that the GalT is restricted to the
trans cistemae of the Golgi in bovine epithelial cells with no
cell surface staining apparent except in a subpopulation of
tracheal cells. How changes in glycosyltransferase compart-
mentation may affect the oligosaccharide structures synthe-
sized within a cell is still uninvestigated and awaits further
information on the intra-Golgi localization of specific sugar
nucleotide donors and their translocators (Hirschberg, 1996)
and an evaluation of whether an enzyme localized in a specific
subcompartment is truly functional.

While current data demonstrates that the Golgi stack is the
primary location of the terminal oligosaccharide processing
enzymes in the majority of cell types, the presence of cell
surface enzymes and soluble enzyme forms in body fluids
raises questions concerning the role of enzymes in these loca-
tions (Roseman, 1970; Bartholomew et al, 1973; Paulson et
al, 1977; Ratnam et al, 1981; Strous, 1986). Generally, it is
believed that the glycosyltransferases that reside outside the
Golgi do not perform the transferase function due to a lack of
sugar nucleotide donors. Consequently, their roles have to be
limited to those that would involve their carbohydrate binding
ability. Essentially, these enzymes would act as lectins. Soluble
glycosyltransferases have long been thought to be either prod-
ucts of constitutive tum-over events or the acute phase re-
sponse (Jamieson et al, 1993). While they may act as circu-
lating lectins, this possibility has gone virtually unstudied. In
contrast, work by several groups has suggested that cell surface
localized glycosyltransferases may be acting as lectin-like cell
adhesion molecules (reviewed in Roseman, 1970; Strous,
1986; Shur, 1993). Shur and colleagues (Evans et al., 1995)
have shown that cell adhesion to and spreading on laminin
substratum is dependent upon the expression of surface GalT in
certain cells. Work performed by these investigators has also
suggested that mouse sperm plasma membrane GalT is in-
volved in sperm-egg interactions during fertilization and that it
can participate in a signal transduction cascade that involves
activation of a G protein complex (Shur, 1993; Gong et al,

1995). The extent of GalT's participation in fertilization is
unclear since other proteins, like sp56 (Cheng et al, 1994) and
a 95 kDa phosphotyrosine-containing protein (Leyton and Sa-
ling, 1989), have also been shown to bind to the ZP3 glyco-
protein on the egg cell surface and these too appear to play
significant roles in fertilization. To date, the roles of other cell
surface glycosyltransferases have not been widely studied.

The demonstrated Golgi localization of the glycosyltransfer-
ases involved in the terminal processing of Asn-linked carbo-
hydrate structures has made these enzymes attractive models
for studying protein localization and subcompartmentation in
this organelle. Three of these enzymes, the GlcNAcTI, GalT,
and ST, have been used to extensively study the signals and
mechanisms of Golgi retention. Researchers have found that
while the transmembrane domains of these enzymes are clearly
important for their retention, frequently their cytoplasmic and/
or luminal sequences play accessory, or even independent
roles, in the Golgi retention process. The nature of the glyco-
syltransferase sequences required for Golgi retention has led to
two major hypotheses for the mechanism of this retention. The
first hypothesis postulates that the length of the hydrophobic
transmembrane domain is the driving force behind Golgi re-
tention (bilayer thickness model, Bretscher and Munro, 1993;
Masibay et al, 1993), while the second hypothesis postulates
that protein oligomerization leads to Golgi retention (oligomer-
ization/kin recognition hypothesis (Machamer, 1991; Nilsson
et al, 1993b)). Below, I discuss what is known concerning the
peptide signals required for Golgi retention of the GlcNAcTI,
GalT, and ST, and how this information fits with these two
models for Golgi retention. Several other reviews concerning
the Golgi localization of proteins have recently been published
(Shaper and Shaper, 1992; Machamer, 1993; Pelham and Mu-
nro, 1993; Gleeson et al), and readers are encouraged to read
these for comparable and contrasting views of this field.

Sequences required for the efficient Golgi retention
of glycosyltransferases

Protein transport through the secretory pathway

Proteins that are localized within the secretory pathway, found
at the cell surface, or secreted from the cell are synthesized
with a cleavable signal peptide or an uncleavable signal anchor
that directs the nascent protein cotranslationaUy to the cyto-
plasmic membrane of the ER (Walter and Johnson, 1994). As
these nascent proteins are extruded through an aqueous channel
into the lumen of the ER, they form disulfide bonds, are co-
translarionally core-glycosylated on Asn residues, and fold and
oligomerize with the help of chaperone proteins. Proteins des-
tined for locations beyond the ER were originally believed to
be transported in a "bulk flow" manner, only stopping at a
particular subcellular location by virtue of a retention signal
specific for that location (Pfeffer and Rothman, 1987). New
data demonstrates that this initial hypothesis is only partially
correct. First, reevaluation of the original data (Wieland et al,
1987) suggests that ER to Golgi transport could be mediated by
transport signals (Rothman and Wieland, 1996). Second, it is
now clear that some concentration events occur as the proteins
leave the ER (Balch et al, 1994). Third, it has been demon-
strated by the work of the Pelham and Peterson groups (re-
viewed in Rothman and Wieland, 1996) that both soluble and
membrane associated ER proteins are retrieved from the inter-
mediate compartment (salvage compartment, cis Golgi net-
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work) or later Golgi regions and brought back to the ER. Re-
cycling of proteins is also apparent between the cell surface
and the trans Golgi network (reviewed in Machamer, 1993;
Gleeson et al., 1994). Despite these many exceptions to the
bulk flow hypothesis, movement through die Golgi appears to
involve no concentration and can be essentially considered
bulk flow (Orci et al, 1986). The Golgi glycosyltransferases
may be the only true examples of retained proteins since most
studies have ruled out the recycling of these enzymes (Tang et
al., 1992; Wong et al., 1992; Chapman and Munro, 1994;
Teasdale et al., 1994). However, one recent study by Hoe et al.
(1995) does provide some evidence that GlcNAcTI may re-
cycle between the cis and trans Golgi cisternae in the ldlD
mutant CHO cell line.

Golgi localization of a coronavirus M glycoprotein

Early work by Machamer and Rose (1987) on the cis Golgi
localization of a coronavirus M (El) glycoprotein set the ex-
perimental tone for later work performed on glycosyltransfer-
ase Golgi localization. These researchers demonstrated that the
first of the three transmembrane domains of the M glycoprotein
is required for this protein's cis Golgi localization. Deletion of
this region led to the bypass of the cis Golgi and this protein's
cell surface expression. Later work by Machamer and col-
leagues (Swift and Machamer, 1991; Machamer et al., 1993)
showed that uncharged polar residues in the transmembrane
domain of a M glycoprotein-VSV G chimera are important for
Golgi retention, and suggested that their appropriate alignment
on one face of the membrane spanning helix is crucial for
Golgi retention. Later work by this laboratory showed that the
formation of an insoluble oligomer correlated with the Golgi
retention of this chimeric protein (Weisz et al., 1993). Taken

together, these results suggest that a transmembrane domain
with appropriately aligned uncharged polar residues is able to
mediate Golgi retention and that this retention involves the
formation of insoluble homo-oligomers.

Golgi retention of glycosyltransferases:
experimental variables

While it seemed likely that Golgi glycosyltransferases would
also require sequences within their transmembrane domains for
Golgi retention, their apparent lack of homology within these
regions and throughout their entire sequences made it difficult
to pinpoint any likely retention signals. The one common fea-
ture snared by all these enzymes is a type II membrane orien-
tation. Each glycosyltransferase is comprised of an amino ter-
minal cytoplasmic tail, a signal anchor domain that spans the
membrane (referred to as the transmembrane domain through-
out this article), followed by a luminal stem or stalk region, and
a carboxy-terminal catalytic domain (Figure l)(Paulson and
Colley, 1989). To understand which glycosyltransferase se-
quences are necessary for Golgi retention, investigators first
created glycosyltransferase mutants with deletions or alter-
ations in these protein domains. Cell surface expression of
these glycosyltransferase mutants indicated that the deleted or
altered sequences were necessary for enzyme Golgi retention.
These sequences were next fused to reporter proteins to deter-
mine whether they were also sufficient for Golgi retention of
non-Golgi proteins. Surprisingly, those sequences found to be
necessary for complete Golgi retention were not always suffi-
cient for the retention of reporter proteins and visa versa. This
kind of situation was observed in cases where there is more
than one independent Golgi retention region in an enzyme
and/or where several regions of a protein are required for com-
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Fig. 1. Glycosyltransferase domain structure and general Golgi retention requirements. Glycosyltransferases are type II transmembrane proteins that consist of
an amino-terminal cytoplasmic tail, a signal anchor transmembrane domain followed by a stem or stalk region, and a large carboxy-terminal catalytic domain.
The Golgi retention requirements for the enzymes listed in the table are purely general, and the reader should be aware that these may vary in different cell
types.
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plete Golgi retention. In addition, several variables in experi-
mental design have complicated the interpretation of data and
led to different conclusions concerning the importance of gly-
cosyltransferase sequences in Golgi retention. These experi-
mental variables include (1) the use of chimeric proteins con-
structed from a wide variety of reporter proteins, (2) differ-
ences in localization of proteins expressed in high level
transient and low level stable expression systems (Teasdale et
al, 1994; Tang et al, 1995), (3) differences in localization of
proteins in different cell types (Teasdale et al, 1994; Tang et
al., 1995), and (4) the use of biochemical and microscopic
detection methods with a wide range of sensitivity.

Possibly the greatest conceptual problem encountered in all
these studies is the initial assumption that deletions or alter-
ations within a protein sequence only locally influence the
protein structure at that site. It is more likely that many of the
changes made within these proteins more globally alter the
conformation of the protein and thus its localization. This
could be particularly important in light of a recent possibility
suggested by the work of Low and colleagues (Low et al.,
1994, 1995). These researchers and others (Low et al, 1994,
1995; Wahlberg et al., 1995 and references therein) have dem-
onstrated that slightly altered plasma membrane proteins, or
chimeric proteins made exclusively from plasma membrane
and secretory proteins, are retained or retarded in the Golgi.
They suggest that movement within the Golgi and from the
trans Golgi network to the cell surface may be "gated" or
signal dependent and that these Golgi retained chimeras or
mutant cell surface proteins lack signals or conformations per-
missive for forward movement. In interpreting the experiments
discussed below, we therefore must ask whether Golgi reten-
tion has been conferred to reporter proteins by adding se-
quences responsible for that retention, or whether the investi-
gator has inadvertently created a protein that does not move
beyond the Golgi due to a loss of transport competence, and
whether these two situations are really different.

Galactosyltransferase: does the transmembrane domain play
the major role in Golgi retention ?

The GalT is predominantly localized in the trans cisternae of
the Golgi (Berger et al., 1981; Roth and Berger, 1982; Berger
and Hesford, 1985; Bergeron et al., 1985; Taatjes et al, 1987,
1992; Russo et al, 1992; Rabouille et al, 1995), and also has
been found in the trans Golgi network of some cells (Geuze et
al., 1985; Rabouille et al, 1995). Work from several groups
has demonstrated that its transmembrane domain is primarily
responsible for its Golgi retention (Nilsson et al, 1991; Aoki et
al, 1992; Teasdale et al, 1992, 1994; Masibay et al, 1993;
Yamaguchi and Fukuda, 1995); however, some data suggests
that other regions, including its cytoplasmic tail, may be in-
volved in the retention process (Nilsson et al, 1991; Evans et
al, 1993). Initial experiments demonstrated that the GalT cy-
toplasmic tail and transmembrane domain are able to retain
reporter proteins such as pyruvate kinase and the Iip31 invari-
ant chain in the Golgi (Nilsson et al, 1991; Russo et al, 1992).
Teasdale et al. (1992, 1994) provided evidence that the GalT
transmembrane domain is necessary and sufficient for Golgi
retention. They found that the GalT transmembrane domain
alone was sufficient for retention of ovalbumin in the Golgi of
murine L cells and that the replacement of this transmembrane
domain with that of the transferrin receptor (TfR) resulted in
predominant cell surface expression of the hybrid protein in
Cos cells. Further analysis of GalT Golgi retention by Masibay

et al. (1993) supported the idea that the GalT transmembrane
domain is required for Golgi retention and demonstrated that
different glycosyltransferases have different requirements for
the Golgi retention. They showed that the tail and transmem-
brane domain of GalT could be replaced with the tail and
transmembrane domain of the a l , 3GalT, but not with the tail
and transmembrane domain of the ST. Only after the ST tail,
transmembrane domain plus 18 amino acids of the stem region
were added, was a protein synthesized, imported into the ER,
and ultimately Golgi localized. These results emphasize the
potential differences between the sequence requirements for
GalT and ST Golgi retention and suggested that, while the
transmembrane domain plays a primary role in GalT Golgi
retention, the ST has more extensive sequence requirements for
this process (see below).

To determine whether specific GalT transmembrane se-
quences were required for Golgi retention, Aoki et al. (1992)
made a series of transmembrane domain replacements and
showed that the replacement of Cys-Ala-Leu-His-Leu in the
amino-terminal portion of the GalT transmembrane domain, or
mutations of Cys29 and His32 in this region, led to an increase
in Cos cell surface expression of a GalT-ahCG chimera. How-
ever, including these amino acids in the transmembrane do-
main of the TfR was not sufficient to confer Golgi retention to
the hybrid protein. Similarly, Nilsson et al. (1991) showed that
replacement of the amino terminal 10 amino acids of GalT
transmembrane domain (including Cys^ and His32) with trans-
membrane sequences of the Iip31 invariant chain still allowed
predominant Golgi retention of the GalT-Iip31 chimera in
HeLa cells, although a small amount of surface expression was
observed. Taken together these observations again suggest that
Golgi retention requirements differ in different cell types and
also highlight the possibility that small changes or larger re-
placements can influence the folding of a region and its func-
tion in retention. Work by Masibay et al. (1993) also suggested
the latter possibility. These researchers found that insertion of
sequences and/or alteration of uncharged polar residues in the
GalT transmembrane domain increased cell surface expression
of mutant GalT proteins in Cos cells. From the data described
above, it seems questionable that specific sequences within the
transmembrane domain are required for GalT Golgi retention.
More likely, the general characteristics of the transmembrane
domain, such as the hydrophobic length of this region or the
presentation of uncharged polar amino acids, are responsible
for Golgi retention.

While most experiments have demonstrated a primary re-
quirement for the GalT transmembrane domain in Golgi reten-
tion, some data suggest that other sequences may be important
in the retention process depending upon the cell type in which
the protein is expressed. Teasdale et al. (1994) demonstrated
that the replacement of the transmembrane domain of the GalT
with that of the TfR leads to predominant cell surface local-
ization in transiently expressing Cos cells. However, stably
expressing murine L cells retain a significant amount of this
hybrid protein in the Golgi. These researchers concluded that
while the transmembrane domain of the GalT was clearly im-
portant for retention, other sequences must play a role in the
retention process. Nilsson et al (1991) showed that deleting
most of the GalT cytoplasmic tail sequences led to more cell
surface expression of a GalT-dipeptidyl peptidase IV (D4) chi-
mera in HeLa cells. Interestingly, this requirement for cyto-
plasmic sequences can be fulfilled by those of a plasma mem-
brane protein. In the intact GalT protein, however, deletions of
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19 amino acids (Aoki et al., 1992) or of the first 13 amino acids
of the cytoplasmic tail (Russo et al., 1992; Teasdale et al.,
1992; Masibay et al., 1993) had no effect on Golgi retention in
most other cell types. The differences in cells used for expres-
sion and/or the absence of the GalT luminal sequences in the
chimeric proteins of Nilsson et al. (1991) could explain the
differences in results observed by these researchers and others
(Aoki et al., 1992; Russo et al, 1992; Teasdale et al., 1992;
Masibay et al., 1993). Although inconclusive, these results
may suggest a contributing role for both cytoplasmic and lu-
minal sequences in efficient GalT Golgi retention in some cell
types.

Paradoxically, some evidence suggests that the naturally oc-
curring, longer GalT cytoplasmic tail plays the major role in
the cell surface expression of this enzyme in certain cell types.
Two forms of the GalT are encoded by the bovine and murine
GalT genes (Russo et al., 1990). The short form of the GalT
possesses an 11 amino acid cytoplasmic tail, while the long
form has an additional 13 amino acid extension of this region.
The dual Golgi/plasma membrane localization of the GalT in
some cells raised the possibility that the cytoplasmic tails of the
two forms specify their Golgi and cell surface locations. Russo
et al. (1992) showed that the long and short forms of the GalT
were both retained in the Golgi of stably expressing CHO cells.
This result was also confirmed by Masibay et al. (1993) using
a transient high level expression system in Cos-7 cells. How-
ever, work by Shur and colleagues (Lopez et al., 1991; Youa-
kim et al., 1994; Evans et al., 1995) demonstrated that the form
of the enzyme with the longer tail is found both in the Golgi
and at the cell surface of stably expressing F9 embryonal car-
cinoma cells and Swiss 3T3 fibroblasts, while the form with
the shorter tail is retained in the Golgi of these cells. It is likely
that the differences in localization of the two GalT forms are
related to differences in protein trafficking and retention pro-
cesses in the different cell types analyzed. This observation
makes it even more important to understand the differences in
cisternal environments in different cell types and how this
effects the Golgi retention mechanisms used by these cells.

In summary, the Golgi retention of the GalT primarily de-
pends on its transmembrane domain. Current evidence sug-
gests that the hydrophobic length and/or the presentation of
uncharged polar amino acids in this region may be more im-
portant than the presence of specific sequences in conferring
Golgi retention. Some data suggests that other regions may
also be required for efficient retention. The role of the GalT
cytoplasmic tail sequences is complicated. In the presence of
the GalT transmembrane domain but without a significant cy-
toplasmic tail, chimeric proteins exhibit some cell surface ex-
pression; however, addition of cytoplasmic sequences from a
plasma membrane protein will allow complete Golgi retention.
These results suggest that the presence of cytoplasmic tail se-
quences of sufficient length may play an accessory role in the
retention process. In contrast, the naturally occurring 24 amino
acid cytoplasmic tail has been associated with cell surface
expression of the Gait in a few cell types, while the shorter 11
amino acid tail has been associated with Golgi retention of the
enzyme in these cells. In CHO and Cos cells, however, GalT
proteins possessing the longer tail show no increase in cell
surface expression. Finally, while the stem region is not re-
quired for retention of chimeric proteins or the GalT catalytic
domain, its presence appears to override the absence of the
cytoplasmic tail sequences, suggesting that it too may play an
accessory role in Golgi retention.

N-Acetylglucosaminyltransferase I: are all regions of the
enzyme required for efficient retention?

The GlcNAcTI has been localized within the medial or medial
and trans Golgi cistemae of different cell types (Dunphy et al.,
1985; Burke et al., 1992; Rabouille et al., 1995). After initial
experiments showed that the GlcNAcTI transmembrane region
played a primary role in Golgi retention, it became clear that
the stem region was equally important for full Golgi retention
and may act as an independent retention region. Initially, Burke
et al. (1992) demonstrated that the GlcNAcTI transmembrane
domain and flanking sequences were sufficient to retain oval-
bumin in the Golgi of transiently expressing Cos-1 cells or
stably expressing murine L cells. The work of Tang et al.
(1992) supported a major role for the GlcNAcTI transmem-
brane domain in Golgi retention in stably expressing MDCK
cells, but also suggested that the enzyme's stem region con-
tributes to the retention process. These workers showed that the
tail and transmembrane domain of the GlcNAcTI, or the trans-
membrane domain alone, allowed Golgi retention of D4 in the
Golgi; however, a significant proportion of both chimeric pro-
teins were still found at plasma membrane. Including increas-
ing lengths of the GlcNAcTI stem region in the hybrid protein
resulted in decreased cell surface staining. These results sug-
gested that the GlcNAcTI transmembrane domain plays a pre-
dominant role in Golgi retention and that the luminal stem
sequences increase the efficiency of this retention. Definitive
work by Burke et al. (1994) elegantly demonstrated that all
three domains of the GlcNAcTI are important for Golgi reten-
tion in stably transfected murine L cells. Using immunofluo-
rescence microscopy and FACS analysis of chimeras contain-
ing domains from GlcNAcTI, ovalbumin and the TfR, they
found that replacing the GlcNAcTI luminal region, transmem-
brane domain, or tail resulted in a 1.4- to 2-fold increase in cell
surface staining, while replacing the tail plus transmembrane
domain or the tail plus luminal region resulted in a 5.4- to
6.0-fold increase in cell surface staining. These results sug-
gested a role for all three GlcNAcTI regions in Golgi retention
and support an oligomerization-based retention mechanism
that could involve all GlcNAcTI domains.

Recent results from Warren and colleagues (Nilsson et al.,
1996) call into question a primary role for the GlcNAcTI trans-
membrane domain in Golgi retention. Work by these research-
ers suggests that the stem region of the GlcNAcTI is necessary
and sufficient for Golgi retention. They demonstrate that
charged amino acids in the GlcNAcTI stem region are required
for the interaction of GlcNAcTI with Mannll and its resulting
Golgi retention in HeLa cells. They also suggest that the
GlcNAcTI transmembrane domain is not necessary for Golgi
retention because replacement of this region with 19, 23, or 27
leucine residues does not alter Golgi retention. However, these
transmembrane domain changes were made in the presence of
the GlcNAcTI stem region and catalytic domain. It is probable
that the GlcNAcTI stem region serves as an independent re-
tention signal in HeLa cells and is sufficient for Golgi retention
in the absence of the transmembrane sequences. This then
could explain why changes in the transmembrane domain have
no major effects on Golgi retention when these stem sequences
are present. Interestingly, the stacked structure of the Golgi
apparatus was disrupted in cells expressing GlcNAcTI proteins
containing polyleucine transmembrane domains, suggesting
that the GlcNAcTI transmembrane domain may also play an
important role in Golgi structural integrity.
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Again, somewhat conflicting results from different labora-
tories using different cell expression systems make it difficult
to conclusively state which sequences are required for
GlcNAcTI Golgi retention. Work by Gleeson and colleagues
(Burke et al., 1994) clearly demonstrates a role for all
GlcNAcTI domains in its Golgi retention in murine L cells.
However, Warren and colleagues (Nilsson et al, 1996) suggest
that the GlcNAcTI stem region alone is sufficient for its kin
recognition and Golgi retention in HeLa cells, while the en-
zyme's transmembrane domain solely influences stability of
the Golgi stacks in these cells. As mentioned above, the results
of Nilsson et al. (1996) do not necessarily negate the contri-
butions of the GlcNAcTI transmembrane domain to Golgi re-
tention, especially if one considers that the analysis of the
transmembrane domain was done in the presence of the
GlcNAcTI stem region, a region that seems to act as an inde-
pendent retention signal in HeLa cells. These data are clearly
examples of how cell type differences in retention require-
ments, and redundant Golgi retention signals in the same en-
zyme, can lead to different conclusions concerning the role of
distinct protein domains in Golgi retention.

Sialyltransferase: independent Golgi retention signals in the
transmembrane and stem regions?

The ST has been localized in the trans cistemae of the Golgi
and trans Golgi network of hepatocytes and intestinal goblet
cells, while it is spread throughout the Golgi stack in intestinal
absorptive cells (Berger and Hesford, 1985; Roth et al., 1985b,
1986; Roth, 1987; Taatjes et al., 1987, 1988; Berger et al,
1995; Rabouille et al., 1995). The ST appears to have the most
unusual set of overlapping requirements for Golgi retention
since several different regions and combinations of sequences
seem to be sufficient for this process. Using different experi-
mental systems, researchers have shown that the ST transmem-
brane domain plus flanking sequences, the flanking sequences
appropriately spaced by a transmembrane region of specific
length, and the ST stem region alone, all appear to constitute
independent Golgi retention signals. Initial work demonstrated
that the soluble catalytic domain of the ST is rapidly secreted
from cells and implied that sequences required for Golgi re-
tention would be found in the cytoplasmic tail, transmembrane
domain and/or stem region (Colley et al., 1989). Later, several
studies suggested that the transmembrane domain of the ST,
and sequences flanking this region, are sufficient for Golgi
retention (Munro, 1991; Dahdal and Colley, 1993; Tang et al.,
1995). Using ST-D4 chimeras, Wong et al. (1992) initially
concluded that the ST transmembrane domain alone was suf-
ficient for Golgi retention of D4 reporter sequences when sta-
bly expressed in MDCK cells. Later this group found that the
same chimeric protein expressed in CHO cells was predomi-
nantly targeted to lysosomes and Golgi retention was only
achieved when ST stem sequences were present (Tang et al.,
1995). Dahdal and Colley (1993) showed that the ST trans-
membrane domain and flanking sequences were sufficient for
retention of the ST catalytic domain in a Cos cell transient
overexpression system. Munro (1991) demonstrated that D4-
ST-lysozyme chimeras containing the ST transmembrane do-
main alone exhibited increased Golgi retention in Cos cells;
however, full Golgi retention was only observed when the ST
transmembrane domain plus flanking cytoplasmic and stem
sequences were present. So while the ST transmembrane do-
main alone may be sufficient for Golgi retention in MDCK

cells, the ST transmembrane region and flanking sequences are
clearly required for Golgi retention in Cos and CHO cells.

The ability of the ST transmembrane region and flanking
sequences to allow efficient Golgi retention also appears to be
dependent on the nature of the luminal reporter sequences.
While the ST transmembrane domain and flanking sequences
are sufficient for retention of the ST catalytic domain in the
Golgi, chimeric proteins consisting of the ST cytoplasmic tail
and transmembrane domain fused to the stalk and head regions
of the influenza neuraminidase or the ectodomain of TfR were
found at the cell surface when expressed in CHO cells or Cos-1
cells (Colley et al, 1992; Dahdal and Colley, 1993). When two
luminal lysine residues were added to the ST-neuraminidase
chimera, Golgi retention of this chimera increased, but was not
complete (Dahdal and Colley, 1993). In addition, the ST-TfR
chimera contains a flanking luminal lysine residue contributed
by the TfR sequences and still did not exhibit significant Golgi
retention. These results and those above suggest that the trans-
membrane domain of the ST plus flanking sequences are suf-
ficient for Golgi retention; however, the efficiency of this re-
tention may depend on both luminal sequences of the protein
and the cells in which these proteins are expressed.

Work done by Munro (1991) and Colley and colleagues
(Colley et al., 1992; Dahdal and Colley, 1993) demonstrated
that no specific sequences are required in the ST transmem-
brane domain for efficient retention, especially in the presence
of appropriately spaced cytoplasmic and luminal flanking se-
quences and/or the ST stem region. Sequentially replacing 4-5
amino acids along the entire length of the ST transmembrane
domain with sequences from the influenza neuraminidase
transmembrane domain did not alter the Golgi retention of an
intact ST protein or a ST protein lacking all but the first five
amino acids of its stem region (Colley et al., 1992; Dahdal and
Colley, 1993). Likewise, 17 leucine residues could replace the
17 amino acid ST transmembrane domain in a lysozyme chi-
mera containing the ST tail and the first 18 amino acids of the
ST stem sequence (Munro, 1991). However, the same con-
struct with a 17 leucine transmembrane domain plus luminal
sequences derived from D4, was found at the cell surface.
These results demonstrate that appropriately spaced ST cyto-
plasmic (LysLysLys) and stem sequences (LysLysGlySerAsp
. . . ) are sufficient for Golgi retention.

What really determines the correct spacing of the ST se-
quences flanking the membrane is the actual length of the
hydrophobic transmembrane region. Results from Munro's
laboratory show that the length of the transmembrane domain
is crucial for Golgi retention of ST hybrid proteins (Munro,
1991, 1995b). While a ST-lysozyme chimera with a 17 leucine
transmembrane domain and ST flanking sequences was re-
tained in the Golgi, a similar chimeric protein with a 23 leucine
transmembrane domain was found in increased amounts at the
cell surface, suggesting that the length of the ST transmem-
brane domain (and thus the spacing of cytoplasmic and stem
sequences) is crucial for Golgi retention. In addition, incre-
mental increases in the length of the ST transmembrane do-
main by insertion of 1-9 hydrophobic amino acids also resulted
in increased cell surface expression of similar ST-lysozyme
chimeras, while the decrease in the length of a plasma mem-
brane protein's transmembrane domain led to its increased re-
tention in the Golgi (Munro, 1995b). Interestingly, Dahdal and
Colley (1993) found that replacement of the 17 amino acid
transmembrane domain of the ST with either 29 or 23 amino
acids of the neuraminidase transmembrane domain still al-
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lowed efficient Golgi retention. Comparison of these con-
structs and their localization suggests that the presence of the
entire ST stem and catalytic domain is able to overcome any
increase in the length of the ST transmembrane domain and
allow retention in the Golgi. These results imply that the ST
stem or catalytic domain, or both of these regions, may act as
independent Golgi retention signals.

The ST stem region as an independent Golgi retention signal
was first suggested by Colley et al. (1992), who found that a
mutant protein consisting of only the ST stem and catalytic
domain (signal cleavage-ST) was transiently retained in the
Golgi, while the soluble ST catalytic domain was rapidly se-
creted. Interestingly, this behavior was markedly different from
that of a similar GalT protein constructed by Teasdale et al.
(1992), in which the tail and transmembrane domain of the
GalT were replaced with the cleavable signal peptide of influ-
enza hemagglutinin. This mutant GalT protein was rapidly se-
creted from cells. It was possible that the signal cleavage-ST
protein was "docking," through interactions in its luminal
domain, to preexisting retained molecules in the Golgi, thus
leading to its retention (Gleeson et al., 1994). In contrast, the
analogous GalT protein could not make similar contacts be-
cause its transmembrane domain was missing, and therefore
was secreted rapidly. These differing results again suggest that
these two Golgi enzymes may have different requirements and
mechanisms of retention (see also Masibay et al., 1993). While
Munro (1991) found that the first 18 amino acids of the ST
stem were not sufficient by themselves to retain a D4-lysozyme
chimera in the Golgi, recent results from our laboratory con-
firm our initial belief that the entire stem region is an indepen-
dent signal for Golgi retention. In an NAT+SASTST+CAT chi-
mera, the tail and 23 amino acids of the NA transmembrane
domain were fused to the ST stem and catalytic domain. This
protein was efficiently retained in the Golgi when expressed
at high levels in Cos-1 cells (M. Tigue, J. Ma, and K. Col-
ley, unpublished results). In contrast, a second chimera,
NAT+SA+STSTCAT, consisting of the NA tail, transmembrane
domain and stalk region fused to the ST catalytic domain, was
efficiently transported to the cell surface of these cells (J. Ma
and K. Colley, unpublished results). These results suggest
strongly that the ST stem region is indeed an independent
Golgi retention region while the ST catalytic domain alone
does not possess retention capability.

Together these data show that the ST has a number of re-
gions that can independently allow Golgi retention. First, the
ST transmembrane domain and flanking sequences are suffi-
cient for retention. Second, appropriately spaced membrane
flanking sequences themselves are also sufficient for retention,
this being a function of the length of the transmembrane do-
main. And third, ST stem sequences alone also appear to con-
stitute another type of Golgi retention signal. The variety of
sequences that are sufficient for Golgi retention also suggest
that more than one retention mechanism may be at work in the
Golgi localization of this enzyme. This possibility may be able
to explain its dual localization in the trans and trans Golgi
network in many cell types and its differential localization in
absorptive and goblet cells of the intestine.

Mechanisms of retention

Recently, two predominant hypotheses concerning the mecha-
nism of Golgi protein retention have dominated the literature.
First is the oligomerization/kin-recognition hypothesis, which

suggests oligomerization of Golgi proteins leads to their in-
ability to enter transport vesicles destined for the next secretory
pathway compartment and thus causes their retention in spe-
cific cisternae (Machamer, 1991; Nilsson et al., 1993b). Sec-
ond is the bilayer thickness model, which states that the rela-
tively short transmembrane domains of Golgi proteins do not
allow them to enter into cholesterol-rich transport vesicles des-
tined for later compartments and the plasma membrane
(Bretscher and Munro, 1993; Masibay et al, 1993). In both
models, retention would depend on the specific microenviron-
ment of one or more Golgi cisternae. Below, I summarize the
evidence for each of these mechanisms and speculate as to the
extent of their contributions to the Golgi retention process.

Oligomerizationlkin recognition model of Golgi retention

Early on, Machamer (1991) suggested that proteins may form
oligomers in response to the different microenvironments
found in the Golgi cisternae. She initially suggested that the
composition of the lipid bilayer may be the major driving force
for this oligomerization, because at that time, the transmem-
brane domains of the Golgi proteins investigated seemed to
constitute their sole retention signals. This was strengthened by
the differences in lipid composition and cholesterol concentra-
tion found in each organelle (Zambrano et al., 1975; Orci et al.,
1981). In addition, a mechanism such as this could explain a
gradient of glycosylation enzymes throughout the Golgi com-
plex and the differential localization of specific glycosyltrans-
ferases in different cell types. Further research demonstrated
that other domains of glycosyltransferases do participate in
their Golgi retention and suggested even more strongly that
multiple interactions through several protein domains could
contribute to this type of oligomerization-based retention pro-
cess. The kin recognition hypothesis of Warren and colleagues
(Nilsson et al., 1993b) extended this retention via oligomer-
ization idea to suggest that enzymes residing in the same Golgi
cistemae could form hetero-oligomers and this would prevent
their exit from a particular cisternae because of an inability of
the very large oligomer to enter into transport vesicles. These
researchers (Nilsson et al., 1994) believe that hetero-
oligomerization is a requirement for an oligomerization-based
retention mechanism due to (1) the low abundance of the in-
dividual glycosylation enzymes, (2) the even distribution of
these enzymes throughout a cistemae, and (3) the large size of
oligomer required to prevent entry into transport vesicles. Now
with the realization that several enzymes overlap in localiza-
tion throughout the Golgi cistemae, the formation of hetero-
oligomers has become more feasible, and if it occurs, could
provide some functional advantage to the glycosylation system
of a cell by increasing the efficiency of sequential enzyme
reactions and segregating competing reactions.

With this hypothesis in mind, Nilsson et al. (1994) have
provided evidence for complex formation between two medial
Golgi enzymes, the GlcNAcTI and the Mannll. They demon-
strated that coexpression of the wild type GlcNAcTI with an
ER-retained form of Mannll leads to significant ER retention
of the GlcNAcTI, implying stable complex formation between
the two enzymes. The reverse experiment led to the same re-
sults. In contrast, GalT, a predominantly trans Golgi protein,
was not significantly retained by either ER-retained medial
Golgi enzyme. Hetero-oligomerization of the GlcNAcTI and
GlcNAcTTJ has also been suggested by the co-immuno-
precipitation of experiments of Gleeson and colleagues (P.A.
Gleeson, personal communication). These results suggested



KJ.Colley

that two medial Golgi enzymes could form kin complexes and
that this may be the mechanism of their Golgi retention. Later
work by Munro (1995b) showed that the luminal sequences of
GlcNAcTI were required for its interaction with Mannll and
that a similar ER interaction between two later Golgi enzymes,
the GalT and ST, was not detectable. Warren and coworkers
(Nilsson et al., 1996) recently suggested that charged residues
in the stem region of the GlcNAcTI are required for the inter-
action with MannlJ and that this allows the retention of
GlcNAcTI in the Golgi. Unfortunately, the regions of Mannll
that are required for its Golgi retention have not been studied.
One puzzling aspect of this co-retention assay is the ability of
these Golgi enzymes to form complexes in the ER environ-
ment. If the specific microenvironment of a Golgi cisterna
leads to hetero-oligomerization and retention of resident en-
zymes, then one would not expect oligomerization in the ER.
Consequently, the lack of GalT-ST complex formation in the
ER could be explained by the inappropriate environment found
in this compartment. However, another possibility that would
explain MannH-GlcNAcTI complex formation in the ER, is
that a certain concentration of an enzyme or enzymes must be
achieved before oligomerization, and thus retention, can occur.
If this is the case, then this ER co-retention experiment may be
fulfilling this first essential step in the oligomerization process.

While hetero-oligomerization of Golgi glycosylation en-
zymes is certainly attractive from both a Golgi retention stand-
point and a functional standpoint, homo-oligomerization of en-
zymes could also lead to retention. It is possible that the for-
mation of homo-oligomers would change the characteristics of
the enzyme sufficiently as to lead to an interaction with the
lipid bilayer or preexisting luminal protein structures that
would not occur with enzyme monomers. This interaction
would in turn lead to retention. Work by Machamer and col-
leagues (Weisz et al., 1993) has suggested that the formation of
insoluble homo-oligomers of a coronavirus M glycoprotein-
VSV G protein chimera correlate with its retention in the cis
Golgi. Similarly, Schweizer et al. (1994) found that the for-
mation of insoluble homo-oligomers involving interactions of
all three protein domains of the p63 protein led to this protein's
retention in the ER-Golgi intermediate compartment.

Have homo-oligomers been found for Golgi glycosylation
enzymes? Crosslinking experiments performed by Teasdale et
al. (1994) suggest the presence of GalT homo-oligomers, while
the work of Yamaguchi and Fukuda (1995) suggests that
homo-dimers and possibly homo-oligomers of a GalT chimera
correlate with its Golgi retention. Ma and Colley (1996) have
recently found that one-third of the ST in liver Golgi mem-
branes is a disulfide-bonded dimer. This form of the enzyme is
preferentially pelleted when Golgi membranes are solubilized
in nonionic detergent at low pH (pH 6.4), suggesting that it
may exist in an insoluble complex in the lower pH environment
of the late Golgi (Ma and Colley, unpublished results). Little to
no ST monomer form is found in this low pH, high speed pellet
suggesting that dimerization actually may alter the character-
istics of the ST. In vivo, the ST may be in fact a combination
of noncovalently and convalently associated dinners as sug-
gested by our work and the radiation target inactivation studies
of Fleischer et al. (1993). Upon solubilization of membranes
with nonionic detergents, the noncovalently associated dimers
may fall apart and more easily dissociate from putative oligo-
mers, while the disulfide-bonded dimers remain intact and
more tightly associated. It is therefore possible that, in vivo, ST

dimers of any sort would possess characteristics that favor
insoluble oligomer formation.

Another corollary to Warren and colleagues' kin recognition
hypothesis is that cytoplasmic anchoring of hetero-oligomers
will enhance retention by ensuring that the complexes do not
move into transport vesicles (Nilsson et al., 1993b). Cluett and
Brown (1992) provided evidence for a cytoskeletal network
that stabilized the stacking of Golgi cisternae by biochemically
and microscopically demonstrating the existence of protein-
aceous crosslinks between adjacent Golgi cisternae. Addition-
ally, early work on the solubilization of the Mannll enzyme
suggested that it may be associated with a cytoplasmic matrix
(Tulsiani et al., 1977). Recently, the cytoplasmic matrix asso-
ciated with the medial Golgi enzymes, Mannll and GlcNAcTI,
has been isolated by Slusarewicz et al. (1994). Extensive evi-
dence for cytoplasmic matrices associated with cis and trans/
trans Golgi network glycosylation enzymes has not been
found. However, the data of Weisz et al. (1993) suggest that
the cytoplasmic tail of the cis Golgi-retained coronavirus M
glycoprotein-VSV G chimera may interact with an actin-
associated cytoskeleton matrix, while Yamaguchi and Fukuda
(1995) have co-immunoprecipitated a- and (3-tubulins with a
Golgi retained GalT-TfR chimera suggesting that interactions
with cytoskeletal proteins may play a role in this chimera's
Golgi retention.

Bilayer thickness model of Golgi retention
The bilayer thickness model of Golgi protein retention was first
suggested by both Bretscher and Munro (1993) and Masibay et
al. (1993) in response to the finding that increasing the length
of the transmembrane domain of Golgi retained proteins led to
an increase in their cell surface expression. Comparisons re-
vealed that the length of Golgi proteins' transmembrane do-
mains were on average 5 amino acids shorter than those of
plasma membrane proteins (Masibay et al., 1993; Munro,
1995a). It is also known that the concentration of cholesterol
increases from the ER, through the Golgi and to the plasma
membrane with the highest levels found at the plasma mem-
brane (Orci et al., 1981). In addition, other researchers (Levine
and Wilkins, 1971; Nezil and Bloom, 1992) demonstrated that
increasing the amount of cholesterol in an egg phosphatidyl-
choline membrane increased the width of the membrane and
suggested that the width of organellar membranes might in-
crease with increasing cholesterol concentrations. Based on
this in vitro data, the plasma membrane would be expected to
be the thickest membrane along the secretory pathway. Short
transmembrane domains containing a greater number of amino
acids with large extended side chains (like Phe), as found in
many Golgi proteins, would tend to exclude these proteins
from membrane domains rich in cholesterol, such as the
plasma membrane and transport vesicles moving to this region
(Bretscher and Munro, 1993). This model could also account
for the formation of a gradient of Golgi enzymes with progres-
sively longer transmembrane domains and for differential lo-
calization of Golgi enzymes in different cell types depending
on differences in the steepness of the cholesterol gradient
within the cistemal membranes.

Lengthening of transmembrane domains of wild type and
chimeric glycosyltransferases has led to increased cell surface
expression of these proteins, suggesting that the bilayer thick-
ness mechanism may contribute to the Golgi retention of some
of these proteins. Munro (1991) showed that replacing the
transmembrane domain of the ST with the larger transmem-
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brane domain of D4 increased the cell surface expression of
this protein. He also demonstrated that insertion of hydropho-
bic amino acids into the transmembrane domain of a ST-
lysozyme chimera led to increasing amounts of this protein
expressed at the cell surface and that shortening the length of
the transmembrane domain of D4, a plasma membrane protein,
increased its Golgi retention (Munro, 1995b). Masibay et al.
(1993) made a series of He insertions in the transmembrane
domain of the wild type GalT protein and found that these
increased cell surface expression of this enzyme. These re-
searchers concluded that the increased length of the GalT trans-
membrane domain disrupted its Golgi retention; however, they
acknowledged that these insertions could have also altered the
folding of the transmembrane domain and the presentation of
amino acids required for retention. Earlier work by Swift and
Machamer (1991) also demonstrated that insertion of two lie
residues into the 22 amino acid transmembrane domain of the
coronavirus M glycoprotein-VSV G chimera led to increased
cell surface expression. However, they did not view this as an
increase in transmembrane domain length, but instead saw
these insertions as altering the correct presentation of un-
charged polar residues required for oligomerization and thus
Golgi retention.

It is unclear whether insertion of hydrophobic sequences into
a transmembrane domain lengthens the hydrophobic region or
alters of the folding of the transmembrane domain, and thus the
presentation of specific amino acids, or both. For the ST, where
it has been demonstrated that the sequences of the transmem-
brane domain are not crucial for retention if the flanking se-
quences and/or stem region is present (Munro, 1991; Dahdal
and Colley, 1993), one would expect that insertion of amino
acids in the ST transmembrane domain will not change ST
Golgi retention by altering the presentation of a specific series
of transmembrane amino acids (Munro, 1995b). However,
these insertions could have altered the folding or presentation
of membrane flanking regions that seem to be important for
Golgi retention (Munro, 1991; Dahdal and Colley, 1993). This
may be particularly important if the lysines flanking the ST
transmembrane domain are required to interact with phospho-
lipid head groups for efficient retention to occur. In the case of
the GalT, where either the length of the transmembrane domain
or aligned uncharged polar residues may be important for
Golgi retention, it is impossible to determine exactly which
characteristics of the region have been altered leading to loss of
retention. Consequently, it is difficult to assess how lengthen-
ing the transmembrane region of a protein disrupts its Golgi
retention when it is unclear what characteristics of this region
are important for retention.

Does the length of the transmembrane domain and retention
via the bilayer thickness mechanism play a major role in the
Golgi retention of the wild type glycosyltransferases? Results
of Masibay et al. (1993) and Teasdale et al. (1992, 1994)
suggest that for the GalT this may be a major retention mecha-
nism in certain cell types since increases in transmembrane
domain length seem to significantly impact on GalT Golgi
retention. In contrast, Burke et al. (1994) showed that replace-
ment of the GlcNAcTT transmembrane domain with the larger
membrane spanning domain of the TfR increases cell surface
expression, but only by twofold, suggesting that other se-
quences and other mechanisms of retention are involved. Nils-
son et al. (1996) saw little alteration in the HeLa cell Golgi
retention of GlcNAcTI proteins with increasing lengths of
polyleucine sequences replacing their transmembrane regions,

also suggesting that retention mechanisms other than that pro-
posed by the bilayer thickness model were being utilized by the
GlcNAcTT. Finally, while increasing the length of the trans-
membrane domain in a ST-lysozyme chimera progressively
increases surface expression (Munro, 1995b), increasing the
length of the transmembrane domain of the intact ST protein
shows no such increase in surface expression even in highly
expressing Cos-1 cells (Dahdal and Colley, 1993). Since the
effects of altering the length of the ST membrane region are
negated when this enzyme's full stem and catalytic regions are
present, this suggests that these luminal regions contribute to
another process that is able to maintain this enzyme's retention
in the Golgi. Comparison of the current data suggests that both
the ST and GlcNAcTT have at least two separate regions that
are sufficient for retention and potentially two mechanisms for
retention which can act independently and/or additively de-
pending on the cell type and level of expression.

Is Golgi retention achieved by more than
one mechanism?

Neither the bilayer thickness model nor the oligomerization/kin
recognition model alone can explain all of the localization
results presented above. So while both models take into ac-
count differing microenvironments in individual Golgi cister-
nae and can explain differential localization of enzymes in
various cell types, neither hypothesis alone is completely sat-
isfying as the sole Golgi retention mechanism. While the bi-
layer thickness model easily accommodates the lack of se-
quence homology in the transmembrane domains of Golgi gly-
cosylation enzymes, it cannot, however, explain a demon-
strated requirement for sequences outside these proteins' trans-
membrane domains in their efficient Golgi retention. On the
other hand, changes in the length of transmembrane domains,
by either insertion of amino acids or complete replacement
with longer sequences, have led to increased cell surface lo-
calization for wild type and chimeric proteins (Munro, 1991,
1995b; Swift and Machamer, 1991; Masibay etal, 1993; Teas-
dale et al., 1994). While these insertions could have simply
increased transmembrane length, they also could have altered
the presentation of specific transmembrane sequences or resi-
dues flanking the membrane spanning region and thus altered
an oligomerization process. With these alternative possibilities
taken into account, evidence does suggest that the length of a
Golgi protein's transmembrane domain can play a role in its
retention; however, the magnitude of this role will vary from
protein to protein.

The oligomerization/kin recognition model predicts that for-
mation of large oligomers prevents entry of Golgi glycosyla-
tion enzymes into transport vesicles destined for later compart-
ments and the cell surface. While the glycosyltransferase se-
quences required for Golgi retention generally favor this
mechanism of retention, interactions between enzymes within
the same cisternae have only been observed for the medial
Golgi enzymes GlcNAcTT and Mannll and no large oligomers
of any Golgi enzyme have been directly isolated by classical
techniques. In addition, the formation of very large hetero-
oligomers would presumably limit access of integral mem-
brane protein substrates to enzymes in the center of the oligo-
mer leading to a significant degree of inefficiency in the gly-
cosylation process. However, in an oligomerization model
based on the formation of smaller homo- or hetero-oligomers it
is difficult to imagine what its preventing these smaller units



KJ.CoUey

from entering transport vesicles. Cytoplasmic tethering would
be attractive in this case, but there is currently no evidence for
this mechanism except within the medial Golgi. Possibly, the
formation of insoluble oligomers as observed for a coronavirus
M glycoprotein-VSV G chimera (Weisz et al, 1993), the p63
protein (Schweizer et al., 1994), and the rat liver Golgi ST (Ma
and Colley, unpublished results) suggests that smaller oligo-
mers may be able to physically interact with a lipid bilayer of
specific lipid composition leading to the formation of insoluble
microdomains within the bilayer and retention. So while much
of the available data suggest that oligomerization/kin recogni-
tion mechanism may be used for the retention of many Golgi
proteins, its role in the retention of most Golgi enzymes is only
preliminary. For further proof that this type of retention mecha-
nism is used throughout the Golgi, several independent pieces
of evidence suggesting the oligomerization of each enzyme or
group of enzymes will be required.

While oligomerization/kin recognition could happen spon-
taneously and rapidly under certain environmental conditions,
one obvious way to merge both models is to assume that the
oligomerization/aggregation of glycosylation enzymes requires
a certain threshold protein concentration before it will occur.
One way of achieving this concentration may be to slow the
transit of these enzymes through the Golgi by limiting their
access to carrier vesicles destined for the next compartment. In
this way an initial concentration step would rely on an enzyme
entering a specific microenvironment, while the oligomeriza-
tion event may or may not be as sensitive to environmental
conditions. The concentration of a Golgi protein could be
achieved by the mechanism proposed in the bilayer thickness
model. As the cholesterol concentration and lipid composition
gradually changes, enzymes with shorter transmembrane do-
mains are excluded from carrier vesicles to a greater and
greater extent throughout the Golgi stack. As a result the con-
centration of these enzymes gradually increases, and if the
conditions are optimal, oligomers are formed and permanent
retention results. This idea would presume that the transmem-
brane domain would be the primary retention region and by
altering its length one should subvert the initial step in this
putative two step process. As has been described above, chang-
ing the transmembrane domain length has sometimes no effect
(ST; Dahdal and Colley, 1993) or only a partial effect
(GlcNAcTI, Burke et al., 1994; GalT, Teasdale et al., 1994) on
the localization of the intact protein, suggesting that alternative
mechanisms of concentration may be occurring. One possibil-
ity, as described above, is that movement between the Golgi
cisternae and from the TGN to the plasma membrane may
require some sort of signal or level of competence (Low et al.,
1994, 1995). If sequences outside the transmembrane domain
make these enzymes incompetent or only partially competent
for forward movement in the pathway, the resulting increase in
concentration could also lead to oligomerization and full re-
tention. A type of transport incompetence could occur if these
enzymes are able to interact or dock with preformed oligomers.
If both the length of the transmembrane domain plus the char-
acteristics of other sequences slow or stop the protein's trans-
port through the secretory pathway, then retention will result,
perhaps even without oligomerization.

How would this combined model explain the retention of
each glycosyltransferase? I would predict that the GalT trans-
membrane domain would provide both concentration and
oligomerization capacity, although other sequences might
strengthen the interactions within the putative oligomers. On

the other hand, the GlcNAcTI transmembrane and luminal se-
quences may be primarily involved in the concentration
mechanism (whether by transmembrane domain length re-
straints and/or transport incompetence of another sort such as
docking to preexisting complexes), with the stem sequences
playing a major role and other sequences playing minor roles
to direct oligomerization with the MannI, GlcNAcTTL, or other
resident proteins. The ST may have two independently acting
modes of concentration, one based on the length of the trans-
membrane domain and a second related to the stem region and
potentially the protein's docking to preexisting complexes.
These combined may lead to complete retention with or with-
out oligomerization depending on the cell type of expression.
For each enzyme, the efficiency of one or both of these puta-
tive retention steps would be expected to rely on the cistemal
microenvironment, and as that varies in different cell types,
one would expect changes in localization throughout the Golgi
stack and even escape from the Golgi and appearance at the
cell surface.

Future directions

While it is true that we have made great strides in understand-
ing the signals and mechanisms involved in the Golgi retention
of glycosyltransferases, so much still has to be clarified, par-
ticularly with respect to mechanisms involved in this process
and the functional significance of enzyme compartmentation.
Some important questions that remain to be answered are (1)
Why do the requirements for the Golgi retention of a specific
glycosyltransferase differ in different cell types? (2) Do en-
zymes use multiple retention mechanisms? (3) Why are gly-
cosylation enzymes localized differently in different cell types?
and (4) What is the functional significance of these differences
in glycosylation enzyme intra-Golgi compartmentation?

Why do the requirements for the Golgi retention of a
specific glycosyltransferase differ in different cell types?

It has been demonstrated that the sequence requirements for the
Golgi retention of a specific enzyme frequently differ in dif-
ferent cell types. For example, in MDCK cells, the ST trans-
membrane domain is sufficient for Golgi retention (Wong et
al., 1992), whereas in Cos cells and CHO cells the transmem-
brane domain plus flanking sequences are required (Munro,
1991; Dahdal and Colley, 1993; Tang et al., 1995). Likewise,
all three domains of the GlcNAcTI are required for efficient
Golgi retention in murine L cells (Burke et al., 1994), while
altering the transmembrane domain in the presence of the stem
region does not significantly change Golgi retention of this
enzyme in HeLa cells (Nilsson et al., 1996). There is also some
evidence that different enzyme domains can act as independent
retention regions. To understand why Golgi retention require-
ments vary from cell to cell, we must further investigate the
roles of luminal and cytoplasmic sequences in Golgi retention
in different cell types, how multiple protein domains work
together to effect retention, and whether the retention of each
enzyme involves multiple retention mechanisms.

Do enzymes use multiple retention mechanisms, and what
are these mechanisms?

While current data for a few enzymes supports both the bilayer
thickness model and the oligomerization/kin recognition
model, the widespread use of these mechanisms in general
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Golgi retention has not been demonstrated. We must also ob-
tain more definitive proof that the glycosylation enzymes and
other Golgi proteins are retained based on their transmembrane
domain length and/or their ability to oligomerize. Transmem-
brane length has been shown to potentially play a role in the
Golgi retention of the GalT and the ST, although the possibility
that changes in the length of this region influenced other re-
tention mechanisms (like oligomerization) cannot be ruled out
(Masibay et al., 1993; Munro, 1995b). Oligomerization has not
been directly demonstrated for any glycosylation enzyme or set
of enzymes and has only been indirectly demonstrated by ER
co-retention (Nilsson et al., 1994; Munro 1995b), co-
immunoprecipitation (Burke et al., 1994), and insolubility as-
says (Weisz et al., 1993; Schweizer et al., 1994) for a few
Golgi proteins. In addition, cytoskeleton involvement in Golgi
retention has only been suggested by a few indirect experi-
ments (Weisz etal., 1993; Slusarewicz et al., 1994; Yamaguchi
and Fukuda, 1995). A more thorough investigation of retention
mechanisms and their use by the different glycosyltransferases
in different cell types may tell us whether retention of a single
enzyme involves one or more retention mechanism and wheth-
er certain mechanisms are more or less effective in different
cell types leading to a requirement for multiple retention
mechanisms in some cells. For example, it may be that in HeLa
cells the GlcNAcTI is completely retained by a kin recognition
via interactions in its stem, while in murine L cells the cyto-
plasmic and transmembrane sequences are also required either
to stabilize this oligomerization process, or for another inter-
action (lipid bilayer or cytoskeleton) that is required for com-
plete retention.

Why are some glycosylation enzymes localized differently in
different cell types?

Differential localization of the same glycosylation enzyme in
different cell types has suggested that the nature of the Golgi
membranes themselves may differ from cell to cell. Presum-
ably, differences in the lipid and cholesterol composition of
membranes, cisternal pH and ion concentrations, and even as-
sociated cytoskeletal proteins, may make a difference in where
a protein's transport is significantly slowed and where it is
ultimately retained. The ST is localized in the trans Golgi and
trans Golgi network in intestinal goblet cells, but is found
throughout the Golgi in adjacent absorptive cells (Roth et al.,
1986). One might predict that the Golgi cisternae in these two
cell types would differ in the variables mentioned above, thus
leading to the different distributions of this enzyme in these
cells. For example, if we use the bilayer thickness model as a
mechanism of transport incompetence and retention, the cho-
lesterol content of the early Golgi membranes may be much
higher in the adsorptive cells than in the goblet cells, leading to
a slower rate of transport for the ST through these early cis-
ternae in the absorptive cells. The ST would then be detected
in the cis, medial, and trans Golgi cistemae in the absorptive
cells, but not until the later cistemae in the goblet cells. In the
goblet cells, the ST is found in the late Golgi and at the cell
surface, while in hepatocytes it is confined to the late Golgi. If
we evoke an oligomerization based Golgi retention model in
this case, the conditions in the late Golgi cistemae of hepato-
cytes may be more conducive to oligomerization and thus re-
tention than in the intestinal goblet cells, leading to a leakage
of the ST to the cell surface in the latter cell type. These two
mechanisms can also easily be combined to explain the differ-
ences in goblet cell and absorptive cell ST Golgi localization

and cell surface expression. Currently, we are missing data on
how the Golgi cistemal microenvironments differ in different
cell types and whether glycosylation enzyme oligomerization
is microenvironment-specific. Understanding this could ex-
plain the observed differential localization of enzymes and tell
us whether our models of retention are reasonable.

What is the functional significance of these differences in
intra-Golgi compartmentation?

No data exists to tell us whether differences in intra-Golgi
distribution of glycosylation enzymes makes any impact on the
types of oligosaccharides expressed by cells. One might expect
that the most efficient glycosylation system would strictly
compartmentalize enzyme, substrate and sugar nucleotide do-
nor or at least generally group a few enzymes in sequential
reactions rather than combining all the terminal glycosylation
enzymes, their substrates and donors together in one compart-
ment. We are also missing data on the compartmentation of the
specific transporters for each enzyme's sugar nucleotide donor.
If these are compartmentalized in exactly the same fashion as
the glycosyltransferase they serve, and sequential reactions are
generally ordered throughout the Golgi stack, then we may see
no discernible difference in the general carbohydrate structures
synthesized by one cell relative to another cell where enzyme
and transporter distribution is different However, where we
may see more of an impact is if enzymes that compete for the
same substrate and make two distinct carbohydrate structures
are compartmentalized differently in different cells. This may
be particularly important in the terminal sialylation and fuco-
sylation of glycoprotein and glycolipid oligosaccharides, and
in the addition of sialic acid versus sulfate on penultimate
GaTNAc residues of glycoprotein hormone asparagine-linked
oligosaccharides (Manzella et al., 1996; Trinchera and Ghi-
doni, 1989). Essentially, it is important to understand whether
an enzyme present in a particular Golgi cistemae is actually
functional in that compartment or whether it is lacking appro-
priate substrates and donors. Recent in vitro techniques devel-
oped by Freeze and colleagues (Etchison and Freeze, 1996)
may be the first step in determining in which intra-Golgi com-
partments specific enzymes are actually active.

The continuing analysis of Golgi retention signals and
mechanisms at times appears quite futile to investigators in the
field due to the limitations of working with mutant and chi-
meric proteins and the variations in cell expression systems.
While results of these experiments are at times inconclusive
and contradictory, we have identified general trends and should
not dismiss seemingly contradictory data as unimportant. This
data may be revealing processes that were not initially noticed
or taken into consideration as experiments were designed. For
now, there still remain more questions than answers, and more
work to do before we can really state that we understand the
process of Golgi enzyme retention and its role in the glyco-
sylation of proteins and lipids.
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