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A number of Golgi glycosyltransferases has been cloned to date. They all are
membrane proteins and share the same type Il topology, but they do not possess
an obvious sequence homology which would suggest a common Golgi retention
signal. However, it was shown that the membrane-spanning domain and its
flanking regions contain necessary and sufficient information for Golgi reten-
tion of these enzymes. Currently, two mutually complementary models have
been proposed to explain the mechanism of Golgi retention of glycosyltrans-
ferases mediated by their transmembrane domain. The first model postulates
the retention through oligomerization, which prevents enzymes from entering
the transport vesicles. The second suggests that retention depends on the
length of a membrane-spanning domain and thickness of the membrane along
the Golgi complex. It has to be pointed out that neither the oligomerization nor
the membrane thickness model alone can answer all questions and further

work is still needed to elucidate the retention process of Golgi proteins.

RETENTION AND RETRIEVAL
MECHANISMS TO ACHIEVE
ORGANELLE RESIDENCE

The eucaryotic secretory pathway consists
of a series of membraneous organelles de-
fined by their characteristic morphology and
the presence of resident luminal and mem-
brane proteins. Nascent secretory proteins,
following their synthesis on endoplasmic
reticulum (ER), are translocated into the lu-
men of the ER, where they are core-glycosy-

lated, correctly folded and oligomerized, be-
fore they leave ER. These proteins must then
be distributed to their correct destinations,
including the subcellular compartments and
the plasma membrane, or secreted outside
the cell. All intracellular transport between
organelles is mediated by membrane ves-
icles, with a bulk flow of lipids.

Recent advances in the studies on the struc-
ture and function of coated transport vesicles
have revealed not only their role as carriers
but also their direct involvement in the proe-
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8T, a-2,6-sialyltransferase; MDCEK, Madin-Darby canine kidney cell line,
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€ss of protein sorting [1], It has been proposed
that there are three potential possibilities for
a protein interaction with a transport vesicle:

+ 1. The protein possesses a sorting signal
termed a “transport signal” that binds to
a coat protein of the vesicle, directly or
indirectly, by a specific transmembrane
receptor. The protein becomes concen-
trated in a vesicle during budding and is
transported to an organelle of its destina-
tion defined by the second type of sorting
signal termed a “retention signal”.

+ 2. The protein is restricted from entering
a budding vesicle by a “retention signal”,
which is organelle specific. It is thought
that the retention my occur by formation
of aggregates of retained proteins that do
not enter a transport vesicle, because of
their size or interaction with a Golgi ma-
trix.

+ 3. The protein which does not contain any
signal diffuses into a vesicle and then is
transported out by default at bulk flow
rate.

In summary, each protein with a given
destination should have at least two inde-
pendent sorting signals specifying its intra-
cellular localization. The process of specific
localization of each protein would be thus an
effect of cooperation of two mechanisms: re-
tention and retrieval [2]. The retention proc-
ess would ensure a compartmental localiza-
tion by preventing the entrance of a protein
to transport vesicles of the anterograde path-
way. The retrieval mechanism would operate
only when the protein had left the compart-
ment of its residence and would ensure its
retrograde transport based on a specific re-
ceptor. It is understood that the protein resi-
dency is the result of the balance between the
strength of the retention and the retrieval
mechanism. The less efficient retention has
to be compensated by retrieval to ensure
compartments to retain their own distinct
sets of proteins.

Examples of the known transport signals
are summarized in Table 1. All of them oper-
ate in pre- or post-Golgi compartments. It
should be emphasized that no signal respon-
sible for anterograde transport of proteins
from ER to the Golgi complex has been iden-
tified so far. It seems that Golgi residents

have to possess only a retention signal to
maintain them in a specific Golgi compart-
ment.

THE MEMBRANE-SPANNING DOMAIN
AND ITS FLANKING SEQUENCES IS
A SIGNAL FOR RETENTION OF
GLYCOSYLTRANSFERASES

Most of Golgi proteins cloned to date are
glycosyltransferases involved in the elonga-
tion of oligosaccharides of newly synthesized
glycoproteins and glycolipids [3]. They all are
membrane proteins, which share a common
type Il topology (carboxyl terminus in the
lumen), with a short eytoplasmic tail, single
noncleavable transmembrane domain con-
nected via a “stem” region with the luminal
catalytic domain (Fig. 1). There is, however,
no amino-acid sequence similarity among
these Golgi proteins. Therefore it is difficult
to predict a retention mechanism based on a
specific receptor. In addition, Golgi retention
of glycosyltransferases can not be saturated
by overexpression. Thus, this does not lead
to cell-surface expression, but instead, en-
zymes are returned to ER [4, 5].

The Golgi retention of three glycosyltrans-
ferases: N-acetylglucosaminyltransferase I
(NAGT 1), p-1,4-galactosyltransferase (GT)
and o-2,6-sialyltransferase (ST) have been
extensively studied. The specific Golgi local-
ization of these enzymes was defined using
subeellular fractionation of Golgi mem-
branes and electron microscopy. Several
groups have localized NAGT I predominantly
in the medial-Golgi cisternae, GT in the
trans-Golgi cisternae and ST in the trans-
cisternae of the Golgi and trans-Golgi net-
work of different cell types. To define the
signal for retention of these enzymes in the
Golgi apparatus generally two approaches
were used. First, the Golgi residents were
expressed in a suitable cell line and their
retention was disrupted by removal or re-
placement of polypeptide chain fragments.
Further, these putative sequences were
fused to the non-Golgi reporter proteins and
the localization of the chimeric proteins was
monitored using immunofluorescence or im-
munoelectron microscopy.
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Table 1. Examples of known transport signals.
According to Rothman & Wieland [1].

Signal Location in protein Destination
KDEL* COOH-t : us, luminal gamﬂal of prﬂt&iﬂﬂ from G‘D]Ei to
KEXX COOH-terminus, in cytoplasm REE mﬁ;ﬁﬂmﬁ brane proteins
XXRR NHz-terminus, in cytoplasm ﬁ:m;?rmmézbm pectelns

? : ; . Transport from Golgi to
Mannose B-phosphate Asn-linked saccharides, luminal eksdtan /lys .
Tyrosine-rich and dileucine Cytoplasmic domain ‘Elmndnsumd Fr:;-; Eﬂuomi to

YQRL (and similar)

NPXY ( and similar)

GPI anchor

Cytoplasmic domain

Cytoplasmic domain

COOH-terminus, luminal

Transport from cell surface to Golgi

Transport from cell surface to
endosomes

Transport from Golgi to apical cell
surface in polarized cells

*K, Lys; I, Asp; E, Glu; L, Leu; R, Arg; Y, Tyr; @, Glng N, Asn; P, Pro; X, any amino acid. GPI, glycosylphasphatidylinesitel,

The retention of the medial-Golgi enzyme
NAGT I was examined by Tang et al. [6] in
MDCK cells. Different N-terminal portions of
this enzyme were attached to the ectodomain
of dipeptydyl peptidase IV, which is type II
membrane surface protein. The authors have
found that the presence of the transmem-
brane domain of NAGT I is important to
localize the fusion proteins to the Golgi ap-
paratus, however, a significant amount of
chimeric proteins was still found at plasma
membrane. The retention was more efficient
when the cytoplasmic tail and a part of
“stern” region were also present. The contri-
bution of all three parts of molecule to the
Golgi retention of this enzyme was confirmed

C-terminus
Golgi lumen
—
Membrane
e
Cytoplasm

M-terminus

by Burke ef al. [7] in murine L cells, using
chimeras containing domains from NAGT I,
ovalbumin and the transferrin receptor. Re-
cent results of Nilsson et al. [8] suggest,
however, that the transmembrane domain of
NAGT I is not necessary for its Golgi reten-
tion, but the ,stem” sequences alone are nec-
essary and sufficient for retention of the en-
zyme in HeLa cells.

The same group have examined the local-
ization signal for the frans-Golgi enzyme GT
in HeLa cells [4]. Chimeric constructs pos-
sessing the cytoplasmic tail, transmembrane
domain and a few luminal amino acids from
GT fused to the luminal domain of invariant
chain (lip33, a plasma membrane and en-

Enzyme:
Catalytic
domain

Stem

Figure 1. Domain strue-
ture of a glycosyltrans-
ferase enzyme.

Trans-membrane
domain
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dosomal protein) were retained in the trans-
Golgi memhbrane. The efficient Golgi reten-
tion required also the cytoplasmic tail. Stud-
ies of Masibay ef al. [9]in COS cells have also
confirmed that the GT transmembrane do-
main is necessary and sufficient for its Golgi
retention and pointed out that the length of
the hydrophobic region of transmembrane
domain is an important factor for Golgi re-
tention of GT. Similarly, Aoki et al. [10],
using deletion, replacement and point mu-
tants, have confirmed the role of membrane-
spanning domain in GT retention in COS
cells. They have shown that the cytoplasmic
half of the transmembrane domain of GT,
particularly Cys-29 and His-32, contribute to
the Golgi retention signal. It was proposed
that retention of GT could be an effect of the
homodimers formation, which is dependent
on cysteine and histidine residues within the
transmembrane domain [11].

Colley and colleagues [12, 13] have exam-
ined the retention of another trans-Golgi en-
zyme: ST in COS cells. Studies with deletion
and replacement mutants and chimeric pro-
teins suggested that the ST transmembrane

Cell surface

Trans

MAGTT Man 1L

—

RVARVAY

domain is not sufficient for its Golgi reten-
tion, and it is rather cytoplasmic and luminal
flanking sequences that are more important
fragments of the ST Golgi retention signal.
This was also confirmed by Munro [5] who
has shown that a reporter construct with the
ST “stem” and cytoplasmic tail, but with 17
leucine residues replacing the ST transmem-
brane domain, was still retained in the Golgi
apparatus. But a similar construct possess-
ing 23 leucine residues was found at the cell
surface. It seems that in case of ST the
correctly spaced flanking sequences are im-
portant for its Golgi retention [5, 12-14].
Besides, the “stem” sequences alone can act
as an independent Golgi retention signal [12,
15].

From the studies of several groups it can be
concluded that the membrane spanning do-
mains of glycosyltransferases are necessary
for their Golgi retention, but their cytoplas-
mic and/or luminal sequences play often ac-
cessory or even independent roles in this
process. The divergent data obtained by dif-
ferent researchers could be partially ex-
plained by the use of different cell types for

Golgi
stack

Figure 2, Model of “kin recog-
nition" of the Golgi glycosyl-
transferases.

The homo-dimers of N-acetylglu-
cosaminyltransferase and man-
nogidage II (Manll) are trans-
ported along the secretory path-
way until they interact to form
“kin” oligomers. The cytoplasmic
tails of these enzymes are bound
by a Golgi matrix. ER, endoplas-
mic reticulum; cis, medial and
trans Golgi apparatus.

ER
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protein expression, variety of reporter pro-
teins used in chimeric constructs, different
levels of protein expression and wide range
of sensitivity of detection methods [15].

TWO MODELS OF THE GOLGI
RETENTION: THROUGH
OLIGOMERIZATION AND MEMBRANE
THICKNESS

Although the mechanism underlying the
transmembrane domain-mediated retention
of glycosyltransferases has not yet been re-
solved, two mutually complementary models
have been proposed. The first model postu-
lates the retention through oligomerization
of molecules. The second model proposes that
retention depends on fitting the length of
membrane-spanning domain to the mem-
brane thickness.

Swift & Machamer [16] basing on their
studies on the coronavirus M (E1) glycopro-
tein, have first proposed, that Golgi proteins
could formm homo-cligomers which do not en-
ter the forward moving transport vesicles
and are thus retained. This model requires
that aggregation is induced at a particular
point during Golgi transit. Transport could
be prevented by size and/or interactions with
Golgi matrix [17].

Nilsson ef al. [18] have postulated an ex-
tended model of oligomerization called “kin
recognition”. They had shown that two me-
dial-Golgi enzymes NAGT I and mannosi-
dase II interact via their transmembrane
domains to form large hetero-oligomers (Fig.
2). These oligomers could attach to the ma-
trix with their cytoplasmic domains, which
prevents a forward movement of the enzymes
[19]. The results supporting the role of cy-
toskeletal proteins in the Golgi retention
were obtained by Yamaguchi & Fukuda [11].
They have found that GT (o trans-Golgi en-
zyme) forms homo-oligomers, which are sta-
bilized in the Golgi by their direct or indirect
association with tubulins. Nilsson et al. [18]
proposed that the “kin recognition” model is
universal, suggesting that, in general, the
enzymes residing in the same Golgi compart-
ment form hetero-oligomers and are thus
retained. However, this supposition has not

been confirmed by Munro in his studies on
two trans-Golgi enzymes: ST and GT [14].
Since no evidence could be obtained for spe-
cific interactions or “kin recognition” be-
tween ST and other trans-Golgi proteins.
Moreover, it was shown that the previously
desecribed “kin recognition” between the me-
dial-Golgi enzymes (NAGT I and mannosi-
dase II) involved the luminal portions of
these proteins rather than their transmem-
brane domains [14].

This and previous observations [5, 9, 13],
have led Bretcher & Munro [20] to propose
that the length of the membrane spanning
domain might be an important factor for the
Golgi retention. This model is based on two
observations: first, that transmembrane do-
mains of Golgi proteins are generally on av-
erage by five amino acids shorter, than those
of plasma membrane proteins [21], second, it
seems that membrane thickness is increas-
ing along the secretory pathway, due to a
cholesterol concentration gradient [22]. The
retention of Golgi enzymes across the Golgi
complex would be thus an effect of the length
of their membrane-spanning domains fitting
the thickness of the adjacent bilayer. The
position of a retained molecule would be then
energetically most favorable.

It seems that neither mechanism alone is
completely satisfactory and both mecha-
nisms might operate for the efficient reten-
tion of Golgi glycosyltransferases. Current
data support this combined model [15]. The
common feature of both models is that once
a protein reaches its correct compartment
within the Golgi apparatus it is excluded
from forward movement and retained. We
realize now however, that the retention is not
fully restrictive, since localization of several
enzymes is overlapping within the Golgi com-
partments with the maximum concentration
in one of them [23]. Indeed, some mecha-
nisms that have been ruled out before, such
as recycling, have also to be considered. The
most recent studies on NAGT I in 1d1D cells
[24] and yeast mannosidase Och 1p [25] pro-
vided evidence for the movement of both
enzymes to distal compartments of the Golgi
stack, followed by retrieval to the compart-
ment of destination.
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CONCLUSIONS

The results of the recent studies on the
Golgi retention of three glycosyltransferases:
N-acetylglucosaminyltransferase I, B-1,4-ga-
lactosyltransferase and «-2,6-sialyltrans-
ferase, lead to the following major conclu-
sions:

4 1. The membrane-spanning domain of GT

seems to be necessary and sufficient for
its Golgi retention. In the case of NAGT I
and ST their retention require the trans-
membrane domain together with its
flanking sequences and, moreover, lumi-
nal “stem” sequences may act as an inde-
pendent retention signal.

+ 2. The Golgi retention process of glycosyl-

transferases seems to be an effect of coop-
eration of several mechanisms including:
homo- and hetero-oligomerization, asso-
ciation with cellular matrix and interac-
tion with a lipid bilayer; however, involve-
ment of some additional mechanisms can
not be excluded.
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