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In this chapter, we summarize important findings in the field of intracellular
transport, which have considerably contributed to the understanding of
the function and organization of the Golgi apparatus (GA). It is not possible
to mention all authors in this huge field. We apologize for gaps and incom-
pleteness, and are thankful for suggestions and corrections.

The GA is named after its discoverer Camillo Golgi, who first described
the complex apparato reticolare interno in 1898 (Golgi 1898a,b; reviewed
by Berger 1997; Dr€oscher 1998). Although Camillo Golgi had presented his
discovery convincingly, for a long time his data have been considered as an
artifact of cell staining (Farquhar and Palade 1981). Only after the electron
microscopic confirmation of the existence of theGA in cells byDalton in 1951,
scientists started to believe in its reality. Therefore, we will not list the
discoverieswithin the area of intracellular transportmade in the time, before
the existence of the GA was confirmed electron microscopically. However,
the names of A. Negri, H. Fuch, A. Perroncito, S. Ramon y Cajal, D.N. Nassonov,
R.H. Bowen, G.S. Carter, H.W. Beams and R.L. King, V.M. Emmel, H.W. Deane
and E.M. Dempsey, W.C. Schneider et al. should be mentioned, because they
have considerably contributed to the understanding of the Golgi function
(reviewed in Berger 1997). Here, we want to address most important discov-
eries within the area of intracellular transport after 1951 (Table 1).

Additionally, wewould like tomention further important contributions to
this field. The hypothesis of lipid rafts was proposed and developed by van
Meer and Simons. The Lodish group made the invention of the synchroniza-
tion of the transport of cargoes. The role of lectins in ER-to-Golgi transport
was discovered by H.-P. Hauri. The most important contribution to the
characterization of Rab machinery (although in the endocytic pathway)
was made by M. Zerial. W. Hong, R. Sheller and R. Jahn made important
contributions to the understanding of the function of the SNARE machinery.
R. Schekman and W. Balch deciphered the functions of the COPII coat.
A. Rambourg, Y. Clermont, G. Griffiths, A. Staehelin and K. Howell made
significant contributions to the 3D-analysis of the GA in different cell types.
J. Slot and H. Geuze provided new insight into the morphology of the
endocytic system and its interaction with exocytosis. The important contri-
bution into the analysis of the kinetics of the plant GAwasmade by C. Hawes.
The characterization of the 3D-structure of several proteins important for
intracellular transport, and protein coat complexes in their crystal state is
linkedwithW.Balch and J.Goldberg�s names.Weapologise again for possible
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Table 1. The Golgi apparatus and main discoveries in the field of physiology of
intracellular transport

1898 Discovery of the GA
1951 Confirmation of the presence of the GA (Dalton 1951)
1961 The regional distribution of the thiamine-pyrophosphatase activity within the

GA (Novikoff and Goldfischer 1961)
1964 The trans ER (Novikoff 1964; Novikoff et al. 1964)
1964 GERL concept (Novikoff 1964)
1964 Isolation of Golgi membranes from cells (Morr�e and Mollenhauer 1964)
1964 The process of sulphation in the GA (Godman and Lane 1964)
1966 The sugar–nucleotide transport from the cytosol to the Golgi lumen across

the Golgi membranes, the role of the GA in glycosylation (Neutra and Leblond
1966)

1966 The origin of lysosomes and the function of clathrin-coated vesicles during
protein absorption (Bainton and Farquhar 1966; Friend and Farquhar 1967)

1967 The intracellular transport (Jamieson and Palade 1967a,b)
1969 Galactosyltransferase as a Golgi marker (Whur et al. 1969; Morr�e et al. 1969)
1976 Isolation of clathrin-coated vesicles (Pearse 1976)
1977 The PM-to-Golgi transport of the endogenously added marker (Herzog and

Farquhar 1977)
1980 M6P-mediated sorting of Golgi enzymes at the GA (Tabas and Kornfeld 1980)
1981 Clathrin-coated buds in the trans side of the GA (Griffiths et al. 1981)
1982 Immunocytochemical localization of galactosyltransferase (Roth and Berger

1982)
1983 Topology of N-glycosylation (Dunphy and Rothman 1983)
1984 Reconstitution of intra-Golgi transport in vitro (Balch et al. 1984)
1984 The 15�C temperature block (Saraste and Kuismanen 1984)
1985 Clathrin-independent endocytosis (Moya et al. 1985; Sandvig et al. 1985)
1985–
1987 The mitotic form of the GA andmechanisms of mitotic Golgi transformation in

animal cells (Featherstone et al. 1985; Lucocq et al. 1987)
1986 The COPI-coated vesicles and characterization of molecular mechanisms

involved into the function of COPI coat (Orci et al. 1986; Serafini et al. 1991)
1986 The structure and function of the TGN and the 20�C temperature block

(Griffiths and Simons 1986)
1987 KDEL-signal for the retention of luminally located proteins (Munro and

Pelham 1987)
1989 BFA was applied for the study of intra-Golgi transport (Doms et al. 1989;

Lippincott-Schwartz et al. 1989)
1990 SNAREs (Newman et al. 1990)
1990 The main genes involved in intracellular transport, the genetic evidence

in favour of the vesicular model of the transport in yeast (Kaiser and Schekman
1990)

1991 A Golgi retention signal in the membrane-spanning domain (Swift and
Machamer 1991)

1993 The role of oligomerization for the retention of Golgi enzymes (Weisz et al.
1993)

1993 The role of PM-derived signalling for intra-Golgi transport (De Matteis et al.
1993)

1994 Golgi matrix (Slusarewicz et al. 1994) and cis-Golgin, GM130 (Nakamura et al.
1995)

1994 COPI-dependent retrieval sorting signals (Cosson and Letourneur 1994)
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gaps (all authorsquoted in the consecutive chapters deserve tobe listedhere).
The list is open for suggestions.

The development of the research in the field of intracellular transport has
been comprehensively discussed in 1998 at the conference in Pavia devoted
to the 100th anniversary of the Golgi discovery.

History of models of intracellular transport

Historically, the first mechanism that had been proposed for intracellular
transport was the progression. The origin of the progression model (or the
concept of cis-to-trans flow) links to Grasse�s name (1957) who proposed that
the continuous formation of cis Golgi cisternae balances the conversion of
trans one into secretory granules. However, the first experimental data in
favour of the progression concept were obtained in 1971 (Franke et al. 1971).

In 1967, it has been demonstrated that proteins newly synthesized in the
ER appeared, after a few minutes, not only over Golgi stacks but also over

1994 COPII coat. Isolation of COPII-dependent small vesicles in cell-free system
(Barlowe et al. 1994)

1996 Application of GFP-technology for the study of the GA in living cells (Cole et al.
1996)

1996 Characterization of the ER exit sites (Bannykh et al. 1996)
1997 The AP3 and AP4 coats (Dell�Angelica et al. 1997, 1999)
1997 Characterization of ER-to-Golgi transport carriers in living cells (Presley et al.

1997; Scales et al. 1997; Mironov et al. 2003)
1997 Characterization of post-Golgi transport carriers in living cells (Wacker et al.

1997; Hirschberg et al. 1998; Polishchuk et al. 2000)
1998 Intra-Golgi transport of large cargo aggregates (Bonfanti et al. 1998)
1998 The role of endocytic TGN in the formation of the most-trans Golgi cisterna

(Pavelka et al. 1998)
1998 Discovery of R- and Q-SNAREs (Fasshauer et al. 1998)
1999 Tomographic reconstruction of the GA (Ladinsky et al. 1999)
2001 The concentration of regulatory secretory proteins within the Golgi cisternae

(Oprins et al. 2001)
2003 The understanding of the evolution of small GTPases had changed the model

of the Golgi evolution (J�ekely 2003)
2003 Characterization of Golgi-to-apical PM transport carriers in living cells (Kreitzer

et al. 2003)
2004 Intercisternal connections in transporting GA (Marsh et al. 2004; Trucco et al.

2004)
2006 Characterization of the Golgi-to-endosome carriers in living cells (Polishchuk

et al. 2006)
2006 The role of GM130 in the maintenance of the Golgi ribbon (Puthenveedu et al.

2006)
2007 The role of ER-to-Golgi transport in the maintenance of the Golgi ribbon

(Marra et al. 2007)

Table 1. (Continued)
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round profiles surrounding theGA and the conclusion that secretory proteins
bypass the GA was made (Jamieson and Palade 1967a,b, 1968a,b). Then, in
1981, the vesicular model replaced the progression model because the main
support for the progression model, the cis–transmovement of scales in algae
has been considered to be a rare formula connected with unusual geometry
and size of the product (Farquhar and Palade 1981). Ironically, the major
supporting data for the vesicular model at that time was based on the
isolation of Golgi-derived clathrin-coated vesicles (Rothman et al. 1980).
However, after the discovery of coat protein I (COPI) (Orci et al. 1986), the
vesicular model was changed, and instead of clathrin-dependent vesicles,
COPI-dependent vesicles were proposed to serve as anterograde carriers. The
strongest support for the vesicular model appeared from the experiments in
yeast with the temperature sensitive Sec genes (Kaiser and Schekman 1990).
The in vitro isolation of functional (containing VSVG and able to fuse with
acceptor Golgi membranes) COPI-coated vesicles (Osterman et al. 1993) was
interpreted as the second proof for the role of COPI-coated vesicles in the
anterograde intra-Golgi transport. Importantly, however, that the first au-
thor of this paper later stressed, that actually, these data support the cisterna
maturation model (Ostermann 2001).

On the other hand, it has also been demonstrated that 20min after fusion
of two (or more) cells (one cell is VSV-infected, another is a non-infected cell)
and formation of a heterokaryon, VSVG seems to move from the GA derived
from the infected cell to the GA derived from non-infected cells (Rothman
et al. 1984). These results were interpreted as confirmation of the ability of
vesicular carriers to diffuse through the cytosol of the heterokaryon from
one GA to another. However, later, the Rothman group (Orci et al. 1998) laid
less emphasis on the heterokaryon experiments, suggesting that those
observations appeared as a result of the treatment of cells with an acidic
medium. Instead, the �string theory� was proposed, according to which a
proteinaceous-like string links vesicles to cisternal elements and prevents
budded vesicles from diffusing away, while still allowing them to diffuse
laterally.

With time, due to accumulation of contradictions, the current vesicular
paradigm became less and less effective in the explanation of growing body
of observations (Mironov et al. 1997). As a result, the original version of the
vesicular paradigm began to be modified not only by the opponents of the
vesicular model but also by its authors and proponents (Orci et al. 1998).

In order to resolve accumulated contradictions within the field, almost
simultaneously several groups (Bannykh and Balch 1997; Mironov et al. 1997;
Glick et al. 1997; Schekman and Mellman 1997) have published the cisterna
maturation-progression model based on the COPI vesicles-mediated Golgi
enzyme recycling.

The first experimental confirmation that large aggregated cargo, such as
procollagen I, can be transported through the GA by maturation mechanism
came in 1998 (Bonfanti et al. 1998). Previous stereological observations in
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P. scheffelii suggesting that their scales beingmuch too large to be packaged
into vesicles are transportedby theprogressionofGolgi cisternae towards the
plasmalemma were published not in an original paper but in a review
(Becker et al. 1995) and were not confirmed later because glycoprotein and
polysaccharide synthesis are uncoupled duringflagella regeneration (Perasso
et al. 2000).

Next, it has been demonstrated (Mironov et al. 2001) that both diffusible
and non-diffusible cargoes are transported in the same carriers through
the Golgi stacks. It has been proved that vesicles are not transport carriers
for cargo in the intra-Golgi transport not only in situ, but also in vitro,
in cell-free assay (Happe and Weidman 1998). After these publications,
there was a short period when the cisterna maturation model became
dominant.

With time new contradictions not compatible with the cisterna matura-
tion-progression model have accumulated (Mironov et al. 2005). The at-
tempts to use transport models based on combination of basic principles
werenot successful (see Chapter 3.2). Therefore now, there is no consensus on
the models of intra-Golgi transport. The existence of the maturation mecha-
nism is almost finally established for the secretion of large polymeric struc-
tures incompatible in sizewith COPI-dependent vesicles inmany types of cells
and under the infection of some viruses.
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