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Abstract Golgi apparatus of both plant and animal celthe hypothesis that tubules are repositories of resident
are characterized by an extensive system of approxim#&elgi apparatus proteins protected from turnover during
ly 30 nm diameter peripheral tubules. The total surfattee flow differentiation of the flattened saccules of the
area of the tubules and associated fenestrae is thougl@dtgi apparatus stac'<.
be approximately equivalent to that of the flattened por-
tions of cisternae. The tubules may extend for consider-
able distances from the stacks. The tubules are contimiroduction: the tubular continuum of the Golgi
ous with the peripheral edges of the stacked cisternagparatus
but the way they interconnect differs across the stack. In
plant cells, for example, tubules associated with the ne@olgi apparatus organization of plant and animal cells is
cis and mid cisternae often begin to anastomose closaltoninated by three general structural domains. The first
the peripheral edges of the stacked cisternae, whereassththe commonly recognized central stack of flattened
tubules of thetrans cisternae are less likely to anastosaccules (i.e., the flattened parts of the cisternae). The
mose and are more likely to be directly continuous wisiecond domain is a region of fenestrae (i.e., holes or
the peripheral edges of the stacked cisternae. Additionsindows through the cisternae) that borders some sacc-
ly, the tubules may blend gradually into fenestrae thaes. In plant cells, the fenestrae seem to be more com-
surround some of the stack cisternae. Because of iihenly associated with mid cisternae than with the most
large surface area occupied by tubules and fenestrae, ¢iggisternae or witltranscisternae.
reasonable to suppose that these components of the GolFhe third domain, and the main focus of this article, is
gi apparatus play a significant role in Golgi apparattise extensive system of tubules that are continuous with
function. Tubules clearly interconnect closely adjacetfite peripheral edges of the flattened saccules either
stacks of the Golgi apparatus and may represent a ctimeugh the fenestrae or, when fenestrae are absent, di-
munication channel to synchronize stack function withiectly with the central saccules of the stack. When fenes-
the cell. A feasible hypothesis is that tubules may bdrae are present, it is common for the tubules to blend
potentially static component of the Golgi apparatus gradually into the fenestrated regions through smaller
contrast to the stacked cisternal plates which may tamd smaller anastomoses so that a clear demarcation be-
over continuously. The coated buds associated with tereen the membranes delimiting fenestrae and peripheral
bules may represent the means whereby adjacent Gtlgules is often not possible at the structural level. When
apparatus stacks exchange carbohydrate-processingfamestrae are absent, tubules may emerge with or without
zymes or where resident Golgi apparatus proteins areanastomoses from the peripheral edges of the flattened
troduced into and out of the stack during membrane fl@accules. Tubules may extend many micrometers through
differentiation. The limited gradation of tubules frams the cytoplasm. This system of tubules may exceed the
to medial totrans offers additional possibilities for func-smooth parts of the central saccules in total membrane
tional specialization of Golgi apparatus in keeping wisurface and could contribute significantly to Golgi appa-
ratus function.
E-H- Mollenhauer [(]) One of the first reports of tubules was by Manton
ood Animal Protection Research Laboratory, h
Department of Agriculture, USDA, F&B Road, College Station, (1960) who demonstrated an extensive array of tubules

Texas 77845-2881, USA associated with the Golgi apparatus stacks (dictyo-
D.J. Morré somes) in the algAnthoceros The tubules were contin-
Department of Medicinal Chemistry and Pharmacognosy, uous with the peripheral edges of the dictyosome cister-
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local swellings at various distances from the unfenemis with the stacked cisternae (Figs. 9, 11-13) and that
trated parts of the subtending cisternae. Manton notesglesicular bud with a uniquely coated surface was asso-
that the dictyosome-associated tubules were distietited with them (Figs. 1-3). The tubular component of
from endoplasmic reticulum. These observations wete dictyosome was verified in the same study by thin-
made from conventional thin sections prepared for teection electron microscopy and subsequently by nu-
electron microscope. Morré and coworkers also demanerous investigators who have studied this aspect of
strated tubules in thin sections of isolated dictyosom@slgi apparatus morphology (Figs. 2, 3; Morré et al.
that had been stabilized by glutaraldehyde (Morré et 8865; Mollenhauer and Morré 1991; Weidman et al.
1965). 1993). Two early diagrams interpreting the relationship
A most revealing early study of tubules was that between the tubules and the flattened parts of the
Cunningham and coworkers of glutaraldehyde-staliictyosome cisternae are reproduced here (Figs. 4, 5;
lized, isolated, and negatively stained dictyosomes Mbllenhauer and Morré 1966a, 1971; Morré et al.
onion stem (Cunningham et al. 1966). Cunningham ¥371). These diagrams would require only slight modi-
al. (1966) demonstrated an extensive and complex rfetations to accurately reflect the current state of knowl-
work of tubules completely engulfing the stacks and redge. The more modern interpretation would show mid
diating outward from the stacked cisternae (Fig. 1isternae with more fenestrae and fewer tubules and
They also demonstrated that these tubules were contitnans cisternae with no fenestrae and only tubules. The
mostcis cisterna, which is predominantly tubular, is not

shown in Fig. 4.
Fig. 1A, B Dictyosomes isolated from bean root, stabilized with
glutaraldehyde, and negatively stained with phosphotungstic acid
using the procedures described by Cunningham et al. (18966)n:
The stacked cisternae appear as a mound of tubules that an%
mose and spread outward from the center of the dictyosome. The
flattened parts of the cisternae are mostly hidden by the tubdareticular part of the Golgi apparatus was implicit even

dominantly tubular is thought to be absent from this dictyoso . .
and was presumably lost during isolation. Coated buds arerg(a?—ntmuous membrane system that interconnected the

tached to some of the tubulesrowheady. The buds may appearstacks (dictyosomes or osmiophilic platelets) (Bourne
as swellings of tubule endB) or may be attached to the tubulesind Tewari 1964) although the details of the intercon-

by small neck-like appendagearows). The line of demarcation necting membrane system could not be resolved. It was
&}H‘

Golgi’s internal reticulum include tubules?

between the neck and tubule may be very sharp and distinct, ; .
sometimes appears as though the two entities are separated suggested that components of endoplasmic reticu

membrane. In negative stain, the luminal contrast of the buds were responsible for Golgi’s reticulum (see Bourne
of the connecting neck is the same but often different from thatastd Tewari 1964) although verification of that suggestion

the tubules (compar8, B). The buds are labile and are not obwas beyond the magnification and resolution available
served (or recognized) without glutaraldehyde stabilization. (NUVith the light microscope.

crograph reproduced from Mollenhauer and Morré 19B1fur- Early electron microaranhs did not immediately re-
ther illustrations of bud morphologaifowhead$. These buds ap- y grap y

pear as swellings of tubule ends with luminal contents that difé@lve the origins of Golgi’s internal reticulum in part be-
only slightly from those of the tubules to which they are connegause the volume of tissue accessed by electron micros-
ed. Occasionally, buds are simply attached to the cylindrical S|q§§py was small and, in part, because no reticulum per se

of a tubule through a small necarfow). The main body of this : :
dictyosome is o?f the micrograpE] t())ward theper ét Bar Was observed. However, the electron microscope made it

0.1um possible to visualize structural detail within the internal

Fig. 2 A plant dictyosome from daffodil trumpet fixed in glutaral_membranous systems of the cell and to point the way to-

dehyde and osmium tetroxide, embedded in epoxy resin, and 4@rd defining those cq,mponents of the cell that might

tioned at an angle nearly tangential to the plane of the cisterfa@ve given rise to Golgi’s reticulum.

Tubules and budsa(rowhead} are clearly visible in much the Intuitively, one would link the endoplasmic reticulum

same ger%pfc“"e as for the negatively-stained dictyosomeidnGolgi's reticulum since it was the only continuous and
9. TEarsaum o extended membranous system in the cell that could be

Fig. 3 A maize root tip dictyosome from the epidermis processédentified by cytologists that was positionally associated

by freeze substitution and sectioned at nearly right angles to \Wﬁh what the early Golgi apparatus-specific stains iden-

plane of the cisternae. The coated bualso(vhead$ are easily .. ) .
identified by their position in the stack, their appearance, and sigfi€d as the Golgi apparatus. Recent studies, however,

The coat appears in freeze-substituted tissues as what might bdri@icate that there are at least two other membranous
scribed as a fuzzy unit membrane. The dictyosome is orientedcstmponents of the cell that could be candidates for a part
that thecis pole is toward the right of the micrograph. Membran Golgi's reticulum. One of these is composed of the tu-

of the cis cisternae, like those of the endoplasmic reticulum, - . - .
not stain well when freeze substituted and are almost invisigitllar constituents associated with the peripheral edges of

This staining pattern is consistent with membrane differentiatib@€ Stacked cisternae of the Golgi apparatus and is the
from endoplasmic reticulum-like at thas face to plasma mem- subject of this report. It is of interest, perhaps, to note

brane-like at théransface (Grove et al. 1968). The mastnsre- that cross-sections of these tubules were observed even

gion of a second dictyosome is visible at tpper rightof the mi- ; ; p :
crograph. Note that buds may be associated wts cisternae as | the very earliest electron microscope studies, but were

well ascis and intermediate cisternadV Secretion vesiclay cell  Often incorrectly identified as small Golgi apparatus ves-
wall, arrows clathrin coats on secretion vesicl@sr 0.1 pm icles. The second component is the network of mem-
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Fig. 4 Diagrammatic interpretation of a plant dictyosome frorkig. 6 Golgi apparatus from multifid gland of the snadlelix
Mollenhauer and Morré (1966a). Tloés to trans polarity is de- pomatig treated so as to precipitate osmium tetroxide, thick sec-
picted fromtop to bottom In light of subsequent findings, the midtioned (1um), and examined in an electron microscope operating
cisternae should have fewer tubules and more fenestrae than ilais2.5 meV accelerating potential. The Golgi apparatus, which
trated here whereas thrans cisternae should have longer tubulesgcourses through much of the cell, is outlinedabywpws The tubu-
almost no fenestrae, and fewer anastomoses. However, the Biaeonstituent is substantial and appears to interconnect the stacks
gram does convey a complexity and tubular content in keepitigform a single large organelld.Nucleus. Courtesy of P. Favard,
with current interpretations of dictyosome structure. Note that the Carasso, and L. Ovtracht, CNRS, Saclay, France

predominantly tubulacis-most cisterna is not illustrat=d Fig. 7 A maize root tip cell treated so as to precipitate osmium te-

Fig. 5 composite diagram illustrating the three major configuraroxide (osmium impregnation). Dictyosome tubulasgws) and
tions of tubules as applied to a plant dictyosoireft Secretory endoplasmic reticulumER) contain heavy osmium deposits. The
vesicles are attached to stack cisternae by tubGlesterCoated central parts of the dictyosomed)(lack heavy depositdV Cell
buds and fenestrae representative of mid-stack cisteRight wall. Bar 0.5um

Coated buds and longer tubules that may interconnect adjacent

stacks. Diagram reproduced from Mollenhauer and Morré (7971)
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branes and vesicles associated withttaes poles of the tation markers (at least in animal cells; see Griffing
dictyosome stacks and commonly referred to here as 18981), it is doubtful that these structures were included
trans-Golgi apparatus network (TGN) (Griffiths and Siin the images observed by Camillo Golgi.

mons 1986; Geuze and Morré 1991) although it is recog-

nized that not all such networks are equivalent either

functionally or biochemically (for example, see Pesbhniversality of tubules

creta and Lucas 1985; Griffing 1991).

It is important to understand that our modern accephree classes of tubular constituents have been recog-
tance and understanding of Golgi’s reticulum was largelized as being continuous with, or derived from, the
dependent on the development of fixation procedurgack cisternae of the Golgi apparatus. These areighe
that preserved the constituents of the cells, and on cyisternae (which are predominantly or entirely tubular),
chemical stains such as osmium tetroxide, potassitie peripheral fenestrae and tubules of the other stacked
permanganate, and uranyl acetate that rendered the celbiernae, and the structures that make up the various
lar constituents visible in the electron microscope. It wa&Ns. Although the mostis cisternae can be isolated
fortuitous that osmium tetroxide could also be adaptedwith the stacks and have the coated buds typical of other
mimic the silver deposition procedures used by Golgtack cisternae, they also react with fixatives and mark-
Precipitation stains using osmium, or mixtures of osn@fs in much the same way as does endoplasmic reticu-
um and zinc (Juniper et al. 1982; Harris and Oparkan. Thus, the modtis cisternae appear to be intermedi-
1983; Rambourg et al. 1987; Clermont et al. 1994), addes between endoplasmic reticulum and Golgi appara-
ed a third dimension to the general architecture of thss.

Golgi apparatus, especially when used in conjunctionOn the other hand, the tubules of the TGN are mor-
with high-voltage electron microscopy and thick sectiopfiologically distinct from the other tubular constituents
(Fig. 6; Favard et al. 1971; Rambourg et al. 1987; Ladinf-the Golgi apparatus, are not continuous with the stack
sky et al. 1994). These procedures mimicked the blagkternae (Griffiths and Simons 1986; Geuze and Morré
reaction originally used in the discovery of the Golgi ap991), and are not isolated as components of the Golgi
paratus (Golgi, 1898; Beams and Kessel 1968; Infareaparatus stacks. Moreover, there are at least two kinds
and Carrozza 1975; Whaley 1975). The procedure geradr{clathrin?) coated vesicles associated with the TGN
ally marked several constituents of the cell usually i(Mollenhauer et al. 1991), neither of which are present
cluding parts of the Golgi apparatus stack, parts of a &un thecis cisternae or peripheral tubules of the stack. In
bular system associated with the stack, the endoplaspiant cells, the TGN initially lies within the zone of ex-
reticulum, and even the cristae and bounding membrankssion surrounding all dictyosomes and may be derived
of some mitochondria (Fig. 7). In plants, deposits wef®m thetransmost cisternae of the stacks (Mollenhauer
often found in plastids. et al. 1991).

The intensity of the precipitates, as well as the cellu- Tubular cis cisternae and peripheral tubules of Golgi
lar components that stained, varied considerably everapparatus cisternae appear to be conspicuous parts of all
the same kinds of cells or even in adjacent cells. Nomgctyosomes. Both plant and animal dictyosomes have
theless, the results clearly confirmed that the Golgi appabules of approximately the same size and character
ratus was, indeed, an organelle that was often distribufdtbllenhauer et al. 1967; compare Figs. 1-3 with
throughout much of the cell (Favard 1969; Favard et Blg. 8). In both, the tubules may be configured as fenes-
1971; Tanaka et al. 1986; Rambourg et al. 1987; Tai arak or extended networks and both have coated buds at-
Albrecht 1992). The organelle consisted of one or mdeehed to, or continuous with, some of the tubules. The
stacks of flattened saccules, and tubular elements tiogality of tubules within cells may be quite striking as
were continuous with the peripheries of the saccules. Sigggested by simple observations of isolated dictyo-
what extent endoplasmic reticulum and Golgi apparat@mmes (Fig. 1). Calculations comparing the surface areas
exhibited direct membrane continuity could not be detaf the flattened parts of cisternae to the surface areas of
mined unequivocally by the osmium precipitation procéieir tubular constituents confirm these impressions
dures. (Mollenhauer and Morré 1990). In these experiments,

The black reaction and other heavy metal precipitembrane areas of tubules including some fenestrae and
tion stains are now known to react most intensely withe flattened parts of stack cisternae, were calculated for
the cis-oriented tubular network of the Golgi apparatuplant dictyosomes. Isolated cisternae were stabilized
the mostcis parts of the stacked cisternae, and with théth glutaraldehyde and then negatively stained. The cis-
tubules of thecis half of the stack (Figs. 6, 7). Theseaernae were released from the stack for visualization us-
stains also may react with the endoplasmic reticulumg chaotropic agents as described (Mollenhauer et al.
Therefore, it would seem reasonable to assume that 18&3). Cisternae from thas, mid, andtrans parts of the
major part of Golgi’'s internal reticulum was the tubulastack were analyzed separately to determine surface ar-
constituents of thecis poles of the stacked cisternaeas of the tubules and fenestrae and of the flattened
along with some of theis-most cisternae and a portiorparts. These data were combined to determine the aver-
of the endoplasmic reticulum. Because of a general lade ratio of flattened saccule area to tubule and fenestrae
of reactivity of the TGN with silver and osmium precipiarea for a typical plant dictyosome as 0.74.
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Fig. 8 Portion of a Golgi apparatus from the seminiferous tubufer at least the nap) are labile, but can be stabilized with

of the rat testis negatively stained with phosphotungstic a 1’utaraldehyde Blebs may be configured as swellings of
(PTA). The Golgi apparatus was not stabilized with glutaraldehyE?) : : _
and the addition of PTA resulted in partial unstacking. Flatten ule ends (Fig. 1B) or as nearly complete vesicles at

saccules (i.e., cisterna@i), tubules &rrows), and fenestrae are re-tached to the tubules by short protuberances or thin
vealed and have the same general configuration as do cisternagewks (Fig. 1). In some instances, the attachment site be-
other animal and plant Golgi apparatus. Since the preparatigfjeen the neck and the tubule is demarcated by what ap-

were not stabilized by glutaraldehyde, coated buds were not visi; ; ;
ble. (Micrograph reproduced from Mollenhauer and Morré 199 _éars to be a membrane (Fig. 1). In these instances, the

Bar 0.5 um. InsetSection of a rat germ cell illustrating the organicOntents of the blebs do not appear to be continuous with
zation of the Golgi apparatus from a region considered to be sitfiose of the tubules.
lar to that of Fig. 8Bar 0.5pum Comparable buds can be identified in sections of tis-
sues fixed by glutaraldehyde and osmium tetroxide using
either conventional procedures (Fig. 2) or freeze substi-
The coated buds tution (Fig. 3). Buds preserved by freeze substitution are
particularly interesting in that the dense nap, so clearly
The coated buds associated with the dictyosome tubulsble in negatively stained preparations, now appear as
were first described by Cunningham et al. (1966) adédnse, fuzzy, unit-type membranes continuous with the
later verified by numerous studies dealing with Golghembranes of the less intensely stained tubules and
apparatus morphology (for example, Mollenhauer asthck cisternae (compare Figs. 1, 3). The blebs are most
Morré 1991). They were first studied systematically sasily identified with the cisternae of this half of the
Orci et al. (1986) who suggested that they were thacks (Fig. 3) although similar kinds of blebs have been
non-clathrin-coated buds and vesicles associated withserved orranscisternae, TGN, and forming secretory
the transport of protein through the Golgi apparatussicles (Mollenhauer et al. 1991). There may also be
stacks. Coated buds appear to be a component ofcetisiderable size and density variations of the blebs de-
Golgi apparatus. Subsequent studies have shown gkeading, apparently, on their stage of formation and lo-
buds to be coated by the now well-characterized coatation within the cell.
mer proteins (Bannykh and Balch 1998; Bannykh et al. Free vesicles with bud characteristics have not been
1996). observed either in negatively stained preparations or in
In glutaraldehyde-stabilized, negatively stained prep@elgi apparatus fractions (Morré and Keenan 1994).
rations, the buds appear as small blebs with dense, miither have accumulations of bud-derived vesicles been
like coatings on their outer surfaces (Fig. 1). The blebsmonstrated in sectioned material. Thus, if free vesicles
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are formed, they either have a very limited life or thégted and negatively stained preparations, precipitate
lose their coats and can no longer be recognized. stains, thick sections, and 3-D reconstructions. Unfortu-
nately, such approaches are sometimes misleading be-
cause of the harsh preparative procedures necessary or
Relationship of tubules to the stacked cisternae because of the loss of resolution that occurs when view-
ing preparations such as thick sections where structures
Tubules continuous with the peripheral edges of statiay overlap.
cisternae are unigue and have many characteristics thad morphological transition of tubules between dictyo-
distinguish them from the cisternae to which they asemes and endoplasmic reticulum has been demonstrated
connected. For example, they often react differently itonegatively stained plant cells although micrographs of
cytochemical stains and markers (Figs. 6, 7) and, at leass event are extremely rare (for example, Fig. 7 of
in plants, seem to show less structural differentiatidfollenhauer and Morré 1976). We have also demonstrat-
across the stack than do the flattened parts of the ciséer-that direct connections between endoplasmic reticu-
nae. In studies of isolated plant Golgi apparatus, the lum and Golgi apparatus cisternae can be established in
bular constituents of dictyosome cisternae appear tofdi@nt dictyosomes if the cells are maintained at a lower
more stable after isolation than the flattened parts of than normal growing temperature (Mollenhauer et al.
cisternae to which they are attached (Mollenhauer atf@l75). One interpretation would be that the low-tempera-
Morré 1991). In these studies, plant cells were homogere-induced connections are some manifestation of what
nized in the presence of a chaotropic agent which resalt-higher temperatures would be an intermittent associa-
ed in rapid dictyosome unstacking (Mollenhauer et &on or a connection mediated by a small vesicle interme-
1973). The cisternae were then stabilized with glutardiate.
dehyde at various intervals following homogenization, In cells where stacks are closely adjacent to one an-
reisolated, and examined in the electron microscope. Ttker, it can be shown very clearly that tubules do inter-
sequence of changes after Golgi apparatus isolation wasnect the cisternae of one Golgi apparatus stack with
documented by Mollenhauer and Morré, (1991) (sdw®ose of adjacent stacks (Fig. 10; Clermont et al. 1994;
Figs. 6A-D in Mollenhauer and Morré 1991). BrieflyBracker et al. 1996). Such connections do not appear to
there was a plaque on the flattened surfaces of some loesstandom but, rather, maintain a polarity equivalent to
ternae immediately after isolation. These plaques hheé cisterna to which they are attached; that is, tubules
been interpreted as part of the bonding material betwéend to interconnect adjacent cisternae at the same level
adjacent cisternae, i.e., the substances that maintain statthin the stack. Tubules probably also interconnect
integrity (Mollenhauer et al. 1973; Mollenhauer anchore distant stacks (Fig. 11), but this has been very diffi-
Morré 1991). As the cisternae degraded, the plaques didt to demonstrate because the tubules tend to branch
appeared leaving cisternae with areas of partial degermard change directions within the plane of a thin section.
ation similar in size and shape to the plaques previou8lypotentially interesting observation is the presence of
observed. As degeneration of the cisternae continued, ghmll flat saccules (Figs. 11, 12), termed by us junctional
entire central parts of the cisternae were lost leaving onlgternae, which seem to act as intermediate connecting
peripheral tubules. points for tubules. These are often observed in negatively
stained isolated cisternae. Figures 11-13 also illustrate
asymmetries commonly observed in isolated dictyo-
Interrelationship between tubules and other cellular somes and cisternae. Connections of tubules between
constituents cisternae within the same stack have also been reported
(Clermont et al. 1994).
Intuitively, one would think that a major function of the Tubules are also clearly a major feature of the TGN
tubules would be to interconnect dictyosomes or to cdGeuze and Morré 1991). At least part of the TGN lies
nect dictyosomes with segments of endoplasmic retiouthin the zone of exclusion (Mollenhauer and Morré
lum. Numerous reports suggest continuities between @878) at thdrans poles of the dictyosomes and is often
doplasmic reticulum and Golgi apparatus (e.g., Junipeicktisely aligned with the Golgi apparatus (Mollenhauer
al. 1982; Harris and Oparka 1983; Tanaka et al. 19&®d Morré 1994; Mollenhauer et al. 1991). In plant cells,
Clermont et al. 1994; and references therein). Such intitse TGNs appear to be derived from thensmost cis-
connections are most often associated with protein-sgrnae shortly after the cisternae or cisternal remnants
creting cells and are less common (or less visible) whare sloughed from the stack when secretory vesicle for-
non-proteinaceous cell wall materials are being secretedtion is complete (Mollenhauer et al. 1991). These
(Juniper et al. 1982). However, it is very difficult to esloughed cisternae form arrays of tubules and coated
tablish unequivocally that direct tubular connections beesicles that appear similar to the partially coated reticu-
tween the Golgi apparatus and endoplasmic reticullanof plants (Pesacreta and Lucas 1985) and TGNs of an-
exist, especially when the stacks and endoplasmic retignal cells (Griffiths and Simons 1986; see also Griffing
lum are dispersed as in plant cells. Therefore, most e$891). When compared to dictyosome tubules, the post-
mates of tubule interassociations rely on fortuitous sé&g&elgi apparatus structures are generally more variable in
tions (Fig. 10) or on specialized procedures such as isize than the Golgi apparatus tubules and are commonly




Fig. 9 A plant (radish root) dictyosome (i.e., stack) isolated with~ig. 10 A section from rat epididymis showing two dictyosomes
out glutaraldehyde stabilization. Unstacking had begun so tl{BY) connected by tubulesutows). A few of the coated buds asso-
portions of all component cisternae are partially revealed in thiated with the interconnecting tubules are indicated aattoav-
same positional relationships as in the original stack.clhpole headsBar 0.5um

of the dictyosome is toward the upper edge of the mmrographgggl 11 Two bean Phaseolus vulgarjsroot tip dictyosome cister-

the trans pole toward the bottom edge of the micrograph. N ﬂ?(? Ci) prepared by a smear or spread technigue (Mollenhauer et
al.

that the peripheries of the mid cisternae are mostly fenestra 1973 d simult | tively stained with phosph
whereas the peripheries of thrans cisternae are mostly tubular. 73) and_simultaneously negatively stained with phospho-
stic acid. The cisternae are connected via peripheral tubules

Coated buds are not visible because the dictyosome was not s h Il subci . ional ot 5
lized with glutaraldehyde during isolatioArrow indicates a mat t'rough a small subcisterna or junctional complestaw). Junc-
tional cisternae like this are common in these preparations. Golgi

of intercisternal filaments characteristic of ttrans half of plant in ol f | b .
dictyosomes. (Micrograph reproduced from Mollenhauer argplpsrﬁ‘tus in plant roots are frequently seen to be asymnigric.

Morré 1966b)Bar 0.1 um
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- § interface, was enriched in the lipoprotein-filled tubules
. of the rat liver Golgi apparatus. Attempts to separate the
peripheral tubules not containing lipoprotein particles
from fractions just containing the cisternal plates has,
thus far, seemed to require the use of chaotropic agents
to dissolve the plates and release the tubules (Malhotra et
al. 1989). We have utilized such procedures successfully
in preliminary experiments to prepare tubule-enriched
fractions both from rat liver and from Golgi apparatus
isolated from rat liver (Fig. 14; D.J. Morré and T.W.
Keenan, unpublished results).

Function of Golgi apparatus tubules

There is as yet no hard evidence to identify tubule func-
tions primarily because so little is known about their bio-
chemistry or their molecular configuration. Therefore,
one can only make assumptions based on the mostly
morphological evidence currently available. It has also
been shown that, in plant cells, dictyosome function is
synchronized even when Golgi apparatus function
changes (Mollenhauer 1965). It is also clear, at least in
our studies, that all dictyosomes within a cell always
have the same general morphology suggesting again that
the components of the Golgi apparatus (i.e., the dictyo-
somes or stacks) are either physically or functionally in-
Fig. 14 Purified fraction of Golgi apparatus tubules isolated by t@rconnected (Mollenhauer and Morré 1965; Favard
procedure involving use of chaotropic agents to disrupt low-den$B69). At least one potential form of interconnection is
o i s ke oo facions Foe e paci (he peripheral ubules of he dictyosomes. tis abun-
tion illustrated in thispmicrograph, like the Sl microsome fractioﬁ-a.ntly clear that tu_bulles mterco_nnect cisternae of closely
of Dallner (1978), could not be aggregated by divalent cations aMdiacent stacks within a Golgi apparatus and, perhaps,
was found to be enriched in nonaprenyl-4-hydroxybenzoate traall- dictyosomes of the Golgi apparatus. Thus, tubules
ferase. Unpublished data of D.J. Morré, T.W. Keenan, and G. DPaight be one of the mechanisms that synchronize stack
liner. Bar 0.5um function within a Golgi apparatus.

In some cells, tubules also interconnect forming se-
associated with clathrin-coated vesicles which are absemttory vesicles with the central plates of the stacks and,
from the tubules. presumably, act as transition elements between the two
components of the Golgi apparatus (Mollenhauer and
Morré 1966a,b). Transitions between stacked cisternae
Isolation of tubule-enriched fractions and tubules can also be demonstrated simply by noting

differences in their morphology. For example, ultrastruc-
The first reported isolation of Golgi apparatus tubulésral evidence, including cytochemical markers and
(Ovtracht et al. 1973) began with intact isolated Golgiembrane characteristics, clearly demonstrates regional
apparatus from rat liver (Morré 1971). Lysosomal exransitions between the tubules and the central plates of
tracts or crude Taka-diastase preparations were usethéostacks. Tubules may also act as transition elements
unstack the Golgi apparatus followed by disruption lipetween the Golgi apparatus stack and the endoplasmic
means of repeated excursions through a fine-bore pasteticulum. Such transitions sometimes appear to occur
pipette. The unstacked and separated Golgi apparatiaswhat appear to be specialized junctional complexes
components were then subjected to discontinuous @dellenhauer et al. 1975; Mollenhauer and Morré 1976)
crose density gradient centrifugation and were analyzmdsmall junctional cisternae similar to those of Figs. 11,
by electron microscope morphometry. Fraction Il, col2.
lected just above and just below the 0.9/1.2-M sucroseThere is little information as to what biochemical ac-

tivities or metabolic functions might be associated with

Golgi apparatus tubules. Golgi apparatus contain high
Figs. 12, 13 Plant dictyosome cisternae from cauliflower infloresconcentrations of ubiquinone (Nyquist et al.. 1970; Zam-

cence isolated and stabilized with glutaraldehyde and then nggas . P
tively stained with phosphotungstic acid to illustrate junction féno et al. 1975; Kalen et al. 1987) and of ubiquinone

cisternae drrow Fig. 12) and cisternal asymmetfyi Cisterna, ER Diosynthetic enzymes, for example, the enzymes that
endoplasmic reticulunBar 0.1 um transfer solanesol pyrophosphate to 4-hydroxybenzoate
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(nonaprenyl-4-hydroxybenzoate transferase) (Teclebrtigpes of tubules and different types of tubule attachments

et al. 1995). The latter authors have suggested that whiaracterize each of the several cisternal positioiss (

qguinone is synthesized sequentially in the endoplasmid, trans) in the stack in keeping with this concept. As

reticulum-Golgi apparatus system and is, thereaftarresult, the tubular system might serve as a repository

translocated to other cellular membranes. for resident Golgi apparatus proteins, such as glycopro-
Dallner (1978) described an unusual microsomal fraein-processing enzymes, that could be added to or re-

tion which could not be aggregated by divalent catiomaoved from the cisternal plates as needed during cister-

This is a property shared with Golgi apparatus tubuial maturation.

fractions such as those isolated from Golgi apparatus raHowever, despite a greater appreciation of the exis-

liver by chaotropic disruption (Fig. 14; D. J. Morré, urtence of Golgi apparatus tubules, their functions are still

published results). The unusual microsome fraction, déa from being resolved. Other than morphology, there

ignated by Dallner and colleagues as Sll microsomese no convenient markers for Golgi apparatus tubules or

have been assumed to represent some compartmerdngfreliable means of differentiating Golgi apparatus tu-

the Golgi apparatus and are enriched in both enzyme$ules from tubules of endoplasmic reticulum or from tu-

ubiquinone and sterol biosynthesis (Teclebrhan et lalilar elements potentially derived from other cell struc-

1995). Nonaprenyl-4-hydroxybenzoate transferase whities, especially in isolates of cell constituents.

transfers the solanesol side chain to the precursor ring

during ubigquinone biosynthesis is concentrated in this

fraction. Following condensation, a number of additionReferences
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