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Abstract
We have shown previously that Rab6, a small, trans-Golgi-localized GTPase, acts upstream of the
COG and ZW10/RINT1 retrograde tether complexes to maintain Golgi homeostasis. Here, we
present evidence from the unbiased and high-resolution approach of electron microscopy and
electron tomography that Rab6 is essential to the trans-Golgi trafficking of two morphological
classes of coated vesicles; the larger corresponds to clathrin-coated vesicles and the smaller to
COPI-coated vesicles. Based on the site of coated vesicle accumulation, cisternal dilation, and the
normal kinetics of cargo transport from the ER to Golgi followed by delayed Golgi to cell surface
transport, we suggest that Golgi function in cargo transport is preferentially inhibited at the trans-
Golgi/TGN. The >50% increase in Golgi cisternae number in Rab6-depleted HeLa cells that we
observed may well be coupled to the trans-Golgi accumulation of COPI-coated vesicles; depletion
of the individual Rab6 effector, myosin IIA, produced an accumulation of uncoated vesicles with
if anything a decrease in cisternal number. These results are the first evidence for a Rab6-
dependent protein machine affecting Golgi-proximal, coated vesicle accumulation and likely
transport at the trans-Golgi and the first example of concomitant cisternal proliferation and
increased Golgi stack organization under inhibited transport conditions.
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INTRODUCTION
Of the 12 different Golgi associated Rab proteins (for review, see 1), small GTPases of the
Rab family, Rab6 is the most abundant (2). It consists of 4 different isoforms, Rab6a,
Rab6a’, Rab6b and Rab6c (for review, see 3 and also 4–6). Of these, Rab6a and Rab6a’
which are equally abundant and differ in 3 amino acids are the only family members
expressed in all cell types of the mammalian body. Rab6b is neuronal specific (4) while
Rab6c is expressed in a limited number of human tissues and is involved in cell cycle
progression (7). Rab6a and Rab6a’ are preferentially localized to the trans-Golgi cisterna/
trans-Golgi network (TGN) while other Golgi associated Rabs exhibit different localizations
with Rab1 and Rab2, for example, preferentially localized to the cis-Golgi apparatus/cis-
Golgi network.

Like all Rab proteins Rab6a and Rab6a’ function as molecular switches that regulate
membrane trafficking and organelle organization in diverse ways. In the GTP-bound state,
they are both associated with trans-Golgi membranes and are active in effector recruitment.
To date more than 15 individual Rab6a/a’ effectors have been identified (for review, see 8).
These include a series of motor proteins and/or motor protein regulators such as myosin II,
KIF1C, KIF5B and at least 4 different members of the golgin family of coiled coil proteins,
GCC185, golgin 97, TMF and OCRL. With the exception of Rabkinesin 6, a mitotic kinesin
(aka Rab6-KIFL/MKlp2/KIF20A), little, if any, evidence exists to suggest a differential
interaction of any of the other effectors with Rab6a versus Rab6a’ and, in fact, considerable,
but not all evidence suggests that the two closely related isoforms are functionally
redundant. How Rab6a/a’ can produce the contextual sensitive recruitment of these effectors
or balance the relative importance of individual effectors to maintain Golgi homeostasis
remain open questions. For the sake of simplicity, we shall refer to Rab6a and Rab6a’
collectively as Rab6. This convention is consistent with the original naming of Rab6a as
Rab6 as this was the first discovered member of this Rab subfamily.

In previous work, we found that Rab6 knockdown suppressed Golgi fragmentation and
vesicle dispersal in HeLa cells depleted of the retrograde Golgi tether proteins, ZW10/
RINT1 and Conserved Oligomeric Golgi complex (COG), in particular the COG3 subunit
(9). In a formal genetic sense, this outcome strongly indicates that Rab6 is acting upstream
of both the ZW10/RINT1 and COG complexes. One plausible common mechanism follows
from the fact that these tether systems are important to vesicular trafficking, albeit at
different stages. If Rab6 acted to recruit motor proteins important to the Golgi-proximal
movement of either set of vesicles, then in the absence of normal vesicle movement and
consumption there might well be a feedback inhibition of vesicle budding and hence Golgi
fragmentation. Any unbalancing of membrane trafficking under these conditions might well
have profound affects on Golgi cisternal homeostasis.

In the present work, we tested in HeLa cells several predictions of this hypothesis. First, we
predicted that with Rab6 depletion that trans-Golgi proximal vesicles would accumulate and
because of possible feedback effects there would a concomitant accumulation of arrested
trans-Golgi vesicle budding structures. Second, we predicted that decreased trafficking
might well lead to increased cisternal continuity. Vesicle budding is normally thought to
limit cisternal continuity. Third, we predicted that the depletion of Rab6 as a trans-Golgi
protein might well unbalance Golgi membrane trafficking such that there would be little, if
any, inhibition of endoplasmic reticulum (ER) to Golgi trafficking, but a pronounced
inhibition of Golgi to plasma membrane trafficking. If so, in accordance with a cisternal
maturation model, the number of cisternae per Golgi stack might well increase. We used
VSV-G protein transport from the ER to plasma membrane as independent assay for cargo
transport. Fourth, we tested the prediction that the depletion of a single Rab6 effector,
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myosin II recently shown to be involved in vesicle formation at the TGN, would mimic the
central elements of this hypothesis. Because vesicle accumulation should be Golgi proximal,
we took as the major experimental readout in our experiments electron microscopy and in
particular electron tomography where a full 3-dimensional imaging of vesicle structure and
size could be established.

The net outcome of these experiments was to place Rab6 as a trans-Golgi specific factor in
coated vesicle budding/vesicle consumption. The finding that the vesicles were coated was
both novel and unexpected. All previous evidence had indicated a role for Rab6 in coat-free
vesicle trafficking (10,11). Coated-vesicle accumulation in Rab6-depleted cells was
accompanied by increased cisternal continuity and cisternal number with effects on cargo
transport from the ER to plasma membrane being specific to the Golgi apparatus/TGN.
Contrary to expectation, myosin I I-depletion did not mimic the Rab6 knockdown phenotype
as revealed by electron microscopy. In fact, the myosin II depletion phenotype displayed in
electron micrographs was not a noticeable aspect of the Golgi structure in Rab6 knockdown
cells. In sum, we conclude that Rab effectors are not created equal in phenotypic importance
to Golgi organization and suggest that the most phenotypically critical Rab6-dependent
step(s) affects the transport of Golgi coated vesicles of which at least a portion
morphologically identified as COPI-coated vesicles are likely intra-Golgi retrograde
carriers.

RESULTS
We hypothesized based on our previous results (9) that Rab6 is an important regulator of
Golgi associated vesicle trafficking/transport. If so, we speculated that many of these events
are Golgi proximal and hence below the 200 nm resolution of light microscopy. Therefore,
we employed the higher resolution approach of electron microscopy. In our initial
experiments, we used two different siRNAs to Rab6. Both are directed against nucleotide
sequences common to Rab6a/a’ mRNA and effectively knockdown both protein isoforms.
We refer to the first as siRab6(Sun) and the second as siRab6(Young). The two siRNAs
were independently validated in parallel experiments by Sun et al. (9) and Young et al. (12).
As shown in Figure 1 when cells were treated with either of these two siRNAs for 4 d, the
Golgi apparatus in thin sections of chemically fixed HeLa cells appeared expanded with a
proliferation of cisternae that often exhibited substantial dilation (compare Figure 1A
(Control) and Figure 1B, C) and an accumulation of coated membrane profiles
(arrowheads). The two siRNAs directed against Rab6 produced equivalent morphologic
effects. As expected for the equivalent morphological phenotype, each siRab6 produced an
equivalent concentration dependent knockdown of Rab6 protein (Figure 1D–F). Based on
this demonstrated equivalency, we chose in all subsequent experiments to use siRab6(Sun),
the siRNA previously characterized by this laboratory.

Thin Section Electron Microscopy Indicates that Rab6 Regulates Golgi Proximal Coated
Vesicle Trafficking and Golgi Structure

We reasoned that much of the cisternal dilation observed with Rab6 knockdown was an
artifact of the chemical fixation procedure. Hence, we tested high pressure freezing followed
by freeze substitution as an alternate state-of-the-art approach to sample preparation. High
pressure freezing has the advantage of holding in place cellular structures within 10 msec.
When HeLa cells treated with nonsense siRNA (siControl, 9) and high pressure frozen were
examined in thin section electron micrographs, the Golgi apparatus appeared similar in
profile to that observed in chemically fixed cells (compare Figure 1A and Figure 2A)
indicating both roughly comparable sample preservation and that the siRNA protocol itself
did not induce any detectable non-specific changes to Golgi structure. This conclusion is
consistent with previous light microscopy (9). On average, individual Golgi stacks were
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comprised of ~4 cisternae, and there were a relatively small number of ‘free’ vesicles and/or
budding vesicle profiles associated with the Golgi ribbon or with the membranes of Golgi
cisternae, respectively (see, Figure 2A, asterisk and inset).

In contrast, high pressure freezing was essential to preserving the morphological features of
the Rab6-depleted Golgi (Figure 2B,C). Rather than appearing as an often fragmented and
generally dilated structure (Figure 1B,C), the Golgi apparatus in Rab6-depleted cells
following high pressure freezing appeared as long continuous cisternae with any dilated,
swollen structures restricted to 1 to 2 cisternae at one side of the Golgi stack (Figure 2B).
These better preserved Golgi profiles showed significant qualitative and quantitative
differences in Golgi organization as well as vesicle arrangement compared to controls. In
some cases, Golgi cisternae appeared to be de-adhered (Figure 2B, arrowhead) and 2-
dimensional imaging of thin sections by electron microscopy revealed a significant increase
(~15-fold) in the number of vesicular ‘budding profiles’ that remained either continuous
with or directly attached/tethered to Golgi cisternae (Figure 2B; see also later Figures). The
morphological appearance of these extensive ‘budding’ profiles appeared to represent
vesicles which had successfully formed via established coat-mediated mechanisms (13), as
indicated by the presence of electron dense protein coats and size (Figure 2B, insets)
consistent with previous morphological studies (14–17). We refer to the ‘budding’ profiles
by the neutral term of Ω figures as arrested budding versus fusion can not be determined
from a single time point. The coat associated with the larger vesicle profiles had the spiked
appearance typical of clathrin, in accordance with previous detailed characterization at the
electron microscope level in high-pressure frozen mammalian cells (Figure 1B, asterisk, left
inset) (14,15,17) and exhibited a polarized distribution relative to the cis-trans axis, i.e.,
these apparent clathrin coated Ω figures were primarily distributed to the trans-face of the
stacks/ribbon. We assigned the dilated cisternae associated with these larger profiles as
trans-cisternae/TGN. Interestingly, arrested, larger Ω figures were found not only at
periphery of trans-cisternal membranes but also laterally along their length when Golgi
cisternae were not in close apposition (Figure 2B, asterisk, left inset). Similarly, in areas of
the ribbon where medial-cisternae were not positioned immediately adjacent to one another,
smaller, presumably COPI-coated arrested profiles were observed (Figure 2B, arrowhead,
right inset). Together, these results strongly indicate that Rab6 regulates coated vesicle
dynamics at the mammalian Golgi. This is a surprising outcome because Rab6 has been
previously implicated in coated vesicle-independent trafficking (e.g., 10).

A third key finding was that the number of cisternae per Golgi stack was reproducibly
increased in thin sectioned Rab6 knockdown cells relative to controls (6.8 ± 0.46 versus 4.2
± 0.32 cisternae per stack, respectively), with up to 9 individual cisternae found within a
single stack in some instances, as highlighted in the example shown in Figure 2B. Fourth,
the linear continuity of the Golgi’s ribbon-like architecture in Rab6-depleted cells was
significantly increased compared to control cells (e.g. compare Figure 2A and 2B). We
suggest that the increases observed for the number of stacked cisternae as well as lateral
continuity along the length of the Golgi ribbon may result indirectly from the inhibition of
efficient vesicle trafficking from Golgi cisternae combined with effects on lateral cisternal
fusion. Previous ultrastructural studies which have examined the changes that result from
incubating mammalian cells at 20°C to block the exit of protein cargo from the Golgi have
only reported increases in the size of trans-cisternae/TGN as a consequence of arresting the
exit of membrane traffic from the Golgi (17–21), in contrast to the significant changes in
cisternal number and continuity that we report here.

Since our analysis of coated vesicle profiles by electron microscopy of thin sections
prepared from Rab6-depleted HeLa cells indicated a polarized distribution vertically across
Golgi stacks, we predicted that Golgi glycosyltransferases/resident proteins should also
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maintain a polarized distribution relative to the cis-trans axis. Subsequent confocal
immunofluorescence images of the cis-Golgi marker, p115, and β-galactosyltransferase
(GalT, a glycosyltransferase preferentially distributed to trans-Golgi cisternae) clearly
demonstrated that these two markers could be readily distinguished from one another in both
siControl- and siRab6-treated cells (Figure 3, A and B), thus providing strong evidence
confirming that fundamental Golgi organization remained intact for HeLa cells in which
Rab6 knockdown was high (Figure 2C); similar results obtained by indirect
immunofluorescence labeling of a second pair of cis- and trans-markers (gpp130 and
TGN46, respectively) further confirmed the polarized distribution of these Golgi proteins in
Rab6-depleted cells (data not shown). Furthermore, in many cases the extent of increased
lateral continuity along the ribbon in Rab6 knockdown cells was striking relative to controls
even at the light microscope level (Figure 3B versus Figure 3A). By immunogold labeling,
we found the relative distribution of GalNAcT2-GFP across the Golgi stack to be unaltered
with Rab6-depletion (Micaroni and Marsh, unpublished observations).

Electron Tomography Validates a Role for Rab6 in the Dynamics of Free Coated Vesicles
and Golgi Homeostasis

Although thin section analysis (Figure 1 and 2) suggested a Rab6-dependent inhibition of
vesicle dynamics in siRab6 cells, the limitations of conventional 2-dimensional analysis by
electron microscopy prevented an unambiguous quantification of the size or number of
apparent vesicles and Ω figure profiles. The combination of fast, high pressure-freezing/
freeze-substitution fixation with high-resolution electron tomography has previously shown
that Golgi-associated vesicles can be reliably classified as either clathrin- or COPI-coated
structures according to the combination of their coat thickness/morphology and size
(14,15,22,23). In addition, high-resolution 3-dimensional reconstructions of the Golgi region
generated by electron tomography afforded more robust quantitative analysis of the structure
of the Golgi and its component cisternae than could ever be achieved by attempting to
extrapolate its 3-dimensional organization from 2-dimensional micrographs (23–30).
Consequently, we used cellular electron tomography to image then reconstruct thick (i.e.
300 nm) sections encompassing representative Golgi regions. The tomographic slice
presented in Figure 4A (see also Fig 4A tomo.mov) - taken from the mid-plane (in Z) of a 3-
dimenional reconstruction of the Golgi region in a control HeLa cell - highlights the basic
hallmarks of ‘normal’ Golgi organization in mammalian cells: individual stacks of Golgi
cisternae (compact regions) situated in relatively close proximity to one another, together
forming a larger ribbon-like structure that extends laterally (24,31–33). Consistent with 2-
dimenional images of thin sections (Figure 2A), 3-dimensional analysis of tomographic
reconstructions confirmed that each stack contained ~4 cisternae on average, accompanied
by a relatively small number of vesicles (Table 1). Further, microtubules were present within
the Golgi region of control cells (Figure 4B, see also Fig 4B model.mov).

As well as using coat appearance as a putative marker for the trans-Golgi, the direct
physical juxtaposition of ER membranes with trans-cisternae in electron tomograms
provided an additional means of reliably assessing each stack’s polarity in accordance with
previous studies (14,17,24,28,34–36) (Figure 4A, inset). Using these two criteria, individual
cisternae were segmented and color-coded according to the polarity of each stack and
surface-rendered models were then generated for unambiguous 3-dimensional visualization
of Golgi organization and for subsequent quantitative analysis (Figure 4, B and C). Detailed
examination of the Golgi ribbon in tomograms of siControl cells revealed that individual
stacks within the volume were for the most part spatially/structurally distinct from each
other and only a small number of vesicles were found in the vicinity of the Golgi. In the
example shown here, only 5 vesicles (3 clathrin, 2 COPI) were present (Figure 4D); a single
COPI-coated Ω figure profile was also found. In contrast, a comparable representative
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volume centered on the Golgi region in a Rab6-depleted cell revealed Golgi stacks that
contained up to 7 cisternae (not including either the cis-most cisterna/CGN or the trans-most
cisterna/TGN (Figure 5A, see also Fig 5A tomo.mov). Further, the dimensions of cisternae
within individual Golgi stacks in Rab6-depleted cells were significantly larger than their
counterparts in siControl cells both vertically (0.323 μm versus 0.229 μm) and laterally
(3.272 μm versus 0.445 μm); in sum, stacked Golgi cisternae in siRab6 cells were larger in
width, length and more numerous than in control HeLa cells. Quantitative differences were
observed in multiple tomograms from individual cells (Table 1, e.g., 1.3x increase in stack
width, 3.2 increase in cisternal length, and 1.51-fold increase in cisternal number on
average).

In Rab6-depleted cells, the trans-most cisternae/TGN was considerably enlarged in Rab6-
depleted cells compared to that in controls (Figure 5, A–C). This finding is consistent with
the accumulation of Golgi vesicles along cisternal membranes. Of the 88 vesicular profiles
associated with Golgi cisternae in the tomogram volume, 34 were clathrin-coated based on
morphology and 54 were COPI-coated (see Figure A, insets for examples). Note that
electron tomography permitted the assessment of coat morphology for each and every
structure at various positions and angles within the tomogram. In either case (Figure 5A,
insets; Figure 5, B and C, models; see also Fig 5 model.mov), physically continuous with
Golgi cisternal membranes represented the majority of clathrin- or COPI-positive structures/
vesicles identified (75% for clathrin versus 57% for COPI). In line with the original concept
of ‘vesicles on strings’ (37) and consistent with our previous studies in insulin-secreting
cells (16), COPI- and clathrin-coated ‘free’ vesicles in the Golgi region were located
immediately proximal to cisternal membranes at the cis- and trans-Golgi, respectively
(Figure 5, B–D). Likewise, the dimensions (Figure 5E) of both vesicle populations
(identified and classified first on the basis of coat appearance) were consistent with previous
measurements for clathrin and COPI vesicles in a variety of mammalian cell types prepared
using a similar high-pressure freezing approach (14,15,17,27). Clathrin- and COPI-positive
‘free’ vesicles measured were 78.1 ± 2.6 nm and 47.4 ± 1.2 nm, respectively; clathrin- and
COPI-positive cisternal continuous structures measured 70.4 ± 2.0 nm versus 45.4 ± 1.4
nm). The cisternal continuous Ω figures similarly fell into two size classes.

The significant accumulation of Golgi vesicles and Ω figure profiles, near doubling of the
number of cisternae per stack and significant increase in cisternal length/continuity that
followed Rab6-depletion suggested that the Golgi in these cells may be less dynamic relative
to controls, particularly in light of evidence for direct and indirect roles for Rab6 in
regulating microtubule binding and/or membrane recycling at the mammalian Golgi (12,38).
To examine whether the Golgi remained sensitive to perturbations of the microtubule
cytoskeleton, we tested the stability of the Golgi ribbon in siRab6 versus siControl cells in
response to the microtubule-depolymerizing agent, nocodazole. Qualitatively, the pattern of
scattered Golgi elements was similar (Figure 6, A, and B). Quantitatively, there was a small
increase overall in nocodazole sensitivity suggesting the possibility of somewhat higher
rates of Golgi recycling/transport in the Rab6-depleted cells (Figure 6C).

Finally, our electron microscope data provided evidence of a dramatic increase in the
formation of expanded multivesicular bodies (MVB)/autophagic compartments in the
vicinity of the Golgi region in Rab6 knockdown cells (Figure 7; see also Fig 7A′ tomo.mov,
Fig 7B′ tomo.mov, Fig 7C tomo.mov). The presence within these compartments of different
types of coated vesicles indicated an accumulation of transport intermediates as a
consequence of Rab6 knockdown (Figure 7, white versus black arrows). These structures are
likely autophagomes and/or intermediates in non-conventional secretion (39). Future studies
will be required to determine fully the functional significance and mechanism of formation
of these compartments. Of note the depletion of a Ypt6/Rab6 effector, the GARP complex,
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leads to accumulation of autophagic structures in HeLa cells (40); in yeast, GARP/VFT
mutants exhibit defective autophagy (41).

VSV-G Transport Is Inhibited Selectively by Rab6-Depletion at a Golgi to Plasma
Membrane Stage but not at Earlier ER to Golgi Stage

Our electron microscopy analysis of the Golgi phenotype in Rab6 knockdown cells indicates
an effect(s) that are particularly manifest at the trans-Golgi/TGN, i.e., trans-Golgi/TGN-
specific cisternal dilation and accompanying coated Ω figures and vesicle accumulation.
Moreover, the simplest explanation of the observed cisternal proliferation with Rab6
knockdown is based upon the predictions of the cisternal maturation model in which
continued normal input from the ER coupled with inhibited export from the Golgi apparatus
might well be result in a pronounced increase in cisternal number. Hence, we hypothesized
that transport of the model cargo protein, VSV-G protein, from the ER to the plasma
membrane should be normal from ER to Golgi, but inhibited at the level of Golgi to plasma
membrane. As shown in Figure 8, this was exactly the outcome observed for the tsO45
temperature sensitive mutant of VSV-G protein that accumulates in the ER at 39.5°C and
following temperature shift to 32°C then traffics via the Golgi apparatus to the plasma
membrane. At the end of the 39.5°C ER accumulation period, the GFP tagged VSV-G
mutant protein had accumulated in the ER as indicated by a web-like distribution of
fluorescence across the cytoplasm in both Control (siScr) and siRab6(Sun) incubated wild
type HeLa cells (Figure 8A). Cells were counterstained with Rab6 antibody to validate the
level of Rab6 knockdown in each and every cell scored (data not shown). Upon shift to
permissive conditions in the presence of cycloheximide to prevent further protein synthesis,
VSV-G fluorescence accumulated juxtanuclearly in the Golgi region of the cell (Figure 8B).
At the end of a 20 min chase at permissive temperature, 44 ± 4% of total VSV-G-GFP
fluorescence was found juxtanuclearly in Control cells and 44 ± 5% in Rab6 depleted cells.
From this, we conclude that the initial steps in VSV-G transport to the Golgi were
unaffected by Rab6 depletion and hence are not Rab6-dependent.

To test whether Golgi to plasma membrane transport of VSV-G was affected by Rab6
depletion, we counterstained cells with a monoclonal antibody directed against an epitope
present in the extracellular domain of VSV-G protein. In sum, each cell was characterized in
3 different fluorescence channels: total VSV-G distribution (VSV-G-GFP); cell surface
VSV-G (extracellular domain epitope); and Rab6 level (rabbit antibodies directed against
Rab6). As shown qualitatively in Figure 8B, surface appearance of VSV-G could be weakly
detected for some Control cells as early as 40 min chase time while no surface appearance
was detectable in siRab6 cells until a 90 min chase. When the intensity of surface VSV-G
staining was quantified and averaged over a cell population, quantitatively significant
surface accumulation of VSV-G at 60 min for Control cells and 90 min for siRab6 cells
(Figure 8C). Even after a 120 min chase when the incidence of surface accumulation was
high for both Control and siRab cells, there was still an approximately 2-fold lesser
accumulation of VSV-G at the cell surface when the results were quantified and averaged
across the scored cell population. Consistent with others (11,42), we conclude that Rab6 is a
significant regulator of cargo transport to the plasma membrane. Based on our electron
microscopy, this inhibition is likely to be at the trans-Golgi/TGN. Based on time-lapse
microscopy, other investigators have concluded that the Rab6 effector, myosin IIA, is
necessary for efficient vesicle formation and trafficking from the TGN (11).
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Depletion of the Individual Rab6 Effector, Myosin IIA, Induces Extensive Golgi-Associated
Vesicle Accumulation But Fails to Produce Increased Golgi Cisternal Number or
Continuity

Myosin II and more specifically myosin IIA, MyoIIA, has been shown to be a Rab6 effector
and a mediator of transport vesicle formation at the trans-Golgi apparatus (11,42). MyoIIA-
dependent vesicles are required for efficient Golgi to plasma membrane transport and likely
are uncoated (11,42). Hence MyoIIA depletion provides an excellent test of both the
contribution of an individual effector to the Rab6 knockdown Golgi phenotype and how
tightly coupled vesicle formation/transport to the plasma membrane and Golgi cisternal
organization are. Using a siRNA directed against MyoIIA described by Miserey-Lenkei et
al. (11), MyoIIA-depleted GalNAcT2-GFP HeLa cells were prepared for ultrastructural
analysis in both 2-dimensions and 3-dimensions. Initial surveys of thin sections by electron
microscopy revealed that MyoIIA knockdown resulted in dispersal of the Golgi ribbon into
smaller, discrete Golgi stacks and en face elements characteristic of trans-Golgi/TGN,
surrounded by large numbers of small uncoated vesicles (Figure 9A; the arrow points to
vesicles resembling ‘beads-on-a-string’ while the arrowhead indicates membrane-associated
vesicles). Subsequent detailed analysis in 3-dimensions by electron tomography showed
pronounced disruption of normal Golgi organization resulting in a mix of pleiomorphic
Golgi elements accompanied by numerous uncoated vesicles (Figure 9B, Fig 9B tomo.mov,
Fig 9B model.mov). The ‘vesicles’ often appeared to be linked to Golgi membranes by a
‘stalk’ that could well be membrane continuity arising from arrested vesicle fission (Figure
9, A and B, arrowheads). Likewise, groups of vesicles resembling beads-on-a-string
suggested the presence of residual membrane continuities (Figure 9B, arrows). Uncoated
budding profiles accounted for ~15% of the vesicle-like structures (Figure 9F, Table 2) that
appeared to be arrested at various stages of budding (Figure 9F, arrows, rose-colored
structures; see also Fig 9F tomo vesicles.mov). Control experiment confirmed MyoIIA
depletion by immunolabelling at the light microscope level (Figure 9, C and E), and by
Western blotting analysis (Figure 9E; protein knockdown, 81% depletion at 72 h and 93% at
96 h).

In addition to the numerous small, uncoated vesicles, tubular Golgi extensions were
observed (Figure 9B, asterisk) consistent with the previous work of Miserey-Lenkei et al.
(2010). These tubular profiles were also uncoated. Interestingly, in the examples shown in
Figure 9B, one tubule appeared to be condensing into a string of vesicles, likely, examples
of incomplete vesicle fission (arrow). Quantitatively, when vesicles were modeled in a
representative region of the tomogram (see Fig 9B model.mov), the typical vesicle diameter
was ~40 nm (Table 2). For the 7 Golgi stacks scored, the average number of cisternae per
stack was 2.71 ± 0.18 and the average maximal cisternal length was 511 ± 19 nm (Table 3).
In contrast to the results obtained following Rab6 knockdown, the length of Golgi cisternae
in the MyoIIA-depleted cells was slightly shorter compared to control cells and the number
of cisternae per stack was reduced (compare Table 1 and 3). Quantitative data obtained from
tomograms of the Golgi region in siMyoIIA-treated cells were supported by thin section
electron microscope analysis of approximately 20–30 cells per condition. Most importantly,
the presence of apparent protein coats on arrested budding profiles was very rare (Figure 9B,
“c”, clathrin-coated example; for quantification, see Table 3). In sum, the MyoIIA depletion
phenotype does not replicate the phenotype resulting from knockdown of Rab6. Importantly,
these results by comparison strongly indicate that the accumulation of coated vesicles,
particularly COPI-vesicles that have been implicated previously in Golgi retrograde
trafficking and cisternal maturation (43), are central to the observed cisternal proliferation.
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DISCUSSION
The results presented here indicate that Rab6 - the most abundant Golgi-associated Rab
protein (2) – is essential to the normal transport and budding and/or consumption of multiple
classes of coated vesicles. Moreover, they suggest that coated vesicle trafficking is crucial to
the role of Rab6 in Golgi homeostasis. These results are a novel and unexpected outcome;
considerable evidence to date has implicated Rab6 in non-coated, Golgi-derived vesicle
trafficking (e.g., 10,11,42). The experiments themselves and the electron microscope
approach essential to this outcome were prompted by our previous findings that in double
knockdown, epistasis experiments, that Rab6 was required for the dispersal of Golgi-derived
vesicles to the cytosol (Sun et al., 2007). We reasoned that since Rab6 effectors include a
number of motor proteins and/or motor interacting polypeptides, e.g., myosin IIA, KIF5B,
KIF1C, KIF20 and subunits of the dynactin complex, that the epistatic suppression observed
with Rab6 knockdown of both vesicle dispersal and Golgi fragmentation could be due to a
failure to transport Golgi-derived vesicles. If so, Rab6 depletion might well produce vesicle
accumulation in the immediate proximity of the Golgi apparatus. Because these vesicles
would be Golgi proximal, they would be undetectable at the 200 nm or so resolution of the
light microscope. Therefore, we used electron microscopy and, in particular, electron
tomography of thick sections with its much higher resolution of ~4 nm as our primary
experimental readout. In sum, the net outcome of our electron microscopy has been to reveal
that Rab6 knockdown produces a diverse set of Golgi phenotypic changes in which the
pronounced increase in cisternal number and continuity is accompanied by the accumulation
of two classes of vesicles, both coated and concentrated on the trans side of the organelle.
We propose that the observed accumulation of coated vesicles is primary to the dilation of
the trans-Golgi/TGN and the proliferation of Golgi cisternae in response to Rab6 depletion.

We have taken the top down approach of knocking out Rab6 (Rab6a/a’) to study the role of
Rab6 regulated protein machines in the regulation of Golgi dynamics and homeostasis. This
approach has the virtue of revealing what are likely the dominant or most important
phenotypic consequences of Rab6 for Golgi organization and dynamics. In our initial studies
we found that two different siRNAs directed against Rab6 produced the same morphological
phenotype in electron micrographs of chemically fixed, thin-sectioned HeLa cells. In both
cases, there appeared to be considerable cisternal proliferation, dilation of several cisternae
and some accumulation of coated vesicles and cisternal-associated, coated-swellings that we
term Ω figures. As both siRNAs produced the same morphological phenotype, we chose in
all subsequent experiments to use the siRab6(Sun) previously described by this laboratory
(9). In additional validation of this choice, we had shown previously that the Rab6
phenotype suppression is mimicked by overexpression of GDP-restricted Rab6 and in some
cases by the overexpression of a mutant Rab6 effector (9). A final methodological outcome
from our initial electron microscopy was the decision to use high pressure freezing as the
first step in all subsequent sample preparation for electron microscopy. We found that high
pressure freezing followed by freeze substitution gave a much better preservation of Golgi
structure in Rab6-depleted cells. Under these conditions, cisternal dilation was clearly
restricted to the trans-Golgi/TGN, the site of coated vesicle accumulation.

To the best of our knowledge, our observations provide the first example in which depletion
of an Golgi-associated regulatory molecule resulted in significantly increased Golgi
organization, increased cisternal stacking and lateral continuity. In striking contrast, we
found that knockdown of a single Rab6 effector, MyoIIA (11), resulted in the accumulation
of small, uncoated structures that often remained linked to Golgi membranes but was not
accompanied by a concomitant accumulation of multiple classes of coated vesicles or Ω
figures as observed for Rab6. In siMyoIIA-treated cells, the general architecture of the Golgi
ribbon was disrupted and cisternae within individual Golgi stacks were slightly shorter and
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less numerous than in control cells. At the electron microscope level, we did observe
evidence for MyoIIA regulated Golgi tubule extension as reported by others (11). Rab6 has
also been reported to regulate Golgi tubule extension in response to hypotonic shock (44).
As MyoIIA is a known motor protein in Golgi to plasma membrane trafficking (11,42), the
failure to observe any increase in Golgi cisternal number with MyoIIA knockdown strongly
indicates that inhibition of Golgi to plasma membrane trafficking per se is not tightly
coupled to cisternal homeostasis. Our experiments indicate that Rab6-dependent recruitment
of a cisternal adherence factor, likely a golgin, is of limited structural consequence to the
overall organization of the Golgi apparatus. Although the disruption or depletion of
individual golgins can lead to fragmentation of the Golgi ribbon (for review, see 45), we
found that Rab6 depletion did not fragment the Golgi ribbon rather the Golgi ribbon was, if
anything, more continuous. We did observe some de-adherence of TGN from trans-Golgi
cisternae and correspondingly trans-Golgi cisternae from medial cisternae. Together these
observations suggest that a limited set of Rab6 effecters are most important to establishing
the morphological organization of the mammalian Golgi apparatus. A major goal of our
current research is defining what that crucial subset might be.

The work presented in this paper provides an explanation for the apparent dominant role of
Rab6 in Golgi organization that is entirely consistent with our previous double knockdown
experiments (9). In epistatic knockdown experiments, Rab6 loss-of-function suppressed
Golgi fragmentation following knockdown of either the multimeric COG retrograde tether
complex or the putative Golgi retrograde tether proteins ZW10 or RINT1 (for review, see
46). Importantly, co-depletion of Rab6 together with COG suppressed the cytoplasmic
accumulation of Golgi-derived vesicles (9), suggestive that Rab6 regulates a key early step
in either vesicle formation or transport. Based on the present, we suggest that a major effect
of Rab6 is at the level of coated vesicle formation/transport. Whether this is the crucial
function of Rab6 in Golgi organization remains an open question. An inhibition of coated
vesicle transport, especially that of COPI-coated vesicles, presumed intra-Golgi retrograde
carriers, could well have feedback/knock-on effects through delayed recycling on coated
vesicle formation and cargo transport through the Golgi apparatus. A primary defect in
transport could then have secondary consequences on cisternal progress/maturation and the
proliferation of Golgi cisternae. Considering the number of motor proteins known to be
Rab6 effectors, we favor the interpretation that the failure to recruit a motor(s) may produce
a primary defect in coated vesicle transport that then produces the potential secondary
consequences cited previously. In addition, Rab6 may have a hitherto unsuspected role in
autophagy and/or non-conventional secretion. We observed the accumulation of
multivesicular/autophagic compartments in Rab6 knockdown cells. Whether this is a direct
Golgi-associated consequence of Rab6-depletion, or mediated via a second Rab, e.g.,
Rab33b, a functionally overlapping Golgi Rab (47) known also to be involved in autophagy
(48,49) is unknown.

We found that the Rab6-depleted, Golgi apparatus still supported secretory cargo transport,
albeit at a slowed rate, a result consistent with the previous evidence of Grigoriev et al (42)
and Miserey-Lenkei et al. (11) that Rab6 - facilitated VSV-G transport from the Golgi to
plasma membrane. Rab6 has long been known to have diverse effects on Golgi transport
kinetics and organization. Depletion of Rab6 is known to affect both anterograde and
retrograde Golgi trafficking (11,12,42). Furthermore, Rab6 has been implicated in the
regulation of endosome to TGN trafficking (50,51). Overexpression of GTP-restricted Rab6
causes the redistribution of Golgi proteins to the ER (44,52) while, on the other hand,
overexpression of GDP-restricted Rab6 delays secretory cargo transport from the TGN to
the plasma membrane and inhibits Golgi to ER retrograde trafficking of Golgi enzymes
(10,53). Here we found using quantitative fluorescence microscopy that transport of the
model cargo protein, VSV-G protein, from the ER to Golgi was unaffected by Rab6-
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depletion while transport of VSV-G protein from the Golgi apparatus to the plasma
membrane was substantially inhibited. Likely, this inhibition occurs at the trans-Golgi/TGN
as that is the site of cisternal dilation and coated vesicle accumulation.

We suggest that the two morphological classes of coated vesicles/Ω figures that accumulated
in response to Rab6 depletion correspond to clathrin-and COPI-coated structures. This
reasoning is based upon the morphology of the coats in electron tomograms where the coat
can be observed in different planes and orientation and on the size difference between the
two vesicle classes. The one coat appeared to be spikey and the other smooth. The spikey
coat was associated with vesicles/Ω structures with an average diameter of ~75 nm while the
smooth coat was associated with vesicles/Ω figures of an average diameter of ~45 nm. These
properties are consistent with the larger structures being clathrin coated and the smaller
COPI coated. Other possible approaches to identifying the coats are immunolabeling and
biochemistry/cell fractionation. Biochemically, our previous report that the lysosomal
membrane protein LAMP2 is shifted to a higher molecular weight, i.e., further processed, in
Rab6 knockdown cells (9) is consistent with the delayed transport implicit in the
accumulation of putative clathrin-coated vesicles, known carriers in Golgi to endosome/
lysosome cargo transport. Our light microscope immunolabeling experiments with antibody
directed against COPI indicate an increase in the level of Golgi associated COPI coat
(Storrie, unpublished observations). Our initial efforts at a high-resolution immunogold
labeling approach failed to give sufficient labeling to permit any conclusions to be drawn
(Micaroni and Marsh, unpublished observations). To date, no direct effector link has been
made between Rab6 and COPI or clathrin. However, the linkage to vesicles may well not be
to the coat but rather to a motor protein. Several motor proteins are known Rab6 effectors.
Whether specific effects due to Rab6a or Rab6a’ are evident in our data set remains for now
an open question. In our experiments, we have used proven siRNAs directed against both
Rab6 isoforms (9,12) and hence the total level of Rab6 protein is knocked down 80 to
>95%. The maximal level of total Rab6 protein reduction expected for the knockdown of the
individual Rab6a or Rab6a’ isoforms is approximately 50%.

In conclusion, we present evidence from the unbiased and high-resolution approach of
electron microscopy and electron tomography that Rab6 regulates, be it directly or
indirectly, the trans-Golgi proximal accumulation of two morphological classes of coated
vesicles. The morphological properties of these vesicles are suggestive that one class
corresponds to clathrin-coated vesicles and the other to COPI-coated vesicles. Based on the
site of vesicle accumulation, cisternal dilation and the kinetics of cargo transport from the
ER to the plasma membrane, we suggest that Golgi function in transport is preferentially
inhibited at the trans-Golgi/TGN. The observed proliferation of Golgi cisternae in Rab6-
depleted HeLa cells may then be a secondary consequence of slowed Golgi export and/or
inhibited intra-Golgi retrograde trafficking mediated by COPI-coated vesicles. Such an
outcome is consistent with a cisternal maturation/progression model of Golgi function in
secretion and the accumulated putative COPI vesicles are likely intermediates in cisternal
maturation. These results are the first evidence for a Rab6-dependent coated vesicle
transport at the trans-Golgi and the first example of concomitant cisternal proliferation and
increased Golgi stack organization under such conditions.

MATERIALS AND METHODS
Cell Culture

Wild-type HeLa cells were grown in DMEM supplemented with 10% fetal bovine serum
(FBS) in a humidified incubator at 37°C and 5% CO2. HeLa cells stably expressing
GalNAcT2-GFP (N-acetylgalactosaminyltransferase-2 fused to the green fluorescent protein
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(GFP)) were maintained in culture in the presence of G-418 (54). All cell culture media, sera
and associated reagents were obtained either from Invitrogen or the Sigma Chemical Co.

RNA Interference (RNAi) and Nocodazole Treatment
siRab6(Sun) (starting at nucleotide position 554 within the coding sequence of Rab6) used
to deplete endogenous Rab6 protein levels in HeLa cells in most experiments was
manufactured by Dharmacon RNA Technologies (Lafayette, CO, USA) and was directed
against a 3’ portion of Rab6 mRNA that is common to both the Rab6a and Rab6a’ isoforms
generated by alternative splicing of the Rab6A gene (9,55). Consequently, we use the term
‘Rab6’ in this paper to collectively refer to both splice variants. Rab6a and Rab6a’ differ by
only three amino acids, share the same GTP binding properties, localize to the Golgi and are
at least partially functionally redundant (12,55). Under the conditions used in our
experiments, we achieved a 75–95% depletion of Rab6 by RNAi knockdown over a 72–96 h
period (Figures 1C, 2C and 3G) (9) accompanied by a high level of phenotypic penetrance
(95–96%, data not shown), consistent with previous results (9). In some experiments, an
alternate siRNA directed against the 5’ third of Rab6 starting at nucleotide position 78
(siRab6(Young), 12) was used. For MyoIIA knockdown, the following siRNA:
AGGAGUUUCGGCAGAGAGAUAUU, synthesized by Dharmacon was used (11). siRNA
transfections using Oligofectamine (Invitrogen) were carried out in the absence of FBS
using previously described protocols with only minor modifications (9,12). In brief, 70,000
cells in a 35 mm dish underwent two successive cycles of siRNA transfection for maximal
knockdown; the second cycle started 24 h after the initial incubation (Sun et al., 2007).
Protein depletion times are referenced to the first transfection cycle. The scrambled
siControl RNA has been described previously (9).

siControl and siRab6 HeLa cell cultures were exposed to nocodazole as previously
described (54,56).

Antibodies
Rabbit antibodies directed against Rab6, β-actin and TGN46 were purchased commercially
and used as described elsewhere (9,44,57). Rabbit antibodies to β-COP were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and those against the C-terminal
peptide of human MyoIIA were purchased from Covance, Inc (Princeton, NJ, USA).
Monoclonal antibodies against gpp130, an ectoepitope of ts045-VSV-G protein, and β-COP
were gifts from Adam Linstedt (Dept. of Biology, Carnegie Mellon University, Pittsburgh,
PA, USA), Harvey Lodish (Dept. of Biology, Massachusetts Institute of Technology,
Cambridge, MA, USA), and James E. Rothman (Department of Cell Biology, Yale
University), respectively.

Chemical Fixation for Thin Section Electron Microscopy
RNAi treated cells were grown in 35 mm tissue culture dishes and fixed in situ with 0.05%
malachite green, 2.5% glutaraldehyde in 0.1 M cacodylate buffer as described (58). Cells
were then stained with osmium tetroxide followed by sequentially by tannic acid and uranyl
acetate. Cells were then scraped off the tissue culture dish, dehydrated, and plastic
embedded. Thin sections were cut at 40 or 50 nm thickness with a Leica UltraCut 7
microtome and examined at an accelerating voltage of 80 KeV with a Tecnai F20
intermediata voltage electron microscope (FEI Co.). Images were collected with a 4K FEI
Eagle CCD camera.
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Western Blot Analysis
HeLa cells were lysed in 2% SDS, followed by standard SDS-PAGE (12% acrylamide) and
Western blotting essentially as previously described (9,59). Western blots were quantified
using a LI-COR Odyssey system (LI-Cor Biosciences, Lincoln, NE).

VSV-G Transfection and Chase
After 80 h incubation with either scrambled (control) or siRNA against Rab6, wild type
HeLa cells were transfected with plasmids encoding tsO45 mutant of VSV-G-GFP protein
and incubated overnight at 39.5 C, non-permissive conditions for the transport of VSV-G
protein from the ER to Golgi apparatus. Cells were then shifted to 32°C, permissive
conditions for tsO45 G transport, and incubated for various chase in the presence of
cycloheximide to prevent further protein synthesis. Cells were then fixed with
paraformaldehyde and cell surface stained for VSV-G protein and subsequently
intracellularly stained for Rab6 expression level. Under these conditions, the total siRNA
treatment time was 4 d. Plasmid expression was deliberately chosen to give a low expression
level for VSV-G protein.

Fluorescence Microscopy and Image Processing
To characterize protein distributions by immunofluorescence at the light microscope level,
fixed cells were visualized either using a BD CARVII spinning disk confocal microscopy
accessory mounted on a Zeiss 200M inverted microscope controlled by iVision-Mac
software (BioVision Technologies, Exton, PA, USA) to give confocal image stacks or
directly with the Zeiss 200M inverted microscope to give wide field micrographs. Images
were collected with a 63x/1.40 numerical aperture objective and subsequently processed
using iVision-Mac software.

To assess qualitatively the effect of Rab6 knockdown on Golgi phenotype prior to
correlative imaging at the electron microscopy level, GalNAcT2-GFP expressing HeLa cells
treated with siRab6 (together with control HeLa cells transfected with scrambled/nonsense
siRNA duplexes) cultured on gold EM finder grids (Electron Microscopy Sciences, Hatfield,
PA, USA) were imaged at 37 °C using a heated stage mounted on a Zeiss LSM 510
microscope. Image stacks were taken as rapidly as possible at a spacing of 1 μm using a 63x/
1.40 numerical aperture objective and a zoom factor of 0.7 or 1.0 to accommodate a large
field of view. During image acquisition, HeLa cells were maintained in PBS supplemented
with 2% FBS. Resulting image sets were compressed into maximum intensity projections
using ImageJ software.

To quantify the effects of nocodazole on the distribution of the Golgi marker, GalNAcT2-
GFP, maximum intensity projections of full cell depth HeLa cell confocal image stacks were
analyzed using iVision-Mac software. For the assessment of nocodazole scattered peripheral
Golgi elements, a size criteria of 0.078 to 2.70 μm2 (10–350 pixels, 0.0879 μm pixel size)
was assigned and the number of GalNAcT2-GFP structures falling into that size was
computer scored. For the assessment of BFA-induced Golgi dispersal to the ER, image
segmentation of maximum intensity projections was used to determine total cell GalNAcT2-
GFP fluorescence and juxtanuclear Golgi fluorescence. Golgi fluorescence was subtracted
from total cell fluorescence to give ER associated Golgi fluorescence.

To quantify total VSV-G protein distribution between a juxtanuclear Golgi accumulation
and the ER, VSV-G-GFP expressing cells imaged with wide field optics and then
juxtanuclear VSV-G-GFP and total cellular G protein were determined by outlining the
appropriate areas manually and the mean pixel intensity in the juxtanuclear Golgi area and
the total was determined with iVision-Mac software. To quantify VSV-G cell surface
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labeling, VSV-G plasmid transfected cells were surface labeled for extracellular VSV-G
protein epitope and imaged. Stained cells were outlined manually and the mean pixel
intensity per cell determined with iVision-Mac software. All pixel intensities were corrected
for background fluorescence as determined by outlining non-cellular areas within the
images.

High-Pressure Freezing, Freeze-Substitution and Microtomy
Following live cell imaging at 37 °C as described above to establish phenotype penetrance,
both Rab6-depleted and control HeLa cells grown on gold finder grids were high-pressure
frozen essentially as described previously (15,22,60). Solutions and metal specimen holders
(Swiss Precision Inc., Millbrae, CA, USA) for high-pressure freezing were pre-warmed to
37 °C, and all manipulations were performed on an inverted heating block warmed to 37 °C
under a dissecting microscope (Olympus, Australia). Following high-pressure freezing using
either a BAL-TEC HPM010 or Leica EM PACT2 high-pressure freezing units (Leica
Microsystems), cells frozen on grids were stored in liquid nitrogen. Specimens were freeze-
substituted using a Leica AFS unit (Leica Microsystems) and then plastic-embedded
essentially as described previously (15,22,60).

Electron Microscopy and Cellular Electron Tomography
The procedures used to prepare mammalian cells for electron microscopy/electron
tomography imaging and subsequent 3D reconstruction using a dual-axis tomography
approach have been described elsewhere in detail (15,22,60–62). Briefly, both thin (40–60
nm) and thick (300–400 nm) sections cut with a Leica UltraCut-UCT microtome were
collected onto Formvar-coated copper slot grids and post-stained with aqueous uranyl
acetate and Reynold’s lead citrate (Electron Microscopy Sciences, Hatfield, PA, USA) to
enhance contrast/visualization. Thin sections were surveyed using a JEOL 1200 electron
microscope (JEOL Australasia Pty Ltd.) operated at 80–120 KeV to assess the quality of
ultrastructural preservation, collect sets of 2D images depicting representative Golgi regions
in both Rab6-depleted and control cells, and for the identification of cells for subsequent
tomographic imaging/reconstruction based on correlated light microscope images of the
same grids prior to freezing. For electron tomography, thick sections were imaged with a
Tecnai F30 intermediate-voltage electron microscope operated at 300 KeV (FEI Co.) using
motorized tilt-rotate specimen holders (Models 650 and CT3500TR; GATAN Inc.,
Pleasanton, CA, USA). Tilt series datasets were collected at 20000 or 23000x magnification
either by single panel CCD (charge-coupled device) imaging or by image montaging (2 × 2
panels) using automated data acquisition and image alignment routines as the grids housing
the sections were serially tilted over a range of ~120° (±60°) and about two orthogonal axes
using the microscope control program SerialEM (63,64). Tomograms computed from
aligned 2D views for each single-axis dataset were computationally registered and combined
in 3D space to produce a dual-axis tomogram for quantitative analysis that encompassed a
cellular area measuring ~4.3 × 4.3 μm in X and Y, with a final pixel size of 2.144 nm,
siControl and siRab6 samples and for siMyoIIA samples the cellular area was ~4.75 × 4.75
μm in XY, with a final pixel size of 1.26 nm.

All of the above procedures - along with subsequent protocols for image segmentation,
surface mesh computation/generation, 3-dimensional visualization and quantitative analysis
- were performed using the IMOD software package maintained and distributed by the
Boulder Laboratory for 3D Electron Microscopy of Cells at the University of Colorado
(Boulder, CO, USA)(65), essentially as described previously (15,22). Quantification of 2D
images acquired from thin sections cut from high-pressure frozen cells was carried out for
11–14 cells for Rab6-depleted versus controls. High-resolution 3D reconstructions of the
Golgi region generated for 4–5 cells for Rab6-depleted HeLa cells (likewise for controls)
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were qualitatively evaluated by comparison to one another, and to 2D images of thin
sections as well as correlated light microscope data for Golgi phenotypes. Tomograms
assessed as ‘representative’ for siRab6-treated versus control cells were subsequently
segmented in 3D for detailed quantitative analysis and comparative 3D visualization of
Golgi structure/organization. The color-coding for different segmented membranes and
vesicles is listed for relevant Figures in the legend. siMyoIIA samples were handled
similarly. Supplementary multimedia video files of the 3D datasets were made as
QuickTime® movies from file sequences generated directly from the 3dmod viewer window
in IMOD. Movies of the 3D reconstructions with/without model contours overlaid as colored
line segments were generated as the tomogram image slice was advanced in Z; movies of the
surface-rendered models generated from cellular tomograms by meshing segmentation
contours on adjacent image slices in Z display 3D models of the Golgi as they are
incrementally rotated in X or Y to allow unobstructed views of the structures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

COPI coat protein I

COPII coat protein II

ER endoplasmic reticulum

ERGIC ER-Golgi intermediate compartment

FBS fetal bovine serum

KeV kilo electron volts

GalNAcT2-GFP N-acetylgalactosaminyltransferase-2 (GalNAcT2) fused to the green
fluorescent protein (GFP)

MyoIIA myosin IIA

RNAi RNA interference

siRNA small interfering ribonucleic acid

TGN trans-Golgi network

VSV-G vesicular stomatitis virus membrane glycoprotein
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Fig. 1. Treatment of GalNAcT2-GFP HeLa cells with either of two different siRNAs directed
against Rab6 results in a similarly expanded Golgi apparatus by electron microscopy
Cells were chemically fixed and then thin sectioned. A: Appearance of the Golgi apparatus
(GA) in chemically fixed cells treated with a Control siRNA, extracellular space (Ex). B:
Appearance of the Golgi apparatus in chemically fixed cells treated with siRab6(Sun) for 4 d
to deplete Rab6 protein levels (see D, E, F). C: Appearance of the Golgi apparatus in
chemically fixed cells treated with siRab6(Young) for 4 d to deplete Rab6 protein levels (see
D, E, F). Arrows in B and C point to examples of accumulated coated vesicles of various
sizes.
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Fig. 2. Rab6-depletion arrests Golgi vesicle release and results in increased cisternal number as
well as increased lateral continuity along the length of the Golgi ribbon
HeLa cells stably expressing GalNAcT2-GFP were incubated with siControl (A) or siRNA
sequences specific for both the Rab6a and Rab6a’ isoforms (B) for 72 h, followed by
processing for electron microscopy by high-pressure freezing (A and B) or Western blot
analysis (C). GA, Golgi apparatus. Asterisks indicate subregions relatively enriched for
arrested vesicle profiles within the larger Golgi region per se, consistent with the lateral rims
of cisternae/non-compact regions where vesicular traffic is more prevalent (2x
magnification, insets). The asterisk in B highlights an example of clathrin-coated profile as
denoted by the spiked, electron-dense coat (2x magnification, inset). The arrowhead in B
highlights an example of a putative COPI-coated budding profile attached at the level of
medial-cisternae (2x magnification, inset). Bar, 0.5 μm (A and B).
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Fig. 3. Golgi stacks in Rab6-depleted cells retain a polarized distribution of resident Golgi
proteins along the cis-trans axis
Wild-type HeLa cells incubated with either scrambled (siControl, A) or Rab6 siRNA
(siRab6, B) for 96 h were fixed for indirect immunofluorescence localization using
antibodies specific for p115 and β-galactosyltransferase (GalT). Images shown are
maximum intensity projections of confocal image stacks. (C) HeLa cell cultures were
processed by Western blot analysis to confirm the efficiency of Rab6 protein knockdown.
Bar, 10 μm (A and B).
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Fig. 4. The Golgi ribbon in control cells is organized as a series of ‘compact regions’ of stacked
cisternae
HeLa cells were treated for 96 h with control siRNA and then high-pressure frozen
immediately from 37°C. (A) A representative Golgi ribbon is shown; inset - an example of
ER membranes in close physical apposition with trans-Golgi cisternae (trans-ER, tER). (B)
The 3D s model derived from (A) illustrating Golgi spatial organization. (C) Model
clockwise rotated −30° about the vertical axis. (D) Model clockwise rotated −120° about the
vertical axis. CGN, cis-Golgi network; MT, microtubule; TGN, trans-Golgi network. Color-
coding: cis-cisternae/CGN, blue; clathrin-coated vesicles, white; COPI vesicles, purple; ER,
red; medial Golgi cisternae, green; trans-Golgi, yellow; trans-cisternae/TGN, tan. Bar, 0.5
μm.
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Fig. 5. The Golgi ribbon in Rab6-depleted cells exhibits elongated cisternae/lateral continuity,
increased cisternal stacking and extensive arrest of vesicular budding
HeLa cells were incubated with siRab6 for 96 h then high pressure frozen immediately from
37°C. (A) Tomogram; inset, 5.6x view of Z slices from area proximal to asterisk more
clearly reveals the spiked, clathrin coat-protein associated with trans-Golgi/TGN. (B and C)
3D models of Golgi ribbon organization highlighting the extended continuity of stacked
Golgi cisternae. (C) Model clockwise rotated −120° about the vertical axis, and (D) Trapped
budding profiles together with ‘free’ vesicles in the region displayed. For abbreviations and
color scheme see Fig. 4. (E) Vesicles and arrested budding structures were assigned as
clathrin- or COPI-coated profiles on the basis of their electron dense staining and diameters
determined from a sphere fitted to the profile. Bar, 0.5 μm (A–D).
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Fig. 6. The Golgi in Rab6-depleted HeLa cells remains sensitive to nocodazole-induced
microtubule depolymerization
GalNAcT2-GFP HeLa cells incubated with either scrambled (siControl, A and B) or Rab6
siRNA (siRab6, C and D) for 96 h were either fixed immediately or treated with nocodazole
at 10 μM for various time periods to depolymerize the microtubule cytoskeleton. Since we
have shown that the fragmentation of the Golgi ribbon in response to microtubule
polymerization is slow (54,56), an intermediate (i.e. 2 h) time point is presented to capture
the Golgi ribbon prior to complete disassembly. Qualitatively, the punctate Golgi-derived
elements induced by nocodazole-treatment appeared somewhat larger in siRab6-treated cells
compared to controls. The kinetic incidence of peripheral Golgi elements (E) was computer
scored as described in Materials and Methods. Bar, 10 μm (A–D).
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Fig. 7. The formation of multivesicular bodies/autophagic compartments is upregulated in Rab6-
depleted cells
(A and B) Tomograms show the formation of extended endo-membrane compartments
containing multiple/internal membranes and abundant coated vesicle profiles. (A′ and B′)
Higher magnification views neighboring the Golgi clearly demonstrate two predominant
types of coated vesicle profiles within the lumen associated with internalized membranes
(black arrow versus white arrow). (C and C′) Image slices corresponding to different Z
planes in the tomographic volume of a different Golgi region; coated budding profiles
arrested in a ‘pre-scission’ state (C, black arrow) are evident, along with multiple ‘free’
coated vesicles (C′, white arrow). MVB, multivesicular body.
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Fig. 8. Depletion of Rab6 inhibits VSV-G transport Golgi to cell surface, but not from the ER to
Golgi apparatus
Wild-type HeLa cells were either incubated with Control or Rab6 (Sun) siRNAs for 4 d and
then microinjected with plasmids encoding GFP tagged VSV-G protein. At the end of the
expression period at 39.5°C, VSV-G protein was located in the ER by wide field light
microscopy, 63x/1.40 numerical aperture objective (A, 0 time). Cells were then shifted to
permissive conditions, 32°C, and fixed at various chase times (B). At the end of a 20 min
chase, there was significant juxtanuclear, i.e., Golgi, accumulation of VSV-G protein in both
Control and siRab6 cells (total VSV-G, left hand 2 columns). There was no quantitatively
significant cell surface accumulation (Surface VSV-G, right hand 2 columns and Fig. 8C).
At later chase times, cell surface accumulation was obvious qualitatively and quantitatively
much earlier for Control than siRab6 cells. Rab6 cells were confirmed to be depleted for
Rab6 protein by antibody staining. Scale bars in wide field images shown in A and B equal
20 μm.
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Fig. 9. Small uncoated Golgi-associated vesicles and tubules accumulate with selective depletion
of the Rab6-effector MyoIIA indicating the specificity of the Rab6-knockdown Golgi phenotype
(A) Thin section electron micrograph of the Golgi region in a MyoIIA-depleted HeLa cell.
Arrow points to an example of beads-on-a-string set of vesicles and a membrane-linked,
stalked vesicle. (B) Tomogram of the Golgi region in a MyoIIA-depleted cell. Arrow and
arrowheads point to examples as above. Asterisk marks an en face structure from which
tubular elements appear to be extending. (C and D) Immunofluorescence (4 d) and (E)
Western blot analysis for strong MyoIIA depletion with siRNA treatment. (F) Tomogram
example showing apparent stages in formation of small arrested budding structures (arrows,
rose color circles) in MyoIIA-depleted HeLa cell. Rose and bronze colored structures
indicate budding or nearly fully released vesicles that were diameter quantified in Table 2.
Bars, 10 μm (A, B, and F); 20 μm (C and D).
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