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Introduction
The endoplasmic reticulum (ER) is a single but pleiomorphic
organelle containing architecturally and functionally distinct
subdomains. The most clearly recognisable and well-known
subcompartments are the nuclear envelope and the peripheral
ER; within the latter, rough (ribosome-covered) and smooth
(ribosome-free) regions (RER and SER) constitute additional
subdomains (Kepes et al., 2005; Voeltz et al., 2002; illustrated
in Fawcett, 1981). In many cells, however, RER and SER do
not occupy spatially segregated regions, and small ribosome-
free areas are interspersed with ribosome-covered regions.
This type of ER is generally organised in sheets (cisternae)
or in a branching tubular network typically seen in many
cultured mammalian cells. Such networks are characterised
by fairly straight tubules, which branch at tripartite junctions
to generate a polygonal meshwork (Kepes et al., 2005;
Terasaki et al., 1984). Only in some cells (e.g. hepatocytes or
steroid-synthesising cells), do smooth and rough portions of
the ER occupy different regions of the cytoplasm. In these
cases, the SER is distinguished from the RER on the basis
not only of its ribosome-free surface but also of its particular
architecture.

Different architectural forms of SER are observed in
different cells and under varying conditions. In cultured cells
overexpressing ER membrane proteins that have the capacity

for head-to-head dimerisation of their cytosolic domains, SER
forms parallel arrays of stacked cisternae – organised smooth
ER (OSER) (Snapp et al., 2003) – which may be lined up
against the nuclear envelope (karmellae), form whorls, or be
organised as cubic or hexagonal ‘crystalloid’ ER (Anderson et
al., 1983). Such stacked SER cisternae are also seen in some
tissues (e.g. cerebellar Purkinje cells) (Takei et al., 1994). More
commonly, however, SER forms a tubular network with
characteristics that are quite different from those of the
polygonal meshwork described above for RER. The SER
tubules are generally more convoluted than those of RER, and
the branch points are more frequent, so that a sponge-like
structure is generated (Kepes et al., 2005; Fawcett, 1981).
We refer to this SER architecture as ‘random tubular’.
Notwithstanding the decades that have passed since the
distinction between smooth and rough ER was first made
(Palade, 1956), the molecular basis of ER differentiation into
the random tubular or polygonal meshwork/sheet organisation
has remained enigmatic.

One way to investigate the genesis of ER architecture is to
treat cells with drugs that alter the organisation of the organelle.
For instance, calcium ionophores and nocodazole (an inhibitor
of microtubule polymerisation) both disrupt ER organisation
(Subramanian and Meyer, 1997; Terasaki et al., 1986),
implying that the cytosolic Ca2+ concentration and ER

In many cells, the endoplasmic reticulum (ER) contains
segregated smooth and rough domains, but the mechanism
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b(5)tail] anchored to the ER membrane, as a tool to
investigate factors influencing ER organisation. Induction
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interaction with the cytoskeleton are important for the spatial
distribution and maintenance of the network.

Because the formation of membranous tubules, a hallmark
of ER architecture, may depend on lipid composition (for
reviews, see Farsad and De Camilli, 2003; McMahon and
Gallop, 2005), the effects of drugs that target lipid metabolism
are also of potential interest for the investigation of ER
architecture. The ER is the major site of synthesis of membrane
lipids of the cell, so that its own lipid composition is dependent
on a fine balance between synthesis, export and degradation.
For instance, in animal cells ceramide, the precursor of
sphingomyelin and of glycolipids, is synthesised in the ER,
where its concentration is kept low because of its export to the
Golgi complex. In the Golgi complex it is used by the enzymes
glucosylceramide synthase and sphingomyelin synthase to
generate more complex sphingolipids (reviewed by Futerman
and Riezman, 2005). 1-Phenyl-2-decanoyl-amino-3-
morpholino-1-propanol hydrochloride (PDMP) is a drug that
inhibits both these enzymes (Rosenwald et al., 1992; Vunnam
and Radin, 1980), with a consequent elevation of intracellular
ceramide concentrations. PDMP interferes with transport from
the ER to the Golgi (Maceyka and Machamer, 1997;
Rosenwald et al., 1992) as well as with Brefeldin-A-induced
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retrograde transport from the Golgi to the ER (Kok et al.,
1998). The effect of the drug on ER-to-Golgi transport is
thought to be a direct consequence of the inhibition of
ceramide consumption (Maceyka and Machamer, 1997;
Rosenwald et al., 1992). Other effects of PDMP, however,
appear to be independent from its action as sphingolipid
synthesis inhibitor (De Matteis et al., 1999; Griner and Bollag,
2000; Kok et al., 1998).

In the present study, we carried out experiments aimed at
testing the effect on ER architecture of drugs that alter
intracellular ceramide levels, and found that PDMP produces
a dramatic reorganisation of the organelle in a HeLa cell line
expressing a GFP fusion protein anchored to the ER
membrane. Although the underlying mechanism of this
phenomenon turned out to be independent of PDMP activity
as a sphingolipid biosynthesis inhibitor, we exploited this novel
effect of the drug to investigate dynamic changes in ER
organisation. We found that in these cells PDMP induces the
segregation of patches of SER, organised as a random tubular
network, which are continuous with the polygonal meshwork,
partially exclude rough ER proteins, and are rapidly dispersed
upon removal of the drug. The results illustrate the capacity of
ER to rapidly reorganise its architecture in response to altered

conditions, and provide a model system which
may prove useful to investigate the molecular
basis of the segregation between rough and
smooth domains of the ER.

Results
Characterisation of HeLa TetOff cells with
inducible expression of an ER tail-
anchored protein
To generate a tool that would allow easy
visualisation of changes in ER organisation,
we produced a cell line stably expressing an
ER-targeted GFP fusion protein. We chose a
well-characterised construct, GFP-b(5)tail,
which we have used in previous work to
investigate transmembrane domain-dependent
intracellular sorting (Bulbarelli et al., 2002)
and ER plasticity (Snapp et al., 2003). As
illustrated in Fig. 1A, GFP-b(5)tail consists of
a cytosolically located EGFP fused at its
C-terminus to the membrane anchor of
cytochrome b(5). Because cell lines with
constitutive expression of this protein lost the
capacity to produce it with time in culture, we
generated a TetOff cell line with inducible
expression (Gossen and Bujard, 1992). These
cells were kept in culture with GFP-b(5)tail
expression repressed by doxycycline, and
maintained the capacity to express the
construct upon removal of the antibiotic (Fig.
1B).

We first examined the ER of induced cells
by confocal microscopy. Three days after
removal of doxycycline from the culture
medium, GFP fluorescence revealed a normal
ER staining pattern (Fig. 1C), which persisted
for up to 2 weeks of culture in the absence
of the antibiotic (not shown). The normal

Fig. 1. Illustration of GFP-b(5)tail and characterisation of HeLa TetOff cells
expressing the construct. (A) Schematic representation of GFP-b(5)tail. The construct
is composed of GFP fused at its C-terminus to a linker (zig-zagged line) consisting of
the myc epitope followed by a repeated Gly-Ser sequence. This is attached to the
entire tail region of rat cytochrome b(5), which contains the transmembrane domain
flanked upstream and downstream by polar sequences. The orientation of the
construct, with the N-terminal GFP in the cytosol and the C-terminus in the ER lumen
is indicated. (B) Western blot analysis of GFP-b(5)tail expression in stably transfected
HeLa TetOff cells. Cells were harvested at the indicated times after removal of
doxycycline from the culture medium. Each lane contained 55 �g of protein. (C)
Confocal analysis of HeLa TetOff cells expressing GFP-b(5)tail. Cells were fixed 3
days after exposure to doxycycline-free medium. Bar, 10 �m. (D) G-6-Pase EM
cytochemistry of HeLa TetOff cells, induced (right) or not induced (left) to express
GFP-b(5)tail. The product of the cytochemical reaction is found within the nuclear
envelope and in ER cisternae. Note the higher density of ER cisternae in the induced
cells. N, nucleus. Bar, 1 �m.
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3251Reversible restructuring of the ER

appearance of the ER was unexpected, because our previous
transient transfection experiments had shown that, at
concentrations above a critical threshold value, GFP-b(5)tail
induces the formation of stacked smooth cisternae (OSER)
through head-to-head dimerisation of its cytosolic domain
(Snapp et al., 2003). The absence of such an effect in the HeLa
TetOff cell line can be explained by the lower expression levels
attained in stably transfected cells compared with transiently
transfected cells.

Although the ER pattern in the induced cells appeared
normal by confocal microscopy, qualitative observations
suggested that the density of the network increased with time
of induction. To confirm that GFP-b(5)tail expression induces
ER proliferation, we analysed ER surface extension by
glucose-6-phosphatase (G-6-Pase) electron microscopy (EM)
cytochemistry in induced and non-induced cells. As shown in

Fig. 1D, the density of G-6-Pase-positive ER tubules or
cisternae was indeed increased in the induced cells.
Quantitative estimation carried out on images like those in Fig.
1D revealed that the ER surface area normalised to cytoplasmic
volume in the induced cells was nearly twice as high as in the
non-induced ones (Table 1).

PDMP induces the formation of SER patches that are
continuous with the rest of the ER
To investigate whether interference with sphingolipid synthesis
would alter GFP-b(5)tail localisation or ER structure, we
treated the induced HeLa cells with three different inhibitors
of sphingolipid synthesis: �-chloroalanine, fumonensin B1,
and PDMP. Whereas the first two had no observable effect, 2-
3 hours of treatment with 50-100 �M PDMP caused the
appearance in 60-70% of cells of large GFP-positive structures
(up to 5 �m in diameter), which coexisted with the normal
polygonal meshwork (Fig. 2A and supplementary material
Movie 1). The structures represented ER subdomains, as
demonstrated by the presence of calnexin, an ER membrane
protein, within them (Fig. 2B). At high magnification, ER
tubules could be seen to emerge (or run into) the patches,
suggesting their continuity with the surrounding ER (Fig. 2D).
The patches extended from the basal to the apical surface of
the cells so that their height tapered from internal cell regions
towards the periphery, as shown in the vertical section of Fig.
2E. The appearance of other organelles was not grossly
affected by PDMP, as illustrated for the Golgi complex in Fig.
2C (see also supplementary material Fig. S2).

We confirmed the continuity of the patches with the

Table 1. Induction of GFP-b(5)tail expression causes an
increase in ER surface area in HeLa TetOff cells

Treatment ER surface area†

+ doxycycline 2.07±0.14** (n=13)
– doxycycline 3.59±0.27 (n=14)
– doxycycline + PDMP 4.44±0.48 (n=10)

†Surface area was estimated on electron micrographs of cells treated for
cytochemical detection of G-6-Pase (see Figs 1 and 4) and normalized to total
cytoplasmic volume as described by Griffiths (Griffiths, 1993). Shown are
mean values ± s.e.m. Comparison of the surface areas of three groups of cells
was carried out by one-way ANOVA and Tukey’s multiple comparison test.
**P<0.01, highly significant difference between non-expressing cells and
GFP-b(5) tail-expressing cells (treated or not with PDMP). 

Fig. 2. Effect of PDMP on the ER
of HeLa cells expressing GFP-
b(5)tail. Cells grown without
doxycycline for 3 days were
treated with 100 �M PDMP for 3
hours, then fixed and examined by
confocal microscopy, either
without further manipulation
(A,D,E), or after immunostaining
for calnexin (B) or giantin (C),
with the use of Texas-Red-
conjugated secondary antibodies.
Note the presence of calnexin in
the PDMP-induced structures (B),
and the normal appearance of the
Golgi complex (C), which is
similar in GFP-expressing and
non-expressing cells (the latter
indicated by an arrow in the
middle and lower images of C).
(D) PDMP-induced ER patches at
higher magnification. (E) Vertical
section of a cell with PDMP-
induced ER patches (lower panel)
and a horizontal section of the
same cell (upper panel). The red
line indicates the y position along
which the x-z scan was performed.
Bars, 10 �m (A-C); 2 �m (D-E).
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remaining polygonal meshwork, by a fluorescence recovery
after photobleaching (FRAP) experiment, in which a patch was
bleached and recovery of fluorescence within it was followed
over time. As illustrated in Fig. 3 and supplementary material
Movie 2, fluorescence in the bleached patch was recovered
rapidly, and at the expense of another patch localised far away
(~20 �m) in the same cell, demonstrating that in PDMP-treated
cells the ER network is intact.

We next investigated the ultrastructure of the PDMP-induced
ER domains. As shown in Fig. 4A, PDMP-treated cells
contained well-defined patches of smooth membrane tubules
(arrow) with lumens of similar calibre (~50 nm) to those of
hepatic SER tubules. At high magnification, these patches were
seen to consist of a convoluted network of tubules with
frequent branching. A portion of a particularly convoluted
patch, containing very thin tubules (<50 nm), is shown in Fig.
4B. When PDMP-treated cells were analysed by G-6-Pase
EM cytochemistry, the cytochemical reaction product was
present within the lumen of the tubules, again confirming their
identity as ER subdomains (Fig. 4C). The ER membrane
area:cytoplasmic volume ratio, estimated on images of cells
treated for G-6-Pase cytochemistry, was not significantly
different in PDMP-treated and untreated cells (Table 1).

We also analysed the effect of PDMP on the HeLa TetOff
cells in which GFP-b(5)tail expression was kept repressed by
doxycycline, and found that a much lower proportion (~10%)
of treated cells exhibited the SER patches, revealed by calnexin
staining (not shown). Moreover a quantitative analysis of
cytoplasmic fluorescence intensity (FI) of induced cells
containing or not containing SER patches in response to PDMP
treatment revealed that the responding cells contained on
average higher levels of GFP (average FI in arbitrary units of
cells with patches 30.7±8.6 (s.d.) versus 20.6±5.3 in cells
without patches (n=20); P=0.0005 by Student’s t-test). Thus,
expression of the construct and, presumably, the resulting
expansion of the ER surface, increased the susceptibility of the
ER to the action of PDMP.

To investigate whether SER patch induction is related to the
GFP-b(5)tail construct or the cell line used in our experiments,
we analysed the effect of PDMP on an MDCK cell line stably
expressing an ER-restricted form of the integral membrane
protein NADH-cytochrome b(5) reductase (b5R) (Borgese et
al., 1996). PDMP also induced SER patches in a high
proportion of cells in this line (supplementary material Fig.

S1). By contrast, most of the parental MDCK cells failed to
show ER restructuring in response to the drug, although a low
percentage (<5%) did show small patches as revealed by
staining for calnexin (supplementary material Fig. S1). Thus,
the effect of PDMP is not restricted to one particular cell
system.

PDMP-induced SER patches are dynamic and rapidly
disperse upon removal of the drug
Live imaging of PDMP-treated cells revealed that the SER
patches were dynamic (Fig. 5A and supplementary material
Movie 1). Over minutes, they could be observed to fuse with
each other (first three frames of top row of Fig. 5A), change
shape and position (60-second versus 360-second frames of top
row and 225-second versus 585-second frames of bottom row).
Most remarkably, upon removal of PDMP, the patches were
rapidly reabsorbed into the remaining polygonal meshwork
(Fig. 5B and supplementary material Movie 3). Near complete
dispersal of the structures was achieved in only 15 minutes,
demonstrating the rapidity with which the ER can reorganise
its structure.

ER components distribute differently between SER
patches and polygonal meshwork ER
In cells in which RER and SER are spatially separated, ER
proteins involved in the translocation and processing of nascent
peptides are generally confined to the rough domains
(Marcantonio et al., 1984; Meyer et al., 2000; Rolls et al., 2002;
Vogel et al., 1990). Also reported to be more concentrated in
the rough than in the smooth ER is CLIMP-63, a membrane
protein that mediates the interaction between the ER and
microtubules (Klopfenstein et al., 1998; Schweizer et al.,
1995). To investigate whether rough ER proteins are partially
or completely excluded from the PDMP-induced SER patches,
we carried out confocal analyses of PDMP-treated cells.
We first checked the accessibility of the SER patches to
antibodies, by comparing the distribution of endogenous GFP
fluorescence with that of GFP-b(5)tail revealed by indirect
immunofluorescence, and found that the two patterns were
superimposable (supplementary material Fig. S2A). We then
compared the distribution of Sec61� (a translocon component)
and CLIMP-63 with that of GFP-b(5)tail. As can be seen in
Fig. 6 (second and third rows), both Sec61� and CLIMP-63
were less enriched in the SER patches than GFP-b(5)tail.

Journal of Cell Science 119 (15)

Fig. 3. FRAP analysis of PDMP-induced SER patches. The area delimited by the rectangle was bleached with unattenuated laser power and the
cells were then imaged at low laser power for 3 minutes following the bleach. The numbers in the lower left corner of the panels indicate the
time (in seconds) after returning to low laser power. Note that three SER patches within the boxed area recovered fluorescence at the expense of
another SER patch indicated by the arrow. This effect was not due to bleaching, because the fluorescence of two other cells in the field
remained constant during the imaging. Bar, 10 �m. The movie of this experiment is shown in supplementary material Movie 2.
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3253Reversible restructuring of the ER

Strikingly, CLIMP-63 appeared to encircle the patches but was
excluded from their interior. We also analysed the localisation
within the patches of b5R, a membrane protein known to
distribute both to SER and RER (Borgese and Pietrini, 1986),
and of the lumenal protein calreticulin. As shown in Fig. 6 (top
row), b5R, expressed after microinjection of the corresponding
cDNA, appeared to be concentrated in the patches to a similar
extent as GFP. Calreticulin was also concentrated in the patches
(Fig. 6, last row), although there was some variability (see
supplementary material Fig. S2A), which might be explained
by different surface area to volume ratios in the different
patches. COPII and ERGIC-53, (Schweizer et al., 1988),
markers for exit sites and for the intermediate compartment,
respectively, were also analysed (supplementary material Fig.
S2B). COPII was excluded from the patches, whereas the
recycling protein ERGIC-53 was present within them, but at
variable concentration.

The results of Fig. 6 indicate that the PDMP-induced SER
domains, like SER of tissues, differ from the RER in the
relative concentrations of different ER proteins. We next
asked whether there are also differences in the lipid
composition of the SER patches compared with the rest of the
ER. This question was addressed by investigating the
distribution of microinjected carbocyanine lipid dyes.
Carbocyanine dyes that contain saturated alkyl chains, like
DiIC18(3) and DiIC16(3), are known to partition into liquid-
ordered domains of the plasma membrane in living cells (Hao
et al., 2001; Pierini et al., 1996; Thomas et al., 1994). When
microinjected into different kinds of cells (Feng et al., 1994;
Mehlmann et al., 1995; Terasaki and Jaffe, 1991; Terasaki et
al., 1994) these dyes have been reported to stain the ER.
Consistently, DiIC16(3) microinjected into induced HeLa
cells, produced an ER staining pattern superimposable on that
of GFP-b(5)tail (Fig. 7, upper row). After treatment with

Fig. 4. Ultrastructure of PDMP-induced ER structures in induced HeLa TetOff cells. Conventional EM analysis at low (A) and high (B)
magnification. (A) An SER patch is indicated by the arrow. Abundant free ribosomes are visible in the surrounding cytosol. The asterisk
indicates the intercellular space. N, nucleus; M, mitochondrion; ER, elongated ER cisterna partly covered with ribosomes and containing a
coated protrusion, which probably corresponds to an ER exit site (arrowhead). (B) A portion of a particularly convoluted SER patch consisting
in a dense network of frequently branching tubules of small calibre. (C) G-6-Pase EM cytochemistry of a PDMP-treated cell. The arrow
indicates an area of packed G-6-Pase-positive tubules that presumably corresponds to an SER patch. N, nucleus. Bars, 0.5 �m (A); 0.1 �m (B);
1 �m (C).
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PDMP, the injected dye accumulated in the SER patches along
with GFP-b(5)tail (Fig. 7, second row). We next investigated
the distribution of a structural analogue of DiIC18(3), FAST-
DiI, a dye containing unsaturated acyl chains, and reported to
prefer liquid-disordered domains of the bilayer (Hao et al.,
2001; Pierini et al., 1996). As shown in the third row of Fig.
7, FAST-DiI also diffused into a network that corresponded
well with the GFP-b(5)tail-positive ER. However, in cells
treated with PDMP, the fluorescence resulting from to the dye
and the GFP-b(5)tail were no longer superimposable. As
shown in the bottom row of Fig. 7, the FI in the SER patches
relative to areas outside of the patches was weaker for FAST-
DiI than for GFP. We quantified the ratio of FAST-DiI in the
patches relative to the total cytoplasm (patches included)
comparing it with the same ratio for GFP, and found that this
ratio was 1.5±0.1 (s.d.) fold higher for GFP than for the lipid
dye (P=3.4�10–5 in a paired t-test, n=6). When the same
measurements were done for DiIC16(3) no significant
difference between its distribution and that of GFP was
revealed. These results suggest that not only proteins, but also
lipids may be distributed differently between the SER patches
and the remaining ER.

SER patches form by re-organisation of pre-existing
smooth areas rather than by detachment of ribosomes
In principle, the formation of SER patches could be due to loss
of ribosomes from the ER membrane or to a change in the
architecture of pre-existing ribosome-free regions. We
investigated whether PDMP caused detachment of ribosomes
by isolating free ribosomes from the postnuclear supernatant
(PNS) of GFP-b(5)tail-expressing cells treated or not with

PDMP, and found that the percentage of RNA recovered in the
free ribosome fraction was not significantly different in the two
samples: 40% and 46.8% of the total RNA of the PNS was
recovered in the free ribosomal pellet in untreated and PDMP
treated cells, respectively.

We further confirmed by sucrose density gradient analysis
that PDMP was not causing ribosome detachment (Fig. 8). In
these experiments, we compared the density distribution of
Sec61� and GFP-b(5)tail in PDMP-treated and untreated cells.
In untreated cells, GFP-b(5)tail was present not only on
Sec61�-bearing elements but also on vesicles of lower buoyant
density, indicating that it is distributed to smooth portions of
the ER, in which translocons are undetectable by this
methodology (Fig. 8A). After PDMP treatment, the average
buoyant density of Sec61� and of GFP-b(5)tail positive
microsomes was not appreciably changed (1.163 and 1.133
with PDMP versus 1.160 and 1.135 without PDMP for Sec61�
and of GFP-b(5)tail respectively), as would have been expected
if ribosome detachment had occurred.

Mechanism of PDMP-induced changes in ER
architecture
PDMP is best known for its ability to inhibit sphingolipid
biosynthesis. At the concentrations of PDMP used in this study,
both glycolipid and sphingomyelin synthesis are inhibited,
with a resulting increase in intracellular ceramide
concentration (Rosenwald et al., 1992). To investigate whether
the effects of PDMP on ER architecture were due to
accumulation of this sphingolipid, we pre-incubated cells with
one of two drugs (�-chloro-L-alanine or Fumonisin B1) that
interfere with ceramide biosynthesis. Each of the drugs was

Journal of Cell Science 119 (15)

Fig. 5. SER patches are dynamic and are
rapidly reabsorbed into the ER polygonal
meshwork upon removal of PDMP. (A) Live
imaging by wide-field microscopy of PDMP-
treated HeLa TetOff cells. Each row shows a
different field of cells, imaged in the
presence of PDMP. The arrow in the top row
images indicates an SER patch that has fused
with a smaller one at 30 seconds. After 6
minutes the patch has become less elongated
and has changed position relative to the
nuclear envelope. The arrow in the bottom
row indicates a large patch, which appears to
be undergoing fission at the end of the
imaging period. See Movie 1 in
supplementary material for an illustration of
the genesis and dynamics of SER patches.
(B) PDMP-treated cells were placed in
PDMP-free medium and immediately
subjected to time-lapse imaging by wide-
field microscopy. A movie of this sequence is
available in supplementary material Movie
3). In all panels, the numbers on the left
indicate the time (in seconds) from the start
of the imaging experiment. Bars, 10 �m.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



3255Reversible restructuring of the ER

then maintained in the medium during
PDMP treatment. We found that neither
drug had any detectable effect on
PDMP-induced SER patch formation,
suggesting that ceramide accumulation
does not underlie this phenomenon (not
shown). The dissociation of the effect of
PDMP on ER architecture from its
activity as sphingolipid synthesis
inhibitor was further confirmed by the
observation that the D (active) and L
(inactive) isomers of the drug were both
effective in inducing SER patches (data
not shown).

In addition to inhibiting sphingolipid
biosynthesis, PDMP has also been
reported to interfere with Ca2+

homeostasis, causing release of the cation
from the ER as well as inhibiting
secondary Ca2+ influx from the
extracellular medium, with a slightly
elevated basal cytosolic Ca2+

concentration as end result (Kok et
al., 1998). To investigate whether
interference with Ca2+ homeostasis is
involved in SER patch formation, we
exposed PDMP-treated cells to the
membrane-permeating Ca2+ chelator 1,2-
bis(2-aminophenoxy)ethane-N,N,N�,N�-
tetraacetic acid tetrakis(acetoxymethyl
ester) (BAPTA-AM). As shown in Fig. 9,
incubation with BAPTA-AM partially
reversed the effect of PDMP. The
percentage of cells showing SER patches,
estimated from random images like those
in Fig. 9, was reduced by nearly 50% in
the BAPTA-AM-treated cells, and the
difference was statistically highly
significant. Thus, alterations in Ca2+

homeostasis may at least partially explain
the effect of PDMP on ER organisation.

Discussion
In order to be contained within a limited
cytoplasmic volume, the large surface
area of the ER membrane (Weibel et
al., 1969) must necessarily be folded
into tubular or lamellar structures,
generating a complex architecture that
varies in response to the functional
requirements of different cell types or
conditions. A common type of ER organisation is the SER
random tubular network that is segregated from RER domains.
SER is generated when the ER surface area required to house
a subset of resident membrane proteins exceeds that needed for
ER-associated protein synthesis, but the mechanisms of its
segregation from RER have been unclear.

The SER random tubular network expands rapidly in
response to the synthesis of many ER membrane proteins. For
instance, in hepatocytes, its extension increases dramatically
after exposure of the cells to xenobiotics that induce the

synthesis of ER-resident enzymes involved in drug metabolism
(Orrenius and Ericsson, 1966). Overexpression of ER-resident
membrane proteins can also induce SER random tubular
network formation in cells in which it is normally not detected,
such as in cultured cells, which generate this compartment in
response to overexpression of a variety of ER-resident wild-
type or mutated proteins (Jingami et al., 1987; Sandig et al.,
1999; Snapp et al., 2003).

In all the examples above, formation of random tubular SER
is inextricably linked to membrane proliferation. In the present

Fig. 6. Distribution of ER proteins between SER patches and polygonal meshwork ER. (Top
row) HeLa TetOff cells expressing GFP-b(5)tail and microinjected with a plasmid coding for
G2A b5R were treated with PDMP and immunostained for b5R. Three bottom rows: PDMP-
treated cells were immunostained for Sec61� (second row), CLIMP-63 (third row) or
calreticulin (bottom row), with the use of Alexa Fluor 568-conjugated secondary antibodies.
The cells were then analysed by confocal microscopy. The arrows in the Sec61� and
CLIMP-63 panels indicate evident SER patches with low content of the two RER markers.
Note the tendency of CLIMP-63 to encircle the SER patches. Bars, 10 �m.
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work, we describe a cell model in which the drug PDMP
induces the rearrangement of a pre-existing ER polygonal
meshwork, with the reversible segregation of random tubular
SER domains in the absence of membrane proliferation. These
results illustrate the dynamic nature of the relation between
rough and smooth regions of the ER.

The SER patches were induced by PDMP in HeLa cells
inducibly expressing an ER-targeted tail-anchored GFP [GFP-
b(5)tail], and rapidly disappeared after removal of the drug. By
EM, the patches resembled the SER of tissues as well as the
ER clumps observed in the vegetal cortex of maturing Xenopus
oocytes (Terasaki et al., 2001). The resemblance of the PDMP-
induced patches to physiological SER was not limited to
morphology, but also involved the differential distribution
within them of smooth and RER proteins, as assessed by
immunofluorescence. The high FI of GFP-b(5)tail within the
patches could probably be largely accounted for by the density
of membrane packing in these structures, so that the surface
concentration of the construct was probably the same in patch
and polygonal meshwork membranes. Thus, the lower relative
concentration of Sec61� and CLIMP-63 in the SER patches

suggests a preferential localisation of the two proteins to ER
domains outside these domains. In any case, the different
distribution of the two RER proteins with respect not only to
the GFP-b(5)tail, but also to a general ER membrane marker,
b5R, as well as to a lumenal protein, indicates that the protein
composition of the SER patches differs from that of the
remaining polygonal meshwork.

Interestingly, the experiments with lipid dyes suggest that
the SER patches also differed from the remaining ER in lipid
composition. Whereas the dye DiIC16(3), known to partition
into liquid-ordered domains of the plasma membrane in living
cells (Hao et al., 2001; Pierini et al., 1996; Thomas et al.,
1994), was distributed between SER patches and polygonal
meshwork ER in a manner indistinguishable from GFP-
b(5)tail, the dye FAST-DiI, which partitions preferentially into
fluid bilayer domains (Hao et al., 2001; Pierini et al., 1996),
was less enriched in the patches, suggesting that they could
have a higher degree of rigidity than the remaining ER.
Consistent with this idea, one publication (Colbeau et al.,
1971) reported that phospholipids of hepatic smooth
microsomes have a higher proportion of saturated acyl chains

Journal of Cell Science 119 (15)

Fig. 7. Distribution of lipid dyes between
SER patches and polygonal meshwork ER.
Induced HeLa TetOff were microinjected
with DiIC16 (3) (two upper rows) or with
FAST-DiI (two lower rows) dissolved in
soybean oil. One set of cells was then
exposed to PDMP whereas another set was
exposed to the vector, as indicated to the
left of the figure. Live cells were imaged by
wide-field microscopy 3 hours later. The
asterisks are placed at the centre of the
microinjected oil droplets. Note in the
bottom row (inset) the prevalence of the
GFP fluorescence in the PDMP-induced
patches compared with FAST-DiI. The
boxes in the right panel of the second and
fourth rows indicate areas that are enlarged
(threefold) in the insets. The arrows in the
bottom row indicate uncharacterised
structures in which FAST-DiI is particularly
concentrated. Bar, 10 �m.
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3257Reversible restructuring of the ER

than those of rough microsomes. However, the interpretation
of these data is complicated by the unavoidable problem of
cross-contamination between subcellular fractions in
biochemical experiments.

The PDMP-induced restructuring of the ER that we report
here has not been previously observed by others, and indeed

we noted a less-marked effect of the drug on untransfected
TetOff cells or on transfected cells in which GFP-b(5)tail
expression was repressed by doxycycline. However, the effect
of the drug was not due to particular properties of the GFP-
b(5)tail construct nor to the HeLa cell line we used, because
ER patches were also observed in MDCK cells overexpressing
another ER membrane protein (b5R). The increased
susceptibility to PDMP of the ER of cells overexpressing
resident membrane proteins is probably related to membrane
proliferation, a phenomenon that we demonstrated here for the
GFP-b(5)tail, and that is caused also by other ER membrane
proteins (Federovitch et al., 2005). Thus, PDMP presumably
can exert its effect only on an ER substrate containing enough
‘extra’ smooth membrane, as provided by the induced HeLa
TetOff cells. Consistently, we found no evidence that PDMP
detaches ribosomes from ER membranes, indicating that the
drug was inducing a reorganisation of pre-existing smooth
membranes.

The factors determining ER organisation are still debated
and are the object of intense investigation. The available data
suggest that the architecture of the organelle is determined both
by intrinsic factors (proteins and/or lipids) of the ER membrane
itself and by the interaction of the membranes with the
microtubule cytoskeleton. Thus, although microsomal vesicles
can assemble into a branching tubular network in the absence
of microtubules (Dreier and Rapoport, 2000; Paiement et al.,
1990) and even in the absence of any cytosolic factor (Voeltz
et al., 2006) the distribution of tubules, their extension and the
regulation of their branching is microtubule dependent (Dabora
and Sheetz, 1988; Lee and Chen, 1988; Terasaki et al., 1986;
Waterman-Storer and Salmon, 1998). The SER random tubular

Fig. 8. Sucrose density gradient analysis of PDMP-treated and
untreated cells. PNS obtained from total homogenates of induced
untreated (A) or PDMP-treated (B) HeLa TetOff cells were
centrifuged on sucrose density gradients. An equal aliquot of each
fraction was analysed by western blotting for Sec61� and GFP-
b(5)tail, as indicated. The grey line in both panels indicates the
percentage of sucrose in each fraction, determined gravimetrically.
The arrow and arrowhead below the abscissa indicate the average
sucrose concentration at which elements containing GFP-b(5)tail
(arrow) and Sec61� (arrowhead) equilibrate.

Fig. 9. Intracellular Ca2+ chelation
partially reverses the effect of PDMP
on ER architecture. Induced HeLa
TetOff cells were treated with 100 �M
PDMP for 3 hours. During the last hour
of incubation the medium was
supplemented with 50 �M BAPTA-AM
(right panel) or vector (left panel).
After fixation, the cells were analysed
by confocal microscopy. The
percentage of cells showing SER
patches was determined on eight
randomly selected fields, such as those
illustrated in the figure. The difference
between the percentages of responding
cells under the two conditions
(indicated under the panels ± s.e.m.)
was highly significant by Student’s t-
test (P=1.7�10–5).
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network is characterised by highly convoluted tubules rather
than by the relatively straight ones of the polygonal meshwork
and could thus represent a spontaneous arrangement of the ER
– similar to the so-called ‘sponge phase’ of curvature
theoreticians (Hyde et al., 1997) – that is attained in the
absence of regulatory factors mediating interaction with
microtubules. Consistently, CLIMP-63, a membrane protein
that mediates static interaction of the RER with microtubules
(Farah et al., 2005; Klopfenstein et al., 1998; Schweizer et al.,
1995) was excluded from the interior of the SER patches.

On the basis of the considerations above, we propose a
model for the PDMP-induced formation of SER patches,
illustrated in Fig. 10. Under normal conditions (Fig. 10A), a
dynamic polygonal meshwork is maintained thanks to the
presence of ER organising membrane proteins (red squares)
that are required, with the cooperation of the cytoskeleton, to
stretch the tubules and regulate their branching. Upon
overexpression of GFP-b(5)tail (Fig. 10B), the ER membrane
(now pictured in green) expands without a concomitant
increase in the amount of other ER membrane proteins.
[Indeed, we found that the amount of ribophorin I and Sec61�
in our HeLa TetOff cells was not increased after induction of
GFP-b(5)tail expression (data not shown).] This leads to a
dilution of the organising proteins. Nonetheless, under
normal conditions, their concentration remains sufficient to
maintain the ER polygonal meshwork architecture. Small
perturbations, however, lead to clustering of the organising
proteins (Fig. 10C) that now roughly regain the surface
density that they had in uninduced cells (Fig. 10A). The
resulting ample areas of ER lacking the organising proteins
then collapse into a random tubular network. The exclusion
of ribosomes from the SER patches could be explained either
by an association of the organising proteins with components
of the translocation apparatus or, more simply, by the
unsuitability of the geometry of the random tubular network
to serve as platform for polysomes. Engaged translocon
complexes diffuse very slowly in the ER membrane, but their
diffusion rate increases when protein synthesis is stopped
(Nikonov et al., 2002). Thus, engaged translocons would be
trapped in the polygonal meshwork, while free translocons
could diffuse in and out of the SER patches, explaining the
presence in these structures of some Sec61�, detected by
immunofluorescence. Finally, one can imagine that in
situations where the ER membrane surface extension is

higher and the organising proteins become
more diluted than pictured in Fig. 10B,
random tubular network SER will also
segregate from the polygonal meshwork in
the absence of a perturbing agent like PDMP.

In this study, we initially used PDMP
because it is a known inhibitor of sphingolipid
synthesis. However, we found that the effect of
the drug on ER structure was not related to this
activity. Rather, our results suggest that the
induction of SER patches may in part be due
to perturbation of Ca2+ homeostasis, a second
effect of the drug (Kok et al., 1998). Indeed,
treatment of cells with the Ca2+ chelator
BAPTA-AM partially reversed the effect of
PDMP. Increases in cytosolic [Ca2+] induced
by ionomycin have previously been reported

to cause restructuring of the ER (Dreier and Rapoport, 2000;
Pedrosa Ribeiro et al., 2000; Subramanian and Meyer, 1997),
however, the high cytosolic Ca2+ concentration attained in
these experiments appeared to cause fragmentation of the
network (Subramanian and Meyer, 1997). By contrast, under
our conditions, connectivity of the ER was maintained, as
demonstrated by FRAP experiments. The basis for the
dependency of ER structure on Ca2+ homeostasis is presently
unclear, and multiple molecular interactions may be involved.
In this context, it is worth mentioning that one protein
mediating static interaction between the ER and microtubules,
p22, is Ca2+ dependent (Andrade et al., 2004).

In conclusion, our study reveals a dynamic and reversible
segregation between rough and smooth domains of the ER,
which we believe has important implications for the
mechanisms that govern ER architecture in tissues. The system
we describe here may provide a useful tool for the further study
of the molecular basis of ER organisation.

Materials and Methods
Antibodies
Polyclonal antibodies against GFP were from MBL International Corporation;
polyclonal IgG against calnexin, giantin, Sec61�, CLIMP63, and calreticulin were
kind gifts of A. Helenius (ETH, Zuerich, CH), M. Renz (Institute for Immunology
and Molecular Genetics, Karlsruhe, Germany), Ramanujan S. Hegde (N.I.H,
Bethesda, MD) (Snapp et al., 2003), H.-P. Hauri (Biozentrum, University of Basel,
Switzerland) and Marek Michalak (University of Edmonton, Canada), respectively.
Anti-cytochrome b5 reductase (b5R) antiserum has been described in previous
studies (Colombo et al., 2005). Secondary, peroxidase-conjugated anti-rabbit IgG
(used for western blotting) was from Pierce; Alexa Fluor 568- and Texas Red-
conjugated anti-rabbit or anti-mouse IgGs were from Molecular Probes, and Jackson
Immunoresearch, respectively.

Plasmid construction, transfection and selection of HeLa TetOff
lines expressing GFP-b(5)tail
A cDNA coding for the construct GFP-b(5) tail was subcloned under the Tet
responsive element of the plasmid pTRE from Clontech. The cDNA codes for
enhanced GFP (EGFP from Clontech) joined through a linker sequence to the tail
region of cyt b(5) (Snapp et al., 2003) and is described in detail in (Bulbarelli et al.,
2002) with the name GFP-17. The cDNA was excised with HindIII and XbaI from
pcDNA3 (Invitrogen). After filling with Klenow, the fragment was cloned into the
filled EcoRI site of pTRE. A plasmid encoding an ER-restricted form of b5R (G2A
mutant) under the cytomegalovirus promoter has been described (Borgese et al.,
1996).

HeLa TetOff cells (from Clontech), grown in DMEM supplemented with 100
�g/ml G418, streptomycin, penicillin and 10% Tet-approved fetal bovine serum
(Clontech) at 37°C under a 5% CO2 atmosphere, were co-transfected with pTRE-
GFP-b(5)tail and pTK-Hygr plasmid (Clontech). G418- and hygromycin-resistant
clones were selected and maintained in culture in the presence of doxycycline (0.1
�g/ml). To induce expression of GFP-b(5)tail, the cells were plated in doxycycline-
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A B C

Fig. 10. Model of SER patch formation. (A) In HeLa cells not expressing GFP-b(5)
tail, ribosome-free and ribosome-covered areas are interspersed along the same
tubules. A protein or protein complex (red squares) is responsible for maintaining
relatively straight tubules and for regulating the branching frequency. (B) GFP-b(5)tail
expression induces an increase in ER surface area without a concomitant increase in
the expression of ER membrane proteins. This results in dilution of the protein
complex that regulates tubule geometry. (C) Minor perturbations induced by PDMP
cause the regulatory protein(s) to cluster with ribosomes, leaving large areas of ER
free to collapse into a random tubular network. See text for further explanation.
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3259Reversible restructuring of the ER

free medium. The medium was replaced 1 day after plating and cells were usually
analysed 2-3 days thereafter.

Drug treatments
Cells were treated for 2-3 hours with 50-100 �M (±) threo-PDMP (Sigma) or the
D- or L-optical isomer of the same compound (Matreya) diluted from a 100 mM
stock solution in ethanol. In some experiments, 50 �M BAPTA-AM (Sigma), diluted
from a 25 mM stock solution in dimethylsulfoxide, was added during the last hour
of incubation. �-chloro-L-alanine and Fumonisin B1 (both from Sigma) were
dissolved in PBS and used at 2 mM and 0.1 mM, respectively. In all experiments,
control incubations were carried out with equal volumes of drug-free vector.

Microinjection
Lipid dyes 
25 �l of soybean oil were added to 250 �g of FAST-Dil or DiIC16(3) (Molecular
Probes) and the suspension was incubated at 45°C for 1 hour with intermittent
vortexing to allow dissolution of the dye. The resulting solution was centrifuged
three times at 13,800 gmax for 15 minutes, and the final supernatant was
microinjected into HeLa cells with the use of an Eppendorf 5200 microinjector. A
pressure of ~5000 hPa (the cleaning pressure) was applied, which resulted in the
deposition of a 5-10 �m oil droplet inside the cell. After microinjection, cells were
incubated with or without PDMP for 3 hours and then imaged.

G2A b5R plasmid
A 1 �g/�l solution of the plasmid was microinjected into induced cells applying a
pressure of 80-100 hPa. 75 minutes after microinjection the cells were treated for
3 hours with PDMP and then fixed and analysed.

Immunofluorescence and live-cell imaging
Cells grown on coverslips were processed for immunofluorescence either by our
standard protocol (De Silvestris et al., 1995) or by a modified procedure that
includes treatment of the fixed cells with RNase A to improve accessibility of
translocon-associated components (Snapp et al., 2004). Immunofluorescent
specimens were observed under a Nikon eclipse E600 microscope attached to a Bio-
Rad MRC 1024 ES confocal system, with the use of 60� or 40� oil-immersion
objectives. In doubly fluorescent images, acquisition was always in the sequential
mode, and merged images were constructed from the single acquisitions with the
aid of Adobe Photoshop software. In all figures, the single acquisitions are shown
in greyscale, and the merged image in RGB colour. All images show single confocal
sections, unless otherwise specified.

For the FRAP experiment reported in Fig. 4, the coverslip containing adherent
cells was mounted on a microscope slide with a chamber containing PBS + Ca2+ and
Mg2+ (1 mM each) and 100 �M PDMP at room temperature. Areas of GFP-b(5)tail-
expressing cells were bleached by bringing the optical zoom to 10 and scanning the
zoomed area 20 times with full laser power. The zoom was then returned to 1 and
images were acquired in time lapse with the laser power set at 3%.

Other live-cell imaging was carried out with a Zeiss Axiovert 200M inverted
microscope equipped with temperature (set at 37°C) and CO2 concentration (set at
5%) controllers, and a Roper MicroMax CCD 512�512 camera controlled by
MetaMorph program (Crisel Instruments, Rome). The 63� oil-immersion
PlanApochromat (NA) objective was used. 2D deconvolution of images was carried
out with the Huygens Essential programme from Scientific Volume Imaging
(Hilversum, the Netherlands).

FI of cytoplasmic areas were determined with the aid of Metamorph software.
The FI of images to be used for quantitative determinations was always kept below
saturation and no contrasting was applied.

EM and glucose-6-phosphatase cytochemistry 
Conventional EM was carried out according to standard procedures (Snapp et al.,
2003). Cytochemical detection of G-6-Pase activity was performed as described by
Griffiths et al. (Griffiths et al., 1983), modified by Celli et al. (Celli et al., 2003),
except that the enzyme reaction was carried out with 1%, instead of 0.1%, (wt/vol)
lead nitrate in 80 mM Tris-maleate buffer pH 6.5.

Morphometry
Surface area normalised to cytoplasmic volume was measured on electron
micrographs of randomly selected cells (with a constant magnification of 16,500�)
as described (Griffiths, 1993). Briefly, a grid with 1�1 cm squares was randomly
superimposed on the photos, and the surface area of ER elements was estimated by
counting the number of intersections between G-6-Pase-positive profiles and the
grid lines (intersection counts); the volume of the cytoplasm was estimated by
counting the number of intersections of the grid lines themselves that fell within the
cell, excluding the nucleus (point counts). The intersection to point ratio was
considered as a measure of the ER surface area density.

Cell fractionation
Sucrose density gradient centrifugation
Approximately 3.5�106 cells expressing GFP-b(5)tail, treated or not with PDMP,

were collected from a 150 mm Petri dish and washed and resuspended with 0.6 ml
of an ice-cold homogenisation buffer consisting of 20 mM HEPES-K+, pH 7.3, 120
mM sucrose and a protease inhibitor cocktail (Bulbarelli et al., 2002). All
subsequent operations were carried out at 0-4°C. Cells were ruptured by 30-40
passages through a cell cracker (0.0013 inch clearance), and the resulting
homogenates were collected in a total volume of 0.9 ml of homogenisation buffer.
After elimination of nuclei by centrifugation at 800 gmax for 10 minutes, 0.6 ml of
the PNS were loaded on sucrose gradients composed of successive 0.5 ml layers
containing 20, 25, 30, 35, 40, 45, 50, 55 and 60% sucrose, all in 20 mM HEPES-
K+, pH 7.3. The gradients were centrifuged at 304,000 gmax for 75 minutes in an
SW 55 Ti rotor (Beckman), and 13 fractions of 0.4 ml were then collected from the
top.

Isolation of free ribosomes
Cells expressing GFP-b(5)tail, were grown to ~70% confluence in 100 mm Petri
dishes. Four dishes were treated with 100 �M PDMP and four were left untreated.
Subsequent steps were carried out in the cold. All solutions (except the ones in the
final step gradient) contained either 0.1 mM PDMP or an equivalent volume of
ethanol. The cells were washed with PBS and then resuspended in 400 �l of a
hypotonic buffer (1 mM Tris-HCl, pH 7.4, 15 mM KCl, 0.1 mM EDTA plus protease
inhibitors). The cells were allowed to swell for 5 minutes, and then supplemented
with 400 �l of a compensating buffer (to re-establish isotonicity) containing 0.5 M
sucrose plus the same components as the hypotonic buffer. The cells were then
ruptured in a cell cracker, the homogenate was brought to 2 ml with isotonic buffer,
and nuclei were eliminated by centrifugation as in the previous paragraph. The PNS
was adjusted to contain 25 mM KCl, 0.5 mM MgCl2 and 10 mM Tris-HCl, pH 7.5
(TKM) and layered over a discontinuous gradient consisting of two 0.75 ml layers
of 2.0 and 0.8 M sucrose, containing TKM. The gradients were centrifuged for 17
hours at 195,000 gmax in a TLA 100.3 rotor (Beckman). The pellet, containing the
free ribosomes, was redissolved in a small volume of 0.25 M sucrose-TKM.

Biochemical assays
Protein was determined by the Bradford assay (reagents from Pierce), and RNA as
described (Munro and Fleck, 1966). SDS-PAGE and western blotting were carried
out as detailed in previous publications (Bulbarelli et al., 2002). Western blots were
developed with SuperSignal® West Pico or Dura Chemiluminescent Substrate from
Pierce.

In addition to the people who kindly donated antibodies, listed in
the Materials and Methods section, we thank Pietro De Camilli for
critically reading the manuscript, Silvia Brambillasca and Sara
Colombo for their helpfulness in the lab, and Francesca Lombardo for
collaboration in the EM studies. This work was partially supported by
CNR grant ME-P02-IN-C2-M001 to the Institute for Neuroscience,
and by a grant from the Italian Ministry of Research PRIN-COFIN to
N.B.
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