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ABSTRACT 

Immunofluorescence and cryoimmunoelectron microscopy were used to examine the 

morphological and functional effects on the Golgi complex when protein transport is blocked at 

the ERGIC (ER-Golgi intermediate compartment) in HeLa cells incubated at low temperature 

(15ºC). At this temperature, the Golgi complex showed long tubules containing resident 

glycosylation enzymes but not matrix proteins. These Golgi-derived tubules also lacked 

anterograde (VSV-G) or retrograde (Shiga toxin) cargo. The formation of tubules was dependent 

on both energy and intact microtubule and actin cytoskeletons. Conversely, brefeldin A or 

cycloheximide treatments did not modify the appearance. When examined at the electron 

microscope, Golgi stacks were long and curved and appeared connected to tubules 

immunoreactive to galactosyltransferase antibodies but devoid of Golgi matrix proteins. 

Strikingly, COPI proteins moved from membranes to the cytosol at 15ºC which could explain the 

formation of tubules.  
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INTRODUCTION 

The Golgi complex can be considered as the central station of the secretory pathway where newly 

synthesized proteins arrive from the endoplasmic reticulum (ER) and are sorted to their final 

destinations (1,2). In spite of this heavy membrane traffic, this organelle retains its characteristic 

morphology. Extensive studies have been carried out to identify the carriers, molecular 

mechanisms and regulators involved in transport throughout the secretory pathway. One 

milestone was the discovery that traffic of nascent proteins from ER to the Golgi involves a 

complex array of membranes located adjacent to the Golgi stack as well as multiple sites 

distributed throughout the cytoplasm (for review see 3-6). These elements have received different 

names, the most popular being vesicular tubular clusters (VTCs) and endoplasmic reticulum-

Golgi intermediate compartment (ERGIC). The first name came from the morphological 

appearance of these elements. They consist of 0.2-1 µm clusters of small vesicles and short 

tubules apparently discontinuous with the ER and located at the cell periphery and the cis Golgi 

side (7). In contrast, the name “ERGIC” has more physiological implications and suggests a role 

as an obligatory step in the ER-Golgi transport (8,9). Current models postulate that the ERGIC 

originated by fusion of COPII-coated vesicles derived from the ER in both peripheral and central 

regions of the cell. Upon formation, this compartment moves to the Golgi stack guided by 

microtubules and matures en route by exchanging retrograde COPI-coated vesicles. Homotypic 

fusion of these carriers or their fusion with a pre-existing cisterna might be the origin of the first 

cis Golgi cisternae (5,10). Further steps on the secretory pathway are also under intense 

experimental research. Some of the current questions in this topic are the mode of intraGolgi 

transport (vesicular transport vs cisternal maturation)  (11-14) and the dynamics of the Golgi at 

mitosis (template vs self-forming models) (15-17). The nature of the carriers that mediate all the 

steps of the route is also discussed. Small vesicles have been candidates for many years (18). 
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However, tubules and large pleomorphic membranes have been involved in some (or all) 

transport steps, including the retrograde Golgi-to-ER (19), ER-to-Golgi (20,21) and Golgi-to-

plasma membrane pathways (22).  

Newly synthesized secretory proteins accumulate in the ERGIC when cells are cultured at 

15ºC (23,24). At this temperature the exit from the ERGIC is blocked. The blockade of the 

membrane traffic at the ERGIC for a long period may alter subsequent compartments such as the 

Golgi complex. A refined electron microscopical study of the distribution of the ERGIC marker 

protein p53 (from now on ERGIC-53) in hepatoma cells showed that it mainly concentrates at  

the ERGIC and moves from the periphery to the central region (25). Unexpectedly, no major 

alterations in the organization of the secretory pathway have been described. However, a detailed 

study of the structure and membrane dynamics of the Golgi complex at 15ºC has not been 

reported. Here we examine the effects of lowering temperature on the organization of the Golgi 

complex of HeLa cells using both immunofluorescence and quantitative cryoimmunolectron 

microscopy. We report a new type of Golgi-derived tubules which could mediate in the 

intraGolgi transport of glycosylation enzymes.   

 

RESULTS 

Low temperature  induces the formation of tubules containing Golgi resident enzymes  

Man II (26), GalTr (27) and GalNAcTr (28) are prototypical glycosylation enzymes, which are 

enriched in the medial, trans and all cisternae of the Golgi complex, respectively. At 37ºC, all 

three proteins showed the expected perinuclear Golgi staining pattern (Figures 1A and 3A). 

When cells were incubated at 15ºC, long Golgi-derived tubules extended to the cell periphery 

(Figures 1B and 3B). These tubules were morphologically similar to those induced by the 

treatment with brefeldin A (19). No difference was observed in the Golgi tubulation for the three 
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glycosylation enzymes, thus indicating that the whole Golgi stack is equally perturbed. Tubules 

appeared after 5 min in cells cultured at 15ºC, although the percentage of cells showing tubules 

was lower (64% for GalTr and 66% for GalNAcTr, Table I). Moreover, tubulation remained in 

cells cultured at 15ºC for up to 24 h. At this time point, the Golgi complexes appeared 

fragmented (data not shown). The number of tubules decreased significantly after rewarming the 

cells to 37ºC for short time (Table I). The low temperature-induced Golgi tubulation was also 

observed in Vero cells but not in HepG2 or NRK (data not shown) where, instead of tubule 

formation, low temperature induced a shift from a typical perinuclear compact distribution to a 

more punctate pattern, as described by Klumperman et al. (25). Low temperature-induced 

tubulation was not observed at the TGN, which was revealed with TGN-46 (data not shown). 

 

Low temperature-induced Golgi tubules contain neither Golgi matrix proteins nor  

protein cargo 

We next studied the content of the low temperature-induced tubules. The Golgi matrix 

protein GM130 and the integral membrane protein giantin are both part of a protein complex at 

the cis-Golgi side, which is apparently involved in vesicle tethering and cisternae stacking (29). 

At immunofluorescence level, GM130 (Figure 1C) and giantin (Figure 1E) showed a 

characteristic perinuclear labelling in control cells. When cells were incubated at 15ºC, this 

staining pattern remained virtually unaltered (Figures 1D and 1F, respectively). The same results 

were obtained with golgin-84 (data not shown), which is a recently identified member of the 

golgin family implicated in the generation and maintenance of the Golgi ribbon (30,31). These 

results suggest that these tubules did not contained Golgi matrix proteins. 

We next examined whether the low temperature-induced tubules transported cargo. For this aim, 

we used two well-established cargo proteins: Shiga toxin and VSV-G protein. These proteins are 
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transported along the retrograde and the anterograde pathways, respectively. HeLa cells were 

incubated at 37ºC with cy3-tagged native Shiga toxin fragment B for 2 h, which accumulated in 

the Golgi complex. Thereafter, cells were incubated for several periods at 15ºC. The toxin 

colocalized with GalNAcTr (Figure 2A) but was excluded from the Golgi-derived tubules that 

contained only GalNAcTr (arrowheads in Figure 2A). Therefore, these double immunolabelling 

experiments show that the Shiga toxin as a retrograde cargo marker that constitutively cycles in 

the ER/Golgi interface do not enter these low temperature-induced tubules (Figure 2A merge). 

On the other hand, anterograde protein transport was monitored by using the temperature-

sensitive mutant ts045 of the VSV-G. VSV-G protein transport from the ER to the Golgi was 

initiated by incubating the cells at the permissive temperature (32ºC) from the non-permissive 

temperature (40ºC). After 10 min at 32ºC, a significant portion of the viral protein reached  the 

Golgi complex and then, cells were cultured at 15ºC, which induced the formation of Golgi-

derived tubules. As occurred with Shiga toxin, VSV-G protein was not seen inside the tubules 

(arrowheads in Figure 2B). Together, our results indicate that temperature-induced tubules do not 

contain cargo. 

 

Analysis of the formation of low temperature-induced Golgi tubules 

As reported above, 15ºC incubation induced the formation of Golgi-derived long tubules that 

contain glycosylation enzymes but not matrix or cargo proteins. We next carried out a number of 

pharmacological treatments in order to define the characteristics of the movement of Golgi 

proteins at 15ºC (Table I, Figures 3 and 4).  

One possibility could be that these low temperature-induced tubules are caused by newly 

synthesized glycosylation enzymes that leak out the transport block. However, this hypothesis 

was not supported as the formation of tubules was not inhibited by cycloheximide (data not 
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shown).  

It is well known that the treatment with the drug brefeldin A induces the formation of Golgi 

tubules and prevents the assembly of  COPI coats by inhibition of nucleotide exchange onto ARF 

(32). These processes result in the rapid redistribution of Golgi enzymes into ER membranes 

(Figure 3C). Addition of brefeldin A simultaneously or after inducing the low temperature did 

not prevent the formation of the tubules containing Golgi enzymes. In fact, Golgi-derived tubules 

were longer and more abundant after the addition of the drug (Figure 3D). However, the 

characteristic ER-staining pattern for Golgi enzymes caused by BFA treatment in cells cultured at 

37ºC was not observed at 15ºC even after long times of incubation (2 hours, data not shown). 

Thus, the blockade of the membrane traffic at the ERGIC induced by low temperature inhibited 

the brefeldin A-induced Golgi redistribution into the ER.  

Aluminium fluoride activates trimeric G-proteins and enhances the association of COPI 

coats to Golgi membranes (33). The stabilization of the coat induces vesicle accumulation and 

transport inhibition. When cells cultured at 37ºC were treated with aluminium fluoride, the Golgi 

complex was virtually unaltered (Figure 3E). When the cells were cultured at 15ºC, and 

subsequently treated with this compound, tubules also remained unaltered (Figure 3F, inset). The 

percentage of cells showing tubular formations (82%) and their appareance were similar to cells 

cultured at 15ºC without the drug (Table I).  Conversely, when aluminium fluoride was added 

before or simultaneously in cells cultured at 15ºC, the formation of tubules was strongly reduced 

(Figure 3F). Moreover, not only a lower percentage the cells with tubules was detected (27%), 

but the number of tubules, their length and thickness were also reduced (Table I). Therefore, 

aluminium fluoride treatment inhibits the formation of Golgi tubules induced by low temperature 

but it cannot reverse this process.  

We next examined the requirement of energy. Energy can be depleted by addition of 
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sodium azide and deoxyglucose (34). In our system, energy depletion had similar effects to those 

of aluminium fluoride, albeit weaker (Figures 3G and 3H). 

Finally, we also investigated the involvement of cytoskeleton in the low temperature-

induced Golgi tubulation process (Figure 4). Nocodazole inhibits polymerisation of tubulin 

monomers, which results in disruption of microtubules. The nocodazole treatment of HeLa cells 

at 37ºC resulted in the expected Golgi fragmentation (35; Figure 4A). When cells were cultured 

at 15ºC, nocodazole produced some Golgi fragmentation but not the formation of tubules (Figure 

4B, Table I). The disruption of actin filaments by latrunculin B treatment also inhibited the low 

temperature-induced Golgi tubulation and Golgi complex compactness (Figure 4C and 4D and 

Table I; 36,37). Together, these results support that Golgi tubules depend on both microtubular 

and actin cytoskeletons. 

In summary, the formation of Golgi tubules is not originated by de novo synthesis of 

glycosylation enzymes; it depends on energy and intact cytoskeleton and is sensitive to 

aluminium fluoride but not to brefeldin A or cycloheximide. 

 

Ultrastructure of the low-temperature induced Golgi tubules 

The ultrastructure of the Golgi complex of cells cultured at 15ºC was examined by transmission 

electron microscopy. The Golgi complex morphology of HeLa cells has been extensively studied 

and its ultrastructure is not significantly different from that of other cultured cells (38). A typical 

Golgi stack consisted of 4-7 flattened cisternae, with an average of 4.3 (Table II). However, this 

number is inferred from 2D images and may be an understimate (see discussion section). In 

contrast, the Golgi complex of HeLa cells cultured at 15ºC showed significant differences 

(Figures 5 and 6). Most of the Golgi stacks were much longer (Figures 5E, 6C and 7D). The 

average length of the cisterna was double that in control cells (Table II). In addition, most stacks 
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were curved. The average number of cisternae per stack in these cells (5.2) was significantly 

higher (t-test, p=0.003). Circular Golgi stack were often seen in these cells (Figures 5B and 5E). 

The diameter and number of cisternae per stack of these round Golgi stacks was similar to 

characteristic flat stack of cells cultured at 37ºC (Table II). Often, long curved and round types of 

stack were seen in the same Golgi ribbon (Figure 5E).  The Golgi stacks of HeLa cells cultured at 

15ºC were surrounded by abundant tubulo-vesicular elements. Tubules (30-60 nm thick) were 

often seen in these cells (Figures 5C-E). We also observed tubules directly connected with 

cisternae (Figure 5C). The tubules may occasionally appear connected each other forming large 

structures of huge complexity adjacent to the stack (Figure 5E). 

We studied the Golgi distribution of glycosyltransferases at 15ºC by quantitative 

immunoelectron microscopy. We chose GalTr since ManII and GalNAcTr antibodies gave a very 

weak signal in HeLa cells and therefore they were not suitable for quantitative ultrastructural 

analysis. The distribution of GalTr in HeLa cells has been extensively studied (39,40). 

Accordingly, we also found that GalTr was restricted to trans cisternae (Figure 5A, Table III). 

However, the distribution of GalTr was significantly modified in cells cultured at 15ºC (Figures 

5B-E). In most of the cells examined, GalTr appeared evenly distributed across the Golgi stack 

(Figures 5B and 5C, Table III). The changes in the distribution of GalTr when temperature was 

lowered were not observed for more stable components of the Golgi complex such as matrix 

proteins (Figure 6, Table III). 

GalTr immunolabelling was not restricted to cisterna in control cells but a significant 

percentage (23%) of this Golgi-resident enzyme was visualized in tubulo-vesicular elements 

adjacent to the Golgi stack (Table III, see also reference 40). It has been suggested that these 

membranes represent the TGN but GalTr does not colocalize with TGN46 (40). Low temperature 

increased three-fold the percentage of labelling outside of the cisterna (Table III). Many of these 
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elements were tubular and appeared connected to the stack (Figures 5C and 5E). They most likely 

corresponded to the tubular extensions observed at light microscopy. Immunolabelled tubules at 

the cell periphery were also observed (Figure 5D). These tubules were very similar to trans Golgi 

network membranes (TGN) but they were devoid of TGN46 (data not shown).  

 

Membrane dissociation of COPI coat complexes at 15ºC 

COPI multiprotein coat complexes has been involved in the formation of Golgi tubules (see 

discussion). Therefore, we next examined whether low temperature culture conditions perturb 

their membrane dynamics. In control cells, β-COP component of the COPI coat complexes was 

localized by immunofluorescence to the perinuclear Golgi area and in punctate structures 

distributed throughout the cytoplasm (Figure 7A). In contrast, at 15ºC they  detached from Golgi 

membranes and were redistributed in the cytoplasm (Figure 7B). This result was confirmed by 

cryoimmunoelectronmicroscopy (Figure 7C and 7D). Quantitative analysis showed that the 

percentage of membrane-associated labelling decreased from 66% to 29% when temperature was 

shifted from 37ºC to 15ºC. This redistribution started after 5 min at 15ºC and increased thereafter. 

Thus, the percentage of cells showing cytoplasmic labelling after 5 min, 15 min, 30 min, 1 h and 

3 h was 21, 59, 77, 87 and 96%, respectively. However, perinuclear Golgi-like labelling did not 

completely disappear until 3 h of treatment (Figure 7B). Together, these data strongly suggest a 

direct relationship between COPI dissociation from membranes and tubular formation. 

 

DISCUSSION 

In the present study, we report that the blockade of protein transport when cells are incubated at 

15ºC induces the formation of Golgi-derived tubules. These tubules contain Golgi-resident 

glycosylation enzymes but not Golgi matrix proteins. They also lack anterograde (VSV-G) and 
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retrograde (Shiga toxin) cargo. Tubules are a common feature of the secretory pathway (41,42), 

which have been observed either in ERGIC/cis Golgi network and TGN. Furthermore, tubular 

connections between the stacks which constitutes the Golgi ribbon are often described. Tubular 

connections between the ER and ERGIC and between cisternae of the same stack although rare 

have also been described in some cell types (43). BFA-induced tubules rise from Golgi and fuse 

with ER membranes and are microtubule- and energy-dependent (32). Low temperature (15ºC)-

induced tubules are dependent on energy and microtubule but, unlike BFA, on microfilaments as 

well. The latter have been implicated in retrograde (Golgi-to-ER) but not anterograde (ER-to-

Golgi) protein transport (36). Low temperature prevents the fusion of Golgi into ER but not the 

formation of tubules that remain formed after two hours in the presence of BFA. Therefore, the 

formation of BFA-induced tubules and their subsequent fusion with ER membranes are separate 

processes. The mechanism of membrane fusion (e.g. SNARE proteins) may be temperature 

dependent. The best known biochemical change induced by brefeldin A is the release of COPI 

coats from the Golgi membranes (32). In contrast, aluminium fluoride has the opposite effects: it 

enhances the association of COPI with membranes (33). It has been suggested that COPI coats 

prevent tubularization (44). Lowering the temperature affects the mode of the COPI association 

with Golgi membranes. Thus, we observed that a high percentage of COPI shift to the cytosol at 

15ºC. Interestingly, COPI redistribution showed the same kinetics as tubular formation. Thus, 

both processes begin very soon after temperature lowering and increase thereafter. We postulated 

that this redistribution frees (uncaps) the rims of the cisternae and it could induces tubulation. 

Tubules, however, were not observed in all cell types (the present study; 25). The redistribution 

of COPI may be cell type-dependent which could explain why not all clonal cell lines form 

tubules when cultured at 15ºC. The role of COPI coat complex in retrograde transport is well 

established but its role in anterograde transpport is controversial (4,5,45). In addition, it has been 
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shown that maturation of ERGIC elements required the exchange of anterograde cargo-depleted 

of COPI coats (46). If COPI mediates ERGIC-to-Golgi transport, its dissociation from these 

membranes could explain the block at the ER/Golgi interface. However, this blockade could be 

indirect. Thus, a block in the retrograde pathway may block the anterograde route because the 

molecular machinery necessary is not recycled.  

Our finding that low temperature increases the length of stacks of HeLa cells is the opposite 

of that reported in hepatoma cells (25). Our electron microscopy study strongly suggests that 

temperature induces the fusion of different stacks of the Golgi ribbon. Tubules have been 

implicated in lateral mixing of organelles (homotypic fusion) whereas heterotypic fusion between 

organelles could require coat complexes (32). Our results suggest that low temperature increases 

the formation of Golgi-derived tubules. Some of these tubules might connect different stacks to 

form larger Golgi complexes. Other tubules, however, may not contact with other membranes so 

that they extent further to the cell periphery. On the other hand, the number of cisternae per stack 

also increases at 15ºC. It is difficult to count cisternae from 2D images (38). Cis- and trans-most 

cisternae are quite fenestrated and cannot be unambiguously differentiated from adjacent 

tubulovesicular membranes. Thus, our data may not necessarily indicate a change in the number 

of cisternae but a modification in their structure. After temperature lowering cis/trans cisternae 

may show fewer fenestrations so that they can then be identified as a characteristic stacked Golgi 

cisterna.  

Low temperature also changed the shape of the Golgi stack. The stacks of cells cultured at 

37ºC are typically flatten or slightly curved. However, the stack of cells cultured at 15ºC are very 

curved and often completely circular. These changes in morphology cannot be explained by the 

simple alteration of the microtubule cytoskeleton caused by low temperature. Treatment of cells 

with the microtubule-disrupting agent nocodazole had the opposite effect, i.e. Golgi 
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fragmentation and its subsequent reformation as a ministacks (35). The only similarity we found 

is the appearance of onion-like Golgi structures. However, GalTr remained polarized on 

nocodazole-induced round Golgis but not in those induced at 15º, where this enzyme was evenly 

distributed across the stack. The morphology of the stacks at 15ºC is also different from cells 

cultured at 20ºC. This temperature condition blocks the secretory pathway at the TGN. The most 

significant characteristic of the stacks at 20ºC is the presence of large bulging domains on the 

trans cisternae (47).  

One of the most intriguing characteristics of the Golgi complex is its morphological and 

functional polarization. This is true for many components including resident enzymes and matrix 

proteins. In fact, it was the main observation that led to the stationary cisterna (vesicular) model 

for intraGolgi transport (1). However, this observation can also be explained by the cisternal 

maturation model, according to which Golgi components are kept in place by the selective 

recruitment of COPI vesicles (48). Golgi proteins with high and low affinity for COPI will be 

preferentially located on the cis and trans side, respectively. This model explains why 

polarization is not absolute and Golgi proteins showed a gradient-like rather than a sharp 

distribution (13,49). We found that enzymes but not matrix proteins lose their polarized 

distribution at 15ºC. The loss of the Golgi polarity within the stack at low temperature could be 

explained by heterotypic fusion mediated by tubules between cisternae of different stacks of the 

Golgi ribbon. If this fusion occurs randomly it will induce a mixture of Golgi components. Given 

that Golgi tubules only contain glycosylation enzymes, the loss of polarity would affect only 

these molecules and not matrix protein, which are prevented from entering the tubules.  

What could be the functional role of the Golgi-derived tubules? It has been postulated that 

Brefeldin A-induced tubules could be involved in Golgi-to-ER transport. Thus, the use of this 

drug revealed a physiological process. It may be the case when secretory transport is blocked at 
 
 14 



15ºC. The fact that the low temperature-induced tubules only contain Golgi-resident 

glycosylation enzymes suggests a role for Golgi-derived tubules in their recycling at the 

ER/Golgi interface. The cisternal maturation model for intraGolgi transport postulates that Golgi 

enzymes move backwards within vesicles to avoid their lost and to keep the polarity of the stack 

(13). However, it cannot be excluded that the recycling of Golgi enzymes could be mediated by 

tubules. In fact, vesicles cannot be unambiguously distinguished from tubules on EM 

cryosections (50). Conversely, it is clear from our results that Golgi matrix proteins demonstrated 

here with GM130, golgin-84 and giantin, are excluded from these tubules, which indicates that 

the recycling of these proteins is mediated by other mechanisms (vesicles or cytoplasmic 

diffusion). 

In conclusion, we postulate that low temperature has primary effect over coat complex 

COPI. It dissociates from endomembranes inducing the blockade at ERGIC and the formation of 

Golgi emerging tubules.  

 

MATERIALS AND METHODS 

Antibodies and reagents 

Monoclonal antibody GTL2 against galactosyltransferase (GalTr) was provided by Dr T. 

Suganuma (Miyazaki Medical College, Miyazaki, Japan). The two polyclonal antibodies against 

mannosidase II (Man II) were obtained from Dr. K. Moremen (University of Georgia, Athens, 

GA, USA) and Chemicon International Inc (Temecola, CA, USA). Monoclonal antibody against 

N-acetyl-galactosaminyltransferase (GalNAcTr) T2 was obtained from Dr H. Clausen  

(University of Copenhagen, Copenhagen, Denmark). Monoclonal antibody against giantin was 

provided by Dr. H.-P Hauri (University of Basel, Basel, Switzerland). Polyclonal antibody 

against Golgi-84 was from Dr. G. Warren (Yale University, New Haven, CT, USA). Monoclonal 
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P5D4 anti-VSV-G protein and M3A5 anti-β-COP antibodies were purchased from Sigma 

Chemicals Co (San Louis, MO, USA). Sheep anti-human antibody TGN46 was from Serotec 

(Oxford, U.K.) and  monoclonal antibody against GM130 from BD Transduccion Laboratories 

(Erembodegem, Belgium). FITC/TRITC-conjugated secondary antibodies and the rabbit anti-

mouse antibody were from Dako A/S (Glostrup, Denmark). Rabbit anti-sheep antibodies were 

from Molecular Probes (Eugene, OR, USA). Protein A-gold was obtained from the Department 

of Cell Biology at Utrecht University (Utrecht, The Netherlands). Cell culture media were 

obtained from Gibco BRL Life Technologies (Paisley, Scotland, UK). Cycloheximide was from 

ICN (VB Amsterdam, The Netherlands). Latrunculin B was obtained from Calbiochem 

(Damrmstadt, Germany). Brefeldin A, TRITC-phallodin, nocodazole, 2-deoxy-D-glucose, 

sodium azide and unspecified chemical reagents were purchased from Sigma.  

 

Cell culture and temperature lowering 

Cell lines were cultured in D-MEM supplemented with 10% FBS, 100 i.u./ml 

penicillin/streptomycin and 100 µg/mL glutamine under standard tissue culture conditions (37ºC, 

5% CO2).  For the temperature experiments, cells were cultured in a temperature controlled 

incubator at 15ºC for 3 h, unless specified.  Where indicated, cells were treated with aluminium 

fluoride (50 µM AlCl3 and 30mM NaF), brefeldin A (1 µg/ml), nocodazole (25 µM),  latrunculin 

B (400 nM), 2-deoxy-D-glucose (50 mM) and sodium azide (0.05%) (energy depletion) or 

cycloheximide (20 µgr/ml). The experimental conditions for each reported experiment are 

indicated in Table I. 

 

Immunofluorescence microscopy 

Cells grown on coverslips were quickly fixed with 4% paraformaldehyde in PBS or cold (-20ºC) 
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methanol, permeabilized with 0.1% saponine and processed for indirect immunofluorescence. 

Polyclonal and monoclonal antibodies were visualized with TRITC or FITC-conjugated anti-

rabbit, anti-mouse or anti-sheep secondary antibodies. Samples were examined with a   Zeiss 

Axiophot fluorescent microscope or under a Leica TCS SP2 confocal microscope. Images were 

assembled using Adobe Photoshop version 6.0. 

Quantitation of the percentage of cells immunolabelled for GalNAcTr showing tubules 

was performed by analysing 100-200 cells per treatment (Table I).  

 

VSV-G and Shiga toxin B transport assays 

Shiga toxin was used as a physiological marker of the retrograde pathway since is transported to 

the ER via early/recycling endosomes and the Golgi complex (51). The transport of the toxin was 

monitored by immunofluorescence as described previously (36). The cells were incubated with 

Cy3-labelled fragment B of the Shiga toxin at 4ºC. Cells were maintained at 37ºC for 2 h. At this 

time period, Shiga toxin accumulates at the Golgi complex. Finally, cells were cooled to 15ºC for 

different times in order to induce the formation of tubules (see results). 

Virus infection with the temperature-sensitive mutant ts045 and indirect 

immunofluorescence assay of the anterograde transport of VSV-G were performed as described 

previously (36). Briefly, cells monolayers were infected with the mutant virus in D-MEM without 

serum at 32ºC and then incubated for 2h of at the non-permissive temperature (40ºC) in the same 

culture medium plus FCS. The cells were maintained another 30 min at this temperature in the 

presence of cycloheximide. Then, the temperature was raised to 32ºC for 10 min. Finally, the 

temperature was shift to 15ºC to monitor tubular formation. 

 

Quantitative immunoelectron microscopy 
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HeLa cells cultured at 37ºC or 15ºC were fixed with 2% paraformaldehyde and 0.2% 

glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4. After washing in buffer, the cells were 

pelleted by centrifugation, embedded in 10% gelatin, cooled on ice and cut into 1 mm3 blocks. 

The blocks were infused with 2.3 M sucrose at 4oC overnight, frozen in liquid nitrogen and 

stored until cryoultramicrotomy. Sections (~50 nm-thick) were cut at -120oC with a diamond 

knife in a Leica Ultracut T/FCS. Ultrathin sections were picked up in a mix of 1.8% 

methylcellulose and 2.3 M sucrose (1:1) according to Liou et al. (52). Cryosections were 

collected on carbon and formvar-coated copper grids and incubated with rabbit polyclonal 

antibodies followed by protein A-gold (53). Rabbit anti-mouse immunoglobulins antibodies were 

used as bridging antibodies when monoclonal antibodies were used. After labelling, the sections 

were treated with 1% glutaraldehyde, counterstained with uranyl acetate pH 7 and embedded in 

methyl cellulose-uranyl acetate pH 4 (9:1) (54,55). Grids were examined with a  Philips Tecnai 

12 electron microscope. 

To study the length and number of cisternae per Golgi stack  in cells cultured at 37ºC and 

15ºC the highest quality cryosections were selected and photographed  at 18,000-26,000x (Table 

II). 

The cis-trans Golgi distribution of GalTr and GM130 was calculated over 25 cross-

sectioned Golgi stacks of cells cultured at 37ºC or 15ºC showing an unambiguous cis-trans 

polarity using the criteria  previously described (11). Cisternae were numbered from cis (G1) to 

trans (G5) as described (13). The number of gold particles found in each cisterna were counted 

and expressed as percentage of the total (Table III).  
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Table I. Effects of different treatments on the number and morphology of GalNAcTr-

immunolabelled tubules 

TREATMENT 
Percentage of cells 

with tubules 
Morphology of the tubules 

15ºC (3 h) 89 Long, numerous 

15ºC (5 min) 66 Long, numerous 

15ºC (15 min) 78 Long, numerous 

15ºC (120 min) + 37ºC (5 min) 28 Short, scarce 

15ºC (3 h) + CH 73 Long, numerous 

15ºC (60 min) + BFA (30 min) 90 Very long, very abundant 

15ºC (60 min) + BFA (120 min) 91 Very long, very abundant 

[ 15ºC + BFA ] (30 min) 93 Very long, very abundant 

15ºC (90 min) + AlF-
4 (15 min) 82 Long, numerous 

[ 15ºC + AlF-
4 ] (20 min) 27 Short, scarce 

15ºC (90 min) + energy depletion (15 min) 82 Long, numerous 

[ 15ºC + energy depletion ]  (20 min) 44 Short, scarce 

Nocodazole (30 min) + 15ºC (30 min) 13 Short, scarce 

Latrunculin B (15 min) + 15ºC (20 min) 22 Short, scarce 

 

The square brackets indicate that treatment was done simultaneously. The symbol + indicate that 

treatment was done sequentially. The numbers between parentheses indicate the time of 

treatment. The numbers in the second column are the percentage of cells showing at least one 

unambiguously identified tubule. 100-200 cells were counted for each treatment. The third 

column indicate the appearance of Golgi tubules when present. CH= cycloheximide; BFA= 

brefeldin A, AlF-
4= aluminium fluoride. 
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Table II. Morphological comparison of Golgi stacks of cultured cells at 37ºC and 15ºC 

 number of cisternae per stack length of cisternae (µm) 

37ºC 4.3 ± 0.1  0.689 ± 0.077 

15ºC 5.2 ± 0.3 1.573 ± 0.168 

15ºC (round stacks) 4.0 ± 0.2 0.636 ± 0.032a 

 

Numbers represent mean ± SEM (n=25). a Diameter of the round Golgi stack instead of the 

length of their cisternae 
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Table III. Cis/trans distribution of Golgi proteins 

  G1 G2 G3 G4 G5 

GalTr 37ºC 3.0 ± 2.2 4.0 ± 1.5 39.7 ± 6.7 46.7 ± 6.6 12.7 ± 6.8 

 15ºC 20.0 ± 7.6 14.3 ± 6.6 20.5 ± 7.2 28.3 ± 8.2 27.8 ± 9.3 

GM130 37ºC 60.7 ± 6.6 31.2 ± 5.6 7.6 ± 3.8 0.6 ± 0.6 0.0 ± 0.0 

 15ºC 60.2 ± 6.4 29.0 ± 6.3 4.3 ± 2.3 6.7 ± 3.0 1.2 ± 1.2 

 

Numbers represent the percentages (mean ± SEM) of the total labelling over the distinct Golgi 

cisternae. Cisternae were numbered from cis (G1) to trans (G5) direction. 25 Golgis were counted 

for each antibody and temperature condition. 
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FIGURE LEGENDS 

 

Figure 1. Immunofluorescence analysis of the distribution of Golgi proteins in cells cultured at 

37ºC and 15ºC. GalTr (A), GM130 (C) and giantin (E) show a typical perinuclear labelling 

pattern in control cells. ). At 15ºC, cells showed long tubules emerging from the perinuclear area 

which are immunoreactive for GalTr (B) At 15ºC,  the labelling pattern remains perinuclear for 

GM130 (D) and giantin (F). Bars, 20 µm 

 

Figure 2. Analysis of the cargo content of Golgi tubules by double immunofluorescence. 

Retrograde (A) and anterograde (B) cargo was monitored by immunofluorescence by using Shiga 

toxin and VSV-G, respectively. In both cases, cargo proteins were allowed to accumulate at the 

Golgi area as described in material and methods and then the temperature was shifted to 15ºC for 

1h. Despite of the intense colocalization of cargo and GalNAcTr at the Golgi area under this 

condition, Golgi tubules were negative for both types of cargo (arrowheads). Bars, 20 µm 

 

Figure 3. Analysis of the formation of Golgi tubules. The labelling  pattern for GalNAcTr was 

studied before and after the addition of brefeldin A (BFA), aluminium fluoride (ALF4
-) or energy 

depletion in parallel experiments carried out at 37ºC and 15ºC. GalNAcTr has a perinuclear 

pattern at 37ºC (A) but shows a high number of tubules at 15ºC (B). BFA induces the 

redistribution of the Golgi into the ER at 37ºC (C). However, the same treatment performed at 

15ºC exaggerates the formation of tubules (D). ALF4
- (E,F) or energy depletion  (G,H) have no 

major effects  on Golgi morphology under control and low temperature. However, aluminium 

fluoride  does not prevent tubular formation when added after the 15ºC treatment (inset). Bars, 20 

µm 
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Figure 4. Golgi tubules formation depends on cytoskeleton. The labelling  pattern for GalNAcTr 

was studied after the depolymerisation of microtubular and actin cytoskeleton by nodocodazole 

(Nz) or latrunculin B (LtB), respectively, in parallel experiments carried out at 37ºC and 15ºC. 

Control of these experiments are showed in figure 4. Nz induces the fragmentation of the Golgi 

complex at both control (A) and low temperature (B). No tubules can be seen at both temperature 

conditions (B). LtB induces the depolymerisation of actin as seen by double labelling with 

TRICT-phalloidin and the compactation of the Golgi (C). At low temperature, these phenomena 

are less marked but tubular formation is prevented (D). Bars, 20 µm. 

  

Figure 5. Distribution of GalTr at 37ºC and 15ºC. Ultrathin cryosections were labelled with 

monoclonal antibodies against the enzyme followed by a rabbit anti-mouse antibody and 10 nm 

protein A-gold complex. (A) In control HeLa cells, GalTr is restricted to the trans side of the 

Golgi stack (G). (B) Round Golgi stack showing that the enzyme is present throughout all 

cisternae. (C) Golgi stack showing a tubule (arrowheads) in connection with the cisternae. (D) 

Immunoreareactive tubules at the cell periphery. (E) This picture shows a cell with well-

developed tubulo-vesicular membranes strongly labelled for GalTr. Asterisk marks a round Golgi 

stack forming part of the same ribbon. G= Golgi stack. Bars, 250 nm 

 

Figure 6. Localization of GM130 in control and low temperature cultured cells. Ultrathin 

cryosections were labelled with monoclonal antibodies against GM130 followed by a rabbit anti-

mouse antibody and 10 nm protein A-gold complex. (A) Immunolabelling for GM130 is 

restricted to the cis Golgi side in control cells. (B) The labelling for this matrix protein is 

restricted to the center of round Golgi. (C) At 15ºC, GM130 remains associated to the first 
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cisternae and tubulovesicular membranes at the cis Golgi side. Note that there is an increase of 

the labelling out of the cisternae when compared to control cells. Arrowhead point to cisternae 

that appears connected each other. G= Golgi stack.Bars, 250 nm 

 

Figure 7. Dissociation of COPI from membranes. Immunofluorescence (A,B) and 

immunoelectron microscopy (C,D) analysis of the distribution of COPI in cells cultured at 37ºC 

(A,C) and 15ºC (B,D). (A) COPI give a punctate labelling pattern in control cells with the highest 

density at the perinuclear region. (B)At 15ºC , COPI  shows a cytosolic-like pattern. (C) COPI 

coat are found at the cis and lateral Golgi sides (D) After temperature lowering COPI is dispersed 

throughout the cell mostly non-associated to membranes. Note the complex morphology with 

curved appearance of the stacks (G). Bars, (A,B) 20 µm, (C,D) 250 nm  
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