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Summary
The SNARE protein syntaxin 5 exists as long (42 kDa) and short (35 kDa) isoforms. The short form is principally localized in the Golgi
complex, whereas the long form resides not only in the Golgi but also in the endoplasmic reticulum (ER). Although the Golgi-localized

short form has been extensively investigated, little is known about the long form. In the present study, we demonstrate that the long form
of syntaxin 5 functions to shape the ER. We found that overexpression of the long form of syntaxin 5 induces rearrangement and co-
alignment of the ER membrane with microtubules, the pattern of which is quite similar to that observed in cells overexpressing CLIMP-
63, a linker between the ER membrane and microtubules. The ability of syntaxin 5 to induce ER-microtubule rearrangement is not

related to its SNARE function, but correlates with its binding affinities for CLIMP-63, and CLIMP-63 is essential for the induction of
this rearrangement. Microtubule co-sedimentation assays demonstrated that the long form of syntaxin 5 has a substantial microtubule-
binding activity. These results suggest that the long form of syntaxin 5 contributes to the regulation of ER structure by interacting with

both CLIMP-63 and microtubules. Indeed, depletion of syntaxin 5 caused the spreading of the ER to the cell periphery, similar to the
phenotype observed in cells treated with the microtubule-depolymerizing reagent nocodazole. Our results disclose a previously
undescribed function of the long form of syntaxin 5 that is not related to its function as a SNARE.
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Introduction
The endoplasmic reticulum (ER) is a continuous membrane

structure composed of sheet-like cisternae and a polygonal array

of tubules connected by three-way junctions (Baumann and

Walz, 2001; English et al., 2009; Shibata et al., 2009; Pendin

et al., 2011). The ER structure is highly dynamic; new membrane

tubules are continuously formed and fused with other tubules to

form three-way junctions (Lee and Chen, 1988). The ER has a

variety of functions such as protein synthesis and export, lipid

synthesis, and calcium storage and homeostasis. These functions

are achieved by subdomains or contact sites with other

organelles, both of which are formed in a continuous network

through poorly understood mechanisms (English et al., 2009;

Lynes and Simmern, 2011).

In animal cells, microtubules (MTs) play important roles in the

organization and dynamics of ER tubules (Dabora and Sheetz,

1988; Lee et al., 1989; Terasaki and Reese, 1994; Vedrenne and

Hauri, 2006). There are several mechanisms by which ER

membranes interact with MTs. First, they bind to the growing tips

of MT through tip attachment complexes (Waterman-Storer and

Salmon, 1998). A recent study showed that an ER membrane

protein, STIM1, and a MT plus end-binding protein, EB1, are

responsible for this interaction (Grigoriev et al., 2008). Second,

ER tubules initially bind to the shaft of an existing MT and slide

along the MT (Waterman-Storer and Salmon, 1998; Lee et al.,

1989). This sliding occurs predominantly on curved, acetylated

MTs (Friedman et al., 2010) and is driven by MT motors, kinesin

and cytoplasmic dynein (Wozniak and Allan, 2006; Wozniak

et al., 2009). The third mechanism is a static interaction between

ER membranes and MTs, which is mediated by some proteins

(Vedrenne and Hauri, 2006).

Syntaxin 5 (Syn5) is a member of the soluble NSF attachment

protein receptor (SNARE) family of proteins implicated in

membrane fusion in vesicular transport processes (Hong, 2005;

Jahn and Scheller, 2006). Syn5 regulates the transport from the ER

to the Golgi (Dascher et al., 1994; Hay et al., 1997; Rowe et al.,

1998; Bentley et al., 2006) and from the early/recycling endosomes

to the trans-Golgi network (Tai et al., 2004; Amessou et al., 2007).

It also participates in the assembly of transitional ER (Lavoie

et al., 2000; Roy et al., 2000) and the Golgi (Rabouille et al.,

1998; Müller et al., 2002; Suga et al., 2005), lipid droplet fusion

(Boström et al., 2007), and cytokinesis (Xu et al., 2002).

Syn5 exists in two forms, a 42-kDa form [herein referred to as

Syn5 (long form)] and a 35-kDa form [referred to as Syn5 (short

form)] (Hui et al., 1997). The two isoforms are likely formed from a

single mRNA through alternative initiation of translation, and Syn5

(long form) has an N-terminal cytoplasmic extension containing a

predicted type II ER retrieval signal. Consistent with the presence of

the ER retrieval motif, there is less of Syn5 (long form) in the Golgi

complex compared with the short form (Hui et al., 1997). Although

the role of Syn5 in the Golgi has been substantially investigated,

little is known about the function of Syn5 (long form). There is only

one report showing that the two forms may have different effects on

b-amyloid processing (Suga et al., 2009).

In this study we reveal an unexpected link between Syn5 and

MTs. We show that Syn5 contributes to the organization of the
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ER structure by interacting with MTs and CLIMP-63, an ER

integral membrane protein that regulates the ER structure through

a static interaction with MTs (Klopfenstein et al., 1998) as well as

through acting as a ‘luminal ER spacer’ (Shibata et al., 2010).

Results
Overexpression of Syn5 (long form) induces

rearrangement of the ER network

Like other syntaxin molecules, both Syn5 (long form) and Syn5

(short form) contain an N-terminal domain consisting of three

helices (Ha, Hb, Hc) and a C-terminal SNARE motif followed by a

transmembrane domain. The former species possesses a double-

arginine motif (RKR) at its extended N-terminal region (Fig. 1A).

Although the double-arginine motif in the N-terminal extension of

Syn5 (long form), when grafted to the 31-kDa form of major

histocompatibility complex class II invariant chain, was found to

function as an ER retrieval signal, the distribution of expressed

Syn5 (long form) was not precisely investigated (Hui et al., 1997).

We therefore first sought to determine the localization of Syn5

(long form) with a FLAG tag expressed in COS-7 cells.

Unexpectedly, FLAG-Syn5 (long form) exhibited a tubular

pattern surrounding the nucleus in many cells (Fig. 1B, top two

rows). Double staining for the expressed protein and an ER

marker, HSP47 (Fig. 1B, top row), or a-tubulin (second row)

revealed that this pattern reflects rearrangement of the ER network

accompanied by MT reorganization. In contrast to Syn5 (long

form), FLAG-Syn5 (short form), like endogenous protein, was co-

localized with a Golgi marker, GM130, in many cells (Fig. 1B,

third row). The ability of Syn5 (long form) to induce ER-MT

rearrangement is independent of its membrane fusion activity,

because this rearrangement also occurred when Syn5D269-338,

which lacks the C-terminal SNARE motif, was overexpressed

(Fig. 1B, bottom row).

Interaction of Syn5 (long form) with CLIMP-63

As the localization pattern of overexpressed Syn5 (long form) was

quite similar to that of overexpressed CLIMP-63 (Klopfenstein

et al., 1998), we compared the patterns of the two proteins. As

reported previously (Klopfenstein et al., 1998), overexpressed

CLIMP-63 caused the rearrangement of the ER co-aligning with

MTs (supplementary material Fig. S1, top two rows). In Syn5

(long form)-expressing cells, CLIMP-63 was co-localized with

FLAG-Syn5 (long form) (bottom two rows).

Given that the phenotypes of cells expressing Syn5 (long form)

and CLIMP-63 were essentially the same, we investigated

whether or not the two proteins interact with each other. As

Fig. 1. The two expressed Syn5 isoforms exhibit different cellular

localization. (A) Representation of two Syn5 isoforms, a 42-kDa long

form and a 35-kDa short form. The former has a longer N-terminal

region containing an ER retrieval signal. Both isoforms possess a three-

helical bundle (consisting of Ha, Hb and Hc regions), a SNARE motif

and a transmembrane (TM) domain. (B) The expressed long form of

Syn5 displays a filamentous distribution and is co-localized with the

ER. At 18 hours after transfection with the plasmid for each of the

FLAG-Syn5 constructs, COS-7 cells were fixed and double-stained for

FLAG and HSP47 (top row), a-tubulin (second and bottom rows) or

GM130 (third row). Syn5 (D269-338) indicates the long form of Syn5

lacking amino acids 269-338. The boxed areas are enlarged in the insets.

Scale bars: 10 mm.
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shown in Fig. 2A, a small but significant amount of endogenous

Syn5 was co-precipitated with a monoclonal anti-CLIMP-63

antibody (middle panel, lane 2), whereas no co-precipitation of

Syn 5 was observed with control mouse IgG (lane 3). Having

demonstrated the interaction of endogenous Syn5 and CLIMP-63,

we next examined whether Syn5 specifically binds to CLIMP-63.
As shown in Fig. 2B, CLIMP-63 was co-precipitated with both

FLAG-Syn5 (long form) (middle panel, lane 8) and FLAG-Syn5
(short form) (lane 9), although it was more efficiently co-
precipitated with the former than with the latter. No co-
precipitation was observed between Syn5 (long form) and

calnexin (top panel, lane 8), suggesting that the binding is
specific. The specificity of the interaction between CLIMP-63 and
Syn5 (long form) was further demonstrated by the result that

CLIMP-63 was not co-precipitated with any of the other type II ER
membranes proteins tested [syntaxin 18 (Syn18), BNIP1, and
cytochorme b5 (CB5)] tagged with FLAG (Fig. 2B, middle panel,

lanes 10-12).

To define the region of Syn5 responsible for the interaction
with CLIMP-63, we constructed several N-terminally truncated
Syn5 mutants and performed immunoprecipitation experiments.

As shown in Fig. 2C, CLIMP-63 was not co-precipitated with
Syn5 (amino acids 84-355) (upper panel, lane 11) or Syn5 (amino
acids 97-355) (lane 12), but co-precipitated with Syn5 (amino

acids 71-355) (lane 10), implying that amino acids 71-83 is
important for the binding with CLIMP-63. Notably, CLIMP-63
was more effectively co-precipitated with Syn5 (amino acids 71-

355) than with Syn5 (short form; amino acids 55-355). This may
suggest that amino acids 55-70 interfere with the interaction with
CLIMP-63. Although the precise mechanism for the different

binding affinities of Syn5 (short form) and Syn5 (amino acids 71-
355) for CLIMP-63 is not clear, the latter mutant might be very
useful to test the correlation between CLIMP-63-binding ability
and rearrangement of the ER structure. As shown in Fig. 3,

FLAG-Syn5 (amino acids 71-355) exhibited two patterns;
filamentous (top, left panel) and Golgi-like juxtanuclear (top,
right panel) distributions. Quantification (Fig. 3, panel at the

bottom) shows that the ability of Syn5 (amino acids 71-355) to
induce filamentous structures was comparable to that of Syn5
(long form). On the other hand, Syn5 (amino acids 84-355) and

Syn5 (amino acids 97-355) mainly displayed a juxtanuclear
accumulation or a peripheral patchy distribution (Fig. 3, middle
and bottom rows). They showed a filamentous distribution in
only 15% of the cells. These results strongly suggest that amino

acids 71-83 of Syn5 are important for both the interaction with
CLIMP-63 and the induction of ER reorganization.

In some proteins including MT-associated proteins, basic amino

acid residues are responsible for protein-protein interactions (Ye and
Sloboda, 1997). There are two basic amino acids (Arg-74 and Lys-
82) in the region of amino acids 71-83 (L71QTRQNGIQTNKP83).

Therefore, these residues were individually replaced with Ala, and
the ability of the resultant mutants to bind to CLIMP-63 was
examined by immunoprecipitation. As shown in supplementary

material Fig. S2A, the amounts of CLIMP-63 co-precipitated with
these mutants, especially the K82A mutant, were substantially low
(upper panel, lanes 5 and 6) compared to that co-precipitated with
wild-type CLIMP-63 (lane 4). In parallel with the decreased binding

affinities for CLIMP-63, these mutants exhibited decreased
activities to induce ER-MT rearrangement (supplementary
material Fig. S2B).

CLIMP-63 has a single transmembrane domain with the long
C-terminal region in the lumen of the ER and the N-terminus
facing the cytoplasm. Klopfenstein et al. (Klopfenstein et al.,

1998) showed that amino acids 2-21 and 24-101 in the
cytoplasmic region are an ER rearrangement determinant and a
MT-binding region, respectively. Given that overexpression of

Fig. 2. Syn5 associates with CLIMP-63. (A) Membrane fractions of 293T

cell lysates were prepared, solubilized and immunoprecipitated with an anti-

CLIMP 63 antibody (lane 2) or a control IgG (lane 3). The precipitates were

separated by SDS-PAGE and analyzed with the indicated antibodies.

Asterisks indicate IgG light chain. The experiment was repeated with similar

results. (B,C) Lysates of 293T cells expressing FLAG constructs including the

long form (Long) and short form (Short) of Syn5 were subjected to

immunoprecipitation with anti-FLAG M2 beads and immunoblotted with the

indicated antibodies.

Journal of Cell Science 125 (23)5660
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Syn5 (long form) causes ER rearrangement, we wondered if the

ER rearrangement determinant in CLIMP-63 is involved in the

association with Syn5 (long form). To examine this possibility,

we coexpressed FLAG-Syn5 (long form) with wild-type CLIMP-

63 or a mutant, which lacks amino acids 2-21, and performed

immunoprecipitation. As shown in supplementary material Fig.

S2C, the amount of CLIMP-63 lacking the ER rearrangement

determinant (CLIMP-63D2-21) co-precipitated with FLAG-Syn5

(long form) (upper panel, lane 6) was much lower than that of

wild-type CLIMP-63 (lane 5), implying a link of the ER

rearrangement ability of CLIMP-63 with its binding to Syn5.

Syn5 (long form) interacts with MTs

Next, we examined whether or not Syn5 interacts with

polymerized MTs. To this end, transmembrane domain-deleted

Syn5 proteins fused to the C-terminus of maltose-binding protein

(MBP) were expressed in Escherichia coli and purified. The

purified proteins were mixed with taxol-stabilized MTs, and then

subjected to sedimentation as described under Materials and

Methods. As shown in Fig. 4A, MBP-Syn5 (long form) (upper

panel, lane 6), but not MBP-Syn5 (short form) (lane 9) or MBP

(lane 3), co-sedimented with polymerized MTs. The K82A

mutant, which exhibited a markedly reduced activity to induce

ER-MT rearrangement (supplementary material Fig. S2B), was

not co-precipitated with polymerized MTs (Fig. 4A, lane 12).

These results suggest that Syn5 has an ability to bind to

polymerized MTs, and that its binding site for MTs is likely the

same as that for CLIMP-63.

Loss of Syn5 induces ER spreading

To substantiate that Syn5 plays a role in shaping the ER, we treated

HeLa cells with short interfering RNA (siRNA) targeting Syn5,

and observed the distribution of ER proteins. As shown in

supplementary material Fig. S3A, two siRNA effectively

depressed the expression of Syn5; 22% of the control level in

siRNA (432)-treated cells and 9% in siRNA (390)-treated cells. In

parallel with the levels of Syn5 expression, the Golgi marker

GM130 showed marginally and fully dispersed patterns in siRNA

(432)- and siRNA (390)-treated cells, respectively (supplementary

material Fig. S3B). Depletion of Syn5 did not affect the

distribution of a-tubulin or acetylated tubulin (supplementary

material Fig. S4).

Although siRNA (432) and siRNA (390) had considerably

different effects on the Golgi structure, they similarly caused the

redistribution of the ER, as visualized by staining for Sec61b
(Fig. 5A, right) and CLIMP-63 (Fig. 5B, right). Quantification

showed a marked decrease of the fluorescence intensity of

Sec61b staining in the perinuclear region accompanied by some

increase in regions distant from the nucleus (Fig. 5A, bottom

panel). These results suggest that the ER structure was

reorganized by the depletion of Syn5. An extension of CLIMP-

63 staining to the cell periphery was also observed in COS-7 cells

depleted of Syn5 (supplementary material Fig. S5). This ER

alteration was not caused by depletion of Sec22b, a cognate

partner of Syn5 (supplementary material Fig. S6). Notably, the

Golgi complex, visualized by GM130 staining, was fragmented

in Sec22b-depleted cells. In cells treated with Syn5 (432), on the

other hand, ER spreading occurred without substantial Golgi

fragmentation (Fig. 5A,B, middle row). These results suggest

that ER reorganization induced by Syn5 depletion may not be

attributable to the blocking of membrane trafficking between the

ER and Golgi, although it remains possible that Syn5 knockdown

Fig. 3. Distribution patterns of truncation mutants of Syn5. At 18 hours

after transfection with one of the plasmids for FLAG-tagged mutants of Syn5,

COS-7 cells were fixed and stained for FLAG. Filamentous structures (top

left), juxtanuclear accumulation (top right, middle left and bottom left) and

peripheral patches (middle right and bottom right). Quantification data

(average values of two independent experiments) are shown below. In each

experiment, about 100 cells expressing FLAG-tagged constructs were

analyzed. Scale bar: 10 mm.

Fig. 4. The long form of Syn5 binds to polymerized MTs. (A,B) Purified

MBP (lanes 1-3), MBP-Syn5 (long form) (lanes 4-6), MBP-Syn5 (short form)

(lanes 7-9) and MBP-Syn5 (long form, K82A) (lanes 10-12), all lacking the

transmembrane domain, were subjected to sedimentation with (A) or without

(B) taxol-stabilized MTs, as described in Materials and Methods. Note that

MBP-Syn5 (long form) was precipitated in the presence of taxol-stabilized

MTs (A, lane 6), but not in their absence (B, lane 6), indicating the specificity

of the assay. I, input; S, supernatant; P, precipitate.

Syntaxin 5 links the ER and microtubules 5661
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might result in vesicular trafficking defects that alter the ER

structure.

ER distribution in Syn5-deficient cells is similar to that in

nocodazole-treated cells

Given that Syn5 interacts with CLIMP-63 and MTs, we reasoned

that ER extension to the cell periphery in Syn5-depleted cells is a

consequence of the abrogation of the link between ER membranes

and MTs. To explore this possibility, we treated cells with the MT-

depolymerizing reagent nocodazole. In control cells, nocodazole

treatment caused the redistribution of the centrally accumulated

mRFP-Sec61b to more peripheral regions with the formation of

lamellar/sheet-like structures at the cell periphery (Fig. 6, upper

row, arrows; supplementary material Movie 1). In Syn5-depleted

cells, on the other hand, mRFP-Sec61b exhibited an extended

pattern without nocodazole treatment (Fig. 6, lower row, 0 min),

although its pattern was not exactly the same as that observed

in nocodazole-treated cells. Nocodazole treatment did not

substantially affect the distribution of mRFP-Sec61b in Syn5-

depleted cells (Fig. 6, lower row; supplementary material Movie

2). These results clearly demonstrated that the interaction of the

ER with MTs is impaired in Syn5-deficient cells.

Syn5 silencing affects CLIMP-63-induced structure

We next examined whether depletion of Syn5 affects the

distribution of expressed CLIMP-63. As reported previously

(Klopfenstein et al., 1998) and also shown in this study,

overexpression of CLIMP-63 induced MT bundling and

reorganized the ER. If Syn5 cooperates with CLIMP-63 to

regulate the ER structure, knockdown of Syn5 may affect the

structure induced by the overexpression of CLIMP-63. In control

cells, expressed CLIMP-63-FLAG exhibited tubular structures

with several branches extending from the center to the cell

periphery (Fig. 7A, upper left panel). We referred to this pattern as

‘bundles’. In Syn5-depleted cells, on the other hand, bundles were

often observed as interconnected curvilinear structures with less

branches (referred to as ‘circular bundles’) (Fig. 7A, lower panels).

Fig. 5. Knockdown of Syn5 affects the sheet structure of the ER.

(A,B) HeLa cells were transfected without (Control) or with one of

the siRNAs targeting Syn5 [siRNA (432) or (390)]. At 72 hours after

transfection, the cells were fixed and double-stained with antibodies

against the Golgi marker GM130 and Sec61b (A) or the Golgi

marker GPP130 and CLIMP-63 (B). The boxed areas are enlarged in

the insets. White lines indicate cell edges. Sec61b fluorescence along

a line (shown in red) from the nucleus to the cell periphery was

analyzed using ImageJ software. The graph shows the distribution of

Sec61b. The average values of fluorescence brightness in five cells

are shown. Because the fluorescence intensity of CLIMP-63 changed

rather irregularly, it was difficult to quantify CLIMP-63 distribution.

Scale bars: 10 mm.

Fig. 6. ER structure in Syn5-silenced cells is similar to that in

nocodazole-treated cells. At 72 hours after transfection of cells without

(Control) or with siRNA (390) (Syn5 KD), cells stably expressing mRFP-

Sec61b were incubated with 5 mg/ml nocodazole and live-cell imaging was

performed at the indicated times. Arrows indicate peripheral cell regions,

where lamellar/sheet-like ER structures were rarely seen before nocodazole

treatment. Scale bars: 10 mm.

Journal of Cell Science 125 (23)5662
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It should be noted that the formation of circular bundles, as in the

case of ER spreading (Fig. 5), was induced by siRNA (390) and

siRNA (432) with nearly equal efficiency (Fig. 7B).

CLIMP-63 is necessary for the reorganization of the ER

induced by Syn5 (long form)

To further demonstrate the link between Syn5 and CLIMP-63 in

shaping the ER, we examined whether CLIMP-63 knockdown

affects ER-MT rearrangement induced by the overexpression of

Syn5 (long form). First, we investigated the ER structure in

CLIMP-63-depleted cells. As shown in supplementary material

Fig. S7A, CLIMP-63 was effectively knocked down, and as in the

case of Syn5 knockdown, CLIMP-63 knockdown caused ER

spreading as seen by Sec61b immunofluorescence (supplementary

material Fig. S7B), in accordance with a previous result of Shibata

et al. (Shibata et al., 2010). Nocodazole treatment caused a marked

change in the distribution of Sec61b in control cells

(supplementary material Fig. S7C, third versus top), whereas

essentially no change was observed in CLIMP-63-depleted cells

(supplementary material Fig. S7C, bottom versus second). As

shown in Fig. 8, depletion of CLIMP-63 abrogated the ability of

Syn5 (long form) to bundle the ER. Similar results were obtained

for the Syn5 mutant lacking the SNARE domain (Syn5D269-338).

The facts that CLIMP-63 is required for Syn5-induced ER

reorganization (Fig. 8), whereas Syn5 is principally dispensable

for CLIMP-63-induced ER reorganization (Fig. 7) suggest that

CLIMP-63 and Syn5 play major and supportive roles, respectively,

in the interaction of the ER with MTs.

Discussion
In this study we revealed that Syn5 (long form) functions to

shape the ER. Overexpression of Syn5 (long form) caused the

rearrangement of both the ER and MTs, leading to the formation of

bundles. This rearrangement is not related to the membrane fusion

activity of Syn5 because ER-MT rearrangement was also induced

by a mutant lacking the SNARE domain. Depletion of Syn5

resulted in the spreading of the ER membrane toward the cell

periphery. This extended pattern was reminiscent of that observed

in cells treated with the MT-depolymerizing reagent nocodazole.

Indeed, nocodazole treatment of Syn5-depleted cells did not

substantially affect the ER structure, whereas control cells, when

treated with nocodazole, exhibited a spreading ER morphology

compared with that in nontreated cells. Immunoprecipitation and

Fig. 7. Expressed CLIMP-63 forms circular bundles upon knockdown

of Syn5. (A) At 48 hours after transfection without (Control) or with one of

the siRNAs targeting Syn5 [siRNA (432) or (390)] or Bap31 (negative

control), HeLa cells were transfected with the plasmid for CLIMP-63-FLAG

and incubated for 18 hours. The cells were fixed and stained for FLAG.

Scale bar: 10 mm. (B) Quantification of the distribution patterns of CLIMP-

63-FLAG. In each experiment, about 100 cells expressing CLIMP 63-FLAG

were analyzed. The average values with s.d. of three independent

experiments are shown.

Fig. 8. CLIMP-63 is necessary for the reorganization of the ER induced

by the long form of Syn5. (A) HeLa cells were transfected without (Control)

or with siRNA targeting CLIMP-63. At 48 hours after transfection, the cells

were transfected with the plasmid for FLAG-Syn5 (long form) or FLAG-Syn5

(D269-338). After 24 hours, the cells were fixed and stained for FLAG. Scale

bar: 10 mm. (B) Quantification of the formation of the bundle structure

induced by Syn5 constructs. In each experiment, about 100 Syn5-expressing

cells were analyzed. The average values with s.d. of three independent

experiments are shown.

Syntaxin 5 links the ER and microtubules 5663
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sedimentation experiments demonstrated that Syn5 binds to both
CLIMP-63, a MT-binding protein (Klopfenstein et al., 1998;

Klopfenstein et al., 2001), and polymerized MTs. It is likely that
the CLIMP-63-binding site on Syn5 is also responsible for the
binding to polymerized MTs. These results taken together suggest
that Syn5 (long form) contributes MT-binding activity that

cooperates with that of CLIMP-63 to shape the ER.

MTs play an important role in the organization of the ER
(Vedrenne and Hauri, 2006). Although depolymerization of MTs

causes marked changes in the ER structure, the changes differ from
one cell type to another. In newt lung epithelial cells and some cell
types, slow retraction of the ER and clustering around the nucleus

occur by nocodazole treatment (Lee et al., 1989; Terasaki et al.,
1986; Terasaki and Reese, 1994; Waterman-Storer and Salmon,
1998). In Vero cells (Wozniak et al., 2009) and BSC1 cells (Lu
et al., 2009), retraction of the ER is rare, and the ER undergoes a

shift from reticular to lamellar/sheet-like morphology, with
peripheral lamellar/sheet-like patches appearing. A similar
conversion occurs during mitosis (Lu et al., 2009) perhaps

because the extended network of MTs depolymerizes at the
onset of mitosis, and the recovery of MTs does not take place until
telophase (Zhai et al., 1996). Depletion of Syn5 from HeLa cells

induced the extension of the ER, with the accumulation of
lamellar/sheet-like structures at the cell periphery. The slow ER
movement observed (supplementary material Movie S2) may be

mediated by actomyosin. It should be noted that depletion of Syn5
also influenced the ER membrane structure induced by the
overexpression of CLIMP-63 (Fig. 7). The circular bundle ER
structure, albeit being formed as a result of overexpression

artifacts, is similar to that observed in mitosis (Lu et al., 2009).
Thus, this structure may be generated due to a Syn5 depletion-
induced defect in the interaction of the ER with MTs.

Recent studies demonstrated that several families of proteins,
such as the reticulon, DP1/Yop1 and atlastin families (Voeltz et al.,
2006; Hu et al., 2009; Orso et al., 2009), are responsible for shaping

the ER. These family proteins and the MT-severing protein spastin
interact with one another and coordinate MT interactions with the
tubular ER network (Park et al., 2010). Interestingly, overexpression
of the MT-binding protein Reep1, a member of the DP1/YOP1

superfamily, has been shown to induce ER-MT rearrangement, as
observed in cells overexpressing CLIMP-63 (Klopfenstein et al.,
1998) and Syn5 (this study). Given that CLIMP-63 does not bind to

atlastin-1 and is predominantly localized in the rough ER
(Klopfenstein et al., 1998; Klopfenstein et al., 2001; Shibata et al.,
2010), Park et al. (Park et al., 2010) point out the possibility that the

Reep1 and CLIMP-63 play similar roles in mediating ER-MT
interactions in different ER subdomains. As CLIMP-63 and Syn5
interact with each other, and both bind MTs, it is tempting to

speculate that multivalent and cooperative interactions between ER
membrane proteins and MTs are required for the organization of the
rough ER, as in the case of the organization of the tubular ER
network (Park et al., 2010). In this context, it is interesting that the

overexpression of the C-terminal region of polycystin 1 causes ER-
MT rearrangement (Gao et al., 2009). Polycystin 1 is known to form
a heterodimer with polycystin 2 (Qian et al., 1997; Tsiokas et al.,

1997), which has been reported to interact with Syn5 (Geng et al.,
2008). Future studies should identify MT-binding proteins that
interact with CLIMP-63 and Syn5.

The phenotype of Syn5-deficient cells is remarkably different
from that of cells depleted of components of the Syn18 complex
(Hirose et al., 2004). Depletion of Syn18 causes remarkable

aggregation of the smooth ER membrane, although rough ER

membranes are relatively intact (Iinuma et al., 2009).
Knockdown of BNIP1 resulted in the loss of the three-way
junction of the peripheral ER (Nakajima et al., 2004). These

morphological changes may be ascribable to the inhibition of
homotypic ER membrane fusion. On the other hand, depletion of
Syn5 seems not to severely affect the fusion of ER membranes
because no conspicuous morphological changes in the ER

membrane were observed except for its extension to the cell
periphery and reformation from tubular structures to lamellar/
sheet-like ones. This is somewhat surprising because previous

studies showed that VCP/p97 (Cdc48p in yeast) and its binding
proteins mediate ER membrane fusion (Latterich et al., 1995;
Uchiyama et al., 2002), and that Syn5 is a membrane receptor for

VCP/p97 (Rabouille et al., 1998). It is possible that there are
other VCP/p97 receptors in the ER that mediate ER network
formation. Therefore, loss of Syn5 (long form) may not markedly

affect the activity of VCP/p97 for ER network formation.

In yeast there is one Syn5 ortholog, Sed5 (Hardwick and
Pelham, 1992; Banfield et al., 1994), which corresponds to the
short form of Syn5. This may be related to the fact that the ER

structure in yeast is shaped by actin, not MTs (Prinz et al., 2000;
Du et al., 2004; West et al., 2011). To fulfill the requirement of
MTs to shape the ER structure in mammalian cells, Syn5 (long
form) might have been produced by an alternative initiation in the

course of evolution. We do not exclude the possibility that the
Syn5-mediated interaction with MTs may also contribute to the
MT-dependent membrane trafficking from the ER to the Golgi

complex. Of note, Syn5 (short form) also interacts, albeit
relatively weakly, with CLIMP-63 (Fig. 2). This may suggest
that Syn5 (short form) not only mediates membrane fusion in the

Golgi, but also serves as a linker between MTs and transport
vesicles destined for the Golgi complex.

In conclusion, our study demonstrated for the first time that
Syn5 contributes to the organization of the ER through the

interactions with MTs and CLIMP-63. This function is not
related to the membrane fusion activity of Syn5.

Materials and Methods
Antibodies and reagents
A monoclonal antibody against HSP47 was purchased from Enzo Life Science.
Monoclonal antibodies against GM130 and calnexin were from BD Biosciences
Pharmingen. Monoclonal and polyclonal antibodies against FLAG and a-tubulin and
a monoclonal antibody against acetylated tubulin were obtained from Sigma-
Aldrich. Antiserum against Sec61b was purchased from Millipore Corp. Monoclonal
antibodies against ERGIC-53 and CLIMP-63 were generous gifts from Dr H. P.
Hauri. A polyclonal antibody against GPP130 was purchased from Covance. A
polyclonal antibody against Syn5 was prepared in our laboratory (Mizoguchi et al.,
2000). Nocodazole was obtained from Sigma-Aldrich.

Cell culture
COS-7 and 293T cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 50 IU/ml penicillin, 50 mg/ml streptomycin and 10% fetal calf
serum. HeLa cells were cultured in Eagle’s minimum essential medium
supplemented with the same materials. To establish HeLa cells stably expressing
mRFP-Sec61b, cells were transfected with the plasmid encoding mRFP-Sec61b
and cultured in the presence of 400 mg/ml G418.

Plasmids and transfection

The plasmids encoding mRFP-Sec61b and CLIMP-63 were gifts from Dr T.
Rapoport and H. P. Hauri, respectively. The cDNAs encoding wild-type Syn5, its
deletion and N-terminally truncated mutants, full-length Syn18, full-length BNIP1,
and Cytochrome b5 (CB5) were inserted into pFLAG-CMV-6 (Sigma-Aldrich) so as
to express proteins with an N-terminal FLAG tag. Ala substitutions of Arg-74 and
Lys-82 in Syn5 were performed using PCR-based site-directed mutagenesis using
the plasmid encoding FLAG-Syn5 (long form) as the template. To express Syn5
proteins lacking the transmembrane domain as MBP fusion proteins, the cDNAs
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encoding Syn5 and its mutant were inserted into the BamHI/HindIII site of pMal-
C2X (New England Biolabs). Fusion proteins were expressed in E. coli and purified
on amylose resin (New England Biolabs). The plasmid encoding CLIMP-63 with a
C-terminal FLAG tag was constructed by inserting the CLIMP-63 cDNA to pFLAG-
CMV-5 (Sigma-Aldrich). Transfection was carried out using LipofectAMINE PLUS
(Invitrogen) according to the manufacturer’s protocol.

Immunofluorescence microscopy

For immunofluorescence microscopy, cells were fixed with 4% paraformaldehyde
for 20 minutes at room temperature and observed with an Olympus Fluoview 300
or 1000 laser scanning microscope, as described previously (Tagaya et al., 1996).

Immunoprecipitation

For immunoprecipitation of endogenous CLIMP-63, ,90% confluent 293T cells
(two 15-cm dishes) were washed twice in PBS and then once in homogenization
buffer (20 mM Hepes-KOH (pH 7.2), 150 mM KCl, 2 mM EDTA, 1 mM
dithiothreitol, 1 mg/ml leupeptin, 1 mM pepstatin A, 2 mg/ml aprotinin and
1 mM phenylmethylsulfonyl fluoride). The cells were collected, suspended in
1 ml of homogenization buffer and homogenized with 20 strokes in a Dounce
homogenizer. The homogenate was centrifuged at 1000 g for 10 minutes, and then
the supernatant was centrifuged at 100,000 g for 30 minutes to separate the cytosol
and membrane fractions. The membrane pellet was solubilized in homogenization
buffer containing 1% Triton X-100. Equal volumes of Triton X-100 extracts were
incubated for 1 hour with 2 mg of a monoclonal antibody against CLIMP-63 or a
control mouse IgG. After incubation, 10 ml of protein G-Sepharose (GE
Healthcare) was added, and the suspension was gently mixed for 2 hours. The
beads were thoroughly washed, and the attached proteins were eluted by SDS
sample buffer, resolved by SDS-PAGE and analyzed by immunoblotting.

For immunoprecipitation of expressed proteins, 293T cells expressing FLAG-
tagged proteins were lysed in homogenization buffer containing 1% Triton X-100 and
centrifuged at 17,000 g for 10 minutes. The supernatants were immunoprecipitated
with anti-FLAG M2 affinity beads (Sigma-Aldrich). After extensive washing of the
beads, the bound proteins were eluted from the affinity gels by incubation with FLAG
peptide and analyzed by immunoblotting.

RNA interference

The RNA duplexes used for targeting Syn5 (59-ggaaauugaagagcuaaca-39 and 59-
uagccucaacaaacaaauu-39, which correspond to positions 390-408 and 432-450
relative to the start codon, respectively), Sec22b (59-cagcauuggauucaaaggcua-39,
which corresponds to the position 491-511 relative to the start codon), CLIMP-63
(59-gacaacaucgccaucuuca-39, which corresponds to the position 748-766 relative to
the start codon), and Bap31 (59-ggugaaccuccagaacaau-39, which corresponds to the
position 237-255 relative to the start codon) were purchased from Japan
Bioservice. Transfection was performed using Oligofectamine (Invitrogen)
according to the manufacturer’s protocol.

MT sedimentation assay

Polymerization of porcine brain tubulin (Cytoskeleton Inc.) was performed
according to the manufacturer’s instructions. Purified 2 mg of MBP or MBP fusion
proteins were incubated for 30 minutes at 26 C̊ without or with 20 mg of
polymerized tubulin in the presence of 80 mM taxol (Wako Chemical) in buffer
containing 80 mM PIPES (pH 6.8), 2 mM MgCl2, 0.5 mM EGTA, 0.1% Triton X-
100 and 50 mM GTP. After incubation, the reaction mixtures were layered onto
cushion buffer containing 80 mM PIPES (pH 6.8), 1 mM MgCl2, 1 mM EGTA,
0.1% Triton X-100 and 60% glycerol with 20 mM taxol. Samples were centrifuged
at 100,000 g for 40 minutes at 26 C̊. Equal protein amounts of the supernatant and
pellet fractions were subjected to SDS-PAGE and analyzed by immunoblotting
with anti-MBP antisera (New England Biolabs) and an anti-a-tubulin antibody.
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