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Abstract

Apoptosis-linked gene 2 (ALG-2), which is a gene product of PDCDS, is a 22-kDa Ca?*-binding
protein. Accumulating evidence points to a role for ALG-2 as a Ca?*-responsive adaptor protein. On
binding to Ca?*, ALG-2 undergoes a conformational change that facilitates its interaction with various
proteins. It also forms a homodimer and heterodimer with peflin, a paralog of ALG-2. However, the
differences in cellular roles for the ALG-2 homodimer and ALG-2/peflin heterodimer are unclear. In the
present study, we found that Trk-fused gene (TFG) protein interacted with the ALG-2 homodimer.
Immunostaining analysis revealed that TFG and ALG-2 partially overlapped at endoplasmic reticulum
exit sites (ERES), a platform for COPII-mediated protein transport from the endoplasmic reticulum. Time-
lapse live-cell imaging demonstrated that both green fluorescent protein-fused TFG and mCherry-fused
ALG-2 are recruited to ERES after thapsigargin treatment, which raises intracellular Ca?* levels.
Furthermore, overexpression of ALG-2 induced the accumulation of TFG at ERES. TFG has an ALG-2-
binding motif and deletion of the motif decreased TFG binding to ALG-2 and shortened its half-life at
ERES, suggesting a critical role for ALG-2 in retaining TFG at ERES. We also demonstrated, by in vitro
cross-linking assays, that ALG-2 promoted the polymerization of TFG in a Ca?*-dependent manner.
Collectively, the results suggest that ALG-2 acts as a Ca?*-sensitive adaptor to concentrate and polymerize
TFG at ERES, supporting a potential role for ALG-2 in COPIl-dependent trafficking from the endoplasmic
reticulum.

Introduction

Ca®* signaling is essential for various cellular events from fertilization to cell death as a second
messenger [1]. The signaling is mediated mainly by Ca?*-responsive proteins, such as calpains (Ca?*-
activated proteases) and calmodulin (a Ca?*-binding protein). Apoptosis-linked gene 2 (ALG-2), which is
a gene product of PDCD6, is a member of the family of penta-EF-hand Ca?*-binding proteins that possess
five serially repeated EF-hand motifs, or PEF domain [2]. Similar to calmodulin, ALG-2 interacts Ca?*-
dependently with various proteins including ALG-2-interacting protein X (ALIX) [3, 4], tumor
susceptibility gene 101 (TSG101) [5], vacuolar protein sorting-associated protein 37C (VPS37C) [6],
annexin A7 [7], annexin A1l [7, 8], phospholipid scramblase 3 (PLSCR3) [9], RBM22 [10] and Sec31A
[11, 12]. By comparison with amino acid sequences of ALG-2-interacting regions in ALIX, PLSCR3 and
Sec31A and their mutational analyses, two ALG-2-binding motifs (ABMs) have been identified so far:
ABM-1 is represented as PPYPXnYP (X, variable; n = 4 in ALIX and PLSCR3) and ABM-2 is
[POIPX[PO]G[FW]Q ([P®], Pro or hydrophobic; [FW], Phe or Trp; Q, large side chain; X, variable) [9,
13-17]. X-ray crystal structure analyses of apo-ALG-2 and complexes of ALG-2/ALIX peptide [16] and



ALG-2/Sec31A peptide [17] have revealed that ALG-2 possesses three hydrophobic pockets designated
as Pockets 1, 2 and 3. Pocket 1 and Pocket 2 are juxtaposed, and both serve as a binding site for ABM-1,
whereas Pocket 3 provides a hydrophobic cavity that accepts ABM-2. This information has enabled in
silico screening for novel ALG-2-interacting proteins [18]. Recently, CHERP has been characterized as an
ALG-2-interacting protein and has been proposed to play a role in the regulation of alternative splicing of
pre-mRNA in concert with ALG-2 [19].

Besides interacting with various proteins in a Ca?*-dependent manner, ALG-2 forms a homodimer [3,
20, 21]. There is accumulating evidence that ALG-2 functions as a Ca?*-responsive adaptor protein that
bridges two proteins, such as ALIX and TSG101 in endocytosis [22] and Sec31A and annexin A1l in the
early secretory pathway [23]. In addition, ALG-2 forms a heterodimer with peflin, a paralog of ALG-2
[21]. Peflin possesses a PEF domain similar to that of ALG-2 (40.9% identity) and a long N-terminal
hydrophobic domain [24]. There is little information about the function of peflin and proteins that interact
with peflin. The functional differences of ALG-2 in a homodimer and a heterodimer are also poorly
understood.

In this study, we first investigated differences in proteins that interact in a Ca?*-dependent manner with
the ALG-2 homodimer and ALG-2/peflin heterodimer. Unfortunately, no protein interacting with the
heterodimer was identified, although Trk-fused gene (TFG) protein was characterized as protein
interacting with the homodimer. TFG was originally identified as a part of the thyroid oncogene TRK-T3,
generated by a chromosomal rearrangement fusing with NTRK1 (also nhamed TRKA) in human papillary
thyroid carcinoma [25]. TFG is a ubiquitously expressed gene in adult and fetal human tissues. Both ALG-
2 and TFG proteins have been shown to localize at the endoplasmic reticulum exit sites
(ERES)/transitional ER, from which COPII-coated vesicles emerge and bud off [11, 12, 26]. A recent
studies by Johnson et al. [27] showed that TFG has the ability to self-assemble into an octameric complex
and that the TFG complex generates larger polymers in vitro. In the present study, we characterized here
the Ca?*-dependent interaction of ALG-2 with TFG. An ABM-2-like sequence in the C-terminal
proline/glutamine-rich (PQ-rich) region of TFG was required for the interaction. In addition, deletions and
amino acid substitutions that perturb the self-assembly of TFG, including the SPG57 mutation in
autosomal recessive spastic paraplegia (substitution of Arg'% with Cys, R106C) [28], abrogated the proper
interaction with ALG-2. Indirect immunofluorescence and live-cell time-lapse analyses showed that ALG-
2 promoted localization of TFG within ERES. Furthermore, based on an in vitro cross-linking study, we

demonstrated that ALG-2 is important for polymerization of the TFG complex in a Ca?*-dependent manner.

Results



TFG was identified as a Ca?*-dependent interacting protein of the ALG-2 homodimer.

To determine differences in the functions of the ALG-2 homodimer and ALG-2/peflin heterodimer, we
attempted to identify their specific interacting proteins by co-immunoprecipitation analysis. A key point
in the experiment is that we used ALG-2847AE14A 3 mutant with two glutamate residues substituted for
alanine in Ca?*-coordinating positions of EF1 (E47A) and EF3 (E114A). It has been shown that the mutant
is defective in Ca?*-binding [20] and does not interact with Ca?*-dependent binding partners, such as
TSG101, ALIX and Sec31A [5, 12, 17]. Because the ALG-2847AFI4A mytant has intact EF5 that is
necessary for dimerization, it is to be expected that the mutant will form dimers with ALG-2 and peflin.
FLAG-tagged ALG-2F47AEL4A (EL AG-ALG-2847AEL4AY and either nontagged ALG-2 or nontagged peflin
were co-expressed in HEK293/ALG-2kp cells in which endogenous ALG-2 had been depleted by sShRNA-
mediated RNA interference [22]. When FLAG-ALG-2847AE114A \as immunoprecipitated from the cell
lysate co-expressing nontagged ALG-2 with anti-FLAG antibody in the presence of 10 uM CaCl; and then
eluted with a buffer containing 5 mM EGTA, a chelating agent for Ca?*, several bands were detected in
the eluate by SDS/PAGE and silver staining (Fig. 1A). Nontagged ALG-2, as well as FLAG-ALG-
2BATAIRLIAA \yas found in the “Beads” fraction, which should include proteins not eluted by EGTA treatment
from the beads. Therefore, as expected, the results suggested that nontagged ALG-2 could form a dimer
with FLAG-ALG-2F4AEI4A and that the dimer would interact Ca?*-dependently with proteins
corresponding to these bands. By contrast, no significant band was detected in the EGTA-eluted fraction
from the cell lysate expressing FLAG-ALG-2547AE114A and nontagged peflin, even though these proteins
were detected in the “Beads” fraction. Several bands in the EGTA eluate from the cells expressing FLAG-
ALG-2F47AB14A and nontagged ALG-2 were excised from the gel and subjected to in-gel digestion by
trypsin. The digested samples were analyzed by LC-MS/MS. As a result of a search in the Mascot database
on the basis of LC-MS/MS data, we identified four proteins, Sec31A (Fig. 1A, band al), TFG (Fig. 1A,
band a2), TSG101 (Fig. 1A, band a3), and VPS37C (Fig 1A, band a4; Table S1). In previous studies,
TSG101, VPS37C and Sec31A have been well characterized as ALG-2-interacting proteins [5, 6, 11, 12].
Although TFG has a sequence motif similar to the ALG-2 binding region of Sec31A (Fig. 2B) and direct
interaction of ALG-2 with TFG had been shown by our far western analysis using biotin-labeled ALG-2
[18], further characterization of the interaction with ALG-2 was needed. In the present study, we focused
on TFG and pursued the function of ALG-2 for TFG.

ALG-2 interacts with TFG in a Ca?*-dependent manner.
First, to confirm the interaction between ALG-2 and TFG, we performed immunoprecipitation from
HEK?293 cell lysates using anti-TFG antibody and western blotting. Endogenous ALG-2 was detected in



the immuneprecipitates of anti-TFG antibody in the presence of CaCl; but not in the presence of EGTA
(Fig. 1B). In reciprocal immunoprecipitation analysis with anti-ALG-2 antibody, endogenous TFG was
co-immunoprecipitated with endogenous ALG-2 in a Ca?*-dependent manner (Fig. 1C).

When protein samples were resolved by SDS-PAGE (7% and 8% gels), doublet bands were detected
by the anti-TFG antibody used in this study and the upper band was dominant in HEK?293 cells, as well as
in HelLa cells. We also noticed that the doublet bands appeared to be stacked by using 12% SDS/PAGE
gels (Fig. 2A). When cells were treated with siRNA duplexes against TFG mRNA, both signal levels
corresponding to the doublet were reduced (data not shown). Additional work is necessary to address what

is responsible for such a distinction in the mobility of endogenous TFG proteins.

ALG-2-binding motif 2 in the PQ-rich region of TFG.

Structural and biochemical studies have revealed the presence of two different modes of interactions
between ALG-2 and its binding proteins [9, 16, 17]. A hydrophobic cavity of the ALG-2 molecule,
consisting of Pocket 1 and Pocket 2, is responsible for the binding to proteins that have ABM-1 (ALG-2-
binding motif 1), whereas Pocket 3 is the binding site for those containing another ALG-2-binding motif,
ABM-2. To characterize the binding modes of ALG-2 and TFG, we performed a pulldown assay using
GST-fused ALG-2 (GST-ALG-2) of the wild type (WT) and two mutants (Y180A and F85A). Y180 in
Pocket 1 is critical for binding to proteins containing ABM-1, and F85 in Pocket 3 is critical for binding
to proteins containing ABM-2 [17]. As shown in Fig. 2A, GST-ALG-2"T pulled down TFG, Sec31A (a
protein containing ABM-2) and ALIX (a protein containing ABM-1). The Y 180A mutant failed to interact
with ALIX but retained binding abilities toward TFG and Sec31A. On the other hand, the F85A mutant
showed impairment in the interaction with both TFG and Sec31A without affecting the binding to ALIX.
This result suggests that TFG, similar to Sec31A, is an ABM-2-containing protein. TFG possesses a
sequence similar to ABM-2 in Sec31A at a position from P359 to F363 in its PQ-rich region (Fig. 2B). To
address the significance of the ABM-2-like motif within TFG in the interaction with ALG-2, we performed
a GST-ALG-2 pulldown assay using green fluorescent protein (GFP)-tagged TFG (GFP-TFG) of the WT
and a mutant lacking the motif (AABM-2). Figure 2C shows that the interaction with GST-ALG-2 was
largely compromised in the deletion mutant, suggesting that the ABM-2-like motif is required for the
interaction. Because the deletion mutant had not completely lost its binding ability to GST-ALG-2, there
might exist an ALG-2-binding site(s) other than the indicated ABM-2. The amount of endogenous Sec31A
proteins in pulldown products was not altered by expression of GFP-TFG and GFP-TFGAABM-2 whereas
the amount of endogenous TFG in pulldown products was decreased by overexpression of GFP-TFG (Fig.
2C-E).



TFG has three distinct regions: Phox and Bem1 (PB1), coiled-coil (CC), and PQ-rich (Fig. 2B). We
further examined the effect of deletions of these regions on the interaction with ALG-2 by using a GST-
pulldown assay (Fig. 2D). Surprisingly, TFG mutants lacking PB1 (APB1), CC (ACC) and the region of
1-155 amino acids (ANt) exhibited no or little interaction with ALG-2, even though they possess ABM-2.
Taken together, these results suggest that ABM-2 in TFG is necessary but not sufficient for the proper
interaction with ALG-2.

The neurodegenerative disorder-related TFG R106C mutation impairs the interaction with ALG-2.

Trk-fused gene has been identified as causative gene for neurodegenerative disorders [28, 29]. We
investigated whether two neurodegenerative disorder-related mutations in TFG affect the interaction of
ALG-2: P285L related to hereditary motor and sensory neuropathy with proximal dominance (HMSN-P)
[29] and R106C related to hereditary spastic paraplegias (HSPs) [28] (Fig. 2B). Ina GST-ALG-2 pulldown
assay using GFP-TFG of the WT and mutants (P285L and R106C), the P285L mutant retained interaction
with ALG-2 at a level comparable to that of WT, whereas the R106C mutant showed impaired interaction
(Fig. 2E). Similar to the deletion mutants lacking the PB1 domain, CC domain and the N-terminal half
(Figs. 2B,D), R106C possesses ABM-2. The N-terminal region of TFG containing PB1 and CC domains
has been reported to play a role in formation of the oligomer [26]. R106 is located in the CC domain, and
the R106C mutant has also been shown to have impairment of oligomerization [28]. Therefore, there is
the possibility that the oligomerization ability of TFG may be necessary for proper interaction with ALG-
2.

ALG-2 co-localizes with TFG at ERES.

Next, we performed triple immunostaining for TFG, ALG-2 and the COPII component Sec31A in
HelLa cells. As shown in Fig. 3, immunofluorescence of ALG-2 was detected both in the nucleus and in
the cytoplasm (Fig. 3B,E), while that of TFG and Sec31A was found in the cytoplasm as a punctate pattern
(Fig. 3A,C,D,F). Merging of the images of ALG-2 and Sec31A showed a complete overlap between the
two proteins in the cytoplasm (Fig. 3H). The punctate appearance of TFG staining resembled that of
Sec31A and ALG-2. In the perinuclear cytoplasm, immunoreactive signals for TFG were strong and
overlapped completely or partially with the ALG-2/Sec31A-positive structures (Fig. 3G,1,J). Outside the
perinuclear area, TFG was detected at lower intensity as dot-like structures, many of which overlapped
partially with the ALG-2/Sec31A-positive ones (Fig. 3G-J, arrows) and others exhibited no or little co-
localization with ALG-2 and Sec31A (Fig. 3G-J, arrowheads). These observations suggest that TFG
partially co-localized with ALG-2 at Sec31A-positive ERES.



We previously reported that ALG-2 functions as a Ca?*-dependent adaptor protein mediating the
indirect association between Sec31A and annexin A1l [23]. Because both TFG and Sec31A localize at
ERES, it is conceivable that ALG-2 bridges the two proteins. To address this possibility, we performed a
co-immunoprecipitation assay using HEK293 cells transiently expressing GFP-TFG and FLAG-ALG-2.
As shown in Fig. 4, immunoprecipitation of GFP-TFG with anti-GFP antibody resulted in co-precipitation
of FLAG-ALG-2 in the presence of Ca?*, although endogenous Sec31A was not detected in the
immunoprecipitated product. Therefore, there is no interaction between TFG and Sec31A and it is unlikely
that ALG-2 can interact simultaneously with TFG and Sec31A.

By live-cell time-lapse imaging, ALG-2 has been shown to translocate from the cytosol to ERES in
response to Ca®* mobilization [15, 30]. To examine the effect of an increase in cytoplasmic Ca?* on the
subcellular distribution of TFG, HeLa cells expressing GFP-TFG and mCherry-fused ALG-2 (mCherry-
ALG-2) were treated with thapsigargin (TG). TG is an inhibitor of SERCA (sarco/endoplasmic reticulum
Ca®* ATPase) and induces Ca®* elevation in the cytosol. Before the administration of TG, GFP-TFG
showed co-localization with mCherry-ALG-2 in a dot-like pattern in the cytoplasm (Fig. 5A,B, time 0).
The number of GFP-TFG dots was not altered by the administration of TG, although the fluorescence
levels of both proteins in the dots increased gradually. We traced the dot in the time-lapse images (as
indicated by a white circle in Fig. 5B) and quantified the fluorescence intensities of both GFP-TFG and
mCherry-ALG-2. The data showed a lag phase followed by a simultaneous increase and then a gradual
decrease in the fluorescence intensities (Fig. 5C). Quantification of the GFP-TFG and mCherry-ALG-2
signal intensities at the area including one double-positive puncta for these fluorescent proteins revealed
that administration of TG induced increases of 29% and 16% for GFP-TFG and mCherry-ALG-2,
respectively (Fig. 5D). These observations suggest that TG treatment leads to recruitment of ALG-2 and
TFG to ERES. To test the possibility that the increase in accumulation of both TFG and ALG-2 could be
a result of ER stress induced by TG, we treated cells with dithiothreitol, another stimulator of ER stress.
Administration of dithiothreitol had no consistent effect on intracellular Ca?* levels (data not shown). As
shown in Fig. 5E, the fluorescence intensities of GFP-TFG and mCherry-ALG-2 at their puncta were not
significantly affected by the dithiothreitol treatment (P = 0.74 and P = 0.21, respectively). Therefore,
elevation of cytosolic Ca?* seems to be a major factor contributing to induce accumulations of GFP-TFG
and mCherry-ALG-2 at ERES.

Overexpression of ALG-2 concentrates TFG at ERES.
To examine the role of ALG-2 in the subcellular localization of TFG, we performed immunostaining

of endogenous TFG in HelLa cells that had been transfected with an expression construct of FLAG-ALG-



2 (WT) and FLAG-ALG-2F47ARLI4A (E47AJEL114A) (Fig. 6A). The cells expressing FLAG-ALG-2WT (as
indicated by plus signs) had strong fluorescent signals at the cytoplasmic puncta compared to cells with
no signal for FLAG-ALG-2T (as indicated by minus signs). By contrast, no apparent differences in the
fluorescent signals of TFG were observed in cells expressing FLAG-ALG-2847AFL14A Quantification of
the fluorescent signal intensity of TFG revealed that expression of FLAG-ALG-2"T caused a statistically
significant increase (more than two times) in TFG signals at the cytoplasmic puncta. We also examined
the effect of overexpression of ALG-2 on the subcellular localization of Sec31A. By contrast to the case
of TFG-positive structures, neither FLAG-ALG-2"T nor FLAG-ALG-2F47AEL14A had a significant effect
on the fluorescent intensities of Sec31A (Fig. 6B). To rule out the possibility that TFG is upregulated by
the expression of FLAG-ALG-2"T, western blotting was performed. The results showed that expression
levels of TFG and Sec31A were not altered in cells transfected with the expression construct of FLAG-
ALG-2"T and FLAG-ALG-2F47ABL4A (Eig, 6C, left). Upregulation of a molecular chaperone BiP/GRP78
and reduction of full-length ATF6a [pATF6a(P)/p90ATF6a] are hallmarks of ER stress [31, 32] (Fig. 6C,
right). Overexpression of FLAG-ALG-2"T or FLAG-ALG-2847AEL14A ha little effect on the protein levels
of BiP or pATF6u(P) (Fig. 6C, left). Therefore, it is unlikely that the increased levels of TFG at ERES in
ALG-2-overexpressing cells are associated with ER stress. We confirmed, by an immunoprecipitation
assay using anti-FLAG antibody that FLAG-ALG-2"T, but not FLAG-ALG-2847AEL14A  had binding
ability to TFG and Sec31A (Fig. 6D). Furthermore, we examined the effect of RNAi-mediated ALG-2-
silencing on the localization of TFG in ERES in HelLa cells (Fig. 6E). Immunofluorescence analysis
showed no detectable difference in fluorescence intensity of TFG at ERES between control and ALG-2-
silencing cells. Together, these results suggest that ALG-2 is not required for localization of TFG to ERES
but promotes accumulation of TFG at ALG-2-positive structures probably via the Ca?*-dependent function
of ALG-2.

ABM-2 is important for the retention of TFG at ERES.

To further investigate the role of ABM-2 of TFG in subcellular dynamics, fluorescence recovery after
photobleaching (FRAP) experiments were performed in HelLa cells expressing GFP-TFGWT and GFP-
TFGAABM-2 Both proteins were observed as a punctate pattern in the cytoplasm (Fig. 7A). When the cells
were processed for immunofluorescence staining with anti-Sec31A antibody, the cytoplasmic punctate
structures labeled with GFP-TFGWT and GFP-TFG2ABM-2 overlapped the Sec31A-positive puncta.
Therefore, the GFP-positive structures could be defined as ERES. As found in a previous study [27], GFP-
TFGWT was also observed as abnormally large granules in some cells (Fig. 7B). ALG-2 was accumulated

in the large TFG structures. In the FRAP experiments, we selected cells with a punctate pattern of GFP-



TFGYT and GFP-TFGAABM-2 similar to the distribution of endogenous TFG. A region including a GFP-
positive dot was photobleached, and recovery of GFP fluorescence was followed (Fig. 7C). Relative
recovery rates in multiple cells were averaged and plotted as a function of time (Fig. 7D). The kinetics of
recovery was markedly altered by the deletion of ABM-2, and the maximum recovery rate was higher in
GFP-TFGAABM-2 than in GFP-TFGWT. The half-time of fluorescence recovery (ti2) was determined by
fitting of the experimental data to a single exponential. Statistical analysis revealed that the half-time of
GFP-TFGAABM-2 was significantly shortened and that ABM-2 deletion reduced the immobile population
to almost half (Table 1). These data indicate that ABM-2 has an impact on the stable retention of TFG at
ERES.

ALG-2 facilitates the polymerization of TFG in vitro.

The results of several in vitro studies have indicated that TFG exists as an octameric cup-like structure
that is capable of self-assembly to form larger polymers [27]. We found that ALG-2 binds Ca?*-
dependently to TFG and that cytosolic Ca?* elevation and ALG-2 overexpression lead to accumulation of
TFG at ERES. These findings prompted us to examine whether ALG-2 promotes the formation of the
octamer and/or polymer of TFG. We prepared recombinant His-tagged TFG proteins (TFG-His) expressed
in Escherichia coli and performed an in vitro cross-linking assay using the chemical cross-linker DTSSP
3,3-dithiobis-(sulfosuccinimidyl propionate) (DTSSP), which is cleavable under a reduced condition. First,
to determine the assembly state of recombinant TFG-His, the proteins were incubated with increasing
concentrations of DTSSP (0.01-5 mM), resolved by SDS-PAGE under nonreducing and reducing
conditions, and analyzed by western blotting with anti-TFG antibody (Fig. 8). In the absence of DTSSP,
both nonreduced and reduced TFG-His proteins were detected as a single band that migrated at a molecular
mass of approximately 57 000 corresponding to a monomeric form on SDS/PAGE. Under a nonreducing
condition (Fig. 8, upper), the intensity of the band was decreased by incubation with 0.1 mM DTSSP and
the band disappeared completely by treatment with DTSSP at concentrations greater than 0.5 mM, whereas
new bands with molecular masses higher than 220 000 were detected as a broad pattern by treatment with
0.2 mM DTSSP. The new broad bands were increased in intensity and shifted to narrow bands as the
concentration of DTSSP was increased (0.5-5 mM). Under a reduced condition (Fig. 8, lower), there was
no band with a molecular mass higher than 220 000. Instead, the band detected in the absence of DTSSP
(as indicated by a filled arrowhead) was shifted to a single band with slightly slower mobility (as indicated
by an open arrowhead) in a concentration-dependent manner by DTSSP, indicating that TFG-His proteins
are modified by DTSSP. As a result of treatment with 1 mM DTSSP, almost all of the TFG-His proteins

appeared to have been modified in our experimental conditions. These results suggest that recombinant



TFG-His exists as a stable homo-oligomer in vitro (probably an octamer) [27].

Next, we examined the effect of ALG-2 on polymerization of TFG. To avoid aggregation of
recombinant ALG-2 in the in vitro assay, we used the recombinant truncated form of ALG-2 that lacks the
N-terminal hydrophobic region (des3-20ALG-2) [16]. TFG-His was co-immunoprecipitated with the
recombinant des3-20ALG-2 in the presence of CaCl, but not in the presence of EGTA, indicating Ca?*-
dependent direct interaction between the two recombinant proteins (Fig. 9A). To investigate the effect of
the interaction with ALG-2 on assembly state of TFG, TFG-His was incubated with des3-20ALG-2
proteins in the presence of EGTA or CaCly, and then the mixture was treated with 1 mM DTSSP. As shown
in the upper panel of Fig. 9B, western blotting with anti-TFG antibody showed that the bands with high
mobility under a non-reduced condition were gradually diminished by the addition of an increasing amount
of ALG-2 in the presence of CaCly, but not in the presence of EGTA, with concomitant appearance of a
band that remained just below or at the well bottom in the stacking gel (indicated by an arrow). There was
no effect of ALG-2 on mobility of TFG-His proteins under a reduced condition (Fig. 9B, lower).
Consistent with the mobility shift of TFG-His, ALG-2 proteins were also detected near the wells in the
presence of CaCl, (Fig. 9C, upper). In the absence of Ca?*, ALG-2 proteins were detected only as a single
band corresponding to the approximate molecular mass of a homodimer (~ 40 000). When the ALG-2
proteins were incubated with DTSSP in the absence of TFG-His, there was no band near the wells in either
the EGTA or CaCl; conditions (Fig. 9D, arrows). These results clearly indicate that ALG-2 bridges the
TFG oligomer to facilitate its polymerization in a Ca?*-dependent fashion.

To further confirm the role of ALG-2 in the polymerization of TFG, we prepared two mutants of TFG-
His: a deletion mutant, TFGAABM-2-His, and a substitution mutant, TFGR'%C-His. As described above,
these mutations caused reduction in ALG-2 binding in our GST-ALG-2 pulldown analysis (Fig. 2C,E).
We first examined the oligomeric state of the mutant proteins by treatment with an increasing
concentration of DTSSP. Under nonreduced and reduced conditions, the pattern in band shifts seen with
TFGAABM-2_Hjs was similar to the WT (Fig. 10A), suggesting no effect of the ABM-2 deletion on oligomer
formation of TFG. By contrast, the R106C mutation resulted in the appearance of faster and broader bands
in mobility under a nonreduced condition when the proteins were incubated with DTSSP at concentrations
greater than 0.5 mM (Fig. 10B, upper). The modification of TFGR'%C-His by DTSSP appeared to occur to
an extent similar to that of TFGWT-His and TFGAABM-2_His, because the pattern in band shift of TFGR106C-
His was similar to that seen in TFGWT-His and TFG2ABM-2-His under a reduced condition (Fig. 10B, lower).
These results indicate that the R106C mutant retains the ability to form an oligomer but that the resultant
TFGRI6C_His oligomers display a perturbed architecture in vitro. This is consistent with the results of

previous studies showing a defect in the ability of the mutant to self-assemble into an octamer based on
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its hydrodynamic and light scattering properties [28]. Next, we examined the effect of ALG-2 on
polymerization of TFG-His mutants. Compared with the pattern in the band shift of TFGWT-His from
oligomeric to polymeric forms (Fig. 10C, upper left), the bands corresponding to the TFGAABM-2-His
oligomer were also reduced in intensity by incubation with an increasing concentration of ALG-2 but to a
lesser extent. The reduction of the broader bands corresponding to abnormal oligomers of TFGR%C-His
appeared to be comparable to that observed in the WT. Western blotting with anti-ALG-2 antibody (Fig.
10C, right) demonstrated that the ALG-2 proteins were incorporated into the TFGR%C-His polymers as
well as the TFGWT-His polymers (indicated by an arrow). By contrast, bands in mobility at the oligomeric
form of TFG were predominantly detected in the case of TFGAABM-2-His. These results suggest that des3-
20ALG-2 could bind to both TFGAABM-2_His and TFGR!%C-His in this experimental condition, probably
as a result of the high concentrations of the proteins used. Although the TFGR%C-His oligomer and the
TFGAABM-2_His oligomer appeared to assemble into polymers in the presence of ALG-2, the relative
decrease in the intensity of bands corresponding to each oligomer with increasing ALG-2 concentration
indicates that ABM-2 deletion causes a significant decrease in the ALG-2-promoted polymerization of
TFG (Fig. 10D).

Discussion

ALG-2 has been shown to stabilize a COPIlI component, Sec31A, at ERES and to participate in
processes involving anterograde transport from the ER to the Golgi apparatus [11, 23, 33, 34]. ALG-2
forms a homodimer or a heterodimer with peflin [3, 20, 21]. Although there is accumulating evidence
indicating that ALG-2 interacts with various proteins [35], there have been only a few reports of proteins
interacting with peflin [36, 37]. During the preparation of this manuscript, Rayl et al. reported that peflin
is a negative regulator of the ER-to-Golgi transport by suppressing the interaction between ALG-2 and
Sec31A[38]. In the present study, we found several proteins that interact Ca?*-dependently with the dimer
of FLAG-ALG-2F47ABIUAIAL G-2 by immunoprecipitation with anti-FLAG antibody (Fig. 1A). By
contrast, there was no band corresponding to candidate proteins that specifically bind to the FLAG-ALG-
2B4TAIRLAAeflin heterodimer. It remains unclear whether the ALG-2/peflin heterodimer interacts with
Sec31A and/or with other unknown proteins to regulate ER-to-Golgi transport.

Our recent structural analyses have revealed that each ALG-2 molecule in its homodimer has two
binding sites, each of which interacts with one of the two ALG-2 binding motifs: ABM-1 and ABM-2 [16,
17, 39]. Because there are at least four binding sites in an ALG-2 homodimer, it is proposed that ALG-2
functions as a Ca?*-dependent adaptor protein [35, 40]. We previously demonstrated that ALG-2 bridges

annexin A1l and Sec31A via the adaptor function and that annexin A1l is required for stabilization of
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Sec31A on the membranes of ERES [23]. Because TFG binds to ALG-2 with characteristics of ABM-2-
containing proteins (Fig. 2) and co-localizes substantially at ALG-2/Sec31A-positive structures (Figs. 3,
5, 6 and 7), it was expected that ALG-2 would mediate the association between Sec31Aand TFG; however,
this was not observed in our immunoprecipitation analysis (Fig. 4). Therefore, ALG-2 may have divergent
functions at ERES via its mutually exclusive interaction with either Sec31A or TFG.

Immunofluorescence staining analysis demonstrated that overexpression of ALG-2 leads to enrichment
of TFG in ERES without any effect on the distribution of Sec31A (Fig. 6A,B). By contrast, knockdown of
ALG-2 has no significant effect on localization of TFG to ERES (Fig. 6E), suggesting that ALG-2 is not
required for recruitment of TFG to ERES under normal culture conditions. Translocation of TFG to ERES
might be a prerequisite step for the Ca?*-dependent interaction with ALG-2. Luminal Ca?* has been shown
to play a regulatory role in ER-to-Golgi transport, in which ALG-2 is considered to be a sensor for released
luminal Ca?* [41, 42]. Therefore, it was conceivable that synchronous transport of cargo proteins affected
the co-localization pattern between ALG-2 and TFG. To address this, we monitored immunofluorescence
signals of ALG-2 and TFG along with transport of a model cargo protein, VSV-G tsO45 (a temperature-
sensitive variant of vesicular stomatitis virus glycoprotein), from the ER to the cell surface in HT1080
cells constitutively expressing GFP-fused VSV-G tsO45 (tsO45 G-GFP) [23]. However, we were not able
to find detectable differences in fluorescence intensities and in distribution patterns of ALG-2 and TFG at
any time point after the temperature shift (data not shown). Nonetheless, live-cell time-lapse imaging
showed that ALG-2 and TFG are accumulated in the cytoplasmic puncta, probably representing ERES, in
response to Ca?* mobilization (Fig. 5). Accumulation of GFP-TFG after treatment of TG was not observed
in both ALG-2-depleted cells and cells without co-expression of mCherry-ALG-2 (data not shown). In
addition, the Ca?*-dependent binding of ALG-2 to TFG promotes TFG polymerization in vitro (Figs. 9
and 10). Taken together, the results suggest that a substantial amount of ALG-2 locally concentrates TFG
at ERES probably under conditions of Ca?* overload and under some disease conditions such as lung and
mesenchymal tumors, in which ALG-2 is upregulated [43, 44].

Previous three-dimensional electron microscopic analysis revealed that TFG proteins
homooligomerize to form octameric cup-like structures [27]. The PB1 and CC domains are sufficient for
formation of the octamer. Meanwhile, the C-terminal PQ-rich region was shown to be responsible for
further polymerization of the octameric TFG complexes under optical ionic conditions [27]. An in vitro
cross-linking assay showed a potential role of ALG-2 in the architecture of TFG. Because the recombinant
TFG proteins appeared to form a stable oligomer under the condition used (Fig. 8), we are not able to
evaluate the contribution of ALG-2 to the oligomer formation of TFG. On the other hand, several results

indicate that ALG-2 binds to the TFG oligomer to form a polymeric structure. First, ALG-2 was found to
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react with the TFG oligomer in a stoichiometric manner in the presence of Ca?* (Figs. 9B and 10C,D).
Second, ALG-2 was incorporated into the TFG polymer (Figs. 9C and 10C). Third, a deletion mutant
lacking ABM-2 showed no abnormality in its oligomer formation but a reduced ability to polymerize in
response to ALG-2 (Fig. 10A,C,D). Finally, our GST-ALG-2 pulldown assay demonstrated no or little
interactions of ALG-2 with TFG mutants that affect its ability to oligomerize (Fig. 2D,E) [28, 45]. Based
on these results, we propose that ALG-2 promotes polymerization of the TFG octamer via its adaptor
function. Because the PQ-rich region of TFG is capable of self-assembly [27], it is possible that ALG-2
stabilizes the assembled TFG complex in a Ca?*-dependent manner.

Witte et al. [26] previously reported TFG-1, a Caenorhabditis elegans ortholog of TFG, as one of the
interaction proteins for C. elegans SEC-16. It was further demonstrated that an interaction between human
TFG and Sec16B. Sec16 proteins serve as a scaffold at ERES. To explore the role of Sec16 isoforms in
the association between ALG-2 and TFG, we performed immunoprecipitation with anti-FLAG antibody
from cell lysate of HEK293 cells expressing FLAG-ALG-2 followed by immunoblotting with antibodies
against TFG, Secl16A, and Sec16B [46, 47]. Endogenous TFG was found in the immunoprecipitates of
FLAG-ALG-2 in the presence of 100 uM CaCly, whereas no or undetectable levels of Sec16A or Sec16B
were present in the immunoprecipitates of FLAG-ALG-2 (data not shown). Thus, it is unlikely that these
Sec16 isoforms are involved in Ca?*-dependent association between ALG-2 and TFG.

Although it is clear that TFG localizes to ERES, it remains controversial whether TFG has a general
role in ER-to-Golgi transport. A transport assay using tsO45 G-GFP has demonstrated a substantial delay
in the exit of cargo proteins from the ER in TFG-depleted HelLa cells [26]. Golgi reassembly following
brefeldin A washout was also delayed in TFG-depleted RPE-1 cells [27]. By contrast, another assay using
the RUSH (retention using selective hooks) system has shown unperturbed ER-to-Golgi transport of
several cargoes, including a truncated form of mannosidase I1, a non-temperature-sensitive variant of VSV-
G, E-cadherin and galactosyl transferase [48]. In IMR-90 fibroblasts, it was reported that depletion of TFG
leads to retention of procollagen | in the ER, indicating a specific role of TFG in the transport of
procollagen [48]. Some of these discrepancies might be a result of the different experimental conditions,
in which cells are probably subject to different levels of stress arising from accumulated cargo proteins in
the ER, and/or a result of variations in the expression level of ALG-2. ALG-2 might confer tolerance to
the stress by changing the architecture of TFG from the oligomeric state to the polymeric state. Although
overexpression of both ALG-2 and TFG did not affect the transport of tsO45 G-GFP and the distribution
of the cis-Golgi compartment stained with anti-GM130 antibody (data not shown), proteomic analysis of
proteins secreted from cells with high expression of ALG-2 may provide further insights into the role of
the interaction between ALG-2 and TFG in ERES.
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Materials and Methods
Antibodies

The following commercially available antibodies were used: rabbit monoclonal antibody against TFG
(ab156866; Abcam, Cambridge, MA, USA); mouse monoclonal antibody against FLAG (clone M2),
rabbit polyclonal antibody against FLAG (F7425) and mouse monoclonal antibody against a-tubulin
(clone DM1A; Sigma-Aldrich, St Louis, MO, USA); mouse monoclonal antibodies against Sec31A for
immunostaining (clone 32) and BiP/GRP78 for Western blotting (clone 40/BiP; BD Transduction
Laboratories, Franklin Lakes, NJ, USA); mouse monoclonal antibody against ALG-2 for
immunoprecipitation (clone 2BA; Abnova, Taipei, Taiwan); rabbit polyclonal antibody against ALIX
(CVL-PAB0204; Covalab, Villeurbanne, France); mouse monoclonal antibody against GFP (clone B2, sc-
9996; Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit polyclonal antisera against GFP for
immunoprecipitation (A6455; Invitrogen/Molecular Probes, Carlsbad, CA, USA); and mouse monoclonal
antibody against ATF6a for western blotting (clone 1-7; BioAcademia, Osaka, Japan). Rabbit polyclonal
antibodies against Sec16A and Sec16B were kindly provided by the late K. Tani and Y. Maemoto (Tokyo
University of Pharmacy and Life Science, Tokyo, Japan) [46, 47]. The following antibodies were raised
as described previously: rabbit polyclonal antibody against ALG-2 for western blotting [12], goat
polyclonal antibody against ALG-2 for immunostaining [18], and rabbit polyclonal antibody against

Sec31A for western blotting and immunostaining [23].

Plasmid construction

pSGFP2-C1/TFG was constructed as follows: full-length TFG (NM_001007565.2.) was amplified
from an HEK293 cDNA library (Clontech, Palo Alto, CA, USA) by PCR with a pair of primers (forward:
5’-CTCAAGCTTCGAATTCCACCATGAACGGACAGTTG-3’; reverse: 5%-
CCGCGGTACCGTCGACCTTATCGATAACCAGGTCC-3"). The product was inserted into the EcoRI-
and Sall-digested pSGFP2-C1 vector (kindly provided by I. Wada, Fukushima Medical University, Japan)
using an In-Fusion Advantage PCR Cloning Kit (Clontech). pSGFP2-C1/TFGAABM-2 (A359-363),
pSGFP2-C1/TFGAPB!  (A10-91), pSGFP2-C1/TFGACC (A92-124), pSGFP2-C1/TFGACt (A156-400,
substitution of the Q156 codon with a stop codon), pSGFP2-C1/TFGRI%C, and pSGFP2-C1/TFGP?5L were
obtained by PCR-based site-directed mutagenesis using pSGFP2-C1/TFG as a template and pairs of
primers: AABM-2 (forward: 5’-CCTGGGGCCTATCAAACTTCACTTCCTGG-3’; reverse: 5’-
CCAGGAAGTGAAGTTTGATAGGCCCCAGG-3"), APB1 (forward: 5’-
GGATCTAAGTGGGGGCCAGCCAAGACC-37; reverse: 5’-
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GGTCTTGGCTGGCCCCCACTTAGATCC-3), ACC (forward: 5’-

CATTATTTGTTAATCCACCTGGAGAACC-3’; reverse: 5’-
GGTTCTCCAGGTGGATTAACAAATAATG-3"), ACt (forward: 5’-
GATTCTTCTGGAAAATAGTCTACTCAGG-3’; reverse: 5’-
CCTGAGTAGACTATTTTCCAGAAGAATC-3"), R106C (forward: 5’-
CAGGTGAAATATCTCTGTCGAGAACTGATAG-3’; reverse: 5’-
CTATCAGTTCTCGACAGAGATATTTCACCTG-3’) and P285L (forward: 5’-
CTGGACCTCAACAACTTCAGCAGTTCCAGG-3’; reverse: 5’-

CCTGGAACTGCTGAAGTTGTTGAGGTCCAG-3"). pSGFP2-C3/TFGANt (A1-155) was obtained by
inserting EcoRI- and Sall-digested pEGFP-C3/TFG 211 into the EcoRI- and Sall-digested pSGFP2-C3
vector [18]. pcDNA3/peflin¥T was obtained by inserting EcoRI- and Sall-digested pCMV Tag2B/peflin
[21] into the EcoRI- and Xhol-digested pcDNA3 vector. pPCMVTag2A/ALG-2F47AEI4A RNAIR was
obtained by introducing a silent mutation within the RNAi-responsible sequence of pPCMVTag2A/ALG-
QEATAJELLAA [13] using a pair of primers (forward: 5°-
GAGGGTCGATAAAGACAGatcTGGCGTGATATCAGACACCGAG-3’; reverse: 5%-
CTCGGTGTCTGATATCACYCCAgatCTGTCTTTATCGACCCTC-3).

A bacterial expression plasmid, pET24d/TFG-6xHis, was constructed as follows: the DNA fragment
encoding TFG was amplified using pSGFP2-C1/TFG as a template and a pair of primers (forward:
GGAGATATTACCATGAACGGACAGTTGGATCTAAG-3’; reverse: 5%-
GGTGGTGGTGCTCGAGTCGATAACCAGGTCCAGGTT-3"). The product was inserted into the Ncol-
and Xhol-digested pET24d vector using an In-Fusion Advantage PCR Cloning Kit (Clontech). Plasmids
encoding the mutants, pET24d/TFG*ABM-2.6xHis and pET24d/TFGR%C-6xHis, were obtained by PCR-
based site-directed mutagenesis using pET24d/TFG-6xHis as a template and the pairs of primers shown
above.

pCMVTag2A/ALG-2"T RNAIiR[22], pcDNA3/ALG-2"T RNAIR [49] and pmCherry-ALG-2 [19] were

constructed as described previously.

Cell culture and DNA transfection

HEK?293 cells, HEK293/ALG-2«p cells [22] and HeLa cells were cultured in DMEM (Nissui, Tokyo,
Japan) supplemented with 5% or 10% fetal bovine serum, 4 mM -glutamine, 100 U/mL penicillin and
100 pg/mL streptomycin at 37°C under humidified air containing 5% CO,. HEK293 cells and HEK293
ALG-2kp cells were transfected with plasmids using the conventional calcium phosphate method. HelLa

cells were transfected with plasmids using FUGENE 6 (Promega, Madison, WI, USA).
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Exploration of ALG-2/ALG-2 or ALG-2/peflin-interacting proteins

HEK293/ALG-2kp cells co-transfected with pCMVTag2A/ALG-2847AEI4A  RNAIR  and
pcDNAS3/ALG-2"T RNAIR or pcDNA3/peflin™WT were lysed in a lysis buffer (20 mM Hepes-NaOH, pH
7.4, 1425 mM KCI, 1.5 mM MgCly, 10 uM CaClz, 1% Chaps) containing protease inhibitors (3 pug/ml
leupeptin, 0.1 mM Pefabloc, 1 uM pepstatin A, 1 uM E-64, 0.2 mM phenylmethanesulfonyl fluoride) and
phosphatase inhibitors (50 mM NaF, 10 mM B-glycerophosphate, 1 mM NasVO. ) and incubated on ice
for 30 min. After centrifugation at 12 000 g for 10 min at 4°C, the cleared cell lysates were incubated with
anti-FLAG antibody overnight at 4°C. Then the lysates were incubated with Dynabeads Protein G
(Invitrogen) for 2 h at 4°C. The beads were washed with the lysis buffer three times and incubated with an
elution buffer (20 mM Hepes-NaOH, pH 7.4, 142.5 mM KCI, 1.5 mM MgCl;, 5 mM EGTA, 1% Chaps).
The bound proteins were subjected to SDS/PAGE followed by silver staining. Specific bands were excised
and digested in gel using Trypsin/Lys-C Mix (Promega). The peptides were analyzed by Triple TOF 5600+
(AB Sciex, Framingham, MA, USA).

MS and chromatographic methods, instrumentations and database searches

Samples were analyzed by nano-flow reverse phase liquid chromatography followed by tandem MS,
using a Triple TOF 5600+, essentially described as previously [50]. Briefly, a capillary reverse phase
HPLC-MS/MS system composed of an Eksigent Ekspert nano-LC 400 HPLC system (AB Sciex), which
was directly connected to an AB Sciex quadrupole time-of-flight (QqTOF) TripleTOF 5600+ mass
spectrometer in Trap and Elute mode. In the Trap and Elute mode, samples were automatically injected
using Ekspert 400 system into a peptide trap column (ChromeXP, C18-CL, 200 um inner diameter x 0.5
mm, 3 pm particle size, 120 A pore size; AB Sciex) attached to a cHiPLC system (AB Sciex) for
desalinating and concentrating peptides. After washing the trap with MS-grade water containing 0.1%
trifluoroacetic acid and 2% acetonitrile (solvent C), the peptides were loaded into a separation capillary
C18 reverse phase column (NTCC-360/100-3-125, 125 x 0.1 mm; Nikkyo Technos, Tokyo, Japan) by
switching the valve. The eluents used were: (A) 100% water containing 0.1% formic acid, and (B) 100%
acetonitrile containing 0.1% formic acid. The column was developed at a flow rate of 0.5 uL/min with the
concentration gradient of acetonitrile: from 2% B to 32% B in 100 min, 32% B to 80% B in 1 min,
sustaining 80% B for 10 min, from 80% B to 2% B in 1 min, and finally re-equilibrating with 2% B for
15 min. Mass spectra and tandem mass spectra were recorded in positive-ion and “high-sensitivity” mode
with a resolution of approximately 35 000 full-width half-maximum. The nanospray needle voltage was

typically 2300 V in HPLC-MS mode. After acquisition of approximately 6 samples, TOF MS spectra and
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TOF MS/MS spectra were automatically calibrated during dynamic LC-MS & MS/MS autocalibration
acquisitions injecting 50 fmol BSA. An Analyst TF1.6 system (AB Sciex) was used to record peptide
spectra over the mass range of m/z 400-1250, and MS/MS spectra in information-dependent data
acquisition (IDA) over the mass range of m/z 100-1600. For CID-MS/MS, the mass window for precursor
ion selection of the quadrupole mass analyzer was set to 0.7 + 0.1 Da. The precursor ions were fragmented
in a collision cell using nitrogen as the collision gas. IDA was used for MS/MS collection on the TripleTOF
5600+ to obtain MS/MS spectra for the 20 most abundant parent ions following each survey MS1 scan
(acquisition time of 250 msec per MS1 scan and a typical acquisition time of 200 msec per each MS/MS).
Dynamic exclusion features were based on value m/z and were set to an exclusion mass width 50 mDa and
an exclusion duration of 12 s.

Searches were performed by using MASCOT, version 2.4.0 (Matrix Science, Boston, MA, USA)
against latest Homo sapiens (human, TaxID = 9606) Swissprot database for protein identification.
Searching parameters were set as: enzyme selected as used with three maximum missing cleavage sites,
species limited to H. sapiens, a mass tolerance of 45 p.p.m. for peptide tolerance, 0.1 Da for MS/MS
tolerance, fixed modification of propionamide (C) and variable modification of oxidation (M). The
maximum expectation value for accepting individual peptide ion scores [-10 x Log(P)] was set to < 0.05,
where P is the probability that the observed match is a random event. Protein identification and
modification information returned from MASCOT were manually inspected and filtered to obtain

confirmed protein identification and modification lists of CID MS/MS.

Immunoprecipitation

HEK?293 cells were lysed in a lysis buffer [20 mM Hepes-NaOH, pH 7.4, 142.5 mM KCI, 1.5 mM
MgCl,, 1% (for immunoprecipitation with anti-ALG-2 antibody) or 0.3% (for immunoprecipitation with
anti-TFG antibody) Chaps] containing the protease inhibitors and phosphatase inhibitors stated above and
incubated on ice for 30 min. After centrifugation at 12 000 g for 10 min at 4°C, the cleared cell lysates
were incubated with antibodies in the presence of 5 mM EGTA or 100 uM CaCl; overnight at 4°C. Then
the lysates were incubated with Dynabeads Protein G for 2 h at 4°C. The beads were washed with lysis

buffer containing 5 mM EGTA or 100 uM CaCl; three times and processed for sample preparation.

GST-ALG-2 pulldown
HEK?293 cells transiently transfected with expression plasmids for GFP and GFP-fused proteins were
lysed in a lysis buffer (20 mM Hepes-NaOH, pH 7.4, 142.5 mM KCI, 1.5 mM MgCl,, 1% Chaps)

containing the protease inhibitors and phosphatase inhibitors stated above and incubated on ice for 30 min.
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After centrifugation at 12 000 g for 10 min at 4°C, the cleared cell lysates were incubated with Glutathione
Sepharose 4B (GE Healthcare, Little Chalfont, UK) immobilizing GST-fusion proteins in the presence of
10 uM CaCl; for 2 h at 4°C. The beads were washed with lysis buffer containing 10 uM CaCl, three times

and processed for sample preparation.

Immunofluorescence microscopic analysis

Cells grown on coverslips were fixed with ice-cold 4% paraformaldehyde in 100 mM phosphate buffer,
pH 7.4, for 1 h on ice. The fixed cells were washed with 15 mM glycine in PBS (Gly-PBS) three times at
5-min intervals and then permeabilized with 0.1% Triton X-100 in Gly-PBS for 5 min at room temperature.
After washing with Gly-PBS three times at 5-min intervals, the cells were incubated with 0.1% gelatin in
PBS (gelatin-PBS) for 30 min at room temperature. The cells were then labeled with primary antibodies
diluted in gelatin-PBS. After overnight reaction at 4°C, the cells were washed with gelatin-PBS three times
at 5-min intervals and then incubated with secondary antibodies diluted in gelatin-PBS for 1 h at room
temperature. After washing with gelatin-PBS three times at 5-min intervals and rinsing with PBS, the
coverslips were mounted on microscopic slides. Fluorescence images were captured with an FVV1000-D
confocal laser-scanning microscope equipped with a %60, 1.35 NA oil-immersion objective
(UPLSAPOG60XO0; Olympus, Tokyo, Japan). Image analyses were carried out using IMAGE J (NIH,
Bethesda, MD, USA).

Time-lapse imaging and FRAP analysis

For time-lapse imaging, HeLa cells transiently expressing GFP-TFG and mCherry-ALG-2 were grown
on a glass-bottom dish (Asahi Glass, Tokyo, Japan). The medium was replaced with Leibovitz’s L15
medium (Invitrogen) containing 1% fetal bovine serum. The cells were treated with 2 uM TG (DOJINDO,
Kumamoto, Japan) or 1 mM dithiothreitol (Nacalai Tesque, Kyoto, Japan) diluted in the medium and then
subjected to time-lapse imaging. Fluorescence intensities of GFP-TFG and mCherry-ALG-2 were
measured using FV10-ASW software (Olympus). Based on the fluorescence intensity, (Ft— Fo) / Fo (4F /
Fo) was calculated.

FRAP was performed as described previously [15, 23]. For quantitative analysis, independent
normalized data from 16 cells expressing GFP-TFGWT and GFP-TFGAABM-2 were fitted globally to a one-
phase exponential F(t) = Ao + A1 (1 — e™*t), where A, is the offset of the curve, A; is the relative amplitude
of the recovery curve, and k is the rate constant of fluorescence recovery corresponding to a dissociation
rate from which t; » values were determined, t; > = In(2)/k. These analyses were carried out using ORIGIN,

version 9.1J (OriginLab Corp., Northampton, MA, USA). The relative sizes of the immobile and mobile
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fractions were calculated as: immobile fraction = (1 - Ao — A1) / (1 — Ag); mobile fraction = A1 / (1 — Ao).

Purification of recombinant proteins

TFG-His and its mutants were purified from Rosetta (DE3) pLysS carrying expression plasmids by
using COSMOGEL His-Accept (Nacalai Tesque) in accordance with the manufacturer’s instructions. N-
terminal truncated ALG-2 (des3-20ALG-2) was purified as described previously [49].

In vitro binding assay and cross-linking assay using recombinant proteins

For examination of oligomeric state of TFG-His, approximately 1 uM TFG-His was cross-linked by
incubation with 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2 or 5 mM DTSSP (DOJINDO) in reaction buffer (20 mM
Hepes-NaOH, pH 7.4, 142.5 mM KCI, 1.5 mM MgCl;, 0.3% Chaps) at room temperature for 30 min.
Cross-linking was quenched by incubation with 100 mM Tris-HCI (pH 8.0) at room temperature for 15
min. The products were prepared for SDS/PAGE by boiling at 95°C in Laemmli sample buffer (62.5 mM
Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 0.002% bromophenol blue) supplemented with or without 5%
2-mercaptoethanol.

In in vitro binding assay of recombinant proteins, approximately 0.5 uM TFG-His was incubated with
0.5 uM des3-20ALG-2 in reaction buffer in the presence of 5 mM EGTA or 100 uM CaCl; at 4°C for 8 h.
The reaction mixture was further incubated with anti-ALG-2 antibody at 4°C overnight. Then the mixture
were incubated with Dynabeads Protein G at 4°C for 1 h. The beads were washed with reaction buffer
containing 5 mM EGTA or 100 uM CaCl, twice and processed for sample preparation.

For examination of the effect of ALG-2, approximately 1 uM TFG-His was incubated with des3-
20ALG-2 in the presence of 5 mM EGTA or 100 uM CacCl; at 4°C for 1 h and then cross-linked by
incubation with 1 mM DTSSP for 30 min at room temperature. The subsequent manipulation was as

described above.

siRNA-mediated RNAI interference

RNAi  duplex oligoribonucleotides  for TFG  targeting 3’-UTR  (siTFG: 5’-
acaugauguacuaaaguagagccCT-3’; sequence of sense strand shown; deoxyribonucleotides indicated by
uppercase letters), ALG-2 (SiALG-2.1: 5’-agcaauaaagggaauguuagacgTG-3’ and siALG-2.4: 5°-
aaagacaggaguggagugauaucAG-3’) and a negative control (siCtrl: 5’-cguuaaucgcguauaauacgcguAT-37)
were purchased from Integrated DNA Technologies (Coralville, |A, USA). Cells were transfected with 10
nM siRNA duplexes targeting TFG, ALG-2 or negative control siRNA using Lipofectamine RNAIMAX

(Invitrogen) in accordance with the forward transfection method and as described in the manufacturer’s
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instructions. Cells were analyzed 72 h after siRNA transfection.
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Table 1. Relative rates of immobile and mobile fractions, and half-lives (tu2) of WT
and AABM-2
Values are the means £ SEM. **P < 0.01

GFP-TFG Immobile Mobile t2
(sec)
WT 0.149 + 0.015 0.851 + 0.015 1.82+0.17
AABM-2 0.077 + 0.011** 0.923 + 0.011** 1.21 + 0.10**
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Figure legends

Fig. 1. ALG-2 binds to TFG in a Ca?*-dependent manner. (A) Cleared cell lysates from HEK293/ALG-
2xp cells co-expressing FLAG-ALG-2F47ABL14A and either ALG-2 or peflin were incubated with anti-
FLAG antibody and protein G-conjugated magnetic beads in the presence of 10 uM CaCl,. Bound proteins
were eluted by incubation of the beads with 5 mM EGTA. The eluates (EGTA elution) and beads remaining
after EGTA elution (Beads) were analyzed by SDS/PAGE followed by silver staining. The indicated bands
(al-a4) were excised and analyzed by LC-MS/MS. (B, C) Cleared cell lysates from HEK293 cells were
incubated with the indicated antibodies and protein G-conjugated magnetic beads in the presence of 5 mM
EGTA or 100 uM CaCl,. Cleared cell lysate proteins (Input) and bound proteins (IP) were analyzed by
SDS/PAGE followed by western blotting using the indicated antibodies. The relative amounts of cleared
cell lysate proteins (Input) used for analysis of immunoprecipitation products (IP) were 0.5% (B, upper)
and 2.5% (B, lower, and C).

Fig. 2. GST-pulldown assays of ALG-2 and TFG mutants. (A) Glutathione-sepharose beads containing
GST (Ctrl), wild-type GST-ALG-2 (WT) or GST-ALG-2 mutants (Y180A and F85A) were incubated with
cleared cell lysates from HEK293/ALG-2«p cells in the presence of 10 uM CaCl,. Cleared lysate (Input)
and pulldown products (Pulldown) were subjected to SDS/PAGE (12% for anti-TFG antibody) followed
by western blotting using the indicated antibodies. The relative amount of cleared lysate (Input) used for
analysis of pulldown products (Pulldown) was 2.5% (B) Schematic diagrams of GFP-fused TFG and its
mutants. CC, coiled-coil. (C-E) Glutathione-sepharose beads containing wild-type GST-ALG-2 were
incubated with cleared cell lysates from HEK293 cells expressing GFP (Ctrl), wild-type GFP-TFG (WT)
or GFP-TFG mutants [AABM-2 (C); APB1, ACC, ACt, ANt (D); R106C, P285L (E)] in the presence of 10
uM CaCl,. Cleared lysate (Input) and pulldown products (Pulldown) were subjected to SDS/PAGE
followed by western blotting using the indicated antibodies. The relative amount of cleared lysate (Input)

used for analysis of pulldown products (Pulldown) was 5%.

Fig. 3. ALG-2 partially co-localizes with TFG at Sec31A-positive ERES. Hela cells were subjected to
co-immunostaining using anti-TFG antibody (A, D), anti-ALG-2 antibody (B, E) and anti-Sec31A
antibody (C, F). Parts (D), (E) and (F) are magnified views of the area within a white square, as indicated
in (C), in (A), (B) and (C), respectively. Merged images with pseudocolors are shown (G-J). Arrows and
arrowheads in (G-J) indicate TFG-positive puncta overlapping and not overlapping with ALG-2/Sec31A-

positive structures, respectively. Scale bars = 20 pm in (C) and 5 um in (F).
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Fig. 4. TFG and Sec31A are not bridged by ALG-2. Cleared cell lysates from HEK293 cells co-expressing
FLAG-ALG-2 and GFP or GFP-TFG were incubated with anti-GFP antibody and protein G-conjugated
magnetic beads in the presence of 5mM EGTA or 10 uM CaCl,. Cleared lysate (Input) and bound proteins
(IP) were analyzed by SDS/PAGE followed by western blotting using the indicated antibodies. The relative
amounts of cleared lysate (Input) used for analysis of immunoprecipitation products (IP) were 2.5% (upper
and middle) and 10% (lower).

Fig. 5. TFG and ALG-2 are concentrated to ERES upon treatment with TG. (A) GFP-fused TFG (GFP-
TFG) and mCherry-fused ALG-2 (mCherry-ALG-2) were transiently co-expressed in Hela cells. Time-
lapse images before (B, time 0 sec) and after (B, time 50-300 s) administration of 2 uM TG were acquired
using a confocal microscope. Scale bar = 20 um. (B) Representative sequential time-lapse images of GFP-
TFG and mCherry-ALG-2 in the area of the white square as indicated in (A) were extracted and are shown.
Scale bar = 5 um. (C) The fluorescence intensities of the region indicated by a white circle in (B) were
guantified, and changes in relative fluorescence intensity (4F/Fo) of GFP-TFG and mCherry-ALG-2 were
plotted over time. (D, E) The fluorescence intensities of regions including a double positive puncta for
GFP-TFG and mCherry ALG-2 were measured before (Pre, time 0 s in B) and after (Post, time 150 s in
B) administration of 2 uM TG (D) or 1 mM dithiothreitol (DTT) (E). Values and bars represent mean +
SEM fluorescence intensity (arbitrary units) (D: n = 27 from seven independent experiments; E: n = 21
from six independent experiments). Statistical significance of differences was analyzed by a paired
Student’s t test. Asterisks indicate a statistically significant difference (***P < 0.001).

Fig. 6. Overexpression of ALG-2 leads to accumulation of TFG in cytoplasmic punctate structures. (A, B)
Hela cells transfected with the expression plasmid for FLAG-ALG-2"T or FLAG-ALG-2F47ABL4A \were
subject to co-immunostaining using anti-FLAG antibody and anti-TFG antibody (A) or anti-Sec31A
antibody (B). Transfected cells and untransfected cells are indicated by plus signs (+) and minus signs (-),
respectively (left). Scale bars =20 um. The mean of fluorescence intensity of TFG-positive puncta (A) or
Sec31A-positive puncta (B) per cell was quantified (right). Error bars represent the means + SEM. (A)
Transfection with expression plasmid for FLAG-ALG-2"T (n = 21, untransfected cells; n = 21, transfected
cells) and transfection with expression plasmid for FLAG-ALG-2F47AB114A (n = 17, untransfected cells; n
= 22, transfected cells). ***P < 0.001; (B) Transfection with expression plasmid for FLAG-ALG-2"T (n
= 18, untransfected cells; n = 12, transfected cells) and transfection with expression plasmid for FLAG-
ALG-2B47ABL4A (n = 17, untransfected cells; n = 11, transfected cells). (C) HeLa cells transfected with an
empty vector (Ctrl), FLAG-ALG-2VT (WT) or FLAG-ALG-2F47AEL4A (E4ATAJE114A) constructs were
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subject to SDS/PAGE followed by western blotting using the indicated antibodies (left). Although the
western blot with anti-FLAG antibody shows that both FLAG-ALG-2"T and FLAG-ALG-2F47AE114A gre
expressed in transfected HelLa cells (Blot: anti-FLAG), a weak signal for FLAG-ALG-2F47AEL4A as
detected in the western blot with a rabbit polyclonal antibody against ALG-2 (Blot: anti-ALG-2),
suggesting reduced reactivity of the antibody to the mutant. HelLa cells treated with (TG) or without
(DMSO) TG (100 nM) for 16 h were subject to SDS/PAGE followed by western blotting using the
indicated antibodies (right). (D) Cleared cell lysates from HEK293/ALG-2kp cells transfected with the
expression plasmid for FLAG-ALG-2"T or FLAG-ALG-2847AEI4A were incubated with anti-FLAG
antibody and protein G-conjugated magnetic beads in the presence of 10 pM CaCly. Cleared lysate (Input)
and bound proteins (IP) were analyzed by SDS/PAGE and western blotting using the indicated antibodies.
The relative amounts of cleared lysate (Input) used for analysis of immunoprecipitation products (IP) were
2.5% (upper and middle) and 10% (lower). (E) HelLa cells transfected with control (siCtrl) or ALG-2
(SIALG-2.1 or siALG-2.4) siRNAs were subject to co-immunostaining using anti-TFG antibody and anti-
ALG-2 antibody. Scale bars = 20 um. The mean of fluorescence intensity of TFG-positive puncta per cell
was quantified (right). Error bars represent the means £ SEM. Transfection with siRNAs for control (siCtrl,
n=19) and ALG-2 (SiIALG-2.1, n = 19 and siALG-2.4, n = 20). The statistical significance of differences
was analyzed by one-way ANOVA, followed by Tukey’s test (SiCtrl vs siALG-2.1, P = 0.309; siCtrl vs
SIALG-2.4, P = 0.908); n.s., not significant.

Fig. 7. GFP-TFG mutant lacking an ALG-2-binding motif has an impairment in the stable retention at
ERES. (A) HelLa cells expressing wild-type GFP-TFG (WT) or ABM-2-deleted GFP-TFG (AABM-2)
were subject to immunostaining using anti-Sec31A antibody. Lower left insets: magnified views of the
white squares as indicated in the merged images. Scale bars = 20 um. (B) HeLa cells expressing wild-type
GFP-TFG were subject to immunostaining using anti-ALG-2 antibody. Lower: magnified views of white
square as indicated to the upper right. Scale bars = 20 um (upper) and 5 um (lower). (C) Representative
FRAP experiment using HelLa cells expressing GFP fusion proteins. GFP-positive dots were
photobleached and fluorescence recovery was followed (left) and plotted over time (right). Scale bars = 1
um. (D) Quantitative FRAP analysis of GFP-TFG (WT) and GFP-TFGAABM-2 (AABM-2). Normalized
mean recovery rate after photobleaching for WT (black, n = 16) and AABM-2 (red, n = 16) is plotted.

Error bars represent 95% confidence intervals.

Fig. 8. TFG forms oligomers in vitro. Recombinant TFG-His proteins were incubated with the indicated

concentration of DTSSP for 30 min at room temperature. The reaction was terminated by adding 100 mM
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Tris-HCI (pH 8.0). The products were processed for SDS/PAGE without (upper) or with (lower) 2-
mercaptoethanol and analyzed by SDS/PAGE and western blotting using anti-TFG antibody. Filled and

open arrowheads in lower panel indicate unmodified and modified forms of TFG, respectively.

Fig. 9. ALG-2 promotes polymerization of TFG in a Ca?*-dependent manner in vitro. (A) Recombinant
TFG-His proteins (0.5 uM) were incubated with or without des3-20ALG-2 (0.5 uM) in the presence of 5
mM EGTA or 100 uM CaCl, (Input). Then, the mixtures were immunoprecipitated with anti-ALG-2
antibody (IP). Input and IP fractions were analyzed by SDS/PAGE and western blotting using indicated
antibodies. The relative amount of Input fractions used for analysis of IP products was 2.5%. (B, C)
TFG-His was incubated with the indicated concentration of des3-20ALG-2 in the presence of 5 mM EGTA
or 100 uM CaCl; for 1 h at 4°C and then cross-linked by incubation with 1 mM DTSSP for 30 min at room
temperature. The reaction was terminated by adding 100 mM Tris-HCI (pH 8.0). The products were
processed for SDS/PAGE without (upper) or with (lower) 2-mercaptoethanol and analyzed by SDS/PAGE
and western blotting using anti-TFG antibody (B) and anti-ALG-2 antibody (C). (D) des3-20ALG-2
proteins without TFG-His were cross-linked by DTSSP and analyzed as described above. Arrows represent

the positions at the wells of the gel.

Fig. 10. TFG mutant lacking an ALG-2-binding motif has an impairment in its polymerization by ALG-2.
(A, B) TFG-His mutants, AABM-2 (A) and R106C (B), were subjected to a cross-linking assay as
described in Fig. 8. Filled and open arrowheads in lower panels indicate unmodified and modified forms
of the recombinant proteins, respectively. (C, D) TFG-His (WT) and its mutants (AABM-2 and R106C)
were incubated with indicated concentrations of des3-20ALG-2 in the presence of 100 uM CaCl; and
subjected to the cross-linking assay as described in the legend of Fig. 9. Arrows represent the positions at
the wells of the gel. (D) Bands of the TFG-His oligomer entering the gel in (C, upper left) were quantified
and plotted as relative intensity to that of each oligomer without des3-20ALG-2. Error bars represents the
means + SEM (n = 3). The statistical significance of differences was analyzed by one-way ANOVA
followed by Tukey’s test. *P < 0.05, **P < 0.01.
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Fig.5. A GFP-TFG mCherry-ALG-2
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Fig. 6.
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Fig. 7.
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Fig. 9.
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Fig. 10.
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Table S1. A list of the identified peptides and corresponding
proteins by LC-MS/MS analysis

Digested bands Protein name Number of peptides Sequences of identified peptides

al Sec31A 53 59-SCATFSSSHR-68
72-LIWGPYK-78
106-IIAGDKEVVIAQNDK-120
112-EVVIAQNDK-120
112-EVVIAQNDKHTGPVR-126
165-TQPPEDISCIAWNR-178
179-QVQHILASASPSGR-192
193-ATVWDLR-199
200-KNEPIIK-206
201-NEPIIKVSDHSNR-213
207-VSDHSNR-213
255-VLENHAR-261
315-NPAVLSAASFDGR-327
328-ISVYSIMGGSTDGLR-342
328-ISVYSIMGGSTDGLRQOK-344
392-RPVGASFSFGGK-403
404-LVTFENVR-411
412-MPSHQGAEQQQQQHHVFISQVVTEK-436
442-SDOLOQAVQOSQOGFINYCQK-460
461-KIDASQTEFEK-471
462-IDASQTEFEK-471
472-NVWSFLK-478
479-VNFEDDSR-486
479-VNFEDDSRGK-488
489-YLELLGYR-496
489-YLELLGYRK-497
489-YLELLGYRKEDLGK-502
497-KEDLGKK-503
503-KIALALNK-510
504-IALALNKVDGANVALK-519
628-LITAVVMK-635
708-AQDGSHPLSLODLIEK-723
729-KAVQLTQAMDTSTVGVLLAAK-749
730-AVQLTQAMDTSTVGVLLAAK-749
789-AQGEPVAGHESPK-801
789-AQGEPVAGHESPKIPYEK-806
802-IPYEKQQLPK-811
812-GRPGPVAGHHQMPR-823
989-TGPONGWNDPPALNR-1003
989-TGPONGWNDPPALNRVPK-1006
1107-ITKKPIPDEHLILK-1120
1110-KPIPDEHLILK-1120
1121-TTFEDLIQR-1129
1130-CLSSATDPQTK-1140
1130-CLSSATDPQTKR-1141
1143-LDDASKR-1149
1149-RLEFLYDK-1156
1149-RLEFLYDKLR-1158
1150-LEFLYDK-1156
1157-LREQTLSPTITSGLHNIAR-1175
1159-EQTLSPTITSGLHNIAR-1175
1210-VVLTQANK-1217
1210-VVLTQANKLGV-1220
a2 TFG 10 15-AQLGEDIR-22
15-AQLGEDIRR-23
48-LLSNDEVTIK-57
86-LTLFVNGQPRPLESSQVK-103
119-LLDSLEPPGEPGPSTNIPENDTVDGR-144
119-LLDSLEPPGEPGPSTNIPENDTVDGREEK-147
156-QSTQVMAASMSAFDPLK-172
156-0STQVMAASMSAFDPLKNQDEINK-179
180-NVMSAFGLTDDQVSGPPSAPAEDR-203
384-NRPPFGQGYTQPGPGYR-400
a3 TSG101 9 24-ETVNVITLYK-33
218-DGTISEDTIR-227
228-ASLISAVSDK-237
248-AQAELNALK-257
270-LEEMVTR-276
294-KDEELSSALEK-304
295-DEELSSALEK-304
382-KTAGLSDLY-390
383-TAGLSDLY-390
a4 VPS37C 2 40-EMALATNR-47
111-IEEESEAMAEK-121




