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Amyotrophic Lateral Sclerosis is a motor neurodegenerative disease which is characterized by progres-
sive loss of motor neurons followed by paralysis and eventually death. In human, VAMP-associated pro-
tein B (VAPB) is the causative gene of the familial form of ALS8. Previous studies have shown that P56S
and T46I point mutations of hVAPB are present in this form of ALS. Recently, another mutation, V234I of
hVAPB was found in one familial case of ALS. This is the first study where we have shown that V234I-
VAPB does not form aggregate like other two mutants of VAPB and localizes differently than the wild type
VAPB. It induces Ubiquitin aggregation followed by cell death. We propose that V234I-VAPB exhibits the
characteristics of ALS in spite of not having the typical aggregation property of different mutations in
various neurodegenerative diseases.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction who also harbored a repeat expansion in C9orf72 (chromosome 9
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disease caused by motor neuron death which leads to muscle
weakness, paralysis and eventually death due to respiratory failure
within 3–5 years of symptom onset. ALS is classified into sporadic
(SALS) and familial (FALS) form of ALS. Approximately 10% of the
cases are familial while the rest are sporadic. Till date, several
mutations in seven genes are known to be associated to FALS viz.
superoxide dismutase (SOD1), senataxin, alsin, dynactin, TARDBP,
FUS, VAPB [1–3].

VAPB is a member of the VAP family which also includes VAPA,
a protein involved in vesicle trafficking [4–6]. VAPs are known to
interact with the proteins involved in the regulation of sterol, lipid
biosynthesis, trafficking and ER stress [7–11]. To date, three VAPB
mutations (P56S, T46I and V234I) have been reported. The P56S
mutation was identified in seven Brazilian kindred exhibiting
clinically diverse phenotypes, including ALS and late onset spinal
muscular atrophy [12]. The second mutation, T46I was found in
one case of FALS in United Kingdom [13]. Recently, the third
mutation, V234I was identified in one FALS patient of Dutch origin
open reading frame 72), another ALS causative gene [14]. VAPB
has 3 conserved domains: an N-terminal MSP (major sperm
protein) domain, (amino acids 1–125), a central coiled coil domain
(amino acids 158–211) and a c-terminal transmembrane domain
(amino acids 220–243) [15]. The P56S and T46I mutations are both
located in the MSP domain while V234I is located in the trans-
membrane (TMD) domain of the protein. A recent study reported
that the mutant allele of V234I in Drosophila, DVAP-V260I exhibits
the major hallmarks of the human disease including aggregate for-
mation, reduced viability, neuromuscular defects, abnormal loco-
motion behavior etc. [16]. Although, the characterization and
pathogenic effect of V234I-hVAPB has not been reported till date.

This is the first report where we show that V234I does not
aggregate like the mutants involved in neurodegenerative diseases.
The extent of aggregation and cross-linking of V234I-VAPB resem-
bles that of WT-VAPB, not the mutant proteins. However, V234I
mutation causes different localization of the protein like two other
mutants of VAPB. In addition, we have demonstrated the patho-
genic effects of V234I-VAPB, promoting the formation of ubiquiti-
nated aggregates and reducing cell viability.

2. Materials and methods

2.1. Antibodies and DNA constructs

Monoclonal anti-VAPB, monoclonal anti-ubiquitin and rabbit
anti-PDI antibodies were purchased from Sigma. Monoclonal
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Fig. 1. V234I mutation does not induce large aggregation. (A) HeLa cells were
transfected with the indicated plasmids and fixed 48 h after transfection. The
distributions of the proteins are shown by GFP (green) and nuclei are shown by
DAPI (blue) staining. Scale bar: 5 lm. (B) Lysates of HEK293 cells transfected with
myc-tagged VAPB and its mutants, solubilized with Triton X-100, are separated into
soluble and insoluble fractions. The lysates, soluble and insoluble, each fraction
contains the same amount of protein. Proteins are blotted with anti-myc antibody.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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anti-myc antibody was from Invitrogen and Rabbit monoclonal
anti-GFP antibody was purchased from Abcam. Goat anti-mouse
IgG-HRP, Alexa Fluor 546-conjugated goat anti-Rabbit IgG and
Alexa Fluor 546-conjugated anti-mouse IgG were from Jackson
ImmunoResearch. Vectashield mounting media with DAPI was
purchased from VectorLab. The vector pOTB7 containing human
VAPB was purchased from Thermo Scientific. VAPB obtained from
this vector by PCR was cloned into mammalian expression vectors
pEGFP-N1 and pCMV-myc. Point mutations were obtained by the
QuikChange XL site-directed mutagenesis kit (Stratagene) accord-
ing to the manufacturer’s protocol. The following VAPB mutations
were established: GFP- and myc-tagged P56S, T46I and V234I. All
the plasmid sequences were confirmed by sequencing.

2.2. Cell culture and solubility assay

HEK293 cells were cultured in DMEM media containing 10%
FBS and 2% penicillin–streptomycin. For the solubility assay, cells
were transiently transfected with the plasmids containing myc-
tagged WT-VAPB, P56S-VAPB, T46I-VAPB and V234I-VAPB sepa-
rately by using Profection mammalian transfection reagent (Pro-
mega) according to the manufacturer’s protocol. Cells were
harvested after 48 h of transfection, lysed by the lysis buffer
(10 mM Tris–Cl, pH 7.4, 1% Triton X-100, 100 mM NaCl) contain-
ing 1� protease inhibitor cocktail (Sigma) and 1 mM Phen-
ylmethylsulfonylfluoride (PMSF; Sigma) and incubated for
30 min at 4 �C. Supernatant and pellet fractions were separated
by centrifugation at 13,000 rpm for 15 min. Pellets were dissolved
in equal amount of lysis buffer. Samples were mixed with 4�
sample buffer containing b-mercaptoethanol and boiled. Equal
amounts of proteins were loaded onto 15% SDS–PAGE and
subjected to western blotting on nitrocellulose membrane. After
blocking, membrane was immunoblotted with anti-myc antibody
(1:5000) followed by a goat anti-mouse IgG-HRP at 1:5000.
Signals were detected using SuperSignal West Pico Chemilumi-
nescent substrate (Thermo Scientific).

2.3. Chemical cross-linking

HEK293 cells were transfected with the plasmids containing
myc-tagged WT, P56S, T46I and V234I-VAPBs and grown in
60 mm tissue culture plate. After 48 h of transfection, cells were
incubated with 1% formaldehyde (stock solution, 37%) for 10 min
at room temperature. Then the formaldehyde was quenched by
125 mM glycine for 5 min. The cells were washed three times with
phosphate buffered saline (PBS) and lysed in buffer (50 mM Tris–
HCl, pH 7.4, 100 mM NaCl, 2 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate) containing 1� protease inhibitor cocktail and 1 mM
PMSF. The cells were incubated for 30 min at 4 �C and centrifuged
at 12,000 rpm for 10 min. To the pellet, lysis buffer was added, sol-
ubilized and boiled for 5 min. Both supernatant and pelleted sam-
ples were mixed with sample buffer and boiled for either 1 min or
30 min for reverse cross-linking. Equal amount of proteins were
loaded onto 12% SDS–PAGE and subjected to western blotting.
Membrane was immunoblotted with anti-myc antibody (1:5000)
followed by a goat anti-mouse IgG-HRP at 1:5000.

2.4. Immunofluorescence experiments

HeLa cells used for these experiments were cultured with
DMEM containing 10% FBS and 2% penicillin–streptomycin. Cells
were transfected with the plasmids containing GFP-tagged WT-,
P56S-, T46I- and V234I-VAPB, separately. Approximately 48 h or
72 h post-transfection, cells were fixed with 4% paraformaldehyde
in PBS for 15 min at room temperature, blocked in PBS with 0.5%
BSA and 0.02% glycine for 45 min at room temperature. Then the
cells were incubated with either anti-PDI (1:125) or anti-ubiquitin
(1:160) antibody for 2 h at room temperature. Following brief
washing, cells were incubated with either Alexa Fluor 546-conju-
gated goat anti-rabbit IgG (1:200) or Alexa Fluor 546-conjugated
goat anti-mouse IgG (1:400) containing 5% normal goat serum
for 45 min at room temperature. The samples were mounted on
glass slides with Vectashield mounting media and observed using
an Olympus IX81 confocal microscope.
2.5. Cell viability assay

Neuroblastoma (N2A) cells (20,000 cells/well) were grown in a
96-well plate and the cells were transfected with the plasmids
encoding myc, myc-tagged VAPB and mutants separately by using
Effectene transfection reagent (Qiagen). Cells without transfection
were used as control. 48-h after transfection, cells were treated
with 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT; sigma) at a final concentration of 100 lg/well and
incubated for 4 h at 37 �C. Then the cells were solubilized in
200 ll of DMSO and incubated for 1 h in dark at room temperature
with shaking followed by measuring the color of the released prod-
uct formazan on a plate reader (Molecular Devices) at 570 nm
where the background wavelength used was 620 nm.
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3. Results and discussion

3.1. V234I does not have aggregation property like P56S and T46I
mutants of VAPB

The V234I mutation of hVAPB has recently been identified in
one ALS patient of Dutch origin [14]. This newly identified muta-
tion is located within the highly conserved and functionally impor-
tant transmembrane domain whereas the previously identified
P56S and T46I mutations are located in the conserved MSP domain
of VAPB. The reported theoretical pathogenicity estimate of V234I
mutation was 0.79 (values above 0.5 indicate pathogenicity) with a
sensitivity of 0.85 and specificity of 0.93 [14]. In comparison, the
pathogenicity estimate of P56S and T46I mutations were 0.62
and 0.77, respectively [13].

Abnormal aggregations of mutant proteins are pathological
hallmarks of several neurodegenerative diseases such as Parkinson
disease, Alzheimer disease, Huntington disease and ALS. In such
diseases, large protein aggregates are formed within the cell or in
extracellular plaques [17]. But, the mechanism by which the aggre-
gates are formed is largely unknown. We tested the aggregation
property of V234I-VAPB and compared with P56S-, and T46I-VAPB.
As previously reported, in HeLa cells we also could not detect WT-
VAPB aggregation (Fig. 1A) barring small granules/aggregates in
few cells (data not shown). Surprisingly, it was observed that
V234I-VAPB, like the WT protein, did not form typical aggregates
but formed small granules in more number of cells compared to
the WT-VAPB. The same expression pattern of V234I-VAPB was
Fig. 2. V234I-VAPB does not co-localize with PDI. HeLa cells were transfected with the p
transfection, cells were immunostained with anti-PDI antibody followed by Alexa-Fluor
(green) and PDI (red) are merged and shown in the right side of the panel. (For interpreta
version of this article.)
also observed in neuronal cell line, N2A (data not shown). How-
ever, a recent study reported the visible aggregation property of
both WT- and V260I-VAPB in drosophila where V260I is the ortho-
logue of V234I-hVAPB. So, our result does not agree with the
reported result in drosophila. This could be attributed due to poor
homology (less than 50% homology) between hVAPB and dVAPB
protein sequence. As reported previously, we have also found that
P56S and T46I mutants formed aggregates [13,18] but the extent of
aggregation of T46I differed from that of P56S. P56S normally
formed medium to large aggregates whereas T46I aggregation ran-
ged from small granules/aggregates to medium or large aggregates
although lot of cells showed no small aggregates.

Then we tested the solubility of WT and mutant VAPB proteins
in non-ionic detergent, Triton X-100, to understand the biochemi-
cal properties of the proteins. In Fig. 1B, it was shown that V234I-
VAPB was present both in soluble and insoluble fractions to similar
extent as that of the WT protein. Like the earlier report, we identi-
fied a negligible amount of P56S in the soluble fraction which was
hardly detected but we were unable to get the similar extent of
P56S and T46I proteins in the soluble fraction as reported in Chen
et al. [13]. Therefore, V234I although having high pathogenicity
estimate of 0.79 did not show the aggregation behavior like the
two aforementioned VAPB mutants.

3.2. V234I does not co-localize with PDI

VAPB was reported to predominately localize to the ER with a
web-like staining pattern and co-localized with PDI, an ER resident
lasmids containing GFP-tagged WT-VAPB, T46I-VAPB or V234I-VAPB. After 48 h of
546 conjugated goat anti-rabbit IgG. Scale bar: 5 lm. WT, T46I and V234I-VAPBs

tion of the references to color in this figure legend, the reader is referred to the web
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protein [19]. It was also reported that P56S-VAPB aggregates did
not co-localize with PDI or calreticulin, another ER marker. As
the TMD of VAPB is responsible for anchoring the protein to the
ER membrane we wanted to investigate whether the V234I muta-
tion localized in the TMD affects the binding of VAPB to the ER
membrane. For this purpose, we used HeLa cells to transfect with
WT-, T46I-, V234I-VAPBs and after fixing we stained for endoge-
nous PDI. As already known, we also found that WT-VAPB co-local-
ized with PDI and predominately resided in the ER (Fig. 2). T46I
mutant of hVAPB is well characterized but on the other hand, the
localization of T46I-VAPB was unknown till date. We found that
both T46I and V234I did not co-localize with PDI. The possible rea-
son behind the different localization of V234I-VAPB might be due
to the detachment of the protein from the ER membrane and redis-
tribution of the protein to ER sub-compartments or other regions
within the cell.

3.3. V234I mutation does not affect cross-linking of the full-length
protein

The coiled-coil domain of VAPB is critical for the oligomeriza-
tion [20] but the TMD also contributes to VAPB oligomerization
through the dimerization motif 235GXXXG239 where two glycine
residues are separated by three amino acids on a helical frame-
work. As the V234I mutation is located just before the dimerization
motif it prompted us to investigate the effect of this mutation on
VAPB oligomerization. Fig. 3A shows the oligomerization pattern
of soluble fraction of WT-VAPB and its mutants. As usual WT-VAPB
formed dimer and the cross-linking was reversed. As expected we
could not see any monomer and dimer band for P56S-VAPB in the
Fig. 3. V234I mutation does not affect the cross-linking of full-length protein and induc
48 h of transfection with myc-tagged WT-, P56S-, T46I-, V234I-VAPB plasmids into HEK
Proteins were blotted with anti-myc antibody. Monomer, dimer and higher oligomers are
denoted as CL and CL-REV, respectively. Pre-stained molecular marker, in kDa, is position
the cells were transfected with myc vector, myc-tagged WT and mutant plasmids. Per
calculated by using the viability of non-transfected cells as 100%. The error bars are bas
0.00003 (VAPB and P56S), 0.0004 (VAPB and T46I) and 0.0001 (VAPB and V234I). Bonferr
the graph. Asterisks show statistical significance, ⁄⁄⁄p < 0.001.
soluble fraction. We could see some monomer and dimer of T46I-
VAPB which was reversed upon reversing the cross-links. V234I
mutant formed dimer equivalent to that formed by WT protein
and could also be reversed. But, no higher oligomers were detected
in this fraction of the proteins. When the pelleted fractions of the
cross-linked proteins were resolved we obtained same monomer
and dimer patterns of WT-VAPB and its mutants on cross-linking
and reverse cross-linking (Fig. 3B). WT-VAPB and V234I-VAPB
formed higher oligomer which could be either trimer or tetramer.
We could see very little of P56S monomer and dimer in the insol-
uble fraction possibly due to the formation of higher order oligo-
mers which could be very difficult to solubilize under the
condition used in this study and probably did not run in the gel.

Therefore, it could be concluded that the presence of V234I
mutation in the vicinity of the dimerization motif did not affect
the cross-linking of the full-length protein. To corroborate this
data, we used GOR protein secondary structure prediction tool
(Expasy) to evaluate the alpha helicity of VAPB and its mutants
and found the number of alpha helix of V234I is increased to 75
from 71 of WT protein which probably resulted in increase or same
overall compactness of V234I-VAPB compared to the WT-VAPB
structure. This property was reflected in the cross-linking of WT
and V234I proteins where the latter protein formed equivalent or
more dimer and higher order oligomer compared to its WT coun-
terpart. So, V234I mutation might contribute to increased helicity
of the protein. Although the P56S mutant contain same number
of alpha helices as the WT protein, it induced conformational
changes within MSP domain and caused exposure of the hydropho-
bic core to the solvent [20] which enhances the propensity of the
protein to oligomerize which is validated by cross-linking. T46I
es cell death. Oligomerization was done by cross-linking using formaldehyde after
293 cells. Cell lysates were separated into (A) soluble and (B) insoluble fractions.
marked by open arrowheads. The cross-linked and reverse cross-linked proteins are
ed in the left. (C) Cell viability assay was done by using MTT in N2A cell line where
centage viability of myc, WT-VAPB and its mutant plasmid transfected cells was

ed on three independent experiments. The p values from one way ANOVA tests are
oni’s comparison tests were applied as a post-test, and the significance is shown in
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mutant also contains same number of alpha helices and retains the
native MSP structure with overall dynamics largely unaltered [21]
which was also reflected in the cross-linking pattern.

3.4. V234I-VAPB enhances ubiquitin aggregation

The progression of neurodegenerative diseases such as ALS is
often marked by the presence of ubiquitin aggregation in the cell.
To investigate whether the V234I mutation triggered the presence
of ubiquitin aggregates, N2A cells were transfected with either the
plasmids containing GFP, VAPB or its mutants and 72 h after trans-
fection, cells were fixed and immunostained for endogeneous
ubiquitin. We observed large ubiquitin aggregates which were
quite abundant in V234I-VAPB expressing cells (Fig. 4A-dI) like
P56S- and T46I-VAPB expressing cells (Fig. 4A b-I, c-I), reported
previously. We also quantified number of cells showing Ubiquitin
aggregation, expressing either GFP, VAPB or its mutant proteins
(Fig. 4B) and found a significant increase in the number of V234I-
expressing cells containing Ubiquitin aggregates compared to the
WT-VAPB expressing cells (p = 0.00009). As reported earlier, we
also showed that the number of Ubiquitin-aggregates positive cells
expressed either P56S or T46I were quite significant compared to
the WT-VAPB. Although, the number of WT-VAPB positive cells
showing ubiquitin aggregates is almost similar to that of GFP
expressing cells.

The aggregation of ubiquitin was also found in neighboring cells
which did not express any mutant proteins (Fig. 4A b-II, c-II, d-II)
but the number of V234I-transfected neighboring cells containing
ubiquitin aggregates was almost similar to the VAPB-transfected
neighboring cells as shown in Fig. 4C. Whereas the difference in
the number of either P56S or T46I negative cells showing ubiquitin
aggregation and the WT protein were quite significant (p = 0.0009
and 0.0002, respectively) as reported. The mechanism behind the
presence of ubiquitin aggregates in the non-transfected cells is
Fig. 4. V234I induces ubiquitin aggregation in mutant protein expressing cells. (A) 3 day
or its mutants, cells were fixed and stained with ubiquitin antibody for endogenous ubiqu
I) and in neighboring cells (b-II, c-II, d-II). Scale bar: 5 lm. The numbers of (B) transfec
independent experiments. The p values from one way ANOVA tests are (A) 0.00004 (VAPB
and P56S), 0.0002 (VAPB and T46I). Bonferroni’s comparison tests were applied as a
significance, ⁄⁄⁄p < 0.001.
not properly known but the possible hypothesis was the non-cell
autonomous effect of the WT and mutant proteins on the non-
transfected neighboring cells [13]. To date, V234I mutation was
only identified as the third mutation of hVAPB in ALS. This report
showed for the first time that V234I is capable to induce pathoge-
nicity in ALS possibly through ubiquitin aggregation where ubiqui-
tin aggregation is believed to be the result of ER stress and
inactivation of UPR pathway in ALS. Additionally, we observed full
co-localization between V234I-VAPB and ubiquitin (Fig. S1). The
polyubiquitination of P56S-VAPB was reported [18], more work
needs to be done to confirm the polyubiquitination of V234I-VAPB.

3.5. V234I-VAPB induces cell death

In normal cells, approximately 30% of the newly synthesized
proteins in ER are misfolded/unfolded, some of them become
refolded whereas the remaining misfolded/unfolded proteins
cause ER stress. Under this condition, UPR is triggered by a number
of chaperons and unfolded/misfolded proteins are degraded by
ubiquitin/proteasome pathway. But, ubiquitin aggregation within
the cell leads to inactivation of the UPR system and causes severe
ER stress followed by cell death. As we confirmed the presence of
ubiquitin aggregates in large number of V234I-transfected cells,
this led us to investigate the consequences of ubiquitin aggregation
in cells. To address this, we performed the cell viability assay and
Fig. 3C showed that V234I-VAPB caused reduction in cell viability
like P56S- and T46I-VAPB compared to WT-VAPB. We could see a
drastic difference in cell viability i.e., the viability of cells was
reduced to almost 50% when cells were transfected by V234I
mutant compared to the cells transfected by WT-VAPB (ANOVA
p = 0.0001) which strongly supports the induction of cell death
caused by V234I mutation. We got similar pattern of reduced cell
viability when the cells were transfected either by P56S- or T46I-
VAPB compared to VAPB transfected cells (ANOVA p = 0.00002
s after transfection of N2A cells with the plasmids containing GFP, GFP-tagged VAPB
itin. Ubiquitin aggregation is shown with arrowheads in transfected cells (b-I, c-I, d-

ted and (C) neighboring cells containing ubiquitin aggregates are counted on three
and P56S), 0.0005 (VAPB and T46I), 0.00009 (VAPB and V234I) and (B) 0.0009 (VAPB
post-test, and the significance is shown in the graph. Asterisks show statistical
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and 0.0004, respectively) that is supported from published results
which showed that P56S and T46I mutants induced cell death
which is characteristic of ALS [13,18].

In this report, we showed for the first time the pathogenic effect
of this novel mutation of hVAPB. The results demonstrated that the
V234I mutation of VAPB recapitulates the phenotypes known to be
associated with ALS such as ubiquitin aggregation, cell death etc.
V234I is probably the only mutation which exerts pathogenic
effects without forming typical aggregates in the cell in contrast
to hundreds of mutations which retain the typical aggregate form-
ing property in number of neurodegenerative diseases known so
far. In comparison to P56S mutation, V234I mutant forms small
aggregates/granules which might contribute to some pathogenic-
ity in cells where the presence of small aggregates in some cells
is supported by the abundance of this mutation in insoluble frac-
tion of the protein. The V234I-VAPBs inability to co-localize with
PDI pointed to the fact that this mutation is responsible for the
detachment of the protein from the ER membrane. This mislocal-
ization affects the ability of VAPB to interact with CERT, Nir pro-
teins involved in sterol, lipid biosynthesis, trafficking which as a
consequence causes dysfunction in lipid metabolism, trafficking
and reduce cell viability where it is known that correct localization
of VAPB is needed for the interaction with these proteins and sub-
sequent functioning of these proteins. On the other hand, like P56S
and T46I mutants, V234I-VAPB might abolish the ability of VAPB to
activate the IRE1 component of the UPR pathway and thus impair-
ing induction of ER chaperons and ERAD activity which in turn pro-
longs the effects of ER stress and eventually cell death occurs.
Accumulation of ubiquitin aggregates reflects this ability as ubiqui-
tin aggregation leads to impairment of ubiquitin–proteasome
pathway, an active component to reduce ER stress. Additionally,
the polyubiquitination of V234I-VAPB in cultured cells which
might also contribute to the impairment of ubiquitin–proteasome
pathway. It is evident that increased hVAPB level is sufficient to
induce neurodegeneration as Gkogkas et al. [22] identified that
VAPB negatively modulated the activity of ATF6, an upregulator
of UPR and P56S-VAPB was a more potent inhibitor of ATF6 sug-
gesting P56S is a loss of function mutation. T46I was also found
to be a loss of function mutation. Therefore, V234I could also be
considered as the loss of function mutation as it is evident from
the results presented here.
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