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P56S mutation on VAPB MSP domain causes a familial ALS, characteristic of severe aggregation both
in vivo and in vitro. We previously showed that P56S rendered the MSP domain to be predominantly dis-
ordered in water. Unexpectedly, here we reveal that P56S-MSP transforms into a highly helical conforma-
tion in a membrane environment. This chameleon transformation is shared by a splicing variant VAPB-3
with a truncated MSP domain, which is also highly disordered and buffer insoluble as demonstrated here
by NMR. Our discovery provides a mechanism for ALS-causing VAPB mutants/variants to gain novel func-
tions such as to mediate ER structure before significant accumulation of aggregates occurs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and
the most prevalent fatal motor neuron disease with death occur-
ring within 1–5 years of the disease onset, characteristic of loss
of both upper and lower motor neurons. ALS affects people of all
race and ethnic background and approximately 10% of the cases
have hereditary background while the rest are sporadic. Since spo-
radic and familial ALS bear a remarkable similarity in clinical man-
ifestations, it is thought that knowledge and therapeutic
approaches/agents developed on mutant models can be translated
to sporadic ALS. So far, no effective therapy exists to slow down the
course of the disease [1,2].

To date, about 10–13 ALS-causative genes have been identified
and the most characterized ALS1 encodes more than 140 mutants
of Cu/Zn–superoxide dismutase (SOD1) [1–3]. ALS8 was identified
from a large Brazilian family of Portuguese origin with autosomal
dominant motor neuron diseases, which encodes a mutated P56S
VAPB (vesicle-associated membrane protein-associated protein B)
[4]. The human VAP family proteins include VAPA, VAPB, and sev-
eral alternatively spliced VAPB variants [5,6]. Despite having very
diverse functions, VAPA and VAPB share �60% sequence identity
and are composed of three conserved domains, namely an N-termi-
ll rights reserved.
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nal 125-residue domain homologous to the major sperm protein
(MSP), a central coiled-coil domain, and a C-terminal transmem-
brane fragment.

VAP proteins are ubiquitously expressed, type II integral mem-
brane proteins that localize to the endoplasmic reticulum (ER) and
pre-Golgi intermediates [7], which have been shown to target li-
pid–binding proteins carrying a short motif containing two phen-
ylalanines in an acidic tract (FFAT motif) to the ER [8].
Remarkably, the MSP domain has been identified to be cleaved
from its transmembrane anchor to serve as a ligand for Eph recep-
tors [9,10], which constitute the largest family of receptor tyrosine
kinases and their interactions with ephrin ligands initiate bidirec-
tional signals controlling many physiological and pathological pro-
cesses [10–12], as well as for Robo and Lar-like receptors acting to
modulate mitochondrial localization and morphology [13]. Very
recently we found that the NS5A protein of hepatitis C Virus
(HCV) also targets the MSP domain, thus implying a linkage of
HCV infection to ALS development [14].

Two ALS-causing mutations P56S and T46I [15] are both located
in the MSP domain. Recently, several VAPB splicing variants con-
taining truncated MSP domains were also implicated in ALS patho-
genesis [6]. For example, VAPB-3 is only composed of N-terminal
105 residues identical to the MSP domain, plus a short unique C-
tail. Previously the P56S mutant has been extensively characterized
to form very tight aggregates in vivo, which were even resistant to
solubilization by Triton X-100 [16]. The aggregated inclusions have
been proposed to trigger unfolded protein response (UPR) in ER
[17], thus leading to ALS pathogenesis. Indeed, we demonstrated
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that the wild-type human MSP domain adopts the typical MSP fold
constituted by seven-stranded immunoglobulin-like b-sandwiches
with s-type topology. By contrast, the P56S mutation eliminated the
native MSP structure and rendered the mutant to be predomi-
nantly-disordered as well as highly insoluble in buffer [18]. How-
ever, a recent study failed to detect significant formation of
inclusions in motor neurons derived from induced pluripotent stem
cells of patients carrying the P56S mutation [19]. A just-published
study showed that fundamentally different from other aggregated
proteins linked to neurodegenerative diseases, the P56S mutant
had a unique ability to remodel stacked cisternae of endoplasmic
reticulum [20].

Here we report for the first time that unexpectedly the P56S,
but not wild-type MSP domain, is able to specifically interact with
dodecylphosphocholine (DPC), and subsequently transforms into a
helical conformation. Strikingly, this lipid-induced transformation
is also shared by VAPB-3. Our results thus provide a mechanism
by which the ALS-causing mutants/variants of VAPB initiate ALS
development by specifically interacting with membranes even be-
fore severe accumulation of aggregated inclusions occurs in the
cytosol.
2. Materials and methods

2.1. Cloning, expression, and purification of MSP, P56S-MSP and VAPB-3

The expression and purification of the wild-type MSP domain
followed the exact procedure we previously reported [18]. To min-
imize the effect of the large His-tag (16 residues) in our previous
study [18], in the present study DNA fragments encoding P56S-
MSP and VAPB-3 were amplified from pET32a constructs by using
designed primers, which were subsequently cloned into pET28a
vector (Novagen) only with 6 His residues at the C-terminus. The
vectors were transformed into E. coli BL21 (DE3) cells (Novagen)
for protein expression. Both P56S-MSP and VAPB-3 were only
found in inclusion body and consequently the pellets were first dis-
solved in the buffer containing 8 M urea and subsequently purified
by the Ni2+-affinity column under the denaturing condition in the
presence of 8 M urea. The eluted fractions were further purified
by reverse-phase HPLC on a C8 column and lyophilized. The gener-
ation of the isotope-labeled proteins for NMR studies followed a
similar procedure except that the bacteria were grown in M9 med-
ium with the addition of (15NH4)2SO4 for 15N labeling and (15NH4)2-

SO4/[13C]–glucose for 15N–/13C double labeling [18]. The purity of
the recombinant proteins were checked by the SDS–PAGE gel and
their molecular weights were verified by a Voyager STR matrix-as-
sisted laser desorption ionization time-of-flight-mass spectrome-
ter (Applied Biosystems). The concentration of protein samples
was determined by the spectroscopic method in the presence of
denaturant [21].
Fig. 1. Conformational transformations as monitored by CD. Far-UV CD spectra of
P56S-MSP (A); VAPB-3 (B) and wild-type MSP (C) in the absence of (blue) and in the
presence of DPC at different ratios (protein:DPC): 1:6 (cyan), 1:10 (bright green),
1:20 (purple), 1:50 (pink), 1:100 (brown), 1:150 (green) and 1:200 (red). (D)
Ellipticity values at 222 nm of P56S-MSP (red) and VAPB-3 (blue) vs. the ratios
(protein:DPC). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
2.2. Determination of solution conformations by CD spectroscopy

All circular dichroism experiments were carried out on a Jasco
J-810 spectropolarimeter (Jasco Corporation, Tokyo, Japan) as
previously described [10,18]. The CD samples were prepared by
dissolving the lyophilized protein powders in Mill-Q water with
a concentration of 20 lM at pH 4.0. Far-UV CD spectra were col-
lected at 25 �C for MSP, P56S-MSP and VAPB-3 in the absence
and in the presence of DPC at various molar ratios: 1:6; 1:7, 1:8,
1:9, 1:10, 1:20, 1:30, 1:40, 1:50, 1:60, 1:70, 1:80, 1:90, 1:100,
1:110, 1:120, 1:150 and 1:200 (protein:DPC). The estimation of
secondary structure contents from CD spectra were conducted by
using CDSSTR software [22].
2.3. NMR experiments

All NMR data were collected at 25 �C on an 800 MHz Bruker
Avance spectrometer equipped with a shielded cryoprobe as de-
scribed before [10,18]. For HSQC titrations of MSP, P56S-MSP and
VAPB-3 by DPC at molar ratios of 1:2, 1:4, 1:6, 1:8, 1:10, 1:20,
1:30, 1:40, 1:50, 1:60, 1:70, 1:80, 1:100, 1:120, 1:150, 1:200 (pro-
tein:DPC), series of two dimensional 1H–15N HSQC spectra were ac-
quired on 15N-labeled protein samples at a concentration of
100 lM in water at pH 4.0, with gradual addition of DPC.

For achieving sequential assignments, triple-resonance experi-
ments including HNCACB and CBCA(CO)NH were acquired on a
15N–/13C-double-labeled sample of VAPB-3 at a protein concentra-
tion of 500 lM in water at pH 4.0. For NOE analysis, 15N-edited
HSQC–TOCSY and HSQC–NOESY spectra were acquired for a 15N-
labeled VAPB-3 sample at the same protein concentration and pH
[10,18].
3. Results

3.1. Conformational transformations as monitored by CD spectroscopy

Previously by CD and NMR spectroscopy we have shown that
the P56S-MSP domain with an N-terminal 16-residue His-tag is
highly-disordered in water, only with helical conformations
weakly-populated over some segments. Here to minimize the ef-
fect of the large His-tag, we recloned the P56S-MSP into the vector
with only C-terminal 6 His residues for affinity purification. Again,
the new P56S-MSP sample still has a far-UV CD spectrum typical of
a highly-unstructured protein, with only one negative signal at
�200 nm (Fig. 1A). Very unexpectedly, however, upon gradual
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addition of DPC, the P56S-MSP started to transform into helical
conformations at a ratio of 1:10 and the transformation largely
completed at 1:80 (P56S:DPC) (Fig. 1A and D). The far-UV CD spec-
tra at ratios of 1:150 and 1: 200 are almost superimpossible, which
have two negative signals, one at �206 nm and another at
�222 nm, characteristic of helical conformations. Further analysis
of the far-UV CD spectrum at 1:150 by CDSSTR software yields to
67.2% helix, 13.1% extended conformation, 8.2% turn and 11.5%
random coil contents.

To test whether this transformation is also shared by other VAPB
variants, we selected VAPB-3 as it has the N-terminal 105 residues
completely identical to the MSP domain and has been proposed to
be also involved in ALS pathogenesis [6]. The recombinant VAPB-3
protein was also insoluble in buffer but again could be dissolved in
unsalted water as we previously found for a large variety of insolu-
ble proteins [23], as well as the P56S-MSP [18], which was further
demonstrated by other groups [24]. Interestingly, VAPB-3 is also
highly unstructured as judged from its far-UV CD spectrum in water
(Fig. 1B). Strikingly it also underwent the same transformation into
a helical conformation upon adding DPC (Fig. 1B). It is worthwhile
to point out that the transformation for VAPB-3 started at a ratio
of 1:30 and largely completed at 1:100 (VAPB-3:DPC) (Fig. 1B and
D). Similar analysis of the far-UV CD spectrum at 1:150 yields to
68.2% helix, 12.1% extended conformation, 7.9% turn and 11.8% ran-
dom coil contents.
Fig. 2. 1H–15N NMR HSQC spectra of P56S-MSP in the absence of (blue) and presence
references to colour in this figure legend, the reader is referred to the web version of th
On the other hand, we also collected far-UV CD spectra of the
wild-type MSP domain in the presence of DPC at different ratios
(Fig. 1C). However, with the ratio up to 1:200 (MSP:DPC), its native
structure still remains almost unchanged (Fig. 1C). Further addi-
tion of DPC resulted in visible aggregation even at a protein con-
centration of only 20 lM for CD experiments.
3.2. Conformational transformations as monitored by NMR
spectroscopy

We subsequently characterized the transformation by acquiring
1H–15N two-dimensional HSQC spectra at a protein concentration
of 100 lM in the absence and in the presence of DPC at different
ratios. For the wild-type MSP domain, no HSQC peak shifts oc-
curred with ratios up to 1:50. On the other hand, further increasing
the ratios resulted in visible aggregates in the NMR tube. Neverthe-
less, even with visible aggregates, only the intensity of HSQC peaks
uniformly decreased but their positions remain almost unshifted
(spectra not shown). This indicates that the well-folded MSP do-
main had no specific interaction with DPC molecules but however
high DPC concentrations would lead to a very hydrophobic envi-
ronment which unavoidably triggered non-specific aggregation as
the solvent exposed side chains are mostly hydrophilic in a well-
folded protein such as the wild-type MSP domain.
of DPC at different ratios (red) as indicated (P56S:DPC). (For interpretation of the
is article.)
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By contrast, as seen in Fig. 2, several HSQC peaks shifted at a ra-
tio of 1:10 (P56S:DPC), implying that these residues started to
interact with DPC molecules. At 1:20, many HSQC peaks disap-
peared, suggesting that these residues interact with DPC molecules
or/and undergo conformational exchanges over ls-ms time scale
which make their HSQC peaks too broad to be detected. Interest-
ingly, at a ratio of 1:50 many peaks reappeared but almost all HSQC
peaks shifted to some degree. This suggests that at high ratios,
most P56S-MSP residues are involved in interacting with DPC, or/
and conformational changes. Furthermore, the HSQC spectra at
1:80 and 1:150 are highly similar, implying that the conforma-
tional transformation is indeed largely completed at 1:80, consis-
tent with the CD results.

The similar changes were observed for the HSQC spectra of
VAPB-3 upon gradual addition of DPC (Fig. 3). However, it appears
that the HSQC peaks of VAPB-3 are more broadening than those of
P56S-MSP, indicating that there exist more profound conforma-
tional exchanges on ls-ms for VAPB-3 in the presence of DPC.
We also collected HSQC spectra of P56S-MSP and VAPB-3 at a pro-
tein concentration of 1 mM and DPC concentration of 150 mM, but
their HSQC spectra are almost superimposible to the corresponding
ones at a protein concentration of 100 lM and DPC concentration
of 15 mM. This strongly implies that no severe aggregation is asso-
ciated with the helical conformations formed in membrane envi-
ronment. Interestingly for both P56S-MSP and VAPB-3, only one
set of HSQC peaks were observed upon adding DPC, suggesting that
the conformational transformation is a gradual process or/and
within fast exchange regime on NMR time scale.
Fig. 3. 1H–15N NMR HSQC spectra of VAPB-3 in the absence of (blue) and presence of
references to colour in this figure legend, the reader is referred to the web version of th
3.3. Residue-specific conformation of VAPB-3 in water

Although VAPB-3 has a narrowly-dispersed HSQC spectrum in
water (Fig. 4A), we have successfully achieved the sequential
assignment of most residues with a pair of triple resonance exper-
iments HNCACB and CBCA(CO)NH. Subsequently we assigned all
NOE connectivities by analyzing HSQC–TOCSY and HSQC–NOESY
spectra. It is well-established that the difference between Ca and
Cb chemical shift deviations from their corresponding random-coil
values is very sensitive indicators of protein secondary structures
[25–27], thus representing a powerful probe for detecting residual
secondary structures in unfolded or partially folded proteins.

As seen in Fig. 4B, very small (DCa–DCb) values over the major-
ity of VAPB-3 residues clearly indicate that it is highly unstructured
in water, completely consistent with CD results. Interestingly, if
excluding the previously-unassigned regions in P56S-MSP, the N-
terminal 105 residues of VAPB-3 have a (DCa–DCb) pattern similar
to that of P56S-MSP except for some large variations close to the
residue 56 which is Pro in VAPB-3 and Ser in P56S-MSP. Further-
more, the lacking of stable secondary structures in VAPB-3 is
strongly demonstrated by the NOE patterns defining the secondary
structures (Fig. 4C). For most residues, only sequential NOEs could
be identified. Only over several short segments, NOE daN(i, i + 2)
but not NOE daN(i, i + 3) were found, indicating that dynamic heli-
cal conformation is weakly populated over these regions [18,22–
24]. No long-range NOE was detected, as expected for such a pre-
dominantly-disordered protein without any tight tertiary
structure.
DPC at different ratios (red) as indicated (VAPB-3:DPC). (For interpretation of the
is article.)



Fig. 4. Residue-specific conformation of VAPB-3 in water. (A) 1H–15N NMR HSQC spectrum of VAPB-3 acquired at 25 �C. (B) Residue specific (DCa–DCb) values. For VAPB-3,
green bars are used to indicate (DCa–DCb) values for the first 105 residues identical to those of MSP, while green bars for unique residues. For P56S-MSP, red bars are used to
indicate (DCa–DCb) values for the first 105 residues, while brown bars for the C-terminal 20 residues. (C) NOE connectivity pattern of VAPB-3 defining secondary structures.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Despite intense studies after ALS was first described more than
130 years ago, its underlying mechanism still remains a mystery.
Successful identification of genetic mutations on a variety of pro-
teins from familial ALS patients remarkably facilitate of our under-
standing of the ALS pathogenesis. The effects of the inherited
disease-causative mutants can be explained by loss of function
or/and gain of function or/and by a combination of both [20]. As
for ALS8, we previously demonstrated that the P56S mutation
eliminated its native b-structure and led to a complete loss of
the binding ability to FFAT-motif containing peptide and EphA4
receptors in vitro [18]. Although like all other neurodegenerative
diseases, ALS is also characteristic of severe aggregation of mutated
proteins such as SOD1 and VAPB mutants, the mechanisms by
which the aggregated proteins gain new functions are poorly de-
fined. For ALS8, the accumulation of aggregated inclusions has
been extensively demonstrated in cells and thus been proposed
to trigger ALS pathogenesis through unfolded protein response
(UPR) in ER [16,17]. Amazingly, however, a recent study detected
no accumulation of cytoplasmic aggregates of the P56S mutant in
induced stem cells of ALS8 patients [19]. Therefore, currently no
mechanism exists to rationalize a recent observation that the
P56S mutant is able to uniquely restructure ER cisternae although
the aggregates get cleaved rapidly in the cells [20].

Here our study presents the first evidence that the P56S-MSP
and VAPB-3, but not the wild-type MSP, can interact with lipid
molecules and subsequently transform into highly-helical confor-
mations in a membrane environment without any detectable
aggregation. This provides a molecular mechanism to rationalize
the surprising observation that the P56S mutant has a unique abil-
ity to specifically remodel ER structure. It is likely that the ability of
P56S mutant to change ER structure is resulting from its specific
interaction with ER membrane. On the other hand, the result that
VAPB-3 shares the similar properties of P56S-MSP such as to
interact with membrane implies a potential mechanism underly-
ing sporadic ALS. Previously, it was shown that the VAPB-3 protein
becomes detectable in cells upon proteasomal inhibition, a condi-
tion commonly found in neurodegenerative diseases [6]. This
means that even without carrying any ALS-causative mutation, a
person might develop ALS through a mechanism underlying
ALS8, if VAPB slicing variants like VAPB-3 get accumulated in cells
to a certain degree, due to proteasomal inhibition triggered by
pathological or/and environmental conditions.

The present discovery is also of fundamental interest for under-
standing protein folding. As previously demonstrated [18], the
wild-type MSP domain adopts a well-defined fold constituted by
only b-strands. Surprisingly as we deciphered here, a single-resi-
due P56S mutation is sufficient to transform it into a membrane-
interacting protein with a highly helical conformation. Moreover,
the truncation of the MSP domain in VAPB-3 also results in the
similar transformation. This implies that the MSP sequence has
the chameleon capacity to adopt two structures: a b-sandwich fold
and a membrane-stabilized helical structure upon the MSP tertiary
structure being disrupted by the P56S mutation or truncation.

Involvement of membranes has been increasingly recognized in
other diseases including neurodegenerative diseases, as evidenced
from extensive biophysical investigations on the interactions of
amyloid peptides and prion protein with membranes [28,29]. De-
spite the challenge to determine the structure of a protein
of >100 residues in a membrane environment, currently we are fo-
cused on optimizing experimental conditions in order to obtain
high-quality NMR spectra which allow sequential assignment
and subsequent calculation of the structures of P56S-MSP or/and
VAPB-3 in DPC.
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