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ABSTRACT: The Pro56Ser mutation in the human VAPB MSP domain causes a familial amyotrophic lateral
sclerosis. Here we present the first structural investigation of both wild-type and Pro56Ser mutant MSP
domains. The results reveal that the wild-type MSP domain is well-folded at neutral pH but can undergo acid-
induced unfolding reversibly. It has a thermodynamic stability energy (AG°N—y) of 7.40 kcal/mol and is also
active in binding to a Nir2 peptide with a Kp of 0.65 uM. Further determination of its crystal structure reveals
that it adopts a seven-strand immunoglobulin-like # sandwich in which Pro56 adopts the unusual cis-peptide
bond conformation that appears to be critical in maintaining the characteristic S-shaped loop. Markedly, the
Pro56Ser mutation renders the MSP domain insoluble in buffer. Nevertheless, as facilitated by our recent
discovery that “insoluble proteins” can be solubilized in salt-free water, we have successfully characterized the
residue-specific conformation of the Pro56Ser mutant by CD and heteronuclear NMR spectroscopy. The
Pro56Ser mutant remains lacking of the native tight packing and secondary structures under various
conditions and was further characterized as having a non-native helical conformation weakly populated at
pH 3.5. Intriguingly, Pro12 located in another S-shaped loop also adopts the cis-peptide bond conformation,
and its mutation to Ser is able to make the MSP domain highly insoluble and unfolded like the Pro56Ser
mutant. Our study thus implies that the Pro56Ser mutation might lead to ALS by eliminating the native MSP
structure, which consequently leads to aggregation and loss of functions under physiological conditions.
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Amyotrophic lateral sclerosis (ALS, also known as Lou Gehrig’s
disease and motor neuron disease) is the most prevalent fatal
motor neuron disease, characteristic of progressive loss of both
upper and lower motor neurons. ALS affects people of all races
and ethnic backgrounds; approximately 10% of the cases have
hereditary background, while the rest are sporadic. So far, the
exact mechanism underlying ALS has not been defined well, and
there is no primary therapy for ALS. Since sporadic and familial
ALS affects the same neurons with similar pathology, it is thought
that knowledge and therapeutic approaches and agents deve-
loped on mutant models can be translated to sporadic ALS (Z, 2).

Four ALS-causative genes have been identified. The most
characterized ALS1 encodes mutants of Cu/Zn-superoxide dis-
mutase (SODI), whose expression leads to neuronal cell death in
vitro and an ALS-like phenotype in vivo. ALS2 encodes alsin
protein which may exert a neuroprotective function, and its abla-
tion caused mild motor disorder. ALS4 was recently identified
and predicted to encode a DNA/RNA helicase with unknown
function. Most recently, ALSS at 20q13.3 was identified from a
large Brazilian family with autosomal dominant motor neuron
diseases, which encodes a mutated VAPB (vesicle-associated mem-
brane protein-associated protein B). The missense P56S point
mutation in VAPB results in a typical ALS phenotype with rapid
progression or late onset spinal muscular atrophy (2—35).
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The human VAP family proteins were initially identified as
homologues of vesicle-associated membrane protein (VAMP)-
associated protein (VAP) with a size of 33 kDa in Aplysia californica
(aVAP33) (6, 7), including VAPA, VAPB, and VAPC. VAPA and
VAPB are ~60% identical in sequence, while VAPB and VAPC
are alternatively spliced variants. VAP proteins are ubiquitously
expressed, type Il integral membrane proteins that localize to the
endoplasmic reticulum (ER) and pre-Golgi intermediates (8),
which have been implicated in the regulation of neurotransmitter
release, ER—Golgi transport, and intra-Golgi transport (9, 10).
Moreover, VAP proteins have been shown to target lipid-binding
proteins carrying a short motif containing two phenylalanines in
an acidic tract (FFAT motif) to the ER (11, 12). The FFAT motif
consists of the consensus amino acid sequence EFFDAXE, which
was conserved in several lipid-binding protein families implicated
in the transfer of lipids between the ER and other organelles,
such as the Golgi, endosomes, and plasma membrane (/3—17).
The VAP proteins also interact with intracellular proteins (18, 19),
including Nirl, Nir2, and Nir3 via the FFAT motif which diffe-
rentially affects the organization of the ER (/0). Most recently, it
was also shown that the VAPB MSP domain was released by
cleavage to serve as a ligand for Eph receptors (20).

Despite having very diverse functions, VAP proteins are com-
posed of three conserved domains, namely, an N-terminal immuno-
globulin-like § sheet domain that is 22% identical in sequence to
the major sperm protein (MSP), a central coiled-coil domain, and
a C-terminal transmembrane domain (Figure la). Previously,
VAPB had been relatively less investigated than VAPA. However,
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F1GURE 1: Structural characterization of the wild-type MSP domain.
(a) Domain organization of the hVAPB protein that contains major
sperm protein homology (MSP), coiled-coil (CC), and transmembrane
(TM) domains. (b) Far-UV CD spectra of the wild-type MSP
domain at a protein concentration of ~20 uM at pH 6.5 (blue),
5.5 (green), 4.5 (brown), and 3.5 (red). (c) Superimposition of the
two-dimensional "H—'"N NMR HSQC spectra at a protein con-
centration of ~50 uM at pH 6.5 (blue) and 5.5 (red). (d) Super-
imposition of the HSQC spectra at pH 6.5 (blue) and 4.5 (red).
(e) Superimposition of the HSQC spectra at pH 6.5 (blue) and 3.5 (red).
Green arrows are used to indicate some HSQC peaks newly mani-
fested at pH 3.5.

immediately after the Pro56Ser mutation of VAPB was associ-
ated with ALS, several studies have been reported on its functions
and the biological consequence of the Pro56Ser mutation
(21—28). Of particular interest is the implication of VAP proteins
in mediating unfolded protein response (UPR) in the ER (25—28).
Moreover, severe aggregation was observed on the ProS6Ser
mutant, which has been proposed to play a pivotal role in the
pathomechanism of ALS.

To fully understand the molecular mechanism underlying the
VAPB mutation causing ALS, one essential step is to structurally
characterize the wild-type VAPB MSP domain, followed by the
assessment of the consequence of the Pro56Ser mutation. In this
study, for the first time, we have determined the thermodynamic
stability, activity, and crystal structure of the wild-type human
VAPB (hVAPB) MSP domain. Most importantly, despite its
insolubility in high-dielectric constant solutions, we have succee-
ded in determining residue-specific conformational properties of
the Pro56Ser mutant by heteronuclear NMR spectroscopy, as
facilitated by our recent discovery that previously thought insolu-
ble proteins can in fact be solubilized in salt-free water (29—33).
These results together not only provide a structural rationale for
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how the Pro56Ser mutation may lead to ALS but also imply
a general mechanism by which the mutation or posttransla-
tional modification causes aggregation of disease-related proteins
in vivo.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of the hVAPB MSP
Domains. The DNA fragment encoding the hVAPB MSP
domain (residues 1—125) was amplified from a HeLa cell cDNA
library by using two designed primers, which was subsequently
cloned into a modified pET32a vector (Novagen). The vector was
transformed into Escherichia coli BL21(DE3) cells (Novagen) for
protein expression. The recombinant wild-type MSP protein was
first purified by Ni*"-affinity chromatography (Qiagen) under
the native condition, followed by in-gel cleavage to remove the
His tag. The released MSP protein was further purified on an
AKTA FPLC machine (Amersham Biosciences) using a gel
filtration column (HiLoad 16/60 Superdex 200), followed by an
anion-exchange column (Mono Q 5/50). On the other hand, the
Pro56Ser and Prol2Ser mutants were found in the inclusion
body, so the pellets were dissolved in the buffer containing 8 M
urea and purified with the Ni*-affinity column under the dena-
turing condition in the presence of 8 M urea. The eluted fraction
was further purified by reverse-phase HPLC on a C4 column and
lyophilized. Since the Pro56Ser and Prol2Ser samples precipi-
tated even at pH 4.5 upon addition of thrombin, the His tags were
thus not removed as we previously conducted on all other insolu-
ble proteins (29—33).

The generation of the isotope-labeled proteins for NMR stu-
dies followed a similar procedure except that the bacteria were
grown in M9 medium with the addition of (""NH,),S0, for N
labeling or (**NH,),SO, and [**C]glucose for *N and *C double
labeling (32, 33). The purity of all protein samples was checked by
the SDS—PAGE gel, and their molecular weights were verified by
a Voyager STR matrix-assisted laser desorption ionization time-
of-flight mass spectrometer (Applied Biosystems). The concen-
tration of protein samples was determined by the spectroscopic
method in the presence of denaturant (34).

Crystallization, Data Collection, and Structure Determi-
nation. The wild-type MSP domain was prepared at a concen-
tration of 10 mg/mL and crystallized by setting up 2 4L hanging
drops at room temperature in a well containing the reservoir
solution [25% PEG 3350, 100 mM ammonium acetate, and
0.1 M Tris (pH 7.0)]. The X-ray diffraction images were collected
using an in-house Bruker X-ray generator with a wavelength
1.5418 A equipped with a CCD detector. The structure was
determined via the molecular replacement method as previously
described (35, 36) using the r'VAPA MSP domain structure
[Protein Data Bank (PDB) entry 1Z9L] as a search model. The
final structure was analyzed by PROCHECK (37), and the details
are presented in Table 1. Structural coordinates of the wild-type
hVAPB MSP domain have been deposited as entry 3IKK. All
figures were prepared using the PyMOL molecular graphics sys-
tem (W. L. DeLano, DeLano Scientific LLC, San Carlos, CA).

Structure and Thermodynamic Stability As Measured by
Circular Dichroism. All CD experiments were conducted in a
Jasco J-810 spectropolarimeter (Jasco Corp., Tokyo, Japan) as
previously described (30—33). The protein concentration was
~20 uM for all far-UV CD experiments. A very diluted NaOH
solution was used to adjust pH valuesm while NaCl was utilized
to increase the salt concentration in the Pro56Ser sample in
salt-free water. To measure the thermodynamic stability of the
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Table 1: Summary of the Crystallographic Analysis of hVAPB MSP“

Data Collection

space group R3
cell dimensions
a, b, c(A) 144.02, 144.02, 34.79

90.0, 90.0, 120.0
resolution (A) 72.0-2.5 (2.59-2.5)
Riym OF Rinerge 0.104 (0.776)"

Ijol 8.6 (1.3)"

o, B,y (deg)

completeness (%) 100 (100)°
redundancy 17.41 (14.99)°
Refinement

resolution (A) 41.5-2.5
no. of reflections 9055
Ryori/ Rivee 0.2068/0.2655
total no. of atoms 2057

protein 1984

water 73
B factor 34.61

protein 34.13

water 30.34
root-mean-square deviation

bond lengths (A) 0.008

bond angles (deg) 1.269

“One crystal is used for data collection. “Values in parentheses are for
the highest-resolution shell.

hVAPB MSP domain, series of far-UV CD spectra were recorded
via variation of the urea concentration from 0 to 8 M. Subse-
quently, we monitored the change in the ellipiticity at 222 nm
rather than at 200 nm because the noise at 200 nm became too
high to be acceptable at high urea concentrations. Moreover, to
increase the signal-to-noise ratio, here we used more concentrated
protein samples. The unfolding curve was constructed by plotting
the ellipiticity values at 222 nm versus the molar concentration of
urea. By assuming a two-state unfolding process, the stability free
energy (AG°N-—y) was determined as previously described (38).

ITC Characterization of Binding Activity. Isothermal tit-
ration calorimetry (ITC) experiments were performed using a
Microcal VP machine as previously described (36). The Nir2 pep-
tide (EEEFFDAHE) was purchased from Genesis Biotech Inc.
and further purified by HPLC on a reverse-phase C;g column.
The peptide concentration was determined by the previously des-
cribed method (39) using the fluoraldehyde reagent kit (Thermo
Fisher Scientific). Titrations were conducted in the buffer [SO mM
Tris-HCI, 150 mM NaCl, and 2mM DTT (pH 7.5)] at 25 °C. The
peptide (300 xuM) was loaded into the syringe, while the wild-type
hVAPB MSP protein (10 uM) was placed in the sample cell.
To obtain thermodynamic binding parameters, the titration data
after subtraction of the blank values were fitted to a single-binding
site model using the built-in software ORIGIN version 5.0
(Microcal Software Inc.).

NMR Experiments. The wild-type hVAPB MSP sample was
prepared in 10 mM phosphate buffer (pH 6.8), while the Pro56Ser
and Pro12Ser mutants were dissolved in salt-free water. All NMR
data were collected at 25 °C on an 800 MHz Bruker Avance
spectrometer equipped with a shielded cryoprobe as described
previously (32, 36). For HSQC characterization, samples were
prepared at a protein concentration of ~50 uM. For achieving
sequential assignments, triple-resonance experiments, including
HNCACB, CBCA(CO)NH, and HNCO, were conducted for
both wild-type and Pro56Ser MSP domains on doubly labeled
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samples at a protein concentration of ~800 uM. For NOE
analysis, "N-edited HSQC-TOCSY and HSQC-NOESY spectra
were recorded for the "N-labeled Pro56Ser mutant. The 'H
chemical shift was referenced directly to 2,2-dimethyl-2-silapen-
tanesulfonic acid (DSS), whereas the N and '*C chemical shifts
were indirectly referenced to DSS (40). The secondary structure
mapping based on 5N, HN, CA, CB, CO, and HA chemical
shifts was performed using DANGLE in CCPNMR (41, 42).

RESULTS

Structural Properties of the Wild-Type MSP Domain. In
this study, we have successfully cloned and expressed the
recombinant protein of the wild-type human VAPB (hVAPB)
MSP domain (1—125) in E. coli cells, which was found in the
supernatant. The purified hWAPB MSP domains with and with-
out the His tag were both highly soluble in buffer systems. As
shown in Figure 1b, at pH 6.5, the wild-type MSP domain has a
far-UV CD spectrum typical of f-dominant secondary structure,
with the maximal negative signal at ~218 nm and the positive
signal at ~199 nm (32). However, when the pH value is lowered,
the intensity of the positive signal at ~199 nm is reduced gra-
dually. In particular, at pH 3.5, the positive signal at ~199 nm
totally disappeared and the maximal negative signal shifts from
~218 to ~212 nm, implying that at pH 3.5, the wild-type MSP
domain may be unfolded to some degree.

To gain detailed knowledge about the acid-induced unfolding,
we collected series of two-dimensional "H—'"N HSQC spectra on
the "’N-labeled wild-type MSP domain with pH values varying
from 6.5 to 2.5. Consistent with the CD results, at neutral pH the
wild-type MSP domain has a HSQC spectrum typical of a well-
folded protein (Figure Ic), with 3.2 and 26 ppm spectral disper-
sions over the "H and '"N dimensions, respectively. We have also
acquired a HSQC spectrum for the MSP domain with the His tag,
and almost all peaks resulting from the MSP residues can be
superimposed on those of the MSP domain without the His tag
(Figure 1 of the Supporting Information), thus indicating that the
presence of the His tag has no detectable effect on the conforma-
tion of the MSP domain. On the other hand, as seen in panels ¢
and d of Figure 1, only several HSQC peaks exhibited slight shifts
when the solution pH was lowered to 5.5 and 4.5, indicating that
no large conformational change occurs for the wild-type MSP
domain above pH 4.5, consistent with the CD results. However,
when the pH is lowered to 3.5, two sets of peaks manifested in the
HSQC spectrum (Figure le), implying the coexistence of two
conformations. One set of HSQC peaks is very similar to the set
at pH 6.5, with very large spectral dispersions, while another
newly appeared have a dramatically reduced dispersion which
seems to result from an unfolded population. On the basis of the
ratio of peak intensities, at pH 3.5 the folded population is esti-
mated to be ~60% while the unfolded one accounts for ~40%.
When the pH value was further lowered, the intensity of the peaks
from the unfolded population increased, and at pH 2.5, only the
peak set from the unfolded species could be observed (spectra not
shown). However, when the sample pH value was adjusted to 6.5,
the unfolded state could fold back to the well-folded state,
indicating that the acid-induced unfolding is reversible for the
wild-type MSP domain.

Stability and Binding Activity of the Wild-Type MSP
Domain. The thermodynamic stability energy is an important
factor mediating protein aggregation. Since three free cysteine
residues are present in the MSP domain, intermolecular disulfides
were found to form at neutral pH and high temperature even in
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FIGURE 2: Thermodynamic stability and activity of the wild-type MSP domain. (a) Urea-induced unfolding curve as reflected by the change in
ellipticity at 222 nm with urea concentrations ranging from 0 to 8§ M. (b) ITC profiles of the binding reaction of the wild-type MSP domain with the
FFAT motif-containing peptide derived from Nir2 (top) and integrated values for reaction heats with subtraction of the corresponding blank
results normalized by the amount of ligand injected vs the molar ratio of MSP/FFAF (bottom). The thermodynamic binding parameters obtained

from fitting the data are shown in the box.

the presence of DTT. So here we measured the thermodynamic
stability energy using the urea unfolding method (38). Briefly, the
wild-type MSP domain was unfolded with increasing urea con-
centrations from 0 to 8 M, and the unfolding process was moni-
tored by measuring the ellipticity change at 222 nm. As seen in
Figure 2a, the unfolding process appears to be highly coopera-
tive, starting at the urea concentration of ~3.5 M and ending at
~5.1 M. Fitting of the unfolding data yields a free energy of con-
formational stability (AG°N—y) of 7.40 + 0.41 kcal/mol. In general,
the thermodynamic stability energy for most proteins ranges
from 5 to 20 kcal/mol under physiologic conditions (29, 43). This
implies that the thermodynamic stability of the wild-type MSP
domain is not very high.

Recently, the VAPB MSP domain was demonstrated to func-
tionally interact with the FFAT-containing motif of the Nir2
protein (/0). Therefore, here we measured thermodynamic para-
meters for this binding interaction by ITC (Figure 2b). The wild-
type MSP domain is able to tightly bind to the FFAT motif-
containing peptide EEEFFDAHE derived from the human Nir2
protein, with a dissociation constant (Kp) of 0.65 uM. As such,
the CD and ITC results together clearly demonstrate that at
neutral pH, the wild-type MSP domain is both structurally well-
folded and functionally active.

Crystal Structure of the Wild-Type MSP Domain. To
gain further insight into the three-dimensional structure of the
wild-type hVAPB MSP domain, we determined its crystal struc-
ture at 2.5 A resolution with a final R factor of 0.2068 (Rfyee =
0.2655). Details of the data collection and refinement statistics
are summarized in Table 1. In the final model, one asymmetric
unit contains two MSP molecules which form a dimer linked
through an intermolecular disulfide bridge between two Cys53
residues (Figure 3a). On the other hand, on the basis of the FPLC
and DLS characterization, the wild-type hVAPB MSP domain
was shown to be a monomer in solution. Interestingly, the same
phenomenon has been previously observed in the rat VAPA
(rVAPA) MSP domain (/7). While in solution the r'VAPA MSP
domain was characterized as a monomer, in crystal it formed a

disulfide-bridged dimer with a packing relationship between two
monomers very similar to that observed here in the h\WVAPB MSP
structure. Furthermore, the recently deposited NMR structure
(entry 2CRI) also shows that the mouse VAPA MSP domain is
a monomer in solution. Therefore, as previously concluded for
the rVAPA MSP domain (//), the dimer observed here in the
hVAPB MSP domain structure is also an artifact probably result-
ing from the crystallization at a very high protein concentration
(10 mg/mL).

The two individual molecules in the dimeric hWAPB MSP
structure are very similar, with a root-mean-square deviation
(rmsd) of only 0.41 A for the backbone atoms. The hVAPB MSP
domain adopts the same fold as the 'VAPA MSP domain (PDB
entry 1Z9L) with an rmsd of 0.98 A over the equivalent backbone
atoms, composed of seven-strand immunoglobulin-like 3 sand-
wiches with s-type topology. Furthermore, only an rmsd of 1.0 A
is obtained over the equivalent backbone atoms if the crystal
structures of the hVAPB MSP domain is superimposed with
rVAPA MSP domain (PDB entry 1Z90) in a complex FFAT
motif-containing peptide derived from rat ORP1 residues
472—-481 (Figure 3b). Also, as seen in Figure 3d, all the r'VAPA
MSP residues involved in the binding of the ORP1 peptide are
conserved in the hWVAPB MSP domain. As such, the mode of
binding of the hVAPB MSP domain to the FFAT motif-containing
peptides is likely similar to that of the r'VAPA MSP to the ORP1
peptide.

One of the most characteristic structural properties of the
hVAPB MSP domain is the existence of two S-shaped loops over
the GInl1-Prol2-GIn13-Hisl4 and Arg55-Pro56-Asn57-Ser58
regions, which appear to be stabilized by the cis-peptide bond
conformation constrained by Prol2 and Pro56, respectively
(Figure 3c). The first S-shaped loop connects the Ser9-Leul0
and Glul5—Arg19 S-strands, whereas the second S-shaped loop
connects the Cys53-Val54 and Gly59—1le61 f-strands (Figure 3d).
By examining the crystal structure and analyzing the NOE
pattern between Prol2 and Pro56 and preceding residues, we
also found those two unique S-shaped loops in both crystal and
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F1GURE 3: Crystal structure of the wild-type MSP domain. (a) Dimeric crystal structure of the wild-type hVAPB MSP domain (PDB entry 31KK)
linked by an intermolecular disulfidge bridge between two Cys53 residues. It shares the same fold as the r'VAPA MSP domain (PDB entry 1Z9L),
composed of seven-strand immunoglobulin-like 5 sandwiches with s-type topology. The f strands are labeled in one molecule, and Pro56 side
chains are displayed as sticks. (b) Structural superimposition of the hVAPB MSP and rVAPA MSP (PDB entry 1Z90) domains in complex with
an ORP1 peptide containing the FFAT motif. The rVAPA residues involved in direct contacts with the peptide are displayed as sticks. Pro56
located at one end of the binding pocket is also shown as red sticks. (c) hVAPB MSP structure shown as a blue ribbon, with hydrophobic residues
displayed as yellow spheres and Pro56 as red sticks. (d) Sequence alignment of the hVAPB and rVAPA MSP domains, with residues on the binding

interface with the peptide boxed.

NMR structures of the rat VAPA MSP domains. In particular,
it has been suggested that because it is critically located in the
S-shaped loop, Pro56 might play a key role in stabilizing the MSP
domain and consequently its mutation would result in insolubi-
lity (22). Intriguingly, we have examined all available structures
of major sperm proteins and found that those two S-shaped loops
were also conserved in them.

Structural Consequences of the Pro56Ser Mutation. To
address the consequence of the ALS-causing Pro56Ser mutation,
we generated the Pro56Ser mutant of the hWAPB MSP domain
by using site-directed mutagenesis. Surprisingly, the recombinant
Pro56Ser protein was found to exist only in inclusion bodies, and
our attempts by fast dilution and dialysis to refold it in buffer
systems all failed because of severe precipitation. Previously,
these insoluble proteins could not be assessed by high-resolution
biophysical methods. However, we recently discovered these
“insoluble proteins” could in fact be solubilized in salt-free water
(29—33), and now this approach has also been used by other
groups to characterize insoluble proteins (44—47). Therefore, we
purified the Pro56Ser mutant from inclusion bodies with a Ni**-
affinity column under the denaturing condition in the presence of
8 M urea, followed by further HPLC purification on a reverse-
phase C4 column. Again the lyophilized Pro56Ser protein could
be dissolved in salt-free water at high concentrations. The pro-
tein sample directly dissolved in milli-Q water has a pH value of
~3.5 because of the remaining TFA (trifluoroacetic acid) from
the HPLC solvent.

As shown in Figure 4a, at pH 3.5 the Pro56Ser MSP domain
has a far-UV CD spectrum characteristic of a predominantly
unstructured protein, with its maximal negative signal at ~199 nm
and without any positive signal (30). Interestingly, the overall

shapes of the CD curves are very similar at pH 3.5, 4.5, and 5.5,
indicating that the mutant remains highly unstructured even at
pH 5.5. However, even at a protein concentration of ~20 uM,
when we attempted to increase the solution pH further to 6.5, the
CD sample became cloudy immediately and its CD signal became
very weak. We have also explored the effect of salt on the con-
formational properties of the Pro56Ser mutant by far-UV CD.
As shown in Figure 4b, the overall shapes of the CD spectra are
still similar at various pH values and salt concentrations up to
10 mM, indicating that the mutant remains similarly disordered
under these conditions. However, when the pH value reached 6.5
for the sample containing 10 mM salt, the protein precipitated imme-
diately, and consequently, the CD signal disappeared (Figure 4b).
We have also addressed the dynamic aggregation by collecting
the far-UV CD and NMR HSQC spectra at different protein
concentrations. At pH <4.0, no significant concentration depen-
dence was observed for the shape and intensity of CD curves or
the chemical shift and line width of HSQC spectra. Furthermore,
NMR resonance peaks could be observed without significant
broadening in other heteronuclear NMR spectra, including triple-
resonance experiments, HSQC-TOCSY and HSQC-NOESY.
These results together imply that no significant aggregation occur-
red at low pH values.

We also assessed the effects of pH and salt on the conforma-
tional properties of the Pro56Ser mutant using NMR HSQC
spectroscopy. As one can see in Figure 4c, at pH 3.5, the mutant
has a HSQC spectrum characteristic of an unfolded protein
without any tight tertiary packing, with only 0.8 and 11 ppm
dispersions over the 'H and "°N dimensions, respectively (43—46),
consistent with the CD results. Interestingly, at pH 3.5 many
HSQC peaks of the mutant can be superimposed with those from
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FiGure 4: Structural consequences of the Pro56Ser mutation. (a) Far-UV CD spectra of the wild-type MSP (black) and Pro56Ser mutant at
pH 3.5 (red), 4.5 (brown), 5.5 (green), and 6.5 (blue). (b) Far-UV CD spectra of the Pro56Ser mutant at different pH values and salt concentrations.
(c) Superimposition of the HSQC spectra of the wild-type MSP domain (blue) and Pro56Ser mutant at pH 3.5 (red). Green arrows are used
to indicate some superimposed HSQC peaks. (d) Superimposition of the HSQC spectra of the Pro56Ser mutant at pH 4.5 (blue) and 3.5 (red).
(e) Superimposition of the HSQC spectra of the Pro56Ser mutant at pH 5.5 (blue) and 3.5 (red). (f) Superimposition of the HSQC spectra of the
Pro56Ser mutant at pH 3.5 in the absence (red) and presence (blue) of 20 mM salt.

the unfolded population of the wild type at pH 3.5 (Figure 4c). It
is thus interesting to investigate whether the mutant might have a
conformational ensemble similar to that of the unfolded popula-
tion of the wild type at pH 3.5. However, unlike the wild-type
MSP domain which could reversibly fold back at pH >4.5, the
Pro56Ser mutant at pH 4.5 and 5.5 still remains highly unstruc-
tured as no significant dispersion change is observed for their
HSQC spectra (Figure 4d.,e). At pH 6.5, the protein completely
aggregated, and consequently, no HSQC peaks could be detec-
ted (data not shown). On the other hand, at pH 3.5 an HSQC
spectrum could be collected on the Pro56Ser sample in the
presence of 20 mM NaCl (Figure 4f). No significant change in
spectral dispersions occurs, and only some peaks undergo slight
shifts probably due to the nonspecific interactions with the salt
ions, suggesting that the salt has no considerable effect on the
conformation of the Pro56Ser mutant.

Residue-Specific Conformational Properties of the Pro56-
Ser Mutant. The successful solubilization of the Pro56Ser pro-
tein offered an unprecedented opportunity to examine its residue-
specific conformational properties. To achieve this, we have
isotopically labeled both the wild-type and Pro56Ser MSP
domains and acquired a large set of three-dimensional hetero-
nuclear NMR spectra. Because at the very high protein concen-
trations required for these NMR experiments, varying the
pH value and salt concentration would lead to severe line broaden-
ing or even precipitation, all three-dimensional NMR experiments

with the Pro56Ser mutant were performed at pH 3.5 in salt-free
water.

For the wild-type MSP domain, NMR HSQC resonance peaks
were detected and assigned for almost all residues except for seve-
ral short stretches (Glnl1—His14, Ser84—Lys87, and Lys110—
Glul12). For the Pro56Ser mutant, probably due to more severe
conformational exchanges on the microsecond to millisecond
time scale or/and dynamic aggregation in the unfolded state,
more NMR HSQC resonance peaks were invisible, including the
Alad8—Arg51, Met72—GIn74, Pro80—Phe94, Prol11—Serl17,
and Vall22—Leul25 fragments. Since the chemical shift values
might be slightly imprecise for a variety of reasons (48), we
also tested the recalibration of the CA and CB chemical shifts
using the proposed procedure (48), but only a minor difference of
0.09 ppm was obtained.

Figure 5 presents CA, CO, and HA chemical shift deviations
from their random-coil values for both native and Pro56Ser MSP
domains. It has been well-established that these deviations are
very sensitive indicators of protein secondary structures, thus
representing a powerful probe for the detection of residual
secondary structures in unfolded or partially folded proteins
(49-51). As seen in Figure 5, the wild-type MSP domain has very
large CA and CO deviations typical of a fully folded protein,
while the Pro56Ser mutant has dramatically reduced deviations
characteristic of an unfolded protein. Very surprisingly, it appears
that in the Pro56Ser mutant, the native -sheet secondary structure
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FIGURE 5: Residue-specific conformational properties. Bar plot of
chemical shift deviations (A0 = dops — Ocoi) Oof Cat (a), CO (b), and
Ha (c) atoms from their random-coil values for the wild-type (blue)
and Pro56Ser (red) domains. The black bar is used to indicate the
Pro56Ser mutation. The secondary structures of the Pro56Ser mutant
are mapped by DANGLE to be predominantly random coil for
almost all the sequence except for the presence of a weakly populated
helix (red cylinder) over residues Thr97—Glul08.

is totally eliminated. Instead, on the basis of the negative HA
chemical shift deviations (Figure 5c), it appears that the non-
native helical conformation is weakly populated over the seq-
uence. However, small deviations (all <0.2 ppm) also indicate
that in the Pro56Ser mutant, the helical population is very low as
compared to what we previously observed on a partially folded
SH3 domain (32).

Moreover, we used DANGLE, which was shown to be more
tolerant to the imperfect calibration of chemical shifts (42), to
map the secondary structures based on chemical shift deviations.
The results indicate that in solution the wild-type hVAPB MSP
domain has secondary structure patterns completely consistent
with those in the crystal structure. By contrast, the Pro56Ser
mutant has random-coil conformation almost over the whole
sequence except for the presence of a weakly populated helix over
residues Thr97—GlIul08 (Figure Sc). Interestingly, in the wild-
type MSP structure, a helix is also formed, but it is much shorter,
only spanning residues Ala104—Glul08.

We have also analyzed the '*N-edited HSQC-NOESY spec-
trum, but no long-range NOEs could be identified, strongly sug-
gesting the absence of any stable tertiary packing in the Pro56Ser
mutant. As shown in Figure 6, except for the missing residues,
sequential dyn(i, I + 1) and medium-range dyn(i, i + 2) NOEs
could be observed over the majority of the sequence, suggesting
that the nonhelical conformation is indeed populated to some
degree. However, dan(i, i + 2) NOEs could be found only over
two segments (Gly33—Thr46 and Thr97—Glul08), while only
two dyn(i, i + 3) NOEs could be identified between Alal04 and
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FIGURE 6: Characteristic NOEs defining secondary structure. NOE
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Lys107 and between Vall05 and Glul08. These results, together
with a complete lack of any dyn(i, i + 4) NOE, imply that the
non-native helical conformation is very dynamic and only weakly
populated in the Pro56Ser mutant (32, 33).

Finally, we have also used NMR HSQC titrations to examine
whether the Pro56Ser mutant is still able to bind to the Nir2 pep-
tide in solution. However, the obtained result demonstrates that
there is no detectable binding at pH 3.5 even in the presence of
10 mM salt, even at a molar ratio of up to 1:50 [Pro56Ser:peptide
(results not shown)]. Unfortunately, further attempts to detect
the binding interaction at higher pH values failed because of
severe aggregation upon peptide addition.

Structural Consequences of the Prol2Ser Mutation. Two
characteristic S-shaped loops are present in the hVAPB MSP
domain, and here we have experimentally demonstrated that
Pro56 indeed plays an essential role in maintaining the MSP
structure. To explore whether Pro12 also plays a similar role, we
mutated Prol2 to Ser by using site-directed mutagenesis. Very
strikingly, the Pro12Ser mutant indeed became insoluble and was
only found in the inclusion body. As such, we obtained the re-
combinant Pro12Ser protein via Ni*"-affinity purification under
denaturing conditions followed by RP-HPLC purification. As
judged by the CD results in salt-free water (Figure 7a), Prol2Ser
is highly unstructured at pH <35.5 but becomes severely aggre-
gated at pH 6.5. This is further supported by the HSQC spectra at
different pH values. At pH 6.5, no HSQC peaks could be detected
even with the spectral contour down to the noise level (Figure 7e),
suggesting a drastic aggregation at this pH. On the other hand,
many HSQC peaks of the Pro12Ser mutant can be superimposed
with those of the Pro56Ser mutant (Figure 6b), implying that the
Prol12Ser and Pro56Ser mutants might have similar conforma-
tional properties over a large portion of the molecules.
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FiGure 7: Structural consequences of the Pro12Ser mutation. (a) Far-UV CD spectra of the wild-type MSP (black) and Pro12Ser mutant in salt-
free water at pH 3.5 (red), 4.5 (brown), 5.5 (green), and 6.5 (blue). (b) Superimposition of the HSQC spectra of the Pro56Ser (blue) and Pro12Ser
mutants in salt-free water at pH 3.5 (red). (¢) Superimposition of the HSQC spectra of the Pro12Ser mutant in salt-free water at pH 3.5 (blue) and
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DISCUSSION

Amyotrophic lateral sclerosis (ALS) was described more than
130 years ago, but its underlying mechanism still remains a mystery.
In fact, our current knowledge of the pathobiology of ALS is
largely derived from studies of ALS1-associated gene mutations.
So far, more than 125 mutations of SOD1 have been identified,
and exhaustive biophysical studies on them have provided mecha-
nistic insights into the molecular events associated with the deve-
lopment of ALS (52, 53).

Recently, from a large Brazilian family, a Pro56Ser point
mutation on the hVAPB MSP domain has been identified to
cause a familial amyotrophic lateral sclerosis. However, so far, no
study on the structure and stability of the wild-type MSP domain
has been reported, and in particular, the structural consequences
of this mutation remain completely unknown. Here, our obtained
results demonstrate that the wild-type hVAPB MSP domain is
well-folded at neutral pH, with a three-dimensional structure
highly similar to that of the r'VAPA MSP domain. Interestingly,
the wild-type MSP domain can undergo a reversible acid-induced
unfolding which appears to be highly cooperative between two
states, unlike the gradual unfolding we previously observed
(54, 55). Furthermore, the wild-type MSP domain is fully active
in tightly binding to the FFAT motif containing a peptide deri-
ved from the Nir2 protein, with a Kp of 0.65 uM. This binding
action has been functionally demonstrated to regulate ER struc-
ture (10). On the other hand, the wild-type MSP domain has a
stability free energy of 7.40 kcal/mol, which is not very large as

the thermodynamic stability for most proteins ranges from 5 to
20 kcal/mol under physiological conditions (29, 34).

Most importantly, the successful solubilization of the insoluble
Pro56Ser mutant allows visualization of its residue-specific
conformational properties. Very surprisingly, this point mutation
not only disrupts the tight tertiary packing but also eliminates all
native §-sheet secondary structures in the wild-type MSP domain.
On the basis of chemical shift deviations and the NOE pattern, it
appears that in the mutant, only helical conformation is weakly
populated over the sequence and a dynamic helical segment was
identified by DANGLE to exist over residues Thr97—Glul08.
Previously, the formation of the non-native helical conformation
in a f-dominant protein was thought to be advantageous because
it serves as a landmark to restrict the folding route, favoring
further transformation into the native 5-sheet structure (56—259).
Via detailed NMR investigations, we recently revealed that the
non-native helical conformation is indeed highly populated in a
partially folded SH3 domain (32, 33).

Our results clearly demonstrate that the Pro56Ser mutant
continues to lack a native structure under a variety of pH values
and salt concentrations. This implies that the Pro56Ser mutation
is able to eliminate the ability of the mutated sequence to fold into
the native structure adopted by the wild-type MSP sequence. So
why is a single amino acid mutation, Pro56Ser, able to trigger
such a remarkable consequence? As seen in Figure 3c, as in most
well-folded proteins, in the wild-type MSP domain, the side
chains of the hydrophobic residues are buried and form a com-
pact core seemingly critical for stabilizing the folded conformation
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as we previously observed for CHABII protein (54, 55). Inter-
estingly, the residue Pro56 is sitting at the central position of the
hydrophobic core. Furthermore, previously Pro56 was thought
to play a key role in stabilizing the MSP structure because it was
located in the characteristic S-shaped loop, adopting the unusual
cis-peptide bond conformation in the r'VAPA MSP domain (22).
As such, the replacement of the hydrophobic Pro56 with the
polar Ser is anticipated to impose two effects: (1) to abolish the
S-shaped loop and significantly increase the backbone flexibility
around Pro56 and (2) to destabilize the hydrophobic core upon
introduction of the polar side chain of Ser (22, 54, 55, 60). The
importance of the two S-shaped loops in maintaining the
structural integrity of the MSP domain is further supported by
our experimental results about the abolishment of its structure
and solubility as triggered by the Prol2Ser mutation. Because the
thermodynamic stability of the hVAPB MSP domain is not
very large, the two destabilizing effects appear to be sufficient to
abolish the ability of the mutant sequence to form the native
structure of the wild-type MSP domain.

On the other hand, as we previously showed with other
insoluble proteins (29—33, 61), in the Pro56Ser and Prol2Ser
MSP domains, the abolishment of the tight tertiary structure will
result in the exposure of hydrophobic side chains. These exposed
hydrophobic side chains have a strong tendency to be clustered
together to form aggregates, unless the attractive hydrophobic
interaction can be suppressed by the intrinsic repulsive electro-
static interactions in salt-free water, with the solution pH several
units from the protein isoelectric point (pI) (29). Indeed, the pl
values of the Pro56Ser and Pro12Ser mutants were estimated to
be ~7.5, thus explaining the observation that the Pro56Ser and
Pro12Ser proteins would precipitate immediately after the solu-
tion pH was adjusted to neutral. On the other hand, under physio-
logical conditions, the pH is ~7.0 and the concentration of the
salt ions is ~150 mM. As a result, at physiologically relevant
pH values, the repulsive electrostatic interactions are relatively
weak and also will be further screened out by the presence of
~150 mM salt. Consequently, in vivo, the hydrophobic interac-
tion will become dominant in the Pro56Ser mutant because of
both the neutral pH and the high salt concentration, thus resul-
ting in severe aggregation (29—33, 61). This thus rationalizes the
previous observation that in vivo, the Pro56Ser mutant formed
very tight aggregates that were even resistant to solubilization by
buffers containing nonionic detergents such as Triton X-100 (22).

Here we propose that the mechanism for aggregation of the
Pro56Ser mutant may represent a general one underlying aggre-
gation of other disease-related proteins triggered by genetic
mutation or posttranslational modification. Basically, the muta-
tion or modification at strategic positions may dramatically
eliminate the ability of the mutant sequences to fold into the
stable and well-folded structures adopted by the wild-type seq-
uences (33, 60). As a consequence, the partially folded or highly
disordered mutants with many hydrophobic side chains exposed
can only be dissolved in salt-free water but not in buffers mimick-
ing the physiological condition. Finally, our present success again
highlights the promising potential to use salt-free water to solu-
bilize buffer insoluble proteins for high-resolution biophysical
investigations to improve our understanding of mechanisms of
protein folding and aggregation characteristic of a large array of
human diseases (62, 63).

In conclusion, our study shows for the first time that the
Pro56Ser hVAPB MSP domain is lacking a well-folded native
structure. Consequently, it may have many hydrophobic side
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chains exposed and would form highly insoluble aggregates
under physiological conditions as recently observed in vivo. Also,
because of the complete abolishment of the native MSP structure,
the Pro56Ser mutant is most unlikely to retain any functions
requiring its native structure, such as the involvement in lipid
metabolism, protein transport, maintenance of ER structure,
mediation of unfolded protein response (UPR) in the ER, and
binding to Eph receptors. The loss of all or part of these functions
may account for the development of ALS. Alternatively or/and
additionally, a significant accumulation of the Pro56Ser aggre-
gates may also activate ER stress-induced apoptosis which has
recently been demonstrated to be critical for some neurodegene-
rative diseases (64, 65). In the future, it is also interesting to screen
whether some ALS patients carry the Pro12Ser mutation and/or
to explore whether the Pro12Ser mutation will also lead to ALS in
animal models.

SUPPORTING INFORMATION AVAILABLE

One supplementary figure showing superimposition of the
HSQC spectra at pH 6.5 on an 800 MHz Bruker spectrometer for
the wild-type hVAPB MSP domains with (blue) and without
(red) the His tag. This material is available free of charge via the
Internet at http://pubs.acs.org.
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