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Introduction
Pick’s disease, a type of progressive presenile dementia that 

affects brain function, eventually causes loss of verbal skills and 
problem-solving ability [1]. It accounts for 5% of all dementias and 
is neuropathologically characterized by distinct tau-immunoreactive 
intraneuronal inclusion bodies known as Pick bodies (PBs) [2]. 
Abnormally phosphorylated tau proteins have been detected from 
total brain homogenates [2-4], and we previously detected abnormally 
phosphorylated tau proteins from only one PB, which was isolated 
using a laser-microdissection system and oligomeric Aip2p/Unfoldin-
dependent solubilization [5,6]; however, no further biomarker has 
been identified to date.

To identify a novel biomarker for Pick’s disease, we used the 
robust protein-unfolding activity from Saccharomyces cerevisiae, 
designated as Unfoldin. Unfoldin solubilized the isolated and purified 
PBs, which were insoluble with any detergent or solubilizing agent, 
and the following experiments, using liquid chromatography-tandem 
mass spectroscopy (LC-MS/MS) revealed that the calmodulin-like skin 
protein (CLSP) [7] is a novel biomarker candidate of Pick’s disease.

Methods
Yeast strains and antibody

Protease-deficient strain SH2777 for Unfoldin purification was a 
gift from Dr. Harashima, Osaka University. To prepare the antibody 
for the yeast alpha-factor, E. coli expressed and purified protein was 
used as the antigen, and the antibody was affinity purified using this 
antigen. A synthetic peptide, corresponding to the 15 amino acid 
residues at the C-terminal of actin-interacting protein2 (Aip2p) 
(VHYDPNGILNPYKYI), was coupled through a C-terminal cysteine 
residue to bovine serum albumin. Anti-tau8 (phosphorylation-
dependent monoclonal antibody specific to phosphorylated Ser202/
Thr205) was purchased from Thermo Scientific (Rockford, IL, USA). 
Rabbit polyclonal antibody against CLSP/CALML5 was purchased 
from Proteintech (Chicago, IL, USA).

Trypsin-susceptibility assay for purifying protein-unfolding 
activity

For the substrate protein-unfolding assay using trypsin 

susceptibility, the gene fragment of hexa hisitidine-tagged prepro alpha-
factor (ppαF) of Saccharomyces cerevisiae was amplified by polymerase 
chain reaction (PCR), inserted into the pET 11a plasmid, expressed 
in E. coli BL21(DE3) using a pET system, and purified. The purified 
ppαF was dialyzed against buffer A (10 mM Hepes-KOH, pH 7.4, 1 
mM DTT, and 1 mM Mg(OAc)2). Yeast microsomes were prepared 
using protease-deficient strain SH2777. Microsomes were treated with 
buffer A containing 0.5 M NaCl on ice for 20 min and then centrifuged 
at 100, 000 × g at 4°C for 60 min to prepare the salt extract fraction. 
After centrifugation, the salt extract fraction was dialyzed against 
buffer A overnight at 4°C. The assay (200 µl) was started by adding 
0.1 µg of ppαF to buffer A, containing 1 mM ATP and microsome 
salt extracts, and incubated at 30°C for 15 min. Then, samples were 
treated with a low concentration of trypsin (0.2 µg ml-1) at 16°C for 15 
min. The reaction was stopped by adding soybean trypsin inhibitor 0.4 
µg ml-1) on ice for 5 min followed by addition of trichloroacetic acid 
(TCA) for the precipitation of samples with a tRNA carrier. Then the 
solution was subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and immunoblotting. An affinity purified 
polyclonal rabbit anti- pro αF antibody was used as the first antibody, 
and a horseradish peroxidase-linked IgG (MP Biomedical, Solon, OH, 
USA) was used as the secondary antibody to detect ppαF. 

Purification of hexa histidine-tagged Unfoldin

We prepared the Unfoldin expression strain in yeast under the 
ADH promoter to obtain sufficient Unfoldin. The hexa-histidine tagged 
YDL178w gene was amplified by PCR and inserted into the pAUR123 
aureobasidinA (AbA) selective expression vector (Takara Bio Inc., 
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Shiga, Japan). The SH2777 protease-deficient strain was transformed 
with this plasmid, and transformants were grown on a 0.5 µg ml- 1 AbA-
containing YPD plate and inoculated (8 L) at 30°C overnight to an 
optical density value of 0.8. The cells were suspended in four volumes 
of buffer B (50 mM NaPi, pH 8.0, 150 mM NaCl, 10 mM imidazole), 
crushed with glass beads, and centrifuged at 10,000 rpm for 10 min at 
4°C. The supernatants were collected and ultra-centrifuged at 100,000 
× g and 4°C for 1 hr. The precipitate was resuspended and subjected to 
a Ni-NTA agarose column (Qiagen, Valencia, CA, USA), equilibrated 
in buffer B, and eluted with buffer B containing 0.5 M imidazole. The 
eluted active fractions were dialyzed against buffer C (10 mM Hepes-
KOH, pH 7.4, 50 mM NaCl, 1 mM DTT), subjected to an ion-exchange 
Mono Q column (AKTA system; GE Healthcare, Parsippany, NJ, USA), 
equilibrated with buffer C, and eluted in a linear gradient of 100–500 
mM NaCl. The biologically active eluted fractions were dialyzed against 
buffer D (50 mM NaPi, pH 7.5, 10 mM NaCl, 1 mM Mg (OAc)2), and 
subjected to gel filtration on a Superdex 200 column equilibrated with 
buffer D. Purity was evaluated by silver staining and Western blotting. 

Immunofluorescence microscopy and low-angle rotary 
shadowing electron microscopy

Immunofluorescence microscopy was performed using standard 
protocols and methanol/acetone fixation. Since Unfoldin consisted 
of Aip2p, the affinity-purified Unfoldin/Aip2p peptide antibody was 
diluted 1:100. An Alexa 488-conjugated anti-rabbit IgG secondary 
antibody (Molecular Probes, Eugene, OR, USA) was diluted 1:200 for 
Unfoldin localization. Samples were imaged with the Delta-Vision 
microscopy system (Applied Precision, Issaquah, WA, USA), which 
included an Olympus IX70 inverted microscope with a 100x objective, 
and the out-of-focus light of the visualized images was removed by 
interactive deconvolution. Low-angle rotary shadowing microscopy 
was performed as described previously [8].

Immunohistochemistry 

After informed consent was obtained, tissue samples (frontal 
cortex from a patient with Pick’s disease; female, 71 years old) were 
placed in a deep freezer at Nippon Medical University. Cryostat 
sections (5 μm thick) were prepared from the frozen brain tissue, 
fixed in 4% paraformaldehyde at room temperature for 15 min, and 
immunostained using the avidin-biotin-peroxidase complex (ABC) 
method with a Vectastatin ABC kit (Vector Laboratories, Burlingame, 
CA, USA). The mouse monoclonal antibody against phosphorylation-
dependent tau protein AT8 was used at a 1:200 dilution, and the 
rabbit polyclonal antibody against CLSP/CALML5 was used at a 1:500 
dilution. Procedures were in accordance with the institutional ethical 
standards on human experimentation. For the double staining , tissue 
sections were incubated with primary antibodies and washed four times 
with distilled water and PBS then incubated with biotinylated anti-
mouse and anti-rabbit secondary antibodies for 30 min. All secondary 
antibodies were obtained from Jackson ImmunoResearch Laboratories 
(West Grove, PA). After being washed four times with PBS, specimens 
were incubated with avidin/biotinylated horseradish peroxidase 
(HRP). Development was done using the 3,3′-diaminobenzidine (DAB) 
Substrate Kit for Peroxidase (Vector Laboratories, Burlingame, CA) 
and observed by light microscopy OLYMPUS IX71 with CCD camera. 

Proteomic analysis of laser-micro dissected PBs following 
Unfoldin pretreatment

A total of 514 laser micro-dissected PBs were incubated with 
Unfoldin, as described previously [5,6]. After Unfoldin pretreatment, 

PBs were analyzed using liquid chromatography-tandem mass 
spectroscopy (LC-MS/MS) shotgun proteomics methods following a 
MASCOT analysis. 

Results
We developed an in vitro protein-unfolding assay system using the 

factor-dependent increase in protease susceptibility of the substrate 
as a measure to identify robust protein-unfolding activity and 
serendipitously isolated ATP-dependent activity. We used the yeast 
pheromone pre-pro alpha factor (ppαF), which is transported post-
translationally across the endoplasmic reticulum [9,10] membrane in 
a cytosolic factor-dependent manner, as the substrate. The salt extract 
of the yeast microsomal fraction increased trypsin-susceptibility, 
otherwise it was undigested in a dose-dependent manner (Figures 
1 and 2), suggesting that the microsomal salt extract contained the 
activity that unfolds the conformation of the substrate protein to 
increase protease susceptibility. We purified a 58 kDa protein (Figure 
3) with this activity to homogeneity using several ion-exchange 
chromatography steps and adsorption matrices, followed by affinity 
chromatography with an ATP-agarose column (Table 1). 
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Figure 1: Trypsin susceptibility assay scheme. The salt extract of the yeast 
microsomal fractions increased trypsin susceptibility of prepro alpha-factor 
(ppαF).
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Figure 2: Yeast microsome salt extract fraction contains protein-unfolding 
activity. The salt extract (-) is shown as a trypsin protected control band and 
exhibited at 100%. (+), 50 μg; (++), 100 μg of crude extract. The protected 
bands were detected by immunoblotting using polyclonal antibody against αF 
and visualized by ECL-plus.
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The purified factor exhibited robust protein-unfolding activity in 
vitro. Amino acid sequence analysis revealed that the purified factor 
was identical to the product of the YDL178w yeast open reading frame 
identified as Aip2p/Dld2p [11,12]; however, it eluted as a single peak 
on gel-filtration chromatography with an apparent molecular weight of 
670 kDa [13-15]; hence, we hereafter designated the activity consisting 
of an oligomeric form as “Unfoldin”. Because the molecular weight 
of the monomeric form (Aip2p/Dld2p) was ~60 kDa, as estimated by 
SDS-PAGE (Figure 3) and amino acid sequence analysis, it was obvious 
that Unfoldin formed a homo-oligomer of 10–12 subunits. In good 
accordance with this result, low-angle shadowing electron microscopy 
of recombinant Unfoldin revealed that it was an oval-ring shaped 
oligomeric structure ~10 nm in diameter with a ~2 nm central cavity. 
ATP regulates opening and closing of the “gate” that forms the opening 
within Unfoldin (Figure 4) [14]. We prepared a specific antibody 
against a synthetic peptide corresponding to the C-terminal 15 amino 
acid residues of Aip2p/Dld2p to investigate intracellular localization 
of Unfoldin in vivo at different yeast cell growth stages using indirect 
immunofluorescence microscopy. Cell growth was synchronized by 
adding yeast alpha factor. As shown in Figure 5, Unfoldin localized 
in the plasma membrane periphery at the stationary phase, whereas 
it was concentrated to small buds or localized to an area surrounding 
the bud-neck during the log phase. These observations suggest that 
Unfoldin functions during actin movement, particularly [16] during 
bud emergence or cell division processes. 

We previously reported that only one PB was sufficient to illustrate 
an immunoblot signal in the presence of Unfoldin, indicating that 
pretreatment with Unfoldin strongly enhances immunoblotting [5,6]. 
Therefore, to identify a novel biomarker protein from PBs, we isolated 
514 PBs from frozen brain frontal lobe tissue of a patient with Pick’s 
disease without a healthy region using a laser micro-dissection system 
and incubated it with 500 ng of Unfoldin in the presence of ATP at 30°C 
for 90 min. The solubilized sample was analyzed using a LC-MS/MS 
shotgun system. Among the identified proteins (Table 2), we focused 
on calmodulin-like skin protein (CLSP) [7], because it interacts with 
transglutaminase3 (TGase3) in the human brain, which is related to 
neurodegenerative diseases [11,12] and examined frontal lobe brain 
tissue from a patient with Pick’s disease by immunohistochemistry 
using nonfluorescent labeling technique [17]. 

Briefly, tissue sections were incubated with primary antibodies 
(The mouse monoclonal antibody against phosphorylation-
dependent tau protein AT8 was used at a 1:200 dilution, and the rabbit 
polyclonal antibody against CLSP was used at a 1:500 dilution) then 
washed and incubated with biotinylated anti-mouse and anti-rabbit 
secondary antibodies for 30 min. After being washed four times 
with PBS, specimens were then incubated with avidin/biotinylated 
horseradish peroxidase (HRP). Development was done using the 
3,3′-diaminobenzidine (DAB) Substrate Kit for Peroxidase (Vector 
Laboratories, Burlingame, CA) and observed by light microscopy 
OLYMPUS IX71 with CCD camera. 

As shown in Figure 6, phosphorylated tau protein (brown color, 
panels A, D, G, and J) and CLSP (purple color, panels B, E, H, and K) 
were merged on PBs (panels C, F, I and L), suggesting that CLSP is 
possible biomarker for Pick’s disease.

Discussion
Millions of people worldwide suffer from neurodegenerative 

disorders. Most of these illnesses manifest themselves later in life. The 
number of people affected with these diseases will grow, considering 

the increase in life expectancy. However, because of limited sample 
availability and excess aggregation properties of disease-related 
inclusion bodies, most of the disease-causing proteins have not been 
identified, and their functions are mostly unknown. Furthermore, 
due to the highly aggregated property of proteins, neuronal inclusion 
bodies, particularly those isolated by laser micro-dissection, are often 
too disrupted for analysis. Even worse, conventional procedures, 
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Figure 5: Unfoldin localization in vivo. Yeast cells were cultured to an optical 
density (OD) value at 600 nm of 0.05–0.1 (middle panels), 0.5–0.8 (upper 
panels), or 5–8 (lower panels) at 30°C to immunostain endogenous Unfoldin. 
Immunofluorescence staining was performed using standard protocols, and the 
anti-Unfoldin specific antibody was used at a 1:100 dilution. FITC-conjugated 
goat anti rabbit IgG was used as the secondary antibody at a 1:200 dilution. 
Each sample was examined with Delta-Vision microscopy. Out-of-focus light 
was removed by interactive deconvolution. 
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Figure 3: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie Brilliant Blue (CBB) staining of purified Unfoldin. 
Unfoldin (150 μg) was subjected to SDS-PAGE and stained with CBB.
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Figure 4: Unfoldin consisted of a homo-oligomer. Purified hexa histidine-
tagged Unfoldin (100 μg ml-1) was prepared and used as a specimen for low-
angle shadowing electron microscopy. 
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Figure 6: Immunohistochemistry of phosphorylated tau protein and calmodulin-like skin protein (CLSP). Phosphorylated tau staining (brown color; pales A, D, G and 
J), CLSP staining (purple color; panels B, E, H and K) and the double staining (merged color; panels C, F, I and L). Scale bar: 50 µm. 

Purification Step Total protein(mg) Total activity(units)* Specific activity(Units/mg) Purification(fold) Yield(%)
NaCl Extract 200 2200 11 1 100
DEAE-FastFlow 20 1066 53 5 49
ResourceQ 3 1000 333 30 45
Hydroxy Apatite 0.15 350 2333 212 16
ATPagarose 0.03 222 6938 631 10

One unit is defined as the amount of factor that produces a 50% reduction in the control alpha-factor precursor band under the assay conditions

Table 1: Purification of unfoldin from yeast microsome salt extract.

Table 2: Identified Proteins in LC-MS/MS shotgun system.

 Proteins Species
Actin interacting protein2/D-lactate dehydrogenase S. cerevisiae
Keratin 1 Homo sapiens
Keratin 10 Homo sapiens
Small proline-rich protein Homo sapiens
Calmodulin-like skin protein Homo sapiens
TY 1B S.cerevisiae

including sample pretreatment with chemical denaturing agents or 
detergents, are not effective for such highly aggregated structures. 

Making use of the unprecedented protein-unfolding/solubilizing 
properties of Unfoldin, we examined the contents of laser micro-
dissected purified PBs from a patient with Pick’s disease using the 
LC-MS/MS shotgun method and found a novel biomarker candidate 
CLSP [7]. CLSP, also known as calmodulin-like 5, is a 146 amino acid 
protein that contains four EF-hand domains [18] and shares functional 
similarity with calmodulin. CLSP interacts with TGase3 [19,20], which 

is expressed highly in the amygdala, as shown by reverse transcription-
PCR and is also relatively strongly detected in the corpus callosum 
and epithelial cells [21]. The TGase family of enzymes, of which seven 
different members are known in the human genome, participate in 
many biological processes involving cross-linking proteins into large 
macromolecular assemblies [19,20]. It is expected that substantial 
increases in total TGase activity could occur in normal or abnormal 
neuronal cells because of proteolytic activation of TGases 1 and/or 3 
[21]. We report that CLSP is a novel candidate Pick’s disease biomarker 
and colocalized with phosphorylated tau protein in inclusion bodies 
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known as PBs; however, for the sample limitation, in this study we 
could not clarify the colocalization using serial tissue sections. Even 
so, the double staining of the proteins (phosphorylated tau protein and 
CLSP) clearly merged and revealed that both proteins located on the 
same PBs.

Although the physiological role of CLSP in the central nervous 
system has not been clarified yet, our novel findings open the way for 
insight into the molecular mechanisms of Pick’s disease. 
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