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Abstract

Valosin-containing protein (VCP or p97), a member of AAA family (ATPases associated with
diverse cellular activities), plays a key role in many important cellular activities. A genetic
deficiency of VCP can cause inclusion body myopathy associated with Paget’s disease of bone
and frontotemporal dementia (IBMPFD). Previous studies showed that the VCP N domain is
essential for the regulation of nuclear entry of VCP. Here we report that IBMPFD mutations,
which are mainly located in the N domain, suppress the nuclear entry of VCP. Moreover, the
peptide sequence G7ggAGPSQ in the C-terminal region regulates the retention of VCP in the
nucleus. A mutant lacking this sequence can increase the nuclear distribution of IBMPFD VCP,
suggesting that this sequence is a potential molecular target for correcting the deficient
nucleocytoplasmic shuttling of IBMPFD VCP proteins.
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1. Introduction

Valosin-containing protein (VCP, or p97), a member of the ATPases associated with diverse
cellular activities (AAA) family, is one of the most abundant proteins in cells [1]. It plays
essential roles in many cellular activities such as membrane fusion, protein degradation and
DNA repair [1-3]. The traffic of VCP between the nucleus and cytoplasm is a regulated
process. Previous studies suggest that both the N domain and the C-terminal region mediate
the nucleocytoplasmic shuttle of VCP [4, 5]. Structurally, VCP is comprised of an N
domain, two conserved ATPase domains D1 and D2, and a flexible C-terminal region [1].
The D1 domain is required for VCP to form a hexameric structure [6, 7]. The D2 domain
provides the majority of the ATPase activity [8], and the N domain binds various cofactors
required for its diverse functions [1, 9]. In addition, the N domain is required for the nuclear
entry of VCP. Mutants bearing a deletion of the N domain are predominately present in the
cytoplasm, while wild type (WT) VCP is ubiquitously distributed in the cells [4].

VCP mutations can cause inclusion body myopathy associated with Paget’s disease of bone
and frontotemporal dementia (IBMPFD), an inherited human multi-organ disorder [10, 11].
All reported IBMPFD-causing mutations are single amino acid substitutions and mostly
occur in the N-domain, suggesting a potential effect on the nucleocytoplasmic shuttling of
VCP.

Previous studies suggest that the N domain mediated nuclear entry is regulated by the C-
terminal region of VCP based on the study of its homolog, Cdc48 in saccharomyces
cerevisiae. A stretch of acidic residues (EgosEDDDLYg34S) in the C-terminal region can
interact with the nuclear localization signal sequence, RRygKKK, in the N domain to mask
its signaling [5]. Tyrgs4 phosphorylation leading to a conformational change abolishes the
attachment with RR,gKKK to resume its nuclear localization signaling [5]. However, VCP
does not possess a typical nuclear targeting signal sequence [5]. Even though the acidic
peptide is conserved in both VCP and Cdc48, the crystal structure of VCP does not support a
model for the C-terminal region to interact with the N domain directly [12]. Thus, the
mechanism of the nucleocytoplasmic shuttling of VCP requires further investigation.

In this study, we analyzed the structural requirement for VCP to shuttle between the nucleus
and cytoplasm using a VCP-GFP chimeric protein, and found that IBMPFD mutations
(R95G, R155H or R155P, R155C, R191Q and A232E) decrease the nuclear distribution of
VCP and the sequence G7gpAGPSQ in the C-terminal region regulates the retention of VCP
in the nucleus and nucleoli. In addition, the mutants lacking this C-terminal sequence
upregulates the nuclear retention of IBMPFD mutants, suggesting that this C-terminal region
may serve as a molecular target for regulating the nucleocytoplasmic shuttling of VCP.
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2. Methods

2.1. DNA constructs

Mammalian VCP-GFP expression constructs, WT, VCP-A201-806, VCP-A1-206, VCP-
AT780-806, VCP-A786-806, VCP-A797-806, Al, and A2, were generated as previously
reported [13]. In brief, mutations were generated from pDNR-Dual-WT-VCP using
QuickChange™ Site-Directed Mutagenesis Kit (Stratagene). Then pLpEGFP-constructs
were produced through a recombination reaction to transfer the genes in the pDNR-Dual-
constructs to the pLpEGFP vector following the manufacturer’s protocol (Life Technologies
Inc. Carlshd, CA). IBMFPD mutants of VCP were generated using the following
oligonucleotides and their corresponding complimentary strands (data not shown) in the
PCR cloning for individual mutants of pLpEGFP-VCP:

R95G, 5-
AGAGTTGTTCGGAATAACCTCCGAGTTGGCCTAGGAGATGTCATCAGCATC-
3

R155C, 5'-
CCGTAAAGGAGATATTTTTCTTGTCTGTGGTGGGATGCGTGCTGTGGAG-3;

R155H, 5-CCGTAAAGGAG
ATATTTTTCTTGTCCATGGTGGGATGCGTGCTGTGGAG-3;

R155P, 5/
CCGTAAAGGAGATATTTTTCTTGTCCCGGGTGGGATGCGTGCTGTGGAG-3;

R1910Q, 5'-
CACTGTGAGGGGGAGCCAATCAAACAAGAGGATGAGGAGGAATCCTTGAA
T-3;

A232E, 5/-
ACTGAGACATCCTGCGCTCTTCAAGGAGATTGGTGTAAAGCCTCCTCGGG-3'.

All introduced site-specific mutations and the deletion mutants were confirmed by DNA
sequencing.

2.2. Cell culture and transfection

Human embryonic kidney (HEK)293 cells and human osteosarcoma (HOS) cells were
grown in DMEM medium with 10% fetal calf serum and 2 mM glutamine. Human primary
neurons (ScienCell Research Laboratories, Carlshed, CA) were grown in neuronal medium
with 10% fetal calf serum, 1% of neuronal growth supplement and 2 mM glutamine. All of
these cells were cultured in an incubator with humidified 5% CO, atmosphere. The cells
were transfected with 2 pg or 0.2 pg DNA constructs per well in 6-well or 96-well plates
respectively using lipofectamine 2000 (Life Technologies Inc.) following the manufacturer’s
instructions and repeated for three times.

2.3. Immunoprecipitation and SDS-PAGE

HEK293 cells expressing VCP-GFP or GFP cultured in 6-well plates were washed with ice-
cold PBS, and then detached with 0.05% trypsin/0.02% EDTA. After centrifugation at 500 x
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g for 5 min, cell pellets were lyzed in RIPA buffer supplemented with the protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO). Following centrifugation at 10,000 x g for 30 min
at 4°C, 2 pg anti-GFP antibody (Sigma-Aldrich) and 20 pl 50% Protein-G-Sepharose beads
in lysis buffer were added to 500 ul supernatants.

The cell lysates were incubated for 2 hr at 4°C, then were transferred onto a 1 ml
polypropylene column (Qiagen, Valencia, CA). After washing with 10 mL TBS, proteins
were eluted using 0.1 M pH 3.0 citrate acid/glycine buffer and immediately neutralized with
1 M pH 9.0 Tris-HCI. The protein concentration was determined using a BCA protein assay
kit (Thermo Scientific, Waltham, MA). Protein samples were separated using 4-12% SDS-
PAGE, transferred to nitrocellulose membranes, then analyzed by immunoblotting with anti-
VCP and HRP-labeled secondary antibodies [13].

2.4. Hexamerization assay using native gel electrophoresis

Protein complexes were resolved using Novex® NativePAGE ™ Bis-Tris gel system (Life
Technologies Inc., Carlsbad CA). Cell lysates were mixed with native loading buffer, loaded
to 3-16% native gel and run electrophoresis for 1.5 hr. The gel image of VCP-GFP was
scanned using FUJIFILM Fluoro-Image Analyzer FLA-5000 with excitation at 473 nm,
CH1 400 V and resolution at 200 um.

2.5. ATPase assay

The ATPase activity of immunoprecipitated protein complexes was analyzed by adding 10
ul protein complexes to ATPase assay buffer containing 50 mM Tris-HCI (pH 8.0), 20 mM
MgCl,, 1 mM EDTA, 1 mM dithiothreitol (DTT), 3 mM ATP for 15 min at 37°C. The
inorganic phosphate released by ATP hydrolysis was measured as described [8].

2.6. Cell cycle analysis

Cells were fixed in 70% cold ethanol for 1 hr, washed 3 times with PBS containing 0.1%
BSA, followed by treatment with RNase (1U/mL) for 1 hr, then were stained with 0.1%
propidium iodide for 1 hr, and analyzed with flow cytometry.

2.7. Analysis of the fluorescence intensity ratio between the nucleus and cytoplasm
(FIRNC)

Cells were cultured in 35 mm coverglass bottom dishes at 37°C for 24 hr. After transfection
for 3d, cells were imaged using a confocal LSM510 Laser Scanning Microscope (Carl Zeiss,
Germany) or Olympus IX71 inverted fluorescence microscopy equipped with DM1 CCD
camera. The fluorescence intensity of VCP-GFP in the nucleus and cytoplasm was measured
using Image J 1.43u (http://rsh.info.nih.gov/ij) or CellSens Dimension digital imaging
analysis software 1.9 (Olympus Inc.) and statistically analyzed using SPSS ver.16.0.2
software.

2.8 Fluorescence recovery after photobleaching (FRAP) analysis

Cells were imaged with or without photobleaching using a confocal LSM510 Laser
Scanning Microscope (Carl Zeiss, Germany) equipped with an Apochromat 40x/1.2 W
objective and a 488 nm argon laser line for illumination. Cell images were scanned with 488
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nm excitation at 2% intensity before or after bleaching. Photobleaching was conducted with
laser at 100% intensity and 100 iterations using 488 nm. The entire regions of the nucleus or
the cytoplasm were photobleached and sequentially imaged at 1 min interval for 15 min. The
fluorescence recovery in the nucleus and cytoplasm were calculated using the Medical
Image Processing, Analysis and Visualization software (MIPAV) (Center for Information
Technology, National Institutes of Health).

2.9 Cell nuclear and cytoplasm fractionation

3. Results

Nuclear and cytoplasmic fractions were prepared from the transfected HEK293 cells using
NE-PER Reagent (Thermo Fisher Scientific Inc, Rockford, IL) following the manufacturer’s
instruction. The nuclear and cytoplasmic fractions were mixed with loading buffer and
resolved using 4-12% SDS-PAGE (Life Technologies Inc.). The VCP-GFP variants were
detected using anti-GFP antibody. Lamin A/C and GAPDH were probed as the nuclear and
cytoplasmic markers.

3.1. VCP-GFP is functional in HEK293 cells

To study the nucleocytoplasmic shuttling of VCP, we employed VCP-GFP as a reporter.
Even though it has been used to indicate the cellular localization of the VCP proteins
previously [4, 13, 14], it is not clear that this fusion protein retains the biological function of
VVCP. Human embryonic kidney (HEK)293 cell line was used as a cell model for its high
transfection efficiency and high level of protein expression. Here we showed that the
expression of VCP-GFP in HEK293 cells did not affect cell morphology or the cell cycle
(Fig. 1A, 1B). Since the functions of VVCP require the formation of a hexameric structure [1,
15], we examined whether VCP-GFP oligomerizes with endogenous VCP. HEK293 cells
expressing VCP-GFP were lyzed and the lysates were immunoprecipitated with anti-GFP
antibody, then immunoprecipitated protein complexes were separated by SDS-PAGE,
followed by western blotting with anti-VVCP antibody. As shown in Fig. 1C (left panel), two
VCP protein bands corresponding to endogenous (97 kDa) and chimeric VCP (124 kDa)
were detected in cells transfected with VCP-GFP. Imaging analysis indicates that the
intensity of the VCP-GFP band is about 54.3% of VVCP, suggesting that VCP-GFP forms
oligomers with endogenous VVCP with a ratio of 1 to 2. Furthermore, native gel
electrophoresis showed that a fluorescent protein band at approximately 650 to 750 kDa
which is equal to the molecular mass of the heterodimeric form of VCP and VCP-GFP (Fig.
1C right panel). No monomer band of VCP-GFP (127 kDa) was observed, suggesting that
all of the VCP-GFP proteins are oligomerized into larger protein complexes. In addition, the
ATPase activity of the protein complexes immunoprecipitated with anti-GFP or anti-VCP
antibody was analyzed. The immunoprecipitated VCP-GFP exhibits ATPase activity similar
to WT VCP (Fig. 1D). Thus, VCP-GFP shows the functional characteristics of VCP in
HEK293 cells.
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3.2. The N domain deletant and IBMPFD mutants of VCP manifest lower nuclear
distribution than WT VCP

The N domain plays an important role for VCP to transport into the nucleus, and its deletion
suppresses the nuclear entry of VCP (Fig. 2A) [4]. Quantitative image analysis of the N-
terminal 1-206 deletion (VCP-A1-206) was carried out by measuring the fluorescence
intensity ratio between the nucleus and cytoplasm (FIRNC), and the results showed that the
nuclear distribution of VCP-A1-206 was 70% lower than the WT VCP-GFP (Fig. 2B). Since
IBMPFD mutations predominately locate in the N domain or at the interface between N
domain and D1 domain [10, 11], we hypothesize that these mutants also affect the
nucleocytoplasmic shuttling of VCP. We generated 6 representative IBMPFD mutants
(R95G, R155C, R155H, R155P, R191Q and A232E) using site-specific mutagenesis, and
then expressed them in HEK293, HOS cells and primary neurons followed by cell imaging.
Indeed, these mutants showed lower fluorescence intensity in the nucleus when compared to
WT VCP in all of these three cell lines (Fig. 2C). Since bone and nervous tissues manifest
major pathological change in IBMPFD patients [10], the distributions of VCP WT and
IBMPFD mutants in osteoblasts and neurons are similar as in HEK293 cells suggests that
the deficiency in the nuclear distribution of IBMPFD mutants may be relevant to the disease
and HEK293 could serve as a cell model for the VCP nucleocytoplasmic shuttling study.
Image analysis showed that the FIRNCs of all of these IBMPFD mutants were significantly
lower than the WT VCP-GFP in HEK293 cells (p<0.001, n=50). Among these transfectants,
R155C and R155H exhibit approximately 60% of the FIRNC of WT VCP, which was also
less than R191Q (p<0.05, n=50) (Fig. 2D). This result suggests that these IBMPFD
mutations suppress nucleocytoplasmic shuttling of VCP, and R155C and R155H have the
most significant effect on nuclear entry.

3.3. Characterization of the nucleocytoplasmic shuttling of VCP

The nucleocytoplasmic shuttling of VCP was further examined by measuring the recovery
of the fluorescence of VCP-GFP after photobleaching. Following the photobleach of the
nucleus, the recovered fluorescence showed a noticeable increase within cells expressing
GFP in 4 s, which was then elevated over time (Fig. 3A). The fluorescence recovery of
VCP-GFP was much slower than GFP alone. The recovered fluorescence intensity of VCP-
GFP in the nucleus was only 5%, as compared to 50% for GFP alone in 60 s (Fig. 3B). GFP
reached an equilibrium state between the cytoplasm and nucleus at 6 min while the nuclear
concentration of VCP-GFP only recovered approximately 20%. It suggests that VCP-GFP
possesses a mechanism for nuclear entry, which is distinct from GFP.

3.4. Effect of ATPase activity on the nucleocytoplasmic shuttling of VCP

The IBMPFD mutations have varied effect on the ATPase activity of VCP. While most of
these mutants show slightly elevated ATPase activity, R155C and A232E mutants exhibit
approximately two fold increase [16-18], suggesting that the altered nucleocytoplasmic
shuttling of these mutants may not have been due to the altered ATPase activity. We
analyzed the cellular distribution of the site-specific mutant of VCP lacking ATP binding or
ATP hydrolysis, Al or A2, and calculated the FIRNC from the confocal microscopy
obtained images and found that both A1 and A2 were present at lower level in the nucleus
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than in the cytoplasm (Fig. 4A). The FIRNC of these two mutants was about 50% of WT
VCP (Fig. 4B). This suggests that the ATPase activity affects the nucleocytoplasmic
shuttling of VCP. However, the suppressed nucleocytoplasmic shuttling of N domain
mutants is not caused directly through their effect on ATPase activity.

3.5 The C-terminal region regulates the nuclear export of VCP

Since the C-terminal region of the yeast homolog of VCP, Cdc48, regulates nuclear entry,
we examined the role of the C-terminal region of VCP on nucleocytoplasmic shuttling. We
generated three sequential C-terminal deletion mutants using WT VCP-GFP as a template.
Both VCP-A780-806 and VVCP-A786-806 lack the acidic sequence, EzggDNDDDLY, in the
C-terminal region, but both of them showed similar distribution patterns as WT VCP-GFP
(Fig. 5A and Fig. 2A), suggesting this acidic sequence was not involved in regulating the
nuclear entry of VCP. Surprisingly, the VCP-A780-806 mutant predominately accumulated
in the nucleus as indicated by the colocalization of the high intensity green fluorescence of
VCP-A780-806 within the Hoechst 33342 stained nucleus (Fig. 5A and 5C). FIRNC analysis
showed that the nuclear concentration of VCP-A780-806 is about 2-fold higher than that of
the cytoplasm, and the FIRNC of VCP-A780-806 is significantly higher than that of VCP-
A786-806 and VCP-A797-806 (Fig. 5B).

In addition, the results show VCP-A780-806 proteins form foci in the nucleus (Fig. 5A,
indicated by red arrows). We hypothesize that these foci reside at the nucleoli, sites for
ribosome assembly, because VCP can bind misfolded proteins [19] and the nucleoli function
as the deposition sites for misfolded proteins, heat shock proteins and proteasomes [20-22].
We fixed these cells with cold methanol and stained cells with an antibody to detect the
nucleolin proteins, the marker of nucleoli. Cell imaging showed that the VCP-A780-806 and
VVCP-A786-806 proteins were leaked out the nucleus after fixation, but VCP-A780-806
proteins were retained in foci and colocalized with the nucleoli (Fig. 5D).

To further determine the effect of the deletion of the G;g0AGPSQ sequence on the nuclear
entry of VCP, we performed FRAP analysis to determine the shuttle efficiency of VCP-
A780-806 in crossing the nuclear membrane. The results showed that the fluorescence
recovery of VCP-A780-806 in the nucleus was more rapid than in the cytoplasm, while WT
VVCP showed similar recovery efficiency in both the nucleus and the cytoplasm (Fig. 6A). In
addition, the recovery of VCP-A780-806 in the nucleus is approximately twice as fast as that
of WT (Fig. 6B). Thus, the G7g0AGPSQ sequence plays a critical role in regulating the
export of VCP from the nucleus and nucleoli to the cytoplasm, and may serve as a nuclear
export signal.

3.6. VCP-A780-806 increases the nuclear distribution of N domain mutants

To increase the nuclear distribution of IBMPFD mutants of VCP, we hypothesize that
overexpression of WT VCP cannot overcome this deficiency, but the G7T80AGPSQ deletant
could promote the nuclear retention of the N domain mutants. The reason is that VCP-GFP
proteins are hexamerized with endogenous VCP proteins in cells (Fig. 1). The deficiency in
the nuclear distribution manifested by these hybrid hexamers suggests that the intact
hexameric N domains are required for the nuclear entry of VCP. Therefore, overexpression
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of WT VCP cannot enable these IBMPFD mutants to form intact hexameric N domains for
mediating their nuclear entry. However, VCP-A780-806 could form hexamers with VVCP-
A1-206 and IBMPFD mutants through the D1 domain. In this way, VCP-A780-806 could
increase the nuclear retention of these mutants. We transfected VCP-A780-806 or WT with
IBMPFD mutants or VCP-A1-206 in HEK?293 cells, and as expected, the fluorescence
intensity of R155H and VVCP-A780-806 co-transfected in the nucleus was clearly higher than
R155H and WT co-expressing cells (Fig. 7A). Further cell imaging analysis showed that the
FIRNC of the WT and IBMPFD co-tranfectant did not show significant increases. In the
other hand, the FIRNC of VCP-A780-806 and R155H was elevated approximately 2-fold
(Fig. 7B). Moreover, western blotting analysis showed that the protein amount of R155H
was lower in the nuclear fraction than the cytoplasmic fraction (Fig. 7C lane 1 vs 2). The
expression of VCP-A780-806, but not VCP-1-206 or WT, with R155H led to an increase of
R155H in the nuclear fraction (Fig. 7C lane 5 vs 6, 3 vs 4 and 7 vs 8). These data suggest
that VCP-A780-806 elevated the nuclear distribution of the R155H mutant.

We further examined the effect of VCP-A780-806 on the nuclear distribution of other
IBMPFD mutants in HEK293 cells, and found that VCP-A780-806 had similar effects for all
of them. The FIRNC of cells co-expressing VCP-A780-806 with R95G, R155C, R155P,
Q191A or A232E are 1.29+0.42, 1.18+0.39, 1.13+0.22, 1.15+0.26 and 1.01+0.33 (mean
+SD, n=50). These results suggest that VCP-A780-806 can promote the nuclear distribution
of IBMPFD mutants.

Since the C-terminal region may affect the N domain mutants on other subunits or the same
subunit in the hexamer, we examined the in transand in cis effects using cells expressing
both of the VCP-A780-806 and VVCP-A1-206 proteins or VCP-A1-206-A780-806 proteins
(Fig. 8). The nuclear fluorescence intensity were increased around 2.1-fold in the cells with
co-transfection of VCP-A780-806 and VVCP-A1-206 compared to VCP-A1-206 only (Fig. 8A
and B). The western blotting analysis showed that the protein amount of VCP-A780-806 was
higher in the nuclear fraction than the cytoplasmic fraction while VCP-A1-206 was
predominately in the cytoplasmic fraction (Fig. 8C, lane 1 vs 2 and 5 vs 6). The expression
of VCP-A780-806 caused the increase of VCP-A1-206 in the nucleus (Fig. 8C lane 3 vs 4
and 5 vs 6). These results suggest that the C-terminal region can increase the retention of the
N domain deletion in trans. In addition, the nuclear fluorescence of VCP-A1-206-A780-806
was also higher than VCP-A1-206. The FIRNC of these cells was increased by
approximately 1.5-fold (Fig. 8A and B). The western blotting analysis showed that the
protein amount of VCP-A1-206-A780-806 in the nuclear fraction is slightly higher than
VCP-A1-206 (Fig. 8C, lane 7 vs 8 and 5 vs 6), suggesting that the C-terminal region can also
increase the nuclear distribution in cis, but with lower efficiency than the effect in trans.
Thus, the C-terminal region of VCP can regulate the nuclear entry of VCP both in transand
incis.

4. Discussion

In the past 20 years, studies have established that VVCP plays critical roles in a number of
cellular activities. VCP not only maintains proteostasis through mediating protein
degradation via the ubiquitin proteasome system, autophagy and collecting protein
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aggregates to aggresomes, but is also involved in nuclear formation and maintenance of
DNA integration [1-3]. Nucleocytoplasmic shuttling is essential for VCP to function
spatially in the nucleus and cytoplasm. Previous studies have suggested that the N domain is
involved in the regulation of nuclear entry based on N domain deletion of VCP. However,
whether the site-specific mutation of VCP affects the nuclear distribution is unclear. In
addition, whether the C-terminal region of VVCP retains similar regulatory function as its
homolog Cdc48 remains unknown. As summarized in Fig. 9, here we show that the
IBMPFD mutants in the N domain, or N-D1 domain interface, suppress the nuclear entry of
VCP. In contrast, the C-terminal region deletion causes VCP to accumulate in the nucleus.
In addition, the C-terminal deletion can promote the nuclear concentration of N domain
mutants. These findings further clarify the role of N domain in regulating nuclear entry and
reveal that the G7ggAGPSQ sequence in the C-terminus regulates the nuclear export of VCP
which may serve as a nuclear export signal.

In our studies, we utilize the VCP-GFP fusion protein to assess the kinetic distribution of
VCP. It has previously been used to analyze the intracellular distribution of VCP [4, 13],
and our earlier studies showed that VCP-GFP demonstrated similar function as WT VCP in
the formation of aggresomes [13]. However, the biological characterization of the fusion
protein has not been evaluated. Here, we determined the key biological features of VVCP-
GFP including the distribution pattern, oligomerization properties and the ATPase activity,
and found that all of these features of VCP-GFP are similar to WT VCP. This indicates that
the fusion of GFP does not affect the biological function of VCP.

Previous studies showed that the N domain is essential for the nuclear entry of VCP [4], and
the deletion of the N domain suppresses the nuclear entry. The IBMPFD mutations are
scattered within the N domain or N-D1 interface (A232E) [10], but whether these mutations
affect nucleocytoplasmic shuttling of VCP was unknown. By imaging analysis of the
transfected HEK?293 cells, we found that all of these mutants exhibit decreased nuclear
distribution compared with WT VVCP. Since these mutations are widely distributed in the N
domain, the traditional NLS cannot explain why they all affect the nuclear distribution of
VCP. Since these mutations alter the conformation of the N domain [23], this may suggest
that VCP interacts with a docking protein on the nuclear membrane via the N domain. The
defective N domain of these mutants may suppress the binding of VCP to the docking
proteins required for nuclear entry.

In addition, we found that the C-terminal region of VVCP exhibits a different regulatory
mechanism when compared with Cdc48. Although the amino acid sequence EzggNDDDLY
in VCP is homologous to the regulatory sequence EgpgEDDDLY in Cdc48, it is not required
for regulating the nucleocytoplasmic shuttling of VCP because C-terminal deletion mutants
of VCP (e.g. VCP-A786-806 and VCP-A797-806) lacking this sequence still show similar
nuclear distribution as WT VCP. Instead, the sequence, G7gpAGPSQ, in the C-terminal
region, regulates the nuclear export of VCP. The deletion of this sequence in VCP-
A780-806, but not VCP-A786-806 and VCP-A797-806, causes high accumulation of VCP in
the nucleus. A blast search of Cdc48 sequence (GenBank: CAA98694.1, http://
blast.ncbi.nlm.nih.gov) does not reveal any homolog of G7gopAGPSQ. Thus, although Cdc48
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and VVCP are evolutionally conserved in protein degradation, they still use different
mechanisms to regulate their nuclear retention.

Interestingly, a homolog of VCP, nuclear valosin-containing protein-like isoform 2 (NVL2),
is mainly distributed in the nucleus and nucleoli [24]. Blast analysis of human VCP
(accession P55072) and NVL2 (accession NP_002524) shows these two proteins have no
similarity in the N domain, the other regions share 59% homology but the G7T80AGPSQ
sequence is absent in NVVL2. This implies that lacking this nuclear export sequence could
contribute to the accumulation of NVL2 in the nucleus and nucleoli.

It remains unclear whether the nuclear export signal (NES) of VCP interacts with export
receptors. CRM1 (chromosome region maintenance 1 or exportinl) is a member of the
importin  superfamily of nuclear transport receptors, and recognizes proteins bearing a
leucine-rich nuclear export sequence [25, 26]. This sequence is present in a number of
proteins, such as human T-cell leukemia type | Rex [27], cCAMP-dependent protein kinase
inhibitor [28], and mitogen-activated protein kinase kinase [29]. However, G7gpAGPSQ
functions as NES without any leucine residues, suggesting it may function through different
nuclear transport receptors.

Even though the ATPase activity of VCP plays an important role in various cellular
functions, we found that it is not sufficient for the nucleocytoplamic shuttling of VCP. The
N domain deletion mutant exhibits normal ATPase activity of VCP [30], while it lacks the
capacity for nuclear entry [4, 14]. Similarly, the IBMPFD mutants exhibit increased ATPase
activity [16-18], yet all of them also showed decreased nuclear distribution. However,
mutation of either the D1 or D2 domain leads to a decrease of nuclear distribution. This
seemingly contradictory observation suggests that although IBMPFD mutants affect both the
interaction of VCP with other proteins and the ATPase activity, the enhanced ATPase
activity of these mutants is likely due to less of an impact by a potential N domain
conformational change [23]. Previous studies showed that restraining the conformational
change of the N domain by binding to cofactors such as p47 suppresses the ATPase activity
of VCP [30, 31]. This suggests that the binding of the N domain to docking proteins is a
primary gateway for VCP to enter the nucleus, while the ATPase activity may be required to
regulate the N domain conformational change during the nuclear entry process.

Although mutation can induce protein misfolding, protein aggregation is not a cause of the
abnormal localization of the IBMPFD mutants. Because VCP is a molecular chaperone,
even the deletion mutants of VVCP still can prevent protein aggregation [19]. In addition,
these IBMPFD mutants manifest normal or elevated ATPase activity [16—18], suggesting
that the altered structures of IBMPFD mutants remain enzymatic functional. In our
experiments, we observed that these IBMPFD proteins are mainly in the soluble fractions
(Fig. 7C and data not shown). Thus, the dysregulated nucleocytoplasmic shuttling of
IBMPFD mutants is not caused by protein aggregation.

Finally, we showed that the C-terminal region can promote the nuclear entry of N domain
mutants. Co-transfection of VCP-A780-806 increases the nuclear distribution of VCP-
A1-206 and IBMPFD mutants. Since hexamerization is mainly achieved through the D1
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domain and GFP does not affect the hexamerization of VCP, VCP-A780-806 should form
hybrids with the N domain mutants. In this way, VCP-A780-806 promotes the nuclear entry
of N domain deletion and IBMPFD mutants in trans. Consistently, co-transfection of WT-
GFP does not significantly increase the nuclear distribution of VVCP, suggesting most of
WT-GFP proteins hybridize with N domain mutants and exhibit suppressed nuclear entry. In
addition, VCP-A1-206-A780-806 with the double deletion of both N domain and the C-
terminal region showed higher nuclear distribution than VCP-A1-206, suggesting that
G7g0AGPSQ also increases the nuclear distribution in cis. Thus, the C-terminal region may
be a potential molecular target for screening chemical entities to increase the nuclear
distribution of IBMPFD VCP proteins.
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Fig. 1.

V(E.;‘,P-GFP retains biological properties of VCP. (A) HEK293 cells stably expressing VCP-
GFP and GFP showed similar morphology in the bright field and green fluorescence images.
(B) Cells expressing VCP-GFP and GFP exhibit similar cell cycle. Cells stained with
propidium iodide were analyzed using flow cytometry. Cell cycle is presented as the means
and standard errors (n=8, P > 0.05). (C) VCP-GFP forms a hexameric structure. VCP-GFP
co-immunoprecipited with endogenous VCP (left panel). VCP-GFP protein complexes were
immunoprecipitated using anti-GFP antibody followed by Western blotting with anti-VCP
antibody. VCP-GFP and VCP were shown as a 124 kDa band (similar to the calculated
molecular mass of VCP-GFP) and a 97 kDa band (the molecular mass of monomeric VCP).
GAPDH was probed as a loading control. The native gel fluorescence imaging of VCP-GFP
showed that VCP-GFP is in a hexameric structure (right panel). The lysates of HEK293 cells
expressing VCP-GFP or GFP were resolved using 3-16% native gel. The gel image was
taken using a Fluoro Image Analyzer. The 650 to 750 kDa and 27 kDa bands were shown as
VCP-GFP and GFP, respectively. (D) VCP-GFP retains the ATPase activity. Protein
complexes were immunoprecipitated using anti-GFP or anti-VCP antibody from the lysates
of HEK?293 cells without transfection (Ctrl) or transfected with GFP or VCP-GFP. The
ATPase activities of the immunoprecipited protein complexes were analyzed using a
colorimetric ATPase assay. The ATPase activity was shown as the percentage of the
ATPase activity of immunoprecipitated protein complexes in the control sample. Data are
presented as mean and standard error of four experiments.
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Fig. 2.
IBMPFD mutations decrease the nuclear distribution of VCP. HEK293 cells were

transiently transfected with VCP-A1-206, VCP-A201-806 and WT VCP and imaged with
confocal microscopy (A) and then images were quantitatively analyzed using image J
software. The statistical analysis was showed that VCP-A1-206 is significantly lower than
WT (P<0.01, n=28). (C) IBMPFD mutants were transfected to HEK293, HOS cells and
primary neurons, and then imaged with an inverted fluorescence microscope. (D)
Quantitative analysis of the fluorescence intensity ratio between the nucleus and the
cytoplasm (FIRNC) in HEK293 cells expressing IBMPFD mutants was performed using
Olympus CellSens Dimension software. The result shows that the FIRNC of all the
IBMPFD mutants is WT is significantly lower than WT (P<0.001, n=50).
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FlgAP analysis of the nuclear entry of VCP-GFP in HEK293 cells. (A) The nucleus of the
cells expressing VCP-GFP or GFP were photobleached for 4 s (area indicated by red
boxes), and the fluorescence images were obtained at 4 s intervals over 400 s by confocal
microscopy. (B) Quantitative analysis from results in (A) for the fluorescence recovery in
the nucleus using single exponential FRAP of MIPAV software, where differences in
fluorescence recovery rate were observed between VCP-GFP and GFP.
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Fig. 4.
The mutation of ATP binding site in D1 or D2 domain of VCP-GFP decreases the nuclear

retention. (A) HEK293 cells transfected with VCP-GFP mutant Al or A2 were imaged
using confocal microscopy. (B) Quantitative analysis of the nuclear retention. Data are
presented as the fluorescence intensity ratio between the nucleus and the cytoplasm
calculated using MIPAV software (n=36, * P<0.05).
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Fig. 5.

Tk?e sequence 780-785 in the C-terminal region regulates VCP-GFP retention in the nucleus
and nucleoli. HEK293 cells were transiently transfected with C-terminal region deletion
mutant VCP-A780-806, VCP-A786-806 and VCP-A797-806 for 16 hr. The images were
taken under an inverted fluorescence microscope. (A) The images showed that VCP-
A780-806, but not VCP-A786-806 and VCP-A797-806, accumulates in the nucleus and
forms foci as indicated by red arrows. (B) Quantitative analysis of the results presented in
(A). Data are presented as the fluorescence intensity ratio between the nucleus and the
cytoplasm calculated using MIPAV software (n=48, * p<0.01). (C) The VCP-A780-806
transfected cells were stained using Hoechst 33342 and imaged with fluorescence
microscope and the images of the green fluorescence of VCP-A780-806 and the nucleus
were merged (scale bar = 5 uM). (D) HEK293 cells expressing VCP-A780-806 and VVCP-
AT786-806 mutants were fixed with cold methanol and stained with anti-nucleolin antibody
and TRITC labeled secondary antibody. Images were taken using confocal microscopy
(scale bar=5 uM).
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Fig. 6.
VCP-A780-806 proteins exhibit a higher nuclear import rate than WT VCP-GFP. HEK293

cells were transiently transfected with VCP-A780-806 or WT for 16 hr. (A) Large ROIs
indicated as red regions in the nucleus or cytoplasm were photobleached. Images were then
consecutively taken at 1 min intervals. (A) Representative images show increased
fluorescence intensity in the nucleus in cells expressing VCP-A780-806, but not WT,
noticeable after 5 and 9 min recovery. (B) Fluorescence photobleaching and recovery curves
are plotted using single exponential of MIPAV software. Photobleaching in the nucleus or
cytoplasm indicated as WT-N and VCP-A780-806-N or WT-C and VCP-A780-806-C.
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Fig. 7.

Effect of VCP-A780-806 on the nuclear distribution of VCP-GFP bearing R155H mutation.
HEK293 cells were co-transfected with R155H and control vector, VCP-A1-206, VVCP-
AT80-806 or WT for 16 hr. (A) The cells were imaged with an inverted fluorescence
microscope. (B) Fluorescence intensity ratio between nucleus and cytoplasm (FIRNC) were
calculated using Olympus CellSens Dimension software. The result showed that the FIRNC
of R155H and VVCP-A780-806 is significant higher than other cotransfectants (p<0.05,
n=50). (C) Distribution of the coexpressed VCP variants in the nuclear and cytoplasmic
fractions. HEK293 cells were transiently transfected with VCP-GFP variants as indicated
and then fractionated into the nuclear fraction (N) and cytoplasmic fraction (C). VCP-GFP
variants were detected by anti-GFP antibody. GAPDH and lamin A/C were used as
cytoplasmic and nuclear markers, respectively.
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Fig. 8.

incisand in trans effect of the C-terminal sequence 780-806 on VCP-A1-206. Cells were
transfected with VCP-A780-806 with control vector or VCP-A1-206, and VCP-A1-206 with
control vector, or VCP-A1-206-A780-806 for 16 hr. (A) The cells were imaged with an
inverted fluorescence microscope. (B) Fluorescence intensity ratio between the nucleus and
cytoplasm (FIRNC) were calculated using Olympus CellSens Dimension software. The
comparison of FIRNC between VCP-A780-806+VCP-A1-206 and VCP-A1-206 using
ANOVA showed a significant difference (p<0.05, n=50). (C) Distribution of VCP deletion
mutants in the nuclear and cytoplasmic fractions. HEK293 cells transiently transfected with
VVCP-GFP deletion mutants as indicated, and then fractionated into the nuclear fraction (N)
and cytoplasmic fraction (C). VCP-GFP variants were detected by anti-GFP antibody.
GAPDH and lamin A/C were used as cytoplasmic and nuclear markers, respectively.
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Schematic representation of VCP-GFP variants and summary of the nuclear retention. The N
domain or C-terminal deletion mutants are depicted. The nuclear retention (from Fig. 2, Fig.
4 and Fig. 5) are summarized as +/-, +, ++ and +++, which indicate low to high

fluorescence intensities.
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