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Identification of the key molecule that critically regulates patho-
genic T cell responses is important for the development of a novel
treatment for autoimmune diseases. EAE is an animal model of
MS, in which myelin Ag-specific Thl and Th17 responses are
known to be involved. In the present study, we demonstrated that
Tyk2, which is involved in IL-12- and IL-23-signaling, plays im-
portant roles in the development of EAE.

Tyk2 participates in signal transduction from multiple cytokine
receptors, among which IL-12-signaling has been shown to be
highly dependent on Tyk2 (20, 21). We first confirmed in vitro that
Tyk2 is critical to IL-12 signaling for the differentiation of Thi
cells. We further found that, although Tyk2 was dispensable for
IL-6-signaling for the differentiation of Th17 cells, Tyk2-deficient
Th17 cells did not respond to IL.-23. Consistent with the results of
the in vitro experiments, in vivo development of MOG-specific
Th1 cells was greatly reduced in Tyk2-deficient mice. However,
normal numbers of MOG-specific Th17 cells were detected in
Tyk2 KO mice. This was unexpected because it contradicts the
previous reports showing a greatly reduced numbers of MOG-spe-
cific Th17 cells in IL-23 KO mice as well as IL-23R KO mice (6,
30, 31). It might be speculated that Tyk2 is indispensable for IL-12
signaling but not for IL-23 signaling in vivo. Jak2, which is an-
other molecule associated with IL-23R and is activated by IL-23
stimulation (23), might compensate for the lack of Tyk2 in IL-23
but not IL-12 signaling, although this does not seem to fully ex-
plain the discrepancy between in vivo and in vitro results. Alter-
natively, defective IL-12-signaling, which drastically reduced Thl
responses in Tyk2 KO mice, might facilitate the development of
Th17 cells independently of IL-23 signaling in vivo, as IFN-y
counteracts the differentiation of Th17 cells (7, 32). During the

B10.D1 mice was reported (33). Although the mechanism for dis-
ease resistance was not fully addressed, the authors also found
defective IFN-+y production but relatively preserved IL-17A pro-
duction in CD4 T cells in B10.D1 mice.

Although it was shown that the development of EAE is totally
dependent on IL-23, the precise relationship between IL-23 and
Th17 in the pathogenesis of EAE remains elusive. Actually, IL-
17A is not as essential as IL-23 for the development of EAE,
because IL-17A-deficient mice and mice treated with anti-IL-17A
mAb developed EAE with mild to even normal severity (2, 34).
Additionally, disruption of other Th17-related cytokines, IL-17F
and IL-22, did not largely affect the development of EAE (34-36).
Although IL-23 can directly act on macrophages as a proinflam-
matory effector cytokine (3), it unlikely plays predominant roles as
evidenced by the normal development of adoptively transferred
EAE in IL-23 KO recipients (31). A recent study addressed a role
for IL-23 signaling in Th17 cells by using IL-23R KO mice, which
were also highly resistant to EAE induction (37). The authors de-
tected fewer IL-23R-deficient CD4 T cells than WT CD4 T cells in
the spinal cord of mixed bone marrow chimera mice. From the
analysis of OVA-specific TCR transgenic CD4 T cells, it was con-
cluded that IL-23 drove expansion of developing Th17 cells and
facilitated their terminal differentiation, which accompanied down-
regulation of CD27 and IL-2 and re-up-regulation of the IL-7Ra-
chain. Our observation that a significant but reduced number of
Tyk2-deficient CD4 T cells infiltrated in the spinal cord of the
mixed bone marrow chimera mice is consistent with their data and
suggests that the defective IL-23 signaling in Tyk2-deficient Th17
cells accounts for their impaired infiltration. However, we also
noted substantial differences in Th17 cells between IL-23R KO
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FIGURE 7. EAE was induced in MOG,;_ss-immunized Tyk2 KO mice
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condition for 4 days. B, Representative EAE score of naive WT mice and
MOG;;_ss-immunized Tyk2 KO mice, both of which were transferred with
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and Tyk2 KO mice. First, as described above, a similar number of
Th17 cells were detected in the dL.Ns of WT and Tyk2 KO mice
at day 21, while the number of Th17 cells in the periphery of
IL-23R KO mice greatly decreased from day 7 (37). The levels of
CD27 expression and IL-2 production were similar in Tyk2 KO
and WT CD4 T cells, although expression of the IL-7Ra-chain
was slightly decreased in Tyk2 KO CD4 T cells (data not shown).
Moreover, Tyk2-deficient Th17 cells were functionally competent,
as supplementation of a suboptimal number of WT Thl cells,
which did not induce EAE in naive WT mice, induced EAE in
MOG-immunized Tyk2 KO mice. Therefore, the mechanism for
EAE resistance might not be identical in Tyk2 KO mice and I.-23
or IL-23R KO mice.

Induction of EAE in MOG-primed Tyk2 KO mice by transfer-
ring WT Thl cells suggests that the diminished Th1 responses in
Tyk2 KO mice is also involved in the mechanism for disease re-
sistance. In this regard, the preferential ability of Thl cells to ac-
cess a noninflamed CNS, which initiated inflammation to facilitate
local entry of Th17 cells, is of particular interest (13). Furthermore,
in conflict with the earlier report by Cua et al. (3), Thakker et al.
showed that both IFN-+y and IL-17A production was impaired in
TL-23p19 KO mice (31). There is also evidence that administration
of IFN-vy exacerbated human multiple sclerosis (38). Nevertheless,
it is also well known that IFN-+y or IFN-yR KO mice are suscep-
tible to EAE (9-11), although its mechanism remains unknown. It
is possible that the absence of IFN-+vy signaling might exert effects
on the immune system beyond defective Thl responses. In fact, a
role for IFN-vy in the generation of Foxp3™ CD4 regulatory T cells
was reported (39). Additionally, a lack of IFN-vy likely results in an
overproduction of Th17 cells, which might circumvent the need for
Thl responses. Further studies are needed to elucidate the roles
and relationships of Thl and Th17 cells in various inflammatory
conditions in vivo.
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Treatment of autoimmune diseases has greatly advanced since
the introduction of biological reagents such as anti-TNF-a mAbs.
However, given the enormous number of patients with autoim-
mune diseases, safety and the cost of current injectable protein-
based therapies are a matter of concern. Therefore, much attention
has been paid more recently on small molecule inhibitors for in-
tracellular cytokine signaling. Jak family kinase is one of the can-
didate molecules and, in fact, Jak3 inhibitor is already under a
clinical trial for the treatment of rheumatoid arthritis (40). Because
the relative importance of Thl and Th17 cells in many autoim-
mune diseases has not yet been clarified, we propose from our
results that Tyk2 could be a candidate target molecule for their
treatment. In support of this idea, it was recently reported that
Tyk?2 was identified as a susceptible factor of human multiple scle-
rosis (41).
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Protrudin is a protein that contains a Rab11-binding domain
and a FYVE (lipid-binding) domain and that functions to pro-
mote neurite formation through interaction with the GDP-
bound form of Rab11. Protrudin also contains a short sequence
motif designated FFAT (two phenylalanines in an acidic tract),
which in other proteins has been shown to mediate binding to
vesicle-associated membrane protein-associated protein (VAP).
We now show that protrudin associates and colocalizes with
VAP-A, an isoform of VAP expressed in the endoplasmic retic-
ulum. Both the interaction between protrudin and VAP-A as
well as the induction of process formation by protrudin were
markedly inhibited by mutation of the FFAT motif. Further-
more, depletion of VAP-A by RNA interference resulted in
mislocalization of protrudin as well as in inhibition of neurite
outgrowth induced by nerve growth factor in rat pheochro-
mocytoma PC12 cells. These defects resulting from depletion
of endogenous rat VAP-A in PC12 cells were corrected by
forced expression of (RNA interference-resistant) human
VAP-A but not by VAP-A mutants that have lost the ability to
interact with protrudin. These results suggest that VAP-A is
an important regulator both of the subcellular localization of
protrudin and of its ability to stimulate neurite outgrowth.

The molecular mechanisms that underlie neurite formation
include both cytoskeletal remodeling and membrane traffick-
ing. Membrane components are transported in a directional
manner within the cell by a membrane recycling system, result-
ing in expansion of the surface area of the neurite, The small
GTPase Rabl1 regulates membrane recycling and constitutive
exocytosis (1), and it is thought to contribute to neurite forma-
tion through regulation of directional membrane transport.

We have recently identified protrudin as a key regulator of
Rabl1-dependent membrane trafficking during neurite exten-
sion. Protrudin interacts with FKBP38 (also known as FKBP8)
(2), which is a member of the immunophilin family of proteins
that bind the immunosuppressant drug FK506 (3). FKBPs are
multifunctional proteins that regulate the folding or export of
other proteins as a result of their peptidyl-prolyl cis-trans-
isomerase activity (4). Protrudin was found to interact with
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FKBP38, but not with other FKBP proteins such as FKBP12 or
FKBP52 (5). Protrudin is hyperphosphorylated in Fkbp38~ '~
mice, which manifest abnormal extension of nerve fibers (5).

Protrudin contains a Rabl1-binding domain (RBD11), two
transmembrane domains (TM1 and TM2),” an FFAT (two phe-
nylalanines in an acidic tract) motif (6), a coiled-coil domain,
and a FYVE domain (7). These structural characteristics sug-
gested that protrudin might function in membrane trafficking,
particularly in membrane recycling. The gene encoding
ZFYVE27 (a synonym of human protrudin) was recently found
to be mutated in a German family with an autosomal dominant
form of hereditary spastic paraplegia (AD-HSP), which is char-
acterized by selective degeneration of axons (8). The phenotype
of the affected individuals is similar to that of patients with
AD-HSP caused by mutation of spastin, a protein implicated in
neuronal vesicular trafficking (9), and protrudin was shown to
interact with spastin (8). These findings support the notion that
protrudin plays a key role in Rab11-mediated directional mem-
brane transport during neurite formation.

The subcellular localization of protrudin is dynamic.
Whereas it is localized to the endoplasmic reticulum (ER)
under basal conditions, nerve growth factor (NGF) triggers the
translocation of protrudin from the ER, via recycling endo-
somes, to the tip of membrane protrusions in neuronal cells.
Given that the FFAT motif is thought to serve as an ER targeting
signal (6), this motif might be expected to contribute both to the
localization of protrudin to the ER and to the regulation of
neurite formation by this protein. The FFAT motif {consensus
amino acid sequence of EFFDAXE, where X is any amino acid)
is present in several lipid-binding proteins that are implicated
in the transfer of lipids between the ER and other organelles
such as the Golgi apparatus (10, 11). Vesicle-associated mem-
brane protein-associated protein (VAP) interacts with these
lipid-binding proteins through their FFAT motifs (6, 11, 12).
The VAP-A and VAP-B isoforms of mammalian VAP are ER-
resident type II membrane proteins (13) that are encoded by
different genes (14); VAP-C is a splicing variant of VAP-B that

2The abbreviations used are: TM, transmembrane domain; AD-HSP, autoso-
mal dominant hereditary spastic paraplegia; ER, endoplasmic reticulum;
NGF, nerve growth factor; VAP, vesicle-associated membrane protein-as-
sociated protein; shRNA, short hairpin RNA; MS/MS, tandem mass spec-
trometry; GST, glutathione S-transferase; HA, hemagglutinin epitope; PDI,
protein-disulfide isomerase; PBS, phosphate-buffered saline; MSP, major
sperm protein.
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TABLE 1

Identification of protrudin-associated proteins by proteomics
analysis

HEK293T cells transiently expressing 3X FLAG-tagged human protrudin were sitb-
jected to immunoaffinity chromatography with anti-FLAG. Proteins in the column
eluate were digested with Lys-C endoproteinase, and the resulting peptide frag-
ments were analyzed directly with a highly sensitive liquid chromatography-
MS/MS system. The proteins reproducibly detected in two independent experi-
ments are listed. The percentage of sequence coverage for each protein is also
shown.

Protein Sequence coverage
%
Vesicle associated membrane protein-associated 14.5
protein A (VAP-A)
Vesicle associated membrane protein-associated 14.4
protein B and C (VAP-B/C)
T-complex protein 1, 8 subunit (TCPD) 9.2
T-complex protein 1, y subunit (TCPG) 7.7
T-complex protein 1, € subunit (TCPE) 6.3

lacks the membrane-spanning domain. VAP-A and VAP-B
share ~60% amino acid sequence identity, form homo- or het-
erodimers, and are expressed in many tissues (14 —16). In addi-
tion to their localization to the ER (16), VAP-A and VAP-B are
present in a wide range of intracellular membranes or mem-
brane structures, including the Golgi, the ER-Golgi intermedi-
ate compartment (17), tight junctions (18), neuromuscular
junctions (19), recycling endosomes, and the plasma membrane
(20).

We have now identified VAP-A and VAP-B as proteins
that interact with protrudin. Protrudin preferentially inter-
acts with VAP-A via its FFAT motif, and this motif was found
to be required for the protrudin-dependent formation of
membrane protrusions in HeLa cells. In addition, depletion
of VAP-A by RNA interference resulted in inhibition of
NGF-induced neurite outgrowth in the PC12 rat pheochro-
mocytoma cell line. This inhibition of neurite outgrowth was
reversed by expression of human VAP-A but not by that of
VAP-A mutants that have lost the ability to bind to protru-
din. These results suggest that interaction of protrudin with
VAP-A is important both for its ER retention and for its
ability to stimulate neurite formation.

EXPERIMENTAL PROCEDURES

Construction of Plasmids—Construction of vectors encoding
human protrudin and FKBP52 was described previously (2, 21).
Complementary DNAs encoding mutants of protrudin were
generated by the PCR with Prime Star polymerase (Takara,
Ohtsuy, Japan); those encoding VAP-A or VAP-B were gener-
ated by PCR from a human kidney cDNA library; and that
encoding RAMP4 was generated by PCR from a mouse thyroid
cDNA library. The VAP or RAMP4 cDNAs were subcloned
into the pEF-BOS-2X HA or pEF-BOS-2X Myc vectors (kindly
provided by Shigekazu Nagata, Kyoto University, Japan) or into
pGEX-6P (Amersham Biosciences). DNA fragments encoding
stem-loop-type short hairpin RNAs (shRNAs) specific for rat
VAP mRNAs (VAP-A-shRNA 1, 5'-GGTAGCACATTCGGA-
TAAACC-3'; VAP-A-shRNA 2, 5'-GCCGTGTCCTTCAGA-
GATAAT-3'; VAP-A-shRNA 3, 5'-GGATTCTTTCTAGGG-
AAATTC-3'; VAP-B-shRNA 1, 5'-GGGTCATTATAGGGA-
AGATCG-3'; VAP-B-shRNA 2, 5'-GGTGGTGCTGTTCTT-
TATTGT-3'; VAP-B-shRNA 3,5 -GCCCGACACTTCCGAT-
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FIGURE 1. Interaction between protrudin and VAP. A, extracts of HEK293T
cells transiently transfected with expression vectors for 3X FLAG-tagged pro-
trudin or FKBP52 (negative control} and for 2xX HA-tagged VAP-A or VAP-B
were subjected to immunoprecipitation (IP) with anti-FLAG. The resulting
precipitates, as well as a portion (1% of the input for immunoprecipitation) of
the cell extracts, were subjected to immunoblot analysis (1B} with anti-HA,
anti-FLAG, or anti-calnexin (loading control). B, mouse brain extract was sub-
jected to immunoprecipitation with anti-protrudin or control rabbit IgG, and
the resulting precipitates, as well as a portion (4% of the input for immuno-
precipitation) of the tissue extract, were subjected to immunoblot analysis
with anti-VAP-A and anti-protrudin. Ig,, Ig light chain.

Protrudin
EFKDAIE
B Input (1%) IP: FLAG
<<‘<é\ & 2 <<‘<‘:\\ o

b vapA

FLAG-FKBP52
FLAG-protrudin
FLAG-protrudin{D284A)
FLAG-protrudin{AFFAT}

IB| FLAG '

Calnexin [ s s w-—"—

FIGURE 2. Role of the FFAT motif in the interaction of protrudin with
VAP-A. A, domain organization of human protrudin. B, extracts of
HEK293T cells transiently transfected with an expression vector for 3%
FLAG-tagged protrudin, protrudin mutants (AFFAT or D294A), or FKBP52
were subjected to immunoprecipitation with anti-FLAG. The resulting
precipitates, as well as a portion (1% of the input for immunoprecipita-
tion) of the cell extracts, were subjected to immunoblot analysis with
anti-VAP-A, anti-FLAG, or anti-calnexin.

ATGGA-3"); or human VAP-B mRNA (5'-GGGAGGAGAAC-
AAGCAGTTCA-3') were synthesized, attached to the U6
promoter, and subcloned into the vector pIRES-Venus-B
(Venus ¢DNA was kindly provided by Atsushi Miyawaki,
RIKEN, Japan), which contains an internal ribosome entry site
and encodes the reporter protein Venus.

Drotein Identification by Liquid Chromatography-MS/MS
Analysis—Human protrudin tagged with the FLAG epitope at
its NH, terminus was transiently expressed in HEK293T cells
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FIGURE 3. Delineation of the regions of VAP-A responsible for interaction with protrudin. A, domain organization of human VAP-A and structure of
deletion mutants thereof. A summary of the ability of the mutants to bind protrudin as determined in B is shown on the right. B, full-length (FL) VAP-A or the
mutants thereof shown in A fused at their NH, termini to the 2x HA tag were expressed in HEK293T cells together with 3 x FLAG-tagged protrudin or FKBP52.
The cell extracts were subjected to immunoprecipitation with anti-FLAG, and the resulting precipitates, as well as a portion (1% of the input for immunopre-
cipitation) of the cell extracts, were subjected to immunoblot (/B) analysis with anti-HA, anti-FLAG, or anti-calnexin. C, full-length human VAP-A and the
indicated mutants thereof fused at their NH, termini to the 2 HA tag were expressed together with 3 X FLAG-tagged protrudin in HEK293T cells. The cell
extracts were subjected to immunoprecipitation with anti-FLAG, and the resulting precipitates, as well as a portion (1% of the input for immunoprecipitation)
of the cell extracts, were subjected to immunoblot analysis with anti-HA, anti-FLAG, or anti-calnexin, D, structure of VAP-A mutants fused to GST at their NH,
termini and a summary of their ability to bind to a Hiss-tagged COOH-terminal fragment of protrudin comprising residues 207409 (protrudin-C) as deter-
mined in £. E, Hiss-tagged protrudin-C was incubated with the GST-tagged VAP-A mutants shown in D or with GST-RhoA or GST as negative controls, and the
binding mixtures were then subjected to precipitation with glutathione-conjugated beads. The bead-bound proteins (Pull-down), as well as a portion (3 or 10%
of the input for precipitation) of the binding mixtures, were subjected to immunoblot analysis with anti-His and anti-GST. The asterisks indicate bands
corresponding to the GST-tagged proteins.
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and then purified together with associated proteins from cell
lysates by immunoaffinity chromatography with anti-FLAG.
Protrudin-associated proteins were digested with Lys-C endo-
proteinase, and the resulting peptides were analyzed with a
nanoscale liquid chromatography-MS/MS system as described
previously (22, 23). The peptide mixture was applied to a
Mightysil-PR-18 (particle size, 1 um; Kanto Chemical, Tokyo,
Japan) fritless column (45 X 0.150-mm inner diameter) and
fractionated over 30 min at a flow rate of 50 nl/min with a 0 to
40% gradient of acetonitrile in 0.1% formic acid. Eluted peptides
were sprayed directly into a quadropole time-of-flight hybrid
mass spectrometer (Q-Tof Ultima; Micromass, Manchester,
UK). Mass spectrometry and MS/MS spectra were obtained ina
data-dependent mode. Up to four precursor ions with an inten-
sity above a threshold of 10 counts/s were selected for MS/MS
analysis from each survey scan. All of the MS/MS spectra were
compared with protein sequences in Swiss Prot and RefSeq
(NCBI) with the use of batch processes of the Mascot software
package (Matrix Science, London, UK). The criteria for match
acceptance included the following: (i) if the match score
exceeded the threshold by 10, identification was accepted with-
out further consideration; (ii) if the difference between the
score and the threshold was <10, or if a protein was identified
on the basis of a single matched MS/MS spectrum, we manually
confirmed the raw data before acceptance; and (iii) peptides
assigned by fewer than three y series ions and those with a
charge of +4 were eliminated regardless of their scores.

Cell Culture and Transfection—HEK293T and Hela cells
were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (Invitrogen). PC12 cells
were maintained in RPMI 1640 medium (Invitrogen) supple-
mented with 10% fetal bovine serum; they were treated with
recombinant human NGF (Millipore, Billerica, MA) at 100
ng/ml in RPMI 1640 supplemented with 1% fetal bovine serum.
PC12 cells were transfected with the use of a Nucleofector sys-
tem (Amaxa Biosystems, Cologne, Germany), whereas other
cell types were transfected with the use of the FuGENE 6 rea-
gent (Roche Applied Science).

Antibodies—Rabbit polyclonal antibodies (for immunoblot
analysis and immunoprecipitation) and a mouse monoclonal
antibody (for immunofluorescence staining) specific for pro-
trudin were generated in response to a His,-tagged recombi-
nant protein corresponding to amino acids 206 —335 of human
protrudin. A mouse monoclonal antibody to VAP-A was
obtained from BD Biosciences (San Jose, CA), and rabbit poly-
clonal antibodies to VAP-B were kindly provided by Masaaki
Matsuoka (Keio University, Japan). A mouse monoclonal anti-
body to glutathione S-transferase (GST) was obtained from
MBL (Nagoya, Japan); rabbit polyclonal antibodies (H-15) to
His, were from Santa Cruz Biotechnology (Santa Cruz, CA);
antibodies to FLAG (mouse monoclonal M2 and rabbit poly-
clonal) and a mouse monoclonal antibody (9E10) to Myc were
from Sigma; a mouse monoclonal antibody (HA11) to the HA
epitope was from Research Diagnostics (Flanders, NJ); and rab-
bit polyclonal antibodies (HA-Y11) to HA were from Funakoshi
(Tokyo, Japan). Rabbit polyclonal antibodies to calnexin were
obtained from Stressgen (Victoria, Canada); a mouse mono-
clonal antibody to HSP90 (heat shock protein of 90 kDa) was
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ing 2X HA-tagged VAP-A and deletion mutants thereof were fixed and pro-
cessed for immunofluorescence analysis with anti-HA (green) and anti-PDI
{red). The cells were examined with a confocal microscope. The merged
images are also shown, B, Hela cells expressing 3 FLAG-protrudin and 2X
HA-tagged VAP-A or the indicated mutants thereof were fixed and processed
for immunofluorescence staining with anti-FLAG (green) and anti-HA (red).
The merged images are also shown.

from BD Biosciences; and a mouse monoclonal antibody to
protein-disulfide isomerase (PDI) was from Affinity Biore-
agents {(Golden, CO). Alexa 488- or Alexa 546-conjugated goat
antibodies to mouse or rabbit IgG were from Molecular Probes
(Invitrogen).

Immunoblot Analysis and Immunoprecipitation—The cells
were lysed in a solution containing 40 mm HEPES-NaOH (pH
7.6), 150 mm NaCl, 10% glycerol, 0.5% Triton X-100, 10 mm
MgCl,, 1 mm Na,VO,, 25 mM NaF, 1 mum phenylmethylsulfonyl
fluoride, aprotinin (10 pg/ml), leupeptin (10 pg/ml), and 10 pum
MG132. After incubation for 10 min at 4 °C, the lysate was
centrifuged at 20,400 X g for 10 min at 4 °C, and the protein
concentration of the resulting supernatant was determined
with the Bradford assay (Bio-Rad). Whole mouse brain was
homogenized by 10 strokes (900 rpm) of a Potter homogenizer
in a solution containing 20 mm HEPES-NaOH (pH 7.6), 0.32 M
sucrose, 1 mm Na,VO,, 25 mum NaF, aprotinin (10 pg/ml), leu-
peptin (10 pg/ml), 10 pm MG132, 1 mM phenylmethylsuifonyl
fluoride, and 1 mm EDTA. The homogenate was centrifuged at
1000 X g for 5 min at 4 °C, and the resulting supernatant was
centrifuged at 60,000 X g for 2h at 4 °C. The crude microsomal
pellet was resuspended in a solution containing 40 mm HEPES-
NaOH (pH 7.6), 150 mm NaCl, 10% glycerol, 0.1% Triton X-100,
10 mm MgCl,, 1 mm Na,VO,, 25 mm NaF, 1 mm phenylmeth-
ylsulfonyl fluoride, aprotinin (10 pug/ml), leupeptin (10 ug/ml),
and 10 uM MG132, incubated for 10 min at 4 °C, and then
centrifuged at 20,400 X gfor 1 min at4 °C. The protein concen-
tration of the resulting supernatant was then determined with
the Bradford assay.

The cell and mouse brain extracts were subjected to SDS-
polyacrylamide gel electrophoresis, and the separated proteins
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FIGURE 5. Role of the MSP domain in the interaction of VAP-A with protrudin. A, structure of human VAP-A, the MSP mutant thereof, RAMP4, and the
chimeric protein MSP-RAMP4TM as well as a summary of their abilities to bind protrudin as determined in C. B, left panel, Hela cells expressing 2x
Myc-tagged VAP-A, MSP, RAMP4, or MSP-RAMP4TM were fixed and processed for immunofluorescence analysis with anti-Myc (green) and anti-PD! (red).
The merged images are also shown. B, right panel, Hela cells expressing 3X FLAG-protrudin and 2X Myc-tagged VAP-A, MSP, RAMP4, or MSP-RAMP4TM
were fixed and processed for immunofluorescence staining with anti-FLAG (green) and anti-Myc (red). The merged images are also shown. C, VAP-A,
MSP, RAMP4, or MSP-RAMPATM fused at their NH, termini to the 2X Myc tag were expressed in HEK293T cells together with 3X FLAG-tagged protrudin
or FKBP52, The cell extracts were subjected to immunoprecipitation (IP} with anti-FLAG, and the resulting precipitates, as well as a portion (1% of
the input for immunoprecipitation) of the cell extracts, were subjected to immunoblot analysis with anti-Myc, anti-FLAG, or anti-calnexin. /B,
immunoblot.

were transferred to an Immobilon-P membrane (Millipore) and  were incubated with anti-FLAG or anti-protrudin and with
probed with primary antibodies. Immune complexes were protein G-Sepharose 4 Fast Flow (Amersham Biosciences).

detected with Super Signal reagents (Thermo Scientific, Rock- Immunofluorescence Staining—HeLa cells grown on glass
ford, IL). For immunoprecipitation, cell or mouse brain extracts  coverslips were transfected with the use of the FUGENE 6 rea-
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FIGURE 6. Mutation of the FFAT motif impairs the ability of protrudin to induce process formation in
Hela cells. A, Hela cells transfected with an expression vector for 3X FLAG-tagged protrudin or the AFFAT
mutant thereof were subjected to immunofluorescence staining with anti-FLAG (green). The nuclei were also
stained with Hoechst 33258 (blue). Band C, Hela cells transfected with expression vectors for 3 X FLAG-tagged
FKBP52, protrudin, protrudin(AFFAT), or protrudin{D294A) for 36 h (B} or 48 h (C) were stained with anti-FLAG
{green), and the proportion of transfected cells with protrusions was determined. The data are the means + S.E.
of values from three independent experiments. p < 0.01 (one-way analysis of variance). *, p < 0.05 (Tukey-
Kramer test). D, Hela cells transfected with expression vectors for 3%X FLAG-tagged protrudin and 2X HA-
tagged VAP-A or VAP-B (or the corresponding empty vectors) were stained with anti-FLAG (green) or anti-HA
(red), and the proportion of transfected cells with protrusions was determined. The data are the means + S.E.
of values from three independent experiments. *, p < 0.005 (Student's ttest). £, Hel a cells were transfected for
48 h with an expression vector for VAP-A-shRNA 3 (or with the corresponding empty vector, pIRES-Venus-B) as
well as with a vector for 3x FLAG-protrudin, after which cell extracts were subjected to immunoblot (/B)
analysis with anti-VAP-A, anti-VAP-B, anti-FLAG, or anti-calnexin. F, quantitation of protrusion formation in cells
treated as in E. The data are the means = S.E. of values from three independent experiments. Independent
experiments were performed on different days (B-D and F).

gent and subsequently prepared for immunostaining. In brief,
the cells were fixed for 15 min at room temperature with 4%
formaldehyde in phosphate-buffered saline (PBS) and were
then incubated for 1 h at room temperature first with primary
antibodies in PBS containing 0.1% bovine serum albumin and
0.1% saponin and then with Alexa 488- or Alexa 546-labeled
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goat secondary antibodies at a dilu-
tion of 1:2000. The cells were finally
stained with Hoechst 33258 (Wako,
Osaka, Japan), covered with a drop
of GEL/MOUNT (Biomeda, Foster
City, CA) and examined with a
confocal fluorescence microscope
{Radiance 2000, Bio-Rad).
Transfected PC12 cells were
grown on glass coverslips coated
with poly-L-lysine and subsequently
prepared for immunostaining. In
brief, the cells were fixed for 10 min
at room temperature with 4% form-
aldehyde in PBS and were then
incubated for 1 h at room tempera-
ture first with primary antibodies in
PBS containing 0.1% bovine serum
albumin and 0.1% saponin and then
with Alexa 546-labeled goat second-
ary antibodies at a dilution of
1:2000. The cells were then covered
with a drop of GEL/MOUNT and
examined with a confocal fluores-
cence microscope (Radiance 2000).
In Vitro Binding Assay—Recom-
binant GST- or His,-tagged pro-
teins were expressed in and purified
from Escherichia coli. Recombinant
Hisg-protrudin(207-409) (1 ug in
12 pl of a solution containing 20 mm
Tris-HCl, pH 7.5, and 150 mwm
NaCl) and GST-VAP-A or mutants
thereof (0.5 ug in 600 ul of a solu-
tion containing 20 mm Tris-HCl, pH
7.5, and 150 mMm NaCl) were mixed
and then incubated at 4°C for 1 h
with rotation. After the addition of
glutathione-Sepharose 4B beads
(Amersham Biosciences), the mix-
ture was incubated for an additional
1 h at 4 °C with rotation. The beads
were then washed twice with 50 vol-
umes of Tris-buffered saline, and
the bound proteins were subjected
to immunoblot analysis.
Quantitation of Process Forma-
tion—Transfected cells with pro-
cesses whose length was greater
than the diameter of the nucleus
were counted. For evaluation of the
effects of FKBP52, protrudin, or

protrudin mutants, the cells were immunostained with the M2
antibody to FLAG, whereas the effects of VAP-A or VAP-B
were evaluated by immunostaining with the HA-Y11 antibody
to HA. Ten nonoverlapping photomicrographs of each sample
were examined for cell protrusion with a confocal fluorescence
microscope (Radiance 2000).
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FIGURE 7. Depletion of VAP-A results in inhibition of NGF-induced neurite outgrowth in PC12 cells.
A, PC12 cells were transfected with expression vectors encoding shRNAs specific for VAP-A or VAP-B mRNAs, or
with the corresponding empty vector (pIRES-Venus-B), for 48 h, after which cell extracts were prepared and
subjected to immunoblot (/B) analysis with anti-VAP-A, anti-VAP-B, or anti-calnexin. B, PC12 cells transfected
with the indicated vectors as in A were stimulated with NGF for 24 h and then examined for Venus fluorescence.,
C, the proportion of transfected cells with protrusions in experiments similar to that shown in Bwas quantified.
The data are the means + S.E. of values from three independent experiments, which were performed on

different days.

RESULTS

Protrudin Interacts with VAP-A via Its FFAT Motif—To
investigate the physiological role of protrudin, we adopted a
proteomics approach to identify proteins with which it is phys-
ically associated in cells. Human protrudin tagged with the
FLAG epitope at its NH, terminus was expressed in HEK293T
cells and then purified together with associated proteins from
cell lysates by immunoaffinity chromatography with anti-
FLAG. Proteins in the column eluate were digested with Lys-C
endoproteinase, and the resulting peptide fragments were ana-
lyzed directly with a highly sensitive liquid chromatography-
MS/MS system. The protrudin-associated proteins identified
by this approach included VAP-A and VAP-B/C (Table 1).

To confirm the interaction between protrudin and VAP, we
performed a coimmunoprecipitation assay. Immunoprecipi-
tates were prepared with anti-FLAG from lysates of HEK293T
cells transfected with expression vectors both for FLAG-tagged
protrudin (or FLAG-tagged FKBP52 (24) as a control) and for
HA-tagged VAP-A or VAP-B. We previously showed that pro-
trudin interacts with FKBP38, but not with FKBP12 or FKBP52
(5). The resulting precipitates were then subjected to immuno-
blot analysis with anti-HA and anti-FLAG (Fig. 14). Both
VAP-A and VAP-B were detected in the immunoprecipitates
prepared from the cells expressing FLAG-protrudin, but the
efficiency of immunoprecipitation for VAP-A was much
greater than that for VAP-B.

13772 JOURNAL OF BIOLOGICAL CHEMISTRY

Similar analysis was performed
to detect the potential interaction
between endogenous proteins.
Immunoprecipitates prepared from
mouse brain extracts with anti-pro-
trudin were subjected to immuno-
blot analysis with anti-VAP-A and
anti-protrudin. Endogenous VAP-A
was coprecipitated with endoge-
nous protrudin (Fig. 1B). Together,
these various data indicated that
protrudin interacts with VAP-A in
the physiological setting.

Given that VAP interacts with the
FFAT motif of certain proteins (11,
25), we examined whether the bind-
ing of VAP-A to protrudin might be
dependent on the FFAT motif of
protrudin. We constructed two
mutants of human protrudin,
AFFAT and D294A (Fig. 2A); the
former lacks the entire FFAT motif
(EFKDALIE), and the latter contains
Ala instead of Asp®®*, which is
required for binding of proteins to
the FFAT motif (6). The amount of
endogenous VAP-A associated with
either mutant in HEK293T cells was
greatly reduced compared with that
associated with the wild-type pro-
tein, even though the expression
levels of the protrudin mutants were
similar to that of the wild-type protein (Fig. 2B). The residual
interaction observed between VAP-A and the protrudin
mutants was likely attributable to the fact that VAP and FFAT
motif-containing proteins form a 2:2 tetramer (26), with the
result that the protrudin mutants may be present in complexes
of the endogenous wild-type protrudin with VAP-A. These data
thus suggested that the interaction of protrudin with VAP-A is
dependent on its FFAT muotif.

VAP-A Interacts with Protrudin in the ER via Its MSP and
TMs—VAP-A contains an major sperm protein (MSP) domain,
a coiled-coil (CC) domain, and a single TM. We next investi-
gated which of these domains are required for interaction with
protrudin by generating a series of deletion mutants of VAP-A
(AMSP29, AMSP59, AMSP89, AMSP, MSP, ATM, AER, and
ACC) and examining their ability to associate with FLAG-pro-
trudin in a coimmunoprecipitation assay (Fig. 3, A and B). Dele-
tion of 59 amino acids from the NH, terminus of VAP-A
(AMSP59) did not appear to affect its interaction with protru-
din, whereas deletion of 89 amino acids from the NH, terminus
(AMSP89) or of the entire MSP domain (AMSP) greatly
reduced the efficiency of such binding. The COOH-terminal
transmembrane domain of VAP-A appeared essential for the
interaction with protrudin, given that the deletion mutants
MSP and ATM did not show binding. The COOH terminus of
VAP-A contains a KDEL-like sequence (KFIL), which functions
as an ER retention signal (27). A mutant (AER) that lacks this
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sequence associated with protrudin, albeit with a reduced effi-
ciency. The coiled-coil domain, which is thought to contribute
to protein-protein interaction, was not necessary for binding of
VAP-A to protrudin. We also prepared a series of point
mutants of VAP-A. In particular, mutation of Lys** and Met”®
(equivalent to Lys®” and Met® of the rat protein), residues that
have been shown to be critical for binding to other FFAT motif-
containing proteins, attenuated (but did not abolish} the inter-
action between VAP-A and protrudin (Fig. 3C), whereas other
mutations (K52N, T53A/T54A, or K125N) corresponding to
residues that are important for binding of the yeast VAP hom-
olog Scs2p to other FFAT motif-containing proteins (28) did
not affect the interaction of VAP-A with protrudin.

To examine the direct interaction between VAP-A and pro-
trudin in vitro, we performed a pulldown assay. Recombinant
GST-tagged VAP-A and six mutants thereof were produced in
bacteria and tested for their ability to bind to recombinant His-
tagged protrudin (Fig. 3, D and E). The VAP-A mutants K94D/
M96D, MSP, AMSP, and TM bound to protrudin, although the
efficiency of binding appeared to be lower than that with full-
length VAP-A. In contrast, the mutants AMSP/ATM and
AMSP/ATM2 (as well as the negative controls GST and GST-
RhoA) did not interact with protrudin. These results suggested
that both the MSP and transmembrane domains of VAP-A are
required for binding to protrudin.

The VAP-A mutant MSP did not interact with protrudin
in vivo, although it did so in vitro. One possible explanation
of this discrepancy was that the subcellular distribution of
the VAP-A mutant differs from that of protrudin. We there-
fore performed immunofluorescence analysis of HeLa cells
expressing various HA-tagged VAP-A constructs and
FLAG-tagged protrudin. The immunofluorescence signals
of wild-type VAP-A as well as of VAP-A mutants that retain
an intact transmembrane domain merged with those of the
ER marker protein PDI (Fig. 44) (29), suggesting that they
reside in the ER. These VAP-A constructs also colocalized
with protrudin (Fig. 4B). In contrast, VAP-A mutants that
lack an intact transmembrane domain (MSP and ATM) were
distributed throughout the cytoplasm and only partially
colocalized with protrudin or PDI The distribution of pro-
trudin appeared to be in part independent of coexpressed
VAP-A mutants, probably because a substantial amount of
endogenous VAP-A is present in these cells; protrudin pre-
sumably associates with the endogenous VAP-A and thereby
localizes to the ER. These results thus suggested that both
the MSP domain and the transmembrane domain of VAP-A
contribute to the interaction with the FFAT motif of protru-
din and that the transmembrane domain is also necessary for
ER retention, which is a prerequisite for the interaction with
protrudin.

To examine whether the MSP domain of VAP-A is intrinsi-
cally capable of interacting with protrudin in vive, we generated
a chimeric protein, designated MSP-RAMP4TM (Fig. 54).
RAMP4 is a small tail-anchored protein that exposes the NH,
and COOH termini to the cytoplasmic and lumenal sides of the
ER membrane, respectively (30). MSP-RAMP4TM was con-
structed by fusion of the MSP domain of VAP-A and the
COOH-terminal transmembrane domain of RAMP4. Immu-
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FIGURE 8. Interaction of protrudin with VAP-A is required for NGF-in-
duced neurite outgrowth in PC12 cells. A, PC12 cells were transfected for
48 h with an expression vector encoding both VAP-A-shRNA 2 and Venus as
well as with a vector for the indicated 2X HA-tagged mutants of human
VAP-A, after which the cells were stimulated with NGF for 48 h and then
subjected to immunofluorescence analysis with anti-HA (red). Venus fluores-
cence images (green) and merged images are also shown. B, quantitation of
protrusion formation in cells treated as in A, The data are the means = S.E. of
values from three independent experiments, which were performed on dif-
ferent days.
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nofluorescence analysis of Hela
cells expressing FLAG-tagged pro-
trudin as well as Myc epitope-
tagged forms of VAP-A, MSP,
RAMP4, or MSP-RAMPATM re-
vealed that VAP-A, RAMP4, and
MSP-RAMP4TM colocalized with
the ER marker protein PDI (Fig. 5B),
suggesting that these proteins reside
in the ER. VAP-A and MSP-
RAMP4TM also colocalized with
protrudin (Fig. 5B). We next exam-
ined the ability of MSP-RAMP4ATM
to associate with protrudin in
a coimmunoprecipitation assay.
VAP-A and MSP-RAMP4TM inter-
acted with protrudin, whereas MSP
and RAMP4 did not (Fig. 5C). There
results thus suggested that the MSP
domain of VAP-A alone is able to
interact with protrudin if it is local-
ized to the ER. They are also consist-
ent with the in vitro binding data
showing that the MSP domain of
VAP-A associates with protrudin in
solution (Fig. 3E).

Mutation of the FFAT Motif
Attenuates Protrudin Function—
Expression of FLAG-protrudin in
HelLa cells results in the generation
of long processes (2) (Fig. 64). To
evaluate the effect of the interaction
of protrudin with VAP-A on the
process forming activity of protru-
din, we first examined process for-
mation in HeLa cells expressing
FFAT mutants of protrudin
(AFFAT and D294A) that have lost
the ability to bind VAP-A. Protru-
sion was observed in <5% of cells
expressing FKBP52 (negative con-
trol), whereas ~20% cells express-
ing wild-type protrudin showed
process formation. In contrast, the
efficiency of process formation was
significantly reduced in cells
expressing either FFAT mutant of
protrudin compared with that in
cells expressing the wild-type pro-
tein (Fig. 6, A—C). The residual
process forming activity of the
FFAT mutants was likely attribut-
able to the formation of VAP-pro-
trudin complexes containing both
wild-type and mutant protrudin,

as mentioned above. These results suggested that the FFAT
motif of protrudin is necessary for the ability of the protein

to induce process formation.
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We next examined the effect of VAP overexpression on proc-
ess formation. Neither VAP-A nor VAP-B alone induced proc-
ess formation in HeLa cells (Fig. 6D). However, the expression
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of VAP-A slightly but significantly increased the stimulatory
effect of protrudin on process formation. VAP-B did not exhibit
such an effect, consistent with the observation that the extent of
binding of VAP-B to protrudin was much reduced compared
with that of VAP-A (Fig. 14).

Wealso examined the effect of VAP-A depletion on the proc-
ess forming activity of protrudin by RNA interference with a
VAP-A shRNA (VAP-A-shRNA 3) that targets both rat and
human VAP-A mRNAs (Fig. 6E). Depletion of VAP-A resulted
in marked inhibition of the process forming activity of protru-
din (Fig. 6F). These results thus suggested that the interaction
of protrudin with VAP-A is important for the process forming
activity of protrudin.

VAP-A Is Essential for Protrudin-dependent Neurite Out-
growth—We next investigated whether VAP might be neces-
sary for neurite extension in neurons by examining NGF-in-
duced neurite outgrowth in PC12 cells depleted of VAP-A or
VAP-B by RNA interference. Three different shRNAs specific
for VAP-A mRNA or for VAP-B mRNA were tested for their
ability to deplete the corresponding protein (Fig. 74), and the
most effective shRNAs (VAP-A-shRNA 2 and VAP-B-shRNA
2) were examined for their effects on NGF-induced neurite for-
mation in PC12 cells. Depletion of VAP-A, but not that of
VAP-B, resulted in marked inhibition of NGF-induced neurite
outgrowth (Fig. 7, B and C). Moreover, depletion of VAP-A in
PC12 cells eventually led to cell death (data not shown), as pre-
viously observed in rat primary neurons (31) These results thus
suggested that VAP-A is essential for neurite formation and cell
survival in neurons.

Given that human and rat VAP-A proteins share ~97%
amino acid sequence identity, we investigated whether the
defect in neurite outgrowth in PC12 cells depleted of VAP-A
might be corrected by introduction of human VAP-A. Human
VAP-A was resistant to shRNA-mediated interference because
of a 4-nucleotide difference in the sequence corresponding to
VAP-A-shRNA 2 between the human and rat mRNAs. Human
VAP-A indeed restored the ability of NGF to induce neurite
formation in PC12 cells that had been depleted of endogenous
rat VAP-A (Fig. 8). Cell death induced by VAP-A depletion was
also suppressed by expression of human VAP-A (data not
shown). These results indicated that human VAP-A is func-
tionally interchangeable with rat VAP-A.

We next tested the ability of VAP-A mutants to restore the
induction of neurite outgrowth by NGF in PC12 cells depleted
of endogenous VAP-A. Whereas the human VAP-A mutants
K94D/M96D and AMSP, both of which interact with protrudin,
restored NGF-induced neurite outgrowth to the same extent as
did wild-type VAP-A, the mutant ATM, which does not reside

Regulation of Protrudin Function by VAP

in the ER and has lost the ability to bind to protrudin, failed to
restore this effect of NGF (Fig. 8). These results suggested that
the interaction of protrudin with VAP-A is likely indispensable
for the neurite-extending function of protrudin. Alternatively,
it remains possible that the failure of the ATM mutant to
restore NGF-induced neurite formation in VAP-A-depleted
PC12 cells might be explained by the transmembrane domain
being essential for VAP-A localization and function rather than
for interaction with protrudin.

VAP-A Is Required for Protrudin Localization—Protrudin
resides in the ER of PC12 cells in the absence of NGF, whereas
it is translocated to recycling endosomes in response to NGF
stimulation (2). To investigate whether VAP-A might affect the
subcellular distribution of protrudin in PC12 cells, we exam-
ined cells depleted of VAP-A or VAP-B by RNA interference
(Fig. 94). Immunofluorescence staining of control cells stimu-
lated with NGF for 6 h revealed that endogenous protrudin was
concentrated in the region containing recycling endosomes,
whereas such transport of protrudin from the ER to recycling
endosomes was not evident in cells depleted of VAP-A (Fig. 9B).
Examination of VAP-A-depleted cells expressing FLAG-pro-
trudin at longer times of exposure to NGF revealed that FLAG-
protrudin became diffusely distributed throughout the cell
body and that neurite extension was inhibited (Fig. 9C). In con-
trast, depletion of VAP-B affected neither the localization of
protrudin nor neurite extension (Fig. 9B and data not shown).
We examined the effect of VAP-A or VAP-B depletion (Fig. 9D)
on the distribution of FLAG-protrudin in more detail in HeLa
cells. Immunofluorescence corresponding to FLAG-protrudin
was apparent only in the periphery of cells depleted of VAP-A,
whereas itappeared to be localized to the ER in control cellsand
VAP-B-depleted cells (Fig. 9E). The localization of PDI was
unaffected by VAP-A or VAP-B depletion. These results sug-
gested that VAP-A is indispensable for ER retention of protru-
din in HeLa cells, which is important for its neurite extending
function.

DISCUSSION

Protrudin was discovered on the basis of its ability to induce
process formation in non-neuronal cells, and this activity was
shown to be essential for neurite outgrowth in neuronal cells (2,
5). Protrudin resides in the ER of neuronal cells in the absence
of NGF, but it translocates to recycling endosomes in response
to NGF stimulation and is ultimately transported to the tip of
newly formed neurites (2). We have now investigated the
molecular mechanism that underlies this translocation of pro-
trudin by attempting to isolate proteins that interact with itand
regulate its subcellular localization. Proteomics analysis led to

FIGURE 9. Depletion of VAP-Aresultsin an abnormal subcellular distribution of protrudin. A, PC12 cells were transfected for 48 h with an expression vector
for VAP-A-shRNA 2 or VAP-B-shRNA 2 or with the corresponding empty vector (pIRES-Venus-B). The cell extracts were then prepared and subjected to
immunoblot (1B) analysis with anti-VAP-A, anti-VAP-B, or anti-calnexin. B, PC12 cells transfected as in A were stimulated with NGF for 6 h and then subjected to
immunofluorescence analysis with anti-protrudin (red) or anti-PDI {red). Arrowheads indicate the pericentrosomal region. C, PC12 cells transfected as in A but
in the additional presence of an expression vector for 3X FLAG-protrudin were stimulated with NGF for the indicated times and then subjected to immuno-
fluorescence staining with anti-FLAG {red). The cells were also monitored for Venus fluorescence (green). D, Hela cells were transfected for 48 h with an
expression vector for VAP-A-shRNA 3 or for an shRNA specific for human VAP-B (or with the corresponding empty vector, pIRES-Venus-B) as well as with a vector
for 3% FLAG-protrudin, after which cell extracts were subjected to immunoblot analysis with anti-VAP-A, anti-VAP-B, or anti-calnexin. £, Hela cells transfected
as in D were stained with anti-FLAG (red) or anti-PD! (red). The cells were also monitored for Venus fluorescence (green). Arrows indicate cells depleted of VAP-A
(Venus positive); the arrowhead indicates a cell not depleted of VAP-A (Venus negative). The merged images are also shown. F,a model of VAP-Afunction in the
regulation of protrudin.
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the identification of VAP-A and VAP-B as proteins that inter-
act with protrudin. These proteins are thought to regulate the
localization of proteins that contain an FFAT motif through
interaction with this motif (11). VAP-A and VAP-B were thus
candidates for regulators of protrudin localization. Indeed, we
found that VAP-A interacts with protrudin through the FFAT
motif of the latter and that it is required for the ER retention of
protrudin in HelLa cells, In contrast, the NGF-induced trans-
port of protrudin from the ER to recycling endosomes in PC12
cells was shown to be dependent on VAP-A, as was the process
forming activity of protrudin. Although the reason for the dif-
ference in the effects of VAP-A depletion on protrudin local-
ization between HeLa and PC12 cells (Fig. 9, B and E) remains
unclear, it might be attributable to the difference in the extent
of VAP-A depletion, which was partial in PC12 cells but almost
complete in HelLa cells (Fig. 9, A and D) or to a difference in the
inherent properties of the two cell types. Consistent with the
latter notion, VAP-A depletion eventually results in cell death
in PC12 cells but not in HeLa cells {data not shown). Depletion
of VAP-A also triggers cell death in primary cultured rat hip-
pocampal neurons (31).

The FFAT motif-containing proteins CERT (11), OSBP (25),
and Nir-2 (12) interact with VAP and possess lipid binding
activity. The interaction of VAP with the FFAT motifs of these
proteins is required for their mediation of lipid transport
between intracellular membrane systems. For example, in addi-
tion to an FFAT motif, CERT contains a Start domain, which
interacts with ceramide and serves to mediate ER-Golgi traf-
ficking of ceramide. Protrudin also contains a FYVE domain,
which is thought to mediate the association of proteins with
phosphatidylinositol 3-phosphate (32). These common charac-
teristics of FFAT motif-containing proteins suggest that pro-
trudin might contribute to vesicular transport through its asso-
ciation with lipids in the vesicular membrane and that this role
might be regulated by VAP.

The MSP domain of VAP-A has been shown to be responsi-
ble for the binding of VAP-A to the FFAT motif of its target
molecules. The crystal structure of a complex of VAP-A with
the FFAT motif revealed that Lys®” and Met® of rat VAP-A are
important for the interaction (26). We have now shown that the
corresponding residues of human VAP-A (Lys®* and Met®®)
contribute to its interaction with protrudin. In contrast, muta-
tion of other residues of human VAP-A corresponding to those
implicated in the interaction of VAP-A with the FFAT motif,
including Lys®?, Thr®®, Thr®, and Lys'*, was found not to
affect the binding of human VAP-A to protrudin. However, the
fact that VAP and FFAT motif-containing proteins form a 2:2
tetramer (26) makes it difficult to interpret the results of such
binding analyses in cells because of the presence of the endog-
enous wild-type protein. In addition to the MSP domain, the
transmembrane domain of VAP-A also appeared to be impor-
tant for the interaction with protrudin (Fig. 9F). The manner of
the interaction between VAP-A and protrudin may thus differ
somewhat from that of the interaction between VAP-A and
other FFAT motif-containing proteins.

Dysfunction of VAP or protrudin is implicated in human
neurological disorders. A mutation in the MSP domain (P56S)
of human VAP-B has been associated with familial amyotro-

13776 JOURNAL OF BIOLOGICAL CHEMISTRY

phic lateral sclerosis (33, 34). This condition is characterized by
the death of motor neurons in the cerebral cortex, brainstem,
and spinal cord, eventually resulting in muscle weakness and
atrophy followed by death caused by respiratory failure 2-5
years after disease onset. The P56S mutation affects the inter-
action of VAP-B with other cellular proteins (35). ZFYVE27
{protrudin) was also found to be mutated in a German family
with AD-HSP, which is characterized by the selective degener-
ation of axons (8). The phenotype of the affected individuals is
similar to that of patients with AD-HSP caused by mutation of
spastin, a protein implicated in the trafficking of vesicular cargo
in neurons (9). Protrudin is thought to interact with spastin via
its COOH-terminal FYVE domain (8). Further molecular anal-
ysis of VAP and protrudin may thus provide insight into the
pathogenesis of these neurological disorders as well as a basis
for the development of new therapeutic agents.
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Impaired chemotaxis and cell adhesion due to decrease in several
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Cathepsin E is an endo-lysosomal aspartic proteinase exclusively present in immune
system cells. Previous studies have shown that cathepsin E-deficient (CatE™"") mice
display aberrant immune responses such as atopic dermatitis and higher suscepti-
bility to bacterial infection. However, the mechanisms underlying abnormal immune
responses induced by cathepsin E deficiency are still unclear, In this study, we found
that the cell-surface levels of chemotactic receptors, including chemokine receptor
(CCR)-2 and N-formyl peptide receptors (FPRs), were clearly diminished in
CatE”'macrophages compared with those in wild-type cells. Consistently, chemotaxis
of CatE”macrophages to MCP-1 and N-formyl-methionyl-leucyl-phenylalanine was
also decreased. Similar to the chemotactic receptors, the surface expressions of the
adhesion receptors CD18 (integrin f,) and CD 29 (integrin B,) in CatE™" macrophages
were significantly decreased, thereby reducing cell attachment of CatE”’ macro-
phages. These results indicate that the defects in chemotaxis and cell adhesion are
likely to be involved in the imperfect function of CatE"macrophages.

Key words: aspartic proteinase, cathepsin E, knockout, macrophages, chemotaxis,
cell adhesion.

Abbreviations: CatE™", cathepsin E-deficient; CCR-2, chemokine receptor; FITC, fluorescein isothiocyanate;
FPRs, N-formyl peptide receptors; LAMP, lysosome-associated membrane protein; MCP, monocyte

chemoattractant protein; PBS, phosphate buffered saline; PE, phycoerythin; TLRs, toll-like receptors.

Cathepsin E (EC 3.4.23.34) is an intra-cellular aspartic
proteinase, which is mainly localized in the endosomal/
lysosomal compartments within cells (I-3). Since cathep-
sin B is predominantly expressed in immune-related cells,
including macrophages, dendritic cell, and microglia, this
enzyme has been speculated to be involved in the
proteolysis of endosomal/lysosomal compartments in
immune-related cells (4-6). We have previously generated
cathepsin E-deficient (CatE™") mice that spontaneously
developed atopic dermatitis-like skin lesions when reared
under conventional conditions but not under specific
pathogen-free conditions (7). These results imply that
development of this disorder in these mice appeared to be
triggered by some environmental factor(s) such as patho-
genic micro-organisms. Thereafter, we showed that
CatE~~ mice exhibit increased susceptibility to infection
with bacteria such as Staphylococcus aureus and
Porphyromonas gingivalis (8). However, the molecular

*To whom correspondence should be addressed. Tel: +81 95 819
7652, Fax: +81 95 819 7655, E-mail: tsuta@nagasaki-u.ac.jp

mechanisms inducing aberrant immune responses in
CatE™" mice remain to be elucidated.

Recently, we demonstrated that peritoneal macrophages
derived from CatE~" mice display a novel type of lysosomal
storage disorder characterized by the accumulation of
major lysosomal membrane sialoglycoproteins, such as
lysosome-associated membrane protein (LAMP)-1 and
LAMP-2, in the cells with a concomitant elevated lysoso-
mal pH (9). Since an elevated pH is known to induce
abnormal properties of endolysosomal compartments
including abnormal processing and targeting of lysosomal
proteins (10, 11) and abnormal maturation and/or fusion
events of the acidic organelles (12), CatE™" macrophages
are assumed to show trafficking defects in both membrane
and soluble proteins. Indeed, we found the enhanced
secretion of soluble lysosomal enzymes by CatE™ macro-
phages (9). In addition to soluble proteins, we reported
decreased surface levels of Toll-like receptors (TLRs),
which are capable of recognizing specific components
of micro-organisms, in CatE™" macrophages, further we
reported diminished cytokine production by CatE™
macrophages that are stimulated by specific TLR ligands
(8). However, no information is available concerning the
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trafficking defects of receptors other than TLRs on the cell
surface of CatE™~ macrophages.

Macrophages express a large number of cell surface
receptors, which recognize a wide range of specific
endogenous and exogenous ligands (13). Among them,
chemotactic receptors play an important role in immune
responses (I4). Recognition of chemoattractants by
chemotactic receptors, which is known as chemotaxis,
regulates leucocyte recruitment to sites of inflammation
and infection (15, 16). The chemotactic receptors belong
to the 7-transmembrane-G-protein-coupled receptor
family, and trigger various immune responses besides
chemotaxis, induce the production of reactive oxygen
species and stimulate the release of proteolytic enzymes
from granules, in the case of neutrophils (17). Concern-
ing chemotactic responses, we have more recently
reported that bone-marrow-derived macrophages from
CatE~ mice display impaired chemotaxis in responses to
a chemokine and a bacterial peptide (I18). However,
precise mechanisms of the diminished chemotaxis in
CatE™" macrophages remain unknown. In addition to
chemotactic receptors, leucocyte recruitment to inflam-
matory and infectious sites is orchestrated by cell-
adhesion molecules (19). Cell-adhesion receptors are
surface proteins involved in the binding of cells with
other cells or the extra-cellular matrix (20, 21). The
cell-adhesion receptors belong to four major families,
namely, the immunoglobulin superfamily, the cadherins,
the selectins and the integrins (22). In particular, the
integrins, which are heterodimers formed by the two
non-covalent linking two subunits o and B, are also
involved in various intra-cellular signalling pathways as
well as in cell attachment (20, 23). Therefore, it is of
importance to investigate whether or not the chemotactic
receptors and cell-adhesion receptors on the cell surface
of CatE~~ macrophages are decreased.

In this study, we focused on chemotaxis and cell adhe-
sion in CatE™ macrophages, and observed impaired
chemotaxis and cell-adhesion ability in them with con-
comitant decreased surface levels of chemotactic recep-
tors and cell-adhesion receptors compared with those in
wild-type cells.

MATERIALS AND METHODS

Materials—RPMI-1640, fluorescein dextran
(70,000MW) and fluorescein-conjugated chemotactic
hexapeptide N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys were
purchased from Invitrogen, Japan. Anti-mouse LAMP-1
and LAMP-2 antibodies were purchased from Southern
Biotechnology Inc (Birmingham, AL, USA). Anti-mouse
CCR2 monoclonal antibody conjugated with phycoerythin
(PE) was purchased from R& D Systems Inc. Anti-mouse
CD18 and CD29 monoclonal antibodies conjugated with
fluorescein isothiocyanate (FITC) were purchased from
BD Biosciences.

Mice—Wild-type and CatE~'~ mice with the C57BL/6
genetic background were used as described previously
(9). Animals were maintained under specific pathogen-
free conditions according to the guidelines of the
Japanese Pharmacological Society. Animals and all
experiments were approved by the Animal and
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Microbiological Research Committee of the Graduate
School of Dental Science, Kyushu University. All experi-
ments were performed with age-matched, male CatE™'~
mice and wild-type littermates.

Preparation of Peritoneal Macrophages—Thioglycolate-
elicited peritoneal macrophages were isolated as
described previously (9). Briefly, 8-14-week-old mice
were peritoneally injected with 4.05% thioglycolate
(2ml/mouse). Three and a half days later, peritoneal
exudate cells were isolated from the peritoneal cavity by
washing with phosphate buffered saline (PBS). The cells
were incubated in RPMI 1640 medium supplemented
with 10% penicillin (50 U/ml) and streptomycin (50 pg/ml)
at 37°C with 5% CO,. After incubation for 2h, floating
cells were removed by washing three times with Ca®*/
Mg?*-free PBS. MAC-2-positive macrophages comprised
more than 95% of the isolated cells.

Cell Staining and Flow Cytometry—The peritoneal
macrophage suspension (2 x 10°cells/100ul) was incu-
bated on ice for 15min with primary antibodies appro-
priately diluted with PBS containing 2.5% fetal bovine
serum (FBS) and 0.01% NaNj (buffer A). Samples were
pre-incubated with Fc¢ Block (anti-mouse CD16/CD32
antibody) (BD Pharmigen), and subsequently with spe-
cific antibodies or control antibodies conjugated with PE
or FITC for 15min on ice. In case of permeabilization,
cells were prepared by treatment with 0.03% saponin in
buffer A for 15min on ice. Flow cytometric analyses were
performed on a Beckman Coulter Epics XL cytometer.

Cell-Adhesion Assay—Fibronectin (20 ug/ml) in RPMI
medium or untreated medium (uncoated) was added in
a 96-well plate, and incubated overnight at 4°C. The
wells were blocked with RPMI medium containing 0.5%
bovine serum albumin (BSA). After washing with RPMI
medium containing 0.1% BSA (washing buffer), perito-
neal macrophages (5 x 10° cells) were added to each well
and incubated at 37°C for 10, 20 or 30min. Floating or
weakly bound cells in the plate were gently removed by
filling the wells three times with washing buffer. Bound
cells were fixed with 4% paraformaldehyde in PBS for
10min. After washing, cells were stained with 50pl of
crystal violet (5mg/ml in 2% ethanol). After washing
three times with the washing buffer, the stained plate
was assayed with a microplate reader at 540nm.

Chemotactic Assay—Chemotactic assay was performed
as described previously (18). Briefly, peritoneal macro-
phages (2 x 10° cells/ml) were washed and re-suspended
in RPMI medium. Migration of cells in response to the
medium alone, MCP-1 or fMLP was assessed in a 24-well
chemotaxis chamber separated by polyethylene tere-
phthalate membrane (pore size, 5 pm). The macrophages
were loaded into the upper chambers and tested for
chemoattraction to the media alone (RPMI-1640 medium
without FBS as a control medium), MCP-1(0.1nM) or
fMLP (1pM). The chambers were incubated at 37°C in
5% COg for 90 min, The cells that migrated into the lower
wells were fixed with 4% paraformaldehyde in PBS for
10min; subsequently stained with May-Giemsa, and then
counted by light microscopy.

Endocytosis Assay—Peritoneal macrophages (5 x 108
cells) were incubated with fluorescein dextran (20 pug/
ml) in normal RPMI-1640 medium containing 10% FBS
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for 30 or 60min. After washing with PBS containing
1mg/ml of BSA, cells were lysed in 50mM Tris-HCl
buffer (pH 8.5) containing 0.1% Triton X-100. The
amounts of fluorescence in the cell lysates were mea-
sured by spectrofluorometry (Hitachi 650-40) and nor-
malized to the total cell protein levels.

Statistical Analysis—The statistical significance of
differences was determined using the Student’s {-test.

RESULTS

Impaired  Chemotaxis and  Decreased  Cell-
Surface Levels of Chemotactic Receptors in CatE~'~
Macrophages—During a series of experiments that we
performed, we had assumed that the number of thiogly-
colate-elicited peritoneal macrophages in CatE~’'~ mice
was possibly lower than that in the wild-type mice.
Therefore, we accurately measured the number of
thioglycolate-elicited peritoneal macrophages in the
wild-type and CatE~’~ mice. The number of peritoneal
macrophages in the CatE~'~ mice was significantly lower
than that in the wild-type mice (Fig. 1), suggesting that
chemotaxis or other chemotactic factor(s) might be more
impaired in the CatE~'~ mice than in the wild-type mice.

Recently, we reported that chemotactic responses of
the bone-marrow-derived macrophages acquired from
CatE~’'~ mice were significantly decreased compared
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Fig. 1. Number of thioglycolate-elicited peritoneal macro-
phages derived from wild-type or CatE” mice. Mice were
peritoneally injected with 4.05% thioglycolate (2ml/mouse).
Three and half days later, peritoneal exudate cells were isolated
from the peritoneal cavity by washing with PBS. The cells were
incubated with RPMI medium containing 10% FBS at 37°C
for 2h, and subsequently washed three times with PBS. After
removing cells with trypsin, the cell number was determined by
light microcopy using Burker-Turk hemocytometer chambers.
The data are means-+SD for five independent experiments.
*P<0.01, vs. the corresponding values for the wild-type lit-
termates, obtained with the unpaired Student’s t-test.
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with those from wild-type mice, whereas no marked
differences were observed in the responses of bone-
marrow-derived dendritic cells acquired from wild-type
and CatE~’~ mice (18). To further investigate the
chemotaxis of peritoneal macrophages, we determined
the chemotactic responses of wild-type and CatE~'-
macrophages to the typical chemokine monocyte che-
moattractant protein (MCP)-1. The number of CatE™*
macrophages that migrated from the upper to the lower
chamber in response to MCP-1 was lower than that of
the wild-type macrophages (Fig. 2). Similar results were
observed in experiments with a bacterial-derived che-
moattractant, N-formyl-methionyl-leucyl-phenylalanine
(fMLP) (Fig. 2). These results of peritoneal macrophages
in this study were quite consistent with previous results
obtained with those of bone-marrow-derived macro-
phages (18). In addition, we have investigated chemo-
taxis of resident peritoneal macrophages that were not
activated by thioglycolate from wild-type and CatE™"
mice in response to MCP-1 and fMLP. However, the
results of resident macrophages were essentially similar
to those of thioglycolate-activated macrophages (data
not shown).

To evaluate the cell-surface levels of chemotactic
receptors on the wild-type and CatE~'~ macrophages,
we analysed the surface expression of CCR2, which is the
receptor for MCP-1, and N-formyl peptide receptors
(FPRs), which are the receptors for several FPRs includ-
ing fMLP, by flow cytometry. As shown in Fig. 3A,
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Fig. 2. Chemotaxis of peritoneal macrophages from
wild-type or CatE’~ mice in response to MCP-1 and
fMLP. Peritoneal macrophages were washed and re-suspended
in RPMI-1640 medium without FBS as a control medium.
Migration of cells in response to a concentration of MCP-1
(0.1nM) and fMLP (1uM) was assessed in a 24-well Transwell
chemotaxis chamber. The chambers were incubated at 37°C for
90min. The cells that migrated to the lower well were fixed,
subsequently stained with trypan blue and then counted by
light microscopy. The data are means + SD for five independent
experiments. *P < 0.05, vs. the corresponding values for the wild-
type macrophages, obtained with the unpaired Student’s ¢-test.
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independent experiments.

CCR2 and FPRs in wild-type or CatE™~ macrophages. (B) The cells were permeabilized with saponin, and then
(A) Peritoneal macrophages (2 x 10°cells) from wild-type and stained for determination of the total expression levels of CCR2

CatE~'~ mice were stained for cell surface with a specific antibody or FPRs. Data are
for CCR2 conjugated with PE, or with N-formyl-Nle-Leu-Phe-Nle- experiments.
Tyr-Lys-fluorescein, and then analysed by flow cytometry.
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CatE™" cells showed decreased levels of both CCR2 and
FPR as compared with wild-type cells. However, this
difference in receptor levels was abrogated with perme-
abilized cells that were pre-treated with saponin, which
enabled the detection of both intra-cellular and extra-
cellular expression of proteins, indicating that the total
levels of expression of CCR2 and FPRs between the two
cell types were comparable (Fig. 3B).

Reduced Cell-Adhesion Ability and Decreased Cell-
Surface Levels of Cell-Adhesion Receptors in CatE '~
Macrophages—To further examine the cell-surface levels
of receptors other than TLRs and chemotactic receptors,
we investigated the surface expressions of cell-adhesion
receptors in peritoneal macrophages from wild-type and
CatE~'~ mice. Integrins are major cell-adhesion recep-
tors; they are heterodimers composed of o and B subunits
(23). When we analysed the cell-surface expression of
CD18 (integrin Ps chain) on wild-type and CatE~/~
macrophages by flow cytometry, we observed that the
surface expression of CD18 was reduced in CatE™"
macrophages compared with those of the wild-type cells
(Fig. 4A). Similarly, the surface levels of CD29 (integrin
B, chain) on CatE™ macrophages were more decreased
than those of wild-type cells (Fig. 4A). However, treat-
ment with saponin showed no significant difference in
the total expression levels of receptors between wild-type
and CatE~ macrophages (Fig. 4B). These results indi-
cate that the surface levels of cell-adhesion receptors
were also decreased in CatE~~ macrophages in spite of
the similarity in the total exPression levels of receptors
between wild-type and CatE™" macrophages.

To test the adhesion abilities of wild-type and CatE™
macrophages, we analysed the attachment of cells to
uncoated or fibronectin-coated plastic plates. It is known
that both CD18 and CD29 are involved in the interaction
of these cells with plastics or fibronectin (24). At an early
incubation time of 10 or 20min, the density of bound
CatE~~ macrophages was significantly lower than that
of wild-type macrophages (Fig. 5). However, at a longer
incubation time of 30 min, there were no marked differ-
ences in the cell density between wild-type and CatE™
macrophages (Fig. 5A). When we analysed the adhesion
of macrophages to fibronectin-coated plates, we observed
the density of attached CatE™" macrophages to be dimin-
ished more than that of wild-type macrophages at 10 or
20min of incubation (Fig. 5B). Taken together with
the results of the adhesion assay and the flow cytometric
analysis, the reduced cell-adhesion ability in CatE~’'~
macrophages is probably due to the decreased surface
levels of cell-adhesion receptors in CatE~'" cells.

Decreased Cell-Surface Levels of LAMP-1 and LAMP-2
in CatE~'~ Macrophages—Our previous study showed
that cathepsin E deficiency induces accumulation of
LAMP-1 and LAMP-2 in the immune system cells (9).
On the other hand, it is known that LAMPs are mainly
localized in the limiting membranes of lysosomes and
late endosomes; however, small amounts of LAMPs are
also detectable on the cell surface (25, 26). Therefore,
we assumed the possibility that the accumulation of
LAMP-1 and LAMP-2 within the cells due to cathepsin E
deficiency might cause decreased surface amounts of
these lysosomal membrane proteins. We subsequently
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compared the surface levels of LAMPs between wild-
type and CatE~" macrophages. As shown in Fig. 6, flow
cytometric analysis revealed that the surface levels of
LAMP-1 and LAMP-2 were notably lower than those
of wild-type cells. In contrast, treatment with saponin
showed that the total expression levels of CatE~ macro-
phages were higher than those of wild-type cells (data
not shown). The data are consistent with previous data
obtained with western blot or flow cytometric analysis
performed to evaluate LAMP-1 and LAMP-2 expression
(9, 18). Thus, the surface expressions of LAMP-1 and
LAMP-2 were also decreased in CatE™ macrophages,
probably because these lysosomal proteins accumulated
in endosomes and lysosomes in CatE~" cells (9).

Normal Endocytosis of FITC-Dextran in CatE~'"
Macrophages—We finally examined whether cathepsin
E deficiency might affect the vesicle transport, including
endocytosis, in addition to the membrane transport to
the cell surface. We subsequently analysed endocytosis
in macrophages with FITC-dextran. After incubation at
30 or 60min, we measured the intra-cellular amounts
of FITC-dextran in wild-type and CatE~~ macrophages
by spectrofluorometry. However, there was no notable
difference in the endocytic efficiency of FITC-dextran
between wild-type and CatE™ macrophages (Fig. 7).
We also found no significant difference between the
endocytosis of wild-type and CatE™" macrophages at
24h of incubation time (data not shown). Therefore,
it appears probable that the cathepsin E deficiency
causes membrane-trafficking defects, but not vesicle-
trafficking defects such as endocytosis.

DISCUSSION

This study indicates that surface levels of CCR2 and
FPRs chemotactic receptors, and CD18 and CD29 adhe-
sion receptors were decreased in CatE~'~ macrophages.
Consistent with the reduced levels of chemotactic and
adhesion receptors, the chemotactic and cell-adhesion
ability were also defective in CatE~'~ macrophages. In
addition to surface proteins, the surface levels of LAMP-1
and LAMP-2 were diminished in CatE~'~ macrophages.
However, the endocytosis of dextran in wild-type and
CatE~'~ macrophages was indistinguishable. Thus, the
membrane trafficking of some receptors and membrane
proteins to the cell surface and their functions were
partially defective in CatE~'~ macrophages.

Our previous study has shown that cathepsin E
deficiency induces accumulation of LAMP-1 and LAMP-
2 accompanied by an elevation of lysosomal pH (9).
Moreover, we have reported that the surface levels of
TLR2 and TLR4 are decreased in CatE™~'~ macrophages;
further we have reported that their cytokine production
by CatE~'~ macrophages in response to the specific TLR2
ligand (peptideglycan) and the TLR4 ligand (lipopolysac-
charide) is diminished (8). However, this study demon-
strated that surface levels of not only TLR, but also
the chemotactic receptors and the adhesion receptors
were decreased in CafE™'~ macrophages. Importantly
this study showed that the surface levels of LAMP-1 and
LAMP-2 were also diminished in CatE~'~ macrophages.
Thus, cell-surface receptors and the surface expression of
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