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ABSTRACT In epithelial cells, sorting of membrane pro-
teins to the basolateral surface depends on the presence of a
basolateral sorting signal (BaSS) in their cytoplasmic domain.
Amyloid precursor protein (APP), a basolateral protein impli-
cated in the pathogenesis of Alzheimer’s disease, contains a
tyrosine-based BaSS, and mutation of the tyrosine residue
results in nonpolarized transport of APP. Here we report iden-
tification of a protein, termed PAT1 (protein interacting with
APP tail 1), that interacts with the APP-BaSS but binds poorly
when the critical tyrosine is mutated and does not bind the
tyrosine-based endocytic signal of APP. PAT1 shows homology
to kinesin light chain, which is a component of the plus-end
directed microtubule-based motor involved in transporting
membrane proteins to the basolateral surface. PAT1, a cytoplas-
mic protein, associates with membranes, cofractionates with
APP-containing vesicles, and binds microtubules in a nucleotide-
sensitive manner. Cotransfection of PAT1 with a reporter protein
shows that PAT1 is functionally linked with intracellular trans-
port of APP. We propose that PAT1 is involved in the translo-
cation of APP along microtubules toward the cell surface.

The surface of epithelial cells is divided into apical and basolat-
eral domains. They maintain their cell-surface polarity by intra-
cellular sorting and polarized delivery of proteins and lipids to
appropriate domains. In Madin-Darby canine kidney cells
(MDCK), the newly synthesized apical and basolateral membrane
proteins are sorted in the trans-Golgi network (TGN) into
specific transport vesicles, which are then directly delivered to the
appropriate domains. The basolateral sorting of cell surface
proteins depends on the presence of peptide-based basolateral
sorting signals (BaSS) in the cytoplasmic domains of proteins
(1-3). Comparison of the known BaSS sequences indicates that
these signals are nonidentical but structurally similar. Although
many BaSS sequences have been characterized in detalil, little is
known about the cellular proteins that recognize BaSS. The
identity of the putative basolateral sorting receptor that specifi-
cally binds the BaSS and sorts proteins to the basolateral surface
is unknown.

We have been interested in understanding the mechanism (4)
and regulation (5, 6) of polarized protein sorting in epithelial cells.
The current study was undertaken to identify proteins that bind
the BaSS of amyloid precursor protein (APP), a cell surface
protein implicated in the pathogenesis of Alzheimer’s disease.
APP is expressed ubiquitously by neuronal and non-neuronal
cells and is sorted to axons in neurons (7) and the basolateral
surface in epithelial cells (8—10). The basolateral sorting infor-
mation of APP is contained in the 15-amino acid juxtamembrane
segment of the cytoplasmic tail. This region contains a single
tyrosine residue that, when mutated to alanine, results in non-
polarized distribution of APP in MDCK cells (9).
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We report here the identification of a novel protein termed
PAT1 (protein interacting with APP tail 1) that recognizes the
APP-BaSS. PAT1 binds microtubules in a nucleotide-sensitive
manner and appears to be involved in APP trafficking. Because
microtubules are oriented with their plus ends toward the baso-
lateral surface, PAT1 may play a role in the basolateral sorting of
APP.

MATERIALS AND METHODS

Molecular Biology. Standard methods were used for plasmid
construction. Details of the yeast two-hybrid protocol, plasmid
vectors, and cells are described in ref. 11. For two-hybrid screen-
ing, L40AS yeast cells were transformed with a bait vector
(p1979A) containing the wild-type APP-BaSS (KKKQYTSI-
HHG) fused to the DNA-binding domain of LexA and mated
with EGY48 yeast cells transformed with a HeLLa cDNA library
in pJG4-5 plasmid. The positive clones were grown in the
presence of 5-fluoroorotic acid to eliminate the bait plasmid, and
the cells were retransformed with a second bait plasmid contain-
ing the mutant APP-BaSS (KKKQATSIHHG). The full-length
PAT1 was obtained by 5’ rapid amplification of cDNA ends, and
the insert in PAT1 was sequenced from both strands. The PAT1
ORF was amplified by PCR and cloned in the pFLAG-CMV-2
(Kodak) expression vector. For antisense PAT1 expression, a
2.07-kb Smal-EcoRI fragment containing the entire coding
region was cloned in the reverse orientation in the same vector.
pCB6-APP was obtained by cloning the HindIII fragment con-
taining the entire APP coding region from pCEP4-APP (a kind
gift from Steve Younkin, Mayo Clinic, Jacksonville) into pCB6
vector. Horseradish peroxidase (HRP)/BA4/TM/CD in pSG5, a
fusion construct in which the extracellular domain of APP is
replaced by HRP, was a gift from Bart De Strooper (KUL,
Leuven, Belgium) and is described in ref. 12.

Cell Culture and Biochemical Procedures. COS-1 cells in a
6-well plate were transfected with PAT1 tagged with the FLAG-
epitope at the N terminus in pFLAG-CMV-2 (Kodak; 1 ug per
well) by using DOTAP transfection reagent (Boehringer Mann-
heim), and the cells were used 48-72 h after transfection. Cells
were homogenized in 80 mM Pipes, pH 6.8/5 mM EGTA/1 mM
MgCl,/250 mM sucrose by passage through a 27-gauge needle.
The homogenate was centrifuged at 150,000 X g for 1 hina TLA
120.2 rotor (Beckman) to separate cytosol from the membranes.
For gel-filtration experiments, 0.5 ml of cytosol was injected onto
a Superose-12 HR 10/30 FPLC column (Pharmacia) equilibrated
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with PBS. The fractions (0.2 ml) were Western blotted with
anti-FLAG M5 antibody (Kodak). The ScintiStrip binding assay
was performed as described (13). Briefly, ScintiStrip (Wallac, Oy,
Finland) wells were coated with 0.5 ug of BSA, glutathione
S-transferase (GST), or GST fused with the APP cytoplasmic tail
containing the juxtamembrane 11-, 29-, or 47-amino acid (whole
tail) fragment. PAT1 or luciferase proteins were in vitro trans-
lated, 0.05 uCi (1 Ci = 37 GBq) of labeled proteins was added to
the ScintiStrip wells, unbound materials were removed, and the
bound radioactivity was counted.

Sucrose Density Gradient Floatation. A postnuclear superna-
tant from transfected COS-1 cells in 10 mM Hepes, pH 7.0/1 mM
EDTA/0.5 mM MgCl, was made 1.6 M sucrose by adding enough
2.3 M sucrose. In a TLS-55 tube (Beckman), 700 ul of postnuclear
supernatant in 1.6 M sucrose was overlaid with 500 ul of 1.4 M
sucrose, 500 ul of 1.2 M sucrose, and 300 wl of 1.0 M sucrose and
centrifuged for 3 h at 44,000 X g in a TLX-120 ultracentrifuge
(Beckman). Fractions (100 ul) were collected from the top,
subjected to acetone precipitation, and analyzed by SDS/PAGE
and Western blotting.

Chemical Cross-Linking. Transfected cells were rinsed with
cold PBS 48 h posttransfection and treated with 10 mM dimethyl
pimelimidate (Pierce) in 100 mM Hepes buffer (pH 8.0) for 1 h
at 4°C. The reaction was terminated with 100 mM Tris (pH 7.4)
in PBS, and the cells were lysed directly in SDS/PAGE sample
buffer.

Antibodies and Fluorescence Microscopy. Anti-kinesin anti-
body (MC44) was a gift from M. McNiven (Mayo Clinic, Roch-
ester, MN) and has been described previously (14). Anti-APP
antibody (90/3) was a gift from J. Culvenor and C. Masters
(University of Melbourne, Melbourne) and has been described
(15). Monoclonal anti-tubulin antibody (T-6793) was purchased
from Sigma, and anti-kinesin light chain (KLC) antibody (L1) was
from Chemicon. Monoclonal anti-PAT1 antibodies were raised
against the GST-PAT]1 fusion protein. Hybridoma culture su-
pernatants were screened by ELISA and Western blot analysis
against the purified recombinant PAT1. Monoclonal antibody 26
(mADb26) recognized the GST-PATI fusion protein and the
purified recombinant protein but not GST alone. Cells were fixed
and permeabilized simultaneously with 3% paraformaldehyde/
0.3% Triton X-100, quenched with 50 mM NH,4Cl, and incubated
overnight with the mAb26 hybridoma culture supernatant. Cov-
erslips were processed for direct-TSA (Tyramide Signal Ampli-
fication; NEN Life Sciences Products) system according to the
manufacturer’s instructions and visualized with Cy3-tyramide.
For double labeling with tubulin, coverslips were incubated with
anti-tubulin for 60 min and visualized with secondary antibody
conjugated with fluorescein isothiocyanate. Some cells (see Fig.
4 d—f) were fixed in acetone for 30 s at —20°C and processed for
conventional immunofluorescence without TSA.

Microtubule Binding Assay. The assay was performed as
described (16) ATP-depleted cytosol from transfected COS-1
cells was incubated for 15 min. at room temperature with
taxol-stabilized microtubules in the presence of 1 mM AMP-PNP
or 10 mM Mg-ATP. The reaction mixture was centrifuged
through a 25% sucrose cushion at 166,000 X g for 30 min in a
TLS-55 rotor (Beckman). Microtubule-associated proteins in the
pellet were analyzed by SDS/PAGE and Western blotting,.

Cotransfection of COS-1 Cells with PAT1 and Reporter Pro-
teins. COS-1 cells were cotransfected with 0.045 ug of HRP/
BA4/TM/CD (in pSG5) and 1 pg of PAT1 plasmid (in sense or
antisense orientation in pFLAG-CMV-2) or the parental plasmid
(pPFLAG-CMV-2) per well in a 6-well plate by using DOTAP as
described above. Under these conditions, more than 80% of the
HRP-positive cells were cotransfected with PAT1 as determined
by double immunolabeling, and the transfection efficiency of
HRP/BA4/TM/CD as judged by immunofluorescence was sim-
ilar in cells cotransfected with either control or FLAG-PAT1
plasmid (not shown). After 36—48 h, transfected cells were rinsed
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and the HRP activity released in the medium was assayed as
described (12).

RESULTS

Identification and Cloning of PAT1. We used the APP-BaSS
(amino acid sequence in one letter code KKKQYTSIHHG) fused
to the DNA-binding domain of LexA as a bait and isolated nine
positive clones (PAT1-9; Protein interacting with APP Tail 1-9)
from a HeLa cDNA library (11). The bait plasmid from the
positive clones was removed and the yeast cells were retrans-
formed with a mutant APP-BaSS bait (where the critical tyrosine
is replaced by an alanine residue; KKKQATSIHHG) to select the
clones that fail to interact with the mutant bait. PAT1 was
analyzed in further detail because the mutation of the critical
tyrosine residue in the APP-BaSS sequence either abolished or
significantly reduced interaction with the PAT1 clone (see be-
low). The prey plasmid from the PAT1 clone contained a cDNA
insert of 2,005 bp and the sequence was found to be 99.7%
identical to an uncharacterized putative ORF (KIAA 0228;
GenBank accession no. D86981; ref. 17). The full-length 2,385-bp
cDNA clone (GenBank accession no. AF017782) was obtained by
performing the 5’ rapid amplification of cDNA ends protocol.
The predicted protein sequence consists of 585 amino acids (Fig.
1a) with a calculated molecular mass of 66.9 kDa and a predicted
isoelectric point of 6.9. Antibodies raised against PAT1 recog-
nized predominantly a single polypeptide of ~70 kDa [see Fig. 4g,
which is published as supplemental data on the PNAS web site
(www.pnas.org)], confirming that our cDNA encoded a full-
length protein of 70 kDa. Structural analysis of the sequence
shows that the protein is hydrophilic with no obvious signal
sequence or membrane-spanning domains. The N-terminal and
C-terminal regions are predicted to form globular structures and
a stretch of 35 amino acids is predicted to form 5 heptad repeats
that are likely to form a coiled coil (Fig. le; an appendix with
additional information on the sequence analysis is published as
supplemental data on the PNAS web site, www.pnas.org). Four
imperfect tandem repeats are found toward the C-terminal end
of the protein (open boxes in Fig. 1). There are several putative
protein kinase C phosphorylation sites (indicated by ®). Search of
public databases revealed significant homology to KLC extending
over the entire (see Fig. 1c, which is published as supplemental
data on the PNAS web site, www.pnas.org). The region of
maximum homology between PAT1 and KLC contains the
characteristic four 42-amino acid imperfect tandem repeats con-
served in all species of KLCs (Fig. 1b). Several residues in each
repeat are conserved between the KLC and PAT1 sequences;
however, the first repeat contains two insertions of 7 and 11
amino acids.

PAT1 Binds Specifically to the Tyrosine-Containing APP-
BaSS. The specificity of the interaction of PAT1 with APP-BaSS
was examined in the yeast two-hybrid assay by mutating the
critical tyrosine residue that renders the BaSS nonfunctional (9).
Interactions were monitored by the expression of B-galactosidase
activity and by growth on histidine-deficient plates. Interaction of
PAT1 with mutant APP-BaSS was abolished in the color assay
(Fig. 2a) and severely reduced in the growth assay (Fig. 2b). A
quantitative B-galactosidase assay showed significant reduction in
the interaction of PAT1 with the mutant APP-BaSS (Fig. 2c). The
interaction of PAT1 with APP-BaSS as evidenced in the yeast
two-hybrid system was corroborated by testing whether in vitro
translated [>S]methionine-labeled PAT1 was able to interact
with APP-BaSS fused to GST. Table 1 shows that PAT1 directly
bound to the 11-amino acid-long APP-BaSS and to the complete
cytoplasmic domain of APP. Reduced binding to the longer
constructs may be caused by steric hindrance.

PAT1 Interacts Selectively with APP-BaSS. Because PAT1
recognizes the tyrosine-based BaSS, we examined whether it also
interacts with tyrosine-based endocytic signals. The cytoplasmic
domain of APP harbors an NPxY sequence motif that is respon-
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a)

1 MAAVELEWIPETLYNTAISAVVDNYIRSRRDIRSLPENIQ
41 FDVYYKLYQQGRLCOLGSEFCELEVFAKVLEALDKRHLLH
g1 HCFQALMDHGVEVASVLAYSFSRRCSYIAESDAAVEEKAT
121 QVGFVLGGFLSDAGWYSDAEKVFLSCLOLCTLHDEMLHWF
161 RAVECCVRLLHVRNGNCKYHLGEETFKLAQTYMDKLSKHG
201 QOANKAALYGELCALLFAKSHYDEAYKWCIEAMKEITAGL
241 PVEUVVDVIROASKACVVRREFRKEKABOLIKHAVYTARDHF
281 GSKHPKYSDTLLDYGLYLLNVDNICQSVAIYQAAT.DIRQS
321 VFGGRNIHVATAHEDLAYSCYVHOYSSGKFINAVFHAERA
361 IGTTTHTTREDALLTASSKRVKALTLEE TATOCHNKETED
401 WMWW
441 SURRFREAEEMAIKATOTKEQTIGOEDYEVALSVGHTAST,
481 YNYDMNQYENAEKLYIRSIAIGKKLFGEGYSGLEYDYRGL
521 IKLYNSIGNYEKVFEYHNVLSKWNRLRDRQYSVTDALEDV
561 STSPQSTEEVVQSFLISQNVEGPSC
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IITHILR EEIAIDCHNEE

FH IEERELLLES SKRY PAT1
DL T EDVETMLNT C-KLC
DL T DVETMLNT a-KLC
DLIRT EDVETMLNT D-KLC
DLIFKT PDVETMLNT ch-KLC
DLIZK T SeHpjEE DV BTMLNT. h-KLC
ééz LAKMAF PAT1
E IREMCL C-KLC
D TREMTL a-KLC
D IRGRTL D-KLC
D. IREQTL ch-KLC
D IRERMTL h-KLC
45 496
L PAT1
K C-KLC
Q0 s-KLC
0 D-KLC
0 ch-KLC
Q0 h-KLC
487 537
ad PAT1
k C-KLC
OKEL ePDDENVAK TKNN #AS s-KLC
SKL | DDPNVAKTKNNHAG D-KLC
QTKLhJDDPNVAKTKNNHAS ch-KLC
OTKL e DDPNVAKTKNN #AS h-KLC

(a) One-letter amino acid sequence of PAT1. The region of PAT1 predicted to form a coiled-coil is shown in the shaded box, and the

four imperfect KLC-like tandem repeats are in the open boxes. Putative protein kinase C phosphorylation sites are denoted by *. (b) Alignment
of the KLC-like repeats. The four 42-amino acid, imperfect KLC-like tandem repeats in PAT1 aligned with KLC repeats from various organisms.
The numbers indicate the position of amino acids in PAT1 sequence. C-KLC, Caenorhabditis elegans (accession no. P46822); s-KLC, squid (accession
no. P46825); D-KLC, Drosophila (accession no. P46824); ch-KLC, chicken (accession no. 1208772); h-KLC, human (accession no. Q07866). An
appendix with information on sequence analysis, alignments, etc., is published as supplemental data on the PNAS web site (www.pnas.org).

sible for its endocytosis. Both in the growth assay (Fig. 2d) and the
B-galactosidase assay (not shown), PAT1 was found not to
interact with the NPxY endocytic signal from APP or with the
SDYQRL endocytic motif from the cytoplasmic tail of protein
TGN38. PAT] also failed to interact with the non-tyrosine-based
BaSS from the polymeric Ig receptor or with the tyrosine-based
BaSS of vesicular stomatitis virus G protein. Together, these
results show that the interaction of PAT1 with APP-BaSS is
specific and selective.

PAT1, a Cytosolic Protein, Is also Found Associated with
Membranes. The presence of heptad repeats suggests that PAT1
interacts with itself or with other proteins. To test this, COS-1
cells transiently transfected with a pFLAG-CMV-2 vector ex-
pressing PAT1 were homogenized 48 h posttransfection, cytosol
(150,000 X g supernatant) was separated on a Superose-12
column, and fractions were analyzed by Western blotting (Fig. 3a)
by using anti-FLAG antibody (M5, Kodak). Cytosolic PAT1
eluted as a single species with an approximate size of 160—180
kDa. A monomer of PATI is expected to elute at 65-70 kDa,
suggesting that PAT1 associates with a protein(s) of approxi-
mately 110 kDa. This was confirmed by using an independent
chemical cross-linking approach. COS-1 cells transfected with the
PAT1-pFLAG-CMV-2 expression vector were treated with the
membrane-permeable cross-linker dimethyl pimelimidate . The
cells were lysed in SDS/PAGE sample buffer, and the total lysate
was analyzed by SDS/PAGE and Western blotting. The presence
of a predominant cross-linked band of approximately 160-180
kDa (Fig. 3b, lane 3) suggests that PAT1 associates with a
110-kDa protein. Together, these observations suggest that in vivo
PAT1 exists as a complex with a 110-kDa protein.

When a homogenate from COS-1 cells expressing FLAG-
PAT1 was fractionated by differential sedimentation, PAT1 was
found to be present both in 150,000 X g supernatant (cytosol) and
pellet (membrane) fractions (Fig. 3c), suggesting that like many
proteins involved in vesicular trafficking, PAT1 is present in both
cytosolic and membrane-associated pools. Association of PAT1
with membranes was confirmed by suspending the homogenate
in 2.3 M sucrose and subjecting it to floatation gradient centrif-
ugation. The majority of PAT1 was recovered in 1.0-1.6 M
sucrose fractions (not shown), as are many membrane-associated
proteins.

Membrane-Associated PAT1 Cofractionates with APP. We
next determined whether the membrane associated PAT1 dis-
tributes with APP. A postnuclear supernatant from COS-1 cells
cotransfected with PAT1-pFLAG-CMV-2 and pCB6-APP was
fractionated by sucrose density gradient floatation as described in
Materials and Methods, and the fractions were analyzed by
SDS/PAGE and Western blotting and probed with anti-APP
antibody (22C11) or with anti-FLAG antibody (Fig. 3d). A large
proportion of APP migrated as a major peak at fraction 8 of the
gradient (1.2/1.4 M sucrose interface) with the remainder ap-
pearing in the heavier fractions. A figure showing quantitation
from Fig. 3d is published as supplemental data (Fig. 3¢) on the
PNAS web site (www.pnas.org). A portion of PAT1 also peaked
in fraction 8 and the rest was detected in the bottom fractions
(“load”) together with soluble proteins and other dense mem-
brane-bound compartments (fractions 14-20). PAT1 is cytosolic
and its appearance in the bottom fractions is not unexpected.
These data show that membrane-associated PAT1 cofractionates
with APP containing vesicles.

PAT1 Is Concentrated in the Golgi Region and Partially
Codistributes with APP. We raised monoclonal antibodies
against the PAT1-GST fusion protein. Western blot analysis
showed that mAb26 reacted with purified recombinant PAT1 and
recognized predominantly a single polypeptide of ~70 kDa in a
HelLa cell lysate (see Fig. 4g, which is published as supplemental
data on the PNAS web site, www.pnas.org). This antibody was
therefore used to localize PAT1 by immunofluorescence micros-
copy. In paraformaldehyde-fixed HeLa cells (Fig. 4 a—), this
antibody stained punctate structures distributed throughout the
cytoplasm (Fig. 4a) although staining was often seen to be
concentrated in the perinuclear region (indicated by an arrow). A
monoclonal antibody against GST protein did not stain these
structures (see Fig. 4h, which is published as supplemental data
on the PNAS web site, www.pnas.org). PAT1-containing struc-
tures were abundant in the perinuclear region (Fig. 4b; arrow),
and mAb26-staining frequently aligned with microtubules as
detected with an anti-tubulin antibody (Fig. 4e, arrowheads). The
filamentous staining of PAT1 was more obvious in cells fixed in
acetone and viewed by conventional immunofluorescence with-
out TSA (Fig. 4d). Unlike paraformaldehyde, acetone fixation
preserves the cytoskeletal structures better than the membranes
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TGN38 Endocy. SDYQRL
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FiG6.2. Interaction of PAT1 prey with APP-BaSS and various baits.
(a) B-Galactosidase color assay: Yeast diploid cells (L40ASXEGY48)
containing prey vector (pJG4-5) expressing PAT1 and bait vectors
(p1979A) containing either the wild-type APP-BaSS (Tyr) or the
mutant APP-BaSS (Ala) were grown on a galactose + histidine plate
in the presence of -bromo-4-chloro-3-indolyl B-D-galactoside. These
and other data are obtained from a pooled population of at least 5
colonies. (b) Growth assay: Yeast diploid cells obtained as above were
grown on galactose plates lacking histidine with or without 20 uM
3-amino-1, 2,4-triazole (3-AT). (¢) Quantitative B-galactosidase assay:
Yeast diploid cells obtained as above were grown in galactose-
containing liquid culture for 12-18 h, and the B-galactosidase activity
was determined and normalized for cell density. Data represent
average results from five individual colonies. Error bars indicate the
standard deviation. Yeast cells (L40AS) transformed with the wild-
type APP-BaSS bait vector alone were used as a negative control. (d)
YSVI0 yeast cells were cotransformed with PAT1 prey vector (in
pJG4-5) and indicated bait vectors (in p1979A), and the transformants
were grown on galactose-lacking leucine for 2-3 days. The names of
proteins and the signaling activity of the sequence (BaSS or endocytic)
are given on the left. Signal sequences fused to the DNA-binding
domain of LexA are given on the right, and the residues crucial for
signaling activity are underlined.

and cytosol. When double-labeled with anti-A PP antibody (90/3)
under these conditions (Fig. 4e), a partial overlap of APP and
PAT1 was seen, which is more obvious in the merged image (Fig.
4f). In some cells, PAT1-positive filamentous structures (arrows)

Table 1. In vitro binding of PAT1 to APP cytoplasmic tail
fusion proteins

Bound radioactivity, cpm

Immobilized ligands PAT1 Luciferase
BSA 2,108 = 174 566 = 44
GST 3,046 = 135 872 = 10
GST-C11 15,894 = 64 1,202 = 181
GST-C29 7,434 = 234 917 =22
GST-C47 5,434 = 109 1,108 = 17

Data shown are the mean and the range of duplicate values from one
experiment, which was representative of three experiments.
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F1c. 3. PAT!I exists as an oligomeric complex, associates with the
membrane and cofractionates with APP. (a) Gel filtration: Cytosol
prepared from COS-1 cells transiently transfected with PAT1 in
pFLAG-CMV-2 vector was separated on a Superose 12 gel filtration
column. The fractions were Western blotted and probed with anti-
FLAG M5 antibody and detected by alkaline phosphatase reaction.
The elution positions of protein standards (in kDa) are indicated. (b)
Chemical cross-linking: COS-1 cells mock-transfected (lane 1) or
transiently transfected with FLAG-PAT1 in (lanes 2 and 3) were
treated without (lane 2) or with (lane 3) 10 mM dimethyl pimelimidate
(DMP, Pierce) at 4°C for 60 min. After the reaction was quenched, the
cells were directly lysed in SDS/PAGE sample buffer and analyzed by
SDS/PAGE and Western blotting as above. #* indicates the cross-
linked band of 160-180 kDa detected by M5 antibody. The additional
bands may be higher oligomers. (c¢) Subcellular fractionation: FLAG-
PAT1 transfected COS-1 cells were homogenized and centrifuged at
150,000 X g (TLA 120.2, Beckman), and the supernatant (lane 1) and
the pellet (lane 2) fractions were analyzed by SDS/PAGE and Western
blotting. Proportion of PATI in pellet fraction varied between 50%
and 75%. (d) Cofractionation of PAT1 and APP. A postnuclear
supernatant from COS-1 cells transfected with FLAG-PAT1 and APP
was fractionated by sucrose gradient centrifugation, and the fractions
were analyzed by SDS/PAGE and Western blotting and probed with
anti-APP (22C11; upper panel) or anti-FLAG antibody (lower panel).
Note that a portion of PAT1 cofractionates with APP (fraction 8,
indicated by *). The quantitation of these data is presented on the
PNAS web site (www.pnas.org) as Fig. 3e.

were seen to emanate from the APP-positive Golgi complex
(arrowheads; ref. 15). Together with the fractionation data, these
observations show that PAT1 is predominantly present in the
Golgi region and overlaps with APP in its distribution, consistent
with a possible role in APP transport.

PAT1 Binds Microtubules and Is Involved in APP Secretion.
When PAT1-expressing COS-1 cells were extracted with non-
ionic detergent, approximately 50% of PAT1 was insoluble (not
shown), indicating that PAT1 may associate with the cytoskele-
ton. This observation and the homology with KL.C suggested that
PAT]I interacts with microtubules. To investigate this possibility,
we used the known property of kinesin: that it stably binds
microtubules in the presence of AMP-PNP (a nonhydrolyzable
analog of ATP) but not in the presence of ATP (18). Cytosol
prepared from transfected COS-1 cells was incubated with taxol-
stabilized microtubules in the presence of AMP-PNP or Mg-ATP
and the microtubule-bound material was analyzed by SDS/
PAGE and Western blotting and probed with anti-kinesin heavy
chain (KHC), anti-KLC, or anti-FLAG antibodies. Fig. 5a shows
that, as expected, KHC and KLC bound microtubules in the
presence of AMP-PNP (lane 1) but not when Mg-ATP was
present (lane 2). PAT1 showed limited but significant binding
(lane 1 vs. lane 3) to microtubules in the presence of AMP-PNP
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F1G. 4. PATI is a cytoplasmic protein enriched in the perinuclear
region. (a—c) Paraformaldehyde-fixed HeLa cells were labeled with
mAb26 (¢ and b) and visualized by using the TSA system with
HRP-conjugated secondary antibody and Cy3-tyramide. Cells in b are
were also double-labeled with anti-tubulin antibody and visualized
with fluorescein isothiocyanate-labeled secondary antibody (c). Note
that PAT1 gives a punctate cytoplasmic staining, and in some cells the
staining is clearly enriched in the perinuclear region (arrows in a and
b) which colocalilizes with the microtubule organization center
(MTOC) as detected by heavily concentrated microtubules (arrow in
c). (Bar = 10 um.) (d-f) Acetone-fixed HeLa cells were double-
labeled with mAb26 (d) and anti-APP antibody (¢) and visualized
without TSA technique with rhodamin and fluorescein isothiocyanate-
labeled secondary antibodies, respectively. The filamentous labeling of
PATT1 is more obvious in these cells (arrows), which overlap with APP
(arrowhead). The overlap of APP and PAT1 distribution is clearly seen
as the orange signal in the merged image (f). The data showing the
antibody specificity are presented on the PNAS web site (www.pnas.
org) as Fig. 4 g and A.

(lane 1). Interestingly, this binding was stimulated 5- to 10-fold in
the presence of Mg-ATP (lane 2). These data show that PAT1
interacts with microtubules and that this association may be
regulated by posttranslational modifications.

We next determined whether PAT1 was functionally involved
in APP trafficking. We used a transient cotransfection assay
similar to that used by Echard et al. (19) to examine the effects
of alteration in PAT1 levels on the transport of a reporter fusion
protein, HRP-APP (12). This reporter protein contains HRP
fused to the C-terminal fragment of APP containing the BA4-
amyloid region, the transmembrane, and the cytoplasmic tail
domains (HRP/BA4/TM/CD). In COS-1 cells, the chimeric
reporter protein shows the transport characteristics of wild-type
APP and is processed by a-secretase, which results in the release
of HRP activity in culture medium with kinetics identical to that
observed for the secretion of wild-type APP (12). Fig. 5b shows
that COS-1 cells expressing HRP/BA4/TM/CD showed en-
hanced HRP secretion when cotransfected with PAT1 sense-
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Fic. 5. PAT1 interacts with microtubules and affects APP traf-
ficking. (a) Microtubule binding assay: Cytosol from transfected
COS-1 cells was incubated with (lanes 1 and 2) or without (lane 3 and
4) taxol-stabilized microtubules in the presence of 1 mM AMP-PNP
(lanes 1 and 3) or 10 mM Mg-ATP (lanes 2 and 4). Microtubules were
pelleted through a 25% sucrose cushion, and the pellet was analyzed
by SDS/PAGE and Western blotting as described in Fig. 3a and
probed with anti-KHC antibody, anti-KLC antibody, and with M5
antibody. (b) COS-1 cells were cotransfected with HRP/BA4/TM/CD
plasmid and control-plasmid or sense-plasmid (S) to overexpress and
antisense-plasmid (A) to down-regulate cellular PAT1 levels. After
36-48 h, HRP activity released in the medium was assayed as
described (12). HRP activity is expressed as percent of control and the
results are from duplicate measurements of four independent exper-
iments. Error bars show standard deviation.

plasmid and significantly reduced HRP secretion when cotrans-
fected with PAT1 antisense-plasmid compared with cells cotrans-
fected with control plasmid (pFLAG-CMV-2 without PAT1).
Cells cotransfected without the reporter fusion protein released
no detectable HRP activity in the medium. The increased secre-
tion of HRP in PAT1 overexpressing cells most likely reflects
increased intracellular transport of the reporter protein to the cell
surface. Because the a-secretase cleavage occurs at or near the
plasma membrane in COS-1 cells (12, 20), increased transport of
the reporter protein to the cell surface is expected to result in
enhanced secretion of HRP in the medium. These data provide
evidence that PAT1 is functionally associated with some aspect of
APP trafficking/processing.

DISCUSSION

PAT1, a Microtubule-Binding Protein That Recognizes APP-
BaSS. We have identified and characterized PAT1, a protein that
specifically recognizes the APP-BaSS and binds microtubules.
The interaction of PAT1 with APP-BaSS is nearly abolished when
the critical tyrosine residue is mutated to alanine, a single
mutation that causes the nonpolarized delivery of APP in MDCK
cells. Importantly, PAT1 does not bind the tyrosine-containing
endocytic signal of APP. These observations show that PAT1
interacts specifically with APP-BaSS. PAT1 also interacts with
the whole cytoplasmic domain of APP although with somewhat
reduced affinity probably due to steric hindrance. Weaker bind-
ing with longer peptide has also been observed in other cases (21).

PAT1 is a cytosolic protein and like many proteins involved in
membrane trafficking, fractionates into a soluble and a mem-
brane-associated pool. In addition, PAT1 is also capable of
binding microtubules, indicating that in vivo PAT1 probably
recycles among these three pools. Immunofluorescent localiza-
tion studies revealed that PAT1 was distributed throughout the
cytoplasm in a punctate or filamentous pattern. Often, the
PAT1-positive structures were most abundant in the perinuclear
region of the cell, where microtubules are highly concentrated,
where Golgi-complex and the TGN reside, and where the ma-
jority of APP is localized (15). These data were confirmed
biochemically by showing that PAT1 cofractionates with APP-
containing membrane organelles. It should be noted that kinesin
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in cultured cells, like PAT1, is also concentrated in the perinu-
clear region and is associated with the Golgi complex (14) and
with microtubules. Thus, our observations are consistent with a
role for PAT1 in some aspect of APP transport involving micro-
tubules and Golgi complex.

Sequence comparison shows that PAT1 shares significant
homology with KLC. PAT1 contains four 42-amino acid-long
tandem-repeats that are also found in KLC from all the species
studied to date. However, the function of these repeats or that of
the KLC is not clear, and antibody inhibition studies indicate that
they seem to be involved in some aspect of vesicular transport
(22). Earlier reports have suggested that the KLC may be involved
in binding the cargo vesicles and/or in regulating the ATPase
activity of KHC. Biochemical fractionation and cross-linking data
show that PAT1 is present in a complex with a protein of the size
of KHC (=110 kDa). However, the 110-kDa protein was not
recognized by antibodies to KHC, and its identity remains
unknown.

Possible Functions of PAT1. The interaction of PAT1 with the
APP-tail, its subcellular location, association with membranes,
and binding to microtubules indicate that PAT1 is well suited to
be involved in APP trafficking along the microtubules. Indeed,
our data suggest that PAT1 plays a functional role in APP
trafficking/processing. Many transport events are mediated by
microtubules and the associated motor proteins (23, 24). Based
on the ability of PAT1 to bind both the APP-tail and microtu-
bules, we favor a model that PAT1 binds to APP cytoplasmic
domain in a newly formed vesicle and helps them “dock” at
microtubules. It is also possible that PAT1 binding to APP
cytoplasmic domain triggers their inclusion into specific transport
vesicles budding from the TGN. In nonepithelial cells, microtu-
bules are arranged with minus ends near the Golgi complex and
plus ends radiating toward the cell surface. Thus, PAT1 may
mediate the transport of Golgi-derived APP-containing vesicles
to the cell surface. Kinesin has been shown to be required for APP
transport toward the plus ends of microtubules in neurons (7). In
vitro studies have shown that “accessory proteins” are required
for the movement of kinesin along microtubules (25), and it is
possible that PAT1 may be one such accessory protein.

In addition, PAT1 may function in the so-called “cognate-
polarity” pathways in nonepithelial cells. Recent studies have
suggested the existence of cognate-apical and cognate-basolateral
pathways in nonepithelial cells (26, 27). In the absence of distinct
domains in their cell surface, these two pathways in nonepithelial
cells lead to a single destination, the plasma membrane. This
viewpoint suggests that in HeLa cells APP is transported to the
cell surface along the “cognate-basolateral” pathway. By Western
blot analysis, PAT1 was found to be present in the MDCK and
HEK-293 cell lines and in human and mouse brain and kidney
(data not shown). By Northern blot analysis, Nagase et al. (17)
have shown that PATI1 message (referred as KIAA 0228) is
expressed in several tissues and nonepithelial cell lines. Thus,
PAT1 or PAT1-like proteins together with microtubules could
provide a molecular basis for the cognate basolateral pathway
observed in nonpolarized cells.

The importance of microtubules in basolateral protein trans-
port in epithelial cells has been demonstrated (23, 28). Does
PAT]1 play a role in sorting and delivery of APP to the basolateral
surface of epithelial cells? While awaiting an experimental proof,
it is interesting to note that in epithelial cells, microtubules are
arranged with minus ends near the Golgi-complex (near the
apical cell surface) and plus ends directed toward the basolateral
cell surface (29, 30). Thus, in epithelial cells PAT1-mediated
transport of APP vesicles along the microtubules would lead the
vesicles to the basolateral surface. Selective recognition of the
APP-BaSS by PAT1 and the lack of interaction with mutant BaSS
support the possible role of PAT1 in basolateral sorting of APP.
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In conclusion, PAT1 is a protein that specifically recognizes
APP-BaSS and seems important for APP trafficking. Its
subcellular localization and ability to interact with microtu-
bules are consistent with its role in transport of APP to the cell
surface. The characteristic arrangement of microtubules in
epithelial cells indicates that PAT1 may be involved in baso-
lateral delivery of APP.
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