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Abstract. Alzheimer’s disease (AD) is characterized by disrupted metabolism of the amyloid-3 protein precursor (ABPP) and
deposition of a byproduct, the amyloid- (AR) peptide, into plaques. AD is also genetically linked to the gene for apolipoprotein
E (apoE). We have identified a novel apoE-binding protein (TMCC?2) that also forms a complex with ABPP. TMCC?2 is a neuronal,
predominantly ER-localized, protein that co-migrated with ABPP during native gel electrophoresis of rat brain extracts, and
co-immunoprecipitated with ABPP from transfected human cell lysates. TMCC2 bound apoE in an isoform-specific manner
in vitro and co-immunoprecipitated with apoE from cell lysates. Co-expression of apoE and TMCC2 stimulated A3 production
from the “Swedish” variant of ABPP (K595 M/N596L) by up to 1.5-fold (p <0.05), and also from the 99-amino acid C-terminal
fragment of ABPP (ABPP-C99) that is the direct precursor to AP by 1.5- to 2-fold (p < 0.0005), this effect was greater with apoE4
than apoE3 (p =0.02); both apoE3 and apoE4 stimulated a greater increase in AR;_4, than Af;_49 production from ABPP-C99
in the presence of TMCC?2. The interaction between TMCC2 and apoE may therefore contribute to disrupted ABPP metabolism
and altered AP production, as observed in AD.
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INTRODUCTION

Late onset Alzheimer’s disease (AD) is linked to
common polymorphisms of the gene for apolipopro-
tein E (apoE). ApoE3, the most common isoform,
contains a cysteine at position 112, and an arginine
at position 158, whereas apoE4 contains arginines at
both positions. The increased risk of AD associated
with possession of the APOE &4 allele, first proposed
in 1993 [1, 2], has been confirmed in numerous studies
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since; this single point mutation is therefore proposed
to be the single most common genetic risk factor for
late onset AD [3].

Familial and late-onset AD are pathologically
similar conditions distinguished from other neurode-
generative diseases by aberrant metabolism of the
amyloid-[3 protein precursor (A3PP) and accumulation
of the amyloid-3 (AB) peptide that derives from ABPP
into fibrillar plaques. Familial AD (FAD) is genetically
associated with mutations in the genes for ABPP, pre-
senilin 1, or presenilin 2 [4-7]. The finding that the
presenilins are essential components of the y-secretase
complex that catalyzes the final step in ABPP proteol-
ysis [8, 9] provided a molecular mechanism linking the
role of these two genes in FAD.
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Production of AR from ABPP by +v-secretase
requires the prior release of the ABPP ectodomain by
the B-secretase BACE [10, 11] which yields secreted
ABPP and a 99 amino-acid C-terminal fragment
(ABPP-C99) that contains the AR and intracellular
sequences of ABPP. Deposited fibrillar A is a product
of ABPP metabolism and its deposition is influenced
both by the rates of the various proteolytic steps lead-
ing to its production and the cellular location in which
they occur (reviewed in [12]).

A role for apoE in ABPP metabolism was suggested
following the observation that apoE-null mice express-
ing dominant negative forms of human APBPP that
lead to AD have a reduced development of fibrillar
amyloid plaques [13-16]. Furthermore, an isoform-
specific effect of human apoE on ABPP metabolism
was demonstrated by showing that mice expressing
apoE4 develop fibrillar amyloid plaques sooner than
those expressing apoE3 [17-20]. However, in contrast
to the increased deposition of AP seen in wild-type
compared to apoE-null mice, in vitro studies have
instead shown that apoE suppresses the conversion of
ABPP to AB [21].

Several studies have demonstrated binding of apoE
to AR in vitro and proposed that this binding may drive
amyloid deposition [2, 22, 23], however the existence
of an apoE isoform-specific effect in this binding is
uncertain, possibly in part due to difficulties in repli-
cating in vivo conditions with respect to the lipidation
status of apoE and AP conformation. Furthermore,
expression of apoE is neither necessary nor sufficient
to drive the deposition of fibrillar amyloid, as apoE-
null mice regain the ability to deposit fibrillar amyloid
if the mice are also null for clusterin [24], and mice
overexpressing BACE have reduced fibrillar amyloid
deposition in the presence of apoE [25]. In addition,
it has been shown that in aged, but not young, mice
apoE4 increases not only insoluble, but also soluble
A levels compared to apoE3 [17-19]. Thus, while a
wealth of data indicates that apoE modulates the for-
mation of amyloid plaques, and by implication ABPP
metabolism, the mechanism underlying the isoform-
specific effect of apoE is unclear.

We have identified a novel protein, TMCC2, which
exhibits an isoform-specific interaction with apoE,
both in vitro and in cells. We found that TMCC2
forms a complex with ABPP and interacts with apoE
to increase production of A from ARPP-C99, this
effect being greater with apoE4 than apoE3. TMCC2
may therefore contribute to an isoform-specific effect
of apoE on ABPP metabolism.

MATERIALS AND METHODS
cDNA constructs

Human TMCC2 (Acc. No. AB007950, Kazusa,
Chiba, Japan) was amplified by PCR and cloned
into pcDNA3.1 (Invitrogen). A plasmid expressing
dsRedER was obtained from Clontech, plasmids
expressing apoE isoforms have been previously
described [26]; plasmids expressing ABPP695 and the
Swedish variant thereof (K595 M/N596L, ABPP695
numbering) were obtained from C. Miller (Kings
College, London). All transfections using full-length
ABPP or ABPPswe used ABPP695. A plasmid
expressing the 99 amino acid C-terminal fragment
fused to EGFP with an additional Asp-Ala dipeptide
after the signal peptide sequence as described [27] was
made by cutting ABPP695 fused to the N-terminus of
EGFP (a gift of C. Miller, Kings College, London)
with Bgl II and EcoRI and ligation to a cassette con-
sisting of the following oligonucleotides: GATCTA
TGCTGCCCGGTTTGGCACTGCTCCTGCTGGCC
GCCTGGACGGCTCGGGCGGATGCAGATGCAG,
and AATTCTGCATCTGCATCCGCCCGAGCCGT
CCAGGCGGCCAGCAGGAGCAGTGCCAAACCG
GGCAGCATA.

Antibodies

Antibody 94: arecombinant TMCC?2 fragment com-
prising residues 252 to 648, was produced as described
below and injected into rabbits at Harlan Teklad (UK).
Antibody 94 was used at a concentration of 1:1000
in 5% milk, 150 mM NaCl, 50 mM Tris.Cl pH 7.4.
Rabbit polyclonal antibody A5137 directed against
the final 20 amino acids of human ABPP was a gift
of C. Miller (Kings College, London). Goat poly-
clonal anti-apoE was obtained from Calbiochem, and
goat anti-presenilin-1 C-terminal fragment (C20) was
obtained from Santa Cruz Biotechnologies. Mouse
anti-Golgi 58 K and rabbit anti-BiP and mouse mono-
clonal antibody 22C11 against the ABPP ectodomain
were purchased from Sigma Aldrich. Antibody 4 G8
targeted to AP residues 17-24 was purchased from
Covance, and anti-Af3 antibody WO-2 targeted to
residues 4-10 from Millipore.

Western blots

Western blots were routinely developed using the
ECL system (Amersham).
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Yeast-two-hybrid screen

A commissioned yeast-two-hybrid screen using
apoE3 and apoE4 as baits and a human brain cDNA
library as a source of targets used the MATCHMAKER
system (Clontech, Palo Alto, USA).

Production of recombinant TMCC2

A cDNA encoding TMCC2 from amino acid Met”®
to Arg® (adjacent to the first predicted transmem-
brane region) was amplified by PCR and cloned into
the pBADThio vector (Invitrogen); the 5’ primer con-
tained an in-frame coding sequence for the FLAG
epitope (DYKDDDDK). This resulted in a construct
encoding a thioredoxin-TMCC27°~%40 fusion protein
(trxA-TMCC?2) in which the codons for the first exon of
TMCC?2 were replaced by codons for thioredoxin, fol-
lowed by the FLAG sequence, TMCC279~%40 and at
the C-terminus, a six-His tag. Expression was induced
by adding arabinose (final concentration, 0.2%) to a
log-phase culture of transformed Escherichia coli at
37°C. Cell pellets were lysed in 6 M guanidine-HCl,
150 mM NaCl, and 20 mM Tris-Cl, pH 8.0, and cleared
by centrifugation at 15,000 g for 1 h. The supernatant
was loaded onto a Ni**-chelating sepharose column,
and proteins were eluted with a gradient of 0—150 mM
imidazole in 6 M guanidine-HCI, 150 mM NaCl, and
20 mM Tris-Cl, pH 8.0. After dialysis against 1.0 mM
HCI, fractions containing trxA-TMCC2 were identi-
fied by SDS-PAGE and staining with Coomassie-blue,
readjusted to 6 M guanidine-HCl, 150mM NaCl,
and 20mM Tris-Cl, pH 8.0, and passed over a
Ni?*-chelating column as described above. Fractions
containing trx A-TMCC2 were dialyzed against 1 mM
HCI and lyophilized. trxA-TMCC2 was dissolved
in 6.0M guanidine HCl, 1.0M L-arginine, 150 mM
NaCl, 200 mM trimethylamine n-oxide, 40 mM ammo-
nium bicarbonate, and 10 mM dithiothreitol. Proteins
were refolded by rapid dilution with 10 volumes of
1.0M L-arginine, 150 mM NaCl, 200 mM trimethy-
lamine n-oxide, 100 mM ammonium bicarbonate, and
10mM dithiothreitol and dialyzed against 150 mM
NaCl, 100 mM ammonium bicarbonate, and 100 mM
trimethylamine n-oxide.

In vitro association of TMCC27%-6%0 _trxA
and apoE

The intrinsic fluorescence of trx A-TMCC2, apoE3,
apoE4, and thioredoxin was measured with a Hitachi

F2000 fluorimeter. Proteins were excited at 295 nm,
and fluorescence emission was measured from 300
to 450 nm. All protein concentrations were 1.0 pM,
and all measurements were performed at 25°C in
150 mM NacCl, 100 mM ammonium bicarbonate, and
100 mM trimethylamine n-oxide after co-incubation
for 1h. The change in total fluorescence at 342 nm
on co-incubation is expressed as a percent of the
sum of individual fluorescences in individual assays.
Four independent assays using separately purified and
prepared samples of trxA-TMCC2 were performed.
Recombinant apoE3, apoE4 and thioredoxin were
gifts of Yvonne Newhouse and Karl Weisgraber (Glad-
stone Institute of Neurological Disease, San Francisco,
USA).

Detection of TMCC2 in mouse brain by in situ

The image showing TMCC2 expression in mouse
brain was obtained from the Allen Mouse Brain Atlas
[Internet]. Seattle (WA): Allen Institute for Brain
Science. ©2009. Available from: http://mouse.brain-
map.org.

Sucrose-gradient fractionation of mouse
and rat brain

One whole adult mouse brain was homoge-
nized by 50 strokes of a dounce homogenizer in
50 mM imidazole.HCI, pH 7.0, 0.25 M sucrose, | mM
EDTA and protease inhibitors (Cgmplete, Boehringer
Mannheim); 10ml was used for a mouse brain and
50 ml for a rat brain. The homogenate was centrifuged
at 600 g for 10 min. and the supernatant loaded onto a
1.9M to 0.25M sucrose gradient in the above buffer
and centrifuged for 95,000 g for 18h. 1 ml fractions
were collected from the bottom of the tube and either
analyzed by western blot or stored at —80°C.

Primary cortical neurons

Primary rat cortical neurons were obtained from
E18 rat embryos and cultured on either culture plates
or glass coverslips (for indirect immunofluorescence
staining) coated with poly-d-lysine in Neurobasal
medium and B27 supplement (Invitrogen) containing
100 units/ml penicillin, 100 mg/ml streptomycin, and
2 mM glutamine.
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Two-dimensional blue-native/SDS PAGE
of rat brain extracts—

A TMCC2-enriched rat brain fraction was prepared
as follows. The TMCC2-containing sucrose-gradient
fraction prepared as above was diluted 10-fold with
50 mM imidazole.HCl, pH 7.0, 0.25 M sucrose, | mM
EDTA and protease inhibitors (Cgmplete, Boehringer
Mannheim) and centrifuged at 1,500g for 5min,
TMCC2 was enriched in the pellet. The pellet was
resuspended in 1% Triton X-100, 1% NP-40 and 1%
Coomassie blue R-250 in 50 mM imidazole. HCl pH
7.0 and centrifuged at 100,000 g for 20 min to remove
insoluble material. The supernatant was fractionated
by electrophoresis on a 4-13% acrylamide gradient
gel as described [28]. Gel strips were excised and incu-
bated in 100 mM Tris.Cl pH 6.8, 1% SDS, 10 mM DTT
for 30 min and inserted between the plates of a previ-
ously poured SDS-PAGE gel without a stacking gel.
A stacking gel was then poured around and under the
strip and allowed to polymerize. The gel was run and
the proteins transferred to polyvinyl difluoride mem-
branes (Millipore) and analyzed by western blot in a
conventional manner. Progenesis Samespots software
was used to align blots double-probed for TMCC2
and presenilin, using the edges of overexposed blot
as anchor points.

Co-immunoprecipitations

For co-immunoprecipitation of TMCC2 with ABPP,
SHSY5Y cells were transfected with plasmids
driving expression of TMCC2 tagged at the C-
terminus with the FLAG sequence (DYKDDDDK)
and ABPP®” using Lipofectamine2000 (Invitrogen);
24 h after transfection cells were lysed in phosphate-
buffered saline, 1% Triton X-100, protease inhibitors
(Cgmplete, Boehringer Mannheim) and phosphatase
inhibitors (10 mM NaF, 4 mM [3-glycerophosphate).
Lysates were centrifuged at 100,000 g to remove insol-
uble material and incubated overnight with agarose
beads coupled to the M2 anti-FLAG antibody (Sigma
Aldrich). The beads were washed 6 times in the above
buffer over a period of 2 h. Bound proteins were eluted
with SDS-containing gel loading buffer, separated by
SDS-PAGE and transferred to nitrocellulose for anal-
ysis by western blot. TMCC2 was detected using the
rabbit antibody 94 directed raised against recombinant
TMCC2, ABPP was detected using antibody A5137.

For co-immunoprecipitation with apoE, FLAG-
tagged TMCC2 and apoE were co-transfected as
above, 24 h after transfection cells were washed 3 times

with PBS and incubated with 0.6 mM dithiobis
(succinimidyl propionate) (Pierce) in PBS for 10 min
to stabilize protein complexes. Cells were washed with
PBS 3 times and lysed in PBS containing 1% Tri-
ton X-100, 1% NP40, 100mM Tris.Cl pH 7.4 and
protease inhibitors (Cgmplete, Boehringer Mannheim)
and cleared by centrifugation at 100,000 g for 20 min.
The supernantant was incubated with M2-agarose
(Sigma) overnight, the beads washed 6 times with the
above buffer over 2 h and captured proteins eluted with
Laemmli gel loading buffer containing 100 mM DTT
at 95°C for 10 min.

For co-immunoprecipitation of TMCC2 with ABPP-
C99-EGFP, plasmids for the expression of both
proteins were transfected into SHSYSY cells as above,
captured using antibody 4 G8 coupled to protein A/G
agarose, and treated as above.

Immunocytochemistry

Co-localization of TMCC2 with ABPP: Primary rat
cortical neurons were fixed with cold methanol and
blocked with 50 mM Tris.Cl pH 7.4, 150 mM NaCl,
0.1%Triton X-100, 1% casein and probed witha 1 : 500
dilution of antibody 94 or pre-immune serum, and a
1:100 dilution of antibody 4 G8 or 6E10 in the same
buffer. Bound primary antibody was detected using
Alexa 543-conjugated goat anti-rabbit antibody and
using Alexa 488-conjugated goat anti-mouse (Invit-
rogen). Images were captured using a Zeiss510 meta
confocal microscope. Co-localization of TMCC2
with dsRedER: to demonstrate co-localization of
TMCC2 and dsRedER in the endoplasmic reticu-
lum, plasmids driving expression of these proteins
were co-transfected using Lipofectamine2000 as indi-
cated above. After 24h cells were fixed with 4%
paraformaldehyde, and treated with antibody 94 as
above, with bound antibody 94 being detected with
Alexa-488-conjugated goat anti-rabbit (Invitrogen).

Assessment of the impact of TMCC?2
on AB production

AP production from SHSYSY cells was assayed
using ELISA kits purchased from Millipore and used
as directed by the manufacturer. SHSYSY cells were
routinely cultured in 42% F12 media (Gibco), 42%
EMEM media (Sigma), and 15% bovine calf serum,
supplemented with glutamate, non-essential amino
acids and sodium pyruvate. SHSYSY cells were seeded
into 6-well dishes and cultured for 48 h before being
transfected with the constructs indicated. Transfections
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were achieved using Lipfectamine2000 (Invitrogen),
as directed by the manufacturer, using 2 wl Lipofec-
tamine2000 per 1 pg of plasmid DNA per well, where
necessary, amounts of DNA added were adjusted to
yield equivalent expression levels, empty pcDNA3.1
used to normalize the amount of DNA in each trans-
fection. Transfections were allowed to proceed for 4 h,
after which the transfection mixture was replaced with
fresh Optimem; media and cells were harvested after
36h.

Denaturing urea/SDS-PAGE gel electrophoresis
analysis of A3 used the method described by Wiltfang
etal. [29]. Briefly, AB was captured by overnight incu-
bation of culture media with antibody 4 G8 bound
to protein A/G agarose. The beads were washed 6
times with PBS, 1% Triton-X-100 containing protease
inhibitors (Complete, Boehringer Mannheim); A3 was
eluted by heating in gel loading buffer and separated
and detected by western blot using antibody WO-2 as
described [29]. AP peptides used as standards were
purchased from California Peptide Research, Inc. In
this gel system, longer species of AP run ahead of
shorter ones.

RESULTS

An isoform-specific association of apoE with
TMCC2, initially suggested by a yeast-two-hybrid
screen using apoE3 and apoE4 as baits and a human
brain cDNA library as a source of targets (Fig. 1A)
was confirmed in vitro by comparing the intrinsic
tryptophan fluorescence of recombinant apoE and a
recombinant TMCC2-thioredoxin fusion protein (Fig.
1B) when incubated alone or together. The combined
fluorescence of apoE3 and TMCC2-thioredoxin, but
not apoE4 and TMCC2-thioredoxin, increased by 15%
when co-incubated (Fig. 1C). As the TMCC?2 portion
of this fusion protein does not contain tryptophans,
the increase in fluorescence may be attributed to a
change in the local environment of one or more of the
7 tryptophans in apoE on binding of apoE3, but not
apoE4, to TMCC?2. That this binding may also occur
in cells was supported by experiments showing co-
immunoprecipitation of both apoE3 and apoE4 with
TMCC?2 from transfected cell lysates (Fig. 1D).

TMCC?2 is a novel, evolutionarily conserved, 709
amino-acid protein; the human mouse and rat TMCC2
homologues (Unigene codes Hs.6360, Mm.273785
and Rn.106120, respectively) are over 90% identical
in amino acid sequence. These proteins are predicted
to possess two closely located transmembrane domains
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Fig. 1. TMCC?2 forms complexes with apoE. A) Binding of TMCC2
and apoE in a yeast-two-hybrid assay. Relative B-galactosidase
activity in yeast co-transformed with apoE3 or apoE4 or lamin
fused to the DNA-binding domain, and TMCC2*21=7% fysed to
the activation domain of Gal4, respectively. B) Coomassie-blue
stained SDS-PAGE gel showing molecular weight markers (left lane)
and purified recombinant TMCC2-trxA fusion protein (right lane).
C) Binding of apoE and TMCC2- trxA in vitro. Columns repre-
sent the percent difference in fluorescence emission at 342 nm of
the co-incubated proteins compared to the sum of their individual
values; co-incubation of apoE3 but not apoE4 with a TMCC2-
thioredoxin fusion protein (trx A-TMCC2), but not thioredoxin alone
(trxA), results in an increased fluorescence relative to the sum of
individual fluorescences. The data presented are the mean results
obtained from four experiments using independent preparations of
TMCC2-trxA, error bars represent the standard deviation. D) Co-
immunoprecipitation of TMCC2 and apoE. FLAG-tagged TMCC2
and apoE were expressed in SHSYSY cells in the combinations
indicated. Complexes were stabilized and captured using the M2
anti-FLAG antibody; apoE was captured only in complexes prepared
from co-transfected cells.

near the C-terminus and two coiled-coil domains but
no leader peptide, suggesting that they are intracellular
multipass transmembrane proteins. TMCC2 does not,
however, have sufficient similarity to studied proteins
for sequence analysis to predict its function.

Within the brain, TMCC2 is most likely a neu-
ronal ER membrane protein. TMCC2 mRNA is
widely expressed in the neurons of adult mice as
detected by in situ (Fig. 2A). Antibody 94, devel-
oped against recombinant TMCC?2, detected TMCC2
as a ~100kDa band in rat primary cortical neu-
rons (Fig. 2B, lane 1) and transfected SHSYSY cells
(Fig. 2B, lane 3) by western blot, but did not obvi-
ously detect TMCC?2 in untransfected SHSYSY cells
(Fig. 2B, lane 2); the same band was detected with
other antibodies targeted to TMCC2 (not shown),
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Fig. 2. Expression of TMCC2 in the brain and primary neurons.
A) TMCC2 is widely expressed in mouse neurons as determined
by in situ (data from the Allen Brain Atlas, http://mouse.brain-
map.org Verified); Ob, olfactory bulb; Cx, cortex; Hc, hippocampal
formation; Th, thalamus; Mb, midbrain; Po, pons; Md, medulla; Cb
cerebellum. B) Specificity of antibody 94 and detection of TMCC2
in primary rat neurons by western blot. Proteins from primary corti-
cal neurons (1), sham-transfected SHSYSY cells (2), and SHSYS5Y
cells transfected with human TMCC?2 (3), were separated on a 10%
acrylamide SDS-PAGE gel; TMCC2 was detected by western blot
using antibody 94 as described in materials and methods. C) Visual-
ization of TMCC?2 in the cell body and processes of methanol-fixed
primary rat cortical neurons by indirect immunofluorescence using
antibody 94 detected using Alexa543-conjugated goat anti-rabbit
secondary.

but as antibody 94 showed greatest specificity
it was used in subsequent experiments. An additional
~50kDa band was weakly detected in both primary
neurons and transfected cells, which may represent
a minor post-translationally processed form. Indirect
immunofluorescence of primary neurons using the
same antibody showed that TMCC2 was distributed
in the cell body and processes (Fig. 2C). TMCC2
sedimented to the ER-containing sucrose gradient frac-
tion of mouse brain extracts, which also contained
apoE (Fig. 3A); transfected human TMCC2 local-
ized to the endoplasmic reticulum in human cells
(Fig. 3B). Taken together, the distributed localization
of TMCC2 in primary neurons, its sedimentation to
the ER-containing fraction of sucrose gradients, and
its co-localization with DsRedER in transfected cells
indicate that TMCC?2 is a protein that mostly localizes
to the early secretory pathway.

Apart from apoE, the best-established genetic risk
factors for AD are ABPP and the presenilins. We
therefore analyzed two-dimensional blue-native/SDS-
PAGE gels of rat brain ER fractions for TMCC2, ABPP
and presenilin 1, and found that TMCC2 co-migrated
with ABPP in these brain extracts, but not with prese-
nilin 1 (Figs. 4A and B). Figure 4A1 to A3 are the same
blot that has been probed first with rabbit anti-ABPP,
developed, washed and then re-probed with rabbit anti-
TMCC2. Some of the first (rabbit anti-ABPP) primary
has remained on the blot and is detected again when
the blot is developed after re-incubation with the rab-
bit anti-TMCC?2 antibody 94, to yield the result shown
in Fig. 4A2 and 4A3. The lower exposure of this re-
probed blot, shown in Fig. 4A2, shows that ABPP and
TMCC2 have migrated to the same position in the
native (horizontal) dimension since both the leading
and trailing edges of the spots detected by the anti-
ABPP and anti-TMCC2 antibodies are aligned. By
coincidence, ABPP and TMCC?2 also migrate similarly
on SDS-PAGE, allowing the spots to be visualized in
the same place.

Figure 4A3 is a longer exposure of the same blot
as shown in Fig. 4A2, and shows the same pattern
for TMCC2 as that shown in Fig. 4B1, which was
probed only with anti-TMCC?2, thus controlling for any
artifacts caused by the double-probing of blot A.

The blot shown in Fig. 4B1 was probed first with
the rabbit anti-TMCC2 antibody 94, after developing it
was re-probed with goat anti-presenilin 1 C-terminus,
to yield the blot shown in Fig. 4B3. Since the anti-
goat secondary antibody did not detect any remaining
rabbit anti-TMCC2 primary, and to better compare the
result of this double-probing with that for ABPP and
TMCC2 we created a merged image using “Progen-
esis SameSpots” software (Fig. 4B2), which showed
that the putative TMCC2:ABPP complex migrated
ahead of the ~400 kDa presenilin 1 complex [30,
31], suggesting that ABPP and TMCC2 form a com-
plex that is 200-300 kDa in size. The existence
of a TMCC2:ABPP complex was further supported
by co-immunoprecipitation assays, where ABPP was
immunoprecipitated by the M2 anti-FLAG tag anti-
body only from cells also expressing FLAG-tagged
TMCC2 (Fig. 4C). A more selective, and recipro-
cal, immunoprecipitation from cells transfected with
ABPP-C99 where immune complexes were captured
using the anti-ABPP antibody 4 G8, indicated that
TMCC?2 interacts with the C-terminal region of ABPP
(Fig. 4D); immunoprecipitation of TMCC2 using
anti-ABPP antibodies from cells co-transfected with
full-length ABPP was also observed (not shown).
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Fig. 3. TMCC2 is localizes predominantly to the ER. A) Co-sedimentation of TMCC2 and apoE with ER markers in sucrose density-fractionated
brain extracts. Brain extracts were prepared as in materials and methods and 1 ml fractions collected from the bottom of a 50 ml sucrose gradient.
The proteins in alternate fractions were separated by a 10% acrylamide SDS-PAGE gel and analyzed by western blot for the antigens indicated.
B) Single confocal sections of cells transfected with TMCC2 and dsRedER showing that TMCC?2 localizes to the ER in transfected SHSYSY
cells. TMCC?2 detected by indirect immunofluorescence using antibody 94 is shown in (a); dsRedER is shown in (b), and a merged image in (c).

Partial co-localization of TMCC2 with ABPP was
observed in primary neurons, where TMCC2 was
detected with antibody 94 and ABPP with antibody
4 G8, which will detect ABPP, its C-terminal frag-
ments, and AB; pre-immune serum and monoclonal
antibody 6E10, which does not bind rat ABPP, were
included as negative controls (Fig. 4E).

ApoE is expressed in adult mouse and human neu-
rons following excitotoxic stress [32, 33, 34], and in
primary human neurons [35]. However, expression
of apoE has yet to be confirmed in primary rodent
neurons. We therefore investigated the impact of co-
expressing TMCC2 and apoE on ABPP metabolism
in the human hippocampal neuron-derived cell line
SHSYS5Y, which expresses ABPP isoforms 695, 751,
and 770, as determined by western blot and analysis
of mRNA [36, 37]. While we propose that TMCC2
is primarily an ER protein, we did not observe reten-
tion of ABPP in the ER on co-expression of TMCC2
with either ABPP or ABPP-C99 (not shown). However,

by measuring the production of AR we found that
co-transfection of either apoE isoform with TMCC2
was associated with a small effect on the produc-
tion of AB1_40, but not AB1_42, when compared to
apoE or TMCC2 alone (Fig. 5A and B). In con-
trast, co-expression of apoE and TMCC2 with the
“Swedish” pathological variant of ABPP (ABPPswe,
K595 M/N596L) showed a significant effect of both
apoE isoforms and TMCC2 on A3 secretion (Fig. 5C
and D).

ABPPswe generates excess ABPP-C99, we there-
fore examined the effect of TMCC2 and apoE on
AP generation directly from ABPP-C99 which pre-
vious reports indicate is ordinarily processed to A3 by
v-secretase in cultured cells in the same manner as full-
length ABPP [27]. We found a similar effect of TMCC2
and apoE on cell-associated A3 as was shown for A
secretion using ABPPswe (Fig. 6A); likewise, analysis
of secreted A by immunoprecipitation and urea/SDS-
PAGE showed that TMCC2 and apoE cooperated to
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Fig. 4. TMCC?2 forms a complex with ABPP. Western blot analysis of 2-dimensional blue-native/SDS-PAGE gels shows co-migration of TMCC2
with ABPP but not presenilin 1. Rat brain ER extracts were separated on 2-dimensional blue-native/SDS-PAGE gels and probed first for either
ABPP (Al) or TMCC2 (B1). Blot Al was then re-probed for TMCC2 to give blot A2, which showed co-migration of TMCC2 (black arrow)
and ABPP (white arrow). Image A3 is a longer exposure of blot A2. Blot Bl was re-probed for presenilin to give blot B3, which showed
that TMCC?2 (black arrow) did not co-migrate with the presenilin 1 complex (dashed arrow), as shown in the merged image (B2). ABPP was
detected using the rabbit antibody A5137, TMCC2 with the rabbit antibody 94, and presenilin C-terminal fragment with the goat antibody C20.
C) Co-immunoprecipitation of ABPP and TMCC2. Plasmids for the expression of ABPP and FLAG-tagged TMCC2 were co-transfected and
lysates prepared after 24 h. Immune complexes were captured with M2 anti-FLAG conjugated agarose, separated by SDS-PAGE, transferred to
nitrocellulose and developed using the rabbit anti-ABPP antibody A5137 or the rabbit anti-TMCC?2 antibody 94. ABPP was captured only from
lysates prepared from co-transfected cells. D) Co-immunoprecipitation of TMCC2 and ABPP-C99. Plasmids for the expression of ABPP-C99
and TMCC2 were co-transfected as indicated and lysates prepared after 24 h. Complexes were captured using protein A/G beads coupled to
antibody 4 G8 targeted to the AP sequence of ABPP, separated by SDS-PAGE, transferred to nitrocellulose and western blots developed using the
rabbit anti-ABPP antibody A5137 or the rabbit anti-TMCC?2 antibody 94. TMCC?2 was only captured from cells co-transfected with ABPP-C99.
E) Partial co-localization of ABPP and TMCC?2 in primary rat cortical neurons. Neurons were incubated with either rabbit anti-TMCC2 antibody
94 or pre-immune serum from the same rabbit, and either mouse monoclonal anti-ABPP antibodies 4 G8 or 6E10, as indicated. Antibody 4 G8
recognizes both human and rat ABPP, whereas antibody 6E10 does not recognize rat ABPP, and thus serves as a control. All samples were
incubated with Alexa 543-conjugated goat anti-rabbit and Alexa 488-conjugated goat anti-mouse to detect bound antibodies. All images are
single confocal sections captured during the same session under identical conditions with a Zeiss510 meta confocal microscope, and processed
with ImagelJ software.
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Fig. 4. (Continued)

increase the secretion of all major forms of AP
(Fig. 6B). Quantitation of secreted AB1_40 and AR 1_42
showed a small trend for an increase in the amount
of AR produced when ABPP-C99 was co-expressed
with apoE, but not an apoE isoform-specific effect,
or an effect of TMCC2 alone; however, co-expression

of apoE and TMCC2 markedly increased the produc-
tion of AR (Fig. 6C). Statistical analysis of these data
using ANOVA with Dunnett’s post-comparison test
showed that a significant increase in the production of
both AB1_40 and AB1—42 (p <0.0005) had occurred.
In addition, a significant apoE isoform-specific effect
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Fig. 5. ApoE and TMCC2 interact to modify AR production from ABPPswe. A) Relative to single transfections, co-transfection of SHSYSY
cells expressing ABPP with apoE3 or apoE4 and TMCC?2 partially suppressed the production of A |_49 but not ABj_42, P=0.09, and P=0.06
for apoE3 and apoE4, respectively (Student’s T-test). B) Lack of significant effect of apoE and TMCC?2 on secreted ABPP (sABPP) as assessed
by SDS-PAGE and immunoblot analysis for TMCC2, holoABPP, or apoE in cell lysates, or SABPP in the media, of ABPP-expressing SHSYSY
cells expressing the proteins indicated. A blot for tubulin is included as a loading control. C) TMCC2 and apoE significantly increase AR
production from ABPPswe. One-way ANOVA applied to the data for ABj_40 and ABj_4o separately showed a significant increase in A
production (P <0.05) on co-expression of TMCC?2 and apoE, indicated by * D) Representative western blots showing no significant effect of
the expression of TMCC?2 and apoE on the levels of ABPPswe. For (A) and (C), columns show mean values & SEM obtained from 5 and 3
independent experiments, respectively. To better visualize the relative impact of apoE and TMCC?2 on the production of each respective peptide,
AB1-40 and ABj_42 levels were independently normalized to that where only apoE3 is expressed, since apoE is abundant in the brain, and
apoE3 represents the most common isoform of apoE.

was observed, with more Af;_49 being produced
when TMCC2 was co-expressed with apoE4 com-
pared to apoE3 (p=0.02, Student’s T-test, Fig. 6C).
More APj_4p than AB1_49 was produced for both
apoE3 and apoE4 (fold increases of 1.3 + 0.08 versus
1.740.19 and 1.98 £0.24 versus 1.51 = 0.08, respec-
tively), though these effects did not reach statistical
significance; comparison of the amount of Afj_40
and APj_42 secreted on co-expression of TMCC2
with apoE4 showed p=0.01, whereas the difference
in ABj—40 and AB1_42 produced on co-expression
with apoE3 is p=0.08 (Student’s T-test for both).
These effects were not accompanied by significant

alterations in the overall steady-state levels of ABPP-
C99 (Fig. 6D).

DISCUSSION

We have identified a novel protein that mediates a
cellular interaction between apoE and ABPP. Our find-
ings characterize TMCC2 as a neuronal protein that
forms complexes with ABPP in rat brain extracts and
in transfected human cells. We found that TMCC2
modifies the production of AR from ABPPswe and
ABPP-C99 in a human cell line when co-expressed
with apoE where TMCC?2 likely, directly or indirectly,
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Fig. 6. A) ELISA of cell-associated A3 showing an increase in cell-associated A3 on co-expression of ABPP-C99, apoE, and TMCC2. One-way
ANOVA followed by Dunnett’s comparison applied to the data for AB;_40 and AB_4; separately showed a significant increase in their respective
production (P <0.05, indicated by *). B) Detection of both soluble and oligomeric forms of A by denaturing urea/SDS PAGE and western
blot analysis of AR produced from ABPP-C99 in the presence of TMCC2 and apoE also showed increased AP production on co-expression
of apoE and TMCC?2. Std represents synthetic AP peptides of the indicated sizes; in this gel system longer species of AR migrate further than
shorter ones. C) Co-expression of TMCC2 and apoE in SHSYSY cells increased production of both ABj_40 and APBj_42 from ABPP-C99.
One-way ANOVA followed by Dunnett’s comparison applied to the data for AB|_40 and AB|_42 separately showed a significant increase in
their respective production (P <0.0005, indicated by ###). More AP was produced when TMCC2 was co-expressed with apoE4 compared to
co-expression with apoE3 (P =0.02, Students T-test, indicated by *). D) TMCC2 and apoE do not significantly alter the steady-state levels of
ABPP-C99. SHSYSY cells transfected with ABPP-C99 were co-transfected with apoE and TMCC?2 as indicated. The expression levels of apoE,
ABPP-C99, and TMCC2 were assessed by SDS-PAGE and western blot. A blot for tubulin is included as a loading control. For (A) and (C)
columns show mean values & SEM obtained from 3 and 7 independent experiments, respectively; AB;_49 and AB_42 levels were independently
normalized to the amount of AP produced in the presence of apoE3 without TMCC2.

facilitated the interaction of ABPP-C99 with +y-se-
cretase. We found an increased apoE isoform-specific
effect on AP production as the form of ABPP expressed
progressed from wild-type ABPP to APBPPswe to
ABPP-C99, and an increased isoform-specific effect
in the interaction between TMCC?2 and apoE in vitro
compared to in cells. Thus, taken together, our data
suggest that TMCC2 has the ability to mediate apoE-
isoform-specific effects on ABPP metabolism. Our
findings further recapitulate in part previous observa-
tions that expression of apoE4 increases A3 production
in ABPPswe mice compared to expression of apoE3

[17-19]. Both production of A and apoE are asso-
ciated with AD, the interaction between apoE and
TMCC2 may therefore contribute to ABPP metabolism
in AD.

TMCC?2 is a 709 amino acid, previously unstudied,
polytopic transmembrane protein almost completely
conserved in sequence between rodents and humans.
Apart from transmembrane and coiled-coil domains,
which do not reliably predict function to any degree of
specificity, TMCC?2 has no identifiable functional seq-
uence motifs, or readily identifiable functional do-
mains. Our study therefore represents the first findings
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on this class of proteins. Currently, we can only spec-
ulate as to the molecular nature of the interaction
between ABPP and TMCC2, and how this might be
further influenced by apoE. However, the simplest
interpretation of our results is that, when combined,
apoE and TMCC?2 facilitate an interaction between the
C-terminus of ABPP and y-secretase, since y-secretase
is strictly required for the production of Af. This might
occur via a direct interaction between TMCC2 and the
transmembrane domain of ABPP, or alternately it could
occur indirectly, possibly by modifying the interac-
tion of ABPP with one or more of its other interacting
partners.

In vivo, ABPP-C99 is generated by (-cleavage of
ABPP by BACE [10, 11], a process that is accelerated
in ABPPswe; while most 3-cleavage and generation of
AP in cultured cells occurs in recycling endosomes,
it may also occur in the ER compartment of certain
neuronal cells [38, 39]. Pathogenic mutations in either
presenilin or ABPP favor the production of AB1_42, as
we observed in the presence of TMCC2 and apoE4, a
finding consistent with recent studies in human post-
mortem tissue which found an increased concentration
of intracellular A3 was associated with possession of
the gene for apoE4 [40].

While we found that TMCC2 and apoE lead to a
significant increase in A production from ABPPswe
and ABPP-C99, we did not observe a corresponding
decrease in ABPP-C99. Due in part to the com-
partmentalization of the various reactants, and the
presence of additional interacting partners for ABPP,
it is unlikely that cellular AP production follows
Michaelis-Menten kinetics. Thus, it has been found
that ABPP C-terminal fragment levels and levels of
AP production are not always well correlated; some
pathogenic ABPP mutations (V715A, V715M, and
[716 V) that increase AP production may also para-
doxically either increase C-terminal fragment levels,
or have no effect [41]. Likewise, while most presenilin
mutations that increase A3 production also cause a
decrease in C-terminal fragment levels, others (A246E
and G348A) do not [42]. Thus, increases in the rate of
A production are not necessarily reflected in directly
corresponding decreases in cellular ABPP-C99.

While we propose that the bulk of TMCC2 is in the
ER, we do not exclude that it may also be present in
other cell compartments. By analogy, the same “spatial
paradox” exists for presenilin, most of which is present
in the early secretory pathway, which is not the prin-
cipal site of A production, at least in most cultured
cell systems [43, 44]. However previous experiments
were not controlled for TMCC?2, and did not include

apoE, whereas in the present work we found that co-
expression of apoE and TMCC2 was required for the
increased production of AP observed. The location (s)
of A production in vivo is debated, primarily because
it is difficult to discriminate the location of A3 produc-
tion from where it is detected. Trafficking of ABPP and
its metabolic products plays a key role in the biology
of AD, and several trafficking proteins are genetically
implicated in AD, such as SORL1 [45], whose loss is
associated with impaired trafficking and metabolism
of ABPP and its proteolytic products [46, 47]. In mice,
isoform-specific effects of apoE on ABPP metabolism
and AP deposition are most apparent in older indi-
viduals [17-19], and recent evidence also indicates
that the isoform-specific impact of apoE in response
to neurological stress is differentially and specifically
affected by neuronal but not glial expression of apoE3
versus apoE4 [48]. Significant evidence indicates an
important role for cellular trafficking in the metabolism
of ABPP (reviewed in [49]), therefore, age-related or
pathological disruptions to the trafficking of ABPP,
ABPP-C99, BACE, or TMCC?2 itself, may alter the
interaction of ABPP-C99 with TMCC?2, and by exten-
sion an apoE-modulated production of Af3.

Our proposal that apoE can alter AB production
through its interaction with TMCC2 does not exclude
a role for apoE in the clearance or deposition of Af3,
either through apoE receptors, or through the blood-
brain barrier. However, residue 112, which is a Cys in
apoE3 and an Arg in apoE4, is not located near the
receptor binding site and, to date, there are no reports
of a difference between apoE3 and apoE4 in receptor
binding. Several in vitro studies have shown that both
apoE3 and apoE4 may directly bind A3 [2, 22, 23], but
with uncertain conclusions as to an isoform-specific
effect in this binding. However, as in other studies (dis-
cussed below) structural differences between apoE3
and apoE4 cannot be excluded as contributing to dif-
ferential binding, which could be further modified
by the lipidation status of apoE and the conforma-
tional or aggregation status of Af3. Nevertheless, recent
evidence suggests that in mice amyloid deposition
is a dynamic process [50], an apoE isoform-specific
increase in A production would therefore be expected
to increase the total amount of amyloid deposited, even
in the presence of an isoform-independent effect of
apoE on A deposition or clearance.

In a cellular context, which is perhaps most rele-
vant, apoE4 showed a greater impact on A3 production
from ABPP-C99 than apoE3, when combined with
TMCC?2. The in vitro fluorescence dequenching assays
that confirmed direct binding of apoE to TMCC2 do not
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directly measure binding affinity, but rather the impact
of binding on the net fluorescence of all 7 tryptophan
residues in apoE when the proteins are combined. The
structure of apoE is dynamic; the N-terminal domain
of non-lipidated apoE, which contains the Cys112 to
Arg mutation that distinguishes apoE3 from apoE4,
forms a four-helix bundle [51] and differs significantly
in tertiary structure from that of lipidated apoE where
the bundle opens on binding lipids [52]. The domain-
interaction hypothesis for the impact of the amino acid
difference between apoE3 and apoE4 (Cys112 ver-
sus Arg) on the biology of apoE, which postulates
that the N-and C-terminal domains of apoE4 are more
closely associated than those of apoE3, likewise pro-
poses an important role for structural transitions in
the biology of apoE [53]. Furthermore, as apoE4 is
more prone to proteolysis by a neuronal protease with
chymotrypsin-like specificity than is apoE3 [54], frag-
ments of apoE (more of which are generated from
apoE4 than apoE3) may have a greater affinity for
TMCC?2 than full-length apoE. Additional studies are
therefore required to elucidate the mechanism of bind-
ing between apoE and TMCC2 and how the Cys112
to Arg mutation that distinguishes apoE3 from apoE4
affects this.

We found that TMCC?2 and apoE only increased A3
production from cultured cells when either ABPPswe
or ABPP-C99 was transfected, but not from full-length
wild-type ABPP. The mutation in ABPPswe predis-
poses to premature cleavage of ABPP by BACE, and
ABPP-C99 was directly transfected, and thus did not
require BACE cleavage. This likely indicates that
the 99-amino acid y-secretase substrate generated by
BACE cleavage of wild-type ABPP is not significantly
affected by the apoE-TMCC?2 interaction, at least in
the system used. Since apoE and TMCC?2 together may
alter the production of A from ABPPswe and ABPP-
C99, and TMCC2 is found in a complex with a subset
of full-length ABPP in rat brain extracts, apoE and
TMCC2, or TMCC?2 alone, likely also interact biolog-
ically with full-length ABPP. The biological function
of ABPP is still uncertain; proposed roles include cell
adhesion, neurite outgrowth, axonal transport, apopto-
sis, regulation of transcription, and others (reviewed in
[55]). Both apoE and ABPP levels are increased fol-
lowing neurological insults such as excitotoxic stress,
blunt trauma and ischemia, situations where apoE
has been found to modify clinical outcomes in an
isoform-specific manner [S6-58]. We anticipate, there-
fore, that future studies on TMCC2 may shed light on
the metabolism and neurobiology of ABPP, which may
be further modulated by apoE.
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